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This work aims to achieve the excellent microwave absorption in layered dielectric
nickelate compounds. The phase, microstructure, electromagnetic properties, and
microwave absorption of the Sr-modified Las_xSr¢NiOs+5 (x = 0, 0.3, 0.5, 0.75)
nickelates were investigated, determining and analyzing the role of Sr doping level. Al
compounds reveal the single tetragonal phase identified as the /14/mmm space group,
and the lattice parameters correlate with the doping content, evidenced by Rietveld
refinement. By introducing strontium, the pronouncedly increased electronic conductivity
contributes to the high dielectric loss, which gives rise to a superior attenuation ability
and absorbing bandwidth. A minimum reflection loss of -21.07 dB was found in
Las_xSryNiO4 15 (x =0.75) at a thickness of 1.9 mm, covering the effective bandwidth of
2.9 GHz. This enhanced microwave absorbing performance in nickelate shows promise
in the radar absorbing field.

Keywords: electromagnetic absorbing materials, nickelate LagNiO4, Sr substitution, paramagnetic behavior,
dielectric loss

INTRODUCTION

With the considerable advancements of electrical communication technology, an extensive spread
of ubiquitous electromagnetic interference (EMI) has caused a rising problem in both civil and
military domain. Directed at this, broadband and high-efficiency microwave absorbing materials
(MAMs) are urgently demanded to weaken or eliminate the unwanted electromagnetic signals
for next-generation military electronics in aspects of all-electric aircraft, stealth fighter, defense
security, etc. (Qi et al., 2016; Wei et al., 2018; Liu et al., 2019). Designing high-performance MAMs
and applying these functionalized materials in actual operation are scientifically interesting and
of technological importance. Intensive efforts have been spent on exploring popular alternatives
for MAMs, involving carbonaceous absorbent (Chen et al., 2018, 2019), dielectric ceramics (Duan
et al., 2016; Liao et al, 2017), conducting polymers (Wang et al., 2017), ferrite (Shen et al.,
2017; Shang et al., 2018), magnetic metal (Chen et al,, 2017), novel cermet (Luo et al., 2018;
Feng et al.,, 2019), etc. Proverbially, MAMs with desirable attenuation capability covering wide-
band frequency accord with two strict technological demands: reduced surface reflection and
enhanced internal attenuation capability. To meet the above requirements, dielectric ceramics
should stipulate a moderate permittivity and high dielectric loss. For typical design case in X-band
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at a given thickness, the optimum complex permittivity (¢’ -
j€¢'’) corresponding to minimum reflection loss (RL) in dielectrics
is confined to the 20-5j to 10-3j, according to the relationship
between permittivity and reflection coefficient (Kong et al.,
2013). Furthermore, an appropriately high electrical conductivity
(ranging 0.01-100 S/m) of MAMs favors high absorption
capability (Huynen et al., 2011; Bollen et al., 2013).

LayNiOy4 nickelate with the K,NiF4-type structure is an
important class of dielectrics that have gained increasing
attention, not only because of its attractive multifunctional
applications in fuel cell cathode domain but also because of
its interesting structure and electrical behavior, especially its
permittivity (Rivas et al., 2004; Liu et al., 2009; Zhou et al.,
2016). The room-temperature permittivity of La;NiO4 over
10* locates a wide frequency window from kHz to GHz
(Krohns et al., 2009; Chouket et al., 2016a; Zhou et al., 2016).
Concerning microwave absorption application, however, it
is unsatisfactory that La;NiOy4 exhibits an antiferromagnetic
ordering and weakened room-temperature magnetism. As
a result, this makes a large imbalance between permittivity
and permeability and thus poor impedance match. Moreover,
the imaginary part of permittivity is negligibly small beyond
MHz, failing to achieve high dielectric loss (Krohns et al,
2009). A deep excavating of microwave dielectric loss
mechanism could potentially favor the design of such system
for microwave absorbing applications, if the dielectric loss is
strengthened in GHz.

