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ABSTRACT: The  rapid  development  of  fifth-/sixth-generation
telecommunication  technologies  has  increased  the  demand  for
silicate ceramic materials with low permittivity and low dielectric loss.
However,  few  silicate  ceramics  with  ultrahigh Q×f values  (≥  200,000
GHz) have been developed to date. In this study, a slight substitution
of  Ge4+ ions  in  MgSi1−xGexO3 (MSGx, x =  0  to  0.6)  ceramics  caused  a
phase transition from clinoenstatite (x = 0) to orthoenstatite (x = 0.2),
and  the Q×f  value  increased  from  70,600  GHz  to  148,800  GHz.
Following  the  phase  transition,  the  cations  change  from  a
“compressed” state  to  a “rattle” state,  and  the  lattice  distortion
continues to rise with x, resulting in the optimal microwave dielectric properties (εr = 7.21, Q×f  = 259,300 GHz) of the MgSi0.5Ge0.5O3

ceramics.  Significant  discrepancies  in  the  dielectric  properties  are  found  in  the  microwave  and  terahertz  bands.  There  is  an
anomalous increase in εr and a decrease in the Q×f value in the terahertz band, which is due to the change in polar phonon modes
revealed  by  the  terahertz  time-domain  spectra.  Consequently,  MgSi0.7Ge0.3O3 ceramics  display  superior  dielectric  properties,  with
εr =  7.02, Q×f   =  191,300  GHz  in  the  terahertz  band.  These  novel  materials  have  the  potential  to  serve  as  promising  dielectric
materials for future microwave or terahertz mobile communication systems.
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1    Introduction
The  rapid  evolution  of  fifth-/sixth-generation  (5G/6G)
communication technologies in recent years has led to successful
deployment  in  both  communication  test  platforms  and
commercial networks [1,2]. This progress has drawn considerable
attention to communication systems spanning from microwave to
terahertz  bands,  offering  the  potential  for  greater  available
bandwidth,  faster  data  transmission  speeds,  and  reduced
transmission  latency  [3],  which  are  particularly  beneficial  in
applications  such  as  autonomous  driving,  the  Internet  of  Things
(IoT),  and  wireless  communication  [4].  However,  these
advancements  place  greater  performance  demands  on  the  raw
materials  used  in  communication  systems,  particularly  for  lower
relative permittivity (εr), higher Q×f (where Q = 1/tanδ, and f is the
resonant  frequency)  values,  and  near-zero  resonant  frequency
temperature coefficients (τf) [5−7]. Currently commercialized low-
εr materials, such as the Al2O3/glass [8] and CaO–B2O3–SiO2 glass
[9]  systems,  may  fall  short  due  to  their  potentially  high  losses  at
higher  frequencies.  Therefore,  the  development  of  novel  high-Q
microwave/terahertz dielectric ceramics is essential.

Silicates,  whose excellent performance is closely linked to their
crystal  structure,  have  long  been  regarded  as  highly  promising

dielectric  materials  for  millimeter-wave  applications  [10].  The
fundamental  structural  unit  of  silicates,  the  [SiO4]  tetrahedron,
consists  predominantly  of  covalent  bonds,  with  a  proportion
(55%)  significantly  greater  than  that  in  other  materials,  such  as
aluminates  and titanates  [11].  This  high covalency contributes  to
reduced  ionic  polarization  and  stable  crystal  structures,  resulting
in superior dielectric properties in the microwave band, including
low εr and  high Q×f values.  Silicates  are  categorized  into  island
[12],  chain  [13],  ring  [14],  and  other  structural  types.  Notably,
silicates  with  high Q×f values  (≥  200,000  GHz)  are  often  those
with island frameworks,  although the reasons for this are not yet
fully  understood  [10].  Preliminary  experimental  results  on
diopside  suggest  that  distortions  within  the  silicate  framework
positively  affect  the Q×f value  of  ceramics  [15].  Further  study  is
indeed  needed  to  clarify  the  relationship  between  silicate
frameworks  and  dielectric  properties  and  to  develop  high-Q
ceramic values in other framework silicates.

