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% Check for updates Dielectric tunability induced by an external electric field in materials underpins

radio frequency signal modulation devices such as phase shifters, which are
critical components in wireless communication and sensing systems. How-
ever, the tunability and integrability of current devices have yet to be
enhanced for emerging applications, particularly at millimeter-wave fre-
quencies. Here, we demonstrate that topological polar structures formed in
PbTiO5/SrTiO3 superlattices exhibit large tunable in-plane dielectric proper-
ties, as determined by their multiscale structural configurations and polar-
ization switching behaviors. Under a moderate field of 30 kV cm™, the dipole
wave structure maintains a tunability exceeding 15% at 70 GHz and above 8%
over the measured range up to 110 GHz, contrasting with the weakly tunable
flux closure structure. Based on in situ structural characterizations and
molecular dynamics simulations, we delineate the polarization switching
processes and elucidate the mechanisms underlying the observed tunable
millimeter-wave dielectric responses. Our results provide new insights into the
high-frequency dielectric properties of topological polar phases, potentially
broadening the versatility of these materials in next-generation integrated
electronic applications.

Topological polar structures have attracted considerable attention in
recent years because of their unique swirling polarization configura-
tions and topological protection mechanisms that distinguish them
from conventional ferroelectric materials'. The established topological
polar structures are exemplified by polar vortices, skyrmions, and
merons””’ formed in PbTiO3/SrTiO; superlattices and multilayers,
which have been extensively investigated through microscopic
observations and simulations. Aside from these structures, dipole

waves exhibit a continuous head-to-tail arrangement of electric
dipoles along in-plane directions as opposed to separate vortex units®,
forming a sinusoidal polarization distribution profile with an in-plane
modulation periodicity. Flux closures, by contrast, are characterized
by domains with alternating in-plane or out-of-plane polarization
vectors, separated by 90° and 180° domain walls’. These domain walls
act as sharp edges between areas with different polarization directions
and inhomogeneous lattice strains. The formation of these different
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types of topological structures primarily arises from the electrostatic
screening and elastic effects within the superlattices, involving a deli-
cate balance of competing free energy components related to the
polarization and strain states'*". Therefore, their phase stabilities can
be engineered by tuning the relative thickness of the component
layers®'> ™,

The characteristic polarization topology of these structures leads
to a distinct response to electric fields at different frequencies. Pre-
vious studies have mostly investigated their polarization evolution
behaviors under the influence of low-frequency electric fields™',
showing characteristic switching processes”'® and anomalous dielec-
tric responses such as negative permittivity'>?°?' linked to topological
protection behaviors. Meanwhile, the dynamic response of these
structures have also been explored in the higher frequency range
(from terahertz to optical frequencies), revealing ultrafast collective
dynamics and nonequilibrium phase transitions of polar vorties?* .
Exploring the polarization dynamics within the microwave to
millimeter-wave bands (1-300 GHz) could bridge the gap between the
low-frequency and subterahertz ranges and unlock novel electronic
properties of topological polar structures at these frequencies. Nota-
bly, the dipole wave and flux closure structures may potentially exhibit
complex in-plane polarization dynamics due to the existence of net in-
plane polarization at the static states.

Meanwhile, the rapid development of next-generation wireless
communications and sensing technologies has driven the demands
for high-performance millimeter-wave tunable dielectrics?. These
applications, including frequency-agile filters, adaptive phase shif-
ters, and phased array antennas, hinge on efficient electric-field
tuning of the dielectric permittivity of working materials. Ferro-
electrics exhibit tunable dielectric properties, as observed in various
material systems such as (Ba,Sr)TiO;, Pb(Zr,Ti)O;, and (K,Na)
NbO;*"*, which have advantages over semiconductors and other
types of materials in terms of tunable high permittivity, large band-
width and low loss®. While ferroelectric-based tunable devices were
demonstrated at microwave frequencies”>***, few studies have
extended the operating frequency to millimeter-wave bands (over
40 GHz) thus far. To address this, explorations into millimeter-wave
polarization dynamics and associated dielectric tuning mechanisms
becomes pivotal for extending functionalities of ferroelectrics into
high-frequency regimes.

Here, we demonstrate large in-plane dielectric tunability at
millimeter-wave frequencies in PbTiOs/SrTiO; superlattices hosting
dipole waves and flux closures. By systematically adjusting the thick-
ness of PbTiO; layers, the superlattices exhibit varying topological
phase stabilities, leading to distinct polarization switching dynamics
and tunable dielectric responses. Our results not only reveal the
polarization evolution mechanisms of topological polar structures
under electric fields extending into the millimeter-wave range, but also
establish these systems as a promising material platform for tunable
millimeter-wave device applications.

