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Bi(Sc1/3Mo2/3)O4 ceramics were prepared via solid state reaction method. It 

crystallized with an ordered scheelite-related structure (a = 16.9821(9) Å, b = 

11.6097(γ) Å, c = 5.γ099(γ) Å and く = 104.649(β) o) with a space group C12/C1, in 

which Bi3+, Sc3+ and Mo6+ are −8, −6 and −4 coordinated, respectively. 

Bi(Sc1/3Mo2/3)O4 ceramics were densifiedat 915 oC, giving a permittivity (r) ~ 24.4, 

quality factor (Qf, Q=1/dielectric loss, f=resonant frequency) ~ 48,100 GHz and 

temperature coefficient of resonant frequency (TCF) ~ −68 ppm/oC. Impedance 

spectroscopy revealed that there was only a bulk response for conductivity with 

activation energy (Ea) ~ 0.97 eV, suggesting the compound is electrically and 

chemically homogeneous. Wide band dielectric spectra were employed to study the 

dielectric response of Bi(Sc1/3Mo2/3)O4 from 20 Hz to 30 THz. r was stable from 20 

Hz to the GHz region, in which only ionic and electron displacive polarization 

contributed to ther.  

Keywords: Microwave dielectric; Bi(Sc1/3Mo2/3)O4; low temperature co-fired ceramic 

(LTCC) 

 

 

 

 

 

 

 

 

 



1. Introduction 

Scheelite structured materials with a general formula ABO4 have attracted much 

attention as photocatalysis and microwave dielectrics due to their adaptable structure 

which permits a wide range of solid solubility along with adjustable properties [1-8]. 

The scheelite-structure was first observed in the mineral, CaWO4 and was named after 

its discoverer [9,10]. Scheelite typically has a tetragonal structure with space group, 

I41/a (No. 88), in which the A- and B-cations are eight and four coordinated, 

respectively [1-8]. As summarized by Sleight and Linn [1], more than one hundred 

compounds have the scheelite structure with A cations ranging from A+ (Li, Na, K, 

Ag, etc.), A2+ (Ca, Sr, Ba, etc.), A3+ (Bi, Ln, etc.) to A4+ (Zr, Hf, Ce, etc.), and B 

cations ranging from M3+ to M7+ (Ga, Fe, Ge, V, Nb, Mo, W, Re, I and Os) [1,11-14]. 

Nitrogen and fluorine can also partially substitute for oxygen [15]. Defects on the A 

site and complex cations occupying A and B sites usually lead to ordering and related 

monoclinic variants. A and B site ordered scheelite structures were first observed in 

(K0.5Eu0.5)MoO4 and Bi(Fe1/3Mo2/3)O4 [16,17]. Microwave dielectric properties of the 

scheelite-structured materials were first reported for Ca, Sr and Ba molybdates and 

tungstates [18,19] with high quality factor (Qf ~ 60,000 GHz) but low permittivity (r 

< 12). Bismuth normally possesses a large ionic polarizability () and Bi-containing 

microwave dielectrics usually have large resulting 計r. [20,21] When Bi cations fully 

occupy the A site in the scheelite structure, the B site is pentavalent (e.g V5+) [1,22]. 

Pure BiVO4 crystallizes in a monoclinic scheelite structure with a = 5.1956 Å > b = 

5.0935 Å) and け = 90.38 o) [23]. Although BiVO4 possesses a high оr (~ 68), its Qf is 

only 8,000 GHz and its temperature coefficient of resonant frequency (TCF) ~ − 260 

ppm/oC due to a ferroelastic phase transition at 255 oC [24,25]. B-site order through 



introducing complex ions such as (Fe1/3Mo2/3)5+ and (In1/3Mo2/3)5+, is an effective 

method to improve Qf as reported in our previous work [26,27]. In the present work, 

the sintering behavior, crystal structure, microstructure, impedance and dielectric 

spectra of the Bi(Sc1/3Mo2/3)O4 ceramics were studied. 

