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We experimentally and theoretically investigate thermal domain evolution in near-transition KTN:Li.
Results allow us to establish how polarization supercrystals form, a hidden 3D topological phase composed
of hypervortex defects. These are the result of six converging polarization vortices, each associated to one
orientation of the 3D broken inversion symmetry. We also identify rescaling soliton lattices and domain
patterns that replicate on different scales. Findings shed light on volume domain self-organization into
closed-flux patterns and open up new scenarios for topologically protected noise-resistant ferroelectric
memory bits.
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Closed-flux topological domain patterns in ferroelectric
and ferromagnetic materials are key in exploring new states
of matter and in designing robust information and energy
storage devices [1–6]. Noise-resistant bits can be realized
using polarization vortices, topologically protected defects
in which the spontaneous polarization wraps around in a
plane [7]. Ideally, 3D defects, i.e., localized closed-flux
patterns where polarization wraps around in a volume,
will have an intrinsically stronger topological protection,
thus potentially increasing storage density [5,8–12]. High-
dimensional topological defects are known to form sponta-
neously in liquid-crystals, nanomagnets, and layered
systems, where both ferromagnetic and ferroelectric sky-
rmions have been reported [13–21]. Ferroelectric perov-
skites cooled to their Curie temperature TC also manifest
3D polar domain patterns [22]. In bulk samples of composi-
tionally disordered KTN:Li and KTN:Cu, the patterns
extend periodically throughout the sample to become
so-called ferroelectric polarization supercrystals (SCs)
[23–29]. SCs enucleate in transparent samples from
built-in striations to have a micrometric lattice constant
Λ typical of photonic crystals. Striations are a commonly
observed consequence of segregation in the growth of bulk
crystals [30,31], a patterning of composition that, in
ferroelectrics, causes an equally patterned TC [32,33].
These polarization SCs form a unique photonic material,
a lattice of interlocked 3D-rotated birefringent elements
[23–27] with striking optical properties, such as giant
broadband refraction [34–36]. In terms of spontaneous
polarization, the ferroelectric order-parameter, SCs are

thought to be a superlattice of hypervortices (HVs), a
network of 3D topological defects that agrees with avail-
able experimental results and achieves the screening of
polarization charge and elastic stress [23,24]. Each HV
lattice cell consists of 6 vortex structures interlocked
together to form an overall mesoscopic cubelike building
block. In many aspects, HVs appear as a 3D generalization
of the spontaneous polarization closed-flux vortex domain
patterns originally discussed by Landau, Lifshitz, and
Kittel for ferromagnetic systems [37–40]. While recent
studies corroborate the existence of stable ferroelectric 3D
patterns [5,41], the mechanism that leads to the sponta-
neous formation of an SC is presently unclear.
We here analyze the thermal evolution of ferroelectric

domain patterns and SC formation in near-transition KTN:
Li using stereoscopic far-field and direct-field laser trans-
mission microscopy and phase-field simulations based on
the Ginzburg-Landau theory. This allows us to determine
the physical underpinnings of the SC. A stable SC emerges
as a hidden topological phase, a history-dependent state
where HVs form extended and coherent networks as the
sample is first cooled and then heated at the phase
transition. Monotonically cooling from the paraelectric
phase leads to an SC characterized by a spatially shifting
and rescaling lattice of polarization solitons, while a
strongly temperature-dependent multiscale-SC domain pat-
tern appears as the sample is heated or cooled from the
temperature region where history dependence is observed.
Experiments are performed in a bulk 2.5 mm (x) by

2.0 mm (y) by 1.9 mm (z) K0.997Ta0.64Nb0.36O3∶Li0.003
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(KTN:Li) perovskite. The sample undergoes a transition
from a cubic m3̄m-symmetry paraelectric (PE) phase
to a tetragonal 4mm-symmetry ferroelectric (FE) phase,
characterized by a temperature region T0 < T < T1

