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Adjusting the concentration of free carriers is a direct strategy to achieve ideal negative permittivity.
Employing chemical methods for atypical ion doping is an effective approach to regulate the concen-
tration of free carriers. Owing to the A-site tunability of perovskite manganese oxides, doping with multi-
valent ions becomes particularly favorable. In this study, to realize temperature-stable negative permittiv-
ity, mono-phase La;__,CaK,MnOz (named LCKMO) perovskite crystals having diverse compositions
were prepared using an ultra-high-alkaline hydrothermal method. Heterovalent ion doping (La®*, Ca®",
and K*) at the A site within the perovskite crystal structure occurred with the help of the disproportiona-
tion reaction of Mn ions at the B site under extreme hydrothermal conditions. By adjusting the La/Ca ratio,
we can vary the doping content of K*. Experimental results demonstrate that as the concentration of K*
increases, so does the concentration of Mn oxide states, indicating that the increase in free carriers con-
tributes to enhanced negative permittivity and reduced dielectric loss. This work thus pioneers a novel
synthetic pathway for the creation and design of materials having negative permittivity.
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Perovskites are a typical mono-phase negative dielectric
material having a flexible structure that allows optimization of
dielectric properties by doping with different cations or com-
ponent modulation.”™® Especially, in the perovskite manga-

Introduction

Negative permittivity (¢’ < 0), considered a supernormal prop-
erty and an artificial property, has been previously achieved
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using periodic arrays." Recently, the study of negative dielectric
constant materials has become a prominent area of
research.>® Metamaterials and composite materials whose
modulation is based on metal building blocks or intrinsic pro-
perties and microstructure of materials, respectively, are gener-
ally considered typical negative permittivity materials.*”
However, owing to the complexity and instability of metama-
terials and composite materials, they are difficult to use in
practical working conditions, especially under high-tempera-
ture or high-acid/-alkaline conditions.*” To overcome this
limitation, mono-phase materials have been developed as an
alternative using feasible methods, such as band structure
modification, defect creation, and vacancy formation, to regu-
late their negative permittivity.®
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nate system, the introduction of A-site dopants alters the
Mn*/Mn*" ratio, thereby inducing changes in physical pro-
perties that can be attributed to double exchange (DE) and
Jahn-Teller effects.'*"” For example, the doping of Ca in
LaCaMnO; causes a significant dielectric response in the
material.'® In addition, Sun et al. demonstrated that by modu-
lating the concentration of Sr** in La;_,Sr,MnOj3, a synergistic
effect of dielectric resonance and plasma oscillations can be
achieved, which results in the simultaneous observation of
both Lorentz-like and Drude-like negative permittivity in
LSMO ceramics."™

Nevertheless, the effect of A-site substitution with divalent
ions (Sr, Ca, Ba, and Pb) on the mechanism is primarily attrib-
uted to the exchange effect, and the ability to induce free
carrier generation is weak.*?° Based on the Drude or Lorentz
model, free charge carriers are key factors that enhance nega-
tive dielectric properties because of their thermal excitation
and plasma oscillation.*" The above regulation of negative
dielectric properties is limited to the substitution doping of
divalent or trivalent ions at the A site. In terms of changing
the states of local and itinerant electrons in a perovskite
system, stronger heterovalent doping provides an effective
strategy. Compared with the doping of trivalent ions with diva-
lent ions, the doping of monovalent ions induces considerable
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fluctuations in the electric potential and considerable charge
fluctuations, which is a two-fold strategy to divalent
doping.*>** However, monovalent ion doping by a high-temp-
erature solid-phase or sol-gel method often leads to issues
such as phase separation and oxygen vacancy.>*** To avoid the
above problems, it is necessary to explore and optimize new
chemical synthesis methods to obtain more suitable A-site
monovalent ion doping effects.

Herein, in continuation of the hydrothermal synthesis of
La;_,,Ca,K,MnO; (LCKMO) on transport characteristics, we
explored the effect of the A-site heterovalent ion doping of
LCKMO on its dielectric properties, and the effect of valent ion
(K") doping on the intrinsic mechanism is elaborated here too.
In this study, a series of LCKMO cubic crystals with different
contents were successfully synthesized using a hydrothermal
method. K" doping induces a modification in the coordination
environment of Mn. When La®* and K* concentrations are sim-
ultaneously increased and the Ca®*' content is decreased, it
induces the presence of multiple valence states of Mn and con-
sequently alters the electron concentration of Mn. More impor-
tantly, O exists in an equilibrium-deficient state and therefore
does not considerably change for oxygen. This in turn is
responsible for the appearance of a negative permittivity of the
material. All of these negative permittivity characteristics are
successfully achieved in the 20 Hz-2 MHz range.