Results

Superlattice growth and structural characterization

We select a series of (PbTiO3),/(SrTiOs)g superlattices with n=12, 15,
20, and 22, and total thicknesses ranging from ~165 nm to ~-183 nm (see
details in Supplementary Table 1), as representative systems hosting
topological polar phases. All the superlattices were epitaxially grown
on (001)-cut (LaAlO3)o3-(SrAlgsTag503)07 (LSAT) single crystal sub-
strates buffered with a 5nm GdScO; buffer layer. The GdScO; layer
introduces a relaxation of the lattice mismatch strain so that the
average in-plane lattice constants are determined to be -3.93 A from
X-ray diffraction (XRD) measurements. Coupled 26/w-scans across the
LSAT 002 reflection (Supplementary Fig. 1a) exhibit well-defined
superlattice peak fringes, indicating their excellent crystallinity and
clear interfaces as a result of high-quality film growth. The out-of-plane

layer periodicities of the superlattices are extracted to be ~8.0-11.8 nm
from the fringes, which agrees with the designed values. The average
out-of-plane lattice constant ¢ of the superlattices can be calculated
from the positions of the zeroth-order superlattice peak (SLg), marked
in Supplementary Fig. 1a). As shown in Fig. 1c, the lattice constant ¢
increases with increasing PbTiOj3 layer thickness n, suggesting a con-
comitant increase in the out-of-plane polarization component in the
PbTiO; layers.

X-ray reciprocal space mapping (RSM) about the LSAT 103
reflection (Fig. 1a) shows diffraction intensities of second- and even
third-order satellites separated from the superlattice peaks along the
Q,/Q, directions, in contrast to only the first-order diffraction satel-
lites in previously observed polar vortices or skyrmions**'**?, This
indicates the existence of topological phases with strong in-plane
ordering in these superlattices. As the PbTiO; layer thickness n
decreases from 22 to 12, the satellite peaks shift further from the
superlattice peaks, suggesting smaller in-plane periodicities (Fig. 1b).
The calculated in-plane periodicity d ranges from approximately
9.1nm to 13.6 nm, and increases with n in a nearly linear manner
(Fig. 1c). This trend fits well with the scaling equation d (nm) =
2.015+13.46/n+0.497n, in agreement with previous studies®. The
satellites also split into fringes along the Q, direction with the same
Q, values as the superlattice peaks, evidencing an out-of-plane
ordering with the same superlattice periodicities. As the diffraction
satellites originate from topological phases in the PbTiO; layers, such
ordering states imply strong interlayer polarization coupling across
different PbTiO; layers. Similar interlayer coupling has been
observed in vortex-hosting (PbTiO3),/(SrTiO3),, superlattices with
thicker PbTiOs layers than SrTiO; layers'>”, as is the case here
(n=12-~22, m=8). The existence of both in-plane periodicity and out-
of-plane interlayer coupling renders our superlattices a model
ordered system for investigating the structural evolution and
dielectric properties of topological polar phases. Notably, the 002
RSM for the n=12 superlattice shows diffraction intensities apart
from the superlattice peaks (see the box-marked region in Supple-
mentary Fig. 1b), which are attributed to tilted ferroelectric a-
domains similar to those of single-layer PbTiO; films with ¢/a domain
structures*’.

Nanobeam X-ray diffraction imaging further reveals the meso-
scopic spatial distribution of different topological phases in the
superlattices**>. For the n =12 superlattice, mapping of the tilted a-
domain diffraction intensities within a slice of reciprocal space
around the 002 reflection (see the boxed region in Fig. 1d) reveals
uniformly distributed stripes with high diffraction intensities
(Fig. 1e). The observed diffraction contrast indicates the locations of
tilted a-domains, occupying approximately 40% of the mapped area
(see Supplementary Note 3 and Supplementary Fig. 8). Such coex-
istence of topological polar structures and conventional a-domains
has also been reported in polar vortices”. Although similar diffrac-
tion peaks are also observed in the n=15 superlattice, their inten-
sities are significantly weaker than those in the n=12 superlattice,
along with smaller full widths at the half maximum (Supplementary
Fig. 1b, ¢). The spatial distribution of such diffraction intensities is
more concentrated along with a smaller area proportion of ~12%,
which is more likely associated with dislocations in the films, as
shown in Fig. If, g.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) reveals the real-space polarization con-
figurations of the topological phases, as presented in Fig. 1h-j. Large
field-of-view images of the superlattices confirm the microstructures
of the uniform PbTiO5 and SrTiO; layers with sharp interfaces, as well
as their designed layer thicknesses (Fig. 1h). The maps of polar dis-
placement vector (arrows in Fig. 1i, j), derived from the cation column
positions in the atomically resolved HAADF images, show varying
polarization configurations in the superlattices. Figure 1i, j presents
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Fig. 1| Structural characterizations of (PbTi03),/(SrTiO;)s superlattices. a HOL-
slice (at Q,=0 A™) X-ray RSM around LSAT 103 reflection for the superlattices with
PbTiOj3 layer thicknesses n =22, 20, 15 and 12. b Line cuts along the dashed lines in
(a), showing in-plane ordering across the first-order superlattice peaks. ¢ In-plane
periodicity and average lattice constant c as a function of n. d, e Selected diffraction
intensity region in the HOL-slice RSM around LSAT 002 (d) and corresponding X-ray
nanobeam diffraction map (e) for the n =12 superlattice. f, g Selected diffraction

intensity region in the HOL-slice RSM around LSAT 002 (f) and corresponding X-ray
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nanobeam diffraction map (g) for the n =15 superlattice. Scale bar = 2 pm. h Cross-
sectional HAADF-STEM image of the n =22 superlattice, which clearly displays the
interfaces between the component layers. i, j High-resolution HAADF image
(background) and reconstructed polarization vectors (arrows) of the n=22 (i) and
n=12 (j) superlattices. The orange dots mark the core position of the vortex-like
topological structures, showing the ordering across the layers along the out-of-
plane direction. The black/white color contrast in the HAADF images (h-j) denotes
low/high scattering intensity of atomic columns.

