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Atomistic simulations of the incipient ferroelectric KTaO 5
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A parameterized effective Hamiltonian approach is used to investigate K Ve©find that the experimen-
tally observed anomalous dielectric response of this incipient ferroelectric is well reproduced by this approach,
once quantum effects are accounted for. Quantum fluctuations suppress the paraelectric-to-ferroelectric phase
transition; it is unnecessary to introduce defects to explain the dielectric behavior. The resulting quantum-
induced local structure exhibits off-center atomic displacements that dikpigitudinal, needle-like correla-
tions extending a few lattice constants.
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I. INTRODUCTION proposed polar regions, to the best of our knowledge. For
instance, the pioneering work of Ref. 9 made several as-
Numerous experimental and theoretical studies have beesumptions in their analysis of low-temperature Raman
carried out on the perovskite KTa@ver the last 40 years spectra—such as isotropy of these microregions—to extract
(see, e.g., Refs. 1-12, and references thgraemaking this  a characteristic size=16 A for these polar regions.
material one of the most-studied “incipient ferroelectrics.” We use large-scale atomistic simulations to shed light on
The main reason for this interest is that the dielectric conthe aforementioned long-standing problems. We report cal-
stant of KTaQ increases continuously with decreasing tem-culations on KTa@ using a parameterized effective Hamil-
perature down te-10 K, but then saturates to a plateau at atonian approach. Our main findings are tkigt LDA and
large value(=4000 at lower temperatures while remaining GGA are indeed not accurate enough to reproduce the ob-
paraelectric and cubic all the way down to ?R.These served anomalous properties of KTa@ven qualitatively;
anomalous low-temperature features are usually thought tGi) these propertiesan be understoodvithout the need of
be caused by the suppression of a paraelectric-tontroducing defectsif quantum fluctuations are present to
ferroelectric phase transition by zero-point quantumsuppress the paraelectric-to-ferroelectric transitidin) the
fluctuationg® (hence, the name “incipient ferroelectric” or low-temperature local structure of KTa® characterized by
“gquantum paraelectric” used to describe KTaé@nd other off-center atomic displacements that doegitudinally cor-
materials, such as SrTiQexhibiting similar unusual dielec- related, in a needle-like (and thus anisotropic) way, with a
tric and structural properti@sSurprisingly, this generally ac- correlation length spanning a few five-atom unit cells
cepted picture is apparentlyot supported by various first- The remainder of this paper is organized as follows. In
principles calculations, using the density-functional theorySec. Il, we give a brief description of the methods we have
(DFT) either in its local-density approximatiaihtDA),* or  used. Section IlI discusses the results on dielectric suscepti-
generalized-gradient approximatig@®GA),*41° form since  bility and microscopic properties of KTaOFinally, Sec. IV
these simulations all predict that KTa®hould be paraelec- concludes the paper.
tric at T=0 even when neglecting zero-point motitl.This
raises the possibility that LDA and GGA_ are not accu_rate Il. METHODOLOGY
enough to adequately reproduce the qualitative properties of
incipient ferroelectrics. An alternate explanation for this dis- We use the effective HamiltoniafH.¢) approach devel-
crepancy between first-principles calculations and experioped in Ref. 16 to investigate finite-temperature properties of
ments is that the simulations assume a perfect material whilKTaO;. Within this approach, the total enery,, is a func-
real samples may contain defects such as oxygen vacanciten of three types of local degrees of freedofh) the u;
and Fé&3 ions2378that might lead to the observed anoma- (B-site centeredlocal soft-mode amplitude in eadhfive-
lous properties of KTa@ In fact, the interpretation of vari- atom cell, describing the local polarization in each c&l);
ous experiment®19still remains controversial as to whether the v; (A-site centereglinhomogeneous strain variables; and
they are attributable to extrinsic effegt®., defects induced (3) the homogeneous strain tenskg,; contains 18 param-
or intrinsic off-center atomic displacements. Furthermoregters and 5 different contributions: a local-mode self energy,
while previous studies invoke the existencefefroelectric  a long-range dipole-dipole interaction, a short-range interac-
microregionsinside themacroscopically-paraelectriKTaO;  tion between local modes, an elastic energy, and an interac-
system to explain some of its propertfe’s,there has never tion between the local modes and straihghis effective
been anydirect determination of the size and shape of theseHamiltonian approach has been successfully used to model,
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understand, and design ferroelectric perovskiseg Refs. 16 200
and 19-22, and references thejel, is used in two differ- 180 @ *
ent kinds of Monte-CarlgMC) simulations: classical Monte 160 [

