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ABSTRACT 

���� �������������� �
���� ������������ �����������
�	������ ������������� �!�
���!�"�
�����
���������� ���#�� �$�� �%�&�%�'�(0.08) microwave dielectric 

ceramics with tetragonal scheelite framework were successfully prepared via the conventional 

solid-������������ �����������������)�� ���
�*�����&�� �+������ ���
���*���������
���� ���������������� �
���� �
�������� �����
-valent substitution on crystal 

structural evolution, densification progress, microstructural morphology and microwave dielectric 

performances were systematically explored. X-ray diffraction characterization combined with 

Rietveld full-profile refinement validated that all designed compositions formed a pure tetragonal 
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���� �1�'�>�'�3�> GHz, and a temperature coefficient of resonant 

�������;�*���������� ���?���"�� �
����-40.059 ppm/°C. Combined analysis of Raman spectroscopy and P�(V�(L 

chemical bond theory revealed that the Mo�(O covalent bond plays a decisive role in governing the 

intrinsic dielectric loss of the system, and the remarkable elevation of Q × f value at x = 0.04 is 

fundamentally derived from the simultaneous promotion of atomic packing fraction and lattice 

energy. This study proves that Ca-���
�������������� ���������
�����
���������� ������������������ �������� �����)�������� ���
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candidate materials for ultra-low temperature co-fired ceramic (ULTCC) applications in advanced 

millimeter-wave communication systems. 
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1. Introduction 

Driven by the continuous evolution of fifth-generation (5G) mobile communication systems 

and the in-depth exploratory development of sixth-generation (6G) emerging technologies, 

microwave dielectric ceramics (MWDCs) have become irreplaceable core functional materials for 

manufacturing radio-frequency (RF) components including filters, resonators, oscillators and 

integrated antennas [1�(3]. To fulfill the strict requirements of high-speed, low-latency data 

transmission, dielectric materials applied in millime�������:���������� �������@�������"�� ���������������� ���������� ���
��
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�������<���=�����"�����
�����*�	�	�������������������������
�������
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��

�������	���������*������ ���
��������������������of resonant frequency (�?�A�"��to maintain stable frequency output across a 

wide operating temperature range [4�(6]. 

Leveraging the monolithic co-integration capability of passive components and internal 

electrodes, low-temperature co-fired ceramic (LTCC) technology further imposes a critical 

constraint that the sintering temperature of ceramics must stay below 960 °C, to realize co-firing 

with low-cost, high-conductivity silver electrodes (melting point 961 °C)[7-9]. Ultra-low 

temperature co-fired ceramics (ULTCC) with sintering temperatures below 900 °C are particularly 

appealing, as they can drastically cut down manufacturing energy consumption and effectively 

suppress harmful interfacial side reactions between ceramic bodies and metal electrode[10-11]s. 

Among diverse ULTCC material systems, molybdate-based ceramics have drawn widespread 

research interest in recent years, thanks to their inherent low sintering temperature, low 

permittivity and relatively low dielectric loss, as represented by typical systems such as 

�B�����C���������
���D�"�E�� ���B���� �$�� �����0�� �����0�� �
���0�� �B���0�� �F�*�0�� �G���0�� �H���"�0�� �����
���D�� ������ �$�� �
���0�� �����0�� �I���0�� �I���"[12-18], 

�����J�B�������
���D�"�D����������������������������-�������*�����*�����������������B�����
�������������B�����$���B���0�������0�������0���
���0���G���0���F�*�0���K�0���K�,�"[19-

25]. 
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�����������)��

�L�B�+�
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�� �������������������� ���������� �������� ���������������� ���*������ �����������������������
���� ������ �5�%�%�(�5�>�%�� �6�
�� ���������� ������ �8�9�� �
���� ���
�*�)�������� �1�%�&�> 

[24], while its quality factor still has notable room for optimization to satisfy the strict requirements 

of practical mmWave applications. It is widely acknowledged that isovalent cation substitution 

acts as a facile, highly efficient approach to tailor the microwave dielectric performances of 

ceramics, via precise regulation of crystal structural evolution, chemical bond properties and 
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is expected to adjust lattice distortion, bond strength and atomic packing fraction without 

introducing extra charge defects, thereby creating a feasible pathway to further optimize the overall 
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0.06, 0.08) [12-24, 25] ceramics were rationally designed and fabricated through the conventional 
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substitution were systematically characterized by X-ray diffraction (XRD) combined with Rietveld 

full-profile refinement, and the intrinsic correlations among chemical composition, crystal 

structure and microwave dielectric properties were comprehensively elucidated with the support 

of Raman spectroscopy and P-V-L chemical bond theory calculations. The final results confirm 
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for advanced ULTCC applications.  

As outlined in Figure 12�0���	���������
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���
���	���������
���0�� �������� �����������R�&�E�S�
���R�&�R�D�"�
�����
���������� ���������������� �����������
�	������ ������ ���������� ���
���N�� �
�,������������ ���� ������������������������

������������������ �<�� �=�� ���� �
���� �1�'�>�'�3�>�� �H�Q�4�� ������ �5�%�%���6�
�0�� ������������ ���������������������)�� ���� ���
�������������� �8�9��of 10.9 and a �?�A��of 

�T�.�%�&�%�3�� �	�	���/�6�
�&�� �+�������� �������
����-breaking value is roughly 1.8 times (nearly 80% higher than) the 

maximum Q × f previously reported for all molybdate-based systems, which verifies that the 

�
�������/���������������
�����������������*�,���������*�����
�������������������������������*�	�	��������es the intrinsic dielectric loss of the scheelite-

type crystal framework, thus representing a substantial performance breakthrough in the research 

field of molybdate microwave dielectric ceramics. It is worth noting that all literature data are 

sourced from the corresponding references listed in the final column of the table. 

2. Experimental procedure 

������������� �!�
���!�"�
�����
�������������#���$���%�&�%�'�(0.08) ceramics were fabricated via the conventional solid-

state reaction route, using high-purity reagent-�)�����������	�
�������������
�����������
���������5�5�&�>�U�0���������N�������"�0��

�����
���������5�5�&�5�U�0���������N�������"�0���
���
���������5�5�&�5�U�0���������N�������"�0���
�����������5�5�&�5�5�U�0���������N�������"�������������
���������5�5�&�5�U�0��
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was pre-calcined at 280 °C for 2 h in air prior to weighing to completely remove adsorbed 

moisture. Stoichiometric amounts of the starting powders were accurately weighed and then ball-

milled for 10 h in polyethylene jars, with anhydrous ethanol serving as the milling medium and 

zirconia balls as the grinding media. The resulting mixed slurry was fully dried at 80 °C, sieved 

through a 200-mesh screen, and then calcined at 650 °C for 2 h to complete the preliminary 

solid-state reaction. The calcined powders were subjected to a second ball-milling process for 10 

h to further refine the particle size, followed by drying and granulation with 9 wt% paraffin wax 

as the binder. The granulated powders were uniaxially pressed into cylindrical pellets with a 

diameter of 10 mm and a thickness of approximately 5 mm under a pressure of 200 MPa. After 

slow binder burnout at 650 °C for 2 h, the pellets were sintered at 850�(950 °C for 4 h in air with 

a heating rate of 5 °C/min. The optimal sintering temperature for each composition was 

determined based on the maximum relative density and optimal microwave dielectric 

performance of the corresponding sample. The phase composition of the sintered ceramics was 

identified by powder X-���������������������������
�������V�W�X�0���G�����������������������F���	�����������"���*�������)���
�*���Y�Z�����������������
�������[��

