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Nanoscale phase quantification in lead-free (Bi;»Na; ;) TiO3-BaTiO; relaxor ferroelectrics by means
of 2*Na NMR
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We address the unsolved question on the structure of relaxor ferroelectrics at the atomic level by characterizing
lead-free piezoceramic solid solutions (100 — x)(Bi;»Na,/»)TiO3-xBaTiO; (BNT-xBT) (for x = 1, 4, 6, and
15). Based on the relative intensity between spectral components in quadrupolar perturbed 2*Na nuclear magnetic
resonance, we present direct evidence of the coexistence of cubic and polar local symmetries in these relaxor
ferroelectrics. In addition, we demonstrate how the cubic phase vanishes whenever a ferroelectric state is induced,
either by field cooling or changing the dopant amount, supporting the relation between this cubic phase and the

relaxor state.
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Relaxor ferroelectrics have been intensively studied in
the past 30 years because of their intriguing structural and
dielectric features [1-3]. Despite that, the nature of their
ground state remains an open question [4—12]. Several models
have been proposed to describe this puzzling class of materials
[1,5-8,13], two of which are mainly concerned with the
structure of the ground state of relaxors [4].

The random field (RF) model proposes a single-phase
structure broken up into ferroelectric nanodomains. These
nanodomains are kept small under the constraint of quenched
random electric fields which originate from chemical disorder
[7,14]. The other model introduced the concept of “polar
nanoregions” (PNRs) [13]. When relaxors are cooled below
the Burns temperature, small and randomly oriented polarized
regions (PNRs) appear within the otherwise nonpolar crystal
structure. Upon further cooling, PNRs grow in size and number
[11], but their percolation is prevented by structural disorder
and random electric fields [8,10,12]. This behavior would
imply the coexistence of PNRs and a nonpolar matrix, in
contrast to the single-phase structure proposed by the RF
model.

An induced ferroelectric state can be established in relaxors
when a strong electric field is applied. This state features
macroscopic polarization and breaking of the cubic average
symmetry [5,11,15-17]. While the RF model suggests that this
transformation and the formation of macroscopic ferroelectric
domains are caused only by reorientation of previously
nanometric ferroelectric domains, an additional mechanism is
required when PNRs are considered. In that case, a long-range
ferroelectric state can only be established if the nonpolar
matrix becomes polarized, being incorporated by the growing
PNRs.

Two questions are raised by contrasting these two models:
(1) Does the microscopic structure of relaxor ferroelectrics
consist only of ferroelectric nanodomains or do regions of
lower local symmetry (PNRs) coexist with a nonpolar matrix of
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undistorted structure? (2) How does the microscopic structure
of relaxors evolve upon electric poling?

In spite of their relevance, such questions have remained
unsolved largely because the structural characterization of
relaxors is a challenging matter. The distortions from the
ideal perovskite unit cell are often small [18], posing diffi-
culties for diffraction techniques to clearly assign a defined
symmetry, e.g., in (Bij,;Na;;)TiO3 (BNT) [18,19]. Solid
solutions, especially at the morphotropic phase boundary
(MPB), complicate the matter further due to the coexistence
of different symmetries. If doped with a barium content
of around 6% and 7% [20], BNT-xBT appears cubic to
x-ray diffraction [21-23]. Contrastingly, weak superlattice
reflections in neutron diffraction suggest the presence of
a lower symmetry [23,24]. This contradiction exposes the
need for different methods to characterize these materials.
Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) have also been employed to
characterize the structure at a microscopic scale. Nevertheless,
they have only pointed out the same phase coexistence between
R3c and P4bm symmetries [12,25], and as other diffraction
techniques, they deliver only an averaged picture of the local
structure. Such diffraction techniques require a long coherence
length, of several hundreds of unit cells. In order to overcome
that, diffuse scattering [26—29] has been utilized. Although the
nanometric nature of polarized regions was demonstrated, the
question on the models cited above has not yet been settled.