The exciting results have demonstrated that the partial
substitution of La by Sr in La;NiO4 nickelate effectually
improves the dielectric response, electrical conductivity, and
magnetic properties by way of crystal structure manipulation,
which seems to be an efficacious approach to ameliorate
microwave absorbing properties. Electrically, as reported
by Cava et al. (1991) and Wu and Neumeier (2003), the
room-temperature conductivity in Lay_ySryNiO44s solid
solution lifts significantly with increasing Sr doping level
from 0 to 1. Particularly worth mentioning is that when the
doping level is in excess of 0.5, the conductivity increases
dramatically at least one order of magnitude. Magnetically, the
substitution of Sr for La exhibits a paramagnetic characteristic
and an enhanced spontaneous magnetization (Tran et al,
2013; Freeman et al., 2017). From these viewpoints, one can
learn that the doping effect may also give rise to tunable
electromagnetic properties and hence encouraged us to
investigate the microwave absorption. For a typical example,
Tho et al. (2014) studied the microwave absorption ability
of Sr-doped Laj.5Srg.5NiOy44s ultrafine particles and found
that it delivered an absorption peak of -36.7 dB at a thickness
of 3.0 mm covering an absorption bandwidth of 1.4 GHz
(9.2-10.6 GHz). However, the underlying mechanisms of
dielectric responses are not fully discussed. Subsequently, they
designed a magneto-dielectric composite by integration of
magnetic CoFe;O4 nanoparticles and La;.5Srg.5NiOy 45, in order
to enhance microwave loss capability (Xuan et al., 2014). The
composite 0.4CoFe;04-0.6La;.5Sr.5NiOy4 exhibited a broadened
absorption bandwidth of 2.6 GHz (13.5-16.1 GHz) at a relatively
thin layer of 2.5 mm. However, studies concerning the structure

regulating electromagnetic performance in dielectric La;NiOy4
are still limited.

In view of the above reports, we have experimentally carried
out a detailed study on the microstructure, electromagnetic
behavior, and microwave absorption of Sr-substituted
Lay_xSrgNiO4+5 (x = 0, 0.3, 0.5, 0.75). The doped nickelate
is elaborated by the sol-gel method, and the relationship
between the crystalline structure and electromagnetic property
is emphatically investigated. The results indicate that the
modified nickelate exhibits an enhanced microwave absorption
performance in X-band, which further expands its applications.

EXPERIMENTAL

Lay _xSryNiO445 (x = 0, 0.3, 0.5, and 0.75) oxides were
synthesized by a sol-gel method. Analytical reagent grade
precursors used as starting materials were La(NO3)3-6H,0,
Sr(NO3);,, and Ni(NOs3),-6H,O. Citric acid was used as a
chelating agent, and deionized water served as a solvent. The
molar ratio of nitrate to citric acid was 1.2:1.0. Precursors
weighted stoichiometrically were firstly dissolved into citric acid
solution in an orderly manner and the pH value was adjusted
to 7 by ammonia. Then, the precursor solution was mixed
homogeneously, evaporated, and completely dried to obtain the
xerogel. The obtained xerogel was ground, pre-sintered to burn
out organics, and sintered at 1000°C for 4 h. Subsequently,
the sintered powder was water-milled, dried, and granulated by
sieving. A similar experimental procedure can be seen in previous
reports (Liu et al., 2019). Prior to heating, the milled powders
were mixed with 2% polyvinyl alcohol, pressed into pellets, and
placed in a platinum crucible. Finally, the pellets were sintered
at 1220°C for 6 h in ambient condition and cooled down slowly
to room temperature. For the characterization, some pellets were
used for phase, microstructure, and electrical characterization
and others were crushed into particles and screened through 300-
500 mesh to obtain the microparticles with a size of 30-50 pm
for electromagnetic measurement. The microtopography for the
as-screened microparticles is shown in Figure 2d.