�$���1�&�>�.�%�3���2�"���
�������������'�\���������)�����
�����1�%�6�(80° with a scanning speed of 2°/min. Lattice parameters and 

atomic positions were obtained through Rietveld full-profile refinement using the FullProf Suite 

program. The surface microstructures of thermally etched samples were observed using a 

scanning electron microscope (SEM, ZEISS Sigma 300) equipped with an energy-dispersive X-

ray spectroscopy (EDS, OXFORD Ultim Max 100) system. The apparent density of the sintered 

pellets was measured by the Archimedes method using deionized water as the medium. Room-

temperature Raman spectra were collected on a Raman spectrometer (Renishaw inVia Qontor) 

with a 532 nm exc�����������
�����������������������������������������*���,�������������)�����
�����'�%�%�(�1�1�%�%�������]�^�&���+���������������
����������

�����������������������	���
�	���������������������������������������������4�������*�������)���������������
�������������
���N�������������4���������Y���������)���������>�'�'�.�I�"�&���+������

�������������������	�������������������������8�9�������������������*���������,�������������Q���N�N���(�
�
�����������������������������������������
�������
�������������
����

�
�	�������������)�����������������+�F�R���������
�����0�������������������*�����
�����������;�*���������������������
�����<�������������������*����������������������������������������

���������
�������������������+�F�R���_�����
�����&���+�������������	���������*���������
���������������������
�����������
�����������������;�*�����������?f was calculated 

�����
�������������������
�����������������;�*�����������������������*���������������'�>���6�
���������J�"�����������M�>���6�
�������`�J�"���*�������)�������������
���������	�
���������)��

formula. 

�?f �$�������`�J���T�������J�"�/���3�%�a�����J�"�&                                                                                                       (1) 
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3. Results and discussion 

3.1. Phase composition and structural evolution  

�b���)�*������ �1�����"�� �������	���������� �������� �V�W�X�� �	���������������� �
���� ������������� �!�
���!�"�
�����
���������� ���#�� �$�� �%�&�%�'�(0.08) ceramics 

sintered at the optimal temperature of 900 °C. All detectable diffraction peaks can be perfectly 

matched to the tetragonal scheelite-�����	���� �	���������� �����	�������� �)���
�*�	�� �-�.���/���0�� ���
�&�� �M8), and the diffraction 

profiles show excellent consistency with the standard powder diffraction card of 

�������&�����������&�����B�����&�������
�D�����S�����c�
�G�X�������
�&���5�3-154-5796). No additional diffraction peaks corresponding 

to secondary phases or impurity phases are detected within the XRD measurement limit, which 
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������ �������� ���*�������������*�������� ���
�	������ �������
�� �������� ���������� ���������������� �����������0���������� ���� ���
���
�)�������
�*����

single-phase solid solution is formed across the entire tested composition range. The successful 

construction of the solid ���
���*�����
�������������,�������������
�����,���������#�	���������������,�������������������������������������������������������������
�����
��������

�������� ���������0�� ������ ���������� ������ �����������
�������������� ���
�������� ���������*���� ������������������ ���d�1�1�U�"�0�������������� ���*�������� ���
���	���������� ���������� ��������

Hume-Rothery rules for isovalent cation substitution. To clearly reveal the structural evolution 

�,�����������
�����������*���������,�����
�����������*�,���������*�����
���0�����������W���������������������������������������������*�����������������������'�\���������)�����
�����'�%�6�(80° 

are presented in Fig. 1(a). It can be intuitively observed that the characteristic (101) diffraction 

�	�����N�������������������
���������*�
�*�����������
�����������������)���������'�\�������)�����������������������
�����������
�	�����)�����
�������������������������������&���������
���������)��

���
���I�����)�)�e�����������������������
��������������2dsin�"=�!�#�"�0�������������������������
�����������)���������'�\�������)���������
���������	�
�����������
�����������)�������*������

reduction of interplanar spacing d, which is a direct structural consequence of the substitution of 

�������)������ ���������� ���
������ ���1�&�'�3�� �2�0�� �
���� �$�� �M�"�� �,���� ���������������� �
�������� ���
������ ���1�&�1�'�� �2�0�� �
���� �$�� �M�"�&�� �+�������� ���#�	��������������������

observation provides clear and unambiguous evidence for the lattice contraction effect triggered 

�,�����
���������������
���	�
���������
���& 

To extract precise quantitative crystallographic parameters, Rietveld full-profile refinement 

was implemented on the XRD patterns of all sintered samples. The derived lattice constants, unit 

cell volumes and refinement reliability indicators (Rp and Rwp) are compiled in Table 1. All the 

reliability factors Rp and Rwp are below 15%, and the goodness-of-�������� �������*���� �f�'�� ������ �����
������ ���
�� �1�&�>�0��

which confirms that the refined structural model is highly reliable and exhibits excellent 

consistency with the experimental XRD data. Figure 1(b) illustrates the fitted unit cell volume V 

�������������*���������
�����
�����
�����������
�	�����)�����
�������������������
�����#�#�&���������������������	���������0�����������*���������������������
���*������������������������������������

nearly linear trend from 336.655 Å³ for the x = 0.02 composition to 335.88 Å³ for the x = 0.08 

�������	������ ���������� �������� �)�������*������ ������������������ �
���� �
�������� ���
�����������&�� �+�������� ��trictly linear variation behavior fully 
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complies with Vegard's law, which further verifies the formation of a homogeneous substitutional 

solid solution rather than a simple physical mixture of multiple phases. 

 

Figure 1. (a) XRD patterns of �����������1�:�#�
�� �#���"�
�����
 �O�� �1�' ceramics with x = 0.02�(0.08 sintered at the 

optimal temperature of 900�g�h�i�����,�"�� the volume change as a function of the substitution fraction x. 

 

3.2. Rietveld refinement and crystal structure 

�+�����������	�������������������������W���������������������������������������	�����������������
����������������� �!�
���!�"�
�����
�������������������������������
�����������)��

the x = 0.02�(0.08 compositional range are presented in Figure 2(a-d). The experimentally 

measured diffraction profiles (denoted by open circles), the theoretically calculated patterns (solid 

lines), the residual difference curves at the bottom, and the expected Bragg reflection positions 

(vertical bars) are plotted in the same coordinate system for direct comparison. The excellent 

intensity matching between the observe���� �������� ���������*������������ ������������������ �������
������ �������� �������������� �'�\�� ���������������)��

range further verifies that all sintered samples are pure single-phase tetragonal scheelite structures. 

�-���� ���������� ���������������� �������������
���N�0���������0�� ���������0�� �
�������� �������� �
��4+ cations co-occupy the 4b Wyckoff site with 
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eight-���
�������
�#���)���������
�
���������������
���0�����
���������)�����������
�����������������/�����/�
���/�
���"���`���	�
���������������0�����������������
�j�������������
������

�����������
���������������������������.�����@�����N�
���������������0�����*�����
�*�����������,�������
�*�����
�#���)�����������
���������
�����
���������*�����������
���������������
���D��

���������������������&�� �+������ �������/�����/�
���/�
���"���`�� �	�
���������������� �������� �������������
���������������� �������� adjacent units via edge-

�������������)�0���������� �������� ������������������ ���
���D������������������������ ���*������������ �������N���������� �	�
������������������ �,�����N�,�
������ �������
�*�)���� ���
��������-

sharing oxygen atoms, ultimately forming a stable three-dimensional open crystal network. 

