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Abstract

The Ba(Mgy/3Ta,3)O03, BMT, materials possess the highest quality factor (Q X f) in microwave frequency regime among the microwave dielectric
materials and can potentially be used for high frequency communication application. To understand the mechanism that determines microwave
dielectric properties of the BMT materials, spectroscopic techniques including Raman and Fourier transform infrared (FTIR) analyses are used
for investigating the phonon characteristics of the materials. The Raman-shift (Awy;) of the Raman peaks and the resonance frequency (wg;) of
the FTIR peaks vary insignificantly among the samples, which correlate very well with the phenomenon that the K-values for these materials are
similar with one another. In contrast, the full-width-at-half-maximum (FWHM) of the Raman peaks and the damping coefficient (y;) of the FTIR
peaks vary markedly among the samples. The high-Q materials possess sharpest vibrational modes, viz., smallest FWHM value for Raman peaks
and smallest y; value for FTIR peaks and vice versa. The intimate relationship between the phonon characteristics and the fine structure of the
materials is confirmed.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction the vibrational characteristics of the materials. They thus deter-

mined the dielectric properties in the microwave region based

Complex perovskite compounds with the chemical formula
Ba(B’1/3B’2’/3)O3, where B’ is Zn, Mg, Ni, or Mn and B” is Nb or
Ta, exhibit ultra-low dielectric losses at microwave frequencies'
when the materials possess B'-B” 1:2 ordered arrangement
with a structural symmetry described by the P3m1 (Dg ) space
group.?

Since the dielectric properties in microwave range follow
mainly from ionic polarization, the phonon vibration spectra
of Ba(B) 3 5 13)03 have been of particular interest. Tamura et

al.3 first analyzed the vibration of 1:2 ordered Ba(Zn;/3Tay/3)O3
normal modes, and Siny et al.* investigated the Raman spec-
tra of several complex perovskites, proposing the existence of
short-range 1:1 order in Ba(Mgi,3Tay/3)03. Recently, Chia et
al.> and Chen et al.® studied the Raman and FTIR phonons in
Ba(Mg1/3Tay/3)03, concluding that ionic sizes and the quality of
1:2 ordered structure are two important parameters that impact
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on the observation of simple perovskite Pm3m structures.

This study investigates the Raman and FTIR spectra of
Ba(Mg1/3Tay/3)03, and their relationship with microwave prop-
erties. Phonon properties are analyzed and correlated with
microwave dielectric properties.

2. Experimental procedure

BMT ceramic samples were prepared by a conventional
mixed oxide process. These samples were sintered at 1600 °C
for 2-200h in air and were then cooled at different rates
(Table 1). The microwave dielectric properties were measured
by the TEO11 resonant cavity method using an HP 8722 network
analyzer, near 6 GHz. Far-infrared and midinfrared reflectance
spectra were obtained at room temperature using a Bruker IFS
66v FTIR spectrometer. The modulated light beam from the
spectrometer was focused onto either the sample or an Au ref-
erence mirror, and the reflected beam was directed onto a 4.2 K
bolometer detector ~40-600 cm ™! and a B-doped Si photocon-
ductor ~450-4000 cm™!. The different sources, beam splitters,
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Table 1
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The processing conditions for preparing the Ba(Mgj,3Tay/3)O3 materials, the corresponding microwave dielectric properties and the related characteristics of the

A1¢(0) Raman mode

Processing at 1600 °C Microwave properties Aj5(0) mode

Sintering time (h) Cooling rate (°C/h) K QO x f(GHz) Raman-shift (cm™!) FWHM (cm™!)
A 200 2 22.2 248,000 797.00 14.55
B 20 20 22.3 205,700 797.15 14.62
C 2 200 25.5 182,600 797.20 15.16
and detectors used in these studies provided substantial spectral A, Ba)+E(Ba)

. . 1 A, (O)+E (0)
overlap, and the reflectance mismatch between adjacent spectral L 19 g
ranges was less than 1%. The optical properties were calculated
from a Kramers—Kronig analysis of the reflectance data.” These = A, (0)
. . ‘= = 1g

transformations were performed by extrapolating the reflectance S | |1:2 ordering I E,(0)
at both low and high frequencies. The low-frequency extensions g II E,(Ta)
were determined by using the Lorentz model. In the meantime, ‘5 E (0) Il A, ,(Ta)
Raman measurements were taken at room temperature, and the g, » I . g
signals were recorded by a DILOR XY-800 triple-grating Raman £ I
spectrometer, equipped with a liquid-nitrogen-cooled CCD. The g A
10 mW output of the 514.5 nm line of an Ar ion laser was used -

as the excitation source. The obtained Raman spectra exhibited
a resolution approximately 0.5 cm™!.