To enable applications at higher frequencies, it  is important to
assess the dielectric properties of  ceramics in the millimeter- and
terahertz  bands.  However,  the  correlation  between  the  dielectric
properties in the microwave and terahertz bands, particularly with
respect  to  the Q×f value,  remains  unclear.  In  some  systems,  the
Q×f value  in  the  microwave  band  is  lower  than  that  in  the 
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terahertz  band,  whereas  in others,  the opposite  trend is  observed
[16,17].  This variability has been attributed to factors such as the
sintering process [18], dielectric relaxation in the microwave band
due to defects  [19],  and the influence of  polar  phonon modes in
the  terahertz  band  [20].  Generally,  terahertz  dielectric  properties
represent “intrinsic  losses” that  are  closely  related  to  the  crystal
structure.  However,  in  silicates,  this  relationship  has  rarely  been
investigated, which requires broader studies.

Enstatite  is  a  typical  pyroxene  (M2M1T2O6),  with  Mg2+

occupying  the  M1 and  M2 sites  and  Si4+ in  the  T  site.  Its  crystal
structure  has  been  extensively  studied  in  terms  of  mineralogy,
revealing  a  series  of  complex  phase  transitions  [21−23],  whereas
studies  have  focused  on  the  microwave  dielectric  properties
[24−27].  Given  that  phase  transitions  in  enstatite  ceramics  are
often  associated  with  distortions  in  the  tetrahedra  chain  as  the
temperature  increases,  substituting  Si4+ with  Ge4+ also  induces
phase  transitions  in  enstatite  [28].  Investigating  these  phase
transitions  and  the  related  dielectric  properties  could  deepen  the
understanding of the relationship between silicate frameworks and
dielectric  behavior,  hence  supporting  the  development  of  new
high-performance microwave and terahertz dielectric ceramics.

In this study, we substituted Ge4+ for Si4+ in MgSiO3, compared
the  dielectric  properties  in  the  microwave  and  terahertz  bands,
and  discussed  the  relationships  among  the  crystal  structure,
microstructure, and dielectric properties.

2    Experimental
The  ceramics  were  prepared  via  the  conventional  solid-state
method.  MgO  (99.99%,  Aladdin),  SiO2 (99.99%,  Aladdin)  and
GeO2 (99.99%,  Aladdin)  were  used  as  the  raw  materials.  All
powders  above  were  weighed  according  to  the  stoichiometric
ratios  of  MgSi1−xGexO3 (MSGx, x =  0,  0.1,  0.2,  0.3,  0.4,  0.5,  and
0.6), mixed in ethanol and ball milled for 4 hours with zirconium
balls  as  the  milling  media.  The  mixtures  were  dried  in  an  oven
and calcined at 1300 °C for 4 h in a muffle furnace. The calcined
powders  were  ball  milled  and  dried  again  and  sieved  after  being
pelleted  with  a  5  wt%  polyvinyl  alcohol  (PVA)  ethanol  solution.
The  as-prepared  powders  were  pressed  into  cylinders  10  mm  in
diameter  and 5  mm in  thickness  and disks  of  10  and 15  mm in
diameter  and  1  mm  in  thickness  under  a  pressure  of  200  MPa.
These cylinders and disks were sintered at 1400 °C for 4 h.

