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Observation of an exotic lattice structure in the transparent KTa;_,Nb,O;
perovskite supercrystal
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We perform redundant x-ray diffraction versus temperature experiments in bulk transparent KTN. We find a
violation of the standard perovskite cubic-to-tetragonal symmetry breaking at the Curie point in the form of an
orthorhombic cell distortion. The lattice distortion spans coherently macroscopic volumes of the sample and is
characterized by a negative-to-zero thermal volume expansion. Dielectric measurements and calorimetry indicate
that the anomalous behavior is not associated to a distinct thermodynamic phase. The comparison of linear and
nonlinear optical scattering experiments with structural data suggests that the lattice distortion is a consequence
of strain relaxation to a 3D superlattice of polarization vortices.

DOI: 10.1103/PhysRevB.102.214110

Introduction. A wide variety of innovative materials for
a range of applications have a perovskite atomic structure.
Examples are high-temperature and anomalous superconduc-
tors, photovoltaics, and a host of solids with unconventional
and giant electromechanical, capacitive, piezoelectric, magne-
toresistive, thermal, and optical response [1-11]. While new
functional materials with a perovskite structure are still being
discovered and engineered, many useful effects still have no
general explanatory picture, making the whole subject matter
an attractive riddle-ridden arena for condensed matter physics
[12-14].

An interesting effect is observed in transparent
solid-solution KTN perovskites cooled below their
room-temperature Curie point. Specifically, illuminating
the sample with plane-wave laser beams leads to far-field
diffraction patterns typical of three-dimensional photonic
crystals with a micrometric lattice constant [15-17].
Remarkably, focusing light into a single lattice site causes it
to refract and diffract as if it had a broadband giant index of
refraction (GR) [8,11]. The effect is thought to be connected
with the formation of a ferroelectric supercrystal (SC), a 3D
periodic domain mosaic of interwoven polarization vortices,
each lattice site being the crossing of six polarization vortex
cores (a hypervortex). While numerous results are being
found associated to the macroscopic optical, dielectric, and
piezoelectric response, little is as yet known of the effect the
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coherent micrometer-scale domain mosaic has on the average
atomic structure.

We performed an in-depth 3D structural investigation
of bulk KTN cooled below its Curie point using Xx-ray
diffraction data. To correlate average atomic structure data
to macroscopic (micrometer and above) SC patterns, we
also performed optical diffraction, optical second-harmonic
generation, dielectric measurements, and calorimetry mea-
surements. Results indicate that the emergence of the
ordered 3D ferroelectric cluster patterns is accompanied
by a previously unreported large scale and coherent lattice
deformation. The signature is that the standard perovskite
sequence of lattice symmetries on cooling, i.e., cubic-
to-tetragonal, tetragonal-to-orthorhombic, orthorhombic-to-
rhombohedral [18], is transformed to cubic-to-orthorhombic,
orthorhombic-to-tetragonal, and tetragonal-to-rhombohedral.
In our modeling, we describe how this unconventional de-
formation in the average atomic structure is compatible with
the strain field caused by the vortex polar domain distribution
typical of a SC.

Materials. A single-crystal  solid-solution =~ KTN
(KTa;_;Nb,O3, x = 0.36) compound was grown through the
top-seeded solution method. The concentration of potassium,
tantalum, and niobium in the crystal was determined by
electron microprobe analysis. Two c-direction-pulled
zero-cut samples are extracted from the original rod,
a 1.8x1.8x23 mm specimen to perform dielectric
spectroscopy measurements, and a 0.5 x 0.5 x 1.6 mm
specimen that formed the starting batch material for x-ray
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FIG. 1. Coherent lattice distortion in ferroelectric KTN. (a) Cell edge lengths (A), a (red dots), b (green rhombi), and ¢ (blue triangles)
of KTN as a function of 7. Each point was estimated by single-crystal x-ray diffraction from a least-squares fitting against ~110 reflections
within 26 ~ 34°. Error bars correspond to one estimated standard deviation (e.s.d.). Vertical dashed lines mark the first-order phase transitions
that were detected by differential scanning calorimetry (DSC) and dielectric spectroscopy (see Fig. 3). (b) Volume (A%) of the crystallographic
unit cell of KTN as a function of 7. Due to the anisotropic response of the cell axes, the overall thermal expansion is zero down to the low-T'
transition at 182 K. (c) Reconstructed precession images of three equatorial sections of the KTN reciprocal lattice at room temperature, as
viewed down the a*, b*, and c* reciprocal cell edges. Changes in the positions of the peaks as the sample is cooled down are not appreciable
by the naked eye. (d) Output of light scattering experiments close to the Curie point.