The crystalline phase of the sintered pellet was detected by
X-ray diffraction (XRD, Philips X-pert PRO), using a Cu-Ka
radiation of X = 1.5406 A (Duan et al, 2019). The crystal
structure was analyzed by the Rietveld method using the GSAS
program (Larson and Von Dreele, 2004). Grain structure and
micromorphology of sintered pellets were checked using a
scanning electron microscope (SEM, TESCAN VEGA 3), and the
stoichiometric ratio was checked by matched energy dispersive
X-ray spectroscopy (EDS) (Jiang et al., 2020). The bulk density
of sintered pellets was measured using Archimedes’ method.
Resistivity measurements of bulks and composites were carried
out using a precision LCR meter (TH2829C) and standard four-
probe dc method, respectively. The magnetic hysteresis loops
were characterized by a vibrating sample magnetometer (VSM,
Lakeshore 7404). For electromagnetic measurement, the refined
powders were homogenously dispersed into paraffin wax with a
mass fraction of 80%, and then the mixtures were pressed into a
compact toroid composite with an outer diameter of 7 mm, an
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inner diameter of 3.04 mm, and a thickness of 2.0 mm. Complex
permeability and permittivity (e, = € - j¢” and p, = p’ - ju”’)
were assessed on a vector Network Analyzer (Agilent N5230A)
in a frequency range of 8-18 GHz. The RL of composites was
collectively calculated based on the transmission line theory from
the measured complex permeability and complex permittivity
(He et al., 2018; Liu et al., 2019).

Zin = Zo\/?tanh [i(z%r)«/ure,fd] (1)

Zin — Zo

where Z;, represents input impedance, Z, denotes the free-space
impedance and is equal to 377 €, f is the frequency, ¢ represents
the velocity of microwave in free space, and d corresponds to the
absorber layer thickness.

RESULTS AND DISCUSSION

Figure 1A shows the measured XRD patterns of the undoped
LayNiOy4 and doped Laj_ySrgNiO44s (x = 0, 0.3, 0.5, 0.75)
compounds. All recorded diffraction peaks accord with the
K;,NiF,-type structure phase, revealing the presence of a
distinctive tetragonal lattice (I4/mmm space group) (Ruddlesden
and Popper, 1957; Ganguly and Rao, 1984). No unintentional
impurity or secondary phase was discerned. For the modified
counterpart, the intense diffraction peak shifts to the low angles
as the Sr content increases. This result is attributed to the
intercalation of partially large Sr?T ions (1.31 A) into the
small La’t jon (1.216 A) site (Shannon, 1976), which causes
an expansion of unit cell (as shown in Table 1). To further
obtain more crystal structure information of the modified sample,
Rietveld refinement was carried out using the tetragonal 14/mmm
model, and the refined structural parameters are given in Table 1.
The evolution of cell parameters with Sr concentration shows the
presence of crystal lattice and unit cell volume change behavior

for both lattice constant a and c¢. The calculated refinement
agrees well with the observed profiles, as shown in Figure 1B.
As depicted in tetragonal 14/mmm mode, La/Sr and O2 atoms
are located at the 4e (0, 0, z) site, and Ni at 2a (0, 0, 0)
and Ol at 4c (0, 0.5, 0) position, respectively (Liu et al,
2009; Chouket et al., 2016a). The stability of Lay_yxSryNiOy4s
with the K,NiF4-type structure can be evaluated in terms of
the Goldschmidt tolerance factor ¢t (Goldschmidt, 1926). The
tolerance factor t ranging over 0.88-0.99 reflects the stable
structure (Ganguly and Rao, 1984). According to Shannon’s
jonic radii (rLa3™ = 1.216 A, rSrt = 1.31 A, INi*+ = 0.56 A,
and rO?>~ = 1.40 A), the calculated tolerance factors lie
in the tetragonal symmetry stability interval, confirming the
tetragonal symmetry of the investigated phases. Similar results
were also reported in Nd-modified La;_¢NdySrFeO4 (Singhn
etal., 2014). The stable La, _4Sr¢NiOy4 nickelate displays a quasi-
two-dimensional structure in perovskite blocks, whose one rock
salt-type (La-Sr/O) layer is sandwiched by one-octahedra-thick
layer along the ¢ axis. Besides, the interatomic distances were
calculated partially for each compound, as listed in Table 1. Due
to the closely related electromagnetic property, the evolution of
bond length was discussed in subsequent analysis.