2. Experimental Section 

Sample Synthesis. Proportionate amounts of reagent-grade starting materials of 

Bi2O3 (> 99%, Sigma-Aldrich), Sc2O3 and MoO3 (> 99%, Fisher Scientific) were 

measured according to the stoichiometric formulation Bi(Sc1/3Mo2/3)O4. Powders 

were mixed and ball-milled for 24 h using isopropanol. The powder mixture was then 

dried and calcined at 800 oC for 4 h. The calcined powders were re-milled for 24 h 

and pressed into cylinders (13 mm in diameter and 4 ~ 5 mm in height) at 50 MPa. 

Samples were sintered 2 h at 890 oC ~ 930 oC.  

Structural and Microstructural Characterisation. X-ray diffraction (XRD) was 

performed using with CuKg radiation (Bruker D2 Phaser) form 5-80 o βし at a step size 

of 0.02 o. The results were analyzed by the Rietveld profile refinement method, using 

FULLPROF program. The structure was further investigated in transmission electron 

microscopy (TEM) using a JEOL 2100 transmission electron microscope operated at 

200 kV. As-fired and fractured surfaces were observed by using a scanning electron 

microscopy (SEM, FEI, Inspect F).  

Infrared Reflectivity, THz Transmission Measurement and Classical Oscillator 

Analysis. Room temperature infrared reflectivity spectra were measured using a 

Bruker IFS 66v FTIR spectrometer on Infrared beamline station (U4) at National 

Synchrotron Radiation Lab. (NSRL), China. The polished ceramic samples with 

flatness around 1たm were placed in a vacuum chamber at β mbar, and the reflectivity 



was obtained as the intensity relative to the reflectance of an evaporated gold mirror. 

The far and middle infrared spectra agreed well with each other in the overlapped 

frequency range. IR reflectivity spectra were analyzed by using a classical harmonic 

oscillator model as follows [28, 29]: 
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where i*(の) is complex dielectric function, i∞ is the dielectric constant caused by the 

electronic polarization at high frequencies, けj, のoj and のpj are the damping factor, 

transverse frequency, and plasma frequency of the j-th Lorentz oscillator, respectively, 

and n is the number of transverse phonon modes. The relation between complex 

reflectivity R*(の) and permittivity i*(の) can be written as: 
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Based on well fitting, tt microwave region (の<<のpj), hence, real part and imaginary 

part of microwave dielectric permittivity can be derived from equation (3): 
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The dielectric behaviors over 0.2 to 1.2 THz (6.7 - 40 cm-1) were measured by a 

terahertz time-domain (THz TDS) spectroscopy (ADVAVTEST TAS7500SP, Japan). 

A passive mode-lock fiber laser is used to pump and gate respectively two GaAs 

photoconductive antennas for the generation and detection of THz wave. The transfer 

function at THz region can be written as following [30-32]: 
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where, )(* samE  and )(* refE  are the recorded reference and sample signals, 

respectively. )(* n  is complex refractivity; d is thickness of sample; の is angular 

frequency; c is the speed of light in vacuum. Then, complex permittivity )(*   can 

be obtained using the relation between complex refractivity )(* n  and complex 

permittivity )(*  : 

)(*)(*  n                                                     (6) 

Impedance and Low Frequency Dielectric Property Measurements. Impedance 

spectroscopy measurements were performed on sintered ceramics coated with fired on 

Au-paste electrodes using a LCR (Agilent E4980A) and homemade heating system 

over 102−106 Hz from 350 to 600 °C. Room temperature r and loss can be collected 

over 102−106 Hz. 

Microwave Dielectric Property Measurement. Dielectric properties at microwave 

frequency were measured with the TE01h dielectric resonator method [33] with a 

network analyzer (Advantest R3767CH; Advantest, Tokyo, Japan) and a home-made 

heating system. The temperature coefficient of resonant frequency TCF (f) was 

calculated with the following formula:  

6

25

2585 10
)2585(

)( 





f

ff
TCF f                 (7) 

where f85 and f25 are the TE01h resonant frequencies at 85 oC and 25 oC, respectively. 



3. Results and Discussions 

Crystal Structure, Coordination and Bonding. 

Bi(Sc1/3Mo2/3)O4 ceramics crystallize in a B-site ordered scheelite structure. 