Table 2 ���*�����������4������ �������� �������� �������������
�������� �,�
������ �������)������ ���������� �
���� ������������� �!�
���!�"�
�����
���������� ������������������

with different Ca doping contents, which are obtained via Rietveld structural refinement at their 

respective optimal sintering temperatures. The doping variable x covers the range of 0.02 to 0.08, 

and the refinement convergence degree of all bond length values meets the published standards for 

crystallographic data. As indicated by the data variation trend, the average bond lengths of three 

non-molybdenum-oxygen bonds, namely Na-O, Sr-O and Ce-O, decrease slightly with the 

increase of Ca doping content, reach a minimum value of 2.5629 Å at x = 0.06, and then show a 

weak rebound at x = 0.08. The overall fluctuation amplitude is less than 0.002 Å, reflecting the 

extremely high structural stability of the lattice framework in this system. In contrast, the average 

bond length of Mo1-O reaches a minimum value of 1.7365 Å at x = 0.04, which is completely 

consistent with the previously observed experimental results of the peak lattice ordering degree 

and the lowest intrinsic dielectric loss. This bond length evolution trend can directly support the 

mechanism interpretation of dielectric properties: the x = 0.04 component has the shortest Mo-O 

bond length, which corresponds to the highest Mo-O bond energy and significantly suppresses the 

anharmonic lattice vibration. This provides direct experimental evidence at the crystal structure 

level for the ultra-high Q × f value of 125265 GHz obtained by this component. 
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Fig. 2. (a�(d) Rietveld refinement XRD patterns of �����������1�:�#�
�� �#���"�
�����
 �O�� �1�' (x = 0.02, 0.04, 0.06, 
0.08) ceramics. (e) Crystal structure schematic and coordination polyhedra sintered at 900 oC. 
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Table 1 Lattice parameters, unit cell volume, and refinement parameters of ���������� �������	�� ���
���	���
�� ���� ���� 
ceramics sintered at 900oC. 

 
 
 
 
 
 

 

 

Table 2 Bond length of the ���������� �������	�� ���
 ���	���
�� ���� ���� ceramics selected at optimal sintering 
temperatures. 

 
 
 
 

���������������������	�����������������������������
��������
�  V(Å3) �!�"�#���$�� �%�
���$�� Rp(%) Rwp(%) �&�� 

x=0.02 336.655 5.34468 11.78531 10.668 14.090 1.54 

x=0.04 336.391 5.34378 11.78007 8.287 11.489 1.26 

x=0.06 336.104 5.34219 11.77703 10.427 13.453 1.49 

x=0.08 335.878 5.34166 11.77143 10.834 14.034 1.44 

Bonds x=0.02 x=0.04 x=0.06 x=0.08 

Na-O(1)¹×3 2.5567 2.5561 2.5554 2.5705 

Na-O(2)²×3 2.5720  2.5711 2.5704 2.5559 

Sr-O(1)1×3 2.5720  2.5561 2.5554 2.5705 

Sr-O(2)2×3 2.5567  2.5711 2.5704 2.5559 

Ce-O(3)1×3 2.5720 2.5561 2.5554 2.5705 

Ce-O(3)2×3 2.5567 2.5711 2.5704 2.5559 

Mo1-O(1)1 1.7192 1.7315 1.7410 1.7413 

Mo1-O(2)2 1.7249 1.7415 1.7410 1.7413 

Mo1-O(3)3 1.7894 1.7315 1.7410 1.7413 

Mo1-O(4)4 1.8023 1.7415 1.7410 1.7413 

Average Na-O 2.5644 2.5636 2.5629 2.5632 

Average Sr-O 2.5644 2.5636 2.5629 2.5632 

Average Ce-O 2.5644 2.5636 2.5629 2.5632 

Average Mo1-O 1.7589 1.7365 1.7410 1.7413 
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3.3. Microstructure characterization 

Figure 3 displays the SEM micrographs of thermally etched surfaces for 

������������� �!�
���!�"�
�����
�����������������������������������������������������5�%�%���6�
�&�������������	�����������������������
�����������������
���	�
���������
����������������������

reach a relatively high densification level, accompanied by a generally uniform grain size 

distribution throughout the entire sample set. At the substitution level x = 0.02, a certain fraction 

of intergranular pores still remain inside the sample, which indicates that the solid-phase sintering 

densification process of this specific composition �������� ���
���� �,�������� ���*�������� ���
���	�����������&�� ������ �������� �
��������

substitution content rises to x = 0.04, the microstructure evolves into its optimal state, featuring 

the highest densification degree, well-distributed grain size, clearly distinguishable grain boundary 

profiles, and nearly no residual pores. This experimental observation shows perfect consistency 

with the maximum relative density value measured for this composition in Table 2�&���@�����������������
��������

doping concentration is further increased to x = 0.06 and x = 0.08, the proportion of intragranular 

pores increases slightly, and the overall uniformity of the microstructure degrades gradually. This 

phenomenon can be reasonably explained b�����������������������������������#�����������������
�����������*�,���������*�����
�������������,����������������

lattice mass transport behavior during the high-temperature sintering process. The above 

microstructure evolution law shows excellent agreement with the measured relative density data, 

which provides a direct microscopic structural basis for the subsequent interpretation of the 

composition-tuned microwave dielectric property evolution mechanism. 
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Figure 3. SEM micrographs of �����������1�:�#�
�� �#���"�
�����
 �O�� �1�' ceramics sintered at 900�g�h�7�������"���#���$���%�&�%�'�0�����,�"��

x = 0.04, (c) x = 0.06, (d) x = 0.08. 

 

Figure 4 presents the statistical grain size distribution results of the same batch of ceramics 

sintered at 900 °C, whose evolution trend shows full consistency with the previously observed 

SEM morphology features. For the x = 0.02 sample, the grain size distribution spans a relatively 

broad interval, and a considerable number of residual pores remain trapped in the gaps between 

large-sized grains. The x = 0.04 sample delivers the narrowest grain size distribution range, 

reaching the peak grain uniformity that perfectly aligns with its highest densification level. As x 

further increases to 0.06 and x = 0.08, the grain size distribution broadens again, accompanied by 

a noticeable rebound in pore quantity and a distinct degradation in overall microstructure 

uniformity. 
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Figure 4. Ggrain size histogram of the �����������1�:�#�
�� �#���"�
�����
 �O�� �1�' ceramics sintered at 800�h . 

 

Figure 5(a�(���"���������*���������������������������F�������������
�)�����	�������
���������������R�&�E�S�
���R�&�R�D�"�
�����
���������������������������0��������������

capture the dynamic evolution of their microstructure as the sintering temperature gradually rises. 

�������������������������������)���������	���������*�������
�����M�>�%���h�0�����������)�������������������������
�����*���������)�
ne full development and growth, 

and a substantial number of residual pores are trapped inside the sample, indicating a distinctly 

�������*�����������������������������������������
���������)�������&���������������������������������)���������	���������*���������������������������
���5�%�%���h�0�����������	�
���������
������������

drops to the minimum value, the grain size reaches the highest uniformity, and the overall 

microstructure evolves into its optimal state. When the sintering temperature is further increased 

beyond this point, abnormal grain growth occurs, pores reappear within the matrix, and the 

structural uniformity degrades noticeably. Figure 5(e�(h) presents the corresponding statistical 

grain size distribution results for the above morphologies, whose quantitative data further validates 

this temperature-driven microstructure evolution trend. 
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Figure 5. SEM micrographs of �����������%�&�5�3�
�� �%�&�%�.�"�
�����
 �O�� �1�' ceramics sintered at various 

temperatures(Fig. 5 a-d), the average grain size (A.G.) of �����������%�&�5�3�
�� �%�&�%�.�"�
�����
 �O�� �1�' ceramics 

sintered at 850-950 °C(Fig. 5 e-h). 