typical results of a dipole wave structure for n=12 and a flux closure
structure for n =22, both assigned according to the original structure
models®’. We consider that the n =15 and 20 superlattices have similar
structures as n =12 and 22, respectively, and therefore divide them into
two groups: dipole waves for n=12 and 15, and flux closures for n=20
and 22, as the n is closer in each group than between the two groups.
Furthermore, the individual dipole wave or flux closure structures
appear to be well aligned vertically across multiple PbTiO; layers (see
their cores marked in Fig. 1i, j), consistent with the X-ray RSM results.
Previous studies have reported vortex-antivortex pairs in superlattices
with similar PbTiO5 and SrTiOj; layer thicknesses™. In our superlattices,
the difference in misfit strain and other factors may have led to the
observed topological structures (see Supplementary Note 4).

Ferroelectric switching and low-frequency electric
measurements

The in-plane ferroelectric switching properties of the superlattices
were measured on coplanar capacitors with interdigitated electrodes
(IDEs), as shown in the inset of Fig. 2a. Owing to the complex electrical
attributes of IDEs, the polarization and capacitance are shown as
charge or capacitance per unit length of electrode. The measured
polarization-electric field (P-E) loops at 10 kHz display nonzero in-
plane net polarization P, and ferroelectric-like hysteresis at the initial
state in all the superlattices (Fig. 2a). This in-plane polarization mat-
ches the polar structures shown in Fig,. 1i, j, where larger areas with in-
plane polarization along +x direction than the negligible ones along -x
direction prevent the polarization from canceling out, enabling the
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Fig. 2 | Ferroelectric switching behaviors of the superlattices. a Measured P-F
loop of the superlattices, with polarization displayed as charge density per unit
length of interdigitated electrodes. Insets: schematic of the P-F loop measurement
and the derived switching field E. as a function of PbTiOj3 layer thickness n.

b Differential capacitance curves as a function of electric field obtained from (a),
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showing dielectric peaks at the switching fields. Offsets are applied for clarity.

c Simulated P-E loops for the n=12 and 22 superlattices from MD simulations.

d, e Simulated polarization evolution under in-plane electric field for the n=12 (d)
and n =22 (e) superlattices. The arrows denote local polarization vectors, and the
color wheels represent the direction. Scale bar = 2 nm.

ferroelectric-like switching process. Capacitance-voltage (C-V) loop
can be derived from the P-E loop by extracting the polarization change
rate with respect to the external voltage variation*’, as shown in Fig. 2b.
The peaks of these butterfly-shaped loops are located at the coercive
field E., with the highest polarization change rate. The coercive field E,
increases with increasing PbTiO; layer thickness n in a nearly linear
manner (Fig. 2a inset), similar to the trend of in-plane periodicity,
suggesting a correlation between the in-plane switching dynamics and
periodicities of the topological polar structures.

The observed correlation is further corroborated by molecular
dynamics (MD) simulations. The simulation results (Fig. 2d, e) indicate
a two concurrent in-plane switching processes: the major switching
process in the PbTiO; layers when the net polarization changes
direction, in addition to a minor polarization switching in the SrTiO;
layers (contributing ~12% to total polarization at the highest field)
which has little influence on the net polarization and thus is invisible in
the P-E loop. With an electric field applied along the +x direction, the
areas with the opposite in-plane polarization (yellow areas in Fig. 2d, e)
shrink, and those with out-of-plane polarization directions (red and
blue areas) expand, revealing the polarization rotation from the in-
plane to out-of-plane directions*‘. With further increase in the electric
field, the polarization in-plane flips towards the electric field direction,

completing the switching process in the PbTiO; layers. Upon removal
of the electric field, the topological structure recovers in the new in-
plane polarization direction (Supplementary Fig. 6), corresponding to
the remanent polarization in the P-E loop. However, such switching
processes result in different final states for different topological
structures. In the dipole wave structure with smaller n, the superlattice
turns into a single a-domain with minor out-of-plane polarization after
switching, thereby losing almost all topological features. In the flux
closure structure with larger n, the topological features are maintained
after switching, suggesting better stability and topological protection
of the flux closure. This results in a larger coercive field for the flux
closure (Fig. 2¢), as a higher energy barrier has to be overcome to
perturb a more stable topological phase, consistent with the experi-
mental observations. The calculated coercive fields are a few times
larger than the experimental values and thus represent the intrinsic
values; in the real superlattices, defects may have lowered the energy
barrier for polarization switching.

