Enhancing microwave dielectric properties of Li,TiO; ceramics
via monoclinic-cubic phase transition control
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Lightweight B-Li,TiO; ceramics are promising microwave  monosinic © Li @Ti ®0
dielectrics for the large-scale deployment of 5.5G extremely large K - NN
antenna arrays (ELAAs). However, their practical application is \ Ty <
hindered by the limited Oxf value (where quality factor Q = & 7% -
1/dielectric loss (tand), and f represents the resonant frequency) and
large positive temperature coefficient of resonant frequency (TCF),
while the underlying phase transition and regulatory mechanisms
remain elusive. Here, a unique monoclinic-cubic dual-phase
architecture is constructed in Li,Ti;_,(Sc;,,Nb;,,),03 (LTSN,, 0 < x < 0.5) Signal
ceramics. In situ structural characterizations reveal that the —
substitution-induced reduction in the phase transition temperature ﬁf
(T) and concomitant lattice distortion synergistically impede the

Cubic  Cation ©0

% o

Utaiowioss o
I omnm
Har
J\
et [Ny

Frequency (GHz)

Dual-phase

Return loss (d8)
g g

| Sparameters (¢8)

5.8

-'/—\5,: ;l\ - ﬁf - ’

Eam Integraj
"Nsertion jogg filter

reversed-phase transformation, stabilizing the high-temperature cubic phase at room temperature. Consequently, the inherent
negative TCF of the cubic phase effectively compensates for the positive value of the monoclinic matrix, achieving exceptional
temperature stability. Furthermore, the reconstructed superlattices and suppression of lattice defects significantly minimize
dielectric loss. Of particular importance is that the studied LTSN,,s ceramic exhibits excellent microwave dielectric properties,
featuring a relative permittivity (&) of 18.6, ultra-high Qxf of 102,330 GHz (at 7.76 GHz), and a near-zero TCF of —2.3 ppm/°C.
Simultaneously, the stable THz response and simulated filter performance confirm its great potential for 5.5G applications.

5.5G; microwave dielectric ceramics; ultra-low loss; near-zero temperature coefficient of resonant frequency (TCF);
filter

low loss (high quality factor Q), and near-zero temperature
coefficient of resonant frequency (TCF). To accommodate the
massive scale of 55G deployment, these materials must
simultaneously fulfill industrial prerequisites for cost-effective

1 Introduction

With the global rollout of 5.5G (5G-Advanced), the performance
frontiers of communication networks are being propelled to

unprecedented heights of 10 Gbps downlink and 1 Gbps uplink,
imposing stringent requirements on the radio frequency (RF)
capabilities and deployment density of base stations [1,2]. Owing
to their high gain and massive capacity, extremely large antenna
arrays (ELAAs) have emerged as the cornerstone of 5.5G
infrastructure, thereby triggering an urgent demand for next-
generation advanced dielectric filters and antennas [3-5]. As the
foundational material for RF devices, microwave dielectric
ceramics are required to simultaneously exhibit superior intrinsic
properties—specifically, a suitable dielectric constant (g,), ultra-
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manufacturing and lightweight design [6-8]. However, achieving
an optimal balance among these rigorous multidimensional
criteria remains a formidable challenge.

Monoclinic lithium titanate (B-Li,TiOs;, LTO) has garnered
significant attention across diverse fields, ranging from nuclear
fusion and lithium-ion batteries to microwave dielectric ceramics,
owing to its exceptional physicochemical stability and structural
versatility [9-11]. Moreover, its facile synthesis and abundant
precursors ensure the economic viability essential for mass
manufacturing. However, the intrinsic microwave dielectric
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properties of LTO remain suboptimal, falling short of the exacting
requirements for  high-performance microwave devices.
Specifically, its relatively low Qxf value (~23,600 GHz, where Q =
1/dielectric loss (tand), and f represents the resonant frequency)
leads to exacerbated insertion loss, significantly compromising the
overall energy efficiency and signal integrity [12]. Compounding
this issue, its large positive TCF (~+38.5 ppm/°C) undermines
frequency stability over wide operating temperature ranges [13].
Particularly for base stations deployed in high-latitude or high-
altitude regions characterized by severe thermal fluctuations, such
thermal instability is unacceptable. To surmount these
performance bottlenecks, contemporary research efforts have
primarily centered on modification strategies such as ceramic
composites and ionic substitution [14—-16]. For instance, Zuo et al.
[17] successfully tuned the TCF to ~—7.4 ppm/°C (g, = 21.2, Qxf =
59,039 GHz) by constructing 0.86Li,TiO;-0.14Li,CeO; composite
ceramics, strategically exploiting the compensation effect between
components with opposing thermal coefficients. Nevertheless, this
strategy entails addressing complex challenges related to sintering
temperature mismatch, chemical stability, and interfacial effects.
Furthermore, the introduction of heterogeneous phases inevitably
induces extrinsic defects or impurities, usually degrading the Qxf
value. For example, the Li,TiO5-30 vol% Li,Zn;Ti,0;, system,
while achieving a near-zero TCF (~-1.3 ppm/°C), exhibits ¢ of
220 and limited Qxf of 38900 GHz [18]. Additionally, the
temperature dependence of TCF prevalent in simple composites
can mask actual frequency drift, potentially misleading practical
applications [19,20].

