
Journal Pre-proof

Characterization of structure, chemical bond and microwave dielectric properties in
Ca0.61Nd0.26TiO3 ceramic substituted by chromium for titanium

Zhe Xiong, Bin Tang, Fuchuan Luo, Hongyu Yang, Xing Zhang, Chengtao Yang,
Zixuan Fang, Shuren Zhang

PII: S0925-8388(20)31612-1

DOI: https://doi.org/10.1016/j.jallcom.2020.155249

Reference: JALCOM 155249

To appear in: Journal of Alloys and Compounds

Received Date: 13 January 2020

Revised Date: 26 March 2020

Accepted Date: 16 April 2020

Please cite this article as: Z. Xiong, B. Tang, F. Luo, H. Yang, X. Zhang, C. Yang, Z. Fang, S. Zhang,
Characterization of structure, chemical bond and microwave dielectric properties in Ca0.61Nd0.26TiO3
ceramic substituted by chromium for titanium, Journal of Alloys and Compounds (2020), doi: https://
doi.org/10.1016/j.jallcom.2020.155249.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier B.V.

https://doi.org/10.1016/j.jallcom.2020.155249
https://doi.org/10.1016/j.jallcom.2020.155249
https://doi.org/10.1016/j.jallcom.2020.155249


Zhe Xiong: Conceptualization, Validation, Formal analysis, Investigation, Writing - 
Original Draft 
Bin Tang: Resources, Validation, Funding acquisition 
Fuchuan Luo: Investigation, Writing - Original Draft 
Hongyu Yang: Data Curation, Writing - Review & Editing 
Xing Zhang: Data Curation, Writing - Review & Editing 
Chengtao Yang: Resources, Project administration 
Zixuan Fang: Writing - Review & Editing 
Shuren Zhang: Supervision 



 

Characterization of Structure, Chemical Bond and Microwave 

Dielectric Properties in Ca0.61Nd0.26TiO3 Ceramic Substituted by 

Chromium for Titanium 

Zhe Xionga,b,c, Bin Tanga,b,*, Fuchuan Luoa,b,d, Hongyu Yanga,b, Xing Zhanga,b, Chengtao Yanga,b,*, Zixuan Fanga,b,*, 

Shuren Zhanga,b 

a National Engineering Research Center of Electromagnetic Radiation Control Materials, University of Electronic 

Science and Technology of China, Chengdu 611731, Sichuan, China. 
b State Key Laboratory of Electronic Thin Films and Integrated Devices, University of Electronic Science and 

Technology of China, Chengdu 611731, Sichuan, China. 
c Department of Nuclear Engineering, University of California at Berkeley, Berkeley, California 94720-1730, 

USA. 
d Department of Materials Science and Engineering, University of California at Berkeley, Berkeley, California 

94720-1730, USA. 

Bin Tang*: tangbin@uestc.edu.cn 

Chengtao Yang*: ctyang@uestc.edu.cn 

Zixuan Fang*: zixuanfang@uestc.edu.cn 

 

ABSTRACT:  

We studied the phase constitutions, microstructure, chemical bond and microwave dielectric properties for 

Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics synthesized by solid-state reaction using SEM, X-ray diffractometer, 

Raman spectroscopy, microwave measuring system, etc. Although the second phase TiO2 appeared when x ≥ 0.015 

as presented in XRD patterns, TiO2 was confirmed to have no effects on the tendency of microwave dielectric 

properties as a function of x value. The SEM images showed that the grain size decreased as Cr content increased, 

which could be explained by that doping Cr increased the grain boundary energy or decreased surface energy for 

Ca0.61Nd0.26TiO3 ceramic. The SRO effects enhanced with increase of Cr substitution, which was verified by 

Raman spectra. The dielectric constant and τf value were concerned with the average ionicity of chemical bond and 

the ionic polarizability for Ca0.61Nd0.26Ti1-xCrxO3 ceramics. The SEM images suggested that the optimized sintering 

temperatures was 1400 ºC for samples with x =0.01. The XPS spectra and the trend of Q×f value indicated that the 



 

balanced amount of Cr substitution could restrain the generation of Ti3+. Hence, the Q×f value of 

Ca0.61Nd0.26Ti1-xCrxO3 ceramics reached the maximum of 16,078 GHz at x = 0.01 compared with that of 11,425 

GHz in pure Ca0.61Nd0.26TiO3 ceramic.  

Keywords: Microwave dielectric ceramics, Chemical bond, Oxygen deficiency, Suppression of Ti3+ 

1. Introduction 

The communication technology and related hardware installations have promoted tremendous development of 

microwave dielectric ceramics, widely used as dielectric antennas, dielectric substrate, and dielectric resonators, 

etc[1-4]. The studies of antenna substrate made of ceramics and low temperature co-fired ceramic technology 

(LTCC) or ultra-low temperature co-fired ceramic technology (ULTCC) have captured a lot of attention for the 

past few years[5-7]. Furthermore, for dielectric resonators, the ceramics must present a relative high dielectric 

constant (εr) to meet the demand of devices miniaturization (size of a dielectric resonator ∼ εr
-1/2). Also high 

quality factor (Q×f) and nearly zero temperature coefficient of resonant frequency (τf) are vital for high frequency 

selectivity and stability, respectively[8].  

