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ABSTRACT: The  temperature  coefficient  of  the  resonant
frequency  (τf)  of  low-permittivity  (εr)  microwave  dielectric
ceramics is required to be near 0 ppm/°C for practical application.
However,  owing  to  the  polarization  mechanism, τf of  low-εr

microwave dielectric ceramics is generally negative. Here, a novel
microwave dielectric  ceramic,  Ba3−xSrxMgSi2O8,  with an abnormal
positive τf at  the applied temperature is  presented.  In  this  study,
Sr2+ with a  relatively  small  ionic  radius was introduced to replace
Ba2+,  and  a  single-phase  solid  solution  was  formed  (x >  0.5).
Ba3−xSrxMgSi2O8 ceramics  were  discussed  in  glaserite-type
topology  with  space  groups  of P  for x ≤  0.5,  relatively  high
symmetry P m1 for 0.5 < x < 2.5, and C2 for x ≥ 2.5. The εr peaks
as  a  function  of  temperature  initially  shift  to  low  temperatures
and then return to high temperatures through an ion substitution strategy. Notably, remarkable microwave dielectric properties for
BaSr2MgSi2O8 were observed: εr ≈ 14.2, Q×f ≈ 38,900 GHz, and τf ≈ +117 ppm/°C, which are superior to those of other low-εr silicate
ceramics with positive τf values. Density functional theory simulation calculations revealed that the preferential occupation of Sr2+

ions  could  decrease  the  intrinsic  formation  energy  and  improve  the  microwave  dielectric  properties  by  mitigating  the  ionic  size
mismatch within  the crystal  structure.  The present  research offers  a  strategy for  discovering novel  microwave dielectric  ceramics
with  abnormal τf values,  which  could  serve  as τf regulators  in  practical  applications  because  of  their  low  cost  and  excellent
microwave dielectric properties.
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1    Introduction
The  advancement  of  microwave  circuits  necessitates  the
development  of  more  sophisticated  passive  components,  among
which the performance of  dielectric  materials  plays  a  crucial  role
[1].  In  millimeter-wave  communication,  microwave  dielectric
ceramics with low-permittivity (εr ≤ 15), high Q×f,  and near zero
resonant  frequency  (−10  ≤ τf ≤  +10  ppm/°C)  are  needed.
However, τf for  low-εr microwave  ceramic  materials  is  generally
negative,  which  is  determined  by  their  polarization  mechanism
within the  microwave frequency range  [1,2].  Therefore,  ceramics
with opposite τf values are often used for adjustment by forming
composites or solid solutions, such as TiO2,  CaTiO3,  and SrTiO3,
which  have  large  positive τf values  [3−6].  However,  these
composites  significantly  increase εr,  exhibit  nonlinear  effects,  and

pose challenges  for  co-firing with base  metal  electrodes  owing to
the  variable  chemical  valence  of  Ti  [7−9].  Consequently,  there  is
an  urgent  need  to  develop  new  low-εr microwave  dielectric
ceramics  with  abnormally  positive τf values,  as  exemplified  by
several representative systems outlined in Table 1.

For  example, A3(VO4)2 (A =  Ba,  Sr)  systems  can  effectively
improve τf of  various  systems,  such  as  Mg3(VO4)2,  BaWO4,
Mg2SiO4,  Zn2SiO4,  LiMgPO4,  Li2Mg3SnO6,  Mg2TiO4,  Mg2B2O6,
and LiMg2TiO5 [16−24], to near zero. Ba5Si8O21 and CaSnSiO5 can
also adjust τf of BaSi2O5 and BaAl2Si2O8 to near zero, respectively
[9,25].  However,  these  regulators  often  have  too  small  a τf value
with limited adjustability, or they are expensive and toxic, making
it difficult to meet practical application needs.