A complementary method should address the very local
structure in order to search for the origin of polarization,
while being able to discern between different local symmetries.
Nuclear magnetic resonance (NMR) of quadrupolar nuclei
such as ?®Na is an appropriate tool for local structure
characterization, as the quadrupolar interaction scales with
1/r3 [30,31]. Since this interaction responds to electric field
gradients (EFGs) on the nucleus’ site, this technique can
differentiate local symmetries on the nanoscale [32—-34].

Solid solutions of composition (100 —
x)(Bij2Naj/»)TiO3-xBaTiO3 (BNT-xBT) were chosen for
this study. The phase diagram of BNT-xBT [20] encompasses
both variations in relaxor character and crystal structure with
barium content [3,12,35,36]. Specifically, a rhombohedral
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region (barium content, x <5), such as BNT-1BT and
BNT-4BT, present relaxor features to some extent [35,37].
Compositions in the transition region (5 < x < 8) display
strong relaxor features and contain a morphotropic phase
boundary. Here these are well represented by BNT-6BT [16].
A tetragonal region (x > 8) is represented by BNT-15BT,
which is spontaneously ferroelectric at room temperature.

Bulk ceramic samples with a nominal BNT-xBT (x =
1,4,6, and 15) composition were prepared by a standard
solid-state route [38]. Samples were electrically poled by field
cooling from 150 °C to room temperature at 2.8 kV/mm.
For annealing they were heated at 2 K/min and kept at 400 °C
for 2 h. The temperature-dependent dielectric permittivity £(7")
of unpoled and poled samples was determined with an HP
4284A at a heating rate of 2 K/min in the frequency range from
100 Hz to 1 MHz.

23Na solid-state NMR spectra were recorded with a Varian
Infinity+ 600 MHz spectrometer. Cylindrical ceramic samples
were spun at 10 kHz in a 5 mm MAS Varian XYH probe head
tuned at 158.75 MHz. A single-pulse experiment with a pulse
length of 1.0 us, a recycle delay of 500 ms, and a dwell time
of 0.13 us ensured appropriate excitation and recording of the
spectra. The response function of the NMR probe is slightly
asymmetric, which results in an apparent shift of the satellite’s
maximum away from the center band. For this reason the
quantitative signal analysis was assured by reference spectra
of simple sodium salts.

The quadrupolar interaction affords *Na solid-state NMR
sensitivity to a material’s structure at an atomic level. It consists
of an electrostatic interaction between the nuclear quadrupolar
moment and the EFG, a structural parameter determined by the
local structure. The effect of this interaction on the frequency
of each (m,m — 1) NMR transition of >Na (I = 3/2) can
be described by first-order perturbation theory, and results in
the following equation if an axial symmetric EFG tensor is
considered [30,31]:

eQVzz

Vpom—1 = VL — (3c0s’0 — D[m?* — (m — 1)*]. (1)

Here, m is the magnetic quantum number, v;, the unperturbed
Larmor frequency, e Q the nuclear quadrupolar moment, V7 a
measure of the magnitude of the EFG, and 6 the angle between
the symmetry axis of the EFG tensor and the equipment’s
external magnetic field.

The last term of Eq. (1) vanishes for m = 1/2, hence
the (1/2,—1/2) transition is not affected by the quadrupolar
interaction and results in a narrow and intense component at
vy, termed the central transition. In contrast, the frequencies
of transitions (3/2,1/2) and (—1/2,—3/2) are shifted sym-
metrically away from the central one, and are therefore called
satellite transitions. Because of their orientation dependence,
the satellite transitions merge into a broad component for
nonoriented solids (e.g., ceramics). Due to magic angle
spinning (MAS), this otherwise broad component splits into a
series of narrower peaks [39,40], called the spinning sideband
envelope (SSE). Under these conditions the central component
is called the center band (CB). The width of the SSE is
proportional to Vzz and can serve as a direct measure for
the departure from an ideal cubic local structure. Thus, its
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observation provides a fingerprint for local breaking of cubic
symmetry [32,41].