In contrast, the strategy of inducing phase evolution via jonic
substitution, exemplified by the ferroelastic phase transitions in
BiVO, and SmNbO, systems, is regarded as a superior and more
efficient approach for comprehensively regulating microwave
dielectric properties [21-24]. Investigations have revealed that
monoclinic rock-salt LTO undergoes a transformation to a cubic
rock-salt phase at elevated temperatures, accompanied by a cation
order-disorder transition [25,26]. Simultaneously, rock-salt
structured compounds typically exhibit extensive solid solubility
(042 < Ry/Ry < 0.72, where R, and Ry denote the cation and
anion radii, respectively), providing broad latitude for ionic
substitution design [27]. Notably, continuous phase transitions
induced by ionic substitution have been observed in LTO-based
systems, such as Li)Ti)_(Cuy;3Nb,;),0; LipTij_(Zn;;Tay;),0s,
and LiTi_ (Mg ;sNb,;3),0;  accompanied by enhanced
microwave dielectric properties [28-30]. Despite the proven
efficacy of ionic substitution, a systematic and in-depth
understanding of how substitution precisely drives phase
transitions, as well as the intrinsic structure—property relationship
between phase evolution and microwave performance, remains
elusive. Therefore, unraveling these intrinsic correlations and
underlying mechanisms is pivotal for guiding the rational design
of high-performance LTO-based microwave dielectric ceramics.

Herein, novel Li,Ti,_(Sc;,Nb,;,),0; (LTSN,) microwave
dielectric ceramics were designed and synthesized via a
(Sc;,Nb, )" complex ion substitution strategy targeting the Ti*
site. Firstly, Sc* exhibits a unique electronic configuration
characterized by empty 3d orbitals ([Ar]4s3d’), which is
distinguished from conventional lanthanide rare-earth elements
(such as Nd*, Sm™, and Ce™) that possess partially filled 4f orbitals
[31,32]. This specific configuration fundamentally eliminates
dielectric loss arising from d-d electron transitions [33].
Concurrently, Nb* ([Kr]5s’4d’), sharing the same d’ electronic
configuration, was incorporated to maintain charge balance and
suppress lattice defects, thereby further unlocking the ultra-high Q
potential of LTO (as illustrated in Fig. S1 in the Electronic
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Supplementary Material (ESM)) [34,35]. Secondly, the
(Sc;,Nb)*  complex ion possesses an electronegativity
comparable to that of Ti** (1.48 vs. 1.54), favoring the substitution
process. Meanwhile, the appropriate ionic radius mismatch (0.693
vs. 0.605 A, AR/R = 14.5%) is sufficient to introduce local lattice
strain, thereby inducing the desired phase transition. Guided by
this design rationale, this study systematically investigates the
influence of ion substitution on LTO lattice evolution, aiming to
establish an intrinsic structure—property relationship between
crystal structure and microwave dielectric performance.
Furthermore, a dielectric waveguide filter was designed using the
optimal LTSN,; ceramic to demonstrate its potential for
sub-6 GHz applications.

2 Experimental

2.1 Sample synthesis

LTSN, (0 < x < 0.5) ceramics were synthesized via a conventional
solid-state reaction method using high-purity Li,CO; (99.99%),
NDb,O; (99.5%), Sc,05 (99.99%), and TiO, (99.9%) powders. First,
the raw materials were weighed according to the stoichiometric
formulations and ball-milled for 4 h in anhydrous ethanol using
zirconia balls as the milling media. The resulting slurries were
dried at 80 °C for 12 h, followed by calcination at 1000 °C for 2 h
to form the main crystalline phase. The calcined powders were
re-milled for 4 h, dried, and granulated with a 5 wt% polyvinyl
alcohol (PVA) binder solution. Subsequently, the powders were
uniaxially pressed into cylindrical samples (10 mm in diameter
and 4-5 mm in height). These samples were initially heated at
550 °C for 4 h to remove the organic binder and finally sintered at
1175-1250 °C for 2 h to obtain the dense ceramics.

2.2 Material characterizations

The phase composition of the sintered ceramics was identified by
X-ray diffraction (XRD; D8-Advance, Bruker, Germany). Rietveld
refinement was performed on the XRD data using the GSAS-II
software to obtain the phase weight fractions. In situ high-
temperature XRD (HT-XRD) patterns were collected using an
X-ray diffractometer (XRDynamic 500, Anton Paar, Austria).
Room-temperature and temperature-dependent Raman spectra
were acquired over a wavenumber range of 100-1000 cm™ with a
Raman spectrometer (inVia, Renishaw, UK) equipped with a
532 nm excitation laser operating at a low power (10 mW). The
bulk densities of the sintered ceramics were measured by the
Archimedes method using deionized water as the liquid medium.
The phase distribution and crystal orientation were analyzed via
electron backscatter diffraction (EBSD; Symmetry 2, Oxford
Instruments, UK). The microstructural morphology was
characterized by field-emission scanning electron microscopy
(FESEM; Sigma 300, ZEISS, Germany), and the average grain sizes
were evaluated using the linear intercept method via Image]
software. High-resolution transmission electron microscopy
(HRTEM) images and selected area electron diffraction (SAED)
patterns were obtained using a field-emission transmission
electron microscope (STEM; JEM-F200, JEOL, Japan). The
surface elemental composition and chemical states were analyzed
by X-ray photoelectron spectroscopy (XPS; Nexsa, Thermo Fisher
Scientific, USA), and the data were processed using Avantage
software. The coefficient of thermal expansion (CTE) was
measured using a dilatometer (DIL 402 C, NETZSCH, Germany)
in the temperature range of 25-1300 °C. Optical absorption
spectra were recorded using an ultraviolet-visible (UV-Vis)
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spectrophotometer (Lambda 850, PerkinElmer, USA). Finally,
microwave dielectric properties were evaluated using a network
analyzer (HP8720B, Agilent, USA) equipped with a temperature
chamber based on the transverse electric 01§ mode (TE;)
dielectric resonator method. The TCF value was measured in the
temperature range of 25-85 °C and calculated using Eq. (1):