Carlo (CMC),2% which does not take into account zero-point I *x
phonon vibrations, and path-integral quantum Monte Carlc 140 |

(PI-QMC),21:2425which includes purely quantum-mechanical 120 _ *

zero-point motion. Consequently, comparing the results o +& 100 [ ) N ::

these two different Monte-Carlo techniques allows a precist -~ : s s

determination of quantum effects on macroscopic and micro= 80 i *

scopic properties of perovskites. X22X 12 KTaO; super- QO 60 | LI
-—

cells (corresponding to 8640 atopmare used in all Monte- Q49
Carlo simulations. We typically perform 30 000 MC sweeps 8
to thermalize the system and 70 000 more to compute ave O 20 R
ages, except at low temperatures in PI-QMC where mon(:,’, L
statistics is needed. For example, we use 180000 M(¢> 5000 (b)
sweeps for thermalization and 240 000 sweeps at 3 K to alis
curately predict the dielectric respongiote that we are not
aware of any previous work reporting the dielectric respons:
computed using PI-QMQ. (
In PI-QMC, each five-atom cell interacts with its images
at neighboring imaginary times through a spring-like poten-
tial (mimicking the zero-point phonon vibrationsvhile all
the five-atom cells interact with each other at the same
imaginary time through the internal potential associated witr 1000
Eior. The productTP, whereT is the simulated temperature
and P is the number of imaginary time slicé$rotter num- o
ben, controls the accuracy of the PI-QMC calculation. In all
our simulations we usdP=600, which we find leads to
sufficiently converged results. Outputs of the PI-QMC simu-
lations thus contain local modes(t), wherei indexes the
five-atom unit cells of the studied supercell while the imagi- FIG. 1. (Color onling ys3 dielectric susceptibility of KTa@as
nary timet ranges between 1 arfel Note that CMC simu- a function of temperaturd. (a) Results for the LDA-fittedH
lations can be thought of as correspondingPte1, so that parameters(b) Results for the modified set of parameters. Solid
they do not yield imaginary-time-dependent outputs. circles and stars correspond to PI-QMC and CMC results, respec-
tively. Dashed and dotted lines represent experimental data from
Refs. 2 and 3, respectively. Solid line shows the fit of the PI-QMC
ll. RESULTS results by a Barrett relationd/[(T;/2) coth(T;/2T)-T,] (in Ref.
26), with A=27 000,T,=72 K andTy=29 K. Note that our CMC
simulations yield a paraelectric-to-ferroelectric transition around
30 K, which provides a numerical proof for the concept of classical
Curie temperature given g, in the Barrett relation.
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Figure 1a) shows theys; dielectric susceptibility—where
the index 3 refers to th¢001] pseudocubic direction—as
predicted by thdH 4 approachwith all its parameters being
derived from LDA calculations on small supercelldfaOs
at its experimental lattice constantNote the technical de- in Ref. 16 which describes the harmonic part of the local-
tails in Ref. 5 and that these LDA-derived parameters argnode self-energy(In our model, reducingc, favors ferro-
given in Table I) It can be clearly seen that CMC calcula- electricity with respect to paraelectricity since it leads to a
tions yield ays; that is continuously increasing as the tem- decrease of the zone-center transverse optical frequency by
perature is decreasing down to nearly 0 K. Turning on quanweakening short-range repulsion&igure Xb) shows that
tum effects leads to the appearance of a plateau belowecreasing this single, parameter by~18% from its LDA
~100 K with a value of~100 for the dielectric constant. value of 0.0866 a.uatomic unit3 leads to reasonable agree-
These CMC and PI-QMC simulatiortsoth predict a cubic  ment between our PI-QMC simulations and measurements,
paraelectric ground state. A plateau for the dielectric renot only for the value of the dielectric constant plateau, but
sponse has indeed been experimentally observed ialso at temperatures above 10 fote that the dielectric
KTaO;,22 but reaching a much higher dielectric constantresponse was calculated using the correlation function ap-
(=4000 and over a much narrower temperature rafige,  proach of Refs. 17 and 18 for temperatures higher than
below 10 K) than in Fig. 1a). 100 K and finite differences fof lower than 100 K. In the