Figure 6 presents the EDS elemental mapping patterns and corresponding quantitative 

���
���	�
���������
�������� ���	���������*���� �
���� �������� ������������� �!�
���!�"�
�����
���������� ���������������� ���	�������������� ������������������ ������ �5�%�%�� �6�
�&��

Statistical analysis of the collected spectrum reveals that the experimentally measured atomic 

proportions of Na, Sr, Ca, Ce, Mo and O show excellent consistency with the nominal 

stoichiometric molar ratios pre-designed for this ceramic system. The minor numerical deviation 

between the measured and theoretical values can be reasonably attributed to the inherent 

instrumental sensitivity limit and unavoidable background signal calibration error that are intrinsic 

to the EDS characterization technique. This experimental result directly confirms the successful 

fabrication of the target homogeneous solid-solution phase, and no detectable elemental 

segregation or localized element aggregation is observed across the entire scanned region of the 

sample. 
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Figure. 6 shows the atomic mass ratio of �����������%�&�5�3�
�� �%�&�%�.�"�
�����
 �O�� �1�' ceramic sintered at 900 oC and 

the EDS surface scan image. 
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Figure 7(a) The relative density, (b) dielectric constant, (c) Q×f, (d) �$f of   �����������1�:�#�
�� �#���"�
�����
 �O�� �1�' 

ceramics sintered at various temperatures. 
As depicted in Figure 7(a), the relative density of Ca-���
�	������������������� �!�
���!�"�
�����
����������������������������

presents a distinct non-monotonic variation trend with the increase of Ca doping concentration 

across the entire sintering temperature range of 850 °C to 950 °C, following an initial upward then 

downward trajectory: the relative density hits a peak value of roughly 4.6 g/cm³ at x = 0.04, and 

then undergoes a continuous decline as the Ca substitution level further rises. This phenomenon 

can be reasonably explained by the fact that excessive doping introduces a high concentration of 

lattice defects, which hinders atomic diffusion and suppresses the densification kinetics during the 

high-temperature sintering process. Within the full tested temperature interval, all samples sintered 

at 900 °C exhibit the highest densification degree, which further confirms that this temperature is 

the optimal processing condition to facilitate the sintering densification of this entire ceramic series. 

From the intrinsic property perspective of constituent oxides, the gradual reduction in relative 

density induced by elevated Ca doping content can be rationally interpreted via the following 

physical mechanism: the melting point of CaO reaches 2572 °C, which is substantially higher than 
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the 2430 °C melting point of SrO. This inherent property dictates that a higher Ca substitution ratio 

requires a correspondingly elevated sintering temperature to drive sufficient solid-state atomic 

diffusion and macroscopic volume shrinkage. Under a fixed sintering temperature, a higher Ca 

doping concentration weakens the densification driving force throughout the sintering process, 

which ultimately results in a lower relative density. A higher densification degree not only 

promotes the enhancement of main phase purity and the suppression of secondary phase formation, 

but also serves as an indispensable prerequisite for securing the stability of the temperature 

���
���������������������
�����������
�����������������;�*�������������?���"�& 

3.4. Microwave dielectric properties 

�+������ ���������
���������� ���������������������� �	���
�	�������������� �
���� ������������� �!�
���!�"�
�����
���������� ������������������ ������������������ ������ ������������

respective optimized temperatures are summarized in Table 3�&���+�������������������������	�������������������������8r varies 

within a narrow interval of 10.58�(10.90, which falls into the typical permittivity range for low-

permittivity molybdate ceramics with scheelite crystal structure. In line with the Clausius�(

Mossotti correlation, the permittivity of a fully dense single-phase ceramic is co-determined by 

�������� �������
���������������� ���
�������� ���
�������� �	�
���������4���,������������ ���Z�������
�"�� �������� �������� �*�������� ���������� ���
���*�����&�� ������������ �������� ���
��������

�	�
���������4���,������������ �
���� �
�������� ���O�&�1�3�� �2�k�"�� ������ �������)�������������� ���
�������� ���������� ���������� �
���� ���������� ���.�&�'�.�� �2�k�"�0�� �������� ���
�����������4������

�	�
���������4���,������������ ���������
�� �Ztheo/Vm remains nearly invariant as x changes, which directly explains the 

�
�,�������������������������������
���������������8r �������*���&���+�������������
���������*�����*�������
�������������8�������������	�������
���������������������
����������������������������

the subtle variations in the bulk relative density of the sintered samples. 

�b���)�*������ �P���,�"�� �������*���������������� �������� ���������������
���� �
���� ������������������ �	������������������������ ���8���"�� �������
������ �������� ������������������ �������	��������

prepared at different temperatures, plotted as a function of Ca substitution content (x). As x 

�)�������*���������� �������������������0�� �8���� ���
�����
������ ���� ������������������ ���
��-monotonic trajectory of first ascending and then 

descending, rising from 10.58 to a peak value of 10.90 at the substitution level x = 0.04. The initial 

upward trend is predominantly governed by the continuous improvement in bulk densification 

degree during the sintering process. Nevertheless, when x exceeds 0.04, the relative permittivity 

decreases progressively, which arises from the synergistic effects of reduced bulk relative density, 

������������������ ���������������� �������������� ���
�������������������
���0�� �������� �������� ���������������������� ���
�������� ���
�������� �	�
���������4���,������������ �
���� �
��������

c�
���	���������� ���
�� ���������&�� ������ �������������,������ �,���� �������� �
�����*�����*���(Mossotti [17-18] correlation, the relative 

permittivity exhibits an intrinsic correlation with ionic polarizability, and its specific mathematical 

formulation is presented in the following section: 
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�8���������
�$
�O�l�m�M�n�Z�������


�O�l�T�.�n�Z�������

                                                                                                       (2) 

�������������Z�o�p�q�r���������
�����������������������
�������������������
���������	�
���������4���,���������������������l�������	���������������������������
�����������
���*�������
������������

unit cell (V/Z). The total polarizability of the compound is calculated on the basis of Shannon's 

additive rule for ionic polarizabilities [19], which is expressed as follows: 

                       �Ztheo�&�s������������� �!�
���!�"�
�����
���������t�$�Z(Na+�� +(1-�#�"�Z�� ����������  

�m�#�Z�� �
�������� �m�Z�
��4���m�Z�����
6+�"�m�Z�� O�'�T��                                                     

�� 3��  

�+�����������������
�������
���������	�
���������4���,�����������������
�����
������������������������������������������-documented as 3.16 Å³ and 4.24 Å³ 

respectively. As the Ca substitution level (x) gradually rises, the theoretical total polarizability 

���Ztheo) of the entire ceramic system exhibits a monotonic downward trend. This inherent decreasing 

trend in total polarizability is effectively counterbalanced by the concurrent improvement in bulk 

relative density, which ultimately drives the observed initial upward trajectory of the measured 

�������������������	���������������������������8r). To eliminate the confounding interference effect of residual porosity on 

�����������������������������������������������*�����������������������0�������������#�	�������������������������
�,���������������8r values were corrected using 

the Bosman-Having relation via Equation (4), which yields the porosity-corrected relative 

�	���������������������������8rcorr) as defined in the subsequent xpression. 

�8�������
�����$�8�������������1�m�1�&�>�	�"                                                                                                  (4) 

�@�����������G�����������8�����������
���������������	�
���
���������������������#�	���������������������������������*���������������������������	�������������������������������	�����������������&��

�b�*�������������
�����0�����������������
�����������������������������������	���������������������������8rtheo) of the microwave ceramics can be derived 

�����
���������������
�����������
���������	�
���������4���,���������������Ztheo)[19], which is explicitly formulated in Equation (4). Figure 

�P���,�"�������	���������������������������������
�����
�������#�	���������������������������������*���������������������������	���������������������������8r�"���������������*���������
�����
�����
��������

substitution content (x), which presents a distinct non-monotonic trajectory of first ascending and 

�����������������������������)�&�����	���������������������0�����
���������������	�����������������������������������������5�%�%���6�
�0�������������������*���������8r first climbs to 

a peak value, and then gradually decreases from 10.9 to 10.64 as x increases progressively. Notably, 

both the theoretically calculated permittivity (�8r,theo) and the bulk relative density follow the 

�������������������� �����������������)�� ������������ ������ �������� ���������*�������� �8���8�� in the post-peak region, which corroborates the 

strong intrinsic correlation among these three key performance parameters. 