fos — s

TCF= (85 — 25) X fis

x 10° (1)

where fgs and f,; are the TE;,; resonant frequencies at
temperatures of 85 and 25 °C, respectively. Furthermore, the
terahertz (THz) spectra were recorded using a terahertz time-
domain spectroscopy system (TAS7400TS, Advantest, Japan). The
3D electromagnetic simulations for the filter design were
performed using CST STUDIO software. The infrared thermal
images were captured utilizing an infrared thermal imaging
camera (Fluke Ti480U, Fluke, USA) to evaluate the thermal
distribution.

3 Results and discussion

Figure 1(a) presents the powder X-ray diffraction (PXRD)
patterns of LTSN, (0 < x < 0.5) ceramics obtained at optimum
sintering temperatures. No impurity phases were observed in any
composition, confirming high phase purity. Pure monoclinic LTO
features a rock-salt superstructure along the [001] direction,
characterized by the periodic alternating arrangement of Li layers
and mixed [Li;;3Ti,;3] layers [26,36]. Consequently, a prominent
(002) diffraction peak is observed in the low Bragg angle region
(20 = 18°) [37]. With the progressive substitution of (Sc;,Nb,,,)*
for Ti", a continuous monoclinic-to-cubic phase transition is
induced within the range of 0.1 < x < 0.5, as clearly evidenced by
the evolution of diffraction peak intensities. Specifically, within the
range of 0.1 < x < 0.3, the system forms a monoclinic-cubic dual-
phase solid solution. Arising from an in situ phase transition, this
dual-phase structure exhibits unique polymorphic characteristics.
During this transition, the relative intensity of the monoclinic
(002) superstructure peak gradually diminishes, while the cubic
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Fig.1 Investigation into the phase transitions of LTSN, ceramics: (a) XRD patterns of LTSN, ceramics (0 < x < 0.5); (b, ¢) Raman spectra of LTSN, ceramics (0 < x <
0.5); (d) in situ high-temperature XRD patterns of LTSN ,5 ceramic; in situ high-temperature Raman spectra of (e) LTO and (f) LTSN,,; ceramics, respectively.
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(200) and (220) peaks concurrently intensify with increasing x. At
x = 04, the complete extinction of the (002) peak and other
characteristic monoclinic reflections signify a full transformation
to the disordered cubic (Fm3m) structure. To quantitatively
elucidate this process, Rietveld refinements were performed on the
XRD patterns. The detailed refined profiles are presented in Figs.
S2(a)-S2(g) in the ESM. The quantitative results (Fig. S2(h) in the
ESM) reveal a monotonic variation in phase fractions, explicitly
confirming the continuous nature of the phase transition.

Raman spectroscopy, owing to its high sensitivity to local
symmetry variations and cationic arrangements, is widely
employed to characterize structural evolution. As depicted in
Fig. 1(b), all LTSN, samples within the range of 0.1 < x < 0.3
exhibit vibration modes analogous to those of pure monoclinic
LTO. Based on group theory analysis, for the monoclinic structure
belonging to the C2/c space group (point group C,,), the Raman-
active vibrational modes are described by the irreducible
representation: Ipume, = 15A; + 18B, [38]. Consistent with this
prediction, the spectra exhibit numerous sharp vibrational modes,
which are characteristic of the cation-ordered monoclinic
structure. To identify specific vibrational modes, Fig. S3(a) in the
ESM presents the Lorentzian deconvolution results for LTO. The
Raman bands in the 210-500 cm™ range are assigned to Li-O
stretching and O-Li-O bending vibrations within [LiOg]
octahedra, while those in the 500-700 cm™ region originate from
Ti-O stretching vibrations within [TiO4] octahedra [28,30].
Notably, the intensity of the sharp Raman peaks exhibits a
systematic attenuation with increasing substitution (Fig. 1(c)).
According to the literature, the Raman scattering intensity is
directly proportional to the number of unit cells contributing to
specific vibrational modes [39,40]. Therefore, this attenuation is
primarily attributed to the decreased volume fraction of the
Raman-active monoclinic phase. Concurrently, a significant
broadening of the full width at half maximum (FWHM) is
observed for the characteristic peaks, as exemplified by the mode
at 657 cm™ (Fig. S3(b) in the ESM). This broadening provides
clear evidence that (Sc;,Nb,,)" substitution leads to the
disordering of the local cationic arrangement. At x > 0.4, the
distinct Raman peaks originating from the monoclinic phase
disappear completely and are replaced by several broad and weak
bands. This spectral feature reflects the complete transformation
of LTSN, ceramics into a long-range disordered cubic phase,
aligning perfectly with the XRD results. Crucially, the ideal cubic
Fm3m structure (point group Oy) possesses a center of inversion
symmetry. Consequently, the first-order Raman scattering is
theoretically disallowed, resulting in the absence of the first-order
Raman activity [41,42]. However, the broad and weak bands
observed in the spectra primarily originate from the second-order
Raman scattering, described by the irreducible representation:
Traman = Agg + Eg + Toy [37].