diffraction (XRD) and calorimetry (DSC) measurements.
Second-harmonic-generation  (SHG) experiments are
performed in a 7.0 x 3.9 x 1.6 mm sample designed to
have a higher T (T¢ = 333 K) adding a small concentration
(<0.01) of Li to the melt (KTN:Li). As for many composite
nonstoichiometric samples, the deposition process introduces
slight oscillations in the composition that lead to so-called
striations. The micrometric scale of these striations is thought
to form the precursor of ferroelectric supercrystals [8,15].
X-ray diffraction. A 100+ Bragg-peak x-ray 3D structural
investigation of a single-crystal KTN is reported in Figs. 1(a)—
1(c). The starting batch consisted of a transparent, hard, and
brittle mm-long rod of the freshly synthesized KTN material.
The opposite extremities were cut with a stainless steel mi-
croblade. Irregular crystals of micrometer dimensions were
obtained. Twelve of them were discarded after preliminary
checks due to heavy twinning. Eventually, one high-quality
nonpleochroic specimen was selected for the data collec-
tion. The linear size does not exceed 100 um to alleviate
the very high absorption of KTN (1 ~ 29 mm™') at the x-
ray wavelength here employed (A = 0.71073 A). Each crystal
was mounted on the top of a glass capillary fiber with bi-
component epoxy glue and placed in very close proximity of
the cold nitrogen nozzle. A three-circle Bruker AXS Smart
diffractometer equipped with an APEX II CCD detector and

an Oxford Cryosystem N, gas blower was used throughout.
Graphite-monochromated Mo K, radiation (A = 0.71073 A)
at a nominal power of the generator of 50 kV x 30 mA
was employed. Diffraction amplitudes were collected in the
w-scan mode from the hemisphere up to a maximum Bragg
angle of ~37° (area detector fixed at 26 = 0°, sample rotating
around the goniometer z axis by varying w) and the tempera-
ture was changed stepwise from 295 K to 100 K, with AT =
5 K; before starting any data acquisition, the sample was equi-
librated in the cold N, stream for ~10'. Possible hysteresis
phenomena were excluded by repeating data collections at
specific temperatures after having warmed back the specimen
at room temperature [19-23]. Data integration and reduction
were carried out by the SAINT+ suite of programs [24]. The
detector is positioned 50 mm from the sample: illuminating
the whole sample gives an average lattice analysis on the
entire sample. The diffraction data were uniformly distributed
in the reciprocal lattice up to max[sin (6)/A] = 0.45 A~ (see
below), and each of them represents the scattering output
from the entire volume of the bulk material. We were thus
able to measure very precisely the cell edge length down to
100 K, obtaining for the first time reliable estimates of the
T -driven lattice distortions in KTN. Eventually, we collected
a total of 100+ x-ray Bragg peaks at each temperature. The
lattice constants were computed by minimizing the average
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FIG. 2. GR and SHG Experiments. (a) Light is focused onto the input facet into a polarization vortex core, identified using giant refraction
(inset). SHG for (b) TM, (c) TE, and (d) a superposition of TM and TE modes maps the signature spatial and polarization structure of the

vortex [11].