X-ray  diffraction  (XRD) using  Cu Kα radiation  (D8 Advance,
Bruker, Germany) was used to identify the phase composition and
the crystal structure of the ceramics. The Archimedes method was
used  to  measure  the  bulk  density.  Raman  spectra  obtained  on  a
high-resolution  Raman  spectrometer  (LabRAM  HR800,  Horiba
Jobin Yvon, France) with the existing line at 532 nm of a Nd/YAG
laser were used to identify the chemical bonds in the crystals. The
29Si nuclear magnetic resonance (NMR) spectra were obtained via
a  600M  NMR  spectrometer  (JNM-ECZ600R,  JEOL,  Japan)  and
recorded  at  Larmor  frequencies  of  119  MHz.  Scanning  electron
microscopy (SEM; MERLIN VP Compact,  Carl  Zeiss,  Germany)
was  used  to  determine  the  microstructure  of  the  samples.  For
SEM  observation,  the  samples  were  ground  and  polished  to  a
mirror  surface.  The  thermally  etching  process  was  then  carried
out  for  30  min  at  a  temperature  of  50  °C  below  the  sintering
temperature.  The  grain  sizes  were  measured  via  Nano  Measurer
software.  The  microwave  dielectric  properties,  including εr,  the
Q×f value,  and τf,  were  measured  by  a  network  analyzer
(HP8720ES,  Hewlett-Packard,  Santa Rosa,  USA). εr was obtained
via  the  Hakki‒Coleman  postresonator  method  by  exciting  the
TE011 resonant mode [29]. Q×f values were obtained by applying
the TE01δ mode in the cavity method [30]. τf was obtained in the

temperature  range  from T1 to T2 (from  25  to  80  °C)  and  was
calculated via Eq. (1):

τf =
f2 − f1

f1(T2−T1)
(1)

where f1 and f2 are  the  resonant  frequencies  at T1 and T2,
respectively  [31].  THz-TDSs were  measured by  a  terahertz  time-
domain  spectrometer  system  (Z3,  Zomega  Terahertz  Co.,  USA).
The  optical  and  dielectric  properties  of  the  ceramics  in  the
terahertz  band  were  extracted  via  fast  Fourier  transform  (FFT)
and Eqs. (2) and (3) [32,33]:

ϕs − ϕr =
(n− 1)ωd

c + arctan κ(−n2 + 1− κ2)

n(n+ 1)2 + (n+ 2)κ2

(2)

As/Ar =
4
√
n2 + κ2

(n+ 1)2 + κ2
e−κωd/ c (3)

where ϕs, ϕr, As,  and Ar are  the  phases  of  sample  and  reference,
and the amplitudes of sample and reference, repectively; ω, d, and
c are  the angular  frequency,  the thickness  of  the sample,  and the
velocity of light in vacuum, respectively; n and κ are the real and
imaginary  parts  of  the  complex  refractive  indices  of  the  sample,
respectively.  The  absorption  coefficient  (α), εr,  and  tanδ were
calculated from Eqs. (4)–(6):

α =
2ωκ
c (4)

εr = n2 − κ2 (5)

tanδ =
2nκ
εr

(6)

3    Results and discussion

3.1    Composition and lattice structure
The XRD patterns of the MSGx ceramics (x = 0–0.6), as shown in
Fig.  1,  were  examined  to  elucidate  their  phase  composition.  For
x = 0 and 0.1, the ceramics exhibit a clinoenstatite phase (PDF#35-
0610, P21/c,  monoclinic),  with  peak  positions  shifting  to  lower
angles as x increases, indicating successful substitution of Si4+ (IV,
0.26 Å) with Ge4+ (IV,  0.39 Å) and consequent  lattice  expansion.
Upon  increasing x to  0.2,  the  MSGx ceramics  transition  from
clinoenstatite  to  orthoenstatite  (PDF#19-0760, Pbca,
orthorhombic),  a  structure  with  a  different I-beam  stacking
sequence:  ++−− for  orthoenstatite,  compared  with  ++ …  in
clinoenstatite [34]. The clino–ortho transition has been reported
to  be  related  to  the  distortion  of  tetrahedral  chains,  which  is
usually induced by changes in temperature and pressure [22]. The
analogous  phase  transition is  controlled through ion substitution
in the MSGx ceramics,  whose distortion behavior  is  discussed in
detail below. At x = 0.6, a secondary phase of forsterite (Mg2SiO4)
appears.  This may result  from the decomposition of the enstatite
phase  at  a  high  sintering  temperature,  indicating  a  decrease  in
chemical  stability.  Generally,  the  formation of  a  secondary  phase
adversely  affects  the  dielectric  properties  of  ceramics.  Therefore,
subsequent  analyses  will  concentrate  on  ceramics  with
compositions from x = 0 to 0.5.