While static correlations between the composition (x) and
phase structure are established, the dynamic evolution of the
phase structure with temperature remains a critical issue requiring
in-depth investigation, especially regarding the formation and
retention mechanisms of the high-temperature cubic phase. To
this end, in situ HT-XRD and Raman spectroscopy (HT-Raman)
were employed to characterize the representative LTSN,,; sample.
As illustrated in Fig. 1(d) and Fig. $4 in the ESM, the HT-XRD
patterns remain stable from 25 to 800 °C, exhibiting only thermal
expansion-induced shifts [43]. However, above 900 °C, the
monoclinic (002) peak and other characteristic reflections (such as
(110), (131), (206), and (062)) rapidly attenuate and nearly
vanish. This confirms that the monoclinic phase becomes
thermodynamically unstable, driving a complete transformation
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to the energetically favorable cubic phase above 900 °C. Compared
to the reported monoclinic-to-cubic phase transition temperature
(T.) of LTO (~1200 °C), the substitution of (Sc;,Nb,,)*
significantly lowers T, to approximately 900 °C [2543]. This
reduction is likely attributed to the lattice strain induced by the
ionic radius mismatch, which increases the internal energy and
accelerates thermal destabilization [44]. Crucially, this lowered T,
enables direct observation of the phase transition process using
conventional in situ techniques.

This conclusion is further corroborated by HT-Raman analysis
(Fig. 1(f)). Despite the expected thermal broadening and
attenuation of Raman peaks from 25 to 800 °C, the characteristic
monoclinic modes are well-preserved. Upon further heating
(> 900 °C), these characteristic features vanish completely,
evolving into broad bands highly consistent with those of the
room-temperature cubic phase, such as LTSN, (Fig. 1(b)). In
sharp contrast, the HT-Raman spectra of LTO (Fig. 1(e)) reveal
that its characteristic monoclinic modes persist even up to the
testing limit (constrained by Li volatility), confirming that its T, is
well above 1000 °C [25]. Ultimately, the synergy between this
lowered T, which limits atomic diffusion, and the kinetic
hindrance arising from severe lattice distortion prevents the
complete reversal of the phase transition during cooling.
Consequently, a portion of the high-temperature cubic phase is
retained at room temperature in a metastable state, resulting in the
formation of the dual-phase structure.

However, the microscopic spatial phase distribution
corresponding to the composition-driven phase evolution
(schematically illustrated in Fig. 2(a)) remains to be visualized.
Conventional backscattered electron (BSE) imaging and energy
dispersive X-ray spectroscopy (EDS) mapping (Figs. 2(b)-2(f))
were insufficient to distinguish the phases due to the identical
chemical composition of the polymorphs. Consequently, EBSD
was utilized to analyze the microstructure and phase distribution
of representative samples (x = 0, 0.25, 0.5). As shown in
Figs. S6(a)-S6(c) in the ESM, after Ar-ion polishing, the samples
reveal their authentic microstructures. A considerable number of
intergranular and intragranular pores are observed, which are
likely attributed to Li volatilization at high temperatures [45,46].
Similar phenomena have been reported in previous studies
[28,30,34].

The EBSD maps (Figs. 2(g)-2(i)) directly visualize the
composition-driven  phase evolution process, where the
monoclinic (C2/c) and cubic (Fm3m) phases are represented in
blue and red, respectively. For LTO (Fig. 2(g)), the phase map
consists exclusively of the monoclinic phase (blue regions),
confirming its pure monoclinic structure. With the composition
reaching LTSN 5 (Fig. 2(h)), the map clearly exhibits uniformly
interwoven cubic and monoclinic phases, providing the most
direct microscopic evidence for dual-phase coexistence.
Interestingly, these two phases are not isolated in separate grains
but coexist within individual grains [6]. Subsequently, upon
increasing the composition to LTSN 5 (Fig. 2(i)), the phase map
converts entirely to the cubic phase (red regions), verifying the
thorough completion of the phase transition. Furthermore, to
quantify the lattice distortion and strain induced by ionic
substitution and the phase transition, the geometrically necessary
dislocation (GND) density was analyzed. As illustrated in Fig. 2(j),
LTO exhibits the lowest GND density with a homogeneous
distribution, indicative of minimal lattice distortion. With the
occurrence of the phase transition, the GND density in LTSN,,5
(Fig. 2(k)) surges to its maximum level. This suggests that the
lattice generates extensive GNDs to accommodate the severe local
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image and (c-f) EDS elemental maps of the LTSN, ceramic; (g-i) EBSD phase maps and (j-1) GND density maps of LTSN, ceramics (x = 0, 0.25, 0.5); (m, n) grain

orientation maps of LTSN, ceramics (x =0, 0.5).

strain induced by the lattice mismatch between the coexisting
phases [47,48]. For LTSN (Fig. 2(1)), while the GND density is
higher than that of LTO due to ionic substitution, it remains
markedly lower than that of LTSN,;, pinpointing dual-phase
lattice mismatch as the dominant source of local strain.
Additionally, the random grain orientation observed in all samples
(Figs. 2(m) and 2(n) and Fig. S6(d) in the ESM) rules out the
existence of crystallographic texture.

