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ABSTRACT:

We studied thephase constitutions, microstructure, chemical bond and microwave dielectric properties for
Cay.6:Ndg 26T11xCr, O3 (0 < x < 0.03) ceramics synthesized by solid-state reaction using SEM, X-ray diffractometer,
Ramanspectroscopy, microwave measuring system, etc. Although the second phasppE&red whex> 0.015

as presented in XRD patterns, Ti@as confirmed to have no effects on the tendency of microwave dielectric
properties as a function &fvalue. The SEM images showed that the grain size decreased as Cr content increased,
which could be explained bthat doping Cr increased the grain boundary energy or decreased surface energy for
Cay6:1Ndg 26TiO3 ceramic. The SRO effects enhanced with increase of Cr substitution, which was verified by
Raman spectra. The dielectric constantamalue were concerned with the average ionicity of chemical bond and
the ionic polarizability for CgeiNdy »6Ti14Cr O3 ceramics. The SEM images suggested that the optimized sintering

temperatures was 1400 °C for samples witfd.01. The XPS spectra and the trend of Qxf value indicated that the



balanced amount of Cr substitution could restrain the generation %f HMence, the Qxf value of
Cay 6:1Ndg 26T114Cr, O3 ceramics reached the maximum of 16,078 GHz at0.01 compared with that of 11,425
GHz in pure CggiNdy 26TiO3 ceramic.

K eywords: Microwave dielectric ceramsc Chemical bond, Oxygen deficien&uppression of i
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 relatilielddgic
constant ) to meet the demand afevices miniaturization (size of a dielectric resonatos,;"%). Also high
quality factor (Qxf) and nearly zero temperature coefficient of resonant frequgnase(vital for high frequency
selectivity and stability, respectively[8].

The dielectric resonators made of CagFliased ceramics are extensively used in civilian mobile
communication system because of its high dielectric constant of 180[3, @®dd]many literatures have
concentrated on tuning iteicrowave dielectric properties to satisfy actual application preferably. Considering the
highly positivet; value of +800 ppm/°C and low Qxf value of 6,000 GHz for pure Cag@&amic[10], many
efforts are taken to combine it with oppositevalue ceramics, such as MgE[@5], Sm(CQq,Tii,)05[16],
Re(Cqy,Tiy»)0s; (Re=La and Nd)[17]LnMO; (Ln—-La, Nd; M-Al, Ga)[18], MgNb,0Og[19], K,M00O,[20], etc.
Although high Qxf value and near zeovalue could be obtained in this way, the dielectric constant of synthetic
ceramics has been reduced to Bany studies have confirmed that lanthanide (trivalent ions &5 Sat* and

Nd**) ion has some positive effects to improvements of Qxframalues and keep high dielectric constan1Q0)



in CaTiO; ceramic[1l, 14, 21]. In this @glny,sTiO3 (LN = Nd, Sm, La) system, gaNdy,sliO; exhibits
excellent microwave dielectric propertiesepf 108, Qxf~ 17,200 GHz, and; ~ +270 ppm/°C[11]. As shown in

Figure 1, trivalent ion N# substitutes for divalent ion €aat A-site where vacancy is introducsimultaneously

to conserve charge neutrality @anthorhombic perovskite-structured @gaNd, »6TiO5 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 tuningahe of the CggiNdy 26TiO5
ceramic to near zero by substitution of A or B site in perovskite structure or combining other ceramics with
oppositer; value. Nevertheless, many researchers failed to obtain the pyfGaeTiO3 ceramic with high Qxf
value of 17,200 GHz sintering §aNd,sTiO3 ceramic in air[10, 11, 22-24]. In these works, the pure
Cay 6:1Ndg 26TiO3 ceramics have a low Qxf value under 17,200 GHz, which is interpreted as a result of oxygen
deficiency[25, 26]. When the @&Nd, ,TiO3 ceramic is sintered at temperature of 1350 °C to 1450 °C in an
airtight sintering furnace, lower oxygen partial pressure leads to mdrefs$, as described by reactions (1)-(2).
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Analogously, this phenomenon also exists in other ceramics, such ag26liOBaznTi014[27],

Bay Sy 5Ti1805428], Bay sNdg 5T115054[29], Bas 79N dg 5Ti1605430, 31], Na sSny sTiO3[32], and so on. Aiming at
solving this problem, Lowndes et al.[33] added moderate amounts &;MnCa 5;Nd, 26TiO3 ceramic to refrain
the generation of oxygen deficiency. Templeton et al.[25] determined that acceptor dopjngifhiGtable
divalent and trivalent cations, such as Mg, Cu, Cr and Al was an appropriate method to pféveniuEtion.