The glaserite-type topology is  known for its  amazing chemical
diversity  and  structural  versatility.  The  crystal-chemical  formula 
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can be written as A(□;1)B(□;2)[M(TO4)2], as summarized by Lazoryak
and  Rosica  [26,27].  Some  typical  derivatives  of  this  general
formula  are  presented  in Table  2.  This  type  of  topology  is  a
layered  structure,  taking  Ba3MgSi2O8 as  an  example.  In  this
structure, corner-sharing [SiO4] tetrahedra and [MgO6] octahedra
are  polymerized  to  form  the  [Mg(SiO4)2]  layer,  and  the  free
tetrahedral  apexes  point  outside  the  layer  toward  the  interlayer
space,  as  shown  in Fig.  1.  Between  the  layers,  two  kinds  of
interlayer  cationic  positions  are  allowed:  twelve  coordinated
positions  at  the  center  of  the  interlayer  space  (A  site)  and  ten
coordinated positions in the layer pockets (B site). The multiplicity
of  the  latter  is  always  twice  that  of  the  former.  Recently,  several
related  structures  have  been  reported  due  to  the  low  cost  and
excellent microwave dielectric properties of alkaline earth silicates
[28−32].  The  microwave  dielectric  properties  of  Ca3MgSi2O8
(merwinite) single-phase ceramics were reported by Bafrooei [33]
and  Zhang  [34],  who  reported  good  low-εr microwave  dielectric
properties,  albeit  with  negative τf values  (from −62.9  to
−48.4 ppm/°C). Additionally, a Sr3MgSi2O8 ceramic was reported
by He [35], with a τf value of −57.4 ppm/°C.

In  this  study,  we  reported  the  anomalous  dielectric
characteristics  of  the  Ba3−xSrxMgSi2O8 solid  solution  and  further
explained  this  abnormal  behavior  through  investigation  of  its
crystal  structure.  Understanding  this  behavior  and the  associated
regulatory strategies can facilitate the design of more temperature-
stable composite ceramic materials in the future.

2    Experimental
Reagent-grade  starting  materials  of  BaCO3 (99.8%),  SrCO3
(99.8%),  Mg(OH)2·4MgCO3·5H2O  (99%),  and  SiO2 (99.9%)
(Aladdin  Industrial  Co.,  China)  were  weighed  according  to  the

stoichiometric  ratios  of  Ba3−xSrxMgSi2O8.  The  mixtures  were
subsequently ball-milled separately in a polyethylene jar for 4 h via
ZrO2 balls  with  distilled  water.  After  drying  at  120  °C,  the
mixtures were calcined in air at 1200 °C for 3 h at a heating rate of
5 °C/min. Then, the calcined powder was ball milled for 4 h and
dried.  A  polyvinyl  alcohol  solution  (5  wt%)  was  added,  and  the
dried  powders  were  uniaxially  pressed  into  cylindrical  samples
(12  mm  ×  6  mm  in  diameter  and  height)  under  150  MPa.  The
samples were sintered in the temperature range of 1300–1500 °C
for 5 h at a heating rate of 5 °C/min.

The XRD data  were  obtained via  an X-ray diffractometer  (D8
Advance,  Bruker,  Germany)  with  CuKα  radiation.  The  crystal
structures  and  phase  compositions  were  determined  via  Rietveld
refinement  using  the  FullProf  software  [36,37]. In  situ Raman
spectra were obtained via an integral Raman microscope (HR-800
LabRaman, Horiba Jobin Yvon, France) equipped with a Linkam
heated-cooled device. Thermal etching was performed for 30 min
at 75 °C below the optimal sintering temperature to obtain better
observations  of  the  grain  morphology.  The  thermally  etched
surfaces  were  observed  via  a  scanning  electron  microscope
(GeminiSEM300,  Zeiss,  Germany).  Thermogravimetric  analysis
(TGA)  and  differential  scanning  calorimetry  (DSC)  were
performed  via  a  comprehensive  thermal  analyzer  (STA449F3,
Netzsch, Germany) in air between 25 and 1300 °C. εr as a function
of  temperature  was  obtained  via  an  impedance  analyzer  (4294A,
Agilent  Technologies,  USA)  and  a  measuring  system
(VDMS2000,  Partulab,  China).  The  samples  were  polished  to
approximately  300  μm  and  coated  with  10  mm  diameter  Ag
electrodes  for  electrical  measurement.  The  density  of  all  the
samples was measured via Archimedes’ method. εr and unloaded
Q×f values  were  measured  in  the  microwave  frequency  range  of