The dielectric resonators made of CaTiO3-based ceramics are extensively used in civilian mobile 

communication system because of its high dielectric constant of 180[3, 9-14], and many literatures have 

concentrated on tuning its microwave dielectric properties to satisfy actual application preferably. Considering the 

highly positive τf value of +800 ppm/ºC and low Q×f value of 6,000 GHz for pure CaTiO3 ceramic[10], many 

efforts are taken to combine it with opposite τf value ceramics, such as MgTiO3[15], Sm(Co1/2Ti1/2)O3[16], 

Re(Co1/2Ti1/2)O3 (Re=La and Nd)[17], LnMO3 (Ln–La, Nd; M–Al, Ga)[18], Mg4Nb2O9[19], K2MoO4[20], etc. 

Although high Q×f value and near zero τf value could be obtained in this way, the dielectric constant of synthetic 

ceramics has been reduced to 60. Many studies have confirmed that lanthanide (trivalent ions as La3+, Sm3+ and 

Nd3+) ion has some positive effects to improvements of Q×f and τf values and keep high dielectric constant (≥ 100) 



 

in CaTiO3 ceramic[11, 14, 21]. In this Ca1-xLn2x/3TiO3 (Ln = Nd, Sm, La) system, Ca0.61Nd0.26TiO3 exhibits 

excellent microwave dielectric properties of εr ~ 108, Q×f ~ 17,200 GHz, and τf ~ +270 ppm/ºC[11]. As shown in 

Figure 1, trivalent ion Nd3+ substitutes for divalent ion Ca2+ at A-site where vacancy is introduced simultaneously 

to conserve charge neutrality in orthorhombic perovskite-structured Ca0.61Nd0.26TiO3 crystal. The orthorhombic 

perovskite structure presents a most common distortion: the tilt of octahedrons, with respect to the ideal cubic 

perovskite. 

As noted above, most of these studies have only concentrated on tuning the τf value of the Ca0.61Nd0.26TiO3 

ceramic to near zero by substitution of A or B site in perovskite structure or combining other ceramics with 

opposite τf value. Nevertheless, many researchers failed to obtain the pure Ca0.61Nd0.26TiO3 ceramic with high Q×f 

value of 17,200 GHz sintering Ca0.61Nd0.26TiO3 ceramic in air[10, 11, 22-24]. In these works, the pure 

Ca0.61Nd0.26TiO3 ceramics have a low Q×f value under 17,200 GHz, which is interpreted as a result of oxygen 

deficiency[25, 26]. When the Ca0.61Nd0.26TiO3 ceramic is sintered at temperature of 1350 ºC to 1450 ºC in an 

airtight sintering furnace, lower oxygen partial pressure leads to more Ti3+ ions, as described by reactions (1)-(2). 

��× ↔ ��∙∙ + 2
� + �

 �
 ↑                                                              (1) 

����× + 
� ↔ ���∙∙∙                                                                     (2) 

Analogously, this phenomenon also exists in other ceramics, such as TiO2[26], BaZn2Ti4O11[27], 

Ba4.2Sm9.2Ti18O54[28], Ba4.2Nd9.2Ti18O54[29], Ba3.75Nd9.5Ti18O54[30, 31], Na0.5Sm0.5TiO3[32], and so on. Aiming at 

solving this problem, Lowndes et al.[33] added moderate amounts of Mn2O3 in Ca0.61Nd0.26TiO3 ceramic to refrain 

the generation of oxygen deficiency. Templeton et al.[25] determined that acceptor doping TiO2 with stable 

divalent and trivalent cations, such as Mg, Cu, Cr and Al was an appropriate method to prevent Ti4+ reduction. 

Hence, Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics were proposed in this work for the purpose of Q×f value 



 

improvement. In addition, the dependence between structure, chemical bond and microwave dielectric properties 

was investigated by P-V-L theory[34]. 

2. Experimental section 

The mixed raw powder of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics was synthesized by solid-state 

reaction method. Crude materials (CaCO3 (≥99.5%), Nd2O3 (≥99.9%), TiO2 (>99.5%) and Cr2O3 (≥99.9%)) were 

weighted proportionately in accordance with a molar ratio 0.61:0.13:1-x:0.5x. Then these raw powders in the 

stoichiometric ratio were milled for 6 h at the speed of 280 rpm with the ZrO2 ball to powder weight ratio of 5:1 by 

planetary mill (Nanjing Machine Factory, China), followed by calcining at 1100 °C for 5 h. The heating rate of 

calcining procedure was 3°C/min. The calcined powders were re-milled with the same parameters. Then the 

calcined mixtures were uniaxially pressed into pellets directly with dimension of 15mm in diameter and 7mm in 

thickness using 5 wt.% PVA solution as binder. The samples were sintered at 1350 ºC ~ 1450 ºC for 4 h to obtain 

the dense ceramics after burning out the binder PVA at 600 ºC. The heating rate was set to 5 ºC /min. 

The microstructure and the phase components were characterized by Field Emission Scanning Electron 

Microscope (SEM, Electron Optics B.V, FEI, USA) and X-ray Diffractometer (XRD, X’pert Pro MPD, Philips), 

respectively. Rietveld refinement was employed to further understand the evolution of crystal structure using 

EXPGUI program. Room temperature Raman spectra was performed using a Raman microscope (LabRAM HR 

Evolution). The bulk density of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) samples were measured by Archimedes 

method. XPS analyses were performed using an X-ray photoelectron spectrometer (XPS, Thermo scientific 

ESCALAB 250Xi). The dielectric constant (εr) and quality factor (Q×f) at microwave frequency were measured 

by the Hakki-Coleman method with a network analyzer (N5230A, Angilent, USA). The τf values were measured 

from difference between the resonant frequency at 25 ºC and 85 ºC.  

