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A novel La;MgGeOg ceramic was synthesized through a solid-state reaction process within a sintering temper-
ature range of 1450-1550 °C. By a combination of X-ray diffraction and Rietveld refinement analyses, the ce-
ramics were found to have a pure hexagonal phase structure belonging to space group R3/146. The scanning
electron microscopy images revealed that the ceramic grains were closely connected. The effects of internal

(lattice energy, valence bond, and fraction packing) and external factors (density) on the microwave properties of
ceramics were also studied. The ceramic exhibited excellent microwave dielectric performances, with a relative
permittivity (&) of 21.2, a quality factor (Q x f) of 52 360 GHz, and a temperature coefficient of resonant
frequency (z7) of —44.2 ppm/°C, when sintered at 1500 °C for 4 h. The 77 value of the La;MgGeOg ceramic doped
with CaTiO3 could be adjusted to zero. Particularly, 0.2LapMgGe04-0.8CaTiO3 ceramics have good microwave
dielectric properties with 7y = +2.1 ppm/°C, Q x f = 15 610 GHz, and &, = 40.3.

1. Introduction

Microwave dielectric ceramics have been used as key information
materials in various fields, such as resonators, filters, and oscillators
[1-3]. In commercial applications, ceramics must satisfy three basic
conditions to qualify as microwave dielectric materials. (1) An appro-
priate relative dielectric constant which directly affects the speed of
signal transmission, and is obtained via the formula: t; = \/ e l/c,
where tg, &, I, and c are the signal delay time, relative permittivity,
transmission distance, and velocity of light, respectively [4,5]. A high
dielectric constant is beneficial to the miniaturization of devices (A =
%, where A and ) are the wavelengths of the electromagnetic wave in

the dielectric material and free space, respectively) [6,7]. (2) High
quality factor (Q x f) values that allow for frequency selectivity and
enhancement of signal to noise ratio. (3) The values (~0) of resonant
frequency (77) should maintain stability over a particular temperature
range [8-11].

* Corresponding author.
** Corresponding author.

Many ceramics, including Ba(Mg;,/3Tas,/3)03, MgTiO3-CaTiO3, and
(Ca, Sm) (Al, Ti)O4, exhibit good microwave dielectric performances,
indicating the commercial applicability of these materials [12].
Rare-earth-based microwave dielectric ceramics have excellent proper-
ties, and thus attract considerable research attention from a wide range
of fields. SmAIO3 ceramics showed outstanding microwave dielectric
properties: & ~20.4 and Q x f ~65 000 GHz [13]. SmNbO4 ceramics
exhibited superior microwave dielectric properties: £ of 18.8 and Q x f
of 56 300 GHz [14]. Ln (Mg1,2Ti1,2)03 (Ln = Dy, La, Nd, Pr, Sm, and Y)
ceramics, with perovskite-like structures, have been reported used as
substrates for high-Tc superconductor thin films. Among these
lanthanide-based ceramics, the La(Mg,2Ti1,2)O3 ceramics exhibited
remarkable microwave dielectric performance: &, =~ 29, Q ~ 7550, and
77 ~ —65 ppm/°C [15]. However, the La;MgGeOg ceramics were
neglected in the La;MgM**Og family. Ti and Ge atoms have similar
radii, such that Ti was easily replaced by Ge.

In this study, the LasMgGeOg ceramics were synthesized using a
solid-state reaction process. The ceramics were found to be structurally
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Fig. 1. XRD patterns of La,MgGeOg ceramics sintered at different temperatures.

Table 1

Refinement parameters of La;MgGeOg ceramics sintered at different

temperatures.
S.T (°C) Lattice Parameters (A) Vinite (A3 Reliability factors

a=bA) @ Rup (%) Ry (%)

1450 5.5226 13.3337 352.1830 4.9 3.3 7.4
1475 5.5140 13.3304 351.0001 4.8 2.9 5.9
1500 5.5119 13.3282 350.6749 4.5 2.8 5.5
1525 5.5169 13.3311 351.3879 4.7 3.1 6.1
1550 5.5208 13.3329 351.9324 5.1 29 6.5

similar to the Ln (Mg /2Ti1,2)O3 ceramic family. The effects of lattice
energy, packing fraction, valence bond, sintering temperature, and bulk
density on the performance of sample ceramics were also discussed.
Then, the LaoMgGeOg-based ceramics were obtained with near-zero 75
value by addition of CaTiOs.

2. Experimental section

The LapMgGeOg ceramics were fabricated through the traditional
solid-state reaction of Laz0O3 (>99%), MgO (>99%), and GeOy (>99%),
as described in our previous paper [16]. The mixed powders were
calcined and sintered at 1200 °C and 1475-1550 °C, respectively, for 4
h. Other testing methods have been described in our previous paper
[16].

Fig. 2. Rietveld refinement and crystal structure of La;MgGeOg ceramics sintered at 1500 °C.
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Fig. 3. SEM images of La;MgGeOg ceramics sintered at: (a) 1475 °C, (b) 1500 °C, (c) 1525 °C, and grain sizes of ceramics sintered at: (d) 1475 °C, (e) 1500 °C,

(f) 1525 °C.