Rietveld  refinements  are  conducted  to  further  determine  the
lattice  and  chemical  bond  parameters  of  the  MSGx ceramics.

9221053-2 Lu Y, Guo W, Zhang C, et al.

J Adv Ceram 2025, 14(4): 9221053
 



When x =  0.6,  a  two-phase  refinement  is  performed,  and  the
results  for  the  enstatite  phase  are  compared  with  those  for  other
compositions. The refinement plots for samples with x = 0 and 0.2
are  displayed  in Figs.  2(a)  and 2(b)  as  illustrations  for
clinoenstatite  and  orthoenstatite,  respectively.  The  fitting  results
for  all  the  samples  are  in  good agreement  with  the  experimental
patterns,  as  shown  in  Table  S1  in  the  Electronic  Supplementary
Material  (ESM).  Enstatite  is  a  typical  chain  silicate  consisting  of
linked  [SiO4]  tetrahedra  that  share  a  common  oxygen  atom  and
form  a  chain  structure  parallel  to  the  crystallographic c-axis,  as
shown  in Fig.  2(c).  Notably,  the  clino–ortho  transition  does  not
disrupt  the  tetrahedra  chain  structure.  Owing  to  the  larger  ionic
radius  of  Ge4+,  the  fitted  lattice  parameters  (a, b, c),  and unit  cell
volume  (V)  all  increase  smoothly  with x but  change  abruptly  at

the phase transition point,  as shown in Fig.  2(d) and Table S1 in
the ESM.

The  microstructures  of  the  MSGx ceramics  were  observed  via
SEM,  and  typical  micrographs  are  shown in Fig.  3.  The  samples
with x =  0–0.5  exhibit  a  dense  microstructure,  whereas  pores
begin  to  form  alongside  the  secondary  phase  at x =  0.6.  The
presence  of  pores  and  secondary  phases  generally  degrades  the
dielectric  properties.  Consequently,  the  dense  microstructure
observed in samples with x = 0–0.5 ensures that these interfering
factors can be excluded in the study of their dielectric properties.

The Raman spectra of the MSGx ceramics are shown in Fig. 4.
Lambruschi et  al.  [35]  categorized  the  Raman spectra  of  silicates
into five spectral regions:

(1) The peaks at 1100–800 cm−1 are attributed to the stretching
modes of the Si–Onbr bonds;

(2)  The  peaks  at  800–600  cm−1 are  attributed  to  Si–Obr–Si
stretching/bending modes;

(3)  The  peaks  at  600–450  cm−1 are  attributed  to  O–Si–O
vibrations;

(4) The peaks at 450–300 cm−1 are attributed to the motions of
the cations at the M1 and M2 sites;

(5)  The  peaks  below  300  cm−1 are  attributed  to  other  lattice
modes;

where  Onbr and  Obr are  nonbridging  oxygen  and  bridging
oxygen,  respectively.  With  the  substitution  of  Ge4+,  the  lattice
expansion causes dilation of the [Si/GeO4] tetrahedra. The peaks 3
and 5, corresponding to the bending vibrations of Si–Onbr–Si and
Si–Obr,  shift  progressively  to  lower  wavenumbers  as x increases,
whereas  their  intensities  decrease  with  decreasing  Si–O  bonds.
The substitution of Ge4+ for Si4+ introduces new vibrational peaks

 

Fig. 1    XRD patterns of MSGx ceramics.