3. Results and discussion 

3.1 Phase constitutions and microstructure analysis 



 

Figure 2(a) shows the powder X-ray diffraction patterns of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics 

sintered at 1400 ºC. For all investigated samples, the diffraction peaks were mainly indexed on the basis of 

orthorhombic perovskite-structured phase (ICSD #84348, Pnma, No. 62 space group), while small amounts of 

TiO2 were detected in the range of x ≥ 0.015. As shown in inserted left illustration of Figure 2(a), the peaks 

humping at 2θ ≈ 27.5º was confirmed as the strongest diffraction peak of TiO2 phase, which indicated that solid 

solubility of Cr3+ in Ca0.61Nd0.26TiO3 ceramic is less than 0.015. Actually, the solid solubility of Cr ion presents 

differences among different ceramics. Tang et al[35, 36]. reported that the solid solubility of Cr in 

Ba3.75Nd9.5Ti18O54 and CaMgSi2O6 ceramics was less than 1/9 and 0.16/3, respectively. Fang et al[32] proposed 

that all Na0.5Sm0.5TiO3 + x mol Cr2O3 (0 ≤ x ≤ 0.015) ceramic samples could form pure phase with orthorhombic 

perovskite structure. Cr additive could lead to the formation of a second phase in MgTiO3 ceramic when Cr is at 

high doping levels[37]. Moreover, the non-equivalent substitution at B-site was considered a factor of second 

phase formation. It has been reported that the compound ion (Cr0.5Nb0.5)
4+ exhibited highly improved effects on 

properties of Ba3.75Nd9.5Ti18O54 ceramic, and the all investigated samples was crystallized pure phase[38]. It’s 

worth noting that the peak for (121) lattice planes shifts to lower angle with increase of Cr additive as shown in 

right side illustration in the Figure 2(a). This result can be explained by Bragg law, which was discussed in the 3.2 

section. 

The superlattice-reflections of Ca1−xNd2x/3TiO3 system were considered to indicate the tilted oxygen 

octahedrons around Ti4+, which was reported by Fu et.al[39]. According to Fu’s study, the (1 3 1), (1 1 3) and (1 0 

3) reflections, as shown in Figure 2(b), indicated an a− tilting and a−b+ tilting. This result of tilting mechanism is 

consistent with the orthorhombic a−a−b+ tilt system based on the Glazer’s notation[40]. 

Figure 3 presents the SEM images of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics sintered at 1400 ºC. All 

samples exhibited closely-packed grains with few pores as seen. Obviously, the large grains of about dozens of 



 

micrometers were observed in a whole range of compositions, while a growing number of small grains 

were distributed and dominated in surfaces of samples as 0.02 ≤ x ≤ 0.03. Also the distributions of grain size 

(carried out using Nano measurer software) for Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics sintered at 1400 ºC 

are given in Figure 4, and the AGS indicates average grain size. As x value increased to 0.025, the average grain 

size reduced the minimum value, which suggested that Cr ion could inhibit the grain growth of Ca0.61Nd0.26TiO3 

ceramic. This phenomenon has been observed and confirmed in other perovskite-structured ceramics doped ions 

such as Pb(Zr,Ti)O3[41] and Pb(Zn1/3Nb2/3)0.2(Zr0.5Ti0.5)0.8O3[42]. As reported by Hng[43], there was lower 

wettability of the liquid phase during sintering for the Cr-containing ZnO–V2O5 systems specimens. Therefore, we 

speculated that Cr increased the grain boundary energy or decreased surface energy for Ca0.61Nd0.26TiO3 ceramic, 

then the grain growth was suppressed. Clearly, the average grain size increased and a few pores appeared at x = 

0.03. According to the sintering theory of ceramics, the vacancy, as a point defect, played a significant role in mass 

transfer processes during sintering. It can be seen from the reaction (19) (as shown in section 3.4) that Cr 

substitution introduced the oxygen vacancy, which was conducive to the grain growth. Moreover, given the 

increase of the grain boundary energy or decrease of the surface energy, the average grain size increased and a few 

pores appeared when x = 0.03.  

3.2 Rietveld refinement and chemical bond characteristics 

The Rietveld refinement was carried out using GSAS program to investigate the effects of the substitution of 

Cr for Ti on the structure and bond for Ca0.61Nd0.26TiO3 ceramic. The refined XRD patterns are plotted in Figure 5 

and the results of refined crystallographic data are listed in Table 1. As shown in Figure 5, the black fork and red 

line are experimental data and calculated profile, and the green line represents the difference between them. The 

blue and magenta vertical bars indicate Bragg positions of Ca0.61Nd0.26TiO3 and TiO2, respectively. The smoothness 

of green line shown in Figure 5 and the results of the Rietveld refined reliability suggested the results of Rietveld 



 

refinement was reliable. As listed in Table 2, the cell volume and lattice parameters of Ca0.61Nd0.26Ti1-xCrxO3 

ceramics increased with increase of Cr substitution at B-site, which was interpreted as a fact that the ionic radius of 

Cr3+ (0.615 Å, CN = 6) is larger than that of Ti4+ (0.605 Å, CN = 6). This finding was accordance with the 

illustration (on the right of Figure 2(a)) that the diffraction peaks for (121) lattice plane shifted towards low angle. 

As mentioned before, the P-V-L chemical bond theory has been used widely to explore and establish the 

relationship between properties and chemical bonds for microwave dielectric ceramics. Thus, this work has used 

P-V-L theory to obtain bond characteristics. Firstly, a vital premise of successfully used the P-V-L is that the 

complex crystal formula (polycompound) is decomposed into bonding formula. According to the method propose 

by Zhang[44], the complex crystals Ca0.61Nd0.26TiO3 could be decomposed into the sum of bonding formula as 

formula (3) based on the crystal structure and ion occupancy. 