Results and discussion

An unconventional hydrothermal method was employed to
synthesize perovskite manganates with the addition of 60 g of
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KOH (Scheme 1).>**” The large amount of KOH in the hydro-
thermal autoclave makes the reactant ions to be in a state
similar to that of molten salt. The resulting ultra-high-alkaline
environment forces K' into the LCMO lattice with ease.
Moreover, the quasi-melting hydrothermal condition induces
the disproportionation reaction of Mn*" and facilitates the
doping of three cations (La®", Ca** and K") into the A site.”®
Fig. 1a shows the XRD patterns of perovskite
La;_,,Ca,K,MnO; with different La/Ca ratios with the
addition of 60 g of KOH. Based on the ratio of La/Ca and K,
the samples were named LCKMO-1, LCKMO-2, LCKMO-3,
LCKMO-4, LCKMO-5, and LCKMO-6. The XRD patterns of
LCKMO are shown in Fig. 1a; after the hydrothermal reaction
at 260 °C for 72 h, K" gets doped into the lattice and a super-
lattice is obtained in the range of 5°-20°.”” In addition, with
the increase in the La®* and K* concentration in the com-
pound, the diffraction peaks corresponding to the (110)/(104)
and (200)/(204) crystal planes of perovskite at 32°-34° and 45°-
49° undergo splitting (Fig. 1b and c). The splitting distance
increases with the increase in the peak strength of the splitting
peak. This is because the radius differences of La**
(0.106 nm), Ca>" (0.099 nm), and K (0.133 nm) in the A-site
are considerable. As the La®* and K* concentrations increase
and the Ca®>' concentration decreases, considerable stress is
are generated inside the crystal, leading to lattice expansion
and results in the splitting of diffraction peaks.>®*° The
increase in peak ratio indicates that the Mn—-O-Mn bond angle
(Ovn-01/6vn-02) and the Mn-O bond distance (dyn-o)
increases, which indicates that the double exchange inter-
action between Mn**-0*"-Mn*" is considerably enhanced and
leads to the octahedral distortion of MnOg,*°* thereby
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Scheme 1 Schematic of the synthesis route and regulation mechanism of the perovskite LCKMO doped with heterovalent ions.
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Fig. 1 (a) XRD patterns of La;_,_,Ca,K,MnOz (LCKMO) samples. (b and c). Magnification of the two major diffraction peaks selected. (d—i) SEM
images of perovskites LCKMO-1, LCKMO-2, LCKMO-3, LCKMO-4, LCKMO-5, and LCKMO-6.

affecting the crystal structure of LCKMO. As can be seen in
Fig. 1d-i, SEM images show that the LCKMO crystals syn-
thesized by the hydrothermal reaction are cubic in shape, with
a relatively uniform grain size. The size of cubic crystals is
10-35 pm. Furthermore, the surface of cubic crystal gradually
becomes smooth and is compact with a decrease in Ca®"
content and an increase in K content, which indicates that
maintaining conditions of ultra-high-alkaline concentration
solution in a hydrothermal reaction system is beneficial for
the regulation of the morphology and size of complete LCKMO
cubic crystals.

Next, inductively coupled plasma (ICP) spectroscopy was
performed to analyze the content of La, Ca, K and Mn, and the
chemical formulae of these materials were determined

4336 | Inorg. Chem. Front., 2025, 12, 4334-4344

(Table S1 and Fig. S1t). The energy-dispersive spectrometry
(EDS) mapping images were obtained to analyze the element
distribution of the LCKMO (Fig. S2t). EDS images demonstrate
that the cubic crystal contains La, Ca, and K. The above results
indicate that the successful doping of A-site heterovalent ions
of perovskite has been achieved in the hydrothermal reaction
of ultra-high-alkaline concentration solution system and
perfect cubic crystals were obtained.