Hence,Cay g:Ndp 26T114Cr,O3 (0 < X < 0.03) ceramics were proposed in this work for the purpose of Qxf value



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

was investigated bR-V-L theory[34].

2. Experimental section

The mixed raw powder of GaNdyTi14xCrO3 (0 < x < 0.03) ceramics was synthesized by solid-state

reaction method. Crude materials (CaG€09.5%), NdO; (>99.9%), TiQ (>99.5%) and GO; (=99.9%)) were

weighted proportionately in accordance with a molar ratio 0.61:0x3:8«. Then these raw powders in the

stoichiometric ratio were milled for 6 h at the speed of 280 rpm with theb&lOto 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 °C ~ 1450 °C for 4 h to obtain

the dense ceramics after burning out the binder PVA at 600 °C. The heating rate was set to 5 °C /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 GaNdy2Ti14CrOs; (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 constard;\ and quality factor (Qxf) at microwave frequency were measured

by the Hakki-Coleman method with a network analyzer (N5230A, Angilent, USA)i;Madues were measured

from difference between the resonant frequency at 25 °C and 85 °C.

3. Resultsand discussion

3.1 Phase constitutions and microstructure analysis



Figure 2(a) shows the powder X-ray diffraction patterns of @y 26Ti1xCrOsz (0 < x < 0.03) ceramics

sintered at 1400 °C. 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

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

humping at 8 =~ 27.5° was confirmed as the strongest diffraction peak of pfi@se, which indicated that solid

solubility of CP*in Cay ¢Ndy 2¢TiO5 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

Bag 79\dy 5Ti18054 and CaMgSiOg ceramics was less than 1/9 and 0.16/3, respectively. Fang et al[32] proposed

that all Na sSmy sTiO3 + X mol CrO3 (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;Mgfa@ic 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 beeeported that the compound ion @b, <)** exhibited highly improved effects on

properties of Bg;dNdg sTi1 054 ceramic, and the all investigated sampless 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 explaindgrdgyg law, which was discussed in the 3.2

section.

The superlattice-reflections of CaNd,,sTiO; system were considered to indicate the tilted oxygen

octahedrons around*fj which was reported by Fu et.al[3%jccording to Fu’s study, the (13 1), (1 1 3) and (10

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 £8d, 56Ti1.,CrOs (0 < x < 0.03) ceramics sintered at 1400 °C. All

samplesexhibited closely-packed grains wifaw 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<Ox02 0.03. Also the distributions of grain size

(carried out using Nano measurer software) faoy @¥dy 26Ti1.4CrO3 (0 < x < 0.03) ceramics sintered at 1400 °C

are given in Figure 4, and the AGS indicates average grain sizevalge increased to 0.025, the average grain

size reduced the minimum value, which suggested that Cr ion could inhibit the grain growydfdgaTiO3

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

such asPb(zr,Ti)O;[41] and Pb(ZiysNbys)e AZrosTios)0e0s[42]. As reported by Hng[43], there was lower

wettability of the liquid phase during sintering for the Cr-containing Zn{@s\8ystems specimens. Therefore, we

speculated that Cr increased the grain boundary energy or decreased surface enepgyNdy 5J@03 ceramic,

then the grain growth wasuppressed. Clearly, the average grain size increased and a few pores appeared at

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

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 wherr 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 gaNd, ,6TiO5 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 ofiiidy ,sTiO3 and TiQ, 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 parametergsgfidggsTi;CrOs

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

Cr* (0.615 A, CN = 6) is larger than that of*Ti(0.605 A, 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 GgNd, 2T1O3 could be decomposed into the sum of bonding formula as

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

Cay 61Ny 267103 = Cay61101(1h 61522 + Care110L(2hsr522 + C61101(3h61520 + Cde1101(dh 61522 +

Cays12(Lhsr261 + Cars102(2b 611261 + C60/02(3h6112.61 + Cvsrd2(4hsr/2.61 + Nb2g101(1) 26522 +

Ndo 261101 (2).26/5.22 + N 261101(3).26/5.22+ Nb 26/101(4) 261522+ N 26/692(L).26/2.61 + NCb 26/ 02(2) 2612.61+

Ndo2602(3b.26261  +  NGboedO2(dhoezer +  TisOLl(l)ys +  TiysO2(l)ys  +  TiysO02(2)ys

®)