The intensity ratio between these two spectral compo-
nents (Issg/Icp) is determined by the transition probability
of the corresponding transitions, which is proportional to
[(m| I, |m — 1)|? [30]. This expression results in a transition
probability of 0.3 for each satellite and 0.4 for the central
transition. Accordingly, the Issg/Icp ratio is determined to be
equal to 1.5.

This ratio is only valid if the whole sample displays a
noncubic local symmetry around the sodium nuclei. For the
special case of a cubic local structure, EFG-tensor components
vanish (Vzz = 0) and only a single resonance line should be
observed in 2*Na NMR spectra, as both central and satellite
transitions present the same resonance frequency (Eq. (1)).

If cubic and noncubic local symmetries coexist in the same
sample, the Issg/Icp ratio falls below 1.5, as the cubic phase
contributes signal intensity only to the center band. If Issg and
Icp are the integrals of the spinning sideband envelope and the
center band, respectively, one can determine the percentage
of the cubic phase content by means of Eq. (2) (see the
Supplemental Material for its derivation [42]):

15 - ()
cubic % = 100 ——=2—, 2)
15+ 1.5(%sx)

In order to validate this relation, the NMR spectra of the
reference sodium salts (NaNO3 and NaNO,) were analyzed.
These salts display a single, well-defined, noncubic local
environment for 2*Na in their structure [39], and should,
therefore, exhibit an Issg/Icp ratio close to the theoretical
value of 1.5. Values of 1.43 and 1.39 were observed for
each salt, respectively, which lie within a margin of 7%
from the limiting value. Good agreement was also observed
when applying Eq. (2), as the cubic content determined for
these salts was below 3%. This value can be attributed to the
nonideal NMR probe response function and was considered
the experimental uncertainty for the quantification of cubic
and noncubic phases in ceramic samples.

The »*Na MAS NMR spectrum of unpoled BNT-6BT
[Fig. 1(a)] provides an SSE which resembles a broad Gaussian
without the characteristic spectral features of a single well-
defined quadrupolar interaction tensor [30,39]. Hence, it
reflects a distribution in the magnitude of components from
the EFG tensor [43], which indicates partial disorder in the
local structure of this material.

According to Eq. (1), the observation of the satellite
transitions, indicated by the SSE, provides clear evidence
for breaking of the local cubic symmetry [32,41]. It indicates
that unpoled BNT-6BT is polar at a local scale, despite being
macroscopically cubic. The fact that this polar phase is hardly
detected macroscopically [21,23,24,35] strongly supports its
nanometric character. Moreover, it unveils NMR as a suitable
tool for characterizing this class of materials.

23Na NMR not only highlights the polar nature of the local
structure but also indicates the presence of a cubic phase for
the unpoled state of BNT-6BT. The Issg/Icp ratio of this
sample equals to 0.80 (Table I), which is much lower than
the limiting ratio of 1.5. Such a low value could be accounted
for by the presence of a cubic phase [Fig. 1(c) schematic].
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FIG. 1. (Color online) Comparison between (a)-(c) measured
and (d)—(f) schematic 2>Na MAS NMR spectra of BNT-6BT for
different poling states. While the relaxor state [(d), (f)] is observed
for (a) unpoled and (c) thermally annealed samples, the induced
ferroelectric state (e) corresponds to the poled sample (b). In (a),
(d) the overall Issg/Icp intensity ratio falls below 1.5 due to the
presence of a cubic phase (in gray), which contributes intensity only
to the center band. SSE’s intensity increases and the Issg/Icp ratio
approaches a theoretical value of 1.5 after electric poling [(b), (e)].

Employing Eq. (2), a cubic local symmetry was assigned to
ca. 25% of the structure, whereas the remaining 75% display
a polar (noncubic) local structure.