The quality factor Q × f exhibits a distinct composition-dependent characteristic, as clearly 

presented in Fig. 7(c). It increases remarkably from 52694 GHz at x = 0.02 to a peak value of 

125265 GHz at x = 0.04, and then gradually declines to 65870 GHz at x = 0.08 for specimens 
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sintered at 900 °C. This volcano-shaped variation trend can be rationally interpreted from both 

extrinsic and intrinsic perspectives. Extrinsically, the sample with x = 0.04 possesses the highest 

relative density and the most uniform microstructure, which effectively minimizes the extrinsic 

dielectric loss originating from residual pores and abnormal grain boundaries. Intrinsically, the 

atomic packing fraction and the lattice energy of Mo�(O bonds play decisive roles: an appropriate 

�����
�*�������
�����
�����������*�,���������*����on optimizes the Mo�(O bond strength and suppresses anharmonic lattice 

�����,���������
���0�� ������������ ���#���������������� �
�������� ���
�	�����)�� ���������
���*�������� ���
�������� ���������������� �������������� ���������� ������������������������ �	���
���
����

�������������������)�&���+�������W�������������*���������������������������������������#�����*�������b�@�Q���"���
�����������������)�����
���������
���������	�
���������)�����
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Mo���D�����������������������������������������������������������*�����������*�����
�����'�.�&�M�P�������]�^���������#���$���%�&�%�.�0�����������������*���������������
�����
�,�
������������

that the optimal composition owns the highest lattice ordering degree and the lowest intrinsic 

dielectric loss. Fig. 7(d) intuitively depicts the variation of the temperature coefficient of resonant 

�������;�*�����������?�������
����������������� �!�
���!�"�
�����
�����������������������������������������*���������
�����
�����
�����������*�,���������*�����
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all tested samples were sintered at 900 °C. Across the entire substituti�
�����������)���0���?�������������������������)�����������0��

���
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closely correlated with the reduction o�������������������������e�������������������������������������#�	���������
�������
���������������������Z��������������

���������������������
���
�*���������
���*�����
�����
�����,�
���������������������������������������������������������������������������&�����������
�*�)�������������?�����������*�����
������������

�#���$���%�&�%�3�����
���	�
���������
�����������b���)�&���P�����"���������T�1�>�&�5���	�	���/�6�
�0�����������������������������
���������
��������������������������������-zero level, 

it can be conveniently tuned to near-zero by constructing a composite ceramic system with a small 

�������������
�����
�����?��-compensating end-members in subsequent studies, so as to satisfy the temperature 

stability requirements of practical communication devices. More importantly, the optimal ceramic 

composition can achieve full densification at 900 °C. This sintering temperature is far below the 

melting point of Ag electrodes, demonstrating extremely high application compatibility in the 

LTCC (Low-temperature co-fired ceramic) technology field. A systematic performance 

comparison between this system and other representative molybdate microwave dielectric 

ceramics is summarized in Table 1, Table 3 and Table 4. The comparison results highlight that the 

Q × f value of 125265 GHz obtained in this work reaches an exceptionally high level among all 

reported ultra-low-firing molybdate systems, presenting remarkable competitive performance 

advantages. 
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Table 3 �<�=���0���8r�0���?f�0���8rtheo�0���Ztheo �0���utheo�0���urelative�� SMo-O�� V iMo-O  for �����������1�:�#�
�� �#���"�
�����
 �O�� �1�' (x=0.02-
0.08) ceramics sintered at 900oC. 
 

 
 
 
 
 
 

 

3.5 Chemical Bond Analysis Based on P��V��L Theory 

The P�(V�(L chemical bond theory acts as a classical analytical framework that interprets the 

chemical bonding behaviors in crystalline solids from the perspective of dielectric response 

properties. ���������������,�����������
���������������������
�����������������������������0���������������������������������*�����*�������
����������������� �!�
���!�"�
�����
����������

ceramics can be deconstructed into multiple independent chemical bond units, which follow the 

�)�������������� ���v�I�w�� �,�
������ �������������������������
���� �������������& This targeted decomposition operation lays a solid 

structural foundation for the subsequent quantitative calculation of bond-related parameters and 

the in-depth interpretation of structure-performance correlation: 

Na(Sr/Ca)LnMo3O12 �x���������/����/Ca/Ln)MoO4 �x�������/����/Ca/Ln 

+ Mo + O4 �x�������/�����/�B����8/3 + MoO4/3                                       (5) 

To quantitatively characterize the ionic-���
�������������� ���*������ �	���
�	�������������� �
���� ������������� �!�
���!�"�
�����
����������

ceramics, a set of targeted calculation formulas are constructed on the basis of the P�(V�(L chemical 

X 0.02 0.04 0.06 0.08 

Q×f (GHz) 52694 125265 110467 65870 

�8�� 10.58 10.9 10.79 10.64 

�?�������	�	���/�h�" -43.85532 -40.05986 -15.86398 -20.13572 

�8���������
 10.7529 10.7660 10.7820 10.7906 

�Z�������
�����2�k�"�s�	���������������0���C�$�3�t 61.4640 61.4352 61.4065 61.3778 

�Z�������
�/�l�� 0.1826 0.1826 0.1827 0.1827 

�u�������
�����)�/�����k�" 4.384 4.383 4.382 4.381 

�y�����U�" 9.44 4.72 4.84 5.50 

U(Mo-O) (kJ/mol) 24839.63 25533.87 25438.85 25435.86 

E(Mo-O) (fi) 582.53 598.56 598.73 598.63 

�Z����(10-6K-1) -0.43 -0.417 -0.407 -0.407 
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bond theory system. [21-26]: 
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where �F�)
�z represents the average energy gap of the dielectric ceramic, and �
 �z denotes the 

heteropolar energy induced by ionic bonds in the chemical bonds of the dielectric ceramic [26-30]. 

In the equation, �F��
�z indicates the homopolar energy resulting from covalent bonds in the chemical 

bonds of the dielectric ceramic, ���zrepresents the bond length in the dielectric ceramic [30-36], and 

���C��
�z����and ���C�I

�z����signify the effective numbers of valence electrons for the positively charged ion 

A and negatively charged ion B, respectively. The parameter �,�zis a structural correction factor 

positively correlated with the average coordination number �� �

�* . The Thomas�(Fermi screening 

factor ���#�	 �� �T�{��
�z���%

�z�" is determined as follows [37-40]: 
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                                                                        (15) 

where �Z�I represents the Bohr radius, a constant with a value of 0.5292 Å. �N�b
�zdenotes the Fermi 

wave vector of the valence electrons, �� ��
�zindicates the density of valence electrons in the ceramic 

crystal, �� �,
��signifies the bond density in the ceramic crystal, and ���zrepresents the average number 

of valence electrons in the chemical bonds of the ceramic. 

The bond ionicity of each independent chemical bond unit in the as-prepared ceramics was 

quantitatively calculated using Equation (6), and the corresponding calculation outcomes are 
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intuitively presented in Figure 8(a). Among all constituent chemical bonds in the crystal lattice, 

the Sr/Ca-O and Mo-O bonds exhibit distinctly higher ionicity than other bond units, which are 

identified as the dominant bonding factors that govern the macroscopic dielectric constant of the 

investigated ceramic samples. Nevertheless, as clearly demonstrated in Figure 8(a), the overall 

bond ionicity of the samples maintains a highly stable value of approximately 84.8% across the 

entire Ca substitution range. Consequently, in this work, the bond ionicity fi exerts a negligible 

influence on the variation of the measured dielectric constant, and this deduction shows excellent 

consistency with the experimental results presented in Figure 8. 