 

Fig. 2    Refinement plots of the MSGx ceramics (a) x = 0, (b) x = 0.2, (c) crystal structures and clino–ortho transitions of MSGx ceramics, and (d) lattice parameters and
cell volumes of MSGx ceramics obtained from the refinement results.
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because  of  the  larger  ionic  radius  and  mass  of  Ge4+ ions.  These
peaks, including peaks 1 and 4, which correspond to the bending
vibration  peaks  of  Ge–Onbr–Ge  and  Ge–Obr,  respectively,  appear
at lower wavenumbers and exhibit a similar trend to those of the
Si–O  related  peaks.  Additionally,  peak  2  is  relatively  unique
because  it  corresponds  to  the  bending  vibration  of  Si–Onbr–Ge.
Although  it  similarly  shifts  to  lower  wavenumbers,  its  intensity
does  not  change  monotonically.  Consistent  with  findings  in
diopside [15], this peak reaches its maximum intensity at a Si : Ge
ratio of  1 :  1,  or x = 0.5,  indicating that  the [Si/GeO4]  tetrahedra
chains exhibit maximum local distortion at this composition. The
Raman  peaks  are  fitted  as  presented  in  Fig.  S3  in  the  ESM  to
facilitate a more thorough analysis of the variations in the peaks.

Figure 5(a) shows the 29Si NMR spectra of the MSGx ceramics,
which are more sensitive to the varying environments around the

Si4+ ions  and  the x-axis  represents  the  chemical  shift  (δ).  The
spectra are fitted, and the result of x = 0.2 is presented in Fig. 5(b)
as  an  example.  All  the  spectra  can  be  divided  into  4  different
peaks. When x = 0, the peaks 1 and 2 are inherent to the pyroxene
phase and correspond to two distinct Si4+ sites: Si1, which is edge-
sharing with [MgO6] octahedra,  and Si2,  which is corner-sharing
with  [MgO6]  octahedra.  As x increases,  two  additional  sets  of
peaks,  designated  as  3  and  4,  emerge  at  lower  chemical  shifts.
Following  conventions  from  studies  on  Ca-Tschermak  pyroxene
(CaAl2SiO6) [36,37], we define the general formula Sim[n] (m = 1,
2; n = 1,  2),  where Sim ions are adjacent to n [GeO4]  tetrahedra.
Thus, the peak 1 is associated with Si1[0],  the peak 2 with Si1[1]
and Si2[0], the peak 3 with Si1[2] and Si2[1], and the peak 4 with
Si2[2].  The  peak  areas  reflect  the  content  of  the  corresponding

 

Fig. 3    SEM micrographs of surfaces of well-sintered MSGx ceramics: (a) x = 0,
(b) x = 0.2, (c) x = 0.5, and (d) x = 0.6.

 

Fig. 4    Raman spectra of MSGx ceramics.

 

Fig. 5    (a) 29Si NMR spectra of MSGx ceramics, (b) peak fitting results of MSG0.3 ceramics, (c) peak positions, and (d) peak areas of MSGx ceramics.
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atom.  With  increasing x,  the  peak  areas  of  the  peaks  3  and  4
intensify,  suggesting  an  increase  in  Si4+ ions  neighboring  one  or
two [GeO4] tetrahedra. The peak areas of the peaks 3 and 4 reach
a  maximum at x =  0.5,  indicating  that  the  Si−O−Ge structure  is
most  prevalent  and  that  the  degree  of  local  distortion  in  the
[Si/GeO4] tetrahedra chain is highest at this composition.