Figure 2 presents the SEM morphology of Lay_xSryNiOy45
ceramics for x = 0.0, x = 0.5, and x = 0.75 samples.
Well-crystallized and dense microstructure with an average
grain size of 0.5-0.9 wm are observed. With increasing Sr
content, there is no significant change in grain size. To
confirm chemical composition, a quantitative elemental analysis
was carried out by EDS microprobe, shown in the inset of
Figures 2a-c. Deductively, the collected chemical composition
of different grains agrees with the stoichiometric proportion
and no other elements are recorded, which confirms the
results found by XRD. The corresponding relative densities
for Lay_ SrgNiO4+5 (x = 0, 0.3, 0.5, 0.75) ceramics are
92.21, 92.77, 93.01, and 92.66% of the theoretical densities,
respectively. These recording densities are high compared to that
of Mn-substituted LaSrNiOy4 nickelates (88.6-92.6%) prepared
by solid-state reaction material consolidated at 1300°C for heat

TABLE 1 | Structural parameters of Lay _xSrkNiO4 (x = 0, 0.3, 0.5, 0.75) resulting from Rietveld refinements of X-ray powder diffraction.

Las_xSrxNiO4 x=0.0 x=0.3 x =05 x =0.75
Crystal structure |4/mmm 14/mmm 14/mmm |14/mmm
Lattice parameter a (A) 3.854 (8) 3.877 (5) 3.884 (2) 3.889 (2)
c A 12.672 (3) 12.681 (7) 12.689 (8) 12.692 (7)
Cell volume (&) 188.221 (6) 190.609 (7) 191.419 (6) 191.957 (6)
Zia/Sr 0.367 (4) 0.366 (3) 0.364 (7) 0.363 (3)
R factors Ry (%) 3.28 4.01 3.76 3.44
wRy (%) 5.63 5.45 5.58 5.63
¥2 (%) 1.77 2.06 1.86 1.49
Bond length Ni-O(1) (&) 1.936 (3) 1.932 (5) 1.930 (8) 1.929 (9)
Ni-O©2) (&) 2.309 (7) 2.288 (7) 2.271 (5) 2.260 (1)
La(sn-0(1) 2.634 (5) 2.619 (5) 2.604 (3) 2.588 (5)
La(Sr)-0O(2a) 2.339(7) 2.355 (3) 2.379 (4) 2.398 (7)
La(Sr)-O(2b) 2.779 (9) 2.788 (11) 2.794 (11) 2.801 (9)
Tolerance factor t 0.944 0.954 0.961 0.969
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FIGURE 1 | (A) XRD patterns of Lay-«xSr«NiO4 (x = 0, 0.3, 0.5, 0.75) ceramics. (B) Rietveld refinement of Lao-«SrkNiO4: observed (green line), calculated (red line),
and difference (continuous blue line near the bottom). The vertical bars indicate positions of Bragg peaks.
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FIGURE 2 | SEM micrographs of the fracture surface of Lay-xSr«NiO4 ceramics: (a) x = 0.0, (b) x = 0.5, and (c) x = 0.75. Inset shows the EDS spectrum of the
compound. (d) The micrograph of the as-screened microparticles.
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preservation at 8 h (Chouket et al., 2016b), manifesting the sol-
gel route and providing dense and pure microstructure at lower
sintering temperature in a shorter time.

Figure 3 displays the frequency-dependent complex
permittivity with different Sr doping levels in the frequency
range of 8-18 GHz. Evidently, the real part ¢’ of permittivity in
composites is highly sensitive to the strontium substitution. €'
climbs with the increasing Sr concentration. For example, the
¢/ increases with values up to 8.97, 9.83, and 13.36 for x = 0.3,
x = 0.5, and x = 0.75 at 10 GHz, respectively, which are higher
than that in the pure sample (¢/ ~ 7.98). This increased ¢’
in Sr-substituted Laj_SryNiOy+s is related to the intrinsic
polarization and charge ordering. The substitution of La with Sr
renders the distortion of (La/Sr)Og dodecahedra with changed
cation-oxygen bond length. As listed in Table 1, the release of
the compressed (La/Sr)-O(2b) bond and the elongation of the
(La/Sr)-O(2a) bond break the original non-polarity-forming
dipoles. Therefore, the electromagnetic field triggers dipoles
to reorient field direction, promoting intrinsic orientational
polarization. Furthermore, localized stripe-like charge carriers
hopping between spatially fluctuating lattice induce the
occurrence of dipolar and inhomogeneous charge distribution
in the La;NiOy4 system (Sachan et al, 1995). On account of
the low strontium doping level and oxygen non-stoichiometry
in the lattice, the nickel mostly appears in the Ni** state in
Lay_SrxNiOy4 15 (Poirot et al., 2008). An expansion of the lattice
parameter after introducing large ionic would lead to the creation
of Ni** ions in the lattice. The electromagnetic field causes the
Ni2T-Ni** dipole reorientation and rearrangement. Therefore,
the presence of charge hopping between the dipoles contributes
to the dielectric response. From the inset of Figure 3A, the
distorted Cole—Cole semicircles in the ¢’ vs. ¢’ curve correspond
to the existence of a dielectric relaxation process and confirm
the dipole polarization contributing to permittivity at microwave
frequency (Wen et al., 2013).