 

Table 1    Microwave dielectric properties of some low-εr ceramics with abnormally positive τf values

Ceramic composition εr Q×f (GHz) τf (ppm/°C) Ref.
Ba5Si8O21 7.3 16,700 +25.0 [9]

A3(VO4)2 (A = Ba, Sr) 11.0–12.2 44,340–62,347 +28.8±63.5 [10,11]
CaSnSiO5 9.1 61,000 +35.0 [12]

Mg3Y2Ge3O12 14.1 12,600 +120.5 [13]
Ba9Y2Si6O21 14.9 22,440 +35.8 [14]

Li2BO3 (B = Zr, Sn) 12.8–14.1 17,600–20,800 +26.9±39.3 [15]

 

Table 2    Derivatives of general formula A(□;1)B(□;2)[M(TO4)2] by specificity and occupancy of cationic positions (A, B, M, and T) [27]

No. General formula Condition
Example

Long formula Short formula
1 AB2[M(TO4)2] A≠B≠M≠T BaNa2[Mg(PO4)2] BaNa2Mg(PO4)2

2 AB2[M(TO4)2] A=B≠M≠T AgAg2[Fe(VO4)2] Ag3Fe(VO4)2

3 AB2[M(TO4)2] A≠B, A=M, B≠M≠T NaK2[Na(SO4)2] KNaSO4

4 AB□[M(TO4)2] A≠M≠T, B=0 Rb□[Fe(MoO4)2] RbFe(MoO4)2

5 (A1,A2)B□[M(TO4)2] A1≠A2≠M≠T, B=0 (Ba0.3Sr0.7)□[Zr(PO4)2] Ba0.3Sr0.7Zr(PO4)2

6 A(B1,B2)[M(TO4)2] A=B1≠B2, B2=M≠T Ba(Ba0.5Na0.5)2[Na(PO4)2] BaNaPO4

7 A□B2[M(TO4)2] B≠M≠T, A=0 □K2[Zr(PO4)2] K2Zr(PO4)2

8 A□B□[M(TO4)2] M≠T, A=0, B=0 □□[Ni(ReO4)2] Ni(ReO4)2

9 A□B□[M(T1,T2O4)2] M≠T1≠T2, A=0, B=0 □□[Zr(Mo0.5W0.5O4)2] Zr(Mo0.5W0.5O4)2

10 AB□[(M1,M2)(TO4)2] A≠M1≠M2≠T, B=0 K□[(Mg0.5Zr0.5)(MoO4)2] K(Mg0.5Zr0.5)(MoO4)2

11 AB2[M(TO4)2] A=B=M≠T TlTl2[Tl(WO4)2] Tl2WO4

12 AB2H[M(TO4)2] A=B≠M≠T NaNa2H[Mg(PO4)2] Na3HMg(PO4)2

13 AB□H[M(TO4)2] A≠M≠T, B=0 K□H[Zr(PO4)2] KHZr(PO4)2

Note: □ refers to the structural vacancies in the crystal-chemical formula.
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8–13 GHz in the TE011 mode via the parallel plate cavity method
using  a  vector  network  analyzer  (Agilent  E8362B,  Agilent
Technologies, USA) and parallel silver boards [38,39]. The τf value
was calculated in the temperature range of 25–85 °C.

Density  functional  theory  (DFT)  calculations  were  performed
via  the  Vienna  ab  initio  simulation  package  (VASP)  [40].  The
cutoff energy of the plane wave was set to 520 eV. The Γ-centered
k-meshes  were  2  ×  2  ×  2  for  Ba3MgSi2O8,  3  ×  3  ×  2  for
BaSr2MgSi2O8,  and 2 × 3 × 2 for Sr3MgSi2O8.  The total energy of
the  systems  converged  to  10−6 eV,  and  the  force  acting  on  each
atom  in  the  structural  relaxation  converged  to  0.01  eV/Å.
Vibrational modes were obtained from frequency calculations via
the  density  functional  perturbation  theory  method  [41],  with  a
more  stringent  energy  convergence  criterion  of  10−8 eV.  The
Raman  activity  of  the  vibrational  modes  was  subsequently
identified via the Phononpy code [42,43].