 

�b���)�&���M�����"�0�����,�"�0�������"�0���������������"���������	�����������������������	�����������������������������*���������
�����������������0�����������L�0���+�
���������F�����������Zmn for 
�����������������������������������	���������*�������
�����5�%�%�h�& 

 

The loss characteristics of microwave dielectric ceramics act as one of the most critical 

evaluation indicators for their comprehensive performance. The Q×f value is universally adopted 

to quantitatively characterize the loss behavior of tested samples, where a higher Q×f value 

corresponds to lower dielectric loss level. These dielectric losses can be fundamentally divided 
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into two distinct categories: intrinsic loss and extrinsic loss. The intrinsic loss is inherently tied to 

the crystal structure, atomic packing fraction, and lattice energy (U) of chemical bonds within the 

crystalline lattice. In contrast, the extrinsic loss is governed by a broader set of influencing factors, 

including lattice defects, residual porosity, bulk material density, secondary phase formation, grain 

size heterogeneity, and the introduction of dopant atoms [41-42]. Figure 7(b) and Figure 8(b) 

systematically depict the variation of quality factor Q×f as a function of Ca doping content x in 

��������������������� �!�
���!�"�
�����
�����������������������������������������������������������������5�%�%���6�
�0�����������������*����������������������������������������������������������

coupling correlations between Q×f and the lattice energy of Mo�(O bonds, total lattice energy of 

the entire system, as well as atomic packing fraction. As the doping concentration x increases 

progressively, Q×f exhibits a continuous upward trend and reaches its performance peak at x = 

0.04. Fully synchronized with this variation trajectory, both the total lattice energy and atomic 

packing fraction also hit their maximum values at this specific doping level, and the three 

parameters present highly consistent evolution patterns. When the doping content x exceeds 0.04, 

the lattice energy of Mo�(O bonds, total system lattice energy and bulk density of the samples 

decrease synchronously, and Q×f also declines in a coordinated manner. The three parameters 

always maintain a perfectly matched evolutionary trend throughout the entire doping range. 

This performance evolution law can be rationally interpreted from the intrinsic mechanism 

perspective. On one hand, higher lattice energy corresponds to stronger chemical bonding force, 

which can remarkably suppress the anharmonic lattice vibration and fundamentally reduce the 

intrinsic dielectric loss of the system. On the other hand, a higher density indicates a more compact 

atomic arrangement inside the crystal and superior lattice ordering, which can effectively attenuate 

the energy dissipation induced by phonon scattering processes. Accordingly, a stable positive 

correlation is established among Q×f, total lattice energy and packing fraction. These three 

parameters collectively verify the prominent suppression effect of the synergistic action between 

densified crystal structure and strong chemical bonds on intrinsic dielectric loss. Figure 7(b) 

�������*���������������� �������� ���������������
���� ������������ �
���� �<�=�����������*���� ���
���� ������������� �!�
���!�"�
�����
���������� ������������������ ������ ���� ���*���������
���� �
����

sintering temperature. As the sintering temperature increases, the Q×f value presents a trend of 

first ascending and then descending. Combined with the data in Table 3, the relative density of 

samples sintered at 900 °C can exceed 95% for x=0.04 and x=0.06, which provides solid 

experimental support for the high Q×f characteristic of the samples. When x=0.04 and the sintering 

temperature is 900 °C, the Q×f value of the ceramic reaches a peak of 125265 GHz, corresponding 
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to the optimal loss performance of the sample. When the sintering temperature is fixed at 900 °C 

as shown in Figure 10(b), the Q×f value of this ceramic system gradually rises with the increase 

of doping content x, reaches its maximum at x=0.04 and then declines subsequently. The variation 

of Q×f exhibits a highly consistent trend with the lattice energy U and bulk density of the sample, 

while no obvious correlation is observed between Q×f and the packing fraction, which further 

clarifies that lattice bonding strength and densification degree are the core microscopic factors 

dominating the loss performance of this system. 

Figure 9 (a-���"�����������������������������������
�����������������������������#�	���������������������������������*���������������������������	���������������������������8��

) of 900 °C-������������������ ������������������ ���������� �������� �8r(C�(M) values derived from the modified Clausius�(

Mossotti framework. The full computational workflow supporting this comparison is formalized 

in Equation (16) and Equation (17), which are tailored for multi-component molybdate dielectric 

systems. 
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���*�����0�����������l�W����������������

denotes the unit cell volume extracted from Rietveld refinement respectively. Z refers to the total 

���*���,�������
���������
���������
���������������������������������)�������*�����������������&���Z���� is defined as the theoretical polarizability of 
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polarization performance of dielectric materials, it can be quantitatively calculated via the 

generalized Shannon formula as presented in Equation (18) [34]: 

�Zth �$���Z��Na1���"���m��(1-x)�Z��Sr�����"���m����x�Z��Ca�����"+(Ce4���"���m��3�Z��Mo6+) + 12�Z�������]�"��       (18) 

�@�����������Z��Na1���"�0���Z��Sr�����"�0���Z��Ca�����"�0���Z��Ce4���"�0 (Mo3���"�����������Z�������]�"�������	�������������������������
���������	�
���������4���,����������������

of Na1���0���
a�����0��Sr����,Ce4+, Mo3�� �������������]�����
�����0���������	�����������������&���+�����������������*���������������������N�����������
����������������������

literature [34]. 
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Fig. 9(a), (b), (c), and (d) respectively represent the results of �8r, �8corr, �8r, �������������0���Ztho,  for �����������1�:

�#�
�� �#���"�
�����
 �O�� �1�' �����������������������������������	���������*�������
�����5�%�%�h�& 
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�F�����������������)���8�����
�(M) via polarizability is a widely recognized and highly effective analytical 

approach. The calculated outcomes presented in Figure 9(b) demonstrate that the theoretical values 

share a comparable overall variation tendency with the experimentally measured counterparts. It 

���������
�������
���������������������8corr consistently registers higher than the experimental measurements, which is 

primarily ascribed to the unavoidable residual pores existing in actual bulk samples, since the 

incorporation of pores effectively lowers the overall dielectric constant. Further detailed 

observation reveals that the variation trend of the dielectric constant exhibits a strong 

synchronization with that of the relative density, which fully corroborates that relative density 

exerts a prominent regulatory effect on the dielectric constant: the higher the densification degree, 

the closer the dielectric constant will approach the theoretical predicted value. The coupling 

relationship among dielectric constant, bond ionicity and polarizability in the 

������������� �!�
���!�"�
�����
�����������������������������������������	����sents a distinct segmented modulation behavior, which 

can be precisely categorized into two typical regions corresponding to different dominant control 

factors. Under this circumstance, the intrinsic regulatory effect of bond ionicity and theoretical 

polarizability on dielectric constant can be nearly completely neglected. Instead, the variation of 

�8�9 displays a highly synchronous evolution trend with the relative density of the sintered samples, 

and the gradual elimination of residual pores and continuous improvement of densification become 

the sole dominant factor driving the continuous rise of dielectric constant in this interval. When 

�������� ���
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�����)����������

coordination equilibrium of the lattice. The bond valence distribution of Sr/Ca-O and Mo-O bonds 

undergoes a noticeable deviation from the optimal stable state, which triggers a synchronous and 

regular decline in the total bond ionicity and theoretical polarizability of the system. In this high 

doping region where x > 0.04, the evolution of dielectric constant shows a highly consistent 

positive correlation with both bond ionicity and theoretical polarizability, and the intrinsic 

chemical bonding parameters replace relative density to become the dominant modulation factor 

for the variation of �8�9. This segmented evolution law clearly illustrates that the extrinsic pore effect 

occupies an absolutely dominant position in governing dielectric constant during the low-doping 

densification stage, while the alteration of intrinsic chemical bond properties turns into the core 

driving force for the dielectric constant evolution in the high-doping lattice distortion stage, and 

the synergistic action of the two mechanisms fully covers the performance evolution logic of 

dielectric constant across the entire Ca substitution range. 
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Figures 7(d) and Figure 10(c) jointly uncover the intrinsic coupling mechanism among the 