The €” curves shift upward compared with the unsubstituted
La;NiOy4 in the investigated frequency range. This increased
¢” stems mainly from strengthened conductance in nickelate,
following the relation €’ = o/2mfey. As shown in the inset
of Figure 3B, the conductivity increases near two orders of
magnitude than the free doped sample in compounds. The
increased conductivity derives from the contraction of the Ni-
O1 equatorial bond lengths, as described in Table 1, which
induced a large number of charge carriers in the conduction
band upon hole injection (Aguadero et al., 2006). With increasing
Sr-doping level, the hole injection effect causes more covalence
and the shorter Ni-O chemical bonds with a higher transfer
integral, yielding a strengthened charge transport across the solid.
As discussed previously, electrical conductivity plays a key role
in dielectric absorbent, which contributes to the transmission
of microwave energy to heat energy from the enhancement of
induced microcurrent. Based on the measured conductivity result
in composites, the electrical conductivity approaches 1 S/m in
Lay_4SrgNiO4+5 compounds (x = 0.75). Meanwhile, the real
permittivity ¢’ of composites seems to remain in the range 10-15
within the whole investigated frequency window, while the € is
close to 3 in the frequency range 8-13 GHz. This combination
of appropriate dielectric constant and electrical conductivity is
favorable to microwave absorbing performance.

Figure 4A depicts the frequency-dependent real part p’
and imaginary part pn'/ of permeability for Lay_xSryNiOgis
(x =0, 0.3, 0.5, 0.75) in the frequency range of 8-18 GHz. The
permeability of all samples has been found to be undulating
slightly. The nickelates show unsaturation at a magnetic field
of 20 kOe magnetization and ignorable coercivity, consistent
with the behavior in magnetization measurements (Cava et al.,
1991). Comparatively, by introducing Sr in La;NiOy4, both
the real part W' and imaginary part i show an apparent
increment in investigated frequency window. The increased p’
in doped samples depends mainly on the increased saturation
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magnetization, as shown in Figure 4B. The induced weak
magnetic moment increases almost linearly with field strength,
indicating that the Lay_Sr¢NiOy4s exhibits paramagnetic
behavior. The doping effect leads to an enhanced spontaneous
magnetization and was found to maximize at x = 0.75 with
the value of 0.52 emu/g. Similar results are observed in the
divalent Sr-doped compound BiFeOs; (Chauhan et al., 2016).
In the case of Sr-doped La,_ySrxNiO4+s5, the canting of Ni
spins caused by the structural distortion might be responsible
for the improved magnetization. The Sr substitution for La
in Lay_xSr¢NiOy44+5 compounds is charge-compensated by the
generation of extra holes, resulting from the transformation of
Ni2* to Ni** (Klingeler et al., 2005; Tran et al., 2013). Hence, the
presence of interactions of Ni>*-Ni?* and Ni**-Ni** enhances
the magnetic properties. From the inset of Figure 4A, the slightly
increased p'’ brings microwave attenuation.