Experimental and calculated XRD profiles of the Bi(Sc1/3Mo2/3)O4 sample at room 

temperature are shown in Figure 1a in which a = 16.9821(9) Å, b = 11.6097(3) Å, c = 

5.3099(3) Å and く = 104.649(2) o (Rp=9.03 %, Rwp=13.1 %, Rexp=12.8 % and the 

goodness of fit is defined as S= Rwp / Rexp = 1.02). The space group is C12/C1 (No. 

15), which agrees well with previous reports [13]. For Bi(Fe1/3Mo2/3)O4, FeO4 and 

MoO4 tetrahedra are ordered [17] despite Fe3+ having a similar ionic radius (~ 0.49 Å) 

to Mo6+ (0.41 Å). In contrast, Sc3+ has much larger ionic radius than that of Fe3+ and 

Mo6+ and does not reside in tetrahedral coordination. As reported by Kolitsch and 

Tillmanns [13], Sc3+ prefers to be surrounded by six oxygens within a slightly 

distorted octahedron. The refined atomic fractional coordinates from XRD data and 

bond length data are listed in Table 1 and Table 2, respectively. Sc-O bond lengths are 

much larger than that of Mo-O but smaller than Bi-O [13]. A schematic of the crystal 

structure is illustrated in Figure 1b. Figure 1c shows the SAED patterns (inset) and 

high resolution images of Bi(Sc1/3Mo2/3)O4 viewed along the [13−2] zone axes. The 

rhombus pattern is composed of four O1 atoms with an internal angle of 75.8 o, 

similar to the refined value ~76.3 o from XRD patterns. In addition, the interplanar 

spacing of the O1 ions is measured from high resolution data as 0.491 and 0.478 nm 

which correspond well with XRD refinements.  

Microstructure analysis. 

SEM images of the as-sintered and fractured surfaces of a Bi(Sc1/3Mo2/3)O4 ceramic 

sintered 2h at 930oC is shown in Figure 2. A dense homogeneous microstructure is 



observed consistent with a high relative density (96.7%) with the theoretical and 

apparent density, 6.968 g/cm3 and 6.74 g/cm3, respectively. Fracture surfaces, as 

shown in Figure 2b, of Bi(Sc1/3Mo2/3)O4 ceramics exhibited a mixture of transgranular 

and intergranular fracture, grain boundaries free from apparent second phase and a 

grain size ~ 1 to γ たm. 

Impedance analysis: 

Complex impedance plane, Z*, plots of Bi(Sc1/3Mo2/3)O4 ceramic at 448 and 502 oC 

are shown in Figure 3a. Bi(Sc1/3Mo2/3)O4 ceramics exhibited a single semicircular arc 

over the measured frequency range (20 Hz ~ 1 MHz) with an associated resistivity (Rb) 

of ~ 0.55 εっ:cm and 1.5β εっ:cm at 50β and 448 oC, respectively, which resulted 

from a bulk response with no grain boundary contribution. To confirm this 

observation, impedance data at different temperatures was fitted using a simple 

R-CPE model in parallel. The simulation parameters also indicated that within the 

frequency range (20 Hz ~ 1 MHz), contribution from the grain boundaries (defects) 

was negligible, which means that grain boundaries here might be electrically 

conductive. An Arrhenius plot of the temperature dependence of the bulk conductivity, 

j (1/Rb), is shown in Figure 3b which gives an activation energy, Ea ~ 0.97 eV for 

bulk conduction, which indicated that the Bi(Sc1/3Mo2/3)O4 ceramic is a quite good 

insulating material. 