3.2    Dielectric  properties  in  the  microwave  and  terahertz
bands
The optical and dielectric properties of the MSGx ceramics in the
terahertz  band  are  presented  in Fig.  6.  Both n and εr increase
gradually  with  frequency  because  polar  phonon  modes  typically
occur  in  the  terahertz  range.  With  low n and α values  in  the
terahertz  band,  MSGx ceramics  exhibit  favorable  characteristics
for terahertz optics. According to classical dispersion analysis, tanδ
is  proportional  to  the  angular  frequency  (ω)  when ω ≪ ωT
(Eq. (7)):

tanδ =
ε′′
ε′ ≈

γω
ω2

T
(7)

where ε' and ε" are  the  real  and  imaginary  parts  of  the  complex
dielectric constant; γ and ωT are the damping factor and frequency
of  the  transverse  optical  mode,  respectively.  A  linear  fit  through
the  origin,  with  a  slope  proportional  to γ,  is  used  to  model  the
tanδ–f curve  of  the  MSGx ceramics  in  the  terahertz  band.  The
reciprocal  of  the  slope  represents  the Q×f value  in  the  terahertz
band,  as  illustrated  by  the  fitted  line  for x =  0.3  in Fig.  6(d).
However, not all  data align well with this model, such as the line
fitted  for x =  0.4.  A  new polar  phonon mode  emerges  near  1.87
THz at x = 0.5, accounting for these discrepancies.

The εr and fitted Q×f values in the terahertz band are compared
with  those  in  the  microwave  band  (approximately  12  GHz)  in

Fig.  7.  Because εr in the terahertz band does not vary much with
frequency, εr at  1  THz  is  chosen  for  comparison.  For x =  0–0.3,
the εr and Q×f values  show  similar  trends  in  both  frequency
bands,  increasing  with x.  Specifically, εr is  greater  in  the
microwave  band  than  in  the  terahertz  band,  whereas  the Q×f
value is  lower in the microwave band. This trend is  attributed to
the  gradual  withdrawal  of  certain  polar  phonon modes  from the
dielectric response as the frequency increases. However, when x =
0.4  and  0.5,  the  relationship  between  the  dielectric  properties  in
the two bands changes. εr in  the terahertz  band surpasses  that  in
the microwave band, whereas the Q×f value in the terahertz band
falls below that in the microwave band. Owing to the correlation
in the dielectric properties between the terahertz and far-infrared
bands [38], the far-infrared results measured and fitted are shown
in  Figs.  S1  and  S2  in  the  ESM.  According  to  the  new  polar
phonon mode peak highlighted in Fig. 6(d) and Figs. S1 and S2 in
the  ESM,  the  introduction  of  Ge4+ ions  and  the  resulting  crystal
structural changes shift the original polar phonon modes to lower
frequencies and introduce new polar phonon modes. Some polar
phonon modes contribute little to the dielectric properties, such as
the polar phonon mode at 1.87 THz and the polar phonon modes
D and E in Figs. S1 and S2 in the ESM, whereas others contribute
much to the dielectric properties, such as the polar phonon mode
F, which increases εr and decreases the Q×f value in the terahertz
band.  This  observation  indicates  that  materials  with  excellent
dielectric  properties  in  the  microwave  band  may  not  perform  as
well  in  the  terahertz  band,  underscoring  the  need  for  further
investigations to optimize materials for terahertz applications.

The following discussion focuses on the factors influencing the
dielectric properties in the microwave band. Fig. 8(a) presents the
measured εr,  corrected  permittivity  (εcorr),  and  theoretical
permittivity  (εth)  of  the  MSGx ceramics. εcorr is  calculated  via
Eq. (8):

 

Fig. 6    Optical and dielectric properties of MSGx ceramics in terahertz band: (a) n, (b) α, (c) εr, and (d) tanδ.
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εr = εcorr
[
1− 3P (εcorr − 1)

2εcorr + 1

]
(8)

where P is  the  porosity. εth is  determined  via  the  Clausius‒
Mossotti equation (Eq. (9)):

εr − 1
εr + 2 =

4πα
3Vm

(9)

where Vm is  the  unit  cell  volume,  and α represents  the
polarizability of the composition. Both εr and εcorr increase with x
and reach maximum values near x = 0.4 and 0.5,  suggesting that
porosity  has  a  minimal  impact  on εr. εth increases  monotonically
with increasing x but remains consistently different from εcorr. This
discrepancy  is  due  to  the  additional  polarization  mechanisms  in
silicate ceramics, particularly the “rattling space” effect, which was
initially proposed by Shannon [39]. Notably, εcorr is lower than εth
when x =  0  and  0.1,  whereas  the  magnitude  relationship  is
reversed when x ≥ 0.2. This indicates that the cations in the MSGx
changed  from “compressed” to “rattle” after  the  clino–ortho
transition.