�������
�����������������;�*�����������������	���������*���������
���������������������?f, bulk bond energy, and Mo-O bond valence in the 

������������� �!�
���!�"�
�����
���������� ���������������� �������������&�� �?f presents a prominent positive correlation with the 

overall bond energy: higher bond energy can substantially boost the intrinsic structural stability of 

the crystal lattice, exerting a stronger suppression effect on temperature-induced resonant 

frequency ���������������������������������������������������������������#�	���������
�������
���������������������Zmn. As a consequence, the absolute 

�������*���� �
���� �?f is notably reduced and gradually converges toward zero. Conversely, when the bulk 

bond energy declines, the lattice's capability to resist temperature perturbations is impaired, the 
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remarkably. As for the Mo-O bond valence, although this work does not directly construct a 
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Mo-O bond valence and total system bond energy generally correspond to stronger chemical 

bonding strength and shorter equilibrium bond lengths, which act as the direct microscopic origins 

for the enhancement of bulk bond energy. Hence, the synergistic elevation of Mo-O bond valence 

and total system bond energy can indirectly drive a further increase in the overall bond energy of 
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frequency thermal stability of the as-prepared material. 
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Figure 10. Trends of key parameters for �����������1�:�#�
�� �#���"�
�����
 �O�� �1�'��ceramics (x = 0.02�(0.08) sintered 
at 90�%�g�h�7�����"���8r, f i, and Packing Fraction; (b) Q×f, U, Packing fraction; (c) �?f, Bond Enerengy(E) 
and �& . 
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�������?f and the lattice thermal expansion coefficient 
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���?f performance in 

this system lies in realizing precise synergistic balance between bond energy and bond valence 

through component regulation. 

The percentage of bond ionicity for the three types of chemical bonds consistently maintains 

a stable hierarchical relationship. As shown in Figure 8�����"�0���������������/�
���:�����,�
���������#�����,���������������������)����������
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�M�O�&�M�.�U�(�M�O�&�5�P�P�'�U�"�0�� ������������ �������� ��a-O bond shows the lowest ionicity (approximately 67.93%�(

68.1%). The overall bond ionicity stably follows the order of Sr/Ce-O > Mo-O > Na-O. Ca doping 
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contributors to intrinsic dielectric loss. Notably, in this system, the bond ionicity and relative 

permittivity do not present a completely consistent evolution trend. 

Lattice energy (U) acts as a core microscopic parameter that characterizes the relative bonding 

strength of chemical bonds within the crystal lattice. In general, higher lattice energy corresponds 

to more robust crystal structure stability, which is conducive to reducing the microwave dielectric 

loss of the as-prepared material. As clearly presented in Figure 8(b), the lattice energy of the Mo-

O bond exceeds 24835 kJ/mol, which is remarkably higher than that of all other chemical bonds 

in the system. This observation confirms that the Mo-O bond serves as the dominant factor 

governing the comprehensive performance of this ceramic system. Correlation analysis combined 

with the datasets in Figure 8(b) reveals a distinct positive correlation between lattice energy and 

the Q×f value: the elevation of lattice energy directly facilitates the improvement of Q×f, which 

further validates the positive regulatory effect of lattice energy on the quality factor. The specific 

calculation formula for lattice energy is formalized as follows [40]: 

�L�,
�z�$�L�,��

�z �m�L�,��
�z                                                 (19) 

�L�,��
�z �$�'�1�%�%��

���C�m
�z�"�1�&�3�.

�����z�"�%�&�P�>����
�z                                     (20) 

�L�,��
�z�$�1�'�P�%

�����m���"�C�m
�z�C�T

�z

���z
���1�T

�%�&�.

���z
�� ����

�z                       (21) 

In the equation, �L�,��
�z corresponds to the covalent component of the chemical bond lattice 

energy in the dielectric ceramic, while �L�,��
�zrepresents its ionic component. Z+ and Z�T denote the 

valences of the positive and negative ions in the chemical bond, respectively. 

As shown in Figure 8(b) and Figure 10(b), the bond lattice energy (Ub) calculated based on 

the P-V-L theory exhibits a positive correlation with the Q×f value: a higher Ub corresponds to a 

higher Q×f. For single-phase ceramics, the Q×f value is primarily dominated by intrinsic losses; 

generally, a more stable crystal structure yields a higher Ub, which can simultaneously reduce both 

the intrinsic and internal losses within the ceramic system. In this study, the initial Ub value 

gradually increased from 24839 kJ/mol to 25533 kJ/mol, and then decreased slowly. This variation 

trend is completely consistent with the evolution law of Q×f. It is worth noting that the regulation 

effect of Ub on Q×f exhibits a distinct segmented characteristic across different doping regions. In 
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migration and eliminates the micropores inside the grains, leading to a continuous improvement 

in the relative density of the samples. Under this condition, Ub and the packing fraction increase 

synchronously, and both evolve in close agreement with the Q×f value, indicating that lattice 

energy and the densified structure synergistically dominate the suppression of intrinsic loss at this 

stage. When the doping level exceeds x > 0.04�0�������������#�����������������
���������������*�����������
�����������
������������������������������������

and lattice distortion, and the packing fraction decreases owing to the destruction of the close-

packed atomic arrangement. Nevertheless, the bonding strength of the Mo-O bond and Ub remain 

the key variables determining the intrinsic loss. In this high doping region, the variation of Q×f no 

longer shows an obvious correlation with the packing fraction, but remains highly synchronized 

with Ub, which further demonstrates that lattice energy replaces densification to become the 

dominant controlling factor for the evolution of Q×f. In summary, lattice energy is the core 

dominant factor affecting the Q×f value; it acts synergistically with the packing fraction during the 

densification stage of x < 0.04, while it independently governs the evolution of Q×f in the lattice 

distortion stage of x > 0.04. 

The temperature coefficient of resonant frequency (�$�() serves as a key indicator of the thermal 

stability of the operating frequency. Its value is predominantly governed by the bond energy and 

the linear thermal expansion coefficient of the material. The bond energy can be quantitatively 

described by the following equation [41�(42]: 

�F�$�F���m�F��                                                   (22) 

�����$�

������ �T���I ��

�3
�
��                                             (23) 

�����m�����$�1                                                      (24) 

�F���$
�O�O�'�%�%

��
                                                    (25) 

Ec=
�������� �m�����I �"

���z
���F���T�� �F�I�T�I�"

�1�/�'                        (26) 

Among these parameters, the ionic coefficient (����) and the covalent coefficient (����) are defined 

as the intrinsic properties of the chemical bonds in the dielectric ceramic, with their sum being 

constant at 1. The terms ������  and �����I  denote the covalent radii of atoms A and B, respectively, while 

the bond energies �F���T��  and �F�I�T�I for the atoms within the chemical bond can be determined by 

referring to standard bond energy compilations [43]. Regarding Equation (20),�� ��  and �� �I  

specifically represent the electronegativity values of atoms A and B.  



Page 30 

 
�G�����N�����)���������������
�������U�"�����������1�T�#�
���#���"�
�����
�O���1�'�$

�.
�O�n�=�s������ �1�m

�O ���1�T�#�"�������'�m
�O �m�#��

�
�� �'�m
�O �"�m��

�
�� �.�m
�O �m�O�����
 �3�m

�O �m�1�'��
�� �'�T
�O �t

�l �� �/�C
(27) 

 �L�,
�z�$�L�,��

�z �m�L�,��
�z (28) 

 �L�,��
�z �$�'�1�%�%��

���<��
�z��

�1�&�3�.

�����z���%�&�P�>����
�z (29) 

 �L�,��
�z�$�1�'�P�%

�����m�����C��
�z�C�I

�z

���z
���1�T

�%�&�.
���z

�� ����
�z (30) 

U�,���z and U�,���z represent the energy contributions of bond ionicity and bond covalency for the 

�z-type chemical bond, while Z���z and Z�I�z represent the valence states of the cation and anion[43-

44]. 