To gain deeper insights into the crystal structural evolution and
the cation order-disorder phase transition, atomic-scale
characterization was performed on representative LTSN, (x = 0.1,
0.25, 0.4, 0.5) samples using SAED and HRTEM. Figure 3(b)
presents the SAED pattern obtained from Region I of the LTSN,
sample (corresponding to the area marked in Fig. 3(a)) along the
[827] zone axis, which is highly consistent with the monoclinic
structure. Notably, additional diffraction spots, identified as
superlattice reflections (SRs), are observed between the
fundamental reflections. These reflections typically signify the
formation of an ordered superstructure resulting from the
periodic modulation of the primitive rock-salt crystal structure.
Similar phenomena have been reported in relevant LTO-based
systems [11,26,28]. The HRTEM image taken along the [827]
zone axis (Fig. 3(c)) clearly reveals lattice fringes matching the

https://doi.org/10.26599/JAC.2026.9221305

(140) and (212) planes of the monoclinic phase. The
corresponding crystal structure model is illustrated in Fig. 3(j).
Furthermore, the fast Fourier transform (FFT) pattern (Fig. 3(d))
derived from Fig. 3(c) exhibits diffraction spots that reproduce the
SAED pattern, further confirming the existence of the monoclinic
superstructure.

Interestingly, the SAED pattern from region II of the LTSN,
sample (Fig. 3(e)) exhibits a distinct difference from that of region
L. The SAED pattern observed along the [001] zone axis (Fig. 3(f)),
along with the corresponding HRTEM image (Fig. 3(g)) and its
FFT (Fig. 3(h)), can be successtully indexed to the cubic rock-salt
structure (with its atomic model depicted in Fig. 3(k)). This
finding corroborates the dual-phase coexistence revealed by EBSD
analysis. Compared to the simulated standard pattern for the
cubic structure along the [001] zone axis (Fig. 3(i)), faint
additional superlattice reflections are still observed between the
fundamental reflections. These superlattice reflections align well
with the cubic structure, and their Miller indices indicate a three-
fold modulation of the primitive cubic periodicity [37].
Mechanistically, during the monoclinic-to-cubic phase transition,
the formation of such superlattices introduces a higher degree of
structural order, which reduces local entropy and consequently
lowers dielectric loss [33]. Consistently, research by Bian et al. [14]
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Fig.3 TEM characterization of LTSNy, ceramic: (a) TEM image, (b) SAED pattern, (c) HRTEM image, and (d) corresponding FFT image of region I along the [827]
zone axis; (e) TEM image, (f) SAED pattern, (g) HRTEM image, and (h) corresponding FFT image of region II along the [001] zone axis; (i) simulated SAED pattern;

(j, k) crystal structure models viewed along the corresponding zone axes.

on the Li,TiO;-MgO system demonstrates that the introduction
of a low concentration of Mg* induces the formation of
superlattices and ordered domains, thereby achieving ultra-high
Qxf values. Similar phenomena have also been observed in
systems such as Ba(Zn,;Ta,;;)O;-BaZrO;, Li,Ti,_(Cu,;;Nb,/5),0;,
and LiTi) (Mg sNby;),0; [11,28,49,50]. Collectively, these
studies corroborate the strong correlation between the
superstructure induced by aliovalent cation substitution and the
low-loss properties of the material.

Notably, the intragranular dual-phase coexistence initially
observed via EBSD is further corroborated by TEM analysis of the
LTSN,,s sample. As illustrated in Fig. 4(b), the SAED pattern
exhibits two distinct sets of diffraction spots within a single micro-
region. Upon indexing, these reflections correspond to the cubic
structure along the [110] zone axis and the monoclinic structure
along the [101] zone axis. The positions, interplanar angles, and
d-spacings of all diffraction spots, as well as the FFT results
(Figs. S7(b) and S7(d) in the ESM), match quantitatively with the
simulated standard single-crystal diffraction patterns (Figs. S7(a)
and S7(c) in the ESM). Furthermore, the HRTEM images
(Figs. 4(c) and 4(d)) clearly resolve lattice fringe regions associated
with both structures, displaying two significantly distinct lattice
arrangements. To further corroborate the universality of this
phenomenon, SAED and HRTEM results from another region of
the LTSN, ,; sample are provided in Figs. S7(e)-S7(h) in the ESM.
This unique dual-phase microstructure plays a crucial role in
regulating the microwave dielectric properties of LTSN, ceramics,
particularly temperature stability. Furthermore, the elongated
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superlattice diffraction spots in Fig. S7(e) in the ESM indicate
increased structural disorder, such as planar defects at high
substitution levels, which tends to intensify phonon scattering and
contribute to the degradation of the Qxfvalue.