The formation energy was calculated via Eq. (1):

Eform = EAmBn −
∑

i∈(A,B)

niEi (1)

EAmBnwhere Eform, , and Ei are the formation energy, the energy of
the compound AmBn, and that of the atom i within its most stable
simple  substance,  respectively  [44,45]. ni is  the  amount  of  the
atom i.  Additionally, the formation energy for the doped systems
was calculated via Eq. (2):

Eform = Esub − Eunsub −
∑

i

niEi (2)

where Esub (Eunsub)  represents  the  energy  of  the  substituted
(unsubstituted)  system, Ei denotes  the  energy  of  the  substitution
atom  or  the  substituted  atom,  and ni indicates  the  number  of
substitutions [46]. The value of ni is positive for substitution atoms
and negative for substituted atoms. The k-point sampling density
in  the  first  Brillouin  zone  was  set  to  0.02×2π  Å−1 for  all  these
systems,  except  for  the  oxygen  atom.  The  energy  of  the  oxygen
atoms  was  calculated  via  the  spin‒triplet  state  of  the  oxygen
molecule,  which  was  placed  in  a  10  Å  ×  10  Å  ×  10  Å  box  with
only the Γ point.

3    Results and discussion

3.1    Crystal structural analysis of Ba3−xSrxMgSi2O8 ceramics
The XRD patterns of the Ba3−xSrxMgSi2O8 ceramics are shown in
Fig.  2(a).  All  the  curves  in  the  XRD pattern  show similar  crystal
structures.  With  increasing x,  the  XRD  peak  moves  to  a  higher

 

Fig. 1    Crystal  structure  of  Ba3MgSi2O8 illustrated  with  [SiO4]  tetrahedra  and
[MgO6] octahedra.
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Fig. 2    (a) XRD patterns of Ba3−xSrxMgSi2O8 (0 ≤ x ≤ 3) ceramics sintered at optimized temperature, (b) locally enlarged diffraction peaks in the angle range of 30°–34°.
(c) Room-temperature Raman spectra of Ba3−xSrxMgSi2O8 (0 ≤ x ≤ 3) samples. Unit-cell parameters and unit-cell volume, which were converted to Z = 1 crystal structure
as a function of Sr content: (d) cell parameter a, (e) cell parameter c, (f) cell volume. XRD refinements for various Ba3−xSrxMgSi2O8 samples: (g) x = 0, (h) x = 2, and
(i) x = 3.

Abnormal dielectric behavior of glaserite-type Ba3−xSrxMgSi2O8 solid solution 9221020-3