Fig. 4. & and relative density of La;MgGeOg ceramics as a function of sintering temperatures.

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns of LapMgGeOg
ceramic powders sintered at various temperatures. The XRD pattern of
ceramics sintered at 1450 °C was found to be consistent with the stan-
dard pattern of the hexagonal structure of LapMgGeOs, belonging to the
R3/146 group (JCPDS card no. 96-711-7795), and no secondary phase
was detected. On increasing the sintering temperature further to
1550 °C, the positions of the diffraction peaks remain unchanged,
indicating phase structure stability of the ceramics. To determine the
structure of the ceramics in detail, the XRD pattern of the ceramic
sample was refined by Rietveld analysis and the refined data are pre-
sented in Table 1. The Rietveld refinements for ceramic sintered at
1500 °C are illustrated in Fig. 2(a). The values of Ry, Ry, and xz were 2.8,

4.5, and 5.5, respectively, indicating that the calculated value was close
to the measured one, making the refined result reliable. The ceramic
structure consists of nine oxygen atoms surrounding the La atom, six
oxygen atoms surrounding the Mg atom to form an [MgOg] octahedron,
and eight oxygen atoms surrounding the Ge atom to form an [GeOg]
octahedron, making up the basic framework, as shown in Fig. 2(b).
Fig. 3 illustrates the surface images and grain sizes of samples sin-
tered at various temperatures. The ceramic grains were densely packed
and had relatively fewer pores, consistent with their relatively higher
density. To further increase sintering temperature, the grain size of ce-
ramics was increased. Particularly, the La;MgGeOg ceramics had equal
grain size when sintered at 1500 °C, thus providing excellent perfor-
mance. Fig. 4 shows the & and relative density values of LasMgGeOg
ceramics. On increasing the sintering temperature to 1500 °C, the
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Fig. 5. Qxf values, lattice energy and packing fraction of La;MgGeOg ceramics as a function of sintering temperatures.

measured & values (Ermeqsured) and relative densities of the samples
reached the maximum values of 21.2 and 98.6%, respectively. The trend
of & measured Value corresponded with that of relative density, indicating
that density significantly influences the &, value. & also depends on
other factors, such as phase structure, atomic polarization, and struc-
tural defects [17-21]. The dielectric constants of the materials were
related to the polarization of the electron, which can be obtained by the
following equation [22]:
1. e —1

ap = Evmm (@)
where op is the total polarizability of the substance in molar volume Vm,
and b = 47/3. In other words, the permittivity of the materials could be
obtained by the following equation [19]:

3V, + 87ap

AL i) 2
3V,, — 4nap 2

87‘

Shannon [23] suggested that the theoretical dielectric polarizability
of LapMgGeOg could be calculated as follows, using the oxide additive
rule:

ap(La;MgGeOg) =2a(La’") + a(Mg™*) + a(Ge*™ ) + 6a(0™") 3)

Evidently, the calculated and measured €, values (€;calculated and ;-
measured> Fespectively) show the same variation trend, indicating that the
measured value had a certain degree of feasibility. The & qicuateqd and &
measrued Values of ceramics sintered at 1500 °C were 21.3 and 21.2,
respectively. The & qicuated Value was slightly higher than the & peqsrued
value, indicating that other factors, such as ionic conductivity and
electron conductivity, affect the dielectric constant.

Fig. 5 exhibits the Q x fvalues, lattice energies, and packing fraction
of the samples sintered at various temperatures. In general, the dielectric
losses can be categorised into internal losses, such as lattice vibrations,
lattice energy, and phase structure, and external losses, such as pores,
grain size, second phase, and lattice defects [24-30]. Obviously, the
ceramics had a single phase and relative density exceeding 92% (Figs. 1
and 4). Therefore, the loss of the second phase and porosity in the ce-
ramics can be disregarded. This study mainly discusses the relationship
between lattice energy and the structural characteristics of ceramic
losses. The structural stability is mainly reflected by the lattice energy,
which can be obtained through the following formula [31]:

U=AI(21/Vm)'" €))
2= nz )
Vm = V('ell/Z (6)

where A, I, n;, and Z; are the constant value (A = 121.4 kJ mol ™! nm),
ionic strength, number of ions, and integral charge, respectively. The
trend of lattice energy variation was consistent with that of the Q x f
values of ceramics at temperatures ranging from 1450 to 1550 °C.
Evidently, at a sintering temperature of 1500 °C, both the lattice energy
and Q x f values reach maximum values (30 464 kJ/mol and 52 360
GHz, respectively). It was previously reported that the packing fraction
was considered to directly affect the insertion loss of samples in the
microwave frequency segment [32]. The structure and atomic data of
ceramics were obtained from refinement analysis, and the packing
fraction can be calculated using the following equation [33]:

volume of packed ions

Packing fraction = — -
volume of primitive unit cell

__volume of packed ions

volume of unit cell )]

4
?ﬂ X (217, 4 Iy + T +619) X 3

volume of unit cell

where r74 (1.2 10\), g (0.72 /0\), rge (0.54 A), andrp (1.4 10\) represent the
effective ionic radii of the respective elements of La;MgGeOg ceramics,
and Z = 3. Upon increasing the sintering temperature further, the
change in packing fraction was consistent with that in the Q x fvalues of
LagMgGeOg ceramics, which increased initially and then decreased.
When sintered at 1500 °C, The Q x f values and packing fraction of
ceramic reached maximum values of 52 360 GHz and 73.24%,
respectively.