square deviations between the measured reflection centroids
and those predicted on the basis of the lattice model. In the
standard least-squares procedure, lattice constants are varied
together with instrumental parameters, which include possible
detector misplacements and centering errors of the crystal.
In KTN, T-driven distortions of cell edge lengths are very
small (< 0.1%) and of the same order of magnitude as the
least-squares estimated adjustments affecting the instrumental
parameters. This results in high correlations, which imply an
odd dependence of the instrumental parameters on the cell
edges and vice versa, as well as very high estimated standard
deviations of the final least-squares variables. To limit these
problems, we measured the positions of the Bragg peaks in the
reciprocal reference frame using a very small scan width in w
(Aw = 0.15°). Possible systematic errors in the position of the
instrumental zero were minimized by collecting reflections at
both positive and negative 26. Fast exposure times (3 s/frame)
were used to ensure that counting statistics always remain
in the linearity region of the CCD detector device. Finally,
instrumental parameters were optimized at RT and then kept
fixed in least-squares refinements at lower 7 (more details in
the Supplemental Material). This way, the diffraction maxima
can be accurately located, even for the most intense reflec-
tions. The very low (<0.001) cell microstrain [Figs. 1(a)-1(c)]
implies that transition-induced crystal twinning, if any, is not
detectable. This is because the associated reciprocal space
splitting of the Bragg peaks would be lower than 0.002 rad,
corresponding to a deviation comparable with the detector
pixel size (0.12 mm). Cell volume across the entire range of
inspected temperatures is reported in Fig. 1(b) [19,25-32].
Optical diffraction. The macroscopic formation of ex-
tended 3D ferroelectric cluster patterns below T¢ in the KTN
sample are observed using visible light propagation, as re-
ported in Fig. 1(d) [15]. While domains in KTN can be
directly observed using transmission polarization microscopy
in thin plates [33], periodic domain patterns in the volume can
be optically detected using coherent scattering, as originally
demonstrated in KTN by Bouziane ef al. [34]. We note that
the patterns occur spontaneously, i.e., without fabrication or

post-processing protocols (such as laser-induced domain pat-
tern orientation), on cooling through 7¢. Light transmission
is analyzed illuminating the sample with a polarized plane
wave from a frequency-doubled Nd-YAG laser (A = 532 nm).
Transmitted light parallel to a specific crystal axis is col-
limated and imaged onto millimeter paper placed after the
sample. Different directions are inspected rotating the sample.
Crystal temperature in the range 265-300 K is fixed through
a water-cooled current-driven Peltier junction placed below
the sample holder. Temperatures are measured relative to T¢
that is evaluated optically through cross-polarizer transmis-
sion microscopy. To avoid strong water condensation, optical
diffraction is investigated for temperatures down to 270 K.
Optical diffraction patterns are evident for two directions,
while the diffraction peaks are accompanied by background
scattering. Far-field images provide the angular scale of the
Bragg diffraction. The angular peak-to-peak distance identi-
fies a spatial scale A ~ 5.2 um, which is in agreement with
the scale of the growth striations associated to the standard
bulk sample pulling process [15]. Results are incompatible
with propagation through a disordered mosaic of ferroelectric
clusters and in agreement with the slow metastable relaxation
into the fully ordered 3D SC cluster mosaic previously ob-
served in other samples in the proximity of the Curie point
[15].

Second-harmonic generation. The details of the local polar
domain structure of the SC are analyzed using SHG exper-
iments in a KTN:Li sample, as reported in Fig. 2 [11]. At
room temperature the sample is in its nominal tetragonal
phase (T = Tr — 35 K) and manifests a 3D SC. The sam-
ple gives rise to giant refraction as shown in the inset of
Fig. 2(a), where laser light from a supercontinuum source is
launched at A = 650 nm from a large-aperture objective. SHG
experiments are carried out using a Tsunami Spectra Physics
Ti:Sa CW mode-locked laser at A = 810 £ 7 nm, operating
at 0.6 W, with a repetition rate of 80 MHz and a pulsewidth
of 190 fs. Laser beam linear polarization, transverse mag-
netic (TM), or transverse electric (TE), or a superposition of
the two, is set rotating a A/2 waveplate. The beam is then
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FIG. 3. Macroscopic response. (a) DSC thermogram of KTN in the 143 K-RT range of T'; (1), (2), and (3) indicate endothermic first-order
phenomena at 285, 228, and 182 K. Insets represent a closeup of the transitions when studied at 2 K/min. (b) Dielectric response as a function
of T along three orthogonal main crystalline axes at the sample frequency of 10 kHz. (c) Total entropy calculated through the sum of the
induced Frohlich entropy S = Sg(T') along the three crystalline axes [74-76] as a function of 7' [19].