According to the generalized P-V-L theory[3#je fractional bond ionicityfj of bondu can be estimated

by the series of equations:

uo_ (€?
fi - (Eg)z (4)
Ey = [(E)? + (CH)? ®)
39.74
E;ll = (du)2.48 (6)

ar (ZIJ.)* (le)*
CH = 14.4b" - exp(—k" D [a;/z — (n/m) df/ ] (7)



whereE{" is the average energy gap separated into homopolaEg4ftand heteropolar parCL)Z, d“ is distance

of individual chemical bond, ant* is a correction factor.Z§")" and ggz)" are effective number of valence
electrons on the cation and anion, respectivab.reported previously, the lattice energy U can be divided by
covalent part ' and ionic part ¥ of lattice energy for thg bond:

U =T, + Ul ®
U/tand U are given in terms of the ionicify and covalency":

(Z_‘:)LEA

U¥ =2100m @ i 9)

Uk = 1270(’"”;#(1 — (10)
where Z" and Z* represent the valence state of @da’, Nd** and Tf* cations and & anion. Based on the theory
of electronegativity and bond energy proposed by Sanderson[45], the bond energy (E) of individyairbend
complex crystal could be calculated by these two contributions:

E* =t .E¥ + t;E! (11)
wheret, andt; are the covalent and ionic blending coefficient$,aBd E'reflect the energy of the covalent and

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

EY = AT (B aEp_p)°° (12)
33200
Eff = — (13)

wherer., andr 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 fog &dd, »6T11.4CrO3 ceramics were listed in Table

S1, Table S2 and Table S3. Figure 6 depicts bond characteristics, faN@a6TiO3 ceramic. The average bond

ionicity of different bonds presents a tendency HfA0) < Af;(Ca-O)< Af,(Nd-O). The relationship ofiielectric

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 £aNd, ,6TiO5 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 FigbagesINd, ,6T1O5 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 energyJ(Nd-O) < AU(Ca-O)< AU(Ti-O). The high value of lattice energy

of Ti-O implied a stable frame in @aNdy TiO3 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 godbhpe theoryanalysis,

24 Raman active modes (JA5B,3+ 7B,y + 5B;g) can be expected in gaNd, »6TiO;ceramic (see Table 2). As

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

sites withCg, C;, C,, and C, site symmetry, respectively. The Ti ions do montribute 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 coorgjo&at€s,gNd, 26TiO3

ceramic are sketched in Figure 7, and all pfcantributed A modes based on the results of first-principle

calculations. The vibrations symmetry coordinatgld-8) were related to the torsional behavior of the Ti-O

octahedrons. #4-5) connected with stretching bending behavior of the Ti-O bond, ang6a7) were related to

the displacements of A-site cations. For evegyyndde, the contribution level of eacjiveas different, then this A

mode would be dependent on the highest contribution levg| stibsequently. Similarly, the vibrations symmetry

coordinates , b,y and ky of Ca ¢Ndy 26TiO5 ceramic are shown in Figure S1-S8.is note-worthy that the

frequencies of 24 Raman modes can't be identified precisely just baseibrations symmetry coordinates.



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

Cay 61Ny 26TIO3 or CaTiQ ceramic.

The experimental Raman spectra of, 68d, »Ti1,CrOs 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'® was related talisplacements of A-site cations, and peaks at 13 amd 331 cricorresponded to the

Ti-O bending modes. The peaks at 130%and 331 cnt were dominated bjorsional modes, anfi77 cm'was

associated with th&—O stretching mode. There is no Raman peak at 55ircpure CaTi@ and NdAIG, but a

broad band around 551 €raccurs inxCaTiO;-(1-X)NdAIO; (0.125< x < 0.875) ceramics[50]. Hence, tRaman

peak at 551 cfh 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,. T&3 discussed above, the second phase W&3

detected ag = 0.015. The effect of Tion Raman spectra of £aNdy »6Ti1,CrOz ceramics can baegligible. As

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

of substituted quantity of Cr. This result can be explained by cation ordering at B-site[50, 3&hB8%as 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 @m the other hand, in €aNdg »6Ti;.«Cr,Os

system, C¥ and Tf* occupied randomly the B sites in gaNdq 2¢TiO3 crystal. Although SRQexisted, there