Figure  8(b)  displays  the  experimental  and calculated  results  of
the Q×f value,  the  relative  density  (ρr),  and  the  bond  strain
(ΔDstrain)  for  the  MSGx ceramics.  ΔDstrain is  calculated  from  the
distortion theorem of bond valence theory, as shown in the ESM,
and  represents  the  degree  of  distortion  within  the  [Si/GeO4]
tetrahedron.  Notably,  the  bond  strain  decreases  significantly
during the phase transition. This is due to the changes in I-beam
units  from “++−−” to “++ … ” and  in  the  [Si/GeO4]  tetrahedral

chains  from  the  S  configuration  to  the  O  configuration  [34],
resulting from Ge4+ substitution. The Q×f value increases stepwise
from  70,600  (x =  0)  to  148,800  (x =  0.2)  across  the  clino-ortho
phase transition, which is attributed to substantial  changes in the
bond strain. In the orthoenstituent phase, the Q×f value continues
to increase with the addition of Ge4+ ions, reaching its peak at x =
0.5.  As  mentioned  above  in Figs.  5 and 6,  the  local  distortion  in
the [Si/GeO4] tetrahedral chains reaches its maximum at x = 0.5,
and Fig.  8(b)  shows  that  the  distortion  within  the  [Si/GeO4]
tetrahedron also reaches maximum values at x = 0.5. This finding
indicates that lattice distortion not only induces a phase transition
in  the  MSGx ceramics  but  also  plays  a  crucial  role  in  increasing
the Q×f value in the chain silicates.

Figure 8(c)  presents  the τf, V,  and ΔDstrain values of  the MSGx
ceramics. In general, τf is related to the temperature coefficient of
permittivity  (τε)  and  the  thermal  expansion  coefficient  (αl)  as
Eqs. (10) and (11) [40,41]:

 

Fig. 7    Comparison of  dielectric  properties  (a) εr and (b) Q×f values of  MSGx
ceramics in the microwave and terahertz bands.

 

Fig. 8    Relationships among (a) εr, εcorr,  and εth;  (b) Q×f values, ρr,  and ΔDstrain;

and (c) τf, V, and ΔDstrain of MSGx ceramics.
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where A, B,  and C represent  the dilution of  the concentration of
dipoles caused by thermal expansion, the increase in polarizability
due to volume expansion attributed to an increase in the “rattling
space”,  and  the  direct  dependence  of  the  polarizability  on
temperature,  respectively. αl of  microwave  dielectric  ceramics  is

typically  approximately  10  ppm°∙C−1,  and τε is  the  main  factor
influencing τf [42].  Focusing  on  the  orthoenstatite  phase,  the τf
values  of  the  ceramics  exhibit  trends  similar  to  those  of V and
ΔDstrain when x ≤ 0.5, suggesting their joint influence. Specifically,
both  lattice  expansion  and  increased  distortion  within  the
[Si/GeO4]  tetrahedron  enhance  the “rattling  space” effect,
resulting in an increase in τε and consequently a decrease in τf.

Table  1 presents  a  comparison  of  the  microwave  dielectric
properties in this work with those of other pyroxene ceramics, and
the  data  are  visualized  in Fig.  9.  MgSi0.5Ge0.5O3 ceramics
demonstrate the highest Q×f value in the microwave band among
the  silicate  ceramics  studied,  except  for  glass-free  Mg2SiO4
prepared  with  high-purity  raw  materials.  The Q×f value  of
MgSi0.7Ge0.3O3 ceramics  in  the  terahertz  band  is  superior,
highlighting  their  strong  potential  for  use  in  terahertz
communication systems.