To research the relationship between the surface valence
state information of the samples, XPS spectra were tested to
analyze the valence state of LCKMO. Except for the C element,
La, Ca, Mn, and O also exist, as can be seen in the XPS spectra
(Fig. S31); the K element cannot be detected owing to the low
content of doped K'. As can be seen in Fig. 2a, the character-
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Fig. 2 (a) La 3d XPS spectra, (b) Mn 2p XPS spectra, and (c) O 1s XPS spectra for LCKMO samples.

istic peaks at 852.0 and 835.0 eV are attributed to La 3d;/, and
La 3dsp, respectively.®*?* Electron transfer from the ligand
atom to the ionized 4f, orbital of the La core atom is con-
sidered to be the origin of the observed complex peak struc-
ture, and the characteristic peak at ~835.0 €V can be related to
the electron transfer to the 4f, orbital.>® In addition, with the
increase in concentration of La** and K', the characteristic
peak has a slight shift toward a higher binding energy, which
indicates the presence of La species with a high oxidation
state. As per the Mn 2p XPS spectra shown in Fig. 2b, the
characteristic peaks at 654.0 and 642.0 eV are attributed to Mn
2p1/» and Mn 2pgy,, respectively;*® moreover, the peaks at 542.2
eV and 654 eV are associated with Mn>®" species, and peaks at
544.8 eV and 657.8 eV are associated with Mn*" species.?”*®
The peaks of Mn 3d and 2p in LCKMO shift to a high binding
energy as the K* doping concentration increases, which indi-
cates that high-concentration KOH doping in the hydrothermal

This journal is © the Partner Organisations 2025

reaction system allows Mn species to exist in higher oxidation
states and affects the degree of charge order of Mn. As shown
in Fig. 2c, in the O 1s XPS spectra, the peaks at 532.1, 531.0
and 529.4 eV belong to O; (surface adsorbed water), Oy
(surface adsorbed oxygen) and Oy (lattice oxygen), respect-
ively.>® Table S21 shows the variation of peak area for various
oxygen species; from the fitting results of the O 1s peak area, it
can be observed that there is little difference in the lattice
oxygen content and oxygen defect concentration of a series of
LCKMO samples, illustrating that the doping of KOH has a
relatively small effect on the valence state change of oxygen.
Reports have shown that it is conducive to tune the negative
dielectric properties of the sample at different temperatures.*°
Moreover, to research the effect of doping of A-site heterova-
lent ions in perovskite LCKMO under ultra-high-alkaline con-
centration solution on their internal atomic coordination
environment, the Mn L-edge, K-edge and O K-edge of the
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samples were tested to research their spin states, bond
covalent characteristics, and electron density on the outer
surface."’ The peak intensity and peak movement in the
XANES spectra represent the orbital occupation state of the
atoms.*> Mn L-edge XAS spectra in Fig. 3a show that peaks at
L; edge and L, edge of LCKMO shift to high energy, which
indicates the presence of high oxidation states. The variation
of the Mn L-edge indicates that the doping of multiple hetero-
valent ions in the A-site of LCKMO not only affects the A-site
but also changes the coordination environment of Mn.
Moreover, in the O K-edge shown in Fig. 3b, peaks A and B
belong to Mn 3d and O 2p orbits, respectively, and peak C
belongs to the hybridization of A site and O 2p orbits, and
peak D belongs to the hybridization of Mn 4sp and O 2p
orbits.*> The peak A and peak B changes are not significant.
This result provides a new phenomenon and perspective for
the explanation of the mechanism of negative permittivity as it
indicates that the advantage of hydrothermal disproportiona-
tion provides favorable conditions for the doping of divalent
ions in ultra-high-alkaline concentration solutions and bal-
ances the coordination environment of O. Therefore, LCKMO
may contain various Mn ions (such as La*", Ca®*, and K") in
different chemical environments, stabilized by adjusting the
hybrid orbitals between Mn 3d and O 2p.** Subsequently, from
the Mn K-edge EXAFS spectra displayed in Fig. 3c, it can be
observed that the peak shifts to higher binding energy com-
pared with other samples. To elucidate the local structure of
the Mn atom in the perovskite, the K-space and R-space
Fourier transform of the EXAFS spectra for Mn K-edge were
obtained. As shown in Fig. 3d, in the Fourier-transformed
spectra of R-space in LCKMO, peaks at 1.5 A and 3.5 A belong
to the Mn-O bond and Mn-La/Ca/K coordination bond
(without phase correction), respectively.””** The M-O bond of
LCKMO-1 has the highest and longest coordination bond inten-
sity, and the M-O bond of LCKMO-6 has the lowest coordination
bond intensity. Note that the Mn-La/Ca/K coordination bond
intensity of LCKMO-1 is low and slightly shifted to the left, and
the Mn-La/Ca/K coordination bond intensity of LCKMO-6 is the
largest and the Mn-La/Ca/K bond is the longest. The EXAFS
wavelet transform spectra of Mn in Fig. 3e-j shows that the peak
positions of K-space and R-space for the Mn-O coordination
bond and the Mn-La/Ca/K coordination bond of the sample do
not considerably change. However, as the La/Ca and K" concen-
trations increase, Mn-La/Ca/K coordination bond intensity
gradually increases, and the coordination of the covalent bond
with O weakens.”> These results demonstrate that the hydro-
thermal synthesis method is advantageous for doping divalent
metal ions in ultra-high-alkaline concentration solution systems.
It can regulate the coordination environment of elements at the
A and B sites, resulting in a higher mixed valence state of Mn at
the site, which can increase the concentration of free carriers.
Moreover, the change in O is not significant. Therefore, based
on these changes, we will continue to explore the impact on con-
ductive ability and dielectric properties.