As the substitution level x increases, SAED patterns observed
along the [111] zone axis (Figs. 4(f) and 4(j)) clearly indicate that
the LTSN, (x = 0.4, 0.5) ceramics have evolved into a stable, single-
phase cubic structure. This experimental observation aligns
perfectly with the simulated pattern (Fig. 4(h)). Additionally, the
HRTEM images of the samples (x = 0.4 and 0.5) exhibit clear
lattice fringes, where the identified interplanar spacings
correspond to the (220) and (202) planes (Figs. 4(g) and 4(k)),
further confirming the phase purity and the cubic symmetry.
Moreover, no additional superlattice spots are observed in the
SAED patterns for the x = 0.4 and 0.5 samples. The corresponding
atomic model of the cubic structure is depicted in Fig. 4().
Instead, hexagonal diffuse scattering appears around the
fundamental diffraction spots (see hexagonal regions in Figs. 4(f)
and 4(j)), indicating that the cation arrangement has tended
toward disorder [26]. Furthermore, the highly uniform
distribution of constituent elements (Fig. S8 in the ESM and
Figs. 4(m1)-4(m4)) verifies the formation of the cubic solid
solution. In summary, the microstructural transformation
revealed by TEM is intrinsically correlated with the microwave
dielectric properties of LTSN, ceramics, which will be discussed in
detail below.

As illustrated in Fig. 5(a), within the continuous phase
transition region (0 < x < 0.4), the TCF value exhibits a linear
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" Diffraction region
500 nm

Fig.4 TEM characterization of LTSN, ceramics (x = 0.25, 0.4, 0.5): (a) TEM image, (b) SAED pattern, and (c, d) HRTEM images of the LTSN ,; sample; (¢) TEM
image, (f) SAED pattern, and (g) HRTEM image of the LTSN, , sample; (h) corresponding simulated SAED pattern; (i) TEM image, (j) SAED pattern, and (k) HRTEM
image of the LTSN, ; sample; (1) cubic phase structure viewed along the [111] zone axis; (m1-m4) EDS elemental maps of the LTSN, ; sample.

decline from +34.3 to —22.2 ppm/°C, achieving a near-zero value
of —2.3 ppm/°C at x = 0.25. Upon further increasing x to 0.5, the
TCF plateaus at approximately —22 ppm/°C, confirming the
completion of the phase transition. Given the dual-phase nature of
this continuous solid solution series, the variation in TCF can be
described by the Lichtenecker mixing rule (Eq. (2)) [51]:

where TCF, and TCF, represent the TCF values of the two phases,
and V) and V, are their corresponding volume fractions. In the
region of low cubic phase content, the dominant monoclinic
phase (positive TCF) maintains a positive overall TCF. As the
cubic phase content increases, its negative TCF contribution
intensifies, achieving a balance at x = 0.25 and ultimately causing
the overall TCF to shift from positive to negative. The excellent
agreement between the fitted values and the experimental results
(Fig. S9 in the ESM) indicates that the dual-phase structure
induced by (Sc;;,Nb,,,)*" serves as the core mechanism for TCF

https://doi.org/10.26599/JAC.2026.9221305

tuning, effectively balancing the opposing TCF values of the two
phases. Furthermore, the TCF of the material is collectively
determined by the temperature coefficient of dielectric constant
(7.) and the linear thermal expansion coefficient (e, ), as expressed
by Eq. (3) [21]:

TCF = — (% + ocL) 3)

As shown in Fig. 5(d), the oy of the LTSN, ceramics (x = 0, 0.1,
0.25, 0.5) exhibits a marginal increase with rising x, which is
attributed to the slightly higher intrinsic oy of the cubic phase
compared to that of the monoclinic phase. However, the overall
increment in o amounts to only 125 ppm/°C, making its
contribution to the TCF variation negligible. Further calculation
based on the above equation yields 7, values of approximately
-108.3 and +3.2 ppm/°C for the monoclinic and cubic phases,
respectively, indicating that the TCF is primarily governed by ..
This significant contrast likely stems from the distinct oxygen
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dielectric properties between LTSN, ceramics and other representative K20 ceramics.

octahedral tilting behaviors, which fundamentally alter the
temperature dependence of polarizability [14,52].

As illustrated in Fig. 5(b), the relative permittivity (e,) of LTSN,
ceramics exhibits a linear decline with increasing x. Initially, the
total molecular polarizability (defined as o, (LTSN,) = 2a(Li*) +
(I-x)a(Ti*) + 0.5xa(Sc™) + 0.5xa(Nb*) + 3a(O*)) shows an
increasing trend with x (Fig. S10(a) in the ESM), primarily due to
the higher effective ionic polarizability of the (Sc,,Nb,,)* cluster
(3.39 A% than that of Ti* (2.93 A% [53]. However, according to
the Clausius-Mossotti equation, the macroscopic dielectric
response is fundamentally governed by the polarizability per unit
volume (a/V,,). As shown in Fig. S10(b) in the ESM, the lattice
expansion outweighs the increase in molecular polarizability,
ultimately causing an overall downward trend in the calculated
&/ V.. This downward trend perfectly aligns with the decline of the
measured . Moreover, ¢, is also closely related to the variation in
phase fraction. Notably, the pure cubic LTSN, and LTSN
exhibit comparably low &, values similar to most cubic rock-salt
materials (Fig. S11 in the ESM), which can be attributed to their
high structural symmetry restricting ionic displacement [54]. The
& of the dual-phase solid solutions follows the Lichtenecker
empirical rule (Eq. (4)) [55]:

(4)

where V), ¢, and V,, ¢, represent the volume fractions and
dielectric constants of the two constituent phases, respectively.