Ca0.61Nd0.26TiO3 = Ca0.61/12O1(1)0.61/5.22 + Ca0.61/12O1(2)0.61/5.22 + Ca0.61/12O1(3)0.61/5.22 + Ca0.61/12O1(4)0.61/5.22 + 

Ca0.61/6O2(1)0.61/2.61 + Ca0.61/6O2(2)0.61/2.61 + Ca0.61/6O2(3)0.61/2.61 + Ca0.61/6O2(4)0.61/2.61 + Nd0.26/12O1(1)0.26/5.22 + 

Nd0.26/12O1(2)0.26/5.22 + Nd0.26/12O1(3)0.26/5.22 + Nd0.26/12O1(4)0.26/5.22 + Nd0.26/6O2(1)0.26/2.61 + Nd0.26/6O2(2)0.26/2.61 + 

Nd0.26/6O2(3)0.26/2.61 + Nd0.26/6O2(4)0.26/2.61 + Ti1/3O1(1)1/3 + Ti1/3O2(1)1/3 + Ti1/3O2(2)1/3                                

(3) 

According to the generalized P–V–L theory[34], the fractional bond ionicity (fi) of bond μ can be estimated 

by the series of equations: 
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where Eg
μ is the average energy gap separated into homopolar part (Eh

μ)2 and heteropolar part (Cμ)
2, dμ is distance 

of individual chemical bond, and bμ is a correction factor. (ZA
μ)* and (ZB

μ)* are effective number of valence 

electrons on the cation and anion, respectively. As reported previously, the lattice energy U can be divided by 

covalent part Uc
μ and ionic part Ui

μ of lattice energy for the μ bond: 

U = ∑ (?@� + ?�
�)�                                                                          (8) 

Uc
μ and Ui

μ are given in terms of the ionicity fi
μ and covalency fc

μ: 

?@� = 2100m (5C�)D.E(
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where Z+
μ and Z-

μ represent the valence state of Ca2+/Na+, Nd3+ and Ti4+ cations and O2- anion. Based on the theory 

of electronegativity and bond energy proposed by Sanderson[45], the bond energy (E) of individual bond μ in a 

complex crystal could be calculated by these two contributions: 

�� = M@�@� + M���
�                                                                         (11) 

where tc and ti are the covalent and ionic blending coefficients, Ec
μ and Ei

μ reflect the energy of the covalent and 

ionic form, respectively, which could be calculated by following formula: 

�@� = NO6INO;
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where rcA and rcB are the covalent radii, and the bond energy of ions (A representing cation and B representing 

anion) are obtained from the handbook[46]. 

All the calculated parameter results of P-V-L theory for Ca0.61Nd0.26Ti1-xCrxO3 ceramics were listed in Table 

S1, Table S2 and Table S3. Figure 6 depicts bond characteristics for Ca0.61Nd0.26TiO3 ceramic. The average bond 

ionicity of different bonds presents a tendency of Afi(Ti-O)＜Afi(Ca-O)＜Afi(Nd-O). The relationship of dielectric 

constant and bond ionicity has been proposed by Batsanov et al[47]. Thus the dielectric constant mainly ascribed 



 

to the bond ionicity of Nd-O bonds for Ca0.61Nd0.26TiO3 ceramic, which would be discussed later in this paper. The 

lattice energy was regard as a reflection for the crystal stability[48]. As shown in Figure 1, Ca0.61Nd0.26TiO3 crystal 

was constituted by framework of Ti-O octahedrons, then Ca and Nd ions filled the octahedral interstice. Figure 6(b) 

presents a following order for lattice energy: AU(Nd-O)＜AU(Ca-O)＜AU(Ti-O). The high value of lattice energy 

of Ti-O implied a stable frame in Ca0.61Nd0.26TiO3 crystal. In general, short bond length indicated a high bond 

energy. As shown in Figure 6(c), the tendency of bond energy was similar with that of bond length for different 

bonds at B-site. 

3.3 Raman spectra and crystal structure analysis 

As known, the lattice vibrations could be reflected by Raman spectra. According to the group theory analysis, 

24 Raman active modes (7Ag + 5B1g + 7B2g + 5B3g) can be expected in Ca0.61Nd0.26TiO3 ceramic (see Table 2). As 

presented in Figure 1 and Table 2, Ca/Nd ions, Ti atom, O(1) ion and O(2) ion occupied 4c, 4b, 4c and 8d Wyckoff 

sites with Cs, Ci, Cs, and C1 site symmetry, respectively. The Ti ions do not contribute to Raman active modes. 

Wang et al[49]. proposed that each Raman vibrational mode could be regard as a combination of symmetry 

coordinates under same symmetry. For instance, the all vibrations symmetry coordinates ag of Ca0.61Nd0.26TiO3 

ceramic are sketched in Figure 7, and all of ag contributed Ag modes based on the results of first-principle 

calculations. The vibrations symmetry coordinates ag(1-3) were related to the torsional behavior of the Ti-O 

octahedrons. ag(4-5) connected with stretching or bending behavior of the Ti-O bond, and ag(6-7) were related to 

the displacements of A-site cations. For every Ag mode, the contribution level of each ag was different, then this Ag 

mode would be dependent on the highest contribution level of ag, subsequently. Similarly, the vibrations symmetry 

coordinates b1g, b2g and b3g of Ca0.61Nd0.26TiO3 ceramic are shown in Figure S1-S3. It is note-worthy that the 

frequencies of 24 Raman modes can’t be identified precisely just based on vibrations symmetry coordinates. 