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

between C¥ and Tf", 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



As previously mentioned, the gaNd, »6TiO3crystal 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
Cay 61Ndg 26TIO5 Crystal, especially dielectric properties. Hence, we calculatefatameters to assess the stability
of framework structure. The bond streng8 (5)) for B-site and B-O octahedron distortiaih) were calculated
using equations (14) and (15), respectively.
Se-0) = 2SR/ Ro)™ (14)
Heres,, Ry andN are the universal bond strength parameteris, the bond length for individual bond at B-site.
Boce = ST (ET)? (15)
HereR; is the bond length for individual bond at B-site aRdis the average value for six B-O bond length. Figure
10 shows the tendency of relative four parameters as Cr content increasealds 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 functionvalues. 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 §8dd, »6Ti1,CrO3 (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;{) for Ca s:Ndy 26Ti1CrOs Ceramics, the relative density

can be calculated through this formula:



Pre = St = Lt (16)
Wherem, is the atomic weighty is the unit cell volumen is the number of atoms in each unit cell &ds

the Avogadro's number. Figure S4(b) shows the dielectric constant valueg gil@asTi1.,CrOs (0 < x < 0.03)

ceramics sintered at different temperatures. Clearly, the sintering tempédratufittle effect on the dielectric
constant, but the doping Cr contents laagreat influence on the dielectric constant fog éd, 26Ti114Cr,O3 (0
<x<0.03) ceramics. Figure 11 presents dielectric constgntélative density anéond ionicityf; of different

bond a function ok value for Cag:Ndy 56Ti14Cr,O3 ceramicssintered at1400 °C. As shown in Figure 11(a), the
dielectric constant decreased from about 107 wittD to about 86 witlx = 0.03, and the relative densities of all
composition were over 95% but presentedkeacending trend as a whole. The second phasewd® confirmed

that it had no influence on the decrease of dielectric constant §@iNgla ,Ti1.,CrO3ceramics owing to its,

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 relatiornship:
(n*-1)/(1£)+1, which indicated that the dielectric constant wasitively correlated with bond ionicity. Where n
represents the refractive index. Figure 11(b) depicts a downward tréndilofe as Cr content increase for each

bond, reflecting a downward trend of dielectric constant with increase of Cr content f@NGgy,eTi1.,CrOs

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

affecting dielectric constant for solid solutions. Thé*Gras a lower ionic polarizability value of 1.45 fhan



that value of 2.93 Afor Ti**, which is responsible for decline of dielectric constant as Cr concentration
increases.

Thet value is affected by many factors such as structure, second phase. Figure S4(a) shoakidseof
Cay 6:1Ndg 26T11xC O3 (0 < x < 0.03) ceramics sintered at different temperatures. Obviously; Wadues, similar
to dielectric constantrarely depended on the sintering temperature. Figure 12 shows the variation of
Cay 6:1Ndg 26T11xCr, O3 ceramics; value as a function of value. In this work, the TiOphase should be excluded
for investigating effects on the value in CagiNdy 26Ti1CrOsceramics, because gfvalue of 400 ppm/°C for
TiO,. As is well known that the; value hasa close relationship withemperature coefficient of dielectric
constant<{,), which is given in equation (17).
T = —(% +ap) a7
Where o is the thermal expansion coefficient and a positive constant forsd, 6T11,CrOs; ceramics.
Additionally, the mathematical expression calculatingthalue has been proposed Bplla et al[56], and is
shown in equation (18).

_ (e=D(+2)

T =—>""=(A+B+C() (18)

€
Heree is the dielectric constand = i(a;—;” v, B= i(?—v’")T (';—';)P, andC = —%(‘;—';)P. As shown above,
an is the polarizability, andv denotes the volume. Generally, tenrepresents the dependence of the
polarizability on temperature, and is negative. Fog Ny 26Ti1xCrOs; ceramics, the value ofd| decrease
with increase of Cr content due to the lower ionic polarizability value BftBan that of T". TermB can be
seen as a changeless positive value, and just become negativ§dWdT), is negative. TernT is negative

and |C|=3a,. Taken together, thg value was dependent on the teBnand it was obvious to infef value

decreased asvalue increased referring to the equation (17) ins@&dy 26Ti1.4CrO3 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 (Qxf) was usually assessed the dielectric loss insteadfof thelectric

microwave ceramics. Figure 13 presents the Qxf values QfiMidy »6Ti1.,CrO5; ceramics. As shown in Figure

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

investigated this result, the SEM images ofy &dd, »6Ti1CrOs (X = 0.01) ceramics sintered at different

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

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

became blurred when the sintering temperature increased to 1450 °C, which deteriorated the Qxf value. The