Conductivity, as a key physical quantity characterizing the
conductivity characteristics of materials, can effectively reveal
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the internal carrier transport mechanism of materials. As
shown in Fig. 4a, the DC conductivity (o4.) of the LCKMO
system exhibits temperature dependence. Note that as the
temperature increases, the conductivity of the 5 sample groups
shows a gradually increasing trend. The conductivity of the
LCKMO-6 sample first increases and then slowly decreases
with temperature changes. The above conductive behaviour
can be fitted using the Arrhenius equation:*°

p :Ae—Ea/KBT (1)

where ¢ is the direct current (DC) conductivity, A is the pre-
exponential factor, E, is the activation energy for conductivity,
Kg is the Boltzmann constant, and 7 is the absolute tempera-
ture (K). According to the linear fitting results of the Arrhenius
equation (eqn (1)), the activation energies E, of the LCKMO-1-
LCKMO-5 sample groups exhibit low characteristic values,
which can be attributed to the conduction mechanism of ther-
mally excited charge carriers in intrinsic semiconductors.
However, the LCKMO-6 sample exhibits a unique conductivity
behaviour, with its DC conductivity showing a nonmonotonic
characteristic of increasing first and then decreasing with the
change of temperature. This complex temperature dependence
typically indicates the competition or transformation of mul-
tiple conduction mechanisms within the material.*”*° By
fitting and analysing the low-temperature region (T < 125 °C)
and high-temperature region (7 > 125 °C) of LCKMO-6 from
eqn (1), the transition temperature is determined to be 125 °C.
The transformation of this conductivity behaviour may be
attributed to the doping of K, which generates a large number
of free electrons.’>>! Based on the above experimental results,
the conductivity behaviour of the LCKMO system exhibits a
plasma characteristic behaviour similar to metals, thus provid-
ing the possibility for achieving negative permittivity.”*

Fig. 4b, ¢ and Fig. S4t1 show the AC conductivity spectra of
LCKMO samples measured at room temperature and various
temperatures. As demonstrated in Fig. 4b, K" doping consider-
ably influences the conductivity variation, with the conduc-
tivity exhibiting a gradual enhancement as the K' doping con-
centration increases. Notably, samples containing lower Ca**
and higher K" concentrations display a characteristic decrease
in conductivity with increasing frequency, which persists even
at high-frequency ranges. This frequency-dependent behaviour
of conductivity in metallic materials can be described by the
following relationship:*®

Gacw>

Oac = wzd; ;12 (2)

In eqn (2), 64 is the DC limit of the Drude model, w, is the
reciprocal of the collision frequency and relaxation time (w. =
1/7), and w. is the damping parameter. The experimental data
shown in Fig. 4b exhibits agreement with the theoretical
equation, suggesting that o,. is predominantly governed by a
substantial population of free electrons. Note that the tempera-
ture plays a crucial role in determining the electronic states,
particularly influencing both electron concentration and mobi-
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Fig. 3 (a) Mn L-edge X-ray absorption spectra of the perovskite LCKMO. (b) O K-edge X-ray absorption spectra of the perovskite LCKMO. (c) Mn

K-edge EXAFS of all perovskite samples. (d) R-space Fourier-transformed FT (k®y(k)) of Mn K-edge EXAFS for all perovskite samples. (e—j) Wavelet
transforms for the k3-weighted EXAFS signals for all perovskite samples.
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Fig. 4 (a) Temperature-dependent DC conductivity of the perovskite LCKMO. (b) AC conductivity of the perovskite LCKMO at room temperature.
(c) AC conductivity of LCKMO-2 as a function of frequency at various temperatures. (d) Negative permittivity of the perovskite LCKMO as a function
of frequency at room temperature. (e) Relationship between the extreme value of the negative permittivity and the La/Ca content and the K*
content. (f) Negative permittivity of LCKMO-6 as a function of frequency at various temperatures. (The orange solid lines in (d) and (f) are the fitting
results based on the Drude model. The inset in (b) is the selectively enlarged details in the high-frequency region. The insets in (d) and (f) are the

selectively enlarged details in the low-frequency region.).