 

Actually, there is no relevant literature that has reported the specific frequencies of 24 Raman modes for 

Ca0.61Nd0.26TiO3 or CaTiO3 ceramic. 

The experimental Raman spectra of Ca0.61Nd0.26Ti1-xCrxO3 ceramics are shown in Figure 8(a). It is known that 

many weak peak of Raman modes may be covered up by strong peak or annihilated due to weak signals. So the 

number of experimental Raman modes is less than that of the predicted Raman modes. Although it is difficult to 

determine the specific frequencies of each Raman mode in this work, the assignment of observed Raman peaks can 

be confirmed according to the already published papers[33, 50-52]. As presented in Figure 8 and Table 3, peak at 

130 cm-1 was related to displacements of A-site cations, and peaks at 130 cm-1 and 331 cm-1 corresponded to the 

Ti-O bending modes. The peaks at 130 cm-1 and 331 cm-1 were dominated by torsional modes, and 677 cm-1 was 

associated with the Ti–O stretching mode. There is no Raman peak at 551 cm-1 in pure CaTiO3 and NdAlO3, but a 

broad band around 551 cm-1 occurs in xCaTiO3-(1-x)NdAlO3 (0.125 ≤ x ≤ 0.875) ceramics[50]. Hence, the Raman 

peak at 551 cm-1 correlated with the 1:1 short range cation ordering at A-site, which has been proposed by Fu’s 

study[52]. Figure 8(b) shows the Raman spectrum of TiO2. As discussed above, the second phase TiO2 was 

detected as x = 0.015. The effect of TiO2 on Raman spectra of Ca0.61Nd0.26Ti1-xCrxO3 ceramics can be negligible. As 

shown in Figure 8(a), the Raman peak at 765 cm-1 with x = 0 move to 775 cm-1, and become strong with increase 

of substituted quantity of Cr. This result can be explained by cation ordering at B-site[50, 52, 53]. Whereas this 

cation ordering was deemed as a short range order (SRO), and this SRO effects enhanced as Cr content increased, 

which was characterized by intensity of Raman peak at 775 cm-1. On the other hand, in Ca0.61Nd0.26Ti1-xCrxO3 

system, Cr3+ and Ti4+ occupied randomly the B sites in Ca0.61Nd0.26TiO3 crystal. Although SRO existed, there 

showed a disordering at B-site as a whole. Due to the differences of ionic sizes, electrovalence and force constants 

between Cr3+ and Ti4+, there were non-equivalent Ti/Cr-O octahedrons, indicating a possible appearance of active 

Raman mode. Therefore, this may contribute to the Raman peak at 775 cm-1. 



 

As previously mentioned, the Ca0.61Nd0.26TiO3 crystal was a basic framework made of Ti-O octahedrons, and 

Ca and Nd fill the octahedral interstice as shown in Figure 1. Furthermore, the contrast of ideal cubic perovskite 

with orthorhombic perovskite is given in Figure 9. The tilted Ti-O octahedrons played a significant role in 

Ca0.61Nd0.26TiO3 crystal, especially dielectric properties. Hence, we calculated the parameters to assess the stability 

of framework structure. The bond strength (S(B−O)) for B-site and B-O octahedron distortion (δoct) were calculated 

using equations (14) and (15), respectively. 

S(B−O) = ∑s0(Ri/R0)
-N                                                                      (14) 

Here s0, R0 and N are the universal bond strength parameters, Ri is the bond length for individual bond at B-site. 

δU@V = �
W ∑(XYQXZ

XZ )
                                                                         (15) 

Here Ri is the bond length for individual bond at B-site and [Z is the average value for six B-O bond length. Figure 

10 shows the tendency of relative four parameters as Cr content increase. As x value increased, the B-site bond 

energy and bond strength decrease continuously and the oxygen octahedron distortion increase as shown in Figure 

10(a). Also Table 1 gives the increasing trend of B-site bond length and Figure 10(b) presents the declined trend of 

lattice energy for Ca-O, Nd-O and Ti/Cr-O bonds as a function of x values. These results proved that the oxygen 

octahedrons’ framework stability was disturbed and decreased. This perturbation was tiny, while it would have 

impacts on the dielectric properties. 

3.4. Dielectric characteristics 

Table 4 lists the microwave dielectric properties of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) samples sintered at 

different temperatures. The tendency of these data and factors influencing dielectric properties will be discussed 

later in this paper. 

Based on the collected data of bulk density (ρbulk) for Ca0.61Nd0.26Ti1-xCrxO3 ceramics, the relative density 

can be calculated through this formula: 



 

\N]^ = _`abc
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Where mA is the atomic weight; Vcell is the unit cell volume; n is the number of atoms in each unit cell and NA is 

the Avogadro's number. Figure S4(b) shows the dielectric constant values of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) 

ceramics sintered at different temperatures. Clearly, the sintering temperature had little effect on the dielectric 

constant, but the doping Cr contents had a great influence on the dielectric constant for Ca0.61Nd0.26Ti1-xCrxO3 (0 

≤ x ≤ 0.03) ceramics. Figure 11 presents dielectric constant (εr), relative density and bond ionicity fi of different 

bond a function of x value for Ca0.61Nd0.26Ti1-xCrxO3 ceramics sintered at1400 ºC. As shown in Figure 11(a), the 

dielectric constant decreased from about 107 with x = 0 to about 86 with x = 0.03, and the relative densities of all 

composition were over 95% but presented a descending trend as a whole. The second phase TiO2 was confirmed 

that it had no influence on the decrease of dielectric constant for Ca0.61Nd0.26Ti1-xCrxO3 ceramics owing to its εr 

value of 104[54]. As shown in Figure 3, there were more grain boundary defects when grain size decreased as 

doping Cr content increased. This situation of decrease for grain size not only lowered the relative densities 

