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Abstract. Microwave dielectric properties of Ba(Mg1/3Ta2/3)O3-series materials were investigated using Fourier
transform infrared spectroscopy (FTIR) and Raman spectroscopy. The normal vibration modes of these spectra
were assigned, and the origin of dielectric response of the materials was deduced. Among the prominent normal
vibration modes in the FTIR spectra, those which correlated with O-layers and Ba-layers change with Sr-ratio
most significantly, whereas in micro-Raman measurements, the A1g(O) phonon of oxygen-octahedron stretch mode
changes with Sr-ratio most profoundly. These results reveal clearly the close relationship between the characteristics
of FTIR and Raman spectra of the BMT-series materials and their microwave dielectric properties.
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1. Introduction

Complex perovskite compounds with chemical for-
mula Ba(B′

1/3B′′
2/3)O3, where B′ = Zn, Mg, Ni or Mn

and B′′ = Nb or Ta, exhibit ultra-low dielectric losses
at microwave frequencies [1–3], when the materials
possess B′-B′′ 1:2 ordered arrangement with the sym-
metry of the structure described by the P 3̄m1 (D3

3d)
space group [4]. Since the dielectric properties at mi-
crowave frequencies are mainly contributed from the
ionic polarization, the study of phonon vibration spec-
tra of Ba(B′

1/3B′′
2/3)O3 has been of particular inter-

est [5–12]. Recently, the Raman phonons [13] and
the normal mode for resonant peaks in FTIR spectra
[14] in Ba(Mg1/3Ta2/3)O3-Ba(Mg1/3Nb2/3)O3, BMT-
BMN, materials were unambiguously identified. The
change in microwave dielectric properties of the BMT-
BMN materials with the composition has been cor-
related with the modification on Raman and FTIR
spectroscopic characteristics. However, the genuine
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mechanism on modifying these spectroscopic behav-
iors is still not clear.

In this study, we investigated the evolution of
the crystal structure of (1 − x)Ba(Mg1/3Ta2/3)O3-
xSr(Mg1/3Ta2/3)O3, (1−x)BMT-xSMT materials with
the composition using Rietvelt method [15], so as to un-
derstand the factor which alters the Raman and FTIR
spectroscopic characteristics for these materials. By
analyzing phonon properties, we attempted to explain
the modification on the normal vibration modes for
(1 − x)BMT-xSMT due to the change on composition
and to correlate the dispersion parameters of the normal
modes with their microwave dielectric properties.

2. Experimental Details

The (1 − x)BMT-xSMT ceramic samples with x = 0,
1/8, 2/8, 3/8, and 4/8 were prepared by conventional
mixed oxide process. These samples were convention-
ally sintered at 1600◦C for 3 h. Far-infrared and mid-
infrared reflectance spectra, from 20 to 800 cm−1 were
taken at room temperature using a Bruker IFS 66v
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Fourier transform infrared spectrometer. The dielectric
properties were calculated from Kramers-Kronig anal-
ysis of the reflectance data [13]. Raman measurements
were performed at room temperature, and signals were
recorded by a DILOR XY-800 triple grating Raman
spectrometer with the resolution around 0.5 cm−1. The
dielectric properties were measured by TE011 resonant
cavity method using HP 8722 network analyzer, in the
vicinity of 6 GHz.

3. Results and Discussions

The Ba(Mg1/3Ta2/3)O3, BMT perovskite structure was
markedly distorted due to the ordering of Mg and
Ta cations, such that the symmetry of the unit cells
change from Pm3m to P 3̄m1. Three consecutive cubes
are required to completely describe a unit cell of the
BMT materials (Fig. 1(a)), which are better described

Fig. 1. Schematics showing the crystal structure of a Ba(Mg1/3-
Ta2/3)O3 material: (a) an unit cell containing 3 consecutive per-
ovskite cubes and (b) hexagonal lattice of the same unit cell.

by a hexagonal lattice illustrated in Fig. 1(b). De-
tailed analysis using Rietvelt method [15] reveals a
very interesting results, viz. the size of Mg O octa-
hedrons is markedly larger than that of Ta O octahe-
drons (dMg = 2.51 Å, dTa = 2.29 Å). Large difference
in Ta O and Mg O octahedron size is probably the
factor resulting in intrinsically high degree of ordering
for BMT materials. Incorporating Sr-ions to replace
for the Ba-ions reduces the lattice parameters slightly,
without altering the size of Mg- and Ta-octahedrons
(not shown).