Structural evolution during ferroelectric switching

To probe the structural evolution of the topological polar phases
during switching, second harmonic generation (SHG) mapping under
normal incidence was conducted before and after the switching
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Fig. 3 | Microscopic evidence for field-induced structural evolution. a-c SHG
measurements of the n =15 superlattice, including SHG images outside the IDE
areas/before switching (a) and inside the IDE areas/after switching (b) along with
the corresponding SHG polarimetry plots (c). Scale bar =5 pm. d MD simulations of
the polarization switching process in the xy-plane within PbTiOj3 layers for the
n=12 superlattices. Colors and arrows correspond to the direction of net polar-
ization for the area. The applied electric field is along the y-axis. Scale bar =10 nm.

Electric field (kV cm™)

e 3D RSM for the n =12 superlattice, with arrows illustrating the measured dif-
fraction intensity changes. Blue and red colors show contour surfaces of the dif-
fraction intensity of 1100 and 7000 arbitrary units, respectively. f Difference maps
of the yz- and xz-RSM slices between the “off” states at 100 V and the initial state at
0V. g Intensity evolution of the satellite peaks and split zeroth-order superlattice
peak at Q. of approximately 4.80 A™ as a function of the electric field for both the
“on” and “off” states.

process*. The mapping results for both dipole wave and flux closure
superlattices (Fig. 3a and Supplementary Fig. 2a) show uniform SHG
intensities in the pristine area. Post-switching SHG mapping within the
IDE fingers (Fig. 3b and Supplementary Fig. 2b) reveals a nearly uni-
form contrast with -3 times stronger SHG intensities, suggesting an
enhancement of the in-plane polarization component. SHG polari-
metry analysis (Fig. 3¢ and Supplementary Fig. 2c) further reveals
changes in the lattice anisotropy of the topological polar phases. Both
the a=0° and a=90° polar plots show a mixture of twofold intensity
lobes and 45°-oriented fourfold lobes outside the IDEs. The twofold
component at a« = 0° and the fourfold component at & = 90° disappears
inside the IDEs after switching. This evidences a nonvolatile symmetry

change during polarization switching, which persists after field
removal.

The second-order nonlinear susceptibility tensors (y?) were
obtained from fittings to the SHG polarimetry patterns (see details in
Supplementary Note 1). According to the symmetry of the topological
polar structures and the coordinate transformation methods pre-
viously described*®, the twofold-fourfold mixture in the SHG originates
from coexisting a,/a,-like domains. We use 7y/T, to denote the topo-
logical structures with different net in-plane polarization directions,
thus to distinguish from the conventional a;,/a, domain nomenclature.
As shown by the simulation results in Fig. 3d, these T;/T, domains form
a hatched pattern, similar to previous observations in polar
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vortices'®*. The changes in their populations during switching are
obtained from the measured SHG patterns (see Supplementary
Table 2). For the n=15 superlattice, the proportion of 7; domains
(dipole wave) decreases from 62.6% to 29.3% after switching, whereas
the 7; domains (flux closure) for n =22 decrease from 51.6% to 29.5%,
both shifting away from 50%. This indicates a breaking of the x-/y-, two
equivalent in-plane directions due to the applied electric field, corre-
sponding to the 90° polarization switching from T; to T, domains, as
shown in Fig. 3d.

Synchrotron-based in situ 3D RSM measurements were per-
formed to obtain the microscopic information during switching in the
dipole wave superlattice with n=12, as presented in Fig. 3e-g and
Supplementary Fig. 3. When an electric field is applied (“on” state,
Supplementary Fig. 3b) along the y-direction, the satellite diffraction
intensity transfers from the x- to y-direction, and meanwhile, the
zeroth-order superlattice (SL(,) peak splits, shifting toward a higher
Q,, asillustrated in Fig. 3e. The observed intensity transfer corresponds
to the previously described polarization switching from T; to T,
domains. The zeroth-order peak splitting results from dipole waves
switching to conventional ferroelectric a-domains, which transition
reduces the out-of-plane polarization component, thus shrinking the
lattice constant ¢ from 3.960 A to 3.926 A (-0.86% change). Such an
induced transition implies that the n=12 superlattice is close to the
phase boundary of dipole waves and a-domains, consistent with the
XRD results for the pristine state (Fig. 1d, e).

Upon removal of the electric field (“off” state, Fig. 3f), the induced
intensity transfer and peak splitting are partially reversed, but the
intensities of both the split zeroth-order peak and satellite peaks along
the y direction remain higher than those in the pristine state. These
remanent changes indicate a larger proportion of T,-domains along
with the existence of a-domains compared with the pristine state.
Figure 3g presents the field evolution of diffraction intensities for both
“on” and “off” states. Overall, major intensity changes occur at
approximately 40-50 kV cm™, which agrees with the coercive field
observed in the P-E loops (Fig. 2a). For the satellites along the y-axis, a
maximum intensity increase of ~24%/18% for the “on/off” state, sug-
gesting a~20% increase in the proportion of T, domains.