In view of these two discrepancies, we have experimentethtter case, we used electric fields ranging between 0 and 2
with making minor adjustments in the LDA-fitted parametersx 10° V/m.)
in the hope of obtaining better agreement with experimental Furthermore, this modified, also results in a dramatic
data. We have found that this can be done by adjusting juslifference between the two kinds of Monte-Carlo calcula-
one of the 18 parameters, namely, the parameter dengted tions. CMC simulations yield derroelectric rhombohedral
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TABLE |. The LDA-derivedH¢s parameters in atomic units for KTg@ollowing the notation in Ref. 16.

ay 7.526 Soft mode mass 95.6
Onsite Ky 0.0866 a 0.26648 y -0.46091
Intersite i1 -0.02417 I 0.03785
iz 0.00782 ja -0.00521 is -0.00029
ie 0.00242 i7 0.00121
Elastic By, 6.51 B, 0.7975 Bus 1.419
Coupling Biyx -2.5179 Biyy 0.4345 Bayz -0.05573
Dipole z* 9.619 o 4,592

aReference 6.
bReference 31.

ground state. The corresponding Curie temperature is arounibt show the local-mode distributions breaking up into clus-
30 K, as evidenced by the peak in dielectric response disters centered alongll1l) directions(i.e., angles of=54°
played in Fig. 1b). On the other hand, PI-QMC predicts a and/or 125§ as would be expected for such polar microre-
paraelectricground state. In other wordgjuantum effects gions. Incidentally, Fig. @) suggests an order-disorder pic-
suppress the paraelectric-to-ferroelectric phase transition tyre (all modes are off-siterather than a displacive one. It
which is consistent with the accepted pictérfefFigures 18)  also reveals that the Comes’ “eight-site” modfels not ap-
and 1b) thus(i) reveal that extrinsic defectsuch as impu-  propriate to describe KTaQsince the local modes lie along
rities or vacancies which have been proposed to be respon-a|| possible directions.

sible for the anomalous properties of KTa&#"® are not To gain further insight into the local structure of KTgO
needed to reproduce the experimental behavior of this matgve decided to compute an additional set of coefficients de-
rial; and (ii) strongly suggest that, unlike istrongly ferro-  fined as

electric perovskites??the LDA is not accurate enough for

simulating KTaQ. 3N U Ui
As for GGA, Tinteet al.® report zone-center optical fre- 0,(r)= NE W (1)
i=1 il Yi+r

quencies in cubic KTagXhat are all positive and close to the
LDA values. According to Figs. (&) and Xb), we can thus

conclude that a GGA effective Hamiltonian would not pro-
vide a significant improvement over our LDA one, and will dexi runs over all theN B sites; U, and ., , are they

also fail in reproducing measurements. This makes KglaO hE A
P 9 Ks components of the local modes in cglland in the cell cen-

useful test case for the development of functionals withintered at a distance from cell i respectively. The case in
DFT or otherab initio methods. ’ P Y-

We now analyze thenicroscopicstructure of KTaQ at which the local dipoles all have the sarfrenzerg magni-
low temperature. Figure 2 depicts the magnitude of the local

Here u denotes the, y, or z Cartesian axis chosen along the
[100], [010], or [00]] cubic directions, respectively. The in-

modesu; inside each five-atom cellversusthe angle that - (2)CMC 0 0

these local modes make with the pseudocyti@0] direc- 0'030_'

tion, as obtained from =3 K snapshot among the ther- 0.028 |- 40
mally equilibrated Monte-Carlo configurations usirkg; 0.026 L

with the modifiedx,. (The magnitude of the local mode is L

directly proportional to the magnitude of the local polariza- & 0924

tion, e.g.,|u/=0.006 and 0.026 a.u. correspond to a local ¥ gg22]|

polarization=0.0583 and 0.253 C/frespectively. Figure 0020 L [100]

2(a) displays the CMC results, while Fig(ld corresponds to
PI-QMCZ?7

Comparing Figs. @) and 2b) reveals how quantum ef-
fects affect the microscopic structure of KTaQhe local
polarizations go from all lying close to thd11] direction
(corresponding to an angle54°) and having a relatively
large magnitude, to being heavily scattered in direction ands, 0.004
having a much smaller but nonzero magnitude. The fact thas ggg2 [
KTaO; exhibits nonzero local dipoles, even when quantum .
fluctuations are accounted for, is consistent with the first- 0000
order lines observed in Raman spectra and which are forbid-
den in the ideal cubic perovskite structdr€.Furthermore, FIG. 2. Magnitude of local modes of KTaGat T=3 K vs the
an inspection of Fig. @) doesnot reveal any obvious polar angle that these modes make with respect tq 10€] pseudocubic
microregions. For instance, our quantum-statistical results ddirection. The modified set dfis parameters is used.
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neighbors at a distance of agwherea=4 A is the cubic
lattice constantalong thex axis. This is in good agreement
with the characteristic size of 16 A extracted from low-
temperature Raman spectra of KTa00n the other hand,
our simulations go against the hypothesis of isotropic corre-
lation made in Ref. 9. The longitudinal needle-like correla-
tions depicted in Fig. @) have also been predicted to occur
in classical ferroelectrics just above the paraelectric-to-
ferroelectric transition temperatut®In fact, they are pre-
transitional effects that are probably common to most ferro-
electric perovskites, the peculiarities of quantum paraelectric
KTaO; being that the phase transition does not actually oc-
cur and that the needle-like correlations result in a plateau for
the dielectric response. Finally, note that these needle-like
correlations are consistent with the peculiar diffuse x-ray
scattering observed in Ref. 12.