focused onto the input facet of the sample using a 50-mm-
focal-length lens [Fig. 2(a)]. The pump beam is focused to
a FWHM ~15 um and is launched inside a SC lattice site
appropriately positioned and rotating the sample. The SHG
pattern is detected on a white screen placed at d = 7.0 cm
from the output facet of the sample using a Canon EOS 50d.
A polarized SHG signal peaked at A = 405 nm is detected
both for transverse magnetic (TM) [Fig. 2(b)] and transverse
electric (TE) [Fig. 2(c)] pump modes. For the TM polarized
pump, two SH beams emerge in the x-y plane at an angle
Oc = arccos (2k; /k,) ~ 0.28 rad with respect to the pump,
where k; and k; are, respectively, the wave vectors of the
fundamental and the SH beams. The SHG output intensity
distribution is reported in Fig. 2(b), where both Cerenkov
beams are TM. For a TE pump, two TE SHG beams emerge
in the x-z plane [Fig. 2(c)]. A pump linearly polarized at 45
degrees (i.e., (|TM) + |TE))/ V/2), leads to the diamondlike
SHG pattern in Fig. 2(d). Cerenkov SHG forms four polarized
beams, where the beams along the y direction are TM, and
those in the x direction are TE.

Calorimetry. Calorimetric measurements of the KTN
sample are reported in Fig. 3(a). Differential scanning
calorimetric (DSC) measurements were carried out in the
143 K-room-temperature (RT) range using a Mettler Toledo
DSC1 apparatus with Star® software (version 11.0). The entire
crystal was placed into a 40 ul aluminum pan, carefully po-
sitioned flat on the bottom in order to maximize heat transfer
with the instrument. The sample is thermalized 5 minutes at
143 K, heated to 323 K, and finally cooled back to 143 K at
2,5, 10, and 15 K/min rate. Sharp transitions were located by
averaging the onset temperature measured during heating and
cooling ramps at various rates [35-37].

Dielectric measurements. Dielectric response for the KTN
sample in the 80-295 K range is reported in Fig. 3(b). The real
part of the permittivity versus temperature 7 is measured by
a precision LCR meter (Agilent-4284A) applying a probing
electric field of 1 V/cm between plane parallel electrodes
deposited on the sample facets. Temperature variation in the
75-320 K range is obtained employing a closed two-stage
helium cryostat. The thermal variation rate is 1 K/min and
monitored through a calibrated silicon diode sensor (0.01 K in
precision). The dielectric response is measured along the three
crystalline main directions a, b, c, in three different consecu-
tive scan stages, keeping all experimental parameters constant,

especially the thermal variation rate and the strength of the
probing field. Each set of measurements is carried out for the
frequencies 1, 10, 100, and 1000 kHz and the acquisition rate
is two measurement points for 1 K [19,38,39].

Discussion. Cell-size analysis for the KTN sample reported
in Fig. 1(a) indicates that while the standard cubic to tetrago-
nal transition is observed in cooling the sample below T¢ =
285 K, this symmetry is superseded at 270 K by a stable
orthorhombic distortion that persists to lower temperatures,
down to ~230 K. Here, cooling below 7' = 228 K, symmetry
is found to increase as a low-T tetragonal phase emerges from
the high-T orthorhombic one. Since the statistical significance
of the observed distortion of the unit cell refers to a redundant
analysis of Bragg peaks, each collecting the scattering con-
tribution from the whole sample, this implies that the lattice
distortion, which includes the anomalous increase in symme-
try on cooling, coherently pervades the entire bulk material.