Comparison of the NMR spectra of BNT-6BT before
and after poling [Figs. 1(a) and 1(b), respectively] reveals a
pronounced growth in the SSE intensity. The Issg/Icp ratio
increases from 0.80 for the unpoled to 1.42 for the poled sample
(Table I). This change implies that the relative amount of the
polar phase increased as a consequence of electric poling. The
fact that the Issg/Icp ratio approached the theoretical value of
1.5 for the poled sample indicates that the polar phase spread
throughout most of the structure [Fig. 1(e) schematic]. With the
aid of Eq. (2) we could determine that the cubic phase content

TABLE 1. Issg/Icg ratio, SSE width, and AT, for BNT-xBT
with different barium content (x) for unpoled and poled samples are
contrasted.

SSE/CB ratio SSE width (MHz) AT, (°C)?
x (%) Unpoled Poled Unpoled Poled Unpoled
1 1.07 1.43 0.64 0.65 25
4 1.31 1.37 0.57 0.57 14
6 0.80 1.42 0.59 0.54 43
15 1.45 1.42 0.39 0.39 4

AAT = Tyaxé” (1 MHz) — Tp0c€” (100 Hz), frequency dispersion of
the temperature of maximum from the imaginary part of dielectric
permittivity.
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decreased to a value below the experimental uncertainty of this
procedure. After annealing, a cubic content was recovered in
the sample. Thermal annealing and zero-field-cooling poled
BNT-6BT results in depolarization that involves breaking of
the ferroelectric long-range order and reestablishment of the
relaxor state [16]. Accordingly, a marked decrease of the
SSE intensity was observed after annealing [Fig. 1(c)], which
resulted in an Issg/Icp ratio of 0.88. This intensity change not
only demonstrates that the cubic phase reappears as a result
of thermal annealing, but it also shows that the cubic phase
is reestablished at around 22%, which is a content similar as
before poling [Fig. 1(f)].

These results have the following implications: A polar
phase is present at all poling states, as evidenced by the
ubiquitous presence of SSE. Nevertheless, a considerable
amount of cubic phase is also present in unpoled and annealed
samples (i.e., ground state), indicating that the ground state
is not completely polarized. Instead, polar and cubic local
symmetries coexist [Fig. 1(d) schematic]. This coexistence
strongly suggests that the microstructure of the ground state
of relaxors resembles the model of PNRs embedded in a cubic
matrix rather than an assembly of nanometric ferroelectric
domains separated only by domain walls.

The most striking feature is that the cubic content prac-
tically disappears when a ferroelectric state is induced by
electric poling. This implies that the electric-field-induced
transition from a relaxor into a ferroelectric state for this
material is not solely caused by an alignment of dipoles in
the direction of the applied electric field. The local symmetry
change in the cubic phase indicates that PNRs grow at
the expense of the cubic nonpolar matrix. The electric-
field-induced breaking of the local cubic symmetry enables
percolation of polarization throughout the whole structure and
the establishment of a ferroelectric state.

Next, the consequences of electric poling on the local
structure of compositions BNT-1BT, BNT-4BT, and BNT-
15BT are discussed in order to correlate the local structural
features with the macroscopic electric properties of ceramics
with different barium content. Their Na NMR spectra (not
shown) resemble those of BNT-6BT (Fig. 1) except for
different Issg/ Icp ratios and SSE widths. Table I collects these
values before and after poling. Based on them and with the aid
of Eq. (2), the percentage of the cubic phase was determined
as a function of poling state for each composition and plotted
in Fig. 2.

Note that both BNT-1BT and BNT-4BT exhibit a behavior
similar to BNT-6BT: A cubic phase present before poling van-
ishes as a consequence of electric poling and is reestablished
after annealing and zero-field cooling. As BNT-6BT, these
compositions also exhibit relaxor features in the unpoled state
[35,37], implying that the relaxor behavior is attributed to the
observed cubic phase. This relation is further supported by
the fact that BNT-15BT, a composition which does not display
marked relaxor features, did not exhibit a considerable amount
of a cubic phase.