https://doi.org/10.26599/JAC.2024.9221020
 

https://doi.org/10.26599/JAC.2024.9221020


aii = biii = ai/
√
3 cii = ciiisinβ/2 = ci

angle, indicating that Sr2+ ions enter the crystal structure to replace
Ba2+ ions and form a solid solution. For the Ba-rich group (i, x ≤
0.5), the peaks were indexed with trigonal cells of a = 9.7 Å and c=
7.2  Å.  When x ≤  0.5,  very  weak  diffraction  peaks  at  26.1°,  29.6°,
and 28.2° were observed, which belong to BaMgSiO4 (ICDD#16-
0573) and Ba2SiO4 (ICDD#70-2113). For the samples in group (ii,
0.5 < x < 2.5), the peaks were indexed with trigonal cells of a = 5.5 Å
and c =  7.0  Å.  The  cell  volume  of  group  (i)  was  approximately
three times larger than that of group (ii). For the Sr-rich group (iii;
x ≥  2.5),  all  the  diffraction  peaks  were  successfully  indexed  with
monoclinic  cells  of a =  9.4  Å, b =  5.5  Å,  and c =  13.9  Å,  the
volume of which was approximately four times larger than that of
the  former  group  (ii).  This  result  is  consistent  with  previous
research  [47,48].  The  Raman  spectra  of  the  Ba3−xSrxMgSi2O8
ceramics  are  shown  in Fig.  2(c).  The  intense  peaks  at
approximately  880,  400,  1000,  and 550 cm−1 are  attributed to  the
four  normal  modes  of  [SiO4]  tetrahedra:  symmetric-stretching
vibrations  (ν1),  symmetric-bending  vibrations  (ν2),  asymmetric-
stretching vibrations (ν3), and asymmetric-bending vibrations (ν4),
respectively  [49].  As x increased,  an overall  shift  of  the  peak was
observed,  indicating  that  the  crystal  structure  deformed
continuously.  Some vibrational  modes split  when x ≥  2.5  (ν1, ν2)
and x ≤ 0.5 (ν2, ν4), which is related to the resolving of vibrational
degeneracy associated with symmetry reduction. To determine the
crystal  structure  of  the  samples,  Rietveld  refinement  was
performed, which is shown in Figs. 2(h) and 2(i) and Table S1 in
the Electronic Supplementary Material (ESM). The initial models
were consistent with the literature reports to facilitate the analysis
[47,48,50].  Following  standard  crystallographic  conventions,  the
cell  parameters  are , 
(subscript “i”, “ii”,  and “iii” indicates  the  trigonal  cell  (Z =  3)  of
group  (i),  trigonal  cell  (Z =  1)  of  group  (ii),  and  monoclinic  cell
(Z = 4) of group (iii), respectively). As x increases, the cell volume
and  lattice  parameters  of a and c decrease  monotonically,  as
shown  in Figs.  2(d)–2(f).  The  observed  variation  in  the  unit  cell
volume  aligns  with  the  findings  derived  from  the  XRD  patterns.

This alteration can be attributed to the smaller ionic radius of Sr2+

ions (1.31 Å) than that of Ba2+ ions (1.61 Å), with a coordination
number of 12 [51].

3̄

3̄

The  change  in  the  structure  caused  by  Sr  replacement  is
illustrated in Fig. 3. Within the glaserite-type structure, the P m1
space  group  represents  the  highest  symmetry,  as  depicted  in
Figs.  3(b)  and 3(e).  When x =  0,  the  interlayer  positions  are
occupied  by  Ba2+ ions.  The  relatively  large  Ba2+ ions  were
compelled  to  occupy  the  smaller  B  positions,  which  induced
structural  distortion.  In  the P  model,  Ba2+ ions  occupy  three
kinds  of  crystallographic  positions:  Ba1  with  six  coordination
positions, Ba2 with nine coordination positions, and Ba3 with ten
coordination  positions.  [SiO4]  tetrahedra  tilted  to  different
orientations,  as  shown  in Figs.  3(a)  and 3(d).  The  structure  is
inherently unstable, which results in the presence of the inevitable
secondary  phase  [47,52].  As x increases,  the  proportion  of  the
secondary  phase  diminishes  gradually.  A  transition  in  the  space
group occurs at approximately x = 0.5, resulting in the synthesis of
a  pure  phase.  In  group  (ii),  Sr2+ ions  preferentially  occupy  the  B
positions,  as  corroborated  by  the  refinement  results.  For x =  2,
nearly all the A-sites are occupied by Ba2+ ions, whereas the B-sites
are occupied by Sr2+ ions. With further increases in x, Sr2+ ions are
compelled to occupy the A positions, leading to a decrease in the
interlayer  spacing.  At  approximately x =  2.5,  a  change  in
symmetry  is  observed.  For x =  3,  the  layers  become  misaligned,
and  the  [SiO4]  tetrahedra  tilt  in  alternating  interlayer  spaces  to
accommodate  the  smaller  Sr2+ ions  in  the C2  model  [47,53].
Nevertheless,  the  overall  order  of  the  alternation  of  cations  and
anions remains unchanged, as illustrated in Figs. 3(c) and 3(f).