3. Results and discussion

The effect of the processing parameters on the microwave
dielectric properties of the BMT materials is summarized in
Table 1, indicating that the longer soaking time, in conjunc-
tion with slower cooling rate, leads to materials with higher
0 x f-value, whereas the processing parameters seem to result
in insignificant effect on the K-value of the samples. The crystal
structures of these materials were examined using X-ray diffrac-
tion (XRD) technique to confirm that all the three samples are
pure perovskite materials with P3m1 structure. Detailed analy-
sis using Rietvelt analysis on these XRD patterns indicates that
the samples possessing larger ordering parameters show larger
0 x f-values, as shown in Fig. 1 (curves a). Moreover, the dielec-
tric constants (K) of the samples are intimately related to the cell
volume, although the change in K-values among the samples is
very modest. The larger cell volume (or larger lattice parameter)
leads to larger K-value (Fig. 1, curves b), sample C.

While it is clear that the increase in ordering parameters is
the main factor improving the Q x f-values of the materials,
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Fig. 2. Typical Raman spectra of the Ba(Mgj/3Taz/3)O3 materials.

what is the genuine mechanism for such a correlation needs
more detailed studies. The Raman and FTIR spectroscopies of
these materials are thus investigated. Typical Raman spectra of
these BMT materials are shown in Fig. 2, indicating that the
Raman peaks are very sharp, a characteristic for the high Q
materials. Among the major Raman peaks, the A1,(O) mode at
796 cm~! varies more markedly among the samples. The char-
acteristics of this Raman resonance peak are closely related with
the microwave dielectric properties of the materials. As shown
in Table 1, the shift of Raman peak is largest for the samples with
largest dielectric constant (K¢ =25.5, sample C) and is smallest
for those with smallest K-value (K =22.2, sample A). However,
the change is very modest.

In contrast, Table 1 illustrates that the width of the
Raman peak (full-width-at-half-maximum, FWHM) is narrow-
est (FWHM)a =14.55cm™") for sample A, which possesses
highest quality factor ((Q=f)a =248,000), and is broadest
(FWHM)c =15.16cm™ 1) for sample C, which has lowest
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Fig. 1. The (a) ordering parameter vs. quality factor and (b) cell volume vs. dielectric constant of three Ba(Mgj/3Taz/3)O3 materials.
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0 x f-value ((Q x f)c =182,600). Such kind of phenomenon is
in accordance with previous reports.> Restated, the ordering of
Mg- and Ta-cations is the main factor altering characteristics of
Raman peaks and changing the microwave quality factor of the
materials.

While the Raman spectroscopy correlates with the microwave
dielectric properties of the materials very well, it cannot explain
directly the dielectric response of the materials, since the Raman
resonance is not a polar mode. In contrast, the Fourier transform
infrared (FTIR) spectroscopy is the response of polarization of
materials with respect to the electromagnetic field (infrared).
Therefore, FTIR spectroscopy relates to the dielectric proper-
ties of the materials more directly. However, the analysis of
the FTIR spectra is complicated. Typical reflection spectra of
the BMT samples, measured in the range of 30-6500 cm™L, is
shown in Fig. 3(a), along with the fitted data (dotted lines). The
reflection spectra were analyzed using Kramers—Kronig (K-K)
relationship,® in which the Lorentz distribution of the TO modes
is used for fitting the spectra, i.e.,

4w e®N; yiw?
o= 3 () 0
F (a)oj—a) ) +vyjw
4w e’ N; 1
ety (v]> 2 et Ay @
TR “0j j
LS uns; = YTV 3)
¢ 5 T e

The factor analysis indicates that among the normal modes
for BMT materials of P3ml symmetry, 4Ajgz[Ba, Ta or
O] +Apg +5Eg[Ba, Ta or O]+2A1,+7A[Ba, Mg, Ta or
O] +9E,[Ba, Mg, Ta or O], the 7A,, + 9E,, modes are IR active.
Out of the 16 IR active modes predicted, 15 IR peaks are identifi-
able, as listed in Table 2. The last one is undetected, which could
be either too weak or overlaps with other modes. Fig. 3(b) shows
the typical wey-dispersion deduced from the reflection spectra
using K-K analysis. It is clear from Fig. 3(b) that the A,,(Ta) at
139.1cm™!, Ey(Oyp) at 230.5 cm ™!, Apy(Oyp) at 245.0cm™~! and
Eu(Mg) at 274.3 cm ™! are the most important modes, influenc-
ing the dielectric properties of the materials, since these FTIR
normal modes are of large resonance strength (4w p;). Such a
phenomenon is in accordance with previous studies.®
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Table 2
The typical IR active modes deduced from the FTIR reflection spectrum