Microwave dielectric properties. 

r and Qf of the Bi(Sc1/3Mo2/3)O4 ceramics as a function of sintering temperature are 

shown in Figure 4. r increased from ~ 20 to a saturated value ~ 24.4 as sintering 

temperature increased from 890 oC to 930 oC due to the elimination of pores. Qf 

adopted a similar trend versus with ~ 48,100 GHz at 910 and 915 oC. As suggested by 

Shannon, the molecular polarizabilities of Bi(Sc1/3Mo2/3)O4 can be calculated 



according to: 

28.1743/23/1 2633 42/331 )OMoBi(Sc   OMoScBi/
 Å3,     (8) 

where the ionic polarizabilities of Bi3+, Sc3+, Mo6+ and O2- were 6.12 Å3, 2.81 Å3, 

3.28 Å3 and 2.01 Å3, respectively [18,34] Considering the Clausius–Mosotti relation 

[35]: 
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where the V is the cell volume, 1006.42/12 = 83.868 Å3, the measured molecular 

polarizability is about 17.75 Å3 with an acceptable deviation about ~ 3 % from the 

calculated value. The sintering temperatures and microwave dielectric properties of 

low temperature firing microwave dielectric ceramics with permittivity value around 

~ 25 are listed in Table 3 [36-41]. In fact, the commercial K25 materials used for 

dielectric resonators are mainly Ba(Mg1/3Ta2/3)O3 based ones [42], which usually 

possess an extreme high Qf value > 100,000 GHz and high sintering temperature 

about 1600 oC, and not suitable for LTCC technology. Compared with the similar 

scheelite structured Bi(Fe1/3Mo2/3)O4 and Bi(In1/3Mo2/3)O4, the Bi(Sc1/3Mo2/3)O4 

ceramic possesses a higher Qf value. However, the TCF values of this series must be 

adjusted to near zero by solid solution or composite methods before they can be 

employed in applications. The (A0.5Bi0.5)MoO4 (A = Li, Na, K and Ag) materials with 

high positive TCF values might be good candidates to compensate the TCF of 

Bi(Sc1/3Mo2/3)O4 ceramic. 

Infrared Reflectivity and THz Transmission Spectrum Study.  

Wideband complex dielectric spectra of the Bi(Sc1/3Mo2/3)O4 ceramics in the 

frequency range 20 Hz ~ 30 THz and room temperature infrared reflectivity spectra 

are shown in Figure 5. r at 20 Hz ~ 1 MHz was measured using an LCR meter and 



was stable at ~ 25, suggesting only a limited space charge contribution to polarization. 

The dielectric loss (о’’/о’) from 20 Hz ~ 1 MHz was ~ 1×10-4. r at 6.84 GHz 

measured using a network analyzer and metal cavity was 24.4, close to the value 

recorded at lower frequencies, indicating no significant dipolar contribution to 

polarization from 20 Hz to the GHz region. The dielectric loss at 6.84 GHz was 

~1.4×10-4, slightly larger than that at lower frequencies whilst Qf was 48,100 GHz, 

high enough to be considered useful for resonator applications. In the THz region (0.1 

~ 1.4 THz), r initially increased slightly but then sharply when entering the 

far-infrared range due photon absorption at ~ 65.383 cm-1. As suggested by equation 

(4), the imaginary part of r at THz increased almost linearly with frequency. As 

shown in Figure 5, the room temperature infrared reflectivity spectra may be fitted 

using 24 Lorentz modes as listed in Table 4. r at optical frequencies is 2.72 and the 

fitted complex microwave permittivity using equation (3) and (4) is ~ 21.334 and 

0.00342, close to measured values. Besides, the smaller fitted imaginary value of 

permittivity also shows some space of improvement for Qf value of the 

Bi(Sc1/3Mo2/3)O4 ceramic by fine processing in the future.  

4. Conclusions 

The Bi(Sc1/3Mo2/3)O4 ceramic densified at ≥ 915 oC with grain size 1 to γ たm. The 

compound crystallized in an ordered scheelite structure with ~ a = 16.9821(9) Å, b = 

11.6097(3) Å, c = 5.3099(3) Å and く = 104.649(2) o with a space group C12/C1 (No. 

15). Optimum microwave dielectric properties with a r ~ 24.4 and Qf ~ 48,100 GHz 

were obtained for ceramics sintered 2h at 915 oC. Impedance spectra revealed only 

bulk conduction with an activation energy ~ 0.97 eV. Wideband dielectric spectra 

over 20 Hz to 30 THz indicated that the Bi(Sc1/3Mo2/3)O4 ceramic is a good insulator 



with low dielectric loss that night have potential for high frequency capacitor 

applications. We note however, that Sc2O3 and MoO3 are comparatively expensive 

raw materials which might limit its commercial uptake. 
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Table 1. Refined atomic fractional coordinates from XRD data for the 

Bi(Sc1/3Mo2/3)O4 sample and the lattice parameters at room temperature are a = 

16.9821(9) Å, b = 11.6097(3) Å, c = 5.3099(3) Å and く = 104.649(2) o. The space 

group is C12/C 1 (No. 15). 