Cay 6:1Ndg 26T11,C, O3 (x = 0.01) ceramics presented the maximum Qxf value at 1400 °C. Besides, Figure 13(b)

gives a tendency that the Qxf value increase initially, and reach the maximum of 16,078 GHz, then decrease as

value increase. This result implied that the introducing Cr intgefNd, ,6TiO; ceramic was in favor of

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

sintering temperatures for £aNdq ,4TiO5 ceramic, resulting in Ti. When Ti was substituted by Cr, there was a

reaction during the high temperature sintering proasdsllowing:

2Cag1Ndg26TiO3
Cr,05 +1.22Ca0 + 0.26Nd,03 ——— 2Cr-’ri +V§ + 1.22Ca>c<a + 0.52Nd;\<1d + 505 (29)

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 offedhetion of Ti* was suppressed

subsequently. The XPS analysis was carried out to determine valence states of Ji/NddGai,,CrOs

ceramics, and the Ti2p XPS spectra and that of fitting curve are presented in Figure 15. The pé@p8f2Ti

located at 457.8 eV. The peak of*TRp3/2 increased from 458.3 eVt 0 to 458.7 eV ak = 0.01, then



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

Gaussian-Lorentz fitting. Therefore, thé*Tivas eliminated by acceptor dopant of Cr with 0.01, which was

responsible for the fact that the Qxf value increase initially, and reach the maximen®&1. Wherx> 0.015,

the excess oxygen vacancies were introducing into theMid ,sTiO3 crystal, the conduction loss would have a

relatively large impact on the Qxf value. According to the previous structure analysis, the stability of structure

decreased with increase of Cr content. Considering these two points, the Qxf value declined continuously with

>0.015.

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

suppression of reduction reaction fof'Tilt was adesirable way to enhance the Qxf value fog dd, »6TiO3

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

4. Conclusion

In the present work, the gaNd, »6Ti1CrO3 (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 phaseapj@ared wher> 0.015, while thisexistence had no

impact on the microwave dielectric properties fop £88d, »6Ti1.CrO3 ceramics. The SEM images demonstrated

that Cr played a role in restraining grain growth fogp &M8d, ,6TiO3; ceramic. The SRO was verified by Raman

spectra. As Cr concentration increased, the dielectric constant; aatlie declined, which was related to the

averagd; value and the ionic polarizability in £aNd, »6Ti1,CrOsceramics. 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 fori@ading to the improvement of the Qxf value

for Ca 6:Ndy 26TiO3 ceramic. Whernx > 0.015, introducing the excess oxygen vacancies into the\&h ,6T105

crystal woulddeteriorated the Qxf value.
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Table 1. Crystallographic data obtained froRietveld refinement for GaiNdy6Ti14xCrO3 (0 < x < 0.03)

ceramicssintered at1400 °C.

x (mol) 0 0.005 0.01 0.015 0.02 0.025 0.03
a(h) 5.4386 5.4392 5.4411 5.4418 5.4426 5.4434 5.4436
b (A) 7.6655 7.6682 7.6696 7.6701 7.6708 7.6712 7.6716
c(A) 5.4079 5.4095 5.4105 5.4110 5.4122 5.4130 5.4133
Ve (A 2254531 225.6242 225.7859 225.8505 225.9545 226.0326 226.0658
Rup (%) 5.25 6.83 5.97 6.13 5.64 5.24 6.29

R, (%) 3.75 4.96 5.07 4.67 4.27 4.01 4.7

P 1.64 1.669 1.766 1.269 1.098 1.017 1.419
TiO, (Wt.%) 0 0 0 1.23 1.72 1.96 2.48
Ca/Nd-0(1} (A) 2.3807 2.3813 2.3819 2.3825 2.3833 2.3845 2.3858
Ca/Nd-0(15 (A) 2.5438 2.5445 2.5453 2.5459 2.5468 2.5473 2.5479
Ca/Nd-0(15 (A) 2.9734 2.9739 2.9744 2.9752 2.9759 2.9768 2.9779
Ca/Nd-0(1} (A) 3.0862 3.0874 3.0882 3.0897 3.0904 3.0919 3.0928

Ca/Nd-O(2} x2(A)
2.4611 2.4623 2.4633 2.4643 2.4652 2.4663 2.4671

Ca/Nd-O(2§ x2 (A)
2.6563 2.6569 2.6575 2.6582 2.6589 2.6596 2.6606

Ca/Nd-O(2§ x2 (A)
2.6781 2.6793 2.6799 2.6804 2.6813 2.6819 2.6827

Ca/Nd-O(2} x2(A)
3.1176 3.1186 3.1194 3.1202 3.1211 3.1223 3.1234

TilCr-O(1) x2(A)
1.9543 1.9581 1.9604 1.9654 1.9674 1.9684 1.9688

TilCr-O(2)t x2(A)
1.9109 1.9112 1.9123 1.9127 1.9136 1.9142 1.9146

Ti/Cr-O(2) x2(A)
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 gy »sT1O3 ceramic with Pnma

space group.