A
p2Y
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With increasing cubic phase content, the calculated and measured
values exhibit a highly consistent downward trend (Fig. S12 in the
ESM), indicating that ¢ is simultaneously influenced by the
evolution of phase composition.

For microwave devices, high Q is critical for achieving superior
frequency selectivity and ultra-low insertion loss. As illustrated in
Fig. 5(c), the substitution of (Sc;,Nb,,)* for Ti" vyields a
remarkable enhancement in the Qxf values of LTO ceramics.
Specifically, the Qxf value peaks at ~ 122,360 GHz for x = 0.1,
representing a nearly 3.9-fold increase over that of pure LTO
(31,430 GHz). Despite the monotonic decline observed across the
range of 0.1 < x < 0.5, the sample at x = 0.25 retains an ultra-high
Qxfvalue of ~102,330 GHz. The variation in Qxfis governed by a
complex interplay of factors, including microstructure, lattice
defects, and the cation order—disorder transition [33]. As depicted
in Figs. S13(a)-S13(h) in the ESM, the LTSN, ceramics exhibit a
porous morphology, a typical feature of Li-rich materials
originating from Li volatilization during high-temperature
sintering [12,56]. Of particular interest is the presence of
microcracks in both LTO and LTSN, samples, which likely
originate from the cleavage of weak Li-O bonds along the (002)
plane, induced by lattice stress during the cation order-disorder
phase transition [14,56]. Generally, the presence of such pores and
microcracks inevitably exacerbates extrinsic loss (Eq. (S1) in the
ESM), which is inconsistent with the ultra-low loss performance
achieved in the LTSN, sample. Meanwhile, within the range of
0.3 < x < 0.5, a significant increase in the average grain size is
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observed (Fig. S14 in the ESM), which may be attributed to the
intensified phase transition. Generally, a larger grain size typically
reduces grain boundary scattering and lowers extrinsic loss, which
contradicts the observed decreasing trend of the Qxf value in this
range. Furthermore, all LTSN, ceramics display a consistently
porous internal microstructure with no discernible differences
among samples (Figs. S15(a)-S15(h) in the ESM), further
indicating that the microstructural morphology exerts a limited
influence on dielectric loss.

During high-temperature sintering under low oxygen partial
pressure, Ti" ions in Ti-based ceramics are prone to reduction to
Ti* [57,58]. This reduction, coupled with the simultaneous
volatilization of Li, facilitates the formation of oxygen vacancies.
To probe the chemical states and defect evolution, XPS analysis
was performed, with binding energies calibrated against the C 1s
peak (284.8 eV). The survey and high-resolution spectra
(Figs. S16(a), S16(c), and S16(d) in the ESM) clearly identify
the characteristic peaks of Nb 3d and Sc 2p, verifying the presence
of Nb* and Sc** [7,31]. The high stability of these valence states
effectively circumvents the dielectric loss associated with d-d
electron transitions. To further quantify the defect concentration,
the high-resolution O 1s spectra were analyzed (Fig. 5(e)). Three
deconvoluted peaks are identified, corresponding to lattice oxygen
(529.7 eV), oxygen vacancies (531.6 eV, O,,), and absorbed
oxygen (532.5 eV) [59,60]. Upon the introduction of (Sc;,Nb,,)*,
the relative proportion of oxygen vacancies (calculated as the area
ratio of O, to the total peak area) decreases notably from 25.25%
in LTO to 20.33% and 17.87% for the x = 0.1 and x = 0.25
samples, respectively. Concurrently, a corresponding reduction in
the Ti* concentration is observed (Fig. S16(b) in the ESM). These
results demonstrate that (Sc;,Nb,,)* substitution effectively
suppresses the reduction of Ti"* and the formation of oxygen
vacancies, thereby mitigating the dielectric loss induced by such
defects and contributing significantly to the enhanced Qxf values
(33,61]. Correspondingly, the band gap energy (E,) widens to
4.07 eV for LTSN, and 3.99 eV for LTSN|,s, both surpassing that
of pure LTO (3.93 eV, Fig. 5(f)). The lower E, of LTSNy,
compared to LTSN is possibly due to excessive (Sc;,Nb,,)"
doping, causing overlapping impurity bands and band tails, which
reduce E, [57]. This enhancement may be attributed to the
reduction of defect energy levels resulting from the suppressed
formation of oxygen vacancies, as well as the incorporation of
wide-bandgap oxides [62]. A wider E, signifies a higher energy
barrier for electron excitation from the valence band to the
conduction band, which is conducive to reducing conduction
loss [57,61].

