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Precursor Effects and Ferroelectric Macroregions in KTa; - \Nb,O; and K, -, Li, TaO;
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In the present paper, dielectric, polarization, and Raman results have been combined to identify the
existence of a ferroelectric phase transition in the substitutionally disordered dipolar system, KTa;—.-
Nb, O3, for low Nb concentrations (x =1.2%). A detailed study of the first-order TO2 and TO3; Raman
lines reveals (1) the existence of polar microregions well above T, and (2) the structural transition at T
with the appearance of ferroelectric macroregions. Similar results are obtained in K;~,Li,TaO; with a
quantitative difference due to the slow reorientation of Li. These results can be explained by a random-
field model which predicts the coexistence of both dipolar glass and ferroelectric behavior.

PACS numbers: 77.80.Bh

The occurrence and nature of phase transitions in
mixed ferroelectric systems is an intriguing topic since
the introduction of configurational disorder should nor-
mally prevent the establishment of long-range order.
Among these systems, KTa;-,Nb,O3; (KTN) and
K, -,Li,TaO3 (KLT) may have been studied the longest.
Both are also now probably the systems for which there
exists the greatest number of experimental results [1-3].
Yet, after almost thirty years, there still does not exist a
general answer to the two most basic questions concern-
ing their behavior at lower concentrations: (1) Do these
two systems freeze in a dipolar glass state or do they un-
dergo a ferroelectric phase transition? (2) If a ferroelec-
tric transition does occur, what is its nature as compared
to those observed in ordinary ferroelectrics? Over the
years, various authors have provided mixed answers to
the two questions above. Although the behavior of the
two systems is fundamentally the same, we initially focus
our attention on KTN, for which the controversy is still
very much alive.

In one of the earlier attempts at characterizing the be-
havior of the mixed ferroelectric KTN, Rytz and Scheele
[4] published a phase diagram on which they indicated
above 5% Nb three successive transitions similar to those
observed in pure ferroelectrics such as KNbO; or Ba-
TiOs, and below 5% Nb a single ferroelectric transition
from a cubic to a rhombohedral phase.

Dielectric results were reported by Samara [5] for
0.9% and 2% Nb. His conclusion was that KTN with
small x (=<0.02) exhibited a relaxational glasslike be-
havior rather than a static ferroelectric structural phase
transition. In contrast with the 0.9% crystal, however,
the 2% Nb crystal did not exhibit any dispersion unless
subjected to high pressures. Kleemann, Schafer, and
Rytz [6] in a study of 0.8%, 1.2%, and 2% Nb crystals re-
ported refractive index and linear birefringence measure-
ments which they explained on the basis of a “cooperative
dipole glass model.” In their model, local ordering within
finite Curie regions of a diffuse phase transition was fol-
lowed by a strain-induced reorientation of frozen micro-
domains. In a Raman study of normally pure KTaO;
and KTN with 0.9% Nb, Uwe et al. [7] did observe
disorder-induced scattering due to microscopic ferroelec-
tric regions, the size of which increased with decreasing

temperature. They suggested that T, should be associat-
ed with the temperature at which these regions overlap.
As to the origin of the microscopic regions, they conclud-
ed that there was no necessary link to the presence of
niobium because similar regions were also observed in
their nominally pure sample. Prater, Chase, and Boatner
[8] reached a similar conclusion due to the apparent in-
dependence of the disorder-induced Raman features on
the Nb concentration. This interpretation was in conflict
with Yacoby’s conclusion as to the presence of Nb-
induced microdistortions [9]. Finally, the incomplete
optic-phonon mode softening reported by Chou et al. [10]
on the basis of inelastic neutron and Raman scattering
was used as evidence against a structural transition and
in support of the dipolar glass model. More recently,
Lyons et al. [3] have clearly described the dichotomic be-
havior of KTN, *“‘on the one hand suggesting the presence
of ordered domains of macroscopic extent, and on the
other indicating a dynamic cluster behavior.” In order to
resolve this dichotomy, they suggested a percolated clus-
ter model for the dipolar glass phase in KTN.

In the present Letter we show that, rather than being
antinomic, the two simultaneous behaviors observed in
KTN result from the coexistence of the ferroelectric and
dipolar glass states, each to varying degrees depending on
the Nb concentrations and the presence of structural de-
fects or internal strain. The evidence to support this
coexistence model is obtained from comparative dielectric
and Raman measurements made on the same 1.2% KTN
crystal. The model is further supported by Raman results
obtained on 1% and 4% KLT crystals.