An increase in symmetry on cooling is not forbidden on
absolute grounds. In fact, according to group theory, it is
only required that low-symmetry phases lie both in a sym-
metry subgroup of the high-T prototype one [40]. Even so,
while short-range distortions are known to locally lower the
symmetry, it is unusual to observe an increase in long-range
symmetry upon cooling in the context of perovskite research.
In detail, mainstream theories, including the Landau the-
ory, describe nonreconstructive structural phase transitions
in homogeneous systems identifying an order parameter.
Experimentally, such transitions imply the occurrence of a
symmetry relationship relating the involved phases. In fer-
roic transformations, like in ferroelectrics, this relationship is
strictly a point group-subgroup one. According to Aizu [41]
(and references therein), the crystal structures of transition-
related phases must all be described by slight distortions of
a prototype reference structure, necessarily the most sym-
metric one. A distortion here means that the ferroelectric
phase (the low-T one, i.e., that existing below the Curie
temperature) is expected to bear a lower symmetry, i.e., to
belong to a point group of lower order. Mixed perovskites,
in turn, such as the Mg/Pb niobates that have attracted con-
tinued attention in recent years, are known to be chemically
and structurally heterogeneous on different length scales at
the same time [31]. This leads to an anomalous physical
response, over a broad range of temperatures, that cannot
be fully described by a Landau-like approach. For one,
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no obvious order parameter can be identified. As regards
specifically to our results in KTN, the phase sequence from
RT to 100 K [Fig. 1(a)] is cubic-orthorhombic-tetragonal-
tetragonal-rhombohedral, which corresponds to an alleged
sequence of point groups m3m D [mm2 C (4mm = 4mm D
3m)]. All the low-T phases thus belong to a subgroup of the
prototype m3m one, a circumstance that apparently agrees
with the Aizu paradigm. In fact, two fundamental differences
emerge: First, a nonferroic transition occurs at low 7', which
relates two different tetragonal ferroelectric phases; second,
all the phases below ~230 K are supergroups of mm?2, the
one appearing just below the Curie point. To the best of
our knowledge, this phenomenon has never been reported
for BaTiO3 and BaTiOs-type single-crystal ferroelectric ma-
terials, which rather follow the expected sequence m3m D
[4mm D (mm2 C 3m)]. That is, in ordinary perovskite fer-
roelectrics the low T mm2 and 3m phases can also be
rationalized as small distortions of a prototype ferroelectric
phase (4mm). Rather, in KTN, the only meaningful prototype
is the paraelectric cubic one (m3m), implying that, below the
Curie point, a very strong and unexpected cubic to orthorhom-
bic symmetry breaking occurs.

Unexpected XRD findings can arise as artifacts of apparent
pseudosymmetries generated by a crystallographic multido-
main structure. To exclude this and ensure that we were
observing an actual spontaneous symmetry breaking at the
atomic scale (followed by the significant symmetry gain on
cooling), we took great care in selecting true single crys-
tals, that is, crystallographically homogeneous (single-lattice)
specimens. For sure, grain boundaries and extended defects
exist in our specimens, but in a much lower concentration
than in a multidomain system (twinned, powdered). Moreover,
x-ray diffraction outcomes (Fig. 1(c) and Ref. [19]) confirm
that lattice parameters have the same orientation throughout
the whole bulk sample, that is, defect-bounded crystallites are
all iso-oriented.

Anomalous symmetrization could be associated to a so-
called reentrant transition, a thermodynamic characterization
that is, in our case, not applicable. First, it is not obvious what
order parameter should be defined in the allegedly “ordered”
orthorhombic phase, as KTN is an intrinsically disordered
solid solution already at high 7. The disorder in KTN is
occupational and temperature invariant. Moreover, the very
small distortions of the cell parameters (Fig. 1 and Ref. [19])
ensure that atomic displacement is too small to produce a
significant entropic drive for the transition. Finally, DSC re-
sults (3) point out that the first-order transitions we detect
upon cooling are all endothermic (AH > 0). Accordingly, this
implies that some “hidden mechanism” should exist to allow
for the spontaneity of the process (AG < 0) [42].