3.2    Microstructure  and  microwave  dielectric  properties  of
Ba3−xSrxMgSi2O8 ceramics
The microstructures and relative densities of the sintered samples
are  presented  in Fig.  4.  SEM  observations  revealed  dense
microstructures  in  the  Ba3−xSrxMgSi2O8 ceramics.  Among  these
ceramics,  the  Ba3MgSi2O8 ceramic  has  the  lowest  density,  which

 

Fig. 3    Crystal structure patterns of Ba3−xSrxMgSi2O8 ceramics: (a, d) Crystal structure of Ba3MgSi2O8, (b, e) crystal structure of BaSr2MgSi2O8, and (c, f) crystal structure
of Sr3MgSi2O8. (g) Framework of a single layer in BaSr2MgSi2O8. (h) [BaO12] dodecahedron and (i) [SrO10] decahedron environments in BaSr2MgSi2O8.
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may  be  attributed  to  the  very  narrow  densification  temperature
range below 1295 °C [48]. For the Ba-rich group (x ≤ 0.5) and Sr-
rich group (x ≥ 2.5),  anisotropic grain growth is observed, which
may  be  related  to  their  low  structural  symmetry,  such  as  that  of

Fe2O3-doped mullite [54] and β-Al2TiO5 [55]. The substitution of
Sr2+ ions for Ba2+ ions results in an approximately linear increase in
the sintering temperature and a decrease in the grain size for the
group (0.5 < x < 2.5).

 

Fig. 4    SEM images of thermally etched surfaces: (a) x = 0, 1300 °C, (b) x = 0.5, 1350 °C, (c) x = 1, 1375 °C, (d) x = 1.5, 1400 °C, (e) x = 2, 1425 °C, (f) x = 2.5, 1450 °C,
(g) x = 3, 1500 °C. (h) Relative density as a function of x value.
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The  microwave  dielectric  properties  versus  the x value  of  the
Ba3−xSrxMgSi2O8 ceramics  are  presented  in Fig.  5.  The  impact  of
porosity  on εr is  evaluated  via  Bosman  and  Havinga’s  method.
εr-corr is  the  relative  permittivity  of  the  material  corrected  for
porosity  and  εr-mea is  the  actual  measurement  value.  Ba3MgSi2O8
has a large intrinsic εr, which can be attributed to the greater ionic
polarizability  of  Ba2+ (6.40  Å3)  [56,57].  To  further  investigate  the
relationship  between  permittivity  and  polarization,  the
Clausius–Mossotti (C–M) equation was used, as shown in Fig. S1
in  the  ESM.  The  ion  polarizability  per  unit  volume  calculated
from Shannon’s additive rule is distributed linearly [58]. However,
with  increasing x value,  the  measured εr has  a  bimodal
distribution, peaking in the phase transition regions (x = 0.5, x =
2.5). This is due to the phase transformation coupled to the optical
mode,  which  is  predicted  by  the  classical  Lyddane–Sach–Teller
(LST) relation [59,60]. The data indicate that εr of this ceramic was
mainly  dominated  by  structural  changes.  This  observation  also
aligns  with  the  results  of  the  temperature-dependent  dielectric
spectra, as shown in Fig. 6, which is consistent with the behavior
observed  in  the  BiVO4-based  monoclinic  scheelite  solid-solution
ceramics  [61,62].  In  the  green  region,  the Q×f value  reaches  its
maximum  value  ranging  from  36,804  to  39,419  GHz  when
x = 1.5–2. It has been reported that the Q×f value can be evaluated
with  the  packing  fraction  [63−65].  For  the P m1  structure,  the
packing fraction is defined as Eq. (3):

Packing fraction =
3π /4 × (3r3(Ba/Sr) + r3Mg + 2r3Si + 8r3O)

Vcell
× Z
(3)

where r(Ba/Sr), rMg, rSi,  and rO are  the  effective  ionic  radii  at  each
coordination number, Vcell is the volume of the primitive unit cell,
and Z = 1. The variation in the Q×f value of the samples in group
(ii)  resembles  the packing fraction,  as  shown in Fig.  5(b).  This  is
because  of  the  decreased  lattice  vibration  with  an  increased
packing  fraction,  thereby  reducing  the  intrinsic  loss  [63]. τf is
sensitive  to  structural  transitions  [66−68].  Moreover,  in  the
present  study,  all  the  samples  have  positive τf values  and  large