Atom Site Occ. x y z Biso 

Bi1 8f 1.0 0.15469 0.88144 0.43115 0.91340 

Bi2 4e 0.5 0.00000 0.66245 0.25000 0.77108 

Sc1 4e 0.5 0.00000   0.09457 0.25000 1.41238 

Mo1 8f 1.0 0.16931   0.37373 0.42545 1.08227 

O1 8f 1.0 0.09109  0.02057 0.58513 0.33135 

O2 8f 1.0 0.05002   0.21419 0.05169 0.86399 

O3 8f 1.0 0.21725   0.29943 0.25622 0.01887 

O4 8f 1.0 0.12522   0.29056 0.60635 0.12964 

O5 8f 1.0 0.08863   0.45317 0.23918 1.13359 

O6 8f 1.0 0.22393   0.45212 0.62496 0.96063 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2. Refined cell parameters, reliability factors and bond length data for 

Bi(Sc1/3Mo2/3)O4. 

 Bi(Sc1/3Mo2/3)O4 

a(Å) 16.9821(9) 

b(Å) 11.6097(3) 

c(Å) 5.3099(3) 

く(o) 104.649(2) 

Rp 9.03 % 

Rwp 13.1 % 

Rexp 12.8 % 

S 1.02 

Bi(1)-O(Å) 2.1984~2.8952 

Bi(2)-O(Å) 2.1565~2.9727 

Sc-O(Å) 2.0522~2.373 

Mo-O(Å) 1.5212~1.7380 

 

 

 

 

 

 

 

 

 

 



Table 3. Sintering temperatures and microwave dielectric properties of low 

temperature firing microwave dielectric ceramics with permittivity value around ~ 25 

Composition Sintering 

Temperature 

計r Qf 

value 

(GHz) 

TCF 

Value 

(ppm/oC) 

Ref. 

0.45(Na0.5La0.5)MoO4 

–0.55(Na0.5Bi0.5)MoO4 

640 23.1 17,500 +0.3 36 

Zn(Nb1-xVx/2)2O6-2.5x 

(x=0.15) 

975 23.3 37,000 −71 37 

LiNb3O8 1075 24 58,000 −96 38 

Bi(Sc1/3Mo2/3)O4 930 24.4 48,100 −68 This 

work 

Ca[(Li0.33Nb0.67)0.9Ti0.1]O3-h 

+10 wt-%LiF 

900 24.8 19,300 −15 39 

Bi(In1/3Mo2/3)O4 840 25.2 40,000 −65 27 

85 wt-%BaTi4O9 

+15wt%Li–B–Si–Ca–Al-O 

875 26 10,200 0 40 

(AgBi)(MoW)O4 580 26.3 10,000 +20 41 

Bi(Fe1/3Mo2/3)O4 845 27.2 14,500 −80 26 

 

 

 

 

 

 



Table 4. Phonon parameters obtained from the fitting of the infrared reflectivity 

spectra of the Bi(Sc1/3Mo2/3)O4 ceramic 

Mode のoj のpj けj 〉İj 

1 65.383 86.342 4.951 1.74 

2 73.143 132.2 7.261 3.27 

3 91.994 196.17 8.425 4.55 

4 101.8 64.066 6.091 0.396 

5 116.66 106.1 9.497 0.827 

6 131.83 128.97 12.283 0.957 

7 151.33 102.77 12.137 0.461 

8 162.4 149.73 20.018 0.85 

9 195.12 135.08 16.866 0.479 

10 217.77 145.59 15.388 0.447 

11 248.95 240.52 22.203 0.933 

12 300.96 318.42 35.762 1.12 

13 369.75 313.29 43.397 0.718 

14 412.1 357.89 46.964 0.754 

15 443.37 238.66 35.181 0.29 

16 487 120.12 25.678 0.061 

17 536.78 121.2 36.073 0.051 

18 598.39 247.17 96.098 0.171 

19 700.09 451.21 80.296 0.415 

20 761.25 204.22 41.374 0.072 

21 799.91 140.43 19.264 0.031 

22 819.06 82.13 13.825 0.01 



23 863.34 71.578 14.908 0.007 

24 879.66 55.112 10.582 0.004 

 i∞=2.72 i0=21.334 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure Captions: 