IV. CONCLUSIONS

We have performed large-scale atomistic simulations to
investigate the(defect-freg incipient ferroelectric KTa@

0 system using a parameterized effective-Hamiltonian ap-
proach. The effect of quantum-mechanical zero-point motion
X is investigated by comparing the results of classical and path-
integral Monte Carlo simulations. We find that the fitting of
FIG. 3. (Colon Correlation functiong,(r) of Eq. (1) for KTaO;  all the Hy; parameters within LDA yields a theoretical di-
plotted in thex-y plane for a 1x 12X 12 simulation af=3 K. (&) electric constant that is in poor quantitative agreement with
CMC resu_lts;(b) PI-QI\_/IC_resuIts. Each small square represents ongxperiment, strongly suggesting that LDA is inadequate for
lattice B site; the origin lies at the center. The modified setlgf  thjs material. Results in the literature also indicate that GGA
parameters is used. Note that the color scales are different in tr\ﬁi” not improve the LDA result. On the other hand, a small
two panels. modification of a single parameter ki from its LDA value
tude and are all aligned along a givéirl) direction yields a is enough_ to obtain rea;onabl'e agreement betwegn theory
and experiment for the dielectric constant over a wide tem-

value of 1 for6,(r), for anyr and for anyu. This case Thi difick. lead h dicti
corresponds to a ferroelectric rhombohedral state havint%er?tgrelg_a;nge._ |fs moll It “eff Iea S t(l)lt ebptreb ictions
identical local and average structures. On the other hand, t at (1) . a0, is erroelectric classically, but becomes
other limiting case—for which neighbors at a distamcdo paragllectnc once zero-point phonon vibrations are included,
not exhibit any correlation between the components of and (i) the quantum-induced Ioc_al structure of KTﬁ@L .
their local modes—is associated with a zero valuetigr) characterized by nonzero local dipoles that have longitudi-
) nal, needle-like correlations with a correlation length span-

Iaigu':'i:rgzs:fst Sgé(rz)es(l.ga éu“ tf)xc)) rfgrsL;ylgr?oLno;h: t);l-grmal ing a few unit cells. Finally, our work provides a basis for a
P i P P Yeoretical framework to tackle compositionally disordered

equilibrated Monte Carlo configuration @3 K, using the R - L
Hes approach with the modified,. Panelga) and(b) corre- ?;lr?gzle?:?r?f%ho:s'egc'p'em ferroelectriswhich do exhibit

spond to CMC and PI-QMC simulations, respectively.

The CMC technigue leads toé(r) close to unity for any
r, and thus generates a macroscopically and microscopically
ferroelectric rhombohedral structure, as consistent with Fig. The authors thank D. Ceperley, B. Dkhil, M. ltoh, J. M.
2(a). On the other hand, PI-QMC simulations give a moreKiat, W. Kleemann, J. Kohanoff, I. Kornev, S. A. Prosand-
complex behavior fol,(r) at low temperature. One can see eev, G. Samara, J. Shumway, and E. Venturini for useful
that thex components of the local modes domgitudinally  discussions. This work was supported by Office of Naval
correlated in aneedle-likefashion: 6,(r) adopts large values Research Grant Nos. NO0014-01-1-036% D), NO0014-01-
only whenr is along the[100Q] direction. These values de- 1-0600, and N00014-97-1-0048, National Science Founda-
crease as the magnitude ofincreases[The same result is tion Grant No. DMR-9983678, and Department of Energy
obtained for all symmetry related cases, e.g.,égr) inthe  Contract No. DE-AC04-94AL85000 at Sandia National
x-z plane, etd. Figure 2b) further reveals thafi,(r)=0.5 for ~ Laboratories.
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