(T0 ≃ 291.9 K, T1 ≃ 294.3 K, TC ≃ 293.9 K), where his-
tory dependence (HE) is observed [28,29]. The appearance
of an HE temperature region is common to a wide class of
disordered ferroelectrics with a dipolar glasslike response
[42–44]. A key feature is that the sample has a striation
pattern, i.e., a periodic change in composition along
the growth direction (x) of period Λ=2: this causes a perio-
dic distribution of T0ðxÞ, TCðxÞ, and T1ðxÞ [i.e.,
TjðxÞ ¼ Tj − ΔTj sin½2πx=ðΛ=2Þ�, with j ¼ 0; C; 1]
[33,45,46]. Spontaneous polarization P forms along one
of the cubic principal axes, leading to birefringent polar
domain patterns that can be analyzed using direct-field and
far-field laser transmission microscopy. The formation and
thermal dynamics of the domains are theoretically analyzed
using phase-field simulations, a numerical approach to the
Ginzburg-Landau theory andMaxwell’s macroscopic equa-
tions, here specialized to KTN:Li, that allows us to predict
the P field [41,47]. Details on the setup, material, and
numerical simulations are described in the Supplemental
Material Secs. I and II [48].
Temperature-driven domain pattern phenomenology

observed by far-field and direct-field laser transmission
microscopy are reported in the first row and second row of
Fig. 1, respectively. Simulations of the P field are shown
in the third row. Images are taken in the directions of

z (xy plane), x (yz plane), and y (xz plane), parallel to the
three cubic lattice axes of the zero-cut sample. Relevant
simulations of 2D images [i.e., where space coordinates are
r ¼ ðx; yÞ and P ¼ ðPx; PyÞ, left column of each panel] and
full 3D models (right column of each panel) are compared
with the real-space 2D images and 3D combined images.
For T > 294.2 K, deep in the PE phase [Fig. 1(a)], a
characteristic striation pattern is revealed by the far-field
and real-space imaging. A discrete spatial spectrum for
light propagating perpendicular to the growth direction Γ is
evident in the far field, and absent for light transmitted
along Γ. Real-space images show a periodic planar index of
refraction distribution of period Λ=2 ¼ 7.5 μm. The simu-
lated PE phase has consistently P ¼ 0.
As reported in Fig. 1(b), cooling below TC þ ΔTC, into

the HE region, real-space imaging shows a volume periodic
domain pattern, with a Λ ¼ 15 μm along Γ, and Λ0 ≃
20 μm in the other two directions. The pattern appears to
translate rigidly as a soliton SC in a direction normal to
Γ along the yz diagonal, until T is further decreased down
to T0 þ ΔT0. Simulation shows that, cooling from the
PE phase, a range of temperatures TC þ ΔTC < T < T0 þ
ΔT0 is able to support solitons, i.e., localized regions of
finite P ≠ 0 embedded in an otherwise subcooled PE
background, for which diffusion is compensated by
nonlinearity [49,50] (see Supplemental Material, Sec. II
[48]). These solitons can be arranged into close-packed
geometries, fixed by the striation pattern Λ along Γ, to
reproduce the observed results reported in Fig. 1(b) second

FIG. 1. Temperature-driven domain patterns during the cooling-heating process for the (a) PE phase, (b) soliton-SC state,
(c) multiscale-SC state, (d) stable-SC state, and (e) amorphous state. First row: far-field imaging. Scale bar is 4° (xz distributions
are found to be analogous to the xy distributions and are reported only for the stable SC). Second row: real-space imaging.Λ is the lattice
constant of the stable SC.Λ0 is the lattice constant of the soliton SC along y and z. Third row: simulation of the P distribution. For the 3D
model, red (for �ux), blue (for �uy), and green (for �uz) arrows illustrate the resulting 3D P field of the meshed grids in simulation.
Black arrows indicate the average P orientation in a single domain.
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row. The scale Λ0 is T dependent: this causes the entire
soliton lattice to translate along the yz diagonal as found in
experiments (see Fig. 2).
At T0 þ ΔT0 ¼ 292.2 K, the far-field begins to manifest

continuous diagonal lines, suggesting a highly anisotropic
continuum of scales typical of a multiscale SC [Fig. 1(c),
first row]. In real space, the pattern undergoes a rapid series
of changes, a sample of which is shown in Fig. 1(c), second
row. For the achievable resolution of the stereoscopic laser
transmission scheme, images appear to show different
patterns in the zy plane, xy plane, and xz planes, and a
rescaled Λ=2 ≃ 7.5 μm lattice constant. Higher resolu-
tion phase-contrast microscopy shown in Fig. S4 in
Supplemental Material unveils a multiscale-SC domain
pattern [48]. Cooling below T0 þ ΔT0, simulations lead
to phenomenology in which the PE regions are superseded
by polar regions. In agreement with experiments, a multi-
scale-SC state appears. Figure 1(c) third row displays
solutions with the same period Λ=2 in the x and y and
in the x, y, and z directions for the 2D and 3D cases,
respectively. Here the SC patterns change scales with
temperature in the range T0 þ ΔT0 > T > T0 − ΔT0, man-
ifesting a transient behavior similar to observations. In two
dimensions, the rescaling structure is a vortex lattice, while
in three dimensions, a signature rescaling lattice of HVs is
found (the 3D multiscale SC). As illustrated in Fig. 1(d)
bottom right, each cell of the superlattice is formed by
six pyramidlike vortices locked together into a cubelike
assembly. Further cooling through T0 − ΔT0 ¼ 291.6 K
causes the far field to turn into a continuous spectrum in all
directions, typical of an amorphous state [Fig. 1(e)] that
persists at lower T, in the FE region. In real space, the
multiscale SC is superseded by a highly scattering optically