lity. As demonstrated by Fig. 4c and Fig. S4,T the sample’s con-
ductivity demonstrates a remarkable increase with increase in
temperature. This phenomenon can be attributed to pro-
nounced phonon scattering effects, where weakly bound elec-
trons gain sufficient energy to overcome ionic potential bar-
riers, thereby increasing the population of unbound elec-
trons;® even at high temperatures, it maintains a metallic-like
behaviour.

Subsequently, the permittivity (e;) and dielectric loss (tan &)
of perovskite LCKMO as a function of frequency at various
temperatures were tested. As can be seen in Fig. 4d, at room
temperature, all six sample groups exhibited negative permit-
tivity across the entire experimental frequency range. In the
magnified image, it can be seen that the absolute value of the
negative permittivity increases with frequency at low frequen-
cies (<10® Hz). Note that negative permittivity shows a ten-
dency to stabilize at higher frequencies. The relationship
between the negative permittivity and the La/Ca content versus
the K" molar ratio provides additional insight into this
phenomenon. As can be seen in Fig. 4e, the absolute value of
the negative permittivity shows a significant enhancement
with increasing K' concentration as the La/Ca ratio gradually
increases. When the negative permittivity has a negative value
throughout the entire measurement frequency range, its absol-
ute value demonstrates a characteristic decrease with fre-

4340 | Inorg. Chem. Front, 2025, 12, 4334-4344

quency similar to the plasma behaviour observed in metallic
systems. This similarity arises from the collective oscillation of
electrons under external electric field excitation, leading to the
induction of a plasma state.>® From a theoretical perspective,
the observed negative permittivity can be attributed to the
plasmon of free electrons within the material system. This
behaviour is well-described by the Drude model derived from
free electron theory, which successfully explains the frequency-
dependent variation of the negative permittivity.*’

2
[0
t=1-—F— 3
Er w2 ¥ CUTZ ( )
ne?
o=\ (4)

In the formula, o is the angular frequency (@ = 27f), w;, is
the plasma frequency, ne is the effective concentration of free
electrons and m* is the effective mass of electrons, g, is
vacuum permittivity (8.85 x 107" F m™"). The Drude model
(the orange solid lines in Fig. 4d, f and Fig. S51) agrees well
with the experimental results. In addition, as shown in Fig. 4f
and Fig. S5, the negative permittivity of perovskite LCKMO
can be observed to vary with the function of frequency at
various temperatures. Within the testing range of 20 Hz-

This journal is © the Partner Organisations 2025


https://doi.org/10.1039/d4qi03217a

Published on 21 Maart 2025. Downloaded on 2026-06-11 8:59:35 nm..

Inorganic Chemistry Frontiers

2 MHz, the permittivity remains negative. The absolute value
of the negative permittivity increases with the increase in
temperature. We this amplified the low-frequency range (<10°
Hz) of the curve. It can be seen that the negative permittivity of
the sample remains almost unchanged with frequency in the
low-frequency range. However, as the concentration of K"
increases, the absolute value of the negative permittivity
increases. Thus, the negative permittivity of the same sample
increases with temperature, and the absolute value of the
negative permittivity at low frequencies also increases.
Compared with room temperature, although high temperature
increases Drude damping, in simple metal materials, o, is
usually considerably lower than wp;’” it is a stable negative
value, which indicates that the plasma state will not be
destroyed at high temperatures. In addition, it was found that
the negative dielectric behaviour at very low frequencies (<10
Hz) is not satisfactory. We believe that in the <10° Hz range, it
can be combined with the previous DC conductivity data to
obtain the higher the DC conductivity at low frequencies, the
greater the absolute value of the permittivity. This is attributed
to the increase in the concentration of free charge carriers.
However, the dielectric loss of the sample gradually decreases
with frequency. At different temperatures, as the temperature
of the sample increases, the dielectric loss shows a decreasing
trend (Fig. S61). This can be attributed to the fact that the
higher the temperature, the more intense the electron motion,
and dielectric loss may be the main mechanism of conduction
loss. Moreover, within the testing range, the dielectric loss of
the sample is positive. Under the condition of gradually
increasing La/Ca, the dielectric loss decreases as K' concen-
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tration increases. Compared with other samples,
LCKMO-6 has the lowest negative dielectric loss (Fig. S6ff).
When K" is doped into LCMO, there will be a large number of
free electrons in the sample. The increase in carrier concen-
tration and the decrease in resistivity result in the generation
of more conduction current, leading to an increase in conduc-
tion loss and ¢; will rapidly decrease at low frequencies. The
imaginary part of the permittivity is almost inversely pro-
portional to frequency. This indicates that conduction loss
plays a major role.* At the high-frequency region, the value of
dielectric loss tends to flatten, indicating that polarization loss
is dominant.’® The above results show that doping of various
heterovalent ions in the A-site increases the more Mn mixed
valence and balances the defective changes in O, which makes
the concentration of free carriers reduce, facilitating the
optimization of the negative permittivity and the reduction of
the dielectric loss.