We are also interested in comparing the local structure of
these relaxor ferroelectrics to their macroscopic properties.
Therefore, we contrast the amount of cubic phase present with
the frequency dispersion of dielectric permittivity (Fig. 2). The
relative amount of the cubic phase in the unpoled state varied

220104-3



PEDRO B. GROSZEWICZ et al.

30 || I Unpoled A 1
— Il Poled E 140
o\\o/ 25 || I Annealed i |
Q , 4130
n 20+ ; \
3 A .| AT
o 15} 120
[3) N . ]
L A :
§ 10 . 410

5t A
410

1BT 4BT
Barium Content

6BT 15BT

FIG. 2. (Color online) Relative amount of cubic phase for
BNT-xBT as a function of barium content and poling state as
contrasted to the frequency dependence of temperature of the
permittivity’s maximum A7, (right axis, green triangles).

with barium content. BNT-6BT is featured by the highest cubic
content, followed by BNT-1BT, and to a lesser extent by BNT-
4BT. This trend can be compared to the intensity of relaxor
features from each composition. An important characteristic
of the relaxor state is the shift of the permittivity’s maximum
towards higher temperatures with increasing measuring fre-
quency [44]. This shift is represented by AT, = T,,( fhigh) —
T.»(fiow), and the corresponding values are collected in Table I.
The frequency dispersion of the temperature of ¢, follows
the same trend observed for the amount of cubic phase, i.e.,
BNT-6BT > BNT-1BT > BNT-4BT.

These results strongly suggest that the coexistence of a
cubic and a polar phase for the ground state of relaxors together
with the polarization of the cubic matrix as a consequence of
electric poling are not special features of BNT-6BT, but rather
a general property of all BNT-xBT compositions with relaxor
character.

Further information about the local structure of the polar
phase can be extracted from the SSE. According to Eq. (1),
the width of the SSE is a direct measure for V;; and its
distribution, and has, therefore, a direct connection to the
local symmetry of PNRs. Consequently, an alteration in the
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local symmetry of the polar phase is expected to impact it.
The full width at half maximum (FWHM) of the SSE for
each composition is listed in Table I as a function of poling
state. The width of the SSE did not change significantly with
electric poling for the investigated BNT-xBT compositions,
underpinning the hypothesis that the local structure of the
polar phase (PNRs) did not change due to field cooling. This
observation implies that the breaking of the macroscopic cubic
symmetry upon electric poling [24,35] is not related to local
structural changes in the polar phase. Rather, it indicates that
the polar phase exhibits the same local structure in PNRs as
well as in ferroelectric domains. Hence, we propose that the
ferroelectric long-range order has its origin in the growth of
the coherence length and the size of PNRs rather than in their
local symmetry change.

In summary, the coexistence of a cubic and a polar
phase was demonstrated in relaxor ferroelectric materials
with BNT-xBT composition by means of quadrupolar >*Na
nuclear magnetic resonance. The coexistence of these local
symmetries in the ground state of relaxors supports a picture
for their microstructure that resembles one of PNRs embedded
in a cubic nonpolar matrix. Moreover, the local symmetry of
the polar phase does not change upon electric poling. This
feature might indicate that PNRs and ferroelectric domains
have the same local structure. We were also able to demonstrate
that an electric-field-induced phase transformation occurs in
the cubic matrix, which becomes polarized and adopts the
local structure of nearby PNRs. We anticipate that these
observations will help clarify the structure of both bismuth
as well as lead-containing relaxor ferroelectrics and therefore
give insight into the origin of relaxor features. Precise
knowledge of the local structure will furthermore support the
modeling of relaxor properties. Additionally, we expect these
findings will stimulate further works on testing the applica-
bility of theories developed for classical relaxors on lead-free
systems.
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