amorphous state at T0 − ΔT0, in agreement with the
simulation results for P reported in Fig. 1(e) third row.
If we stop cooling at T0 − ΔT0 and start reheating into

the HE region, a thermally stable and spatially regular
structured far-field and real-space distribution appears
[Fig. 1(d)]. A sudden rearrangement of the domains leads
to a stationary and stable SC pattern of lattice constant Λ ¼
15 μm for the entire range of T0 − ΔT0 < T < T1 − ΔT1

[the stability is demonstrated in Figs. 2(a) and 2(b)]. The
pattern appears as a highly-symmetric body-centered-cubic
(bcc) distribution in real space, corresponding to a periodic
diffraction pattern in the far field. The SC dissolves either
by heating the sample above T1 − ΔT1, where the multi-
scale-SC and PE phase ensue [see Figs. 2(a) and
2(b)], or cooling it below T0 − ΔT0, where the amorphous
state of Fig. 1(e) appears and persists for lower T. As
reported in Fig. 1(d) third row, the stable SC also appears in
simulations: if on reaching T0 − ΔT0 the system is reheated
into the range T0 − ΔT0 < T < T1 − ΔT1, a stable, T-
independent SC appears formed in 2D by a superlattice of
vortices of period Λ, which in 3D emerges as a stable
HV SC. In distinction to the multiscale SC, whose scale
varies with T, here each HV is a fixed Λ × Λ × Λ cube
for all temperatures in the range, in agreement with the
experiments.
Figure 2 reports the T evolution and history dependence

of the states, with real-space images in good agreement
with simulation results that demonstrate the underlying 4D
nature of the process (4D ¼ 3 spatial axes þ1 temperature
axis). In Figs. 2(a)–2(c) we report the experimental and
numerical spatial profiles versus T for the cooling and
reheating process. The average cooling and heating rate is
0.8 K=min. The transition from the PE to the soliton SC,

FIG. 2. Temperature dynamics and history dependence. States versus T for cooling and reheating at T0 − ΔT0, resulting in the
appearance of stable SC, for the (a) growth axis (x axis) versus T, (b) y axis versus T real-space imaging, and (c) x axis versus T
simulation. Monotonic cooling from T > T1 þ ΔT1 to T < T0 − ΔT0 for (d) x axis versus T, (e) y axis versus T real-space imaging, and
(f) x axis versus T simulation. Monotonic heating from T < T0 − ΔT0 to T > T1 þ ΔT1 for (g) x axis versus T, (h) y axis versus T real-
space imaging, and (i) x axis versus T simulation.

PHYSICAL REVIEW LETTERS 132, 066603 (2024)

066603-3



and multiscale SC during the cooling process is evident.
Specifically, the soliton SC translates as T is decreased,
manifesting a periodic pattern along the T axis with a
period ΛT ¼ 0.4 K. Together with the periodic structure in
all three spatial axes [Fig. 1(b)], the soliton SC has a
characteristic 4D periodic lattice. Then a transient multi-
scale SC emerges until the crystal is reheated at T0 − ΔT0,
where a temperature-independent stable SC is found in the
HE region. Figures 2(d)–2(f) show a monotonic cooling
across the HE region, demonstrating transitions from the
PE to the soliton SC, multiscale SC, and finally amorphous
state (below T0 − ΔT0). In Figs. 2(g)–2(i) we report the
profiles for monotonic heating: an amorphous state occu-
pies the HE region as it is heated from low temperatures
(T < T0 − ΔT0) to T1 − ΔT1, where the sample manifests
a multiscale SC for T1 − ΔT1 < T < T1 þ ΔT1, and a PE
state for T > T1 þ ΔT1. In distinction to the cooling
results, here no soliton SC is observed. Furthermore, no
stable SC is found in both the monotonic cooling and
heating processes. The fact that three different states
(soliton SC, stable SC, and amorphous) emerge in
the HE region depending on the thermal history, is the
signature of the HE region.
The hidden nature of the stable-SC phase can be further