Supercrystal model. While theoretically possible, the
switching of orthorhombic and tetragonal phases upon cool-
ing is anomalous and bears deep physical and chemical
significance. In what follows we discuss how the 3D SC model
is able to provide an interpretative picture of XRD data cor-
roborated by the optical diffraction, dielectric spectroscopy,
and calorimetry measurements. Ferroelectric perovskites suf-
fer a spontaneous symmetry breaking from the cubic phase to
the polar tetragonal phase at 7. Here a strong spontaneous
polarization emerges along one of the six principal crystal

axes [18,43,44]. As a textbook example of a solid-solid phase
transition, the passage from the nonpolar or paraelectric phase
to the polar or ferroelectric phase has always been thought to
spontaneously give rise to a disordered distribution of polar
domains in which free energy is minimized taking into ac-
count both defects, inhomogeneities, and the actual finite size
and shape of the sample [31,45]. Optical scattering experi-
ments in bulk KTN:Li samples suggest an entirely different
picture [15,16]. To explain what can best be described as the
optical equivalent of x-ray diffraction from a crystal lattice,
polar clusters appear to spontaneously organize into a macro-
scopic coherent 3D mosaic with a micrometric periodicity,
the ferroelectric SC. A model for the phenomenon is based
on the formation of a superlattice of polarization vortices.
A polarization vortex is a topological defect that emerges in
reaching a state of equilibrium from the nonpolar to the polar
phase [see illustration in Fig. 4(a)]. In detail, the reduction of
volume/surface charge and strain leads to two basic polariza-
tion domain patterns, the 180° alternate domain sequence with
a domain wall parallel to the crystal axes, and the 90° pattern,
in which the wall is at 45° to the crystal axes. These two types
of patterns will in general combine into complex patterns with
a rich and varied phenomenology [45,46]. The vortex is now
a combination of four separate domains with a spontaneous
polarization that wraps around a localized singularity where
the four 45°-oriented domain walls meet. Even though strain
compatibility reduces stress at each domain wall [47], the
vortex structure can cause a rotational stress associated to a
finite toroidal moment that can dominate response close to the
Curie point [48].

Polarization vortices in the bulk, in thin and layered ge-
ometries, are known to remain stable even below the Curie
point, both as single isolated defects and in large arrays of
stacked two-dimensional superlattices [8,15,49,50]. In these,
they appear as reconfigurable localized domain structures for
electrically controllable energy and information storage and
processing [see illustration of the 2D SC in Fig. 4(b)]. As a
result of a combination of tetragonal units, each vortex has
an equally elaborate associated strain configuration that also
depends on its surroundings, a phenomenon typically used to
encode ferroelectric memory devices [51].