According to Egs. (1) and (2), the RL map of the
Lay _«SrxNiOg+5 (x = 0, 0.3, 0.5, 0.75) composites in 8-
18 GHz covering the thickness range 1.5-3.5 mm is simulated
and illustrated in Figure 5. It is found that the microwave
attenuation ability and absorption bandwidth of La;NiOy4 are
significantly enhanced by Sr modification. Pristine La;NiOy4
obtains the maximum absorption peak of -9.28 dB (~88.19%
absorption) in the investigated frequency range at a thickness
of 3.3 mm. Note that the sample x = 0.75 exhibits a strong
intensity of -21.04 dB (~99.21% absorption) at a small thickness
of 1.9 mm, covering an effective absorption bandwidth (RL < -
10) of 2.9 GHz (9.1-12.0 GHz). Compared to that of pure
La;NiOy, composites exhibit a broadened effective absorption
bandwidth, confirming that composition modification is
helpful to attenuate microwave energy here. The absorption
bandwidth and matching thickness in Laj.p5Srp.75NiO44s
are superior to those reported in Laj.5Srp.sNiOy4s ultrafine
particles (1.4 GHz and 3.0 mm) (Tho et al, 2014) and the
0.4CoFe;04-0.6La;.551r0.5NiO415 composite (2.6 GHz and
2.5 mm) (Xuan et al., 2014).

Figure 6A shows the calculated RL of composites over 8-
18 GHz at six typical values of thickness from 1.6 to 2.1 mm for
the x = 0.75 compound. As clearly seen, the optimal absorption
peak downshifts to low frequency from 12.7 to 9.1 GHz
when the absorption layer gets thicker. Such peak shifting can
be reasonably described by the quarter-wave matching model
fr = c/4tcalm (r-gp) /2 (Liu et al, 2019), where ¢ calm and
fr are the matching thickness and frequency of minimum RL
peaks and ¢ represents the velocity of light in vacuum. The
calculated thickness ¢ calm shown in Figure 6A agrees well
with the matching thickness t matm . Since the microwave
absorption performance of MAMs is closely determined by the
microwave attenuation ability, the attenuation characteristics
of Sr-substituted Lay;NiOy4 particulate-paraffin composites were
established. The inset of Figure 6B illustrates the frequency-
dependent dielectric loss tangent (tand, = ¢”’/¢’) and the magnetic
loss tangent (tand,, = p'//i') for the x = 0.75 sample. The
frequency-dependent dielectric and magnetic losses exhibit an
almost reverse tendency. Further, the larger tand, than tan3,,
indicates that the main contribution of the attenuation capability
comes from the high dielectric loss. The attenuation ability can
also be evaluated by the attenuation constant vy, given as (Fang
et al., 2016; Liu et al., 2019):

y= zjcrf\/(u”ﬁ” —we) + \/(M”S” — W)+ (e e’
3)
Attenuation constant y displays the absorption ability of
EM wave entering the absorber. The greater the value, the
more effective would be the dissipation with short propagation
distance. From Figure 6B, the Sr-substituted sample displays a
large y value in the whole investigated frequency range compared
to the undoped one, especially the highly doped samples with
high ¢’. Also, the change trend of y along with substitution
content are in accord with the RL in Figure 5. According to
the measured electromagnetic parameters, one can reasonably
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infer that a large imaginary part of the electromagnetic parameter
mainly contributes to the attenuation constant y .

Based on the analysis above, more attention should be
paid on the dielectric loss characteristic for the Sr-substituted
Lay_«SryNiOy4+s nickelate. As illustrated in Figure 3, the
enhanced microwave absorption performance should point to
the dielectric properties. The augmentative electrical conductivity
proves to be beneficial for composites. The Sr-modified nickelate
composite effectively increases the electrical conductivity of
the pristine LayNiO4 composite (Figure 3B). As a result, a
large conductance loss within highly conductive layers allows
electromagnetic energy conversion. Thus, it is expected that
the Sr-doped nickelate could be a promising high-performance
microwave absorbent. Besides, since electromagnetic absorbing
loss stems mainly from the polarization relaxation within grains
and between grain boundaries, more grain boundaries contribute
to interfacial polarization and alter dielectric response. According
to the microtopography in Figure 2, there is no significant
change in grain size with varying Sr content. In our case, we
mainly focus on the relationship between Sr doping content and
electromagnetic properties in La;NiOy4 nickelate. Further studies
on size effect are necessary and will be performed in our future
work on modified samples.

CONCLUSION

In this paper, we have demonstrated the enhanced microwave
absorbing performance of Sr-modified La;NiO4+3 nickelate by
analyzing the effect of Sr substitution on structure, conductive,
and dynamic electromagnetic properties. The sol-gel-prepared
Sr-modified La;NiO4+s compounds reveal a pure and dense
microstructure. The electromagnetic response of doped samples
exhibits associativity with the changed crystal structure. The
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