substantiated analyzing far-field temperature dynamics, as
reported in Figs. 3(a) and 3(b). Introducing two parameters,
the multiscale-SC intensity IMS and the stable-SC intensity
IST of the spatial spectrum (see inset in Fig. 3 and Sec. IV in
the Supplemental Material [48]), the different cooling and
heating behavior flags the HE region and the cooling and
heating multiscale-SC peaks indicate the passage from the
HE to the FE region and from the HE to the PE region,

respectively. While monotonic cooling or heating leads to
no phenomenology in the HE region [red and green line in
Fig. 3(a)], cooling and reheating at T ≃ T0 − ΔT0 into the
HE region generates a strong stable-SC signal [red line in
Fig. 3(b)].
Thermal dynamics are schematically illustrated in the

phase diagram of Fig. 3(c). The T-dependent Gibbs free
energy versus P curves underline how, in the HE region,
both the inversion-symmetric P ¼ 0 and symmetry-
breaking jPj ¼ Ps states can act as ground states. SC
formation and thermal evolution can then be discussed in
terms of superlattices of topological defects, the natural
result of spontaneous-symmetry breaking in a spatially
extended system [51,52]. Each defect is a region where
different domains, enucleated by parts of the system that
have spontaneously relaxed into different ground states,
meet and lock into a stalemate. As depicted in Fig. 3(d), the
periodic striation pattern causes a spatially oscillating
transition temperature TCðxÞ, the seed for the formation
and scaling of the SCs. Enucleation begins in the HE region
in the crystal planes where TCðxÞ is maximum, and
involves the appearance of close-packed solitons forming
the soliton-SC state. On cooling, approaching T0 þ ΔT0

(the HE=FE boundary), the PE state in between the solitons
disappears into a multiscale-SC state, and reheating at T0 −
ΔT0 back into HE causes the domain patterns to rearrange
into the stable SC in the HE region. The topological defects
emerge as domains arrange themselves, with electrically
compatible “head-to-tail” polarization, into 2D Kittel-like
vortices and 3D HVs. These are the result of either 2D or
3D combinations of the 90° and 180° degree domain walls
that minimize energy. Simply cooling into the HE from the

FIG. 3. Topological defect formation mechanism and stable SC as a hidden phase. (a) Monotonic cooling and heating with no stable
SC, compared to (b) a cooling-reheating cycle in the HE region, with a strong stable-SC signal (red line). (inset) Dynamics are measured
in terms of the multiscale-SC intensity IMS for cooling (blue line) and heating (black line) and stable-SC intensity IST for cooling (green
line) and heating (red line). (c) Phase diagram representation of the history-dependent thermal evolution. (d) Illustration of underlying P
geometries and the role of striations in the formation and scaling of the soliton-SC and stable-SC states. (e) Illustration of an HVunit cell,
six pyramidlike vortices locked together into a cube.
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PE region does not allow the defects to be seeded by the
striations, as seeding must occur at the HE=FE boundary
from the multiscale-SC distribution, while simply heating
from the FE region causes the domains in the HE region to
be those of the previous disordered amorphous state. Put
differently, cooling and reheating serves the purpose of
resetting the domain pattern and allowing it to be reprog-
rammed by the striations, leading to a stable lattice on
reheating. The simulated HV unit cell in the bottom panel
of Fig. 1(d), and a simplified model in Fig. 3(e) show how
six different pyramidlike standard vortices are locked
together forming an HV cube, a structure that confirms
previous conjectures [23,24,35]. Singular topological
defects at the center and saddle points of the HV form
on the planes of the minima of TCðxÞ, where the P ¼ 0
persists [see Fig. 3(d)].
In conclusion, we describe a detailed analysis of temper-

ature-dependent ferroelectric spontaneous domain pattern-
ing using stereoscopic laser transmission imaging and
phase-field simulations in near-transition KTN:Li. Results
provide a physical understanding of ferroelectric super-
crystal formation and evolution based on the enucleation and
interaction of hypervortex topological defects. This allows
us to establish the role of sample dimensionality, thermal
history, and built-in striation patterns in forming a stable
3D topological phase, suggesting new ways to analyze
and control, through temperature, the behavior of high-
dimensional topological defects in other systems, such
as materials supporting ferroelectric and ferromagnetic
skyrmions [17,18,21].
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