Millimeter-wave dielectric measurements

Millimeter-wave dielectric constants within the 2-110 GHz frequency
range were measured via coplanar waveguides (CPWs) fabricated on the
superlattices, with d.c. bias voltages applied between the ground and
signal lines to measure the dielectric tunability, as illustrated in Fig. 4a
(see details in Methods). The complex dielectric constants &, for dif-
ferent superlattices at zero d.c. voltage are shown in Fig. 4b, ¢, which
serve as a baseline for the tunability calculation. The real part of &, (&)
decreases monotonically while the imaginary part (&,”) increases as the
measuring frequency increases. These trends agree with the Cole-Cole
relaxation model which describes the complex permittivity £'(w) as*>**:

&~ €

E(w)=g, +—>—=
@ 1+(iwt)/’

@

where & is the static dielectric permittivity, €. the “infinite frequency”
permittivity, 7 the relaxation time constant, and S is a parameter
describing the distribution width of relaxation times. The fitted 7 for all
the superlattices is on the scale of ~1ps (Fig. 4d), suggesting rapid
polarization responses. The dipole waves (n =12 and 15) exhibit twice
larger 7, in agreement with their stronger frequency dispersion of &’
than the flux closures (n=20 and 22). The superlattices exhibit rela-
tively large loss tangents (g//¢,”) above 40GHz, ranging from
approximately 0.2 to 0.5. This high loss is likely dominated by defect-
related contributions®, representing a drawback for applications.
However, it could be mitigated through optimized thin-film growth
processes, which hold promise for reducing defect densities.

The C-V curves were measured by sweeping a.c. frequencies as a
function of d.c. bias voltages. The results at 20 GHz are illustrated in
Fig. 4e for different superlattices (see Supplementary Fig. 4 for the
results at other frequencies), and the dielectric tunability, calculated
by |Ag/|/e/(0 V), is presented in Fig. 4f. For the flux closures (n =20 and
22), the measured tunability is only approximately 2% in the range of
30kVem™, consistent with their higher coercive fields hindering
polarization switching. For the dipole waves, the in-plane polarization
switching process introduces a decrease in the dielectric constant,
resulting in over 5% tunability observed in all n=12-17 superlattices.
Under 30 kV cm™, the n =17 superlattice exhibits the largest dielectric
tunability of -20% at 20 GHz, which remains relatively stable in the
entire measured frequency range: >15% at 70 GHz and >8% at 110 GHz.
The lower overall dielectric tunability of the n =12 superlattice may be
attributed to the coexistence of dipole waves and tilted a-domains (see
Fig. 1d, e). Similar a-domains in single-layer PbTiO5 films grown on
SrTiO; substrates showed minimal tunability (-2%) under 700 kV cm™,
a negligible response compared with the low-field conditions in our
measurements”. Considering the tilted a-domain and dipole wave
structures behave as capacitors in series, the overall dielectric per-
mittivity should be a weighted average of the two structure types,
whereby an almost field-independent permittivity of the a-domains
considerably reduces the overall dielectric tunability. The high overall
dielectric tunability in the n =17 superlattice correlates with its large
zero-field permittivity, suggesting that the dynamical polarization
response is enhanced near the topological phase boundaries between
dipole wave and flux closure structures.

MD simulations were performed to further correlate the dielectric
tunability with the structural changes during polarization switching.
The dielectric constant &, was evaluated from the simulated time-
domain polarization evolution upon the excitation of a Gaussian
electric field pulse (see details in Supplementary Note 2). Figure 4g
presents the simulated dielectric constants under varying excitation
fields, which manifest larger permittivity and tunability values in the
dipole wave than the flux closure structure, well corroborating the
measurement results. The structural origin of such differences is illu-
strated in Fig. 4h for the zero-bias case. In the dipole wave structure,
the wavy area with large out-of-plane polarization components (see
the blue-shadowed region in Fig. 1j) exhibits prominent local in-plane
polarization response, indicating an instantaneous polarization rota-
tion following the millimeter-wave electric field. This leads to large
average polarization changes (denoted by AP)) in the whole super-
lattice, and thus higher dielectric permittivity. By contrast, the area
with discernible local AP, in the flux closure structure concentrates
along the 90°-domain walls, corresponding to the in-plane domain
switching process similar to the low-frequency transitions (Fig. 2e).
However, the polarization response is marginal in the domain interior,
thus amounting to considerably smaller average AP, and lower
dielectric permittivity.

Supplementary Fig. 9 (see also Supplementary Movie 1) illustrates
the simulated millimeter-wave dielectric responses under applied d.c.
bias fields. Although the dipole wave topology itself is transformed due
to the low-frequency switching process (Fig. 2d), the original wavy area
in the structure still displays high local AP, under the d.c. bias, similar
to its zero-bias response behavior. This indicates that its remnant
minor out-of-plane polarization can still rotate to the in-plane direction
upon the millimeter-wave excitation. The AP in the dipole wave under
the d.c. bias is smaller than that without bias, yet still larger than that in
the flux closure. The latter structure retains its topological features
after the low-frequency switching, and similarly exhibits minor AP,
concentrated along the domain walls.