(increased porosity) but dielectric constant. This should be considered to be of extrinsic nature[55]. It can be 

understood by the existence of more-or-less universal (grain-size independent) low-permittivity grain-boundary 

layer (dead layer), the grain core sustaining the bulk material properties. These dead layers deteriorated the 

dielectric constant. On the other hand, Batsanov et al[47]. proposed a mathematical relationship: ε = 

(n2-1)/(1-fi)+1, which indicated that the dielectric constant was positively correlated with bond ionicity. Where n 

represents the refractive index. Figure 11(b) depicts a downward trend of fi value as Cr content increase for each 

bond, reflecting a downward trend of dielectric constant with increase of Cr content for Ca0.61Nd0.26Ti1-xCrxO3 

ceramics. On the other hand, the theoretical ionic polarizability was considered as a significant internal factor 

affecting dielectric constant for solid solutions. The Cr3+ has a lower ionic polarizability value of 1.45 Å3 than 



 

that value of 2.93 Å3 for Ti4+, which is responsible for decline of dielectric constant as Cr concentration 

increases. 

The τf value is affected by many factors such as structure, second phase. Figure S4(a) shows the τf values of 

Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics sintered at different temperatures. Obviously, the τf values, similar 

to dielectric constant, rarely depended on the sintering temperature. Figure 12 shows the variation of 

Ca0.61Nd0.26Ti1-xCrxO3 ceramics τf value as a function of x value. In this work, the TiO2 phase should be excluded 

for investigating effects on the τf value in Ca0.61Nd0.26Ti1-xCrxO3 ceramics, because of τf value of 400 ppm/ºC for 

TiO2. As is well known that the τf value has a close relationship with temperature coefficient of dielectric 

constant (τε), which is given in equation (17). 

ij = −(kl

 + mn)                                                                      (17) 

Where αL is the thermal expansion coefficient and a positive constant for Ca0.61Nd0.26Ti1-xCrxO3 ceramics. 

Additionally, the mathematical expression calculating the τε value has been proposed by Colla et al[56], and is 

shown in equation (18). 

io = (oQ�)(oI
)
o (p + q + !)                                                             (18) 

Here ε is the dielectric constant, p = �
rs

(trs
t� )g, q = �

rs
utrs

tg v� (tg
t�)w, and ! = − �

g (tg
t�)w. As shown above, 

αm is the polarizability, and V denotes the volume. Generally, term A represents the dependence of the 

polarizability on temperature, and is negative. For Ca0.61Nd0.26Ti1-xCrxO3 ceramics, the value of |p| decrease 

with increase of Cr content due to the lower ionic polarizability value of Cr3+ than that of Ti4+. Term B can be 

seen as a changeless positive value, and just become negative when (∂V/ ∂T)w is negative. Term C is negative 

and |!|≈3αL. Taken together, the τf value was dependent on the term B, and it was obvious to infer τf value 

decreased as x value increased referring to the equation (17) in Ca0.61Nd0.26Ti1-xCrxO3 ceramics.  



 

The dielectric loss is a crucial parameter for dielectric microwave ceramics and their applications. Many 

factors have been confirmed to affect the dielectric loss. The bulk density, other phases, grain growth, etc were 

classified as external factors. Also the crystal defects, lattice vibrations, phase transition, etc were deemed to the 

internal factors. The quality factor (Q×f) was usually assessed the dielectric loss instead of tanδ for dielectric 

microwave ceramics. Figure 13 presents the Q×f values of Ca0.61Nd0.26Ti1-xCrxO3 ceramics. As shown in Figure 

13(a), the Q×f value depended on the sintering temperature for the samples with same components. To 

investigated this result, the SEM images of Ca0.61Nd0.26Ti1-xCrxO3 (x = 0.01) ceramics sintered at different 

temperatures were obtained and presented in Figure 14. As sintering temperature increased from 1350 ºC to 1400 

ºC, the grain size increased and the microstructure became more compact. Nevertheless, the grain boundaries 

became blurred when the sintering temperature increased to 1450 ºC, which deteriorated the Q×f value. The 

Ca0.61Nd0.26Ti1-xCrxO3 (x = 0.01) ceramics presented the maximum Q×f value at 1400 ºC. Besides, Figure 13(b) 

gives a tendency that the Q×f value increase initially, and reach the maximum of 16,078 GHz, then decrease as x 

value increase. This result implied that the introducing Cr into Ca0.61Nd0.26TiO3 ceramic was in favor of 

improvement of Q×f value. As introduced in previous section, it was easy to produce oxygen vacancies at high 

sintering temperatures for Ca0.61Nd0.26TiO3 ceramic, resulting in Ti3+. When Ti was substituted by Cr, there was a 

reaction during the high temperature sintering process as following: 

Cr
O" +1.22CaO + 0.26Nd
O"

���.ED���.�E���F�������������� 2Cr��� +V�∙∙ + 1.22Ca��× + 0.52Nd��× + 5O�×             (19) 

As shown in reaction (1,2,19), the generation of oxygen vacancies in reaction (19) would restrain that of in 

reaction (1), then the generation of the unbound electrons were cut off. The reduction of Ti4+ was suppressed 

subsequently. The XPS analysis was carried out to determine valence states of Ti in Ca0.61Nd0.26Ti1-xCrxO3 

ceramics, and the Ti2p XPS spectra and that of fitting curve are presented in Figure 15. The peak of Ti3+ 2p3/2 

located at 457.8 eV. The peak of Ti4+ 2p3/2 increased from 458.3 eV at x = 0 to 458.7 eV at x = 0.01, then 



 

remained unchanged. Meanwhile the valence state of +3 for Ti was detected at x = 0, 0.005 using 

Gaussian-Lorentz fitting. Therefore, the Ti3+ was eliminated by acceptor dopant of Cr with x ≥ 0.01, which was 

responsible for the fact that the Q×f value increase initially, and reach the maximum at x = 0.01. When x ≥ 0.015, 

the excess oxygen vacancies were introducing into the Ca0.61Nd0.26TiO3 crystal, the conduction loss would have a 

relatively large impact on the Q×f value. According to the previous structure analysis, the stability of structure 

decreased with increase of Cr content. Considering these two points, the Q×f value declined continuously with x 

≥ 0.015. 