Numerical studies of perovskites in the tetragonal phase
indicate that vortex structures are stable also in volume sys-
tems with no dominant external stimuli [52]. The formation
of the 3D SC is then modeled as the 3D generalization of
the 2D SC to 3D, as illustrated in Fig. 4(c). The screening of
volume and surface charge causes the tetragonal domains to
combine into a cubelike structure formed by six independent
vortices. In these terms, each unit cell of the 3D SC has an
associated stress field caused by the specific combination of
the single component vorticities. Combining different types
of unit cells, it is possible to design cubic, polar, and even
orthorhombic strain fields from a single tetragonal building
block [see Fig. 4(d)]. Hence, the exotic lattice structure can
arise as a result of the anisotropic 3D stress field that accompa-
nies the specific 3D polar cluster configuration. The effect also
dominates the cell structure below the second phase transition,
at 228 K, where the perovskite passes from an orthorhombic
to a tetragonal phase. Here the natural orthorhombic phase
[18,32] is superseded by an anomalous tetragonal phase below
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Curie point at T = Tt (center). The resulting multidomain structure expands and preserves an unpolarized state in the form of a topological
defect vortex (bottom). Since spontaneous polarization can only form along the crystal principal axes, the physics resembles that of Heisenberg
magnets. (b) In 2D, topological defects inherit a higher-dimensional 3D vortex structure (left) that can then form a 2D SC (right). The red
vector v represents the local vorticity of the polarization field [19]. (c) In the volume, defects inherit a 4D structure, forming a 3D hypervortex
(left), that can then form 3D SCs (right). D) Each unit hypervortex (left) is formed by six independent vortices that wrap around the central
point. These can combine to form SC unit cells with a resulting strain field (boxed panels) that can be both cubic (left, zero strain along a, b, ¢),
polar (center, 42 strain along a, zero strain along b, c¢), and orthorhombic (right, 44 along a, 4-2 along b, zero along c). Since each component
vortex has an associated strain principally in the plane orthogonal to its vorticity vector, in the orthorhombic case we expect a larger lattice

distortion along one specific axis (i.e., the ¢ direction).

210 K. This anomaly, that persists down to the third phase-
transition temperature at 182 K, would then be the result of the
stress field associated to having the single constituent parts of
the SC pass from the tetragonal to the orthorhombic phase. In
other words, the SC leads to an orthorhombic strain field when
it is made of tetragonal units, while it leads to a tetragonal
strain field when it is made of orthorhombic unit solids. The
model is discussed in Ref. [19].

The average distortions we report are smaller than the
uncertainty of previous studies [32,53,54]. These have, con-
gruently, failed to identify the structural anomaly reported in
Fig. 1(a). While this may reflect a strain-stress mechanism
specific to the family of KTN samples inspected, or even the
specific composition of our samples, it could equally represent
a general trait common to other perovskites. This is because
previous studies performed XRD monitoring a limited num-
ber of reflections, and if single-crystal x-ray and neutron
detection is limited to the monitoring of a small number of
reflections, no significant evidence of a shift from the basic
high-temperature cubic lattice can be observed [19,54-56].
In other words, the lattice distortions reported in Figs. 1(a)
and 1(b) are detected only when the number of accurately
measured Bragg peaks is radically increased. In any case,

the distortions here discussed are also composition dependent
to some extent, as the phase sequence in perovskite solid
solutions often changes with composition. The present results
should thus encourage us to perform accurate single crystal
x-ray diffraction experiments to check whether and to what
extent these structural transitions are common in the KTN
class of materials.

As reported in Fig. 1(b), the exotic orthorhombic phase
from 270 K to 228 K and the exotic tetragonal phase from
210 K to 182 K are accompanied by an anomalous com-
pressibility. The macroscopic thermal response is strongly
anisotropic, as one unit cell vector undergoes a large negative
thermal expansion [a,(c) = —1.95(1) x 107> K~']. The re-
sult is a material with an overall negligible thermal expansion
[a,(V) = +1.78(1) x 1078 K~!] over the whole 100 K range
and a zero thermal expansion in the 182-285 K region. In
terms of the 3D SC strain-stress field, this may be a manifesta-
tion in 3D of the negative linear response observed in layered
2D systems where the inverted potential at the vortex core [see
Fig. 4(a), bottom] leads to negative capacitance [57,58].

The physical picture is corroborated by the optical
diffraction experiments reported in Fig. 1(d) and the SHG
experiments in Fig. 2. In fact, for temperatures slightly above
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and below the point at which the lattice anomaly occurs,
the characteristic optical Bragg diffraction that accompanies
the emergent SC is found. In turn, the SHG emerges as
highly structured and polarization-dependent Cerenkov radi-
ation [59,60], a direct signature of an underlying organized
polar cluster structure specific to the 3D SC [19].

The picture is further supported repeating the XRD analy-
sis for different portions of the original bulk crystal. Cell edge
vs T anomalies are found to have different onset temperatures
[19,61-64], indicating that the effect is driven by defects and
inhomogeneities specific to the sample, as expected to occur
in the formation of the 3D SC [15].