Raman spectroscopy shown in Fig. 2 reveals that
all the samples possess very sharp phonon resonance
peak, indicating again that these materials are highly
ordered. The Raman active modes have been unam-
biguously assigned [13] and are listed in Table 1(a), in
which the effect of Sr-incorporation on the characteris-
tics of the BMT materials is also summarized. Among
the major Raman peaks observed in Fig. 2, the A1g[O]
breathing modes at 797 cm−1 shows largest width and
most pronounced blue-shifting with Sr-ratio (i.e., to-
ward higher frequency), where the Sr-ratio is defined
as r = [Sr]/([Sr] + [Ba]). The relatively large width
of A1g[O] breathing mode can apparently be ascribed
to the co-existence of the two octahedrons (Mg-oct.
and Ta oct.), which vibrate incoherently in response to
the external excitation. The increase in width of this
mode with Sr-ratio infers that the coherency of the two

Fig. 2. Raman spectra of (1 − x)Ba(Mg1/3Ta2/3)O3-xSr(Mg1/3-
Ta2/3)O3 materials with x = 0, 2/8, 3/8 and 4/8 (the inset shows the
effective force constant experienced by oxygen ions of an oxygen
cage).
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Table 1. The effect of Sr-incorporation on the characteristic of (a)
Raman spectroscopy and (b) FTIR spectroscopy.

Frequency (cm−1) Assignment Remark

(a) Raman peaka

ω01 104 Eg[Ba/Sr] Broadening
ω02 106 Ag[Ba/Sr] Broadening
ω03 158 Eg[O] Invariant
ω04 211 Eg[Ta] Invariant
ω05 264 A1g[Ta] Invariant
ω06 385 A1g[O] + Eg[O] Invariant
ω07 432 Eg[O] Invariant
ω08 797 A1g[O] Blue-shifting

(b) FTIR peaka

ω02 137.3 A2u[Ta] Invariant
ω04 218.1 Eu[OII] Invariant
ω05 242.2 A2u[OII] Invariant
ω06 217.3 Eu[Mg] Invariant
ω07 313.2 A2u[Ba/Sr] Blue-shifting
ω012 518.2 Eu[OI] Blue-shifting
ω014 605.2 A2u[OI] Blue-shifting

aThe assigment of Raman resonance peaks follows Ref. 15 and the
assignment of FTIR resonance peaks follows Ref. 16.

octahedrons deteriorate as Sr-ions were incorporated
into BMT materials, which is probably due to the de-
crease on the ordering of the two octahedrons.

The blue shifting of A1g[O] mode with Sr-ratio in-
dicates that the breathing of Ta O (or Mg O) octa-
hedrons is not only affected by the Ta O (or Mg O)
bond strength inside the octahedron cage, but also influ-
enced by the bond strength between O-ions and Ba(Sr)-
ions, which are sitting external to the octahedron, at
the corners of the perovskite cube. Blue-shifting infers
that incorporation of Sr-ions to partially replace for the
Ba-ions and hence increases the strength of Ba(Sr) O
bonds, which increases the effective force constant ex-
perienced by the oxygen ions (depicted in inset of
Fig. 2). The other important phenomenon resulted from
the Sr-ions incorporation is splitting of Raman reso-
nance peak in the vicinity of the A1g[Ba]+Eg[Ba] res-
onance mode at around 105 cm−1, which results in
broadening of the effective width of these Raman res-
onance peaks. Moreover, the strength of the 1:2 order
phonons locating at around 150–300 cm−1, (Eg[Ta],
A1g[Ta] and Eg[O] modes) decreases appreciably with
Sr-ratio, which, again, implies the deterioration of the
ordering of Ta O and Mg O octahedrons.