The 77 value is related to the distortion of the oxygen octahedron
[34]. The [MgOg] oxygen octahedron of LasMgGeOg ceramics has two
different bond lengths. Therefore, the distortion of the oxygen octahe-
dron can be associated with the Mg-site bond valence [20], which can be
obtained through the following equations [35]:
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Fig. 6. 77 values and Mg-site bond valence of La,MgGeOg ceramics as a function of sintering temperatures.

Fig. 7. XRD patterns of xCaTiO3-(1-x)La;MgGeOg ceramics sintered at 1500 °C.

Vi= v ®)
vy = exp(%) 9

where Rj;, d;j, and b’ are the bond valence parameter, the bond length
between atoms i and j, and a universal constant (0.37 /0\). Thersand Mg-
site bond valence of LapMgGeOg ceramics sintered at various tempera-
tures are shown in Fig. 6. At sintering temperatures ranging from 1450
to 1550 °C, the 77 gradually increased, while the Mg-site bond valence
decreased. The LapMgGeOg ceramics have excellent Q x f value, but
their slightly higher 7 value limits their widespread application. The
CaTiO3 ceramics yielded a large 7y value (+-850 ppm/°C). Therefore,
CaTiO3 was added to LapMgGeOg ceramics to adjust the ¢ value to zero.

Fig. 7 exhibits the XRD patterns of xCaTiO3-(1-x)LasMgGeOg ce-
ramics sintered at 1500 °C. Apparently, the heterophase in the samples
decreased with increasing CaTiOgs content increased, and the diffraction
peak inclined toward the peak type and position of CaTiOs. The position
of the main peak shifts to large diffraction angles with increasing CaTiO3
content, as shown in Fig. 7(b). Clearly, a small amount of LapMgGeOg
ceramics can form a solid solution with CaTiOs. Nevertheless, when the
LayMgGeOg ceramics content exceeded a certain amount, a hybrid phase
appeared. Fig. 8 shows the scanning electron microscopy images of
xCaTiO3-(1-x)LagMgGeOg ceramics sintered at 1500 °C. With increasing
CaTiOs3 content, the grain shape became more uniform, confirming the
results of XRD analysis. With increasing La;MgGeOg content, the CaTiOg
and LapyMgGeOg reacted to form the heterophase, leading to the
appearance of grains with different shapes, as shown in Fig. 8(a). The
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Fig. 8. SEM images of xCaTiO3-(1-x)LaMgGeOg ceramics sintered at 1500 °C: (a) x = 0.5, (b) x = 0.7, (¢) x = 0.8, (d) x = 0.85.

Table 2

Microwave dielectric properties of xCaTiO3-(1-x)La;MgGeOg ceramics.
compounds S.T.(°C) & Qxf (GHz) 77 (ppm/°C)
La,MgGeOg 1500 21.2 52360 —44.2
0.5 CaTiO3-0.5 La;MgGeOg 1500 22.9 17370 -36.8
0.7 CaTiO3-0.3 LazMgGeOg 1500 31.5 15820 —14.7
0.8 CaTiO3-0.2 La;MgGeOg 1500 40.3 15610 +2.1
0.85 CaTi03-0.15 La;MgGeOg 1500 49.2 15530 +67.2

microwave dielectric properties of xCaTiOs-(1-x)LaMgGeOg ceramics
are presented in Table 2. With increasing CaTiO3 content, the & and 7¢
values increased gradually, but the Q x f values initially decreased and
then tended to stabilize. The 7y (+2.1 ppm/°C) of 0.8CaTiO3-
0.2LapMgGeOg ceramics was close to zero, but the Q x f value was
drastically low.

4. Conclusion

LapMgGeOg ceramics were prepared through the traditional solid-
state reaction process. The XRD and Rietveld refinement analyses of
the sample ceramics revealed a single-phase hexagonal structure. After
sintering at 1500 °C, the ceramics exhibited compact connections and
uniform grain size. The & was dependent on the density and polariz-
ability of each ion, the Q X fvalues were dependent on the lattice energy
and the packing fraction, and the 7; was negatively correlated with Mg-
site bond valence of LapyMgGeOg ceramics. CaTiO3 was added to
La;MgGeOg ceramics, and the 7¢ value (42.1) of 0.8CaTiOs-0.2LayMg-
GeOg ceramics was close to zero.
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