Fig. 1. Experimental (circles) and calculated (line) XRD profiles for the 

Bi(Sc1/3Mo2/3)O4 sample at room temperature (Rp = 9.03 %, Rwp = 13.1 %, Rexp = 

12.8 % and S = 1.02. The short vertical lines below the patterns mark the positions of 

Bragg reflections. The bottom continuous line is the difference between the observed 

and the calculated intensity.) (a), the schematic structure of Bi(Sc1/3Mo2/3)O4 (b) and  

selected area electron diffraction (SAED) patterns and related high resolution imaging 

(c). 

Fig. 2. SEM image of the as-fired (a) and fractured (b) surfaces of (Sc1/3Mo2/3)O4 

ceramic sintered at 930 oC 

Fig. 3. Complex impedance plot recorded at 448 and 502 oC (The numbers denote the 

logarithm values of the selected frequencies marked by filled squares) (a), and 

Arrhenius-type plot of bulk conductivity (b) for the Bi(Sc1/3Mo2/3)O4 ceramic sintered 

2 h at 930 oC 

Fig. 4. Microwave dielectric properties of the Bi(Sc1/3Mo2/3)O4 ceramics as a function 

of sintering temperature 

Fig. 5. Wideband complex dielectric spectra of the Bi(Sc1/3Mo2/3)O4 ceramic in 

frequency range 20 Hz ~ 30 THz ( 20 Hz ~ 1 MHz measured by Agilent E4980LCR, 

6.84 GHz measured using TE01h by network analyzer, 0.1 ~ 1.4 THz (4 ~ 48 cm-1) by 

THz-TDS transmission spectroscopy, 0.3 GHz ~ 30 THz (0.01 ~ 1000 cm-1) by 

infrared reflectivity spectroscopy fitting) and room temperature infrared reflectivity 

spectra (circles are experimental at microwave region and THz data, solid lines 

represent the fit of IR spectra) 

 



 

 

Fig. 1. Experimental (circles) and calculated (line) XRD profiles for the 

Bi(Sc1/3Mo2/3)O4 sample at room temperature (Rp = 9.03 %, Rwp = 13.1 %, Rexp = 

12.8 % and S = 1.02. The short vertical lines below the patterns mark the positions of 
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Fig. 2. SEM image of the as-fired (a) and fractured (b) surfaces of (Sc1/3Mo2/3)O4 

ceramic sintered at 930 oC 

 

 

 

 

 

 

 

 



 

Fig. 3. Complex impedance plot recorded at 448 and 502 oC (The numbers denote the 

logarithm values of the selected frequencies marked by filled squares) (a), and 

Arrhenius-type plot of bulk conductivity (b) for the Bi(Sc1/3Mo2/3)O4 ceramic sintered 

2 h at 930 oC 

 

 



 

Fig. 4. Microwave dielectric properties of the Bi(Sc1/3Mo2/3)O4 ceramics as a function 

of sintering temperature 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. 5. Wideband complex dielectric spectra of the Bi(Sc1/3Mo2/3)O4 ceramic in 

frequency range 20 Hz ~ 30 THz ( 20 Hz ~ 1 MHz measured by Agilent E4980LCR, 

6.84 GHz measured using TE01h by network analyzer, 0.1 ~ 1.4 THz (4 ~ 48 cm-1) by 

THz-TDS transmission spectroscopy, 0.3 GHz ~ 30 THz (0.01 ~ 1000 cm-1) by 

infrared reflectivity spectroscopy fitting) and room temperature infrared reflectivity 

spectra (circles are experimental at microwave region and THz data, solid lines 

represent the fit of IR spectra) 

 