In ferroelectrics, the dielectric susceptibility and the
polarization constitute the most direct macroscopic
probes of the transition. In Fig. 1, we present data for
the ac dielectric constant € of two 1.2% Nb crystals, I and
11, measured at two different frequencies. Both crystals
were grown by Rytz. Crystal I was also previously used
in Refs. [11] and [12] and for our own Raman study
below. In crystal I, ¢ exhibits a sharp maximum at
T=15.5 K, decreasing at lower temperatures much more
rapidly than what is observed at lower concentrations.
The € peak in crystal I is also remarkably high, exceeding
10° which constitutes, to our knowledge, a KTN record.
More importantly, this peak height is an indication of the
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FIG. 1. Dielectric constant of two KTN 1.2% Nb crystals, I
and 11, as a function of temperature measured at 100 Hz and

10 kHz, and remanent polarization measured with E . =4
kV/cm at 100 Hz for KTN 1.2% Nb crystal I1.

very high quality of the crystal. The ¢ peak for another
nominally 1.2% KTN crystal (II) is shown to illustrate
the variations that can be observed between samples with
approximately the same concentration. The e peak in
crystal II is lower than in crystal I, presumably due to the
presence of structural defects or internal strain. We have
also measured hysteresis loops on crystal II using a
Sawyer-Tower circuit with a maximum bias field of 4
kV/cm and a 100-Hz frequency after cooling in zero
field. As shown in the lower part of Fig. 1, a nonzero
remanent polarization appears at about 30 K and in-
creases with decreasing temperature. These dielectric
and polarization results do not strongly support a dipolar
glass model but rather favor the existence of long-range
ferroelectric order even for x =1.2% Nb, i.e., close to the
critical niobium concentration, x.,=0.8%. However, we
note in Fig. 1 signs of dielectric dispersion below the
peak, particularly for crystal II. This dispersion, which
becomes stronger at lower Nb concentrations [6], points
to the coexistence of a certain degree of orientational dis-
order with the ferroelectric long-range order.

Decisive arguments in favor of the occurrence of a
transition are obtained from a Raman study of the two
“hard” optic modes, TO, and TOs. As is well known,
there exist in KTaO3;, KTN, and KLT four distinct trans-
verse optic modes TO;, TO,, TOs, and TO4 [11]. All of
them are odd-parity phonons and, as a result, they are not
Raman active in the cubic phase. Of these four modes,
only TOj; is a nonpolar mode. In Fig. 2, we present Ra-
man spectra for the TO; and TO; modes at 10.5, 17, and
33 K. With T,=15.5 K, we see that the TO; line ap-
pears at 200 cm ~! significantly above the transition. It is
initially broad and asymmetrical and its appearance, as
well as that of the TOy4 line, coincides with the appear-
ance of the remanent polarization. As the temperature
decreases, the TO; line increases in height and becomes
narrower (~2 cm ). Contrary to the TO, line, the
TO; line appears at about 277 cm ~! and its appearance
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FIG. 2. Raman spectra of the TO; and TO; modes at 10.5,
17, and 33 K for 1.2% KTN crystal I.

almost coincides with the peak in the dielectric constant.
It is relatively narrow and symmetrical in shape. The
same two lines are also observed in KLT 4%, appearing in
the same order and displaying the same trend as far as
width, shape, and intensity are concerned. In Fig. 3, we
compare intensities of the TO; and TOj; lines for KTN
1.2% and KLT 1% and 4%. For both KTN 1.2% and
KLT 4%, the TO, line exhibits a sharp drop at 14.5 and
55 K, respectively, which corresponds to the appearance
of the TO; line. By contrast, for KLT 1%, the TOj; line is
not observed down to 6 K suggesting that no ferroelectric
transition occurs for that low a concentration, in agree-
ment with previous studies [12]. We also note a
significant difference in the temperature dependence of
the TO, line between KTN and KLT. In the former, the
TO, line appears at a much lower temperature and its in-
tensity rises much faster with decreasing temperature
than in the latter.

The main point of the Raman results presented above
is the difference in the behavior of the first-order TO; and
TO3 lines corresponding respectively to a polar and a
nonpolar mode. The assignment of these lines to single-
phonon transitions is warranted by their positions and
widths, the latter being much less than for the second-
order features observed in the spectrum. Because the ap-
pearance of the TO; line coincides with the observation of
the remanent polarization, we can attribute it to the cou-
pling of the light to the polarization of polar microregions
or clusters. In stark contrast, the appearance of the TO;
line cannot be attributed to the same process since it cor-
responds to a nonpolar mode. Its appearance can then
only reflect the onset of a structural distortion extended
over a distance of the order of the phonon wavelength.
However, the onset of this distortion also coincides with
the maximum of the dielectric constant, indicative of a
transition with the formation of ferroelectric macrore-
gions. As we have mentioned before when presenting the
dielectric results, we emphasize that these macroregions
can nevertheless coexist with a certain degree of orienta-
tional disorder.

This coexistence can be explained by a model recently
proposed [13] in which, in a highly polarizable lattice,
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each off-center dopant atom is characterized by an
effective dipole moment d*, each polarizing an extended
region of radius r.~ed’>. This radius corresponds to the
correlation length of the highly polarizable host lattice
with dielectric constant €. When r. becomes greater
than the average distance between dipoles, one must
define a new radius R, =[e(T)/eol'?r, in which (T) is
the dielectric constant of the doped lattice. In order to
describe such a random dipolar system, an orientational
order parameter L is introduced such that L =(J;), where
[; is a unit vector along the dipole located on site / and
where the two averages are respectively configurational
and ensemble averages. It can be shown [14] that only
above a certain critical concentration x., for which
T.=0, does the order parameter L become greater than
zero and yield complete long-range order.