In addition, we researched the effects of different frequen-
cies on the negative permittivity and dielectric loss of
materials within a certain temperature range. As shown in
Fig. 5 and Fig. S7,f perovskite LCKMO has an ideal tempera-
ture stable negative permittivity constant and low dielectric
loss in the range of 25 °C to 300 °C. Furthermore, LCKMO-1,
LCKMO-2, LCKMO-3, LCKMO-4, and LCKMO-5 show dielectric
relaxation in the range of 200 kHz. To summarize, with the
increase in frequency, its permittivity gradually increases and
remains below zero. However, when LCKMO-5 is in the range
of 200 kHz-2 MHz, the curve gradually tends to flatten and
does not change with temperature. The temperature-stable
negative permittivity is attributed to the collision frequency

(a) o [ —— (1) 0.0
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Fig. 5 (a—f) Temperature-dependent negative permittivity (¢r) of the perovskite LCKMO samples.
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(w;) being considerably lower than the plasma frequency
(wp).>” The curve of LCKMO-6 in the range of 2 kHz-100 kHz
decreases first and then increases, which is different from
other samples. Note that their negative permittivity at low fre-
quency reaches 10° orders of magnitude; the negative permit-
tivity gradually improves with the increase in frequency, which
is consistent with the above phenomenon that the negative
permittivity increases as the frequency at temperature change
increases. Moreover, their dielectric loss decreases as fre-
quency increases (Fig. S71). Based on the above results, it can
be seen that as La/Ca and K* concentrations increase, dielec-
tric loss gradually decreases. In general, with the increase in
K" doping concentrations, the smaller the negative permittiv-
ity, the smaller the dielectric loss. The reason is that in a
hydrothermal environment, high-temperature and high-alkali
conditions successfully doped heterovalent ions into LCKMO.
Therefore, by regulating the A-site metal cation content and
changing the mixed valence state of Mn atom in B-site, the
generation of free charge carrier is promoted and is beneficial
for optimizing its dielectric performance and reducing dielec-
tric losses. Based on the analysis of the above experimental
results, it can be concluded that (1) with the increase in K"
concentration, the absolute value of its negative permittivity is
greater, and the dielectric loss is smaller, and (2) the curve
change process of the atlas may be closely related to the exist-
ence of diodes and superconductors. This study not only
makes a significant contribution to the in-depth interpretation
of the negative dielectric properties and internal mechanisms
of perovskites but also the possibility of diode superconduct-
ing phase transition appearing for the first time in an LCKMO
cubic crystal.

Conclusion

In summary, we adopted a strategy of doping with heterovalent
ions and successfully achieved the doping of A-site divalent
ions (La*", Ca**, and K") in LCKMO through hydrothermal dis-
proportionated reaction at ultra-high-alkaline concentrations.
Under these conditions, this doping strategy obtains perfect
cubic crystals, changes the proportion of A-site ions, increases
the mixed valence state of Mn, enhances the coordination
charge density of Mn between the A-site metal cations and bal-
ances the coordination environment of oxygen atoms, which
increases the concentration of free carriers. By testing the
dielectric property, it is found that as the content of K'
increases, the negative permittivity under variable temperature
conditions decreases with increasing temperature. In the vari-
able frequency conditions. Moreover, as the frequency
increases, the negative permittivity increases to a value close to
zero permittivity, and the dielectric loss decreases to a
threshold value close to zero. These results explain that a satis-
factory negative permittivity and reduced dielectric losses are
obtained. This study not only provides new ideas for the
design and optimization of perovskite materials but also pro-
vides a new way to regulate the negative permittivity.
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