Figure 4i further compares the frequency spectra of the simulated
and measured dielectric tunability in the dipole wave, both of which
show broad peaks around 20-30 GHz and 40-50 GHz. This possibly
hints at the existence of collective modes in the dipole wave structure,
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Fig. 4 | Dielectric tunability at millimeter-wave frequencies. a Schematic of the
CPW device fabricated on the superlattices, accessed via a pair of ground-signal-
ground (GSG) probes. b, ¢ Measured dielectric frequency spectra of the super-
lattices, including the real (b) and imaginary (c) parts of the in-plane dielectric
constant under zero field. d Fitted relaxation time constant 7 as a function of the
PbTiOj3 layer thickness n. e Dependence of the real part dielectric constant on the
d.c. electric field, all measured at 20 GHz. f Dielectric tunability at 70 GHz as a
function of n. The error bars represent the variations across 2-110 GHz.

g Dependence of the real part dielectric constant at 20 GHz on d.c. electric field,

AP AP, (uClcm?)
— |

10
Frequency (GHz)

100

10

obtained via MD simulations. Inset: schematic of evaluating the dielectric response
by applying a pulsed electric field in the MD model. h Simulated polarization
changes (AP) in the dipole wave (top) and flux closure (bottom), at the maximum
excitation amplitude of a 20 GHz sinusoidal electric field (¢=12.5 ps), compared to
the equilibrium state (¢ = 0) without d.c. bias. Scale bar =4 nm. i Simulated dielectric
frequency spectrum of the dipole wave system compared with the experimental
results for the n =15 superlattice. Both spectra are normalized against the zero-field
values.

with frequencies in the same order with the modes observed in polar
vortices (around 80 GHz)?. Another possible contribution to the
dielectric tunability is the resonant switching from 7; to T, domains
(Fig. 3d). As shown in Supplementary Fig. 10, upon application of a
combination of d.c. and 20 GHz a.c. electric fields, the T/T, proportion
further decreases, lower than that under a d.c. field with the same
magnitude. Similar resonant switching processes have been reported
in a previous study on polar vortices®. This process further reduces
the overall dielectric permittivity under electric fields, leading to
higher dielectric tunability. Taken together, the MD simulations clearly
delineate the structural dynamics underlying the large dielectric tun-
ability of the dipole wave.

Discussion

Figure 5 presents the dielectric tunability as a function of operating
frequency of the dipole waves in the n =17 superlattice, together with
that of multiple materials reported in previous studies. Due to the

relatively low applied electric fields in our measurements (up to
30 kV cm™), the maximum tunability of the dipole waves is smaller
than that reported for some of these materials. Therefore, the tun-
ability slope with respect to the electric field, as shown in Fig. 5,
represents a more intrinsic metric for performance comparison.
Notably, the dipole waves exhibit a higher tunability slope than most of
the reported materials, particularly at frequencies exceeding 20 GHz.
This behavior indicates strong potential for achieving substantially
higher tunability in dipole waves under larger applied electric fields.
The understanding of microscopic polarization dynamics under-
pins the prediction of the dielectric response of topological polar
phases. Fitting the dielectric tunability for the n =15 superlattice with a
phenomenological model described in the literatures®-? extrapolates
the tunability under an elevated electric field of 400kV cm™ to be
60-65% at 110 GHz. This performance is significantly advantageous
over other ferroelectric materials at high frequencies (70-110 GHz), for
example, (Ba,Sr)TiO; (46% under 400kVcm™)* and HfZrO, (10%

Nature Communications | (2026)17:2725


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69440-x

) oBsST”
ol «BST™
29
i 1 E ..PST66 oBST
I [ 7) 27
o F ° BTO
e 4 BT BT A
s |
=) oBST”
Ke) O 1 - 64
@© FeBST
E o eBST®
o 4feBsT”
© !
9 Zepz0”™ Do) (n=17)
Q ipole wave (n =
0.01 F \

o ] o Literature HzO™)|

Tov ot b b bt bt b b by g g

0 20 40 60 80 100

Frequency (GHz)

Fig. 5 | Comparison of the tunability slope as a function of operating frequency
of dipole waves and representative materials reported in previous studies. The
materials and associated studies included are as follows: BaTiO3 (BTO)¥, (Ba,Sr)

TiO3 (BST)>32438535463-65 ph7rQ5 (PZ0)™, HfZrO, (HZ0)*, and (Pb,Sr)TiO5 (PST)®°.

under 3 MV cm™ in vertical film capacitors)®, although (Ba,Sr)TiO;
systems display higher tunability at lower frequencies (below
40 GHz)**?*%%*%*, Additionally, the relatively stable tunability up to
110 GHz measured in the n=15 and 17 superlattices suggests higher
response frequencies towards the terahertz range.