This model can now be extended to describe the ap-
pearance of the first-order Raman TO, line above the
transition. Changes in the electronic polarizability due to
polar optic phonons can be written in the form

Sa(r,t) =P(r,1)-A-P(r,1), (1)

where P(r,) represents the space- and time-dependent
polarization fluctuation and A is a fourth-rank tensor.
Equation (1) usually describes second-order Raman
scattering; however, if the polarization fluctuation spec-
trum contains a low-frequency component, such as the
slow relaxation modes due to polar microregions, Eq. (1)
can describe single-phonon Raman scattering as well. To
show this, we write the polarization as a sum over polar
hard optic modes and slowly relaxing microregions:
P=X(P,+P,).

In order to explain the appearance of single-phonon
Raman lines above T,, we are only concerned in Eq. (1)
with cross terms of the form P,P;. The scattered intensi-
ty can be written as (see also Ref. [15])
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FIG. 3. Raman line intensities of the TO; and TO; modes as
a function of temperature for (a) KTN 1.2% Nb crystal I and
(b) KLT 1% and 4% Li.
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Because the first correlation function possesses a sharp
maximum near ®' =0 and the second one near Qg, (@)
is sharply peaked at w=Qg, i.e., near the hard single-
phonon frequency. We note that this theory is equally
applicable to the TO4 mode and, indeed, its experimental-
ly observed behavior (temperature dependence of the in-
tensity) is similar to that of the TO, mode. Also, terms
of the form P,P, in Eq. (1) will contribute to the quasi-
elastic or central peak scattering also observed by us and
others [3,16]. Using the results of Ref. [17] in Eq. (2)
for the first correlation function and the *‘static” limit of
slowly relaxing dipoles, we can write I (@) in the follow-
ing form:

9w (3)

Iw)~
h (r.24¢2) (R *+4q2)
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in which g,=(w?—04)/v2 Qo being the hard phonon
mode frequency at g, =0 and v its velocity. For R.>r,,
Ii'(w) is maximum for g2=R. 2 namely, at w2,
=0§+R " %? with If'(wma)~r2R.. The increase in
the intensity of the TO, line shown in Fig. 3 can be attri-
buted, above T, to an increase in R, with decreasing
temperature. Also in the static limit, the width of the line
at half maximum is found from Eq. (3) to be Awum
=(3w;/Q0)eo/e in which w, is the soft mode frequency.
Using the experimental values w;~20 cm ™', Q¢~200
cm ~!, and €/e~0.1, we get Awym~1 cm ' which is
close to the observed value (~2 cm ~'). The asymmetri-
cal shape of the TO; line is also properly described by the
theory.

The static limit in which the above theory has been
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presented applies well to the KLT system. Lithium is
indeed known to reorient very slowly in the temperature
range of interest [18] (=250 K), such that the static
limit is appropriate throughout this range. As derived
above, I$.x~r2R.=¢eVe(T) which yields a moderate
temperature dependence as observed. By contrast, the in-
tensity of the TO; line in KTN (Fig. 3) exhibits a much
stronger temperature dependence than in KLT. We attri-
bute this difference to the existence of a distribution of
relaxation times for the niobium atoms. This assumption
is quite plausible in KTN since the niobium atoms find
themselves in much shallower potential wells than the
lithium atoms in KLT [3]; they are consequently more
strongly affected by their local environments. As the
temperature decreases, an increasing number of Nb
atoms contribute to the slow relaxational modes and to
I(w) by virtue of Eq. (1). For KTN thus, the intensity
can be approximately written as

v=<Aw
T =12 fo ™o (v)dv' )

in which ¢(v') is the distribution function. The tempera-
ture dependence of the last term is contained in the upper
limit of integration, e.g., v=voe ~YT, where vo is an at-
tempt frequency and U is the activation energy. The
preceding explanation is also supported by the simultane-
ous appearances of the remanent polarization and the
first-order TO; line. Equation (4) also explains why 7 .x
cannot be simply proportional to the Nb concentration as
reported earlier [3,8].

In conclusion, dielectric and Raman measurements,
performed on the same crystal, have shown evidence for
(1) the formation of precursor clusters or polar microre-
gions many degrees above the transition; (2) the oc-
currence, even for low concentrations, of a transition cor-
responding to a structural distortion on the scale of a Ra-
man phonon wavelength and accompanied by the appear-
ance of ferroelectric macroregions; and (3) the coex-
istence, below the transition, of these macroregions with a
certain degree of orientational disorder which explains
the observed dipolar glasslike behavior previously report-
ed. We note that this behavior persists to much higher
concentrations than those discussed here [19]. Finally
the model proposed explains qualitatively the asymmetri-
cal TO; line shape and the stronger temperature depen-
dence of the time intensity in KTN relative to KLT. A
detailed analysis of this temperature dependence (intensi-

ty and linewidth) will be given elsewhere.
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