On a macroscopic scale, the idea that a strain field associ-
ated to the 3D SC drives the anomalous cell behavior implies
that the underlying perovskite suffers a standard sequence of
phase transitions at the three critical temperature Ty, T, T3.
This is confirmed through calorimetric measurements of the
material reported in Fig. 3(a) that show a standard sequence
of three solid-solid transitions typical of perovskites. Specif-
ically, no latent heat is found in the regions between 285
and 228 K and 210 and 185 K, where the anomalous lattice
structure emerges (see Fig. 1), this excluding a first-order
phase transition. The absence of a temperature resonance
in the dielectric response in the 285-228 K range reported
Fig. 3(b) also excludes a second-order type transition [65]. In
other words, the passage below 285 K from the tetragonal to
the orthorhombic structure does not occur through a transition
but through an ordering of tetragonal clusters into the model
3D SC (and equally for the second orthorhombic to tetragonal
anomaly below 210 K) [66]. Dielectric measurements further
reveal strong differences along the three principal perovskite
axes a, b, and c in the relative real permittivity € = e(T')
[Fig. 3(b)]. Since permittivity for polydomains samples is
strongly affected by domains size, orientations, by domain
walls, and even domain wall motion [53], this macroscopic
anisotropy corroborates the idea of an anisotropic ferroelectric
domain distribution typical of the 3D SC. The response ana-
lyzed in terms of dielectric or Frohlich entropy (see Fig. 3(c)
and Refs. [19,67-73]) indicates a temperature interval that
overlaps with the 3D SC hypothesis (230-250 K) in which
the reorientational entropy changes sign far from the criti-
cal points T} and T, [74-76]. This agrees with the scenario
described in Fig. 4(e) (right) where two directions, a and b,
have a finite resultant vorticity while the third ¢ direction
does not. Congruently, the a and b directions have a positive
reorientational entropy, while a negative entropy is found in
the ¢ direction.

What happens at lower temperatures, i.e., for T < T3, is
still under study. For example, while we expect the system
to naturally proceed towards an isotropic lattice through what
should be a rhombohedral phase, an unexpected structural
change occurs at T ~ 125 K [19], a rearrangement that is
also detected in dielectric spectroscopy data [see Figs. 3(b)
and 3(¢)].

Since KTag 64Nbg 3603 (KTN) is a variant of other solid so-
lution potassium-based perovskites that are relaxors, our study
sheds light on the role played by topological defects in de-
termining complexity-driven phenomena and nonergodicity.
In the language of relaxor physics, the average ordered high

T perovskite structure can host a population of uncorrelated
polar nanoregions (PNR) [31]. Upon cooling, different PNRs

start to interact persistently with each other and, below the
Curie temperature, they can produce self-organized macro-
scopic polarization domains. The 3D vortex pattern is then
that PNR structure that screens volume and surface charge and
minimizes stress, while different vortices can self-organize
into the SC that eventually occupies the whole bulk volume.
It is this mesoscale structure of polarization domains that
ultimately lowers the average lattice symmetry at the atomic
scale, producing an anisotropic chiral stress field that induces
the detectable orthorhombic distortion deep in the tetrag-
onal phase, a remarkably strong microscopic-macroscopic
correlation that binds x-ray data to dielectric spectroscopy
data.

Summary. Temperature resolved x-ray diffraction ex-
periments in KTN signal a violation of the conventional
perovskite sequence of lattice symmetries on cooling below
the Curie temperature. The observed sequence indicates that
the symmetry of the average atomic structure can increase
on cooling and the cell structure can manifest negative-to-
zero thermal volume expansion. Dielectric measurements,
calorimetry, optical diffraction, and second-harmonic gener-
ation experiments suggest that the anomaly is associated to
a coherent lattice distortion driven by strain relaxation to
a ferroelectric supercrystal, a 3D superlattice of interwoven
polarization vortices.
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