In summary, we have observed the millimeter-wave dielectric
tunability in (PbTiO3),/(SrTiO3)s superlattices driven by the polariza-
tion dynamics of the underlying topological polar structures. The
n=15 and 17 superlattices with dipole waves exhibit a large dielectric
tunability of over 8% in the measured 2-110 GHz frequency range
under an in-plane electric field of 30 kV cm™, with further potential for
increased tunability under elevated electric fields. This tunability per-
formance is significant compared with those of conventional ferro-
electric materials, especially at high frequencies over -70 GHz. Both
the dipole waves and flux closures exhibit in-plane polarization
switching behaviors, during which process the topological structures
with a net in-plane polarization direction orthogonal to the applied
electric field rotate towards the latter direction, and the observed
switching characteristics link the origins of their dielectric tunabilities.
We have established the mechanisms between the microscopic
polarization dynamics and macroscopic permittivity through com-
bined experimental and theoretical methods. Our study thus demon-
strates an effective and generalizable framework for predicting high-
frequency dielectric properties of topological polar systems, which
can incorporate more degrees of freedom for material optimization
such as substrate strain engineering. Besides, the integratable thin-film
superlattices provide a viable platform for constructing on-chip
dielectric tuning devices in the millimeter-wave frequency range.
Collectively, this study reveals the inherent potential of topological
polar structures for enabling high-speed integrated devices, such as
phase shifters and reconfigurable antennas, for next-generation milli-
meter-wave communication and sensing technologies.

Methods

Superlattice growth

(PbTi05),/(SrTiO5)g superlattices were grown on (001)-cut (LaAlO3)g 5-
(SrAlpsTap s03)0.7 (LSAT) single crystal substrates via reflection high-
energy electron diffraction-assisted pulsed laser deposition (PLD),
with a 5-nm buffer layer of GdScO; to relax the in-plane substrate
strain. A 248 nm KrF excimer laser (COMPex205, Coherent) was used
to ablet the corresponding ceramic targets with a laser fluence and

repetition rate of 1.1J cm?/3 Hz for GdScOs, 1.2) cm?/5 Hz for PbTiO;,
and 1.2 cm?/3 Hz for SrTiOs. The GdScO; and superlattice layers were
grown at temperatures of 770 °C and 650 °C, at oxygen pressures of
5Pa and 12 Pa, respectively. The superlattice films were then annealed
for 10 min at 650 °C, followed by cooling to room temperature at a
cooling rate of 60 °C min™ under an oxygen pressure of 20 kPa.

X-ray diffraction
Laboratory-based 26/w-coupled scans and reciprocal space mapping
(RSM) measurements were performed with a high-resolution X-ray
diffractometer (SmartLab 9 kW, Rigaku) using Cu Koy radiation
(1=1.5406 A). A 2D area detector (HyPix-3000) was used to collect the
diffraction signals.

In situ electric field dependent three-dimensional reciprocal space
mapping (3D RSM) was performed at the BLI3XU beamline of Super
Photon ring-8 GeV (SPring-8) synchrotron. A monochromated X-ray
beam with a photon energy of 12.4 keV (A1=1A) was used. The beam
was focused to a size of 12 x 21 um? on the sample surface between the
interdigitated electrodes (described below). The sample was mounted
on a four-circle diffractometer, connected to an external voltage
generator with a tungsten probe station to apply an in-plane electric
field. A 2D photo-counting detector (PILATUS3 300K) was used to
record the diffraction signals. The 3D RSM results were reconstructed
from raw measured data using custom Python codes.

Synchrotron X-ray nanobeam diffraction experiments were per-
formed at the hard X-ray nanoprobe at station 26-ID-C of the Advanced
Photon Source at Argonne National Laboratory. A monochromated
X-ray beam with a photon energy of 10 keV and a focal spot size of
50 nm was used. The beam was focused to a footprint of ~50 x 160 nm?
on the sample surface. A 2D area detector positioned 1000 mm from
the sample was used to record the diffraction signals.

Scanning transmission electron microscopy

Cross-sectional thin specimens of the superlattices were prepared
using a focused ion beam on a dual-beam microscope (Nova Nanolab
200, Thermo Fisher Scientific) or ion milling (PIPS Model 695, Gatan)
after mechanical polishing. STEM observations were performed on a
double-aberration-corrected transmission electron microscope
(Spectra 300, Thermo Fisher Scientific), operated at an accelerating
voltage of 300 kV. High-angle annular dark-field (HAADF) STEM ima-
ges were collected with a probe convergence angle of 25.0 mrad and
an inner detector angle of 49 mrad. Positions for all atomic columns in
the HAADF images were obtained by 2D Gaussian fits using Matlab
codes®. Displacement vectors of B-site columns were calculated based
on local offsets of their sublattice relative to the A-site sublattice. The
direction of spontaneous polarization in each unit cell is opposite to
the direction of B-site displacement.

Second-harmonic generation

SHG measurements were performed on a home-developed micro-
scope system*. A Ti: sapphire femtosecond laser (MaiTai, Spectra-
Physics) with 35fs pulse width, 800 nm wavelength, and an average
power of 25mW was used as the 1w excitation source. Normal inci-
dence geometry was applied in the measurements, where the 1w laser
beam was focused on the top surface of the film using an objective lens
(numerical aperture = 0.55), and the backscattered 2w signals were also
collected by the lens. A zero-order half-waveplate was used to control
the 1w excitation light polarization, and a Glan-Taylor prism polarizer
was used to analyze the 2w signal polarization. A photomultiplier tube
detector was used to record the 2w light signal after band-pass filtering
to exclude 1w light signals.