Furthermore, the variation in dielectric loss is intrinsically
linked to the structural evolution. In analogous rock-salt systems
such as LiTi_(MgysNb,3), 05  LipTij_(Al,Nby5),0; and
LisMg, ,3Sn,Nb; .30, a substantial enhancement in Qxf values
is commonly observed during the initial stage of the phase
transition [11,34,37]. In this work, the reconstructed superlattices
observed at x = 0.1 imply that minor aliovalent substitution of Ti*
by (Sc;,Nb,,)* complex ions drives this unique structural
ordering. Such structural reconstruction facilitates the reduction of
anharmonic lattice vibrations and the suppression of intrinsic
dielectric loss, analogous to the mechanism in perovskite ceramics
[63,64]. Overall, the realization of ultra-high Qxf values in LTSN,
ceramics results from the synergistic interaction between
substitution-induced  reconstructed  superlattices and the
suppression of structural defects. Subsequently, within the range
of 0.1 < x < 0.5, the linear decline in Qxf values is attributed to the
increasing cubic phase content, which intensifies long-range
disorder and consequently escalates dielectric loss [30].
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Consequently, driven by the phase transition effect, the
LTSN,,; ceramic exhibits ultra-low dielectric loss (Qxf =
102,330 GHz), excellent temperature stability (TCF = -2.3 ppm/°C),
and a lower bulk density (3.02 g/cm’, Fig. S18 in the ESM). This
material surpasses most currently reported K20 systems (Fig. 5(i)
and Tables S1 and S2 in the ESM) in terms of microwave
dielectric properties and shows high potential for the design of
next-generation lightweight ceramics.

As communication technologies evolve from 5.5G toward the
6G era, THz communication is increasingly recognized as a
critical technology. Therefore, evaluating the dielectric response in
the terahertz frequency band is essential. Figures 5(g) and 5(h)
and Figs. S19(a)-S19(c) in the ESM present the optical and
dielectric properties of LTSN, (x = 0, 0.1, 0.25) ceramics in the
0.7-145 THz range. The refractive index (n), absorption
coefficient (), and real permittivity (¢) all increase with
frequency, a trend consistent with previous reports [29,37,65].
Notably, the ¢’ values are significantly lower than those measured
in the microwave region (TE,; mode, Fig. 5(g)), which is likely
related to the relaxation of defect-induced slow polarizations at
high frequencies [66]. The substitution of Ti* by (Sc,,Nb,,)*
optimizes the defect concentration, thereby regulating these slow
polarizations and leading to the significantly lower ¢’ observed in
the THz range. ¢’ decreases with increasing x, consistent with the
trend observed in the microwave region. In contrast to LTO,
LTSNy, and LTSN, ,; show lower and more stable dielectric losses
(Fig. 5(h)), suggesting excellent suitability for THz applications,
benefiting from the suppressed anharmonic lattice vibrations and
reduced lattice defects, as discussed above.

To evaluate the application potential of LTSN ,; ceramic for
the n79 band, two distinct filter structures—a monoblock (type-1)
and a dual-layer (type-2)—were designed and simulated
(Fig. 6(a)). For the simulation, ¢ and tand of the LTSN),; model
were set to 18.6 and 7.58x10” (corresponding to Q = 13,180),
respectively. As presented in Fig. 6(b), the type-1 filter exhibits
excellent impedance matching (S, < =20 dB; minimum -53.8 dB)
across a wide passband of 4.7-5.0 GHz (bandwidth =~ 300 MHz).
Crucially, an ultra-low insertion loss (S,,) of 0.40 dB is consistently
maintained across this operating bandwidth, directly attributed to
the intrinsic high Q of the material. The dual-layer design type-2)
demonstrated similarly robust performance (Fig. 6(c)). Even with
a compact stacked architecture, the device maintains an ultra-low
insertion loss of 0.30 dB. Furthermore, this design displays steep
rejection skirts with stopband attenuation exceeding 50 dB at 4.4
and 5.4 GHz. Notably, two transmission zeros were achieved near
the passband for both structures, significantly enhancing the
selectivity of the filters [67]. These results collectively confirm that
the LTSN,; ceramic maintain exceptional signal integrity across
varying device architectures, validating its potential for next-
generation, high-performance RF components. Thermal analysis
and infrared thermographic results of the LTSN ,; ceramic are
provided in Figs. $20-S26 in the ESM.

4 Conclusions

In summary, a novel dual-phase structural regulation strategy is
demonstrated to address the critical performance bottlenecks of
LTO-based microwave dielectric ceramics. Structural analyses
reveal that (Sc,,Nb,,)" substitution drives a continuous
monoclinic-to-cubic phase transition with increasing doping
levels. Crucially, the stabilization of the high-temperature cubic
phase is attributed to the combined effects of the reduction in T,
and the induced lattice distortion. The variation in the relative
content of the monoclinic and cubic phases effectively modulates
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the microwave dielectric properties, particularly the dielectric
constant and TCF. Meanwhile, the achievement of ultra-high Qxf
is ascribed to the local superlattice reconstruction and the
inhibition of lattice defects, which significantly suppress extrinsic
dielectric loss. Consequently, superior microwave dielectric
performance is achieved in the LTSN, ceramic, including an &,
of 18.6, a remarkable Qxf value of 102,330 GHz (at 7.76 GHz),
and a near-zero TCF of —2.3 ppm/°C. Additionally, the practical
potential of the LTSN;,; ceramic for 5.5G applications is
comprehensively validated by its terahertz dielectric response,
thermal management capability, and simulated filter performance.
This work opens new avenues for designing high-performance
microwave dielectric ceramics for next-generation wireless
communication systems.
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