Atom Wyckoff notation Site symmetry Irreducible representations

Ca/Nd 4c C 2Ag+ Byg+ 2Byg+ Bag+ A+ 2By, + Byt 2By,
Ti 4b C 3A,+ 3By, + 3B, + 3Bg,

o1 4c Cs 2Ay+ Byg+ 2Byg+ Bag+ Ay + 2By, + By, + 2By,

02 8d C,
Iraman= 7Ag+ 5B1g+ 7Byg+ 5By

['r = 9By + 7By + 9By,

Lsitent = 8Au+ 7By + 9By,

l—‘acousticz Blu+ BZu+ BSu

3Ag+ 3Byg+ 3Byg+ 3Bgy+ 3A,+ 3By, + 3B+ 3By,




Table 3. Observedrequencies and classification of the Raman-active modes)igiNgh »6Ti;1.,CrOs (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 £gaNdy »6Ti1,CrO3 (0 < x < 0.03) samples sintered at different

temperatures.

STCC) 0 0.005 0.01 0.015 0.02 0.025 0.03

& 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

Qxf(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

1 (ppm/°C) 1350 268.6 262.4 245.1 233.2 215.9 203.2 199.3
1375 2705 260.7 243.1 231.4 214.7 204.4 200.6
1400 271.3 261.2 2445 233.9 2153 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
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Figure 1. Schematic diagram of the orthorhombic perovskite, sy 26TiO3 crystal
structure.

Figure 2. (a) Powder X-ray diffraction patterns of ¢gaNdy 26Ti1xCrOz (0 < x < 0.03) ceramics
sintered at 1400 °C; (b) The indices of lattice planes fggfNd, ,sTiO3 ceramic.



Figure 3. SEM images of GaiNdy 26Ti14CrO3 (0 <x < 0.03) ceramicsintered at 1400 °C with
(&) 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 £aNdy »6Ti1xCrO3 (0 < x < 0.03) ceramicsintered
at 1400 °C with (ax = 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 AGSndicates the average grain size.



Figure 5. XRD profile of Cg.e:Ndg 26Ti1.4CrO3 (0 < x < 0.03) ceramics sintered at 1400 °C based
on the Rietveld refinement with (&)= 0; (b)x = 0.01; (c)x =0.02; (d)x = 0.03 (CNT refers to
Cay6iNdp 26T1O3).
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Figure 6. Bond characteristics for gaNdy »sTiO3 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 coordingtef ahe Cg6:Ndy 26103
ceramic.

Figure 8. (a) Raman spectra of £aNdy »6Ti1xCrOs (0 < x < 0.03) ceramics sintered at 1400 °C;
(b) Raman spectrum of T{O
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Figure 9. The contrast of ideal cubic perovskite with orthorhombic perovskite.
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sintered at 1400 °C
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Figure 11. (a) Dielectric constant, relative density Gy g;Ndp 26Ti1.4CrOs (0 < X < 0.03) ceramics
sintered at 1400 °Gb) Bond ionicityf; for different bond in CgsiNdg 26T11xCrO3 (0 < x < 0.03)
ceramics sintered at 1400.°C
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Figure 12. 1; values ofCay ¢:Ndg 26Ti1.4xCr O3 (0 <X < 0.03)ceramicssintered at 1400 °C
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Figure 13. Qxf values of CggiNdy 26Ti14xCrO3 (0 < x < 0.03) ceramics.(a) samples sintered at
different temperatures; (b) variation of Qxf value for samples sintered at1400 °C as a function of

value.

Figure 14. SEM images of GaiNdy26Ti1xCrOsz (x = 0.01) ceramicssintered at different
temperatures.
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Figure 15. Ti-2p Core level XPS and corresponding fitting results@as iNdg 26Ti11xCrOs (0 < X <
0.015)ceramicssintered at 1400 °C



1. The CgiNdp.26Tig.9dCrp 1103 ceramic had maximum Qxf value of 16,078 GHz.
2. The SRO effect enhanced with increase &f Cr
3. The balanced amount of Cr substitution could restrain the generatiofi.of Ti
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