IR peaks wo; (cm™) i (cm™) 4w p; Vibration modes
wo1 81.1 29.9 1.58 Ey(Ta)
w2 104.0 9.8 0.68

w3 139.1 3.7 3.65 Ajy(Ta)
(o 150.9 12.9 0.90 Eu(Ba)
w05 230.5 20.9 9.19 Ey(Orn)
w06 245.0 29.2 10.57 A24(Or1)
w7 274.3 7.6 1.62 E,(Mg)
w08 314.7 12.8 0.82 Au(Ba)
w09 412.5 6.1 0.015 o

w1o 434.0 13.9 0.046 o

w11 462.5 20.0 0.035 o

w12 525.3 17.8 0.273 Eu(Or)
w13 538.4 254 0.275 o

[om 603.1 37.6 0.415 A2 (Or)
wis 622.2 25.5 0.346 o

The resonance frequency (w;) of the vibrational mode relates
to the strength of Ta—O (or Mg—O) bond, which, in turn, relates
to the polarizability of the Ta—O (or Mg—0O) dipole and hence
correlates with the dielectric constant of the materials. Fig. 4(a)
(open symbols) shows that the resonance frequency of the four
major vibrational modes vary insignificantly among the three
BMT materials, which is in accordance with the fact that the
K-values for these samples are similar with one another. In con-
trast, damping coefficient (y;) of the vibrational modes relates to
the coherency of Ta-layer (or O-layer) vibration, which, in turn,
relates to the dielectric loss factor of the materials, as indicated
in Eq. (3). The larger the y;-value is, the higher the dielectric
loss (smaller Q factor). For the Ay,(Oy) modes, the damping
coefficient is smallest ((y;)a =29 cm™!) for sample A, which
possesses the largest O x f~value (248,000), and is the largest
((yj)c=36 ecm™1) for sample C, which possesses the smallest
0 x f-value (182,600). These results imply that the coherency
of the vibrational mode is very sensitive to the ordering of the Ta-
and Mg-cations. Substituting some Mg-ions for Ta-ions disturbs
the uniformity of Ta—O bondings, which degrades the A3, (Orr)
FTIR modes, since the Or-layer is the layer sandwiched in
between the two Ta-layers. Therefore, disorder leads to larger
damping coefficient (y;) of these modes, decreasing the quality
factor (Q x f-value) of the materials.

To facilitate the comparison, the difference in y;-value for
B and C samples with respect to A samples was calculated,
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Fig. 3. Typical FTIR spectroscopy, (a) reflection spectra and (b) dielectric dispersion (we;) of the BMT materials.
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Fig. 5. Dispersion of (a) real part, (b) imaginary part of complex dielectric constant, and (c) Q x f-values derived from FTIR spectra for three BMT materials.

resulting in reduced damping coefficient (Ay;). Fig. 4(b) reveals
that among the four major vibrational modes, the Aj,(Or)
modes have most remarkable variation and the E,(Oy) modes
have the least significant variation among the samples. Such
a phenomenon is owing to the fact that the A,(Oy) mode is
the vibration of the Oy-layer out of plane towards the Ta-layer,
whereas the Ey(Oy) mode is the vibration of the Og-layer
in plane.

The FTIR spectra, the data processed using Kramers—Kronig
relationship, explains very well the microwave dielectric prop-
erties of the BMT materials. The significance of such a
phenomenon is that the same analyzing procedure can be used to
estimate the dielectric properties of the materials in the terahertz
regime. Fig. 5(a) and Fig. 5(b) show the real and imaginary parts
of complex dielectric constant (" =1 + &) calculated in the
FTIR frequency regime. Fig. 5(a) indicates that terahertz dielec-
tric constant, KTy, ~ 26, varies insignificantly with the samples.
Moreover, the dielectric constant derived from FTIR spectra,
(K)FTIR, is nearly the same as that measured at microwave fre-
quency regime (K)gGHz, indicating that there is no vibrational
resonance mode in between microwave frequency and the ter-
ahertz regime (6 GHz-1 THz). This is an important factor for a
high-Q material, as the vibrational resonance modes occurred at
low-frequency regime usually quite lossy and will degrade the
Q-values for the materials.

The Q X f-values calculated in 1-5THz regime, where
Q=¢1/ep =1/tan §, is shown in Fig. 5(c), indicating that the ter-
ahertz quality factor is also largest for sample A ((Q X fTHz)A
~15THz at 1.0 THz regime), which possesses largest order-

ing parameters (Sa=1.000), and is smallest for sample C
((Q X fraz)c ~9.0THz at 1.0 THz regime), which possesses
smallest ordering parameter (Sc =0.966). It should be noted
that the rule of Q x f=constant is true only when all the possi-
ble phonons have been included in the calculation, which is the
case shown in Fig. 5. Restated, the dielectric properties at tera-
hertz frequency regime estimated from FTIR spectroscopy vary
with the samples in the same trend as the microwave dielectric
properties at 6 GHz.

4. Conclusion

The lattice vibrational modes of the BMT materials with dif-
ferent microwave dielectric properties were characterized by
Raman and FTIR spectroscopies. These characteristics were
correlated with the crystal structure parameters, including cell
volume and ordering parameter of the materials. The decrease
in the full-width-at-half-maximum (FWHM) of A,(O) Raman
modes and the damping coefficient of the E,(Ory) and A, (Or1)
FTIR modes correlates very well with the increase in order-
ing parameter. Among the two spectroscopic techniques, the
FTIR correlates with the dielectric properties of the BMT mate-
rials more directly. The dielectric constant of the materials at
terahertz estimated from FTIR is around Kty ~ 26, which is
close to the K-value measured at microwave frequency regime
(Kguz ~ 22-25). The FTIR spectroscopy can thus be used for
estimating the dielectric properties of the materials in terahertz
frequency regime.
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