As discussed above, the balanced amount of trivalent Cr as an acceptor dopant contributed to the 

suppression of reduction reaction for Ti4+. It was a desirable way to enhance the Q×f value for Ca0.61Nd0.26TiO3 

ceramic, even other Ti-based ceramics sintered at high temperatures. 

4. Conclusion 

In the present work, the Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics prepared by solid-state reaction were 

explored to investigate the effects of Cr substitution for Ti at B-site on the structure and microwave dielectric 

properties. The XRD patterns showed the second phase TiO2 appeared when x ≥ 0.015, while this existence had no 

impact on the microwave dielectric properties for Ca0.61Nd0.26Ti1-xCrxO3 ceramics. The SEM images demonstrated 

that Cr played a role in restraining grain growth for Ca0.61Nd0.26TiO3 ceramic. The SRO was verified by Raman 

spectra. As Cr concentration increased, the dielectric constant and τf value declined, which was related to the 

average fi value and the ionic polarizability in Ca0.61Nd0.26Ti1-xCrxO3 ceramics. The decrease of grain size aslo was 

responsible for the decline of dielectric constant. Furthermore, the balanced amount of trivalent Cr as an acceptor 

dopant contributed to the suppression of reduction reaction for Ti4+, leading to the improvement of the Q×f value 

for Ca0.61Nd0.26TiO3 ceramic. When x ≥ 0.015, introducing the excess oxygen vacancies into the Ca0.61Nd0.26TiO3 

crystal would deteriorated the Q×f value. 
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Table 1. Crystallographic data obtained from Rietveld refinement for Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) 

ceramics sintered at1400 ºC. 

x (mol) 0 0.005 0.01 0.015 0.02 0.025 0.03 

a (Å) 5.4386 5.4392 5.4411 5.4418 5.4426 5.4434 5.4436 

b (Å) 7.6655 7.6682 7.6696 7.6701 7.6708 7.6712 7.6716 

c (Å) 5.4079 5.4095 5.4105 5.4110 5.4122 5.4130 5.4133 

Vcell (Å
3) 225.4531 225.6242 225.7859 225.8505 225.9545 226.0326 226.0658 

Rwp (%) 5.25 6.83 5.97 6.13 5.64 5.24 6.29 

Rp (%) 3.75 4.96 5.07 4.67 4.27 4.01 4.7 

χ
2 1.64 1.669 1.766 1.269 1.098 1.017 1.419 

TiO2 (wt.%) 0 0 0 1.23 1.72 1.96 2.48 

Ca/Nd-O(1)1 (Å) 2.3807 2.3813 2.3819 2.3825 2.3833 2.3845 2.3858 

Ca/Nd-O(1)2 (Å) 2.5438 2.5445 2.5453 2.5459 2.5468 2.5473 2.5479 

Ca/Nd-O(1)3 (Å) 2.9734 2.9739 2.9744 2.9752 2.9759 2.9768 2.9779 

Ca/Nd-O(1)4 (Å) 3.0862 3.0874 3.0882 3.0897 3.0904 3.0919 3.0928 

Ca/Nd-O(2)1 ×2 (Å) 
2.4611 2.4623 2.4633 2.4643 2.4652 2.4663 2.4671 

Ca/Nd-O(2)2 ×2 (Å) 
2.6563 2.6569 2.6575 2.6582 2.6589 2.6596 2.6606 

Ca/Nd-O(2)3 ×2 (Å) 
2.6781 2.6793 2.6799 2.6804 2.6813 2.6819 2.6827 

Ca/Nd-O(2)4 ×2 (Å) 
3.1176 3.1186 3.1194 3.1202 3.1211 3.1223 3.1234 

Ti/Cr-O(1)1 ×2 (Å) 
1.9543 1.9581 1.9604 1.9654 1.9674 1.9684 1.9688 

Ti/Cr-O(2)1 ×2 (Å) 
1.9109 1.9112 1.9123 1.9127 1.9136 1.9142 1.9146 

Ti/Cr-O(2)2 ×2 (Å) 
1.9756 1.9799 1.9849 1.9889 1.9935 1.9985 2.0013 

 

 

Table 2. Mechanical representation for each one of the Wyckoff positions in Ca0.61Nd0.26TiO3 ceramic with Pnma 

space group. 

Atom Wyckoff notation Site symmetry Irreducible representations 

Ca/Nd 4c Cs 2Ag + B1g + 2B2g + B3g + Au + 2B1u + B2u + 2B3u 

Ti 4b Ci 3Au + 3B1u + 3B2u + 3B3u 

O1 4c Cs 2Ag + B1g + 2B2g + B3g + Au + 2B1u + B2u + 2B3u 

O2 8d C1 3Ag + 3B1g + 3B2g + 3B3g + 3Au + 3B1u + 3B2u + 3B3u 

ГRaman = 7Ag + 5B1g + 7B2g + 5B3g 

ГIR = 9B1u + 7B2u + 9B3u 

Гsilent = 8Au + 7B2u + 9B3u 

Гacoustic = B1u + B2u + B3u 

 

 



 

 

 

 

 

 

 

 

 

Table 3. Observed frequencies and classification of the Raman-active modes in Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) 

ceramics. 