negative τε values in group (ii), as demonstrated in Fig. 5(c). The τf
value  initially  decreased  within  the  range  of  0.75  ≤ x ≤  1.5,
followed  by  an  increase  in  the  range  of  1.5  ≤ x ≤  2.25.  The
minimum τf value,  with  a  mean  of  95  ppm/°C,  was  observed  at
x = 1.5. For x > 2 in group (ii), a significant increase in the τf value
was  noted,  where τf was  adjusted  to  +226  ppm/°C  at x =  2.25.
However, this increase in τf was associated with a reduction in the
Q×f value and an increase in εr [69].  Overall,  optimal microwave
dielectric  properties  were  attained at x =  2  with εr ≈  14.2, Q×f ≈
38,900  GHz,  and τf ≈  +117  ppm/°C. Figure  5(d)  presents  a
performance comparison of silicate microwave dielectric ceramics
with anomalous τf values [12,14,70−75].

To  comprehensively  understand  the  impact  of  Sr  substitution
on  the  dielectric  performance  of  Ba3−xSrxMgSi2O8 ceramics,
measurements  of  their  temperature-dependent  dielectric
properties  were  conducted. εr as  a  function  of  temperature
distinctly  illustrates  the  dependence  relationship  of  the
permittivity peak with the composition (Fig. 6). T1−T6 denote the
temperatures  associated  with  the  permittivity  peaks,  which  are
categorized  by  the  same  color.  With  increasing  Sr2+ content,  the
phase  transition  temperature  of  the  Ba3−xSrxMgSi2O8 ceramics
shifts from 215 °C to below −150 °C within the range of 0 ≤ x ≤ 1.
Furthermore, the phase transition peak changes from below −150
to 593 °C in the range of 2.25 ≤ x ≤ 3, as depicted in Fig. 6 and Fig.
S2 in the ESM.

3.3    Thermal,  lattice  vibration,  and  DFT  calculations  of
Ba3−xSrxMgSi2O8 ceramics
Raman  spectroscopy  is  an  effective  method  for  observing  slight
changes  in  the  crystal  structure  of  solid  materials.  As  the
temperature  increases,  the  Raman  peaks  systematically  broaden,
suggesting an increase in the average bond length and widening of
the distribution of average bond lengths and angles, which reflects
a greater degree of crystal vibration disorder in the structure. The
in situ XRD patterns illustrate that all the peaks shift to the left as
the  temperature  increases,  indicating  a  systematic  increase  in  the
cell  parameters [65], as shown in Fig. 7. For the sample of x = 0,
the  merging  of  the v2 mode  and v4 mode  occurs  at  200–300  °C,
which  may  be  due  to  the  tilting  of  Si–O  dangling  bonds  in
response  to  temperature  variations  [47].  This  phenomenon
indicates  a  structural  change  that  could  be  associated  with  the
peak observed in εr as a function of the temperature in Fig. 6. For
the sample of x = 3, the continuous merging of Raman peaks from
−150 to 400 °C signifies persistent structural deformation, whereas
the  XRD  peaks  reveal  phase  transitions  occurring  up  to  700  °C.
This behavior is likely a consequence of the excessively small size
of  the  A-site  ions,  causing  tilting  and  symmetry  loss  of  the  SiO₄
tetrahedra. This indicates that Sr3MgSi2O8 is significantly distorted
at room temperature. This distortion may account for the high chi-
square  value  of  the  refinement  result,  irrespective  of  whether  the
P21/a model or the C2 model is employed [47,52,76]. However, in
the case of the sample of x = 2, a comparison with the other two
structures  reveals  no  significant  changes  in  the  X-ray  diffraction
(XRD)  peaks  and  Raman  vibrational  modes  from  room
temperature  to  400  °C.  This  observation  indicates  a  relatively
stable lattice structure.