 
 

Table 1    Comparison of this work with reported pyroxene ceramics

Material Sintering condition εr Q×f (GHz) τf (ppm∙°C−1) Ref.
MgSiO3 1380°C, 13 h 6.70 121,200 −17 [43]

Mg0.85Zn0.15SiO3 1360°C, 9 h 8.05 138,500 −14 [25]
Mg0.9Ni0.1SiO3 1425°C, 9 h 6.01 118,700 −10 [27]
Mg0.9Ca0.1SiO3 1330°C, 2 h 8.01 47,500 −47 [24]

Mg0.85Co0.15SiO3 1350°C, 9 h 8.11 145,846 −12 [26]
CaMgSi2O6 1300°C, 2 h 7.6 121,400 −66 [24]

CaMg0.9Zn0.1Si1.9Ge0.1O6 1200°C, 4 h 7.46 191,100 −57.7 [15]
CaCoSi2O6 1175°C, 2 h 6.04 12,500 −18.91 [44]
BaCuSi2O6 1050°C, 3 h 8.45 31,400 0.36 [45]

CaSiO3 1320°C, 2 h 6.69 25,300 — [24]
MgSi0.5Ge0.5O3 1400°C, 4 h 7.21 259,300 −65.02 This work

 

4    Conclusions
In  this  work,  MgSi1−xGexO3 (MSGx, x =  0−0.6)  ceramics  were
synthesized  via  the  conventional  solid-state  method.  All  samples
except  those  with x =  0.6  were  sintered  densely  at  1400  °C.  The
MSGx ceramics  display  a  phase  transition  from  clinoenstatite  at
x = 0 and 0.1 to orthoenstatite at x = 0.2–0.5. This phase transition
notably enhances the dielectric properties of the MSGx ceramics.
For x =  0.6,  a  second  phase  of  Mg2SiO4,  together  with  pores,  is
generated  due  to  the  decreased  chemical  stability.  The  dielectric
properties  of  the  MSGx ceramics  in  both  the  microwave  and

terahertz  bands exhibit  similar  trends when x =  0−0.3.  However,
for x > 0.3, εr in the terahertz band suddenly increases relative to
that  in  the  microwave  band,  and  the Q×f value  in  the  terahertz
band correspondingly decreases. This arises from the shifting and
emergence of polar phonon modes, which interfere with satisfying
the condition ω ≪ ωT,  resulting in increased εr and reduced Q×f
values  in  the  terahertz  band.  Excluding  these  effects, εr  increases
with x,  influenced  mainly  by  the  cations  changing  from
“compressed” to “rattle”.  The Q×f value  and τf of  the  MSGx
ceramics  are  inextricably  linked  to  the  lattice  distortion.  With
respect  to  the Q×f value,  the  bond  strain  first  decreases
significantly  during the phase  transition due to  the  changes  in I-
beam  units  from “++−−” to “++ … ” and  in  the  [Si/GeO4]
tetrahedra chains from the S configuration to the O configuration.
In  orthoenstatite,  local  distortion  in  [Si/GeO4]  tetrahedral  chains
and  the  distortion  within  the  [Si/GeO4]  tetrahedron  play  a
significant role, maximizing the Q×f value at peak distortion when
x = 0.5. Moreover, τf decreases with increasing V and ΔDstrain, both
of which amplify the “rattling space” effect. These insights into the
structure‒property  relationships  pave  the  way  for  designing
silicate ceramics with optimized Q×f values and near-zero τf values
for  advanced  applications.  The  MgSi0.5Ge0.5O3 ceramics  exhibit
superior  microwave  dielectric  properties  (εr  =  7.21, Q×f  =  259,
300  GHz),  whereas  the  MgSi0.7Ge0.3O3 ceramics  excel  in  the
terahertz band (εr = 7.02, Q×f = 191,300 GHz), establishing them
as  promising  materials  for  future  microwave  and  terahertz
communication systems.
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