Assignments 0 0.005 0.01 0.015 0.02 0.025 0.03 

Displacements of A-site cations 130 132 128 130 131 132 131 

Ti-O bending modes 233 233 232 234 235 233 233 

 331 332 331 333 331 333 332 

Torsional modes 453 453 453 453 453 453 453 

 470 471 472 471 473 471 472 

Short range ordering at A-site 551 551 552 551 553 551 552 

Ti–O stretching mode 677 678 677 679 676 677 678 

 765 - - - - - - 

Short range ordering at B-site - 775 775 776 775 775 776 

 

 

Table 4. The microwave dielectric properties of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) samples sintered at different 

temperatures. 

 ST (ºC) 0 0.005 0.01 0.015 0.02 0.025 0.03 

εr 1350 106.2 102.5 98.6 95.4 92.1 88.4 85.9 

 1375 106.5 102.4 99.1 95.8 92.7 88.5 86.3 

 1400 106.8 102.7 99.3 96.2 92.8 88.3 86.1 

 1425 107.2 102.8 98.9 96.0 92.4 88.2 85.7 

 1450 106.3 102.5 98.7 95.2 92.0 87.7 85.5 

Q×f (GHz) 1350 10233 12079 15414 12677 10623 9423 8714 

 1375 11397 13512 15732 12523 11148 9678 8423 

 1400 11425 13394 16078 12937 10985 9439 8671 

 1425 10834 13215 15259 11782 10361 9562 8593 
 1450 9687 11643 14236 11043 9982 9104 8244 

τf (ppm/ºC) 1350 268.6 262.4 245.1 233.2 215.9 203.2 199.3 

 1375 270.5 260.7 243.1 231.4 214.7 204.4 200.6 

 1400 271.3 261.2 244.5 233.9 215.3 204.6 198.8 

 1425 270.6 259.4 245.6 232.8 216.0 205.6 199.7 

 1450 271.2 261.6 242.5 233.3 213.8 203.9 199.5 

 

 



 

Figure 1. Schematic diagram of the orthorhombic perovskite Ca0.61Nd0.26TiO3 crystal 

structure. 

 

 

Figure 2. (a) Powder X-ray diffraction patterns of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics 

sintered at 1400 ºC; (b) The indices of lattice planes for Ca0.61Nd0.26TiO3 ceramic. 



 

 

 
Figure 3. SEM images of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics sintered at 1400 ºC with 

(a) x = 0; (b) x = 0.005; (c) x =0.01; (d) x = 0.015; (e) x = 0.02; (f) x = 0.025; (g) x = 0.03. 
 



 
Figure 4. The distributions of grain size for Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics sintered 

at 1400 ºC with (a) x = 0; (b) x = 0.005; (c) x =0.01; (d) x = 0.015; (e) x = 0.02; (f) x = 0.025; (g) x 

= 0.03. The AGS indicates the average grain size.  

 



 
Figure 5. XRD profile of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics sintered at 1400 ºC based 

on the Rietveld refinement with (a) x = 0; (b) x = 0.01; (c) x =0.02; (d) x = 0.03 (CNT refers to 

Ca0.61Nd0.26TiO3). 

 

 
Figure 6. Bond characteristics for Ca0.61Nd0.26TiO3 ceramic (x = 0) with (a) average bond ionicity 



of different bonds; (b) average lattice energy of different bonds; (c) bond energy and bond length 

of different bonds at B-site. 

 

 
Figure 7. Schematic diagrams of the vibration symmetry coordinate ag of the Ca0.61Nd0.26TiO3 

ceramic. 

 

 
Figure 8. (a) Raman spectra of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics sintered at 1400 ºC; 

(b) Raman spectrum of TiO2. 

 



 

Figure 9. The contrast of ideal cubic perovskite with orthorhombic perovskite. 

 

Figure 10. (a) Calculated B-site bond energies EB-O (kJ/mol), B-site bond strength (S(B−O)) and oxygen 

octahedron distortion (δoct) for Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics sintered at 1400 ºC; (b) 

Lattice energy U (kJ/mol) for different bond in Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics 

sintered at 1400 ºC. 

 



 

Figure 11. (a) Dielectric constant, relative density of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics 

sintered at 1400 ºC; (b) Bond ionicity fi for different bond in Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) 

ceramics sintered at 1400 ºC. 

 

 
Figure 12. τf values of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics sintered at 1400 ºC. 

 



 
Figure 13. Q×f values of Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 0.03) ceramics. (a) samples sintered at 

different temperatures; (b) variation of Q×f value for samples sintered at1400 ºC as a function of x 

value. 

 

 

Figure 14. SEM images of Ca0.61Nd0.26Ti1-xCrxO3 (x = 0.01) ceramics sintered at different 

temperatures. 



 
Figure 15. Ti-2p Core level XPS and corresponding fitting results for Ca0.61Nd0.26Ti1-xCrxO3 (0 ≤ x ≤ 

0.015) ceramics sintered at 1400 ºC.  

 



1. The Ca0.61Nd0.26Ti0.99Cr0.11O3 ceramic had maximum Q×f value of 16,078 GHz.  

2. The SRO effect enhanced with increase of Cr3+. 

3. The balanced amount of Cr substitution could restrain the generation of Ti3+. 
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