Low-frequency electric measurements
Interdigitated electrodes (IDEs) of 200 nm Au/Ti were fabricated on
the surface of the superlattice films via standard photolithography lift-
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off and sputtering techniques, with 20 pum wide electrode conductors
and 10 pm gaps between these parallel conductors. The effective
length of the IDEs is 1.000 mm, with 9 and 19 effective capacitor gaps
in 5-pair and 10-pair IDEs, respectively. The voltage-dependent capa-
citance was measured via an impedance analyzer (E4990A, Keysight)
with a built-in voltage source. The ferroelectric switching properties
were measured with a ferroelectric tester (10-kV HVI-SC, Radiant
Technology).

Millimeter-wave dielectric measurements

Coplanar waveguides (CPWs) with a cross-section comprising an 11 pm
center conductor, a 15 pm gap and a 200 pm ground plane were fab-
ricated on the superlattice films via the same processes as the IDEs. Five
different effective lengths ranging from 0.260 mm to 1.740 mm were
designed, together with a short-circuit reflection calibration device
matching the shortest length. CPWs on all the superlattices and a bare
LSAT substrate were fabricated in the same batch to ensure consistent
device electrode thicknesses and shapes. The complex S-parameters of
the CPW devices ranging from 2 GHz to 110 GHz were measured via a
millimeter-wave vector network analyzer (N5290A, Keysight) coupled
with a probe stage (EPS200MMW, FormFactor) and a pair of ground-
signal-ground (GSG) probes. D.c. voltages between the ground and
signal lines were applied via a source meter (Keithley 2470).

A multiline TRL approach employing a Python package by Ziad
Hatab’® was then applied for initial calibration to obtain the propaga-
tion constant y, = vR +iwl+/G + iwC, of the transmission line from the
S-parameters, where R, L, C, and G represent distributed resistance,
inductance, capacitance, and conductance per unit length, respec-
tively, and w denotes the angular frequency. R, L, C, and G of the
transmission lines on LSAT substrates and films were simulated with
Q3D module in Ansys Electronics Desktop Student with a 2-D cross-
sectional model. The dielectric constant of LSAT and the conductivity
of the metal layers can then be obtained by comparing y, calculated
from the simulations and from the experimental S-parameters. The R
and L on all the superlattice samples should be identical to those on the
LSAT substrate, as the geometric structure and conductivity of the
metal layers are identical. The C and G for the superlattices were then
calculated from y, and above, simulated R and L. A functional rela-
tionship between the C, G and complex dielectric constant of the
superlattice layer was established by mapping the dielectric constant
and loss of the film in the 2-D model, which was later used to extract
dielectric constants under different voltages and frequencies from the
above calculated C and G.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were conducted using a
machine learning-based force field capable of modeling various
topological structures”~%, To simulate the dipole wave and flux closure
state, the number of layers in SrTiO; was fixed at 8, while the layers in
PbTiO; were varied from 12 to 22. All MD simulations were carried out
in the isobaric-isothermal (VPT) ensemble using LAMMPS®. The tem-
perature and pressure was maintained at 300 K and 1.0 bar using the
Nosé-Hoover thermostat and Parrinello-Rahman barostat, respec-
tively. A timestep of 2 fs was utilized, with each simulation consisting of
a 50 ps equilibrium run followed by a 50 ps production run. Initial and
final configurations are given in Supplementary Data 1.

Once equilibrium was achieved under zero electric field condi-
tions, an electric field was gradually increased to 200 kV cm™ across
the superlattice to obtain the P-F loop. The interaction between the
electric field and each ion was determined by multiplying the electric
field strength by the Born effective charge (BEC) tensor of the corre-
sponding ion. Density functional theory (DFT) calculations were used
to determine BEC values, as shown in Table 1. All DFT calculations were
performed with a plane-wave basis utilizing the Vienna Ab initio
Simulation Package (VASP)**“. The exchange-correlation functional

Table 1| BEC tensors used in MD simulations for PbTiO3 and
SrTiOs. Zy1', Z»,, and Z33" denote the diagonal components of
the BEC tensor

System  Zppor Zs, () Z5i (e) Z5' (e)

Zy  Zn Zss Zn  Zn  Zss Iy Zy Z35'
PbTiO3 3.74 374 345 647 617 521 -3.30 -3.30 -2.89
SITiO3 256 256 256 740 740 7.40 -332 -3.32 -3.32

used was the Perdew-Burke-Ernzerhof functional modified for solids
(PBEsol)®, with an energy cutoff of 800eV and a k-point spacing
of 0.3A7,

Data availability

Source Data are provided with this paper. Other data supporting this
study, including the training database and input files for MD and DFT
calculations, are available on Zenodo (https://doi.org/10.5281/zenodo.
18316581). All other data that support the findings of this study are
available from the corresponding authors upon request. Source data
are provided with this paper.

Code availability

Molecular dynamics simulations were performed using the open-
source LAMMPS package (https://github.com/lammps/lammps). The
Vienna Ab initio Simulation Package (VASP) used for DFT calculations
can be obtained after completing a license agreement on its official
website.
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