To  understand  the  phase  behavior  during  the  synthesis  and
sintering  processes,  TGA  and  DSC  tests  were  performed,  as
illustrated  in  Fig.  S3  in  the  ESM.  In  the  TGA  test,  three  notable
weight  loss  steps  were  observed,  which  corresponded  to  the
decomposition of the crystallization water (230 °C), MgCO₃ (440 °C),
BaCO₃  (850  °C)  and  SrCO₃  (945  °C)  [77,78].  The  earlier
endothermic  peaks  observed  in  the  DSC  curve  suggest  that  the
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synthesis  temperature  of  the  phases  decreases  with  increasing  Sr
content. Figures 8(a)–8(g) and Figs. S4 and S5 in the ESM depict
the symmetry coordinates of the Raman peaks associated with the
normal  modes  of  [SiO4]  tetrahedra  within  the  Ba3−xSrxMgSi2O8
ceramic,  as  previously  described.  The  formation  energy  of  the
Ba3−xSrxMgSi2O8 ceramics (x = 0, 2, 3) is illustrated in Fig. 8(h). An
analysis  of  the  formation  energies  across  the  three  structural
variants revealed that the P m1 model with the highest symmetry
is  the  most  easily  synthesized  and  demonstrates  the  greatest
stability. In the second step of the calculations, the same structural
model P m1 was employed to maintain accuracy. The formation
energy  difference  between  the  structure  with  the  A  site  partially
substituted by 12.5% Sr2+ ions  and the  structure  with preferential
occupancy  is  4  meV.  Conversely,  when  the  12.5%  Ba2+ ions  are
constrained  to  be  embedded  in  the  layer  pocket  B  position,  the
formation  energy  difference  from  the  ideal  composition  is
126  meV,  as  shown  in Fig.  8(i).  The  observed  variations  in
formation  energy  between  the  unsubstituted  model  and  the
models  with  different  substitution  ratios  indicate  a  tendency  for
preferential  occupancy within the Ba3−xSrxMgSi2O8 ceramics.  The
DFT  simulation  data  align  with  the  refinement  results,
demonstrating  that  such  occupancy  can  effectively  reduce  the
formation  energy  of  the  system  [27,79].  This  reduction  may
account  for  the  highest  packing  fraction  observed  at x =  2,  as  it
mitigates size mismatch at the interlayer positions.

4    Conclusions

3̄ 3̄ 3̄

Ba3−xSrxMgSi2O8 solid  solution with  abnormal  dielectric  behavior
was  successfully  prepared  via  an  ion  substitution  design.  With
increasing  Sr  content  with  decreasing  radius,  the  second  phase
disappears  (x >  0.5),  and  a  solid  solution  forms.  The  phase
transitions of P  to P m1 and P m1 to C2 were clearly observed
in  compositions  near x =  0.5  and x =  2.5  with  the  support  of in
situ XRD  and in  situ Raman  spectroscopy. εr is  dominated  by
structural  changes,  and  peak  values  are  observed  at  the  phase
transition  compositions.  The Q×f value  of  a  sample  is  related  to
the  packing  fraction,  which  indicates  that  the  intrinsic  dielectric
loss  caused  by  the  damping  of  lattice  vibrations  is  the  main
influencing  mechanism.  The τf and τε values  are  mainly
determined  by  phase  change  factors,  and  the εr peaks,  as  a
function of temperature, were adjusted from high temperature to
low temperature and then returned to high temperature through
an  ion  substitution  design.  The  compositional  series  (1  ≤ x ≤  2)
displayed  exceptional  performance,  including  low εr values
ranging from 13.57 to 14.98, high Q×f values (22,873–39,149 GHz)
and  positive τf values  ((+95)–(+117)  ppm/°C).  The  optimal
microwave  dielectric  properties  could  be  achieved  in  the  ideal
stoichiometric  BaSr2MgSi2O8 with εr ≈  14.2, Q×f ≈  38,900  GHz,
and τf ≈  +117  ppm/°C.  With  the  support  of  DFT  simulations,
different Raman peak symmetry coordinates were identified. The
difference in formation energy demonstrated that Sr2+ ions tend to
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occupy  the  interlayer  B  sites,  thereby  reducing  the  ionic  size
mismatch within the crystal  structure.  In summary,  this  research
not  only  contributes  to  the  fundamental  understanding  of
Ba3−xSrxMgSi2O8 ceramics  but  also  lays  the  foundation for  future
innovations  in  designing  low-εr composite  ceramics  with  near-
zero τf values.
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