There are numerous factors that influence the temperature coefficient of resonant frequency 
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 �Z�B�$�•�b���� �Z����  (35) 

NCA �����	���������������� �������� ���������
���� ���
�
���������������
���� ���*���,�����0�� �?�8 is the temperature coefficient of the 

dielectric constant, k is the Boltzmann constant, �
 A represents the periodic constant of the cation, 

and Fmn is the proportion of a single chemical bond. Liu and others used the bond valence theory 

to analyze the temperature coefficient of resonant frequency, which is an effective method.The 

expression for calculating the bond valence of Na(Sr1-xCax )CeMo3O12 (0.02�€�#�€�%�&08) ceramics is 

as follows [45]: 

 �l ���
�������$�� �l ���•

�•

 (36) 

 
�l ���•�$���#�	��

�W�T�����•
�,

�" (37) 

Vtotal represents the sum of the bond valences of all chemical bonds, R represents the bond 
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valence parameter, which can be found in relevant literature [46-51], dij represents the bond length 

between atom i and atom j, and b equals 0.37Å. 

Under the experimental condition of constant sintering and holding at 900 °C for 4 h, Figure 

7(d) and Figure 10(c) systematically reveal the evolution law of the resonant frequency 
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x, and clarify the regulation effect of different sintering temperatures on this performance 

evolution path. The experimental results from the two figures clearly show that as the doping 
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evolution characteristic. The intrinsic origin of this performance evolution behavior can be directly 
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crystal structure and chemical bond strength of the system [35]. 
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�����*�	�������� �������� ��-site of the lattice, the overall 

average ionic polarizability of the system decreases significantly, and the temperature-dependent 

effect of the lattice thermal vibration dipole moment is greatly suppressed, which directly weakens 

the drift amplitude of the dielectric constant with temperature. Combined with the strong negative 
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�������������0�����������?f value is finally 

promoted to decrease significantly and gradually converge to the near-zero range; meanwhile, the 
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whose bond strength and lattice energy are much higher than those of the original Sr-O bond, can 

indirectly increase the bond order of the Mo-O framework bond and strengthen the binding 

stability of the whole lattice. The stronger chemical bonds restrict the thermal vibration 

displacement of atoms during the heating process, which not only reduces the intrinsic thermal 

expansion coefficient of the lattice, but also decreases the temperature-induced non-uniform 

elongation of bond length, fundamentally inhibits the temperature offset of resonant frequency, 
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���	�	���
�	������������ �����
�*������ �
���� �
�������� ���*�,���������*�����
���� �������� �
�	���������4���� �������� ���
�������� ���������
�������
���� �����)�������� �
���� �������� ���������������0��



Page 32 

significantly improve the thermal stability of the crystal structure to avoid the occurrence of 

unexpected phase transition during temperature change, and Ca doping can promote the 

densification of ceramics and reduce internal pores and other defects, further weakening the 

abnormal thermal expansion caused by extrinsic factors, and finally making the overall thermal 
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���� �?f is also 

synchronously improved. 

3.6 Raman spectrum analysis 

As a direct characterization technique for lattice vibrations, Raman spectroscopy can 

accurately establish the intrinsic correlation between the fine crystal structure and macroscopic 

dielectric properties [52-53�t�&���+�
�����������0�����
���W�������������	���������
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series ceramics have been reported in academia. This work presents the first systematic Raman 

characterization and analysis of the four-component ceramics, providing core experimental basis 

for subsequent research on the vibrational properties of this system. Except for the 
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���������& All ceramics in this series crystallize in a scheelite-

type crystal structure with the space group of �-�.���/���������
�&���M�M�" and point group of �
�D�������.�/���". Based 

on the results of group theory calculation, 45 optical vibrational modes and 3 acoustic vibrational 

modes theoretically exist at the Brillouin zone center of this system. However, as can be seen from 

the experimental results in Figure 11(a), the number of Raman peaks actually observed is far less 

than the total number of theoretically predicted vibrational modes (3A_g+7B_g+7E_g¹+7E_g²). 

This phenomenon can be attributed to the severe overlap of adjacent Raman peaks and the upper 

limit of experimental spectral resolution. As shown in Fig. 11(b), the Raman spectrum in the 200�(
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severely overlapped vibrational modes, and a representative sample with x = 0.04 was selected for 

this analysis. All samples exhibited Raman spectra characteristic of compounds containing isolated 
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(external modes), which are primarily associated with the translational and rotational motions of 
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characteristic peaks in the 300�(�>�%�%�������]�^�� ���������*��-frequency interval correspond to the bending 
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the Raman shift first shifts toward the lower wavenumber side, then turns to shift toward the higher 

wavenumber side after the substitution content reaches x=0.04, and this variation trend shows a 

high degree of consistency with the evolution law of the relative permittivity. 

There exists an intrinsic correlation between the relative permittivity �8�9 and the Raman shift 
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�Q�������0���„�	�0���…, k, and EF are defined as the plasma frequency, ionization energy, wave number, and 

Fermi level, respectively. This derived relationship clearly demonstrates that the relative 
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negative correlation with the gradual increase in Ca����/Sr2+ substitution content. The Raman-active 
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vibrations and external vibrations. The signals in the high-wavenumber region correspond to the 

symmetric and asymmetric stretching vibrations of Mo-O bonds, and the characteristic peaks in 

the mid-wavenumber region are attributed to the bending vibrations of O-Mo-O bonds. In contrast, 

all external vibrational modes are located in the low-�����������*���,�����������)���
�����,�����
�����d�'�>�%�������]�^�0��������������
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���� �������0�� ���������� �������� �
��4+ cations. These vibrational modes are difficult to be 

accurately assigned one by one due to the strong multi-mode coupling effect. Previous studies have 

confirmed that the full width at half maximum (FWHM) of Raman characteristic peaks is 
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positively correlated with the damping degree of chemical bond vibrations, and a lower FWHM 

value corresponds to weaker vibration damping and lower intrinsic dielectric loss [54]. From the 

statistical results in Figure 11(c), Figure 11(d), it can be clearly observed that the average FWHM 

of Raman peaks of this series of ceramics gradually decreases with the increase of ionic radius, 

which directly verifies the evolution law that the intrinsic dielectric loss of the system decreases 

synchronously with the increase of ionic radius. 

Figure 11(d) maps out the inherent linkage between the quality factor (Q×f) and the full width 

at half maximum (FWHM) of collected Raman peaks. The Q×f metric directly quantifies the 

dielectric loss performance of the as-synthesized ceramics: following the fundamental definition 
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defect population and phonon lifetime, and the observed peak broadening is generally driven by 

the combined effects of elevated structural disorder, amplified micro-defect density and enhanced 

lattice vibration anharmonic damping. 
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represents the vibrational frequency of the transverse optical mode within the dielectric medium. 

Per this derived formula, elevated lattice vibrational anharmonicity directly drives simultaneous 

increments in both the Raman FWHM and the dielectric loss (�������_�"�&���+�����������#�	���������������������
�,���������������
����

further substantiates the well-documented negative correlation between the Q×f metric and the 

Raman peak FWHM as shown in Table 4. Leveraging this inherent physical linkage, the intrinsic 

dielectric loss behavior of the target material can be precisely assessed in a non-destructive manner. 

Figure 11(c) systematically maps the intrinsic correlation between Raman shift and relative 

�	���������������������������8r). The Raman shift directly corresponds to the characteristic vibrational frequency 

of lattice units: a higher wavenumber reflects elevated vibrational energy of the structural 

framework, which is a direct signature of enhanced chemical bond stiffness . This bond stiffness 

is inherently coupled to the ionic polarizability of the system. The aliovalent/iso-valent ion 

substitution modulates the local bonding environment: weakened bond stiffness lowers the energy 

barrier for io