While the Raman spectroscopy illustrates clearly
how the Sr-addition affects the vibrational character-
istics of BMT lattices, this behavior can not directly
account for the effect of Sr-incorporation on the di-

Fig. 3. Fourier transformed infrared (FTIR) spectra of (1 −
x)Ba(Mg1/3Ta2/3)O3-xSr(Mg1/3Ta2/3)O3 materials with x = 0, 2/8,
3/8 and 4/8 (the inset shows the effective force constant experienced
by oxygen ions in Ba OI layer).

electric response of the BMT materials, as the Raman
vibration modes are non-polar in these materials. To
correlate the lattice vibrational characteristics of the
materials with their dielectric behavior, understanding
on the polar vibrational modes in Fourier transformed
infrared-red spectra (FTIR) is required. Figure 3 shows
how the Sr-incorporation affects the FTIR spectroscopy
of the BMT materials, which have recently been as-
signed [14] and the major resonance peaks are listed in
Table 1(b).

Among these FTIR resonance peaks, the ω07:
A2u[Ba] at around 313 cm−1 shows most prominent
blue-shift (i.e., toward higher frequency) with Sr-ratio.
The ω012: Eu[OI] and ω015: A2u[OI] at around 518 and
605 cm−1, respectively, also show blue-shift behav-
ior but in a less extend. The blue-shifting of A2u[Ba]
mode is apparently due to mass loading effect, as the
Sr-ions are much lighter than the Ba-ions. The explana-
tion on blue-shifting of Eu[OI]/A2u[OI] mode is not as
straight forward. The major force constant influencing
the vibrational characteristics of these modes is Ta O,
Mg O and Ba(Sr) O bonds, since the Ba(Sr) OI

layer is sandwiched in between Ta- and Mg-layer (inset
Fig. 3). The blue-shifting of Eg[OI] and A2u[OI] modes
can thus be ascribed to the increase in Ba(Sr) O bond,
as Ta O and Mg O bond strengths are not changing
with Sr-ratio.

The same mechanism is expected to influence the
vibrational behavior of ω04: Eu[OII] and ω05: A2u[OII]
modes, but in much less extend, as the Ba-ion to O-ion
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ratio is only Ba:OII =1:6 in Ba OII layer, which is
much smaller than that in Ba OI layer (Ba:OI = 3:3).
The Eu[OII] and A2u[OII] are thus essentially invari-
ant with respect to the Sr-ratio. The other FTIR res-
onance modes showing invariant behavior are ω02:
A2u[Ta] and ω06: Eu[Mg] modes, which is expected as
Sr-incorporation neither alters the mass nor the force
constant of the Ta- and Mg related resonators.

To understand the correlation between the lattice vi-
brational characteristics of the (1− x)BMT-xSMT ma-
terials with their dielectric properties, the quality factor
(Q× f ) and the dielectric constant (K ) of the materials
were measured by using a cavity method and are plot-
ted as open and solid symbols in Fig. 4(a), respectively.
The quality factor (Q × f ) decreases from 100,000 to
60,000, whereas the dielectric constant (K ) increase
monotonously from 24 to 28, as Sr-ratio increases. The
dielectric properties at microwave frequencies obtained
from K-K analysis extrapolation are shown in Fig.

Fig. 4. Variation of quality factor (Q) and dielectric constant (K )
obtained by (a) directly microwave measurement and (b) K-K analy-
sis for (1−x)Ba(Mg1/3Ta2/3)O3-xSr(Mg1/3Ta2/3)O3 materials with
different Sr-ratio.

4(b) for comparison. Similar trend and order of mag-
nitude implied that microwave dielectric responses are
mainly contributed from the ionic polarizations of the
lattice vibrations observed in the far infrared frequency
region.

The degradation of quality factor (Q× f ) of the ma-
terials with Sr-content can apparently be ascribed to the
deterioration of ordering parameters of the perovskite
lattices, which is implied by the pronounced broad-
ening of the resonance peaks induced by Sr-addition
for A1g[O] mode in Raman spectra and Eu[OI]/A2u[OI]
modes in FTIR spectra. While the decrease in Q-value
of the BMT materials is clearly related to the change
in normal mode of the lattices, the correlation between
the K -value of the materials with their vibrational char-
acteristics is not as straightforward.

To correlate the dielectric constant (K ) of the mate-
rials with the lattice the vibrational characteristics, di-
electric function 4πρ j of each vibrational peaks should
be calculated according to Kramer-Kronig [16] theory.
However, understanding the behavior of the major reso-
nant peaks qualitatively still facilitates the comprehen-
sion on the mechanism, which increases the dielectric
constant (K ) of the materials due to Sr-substitution.
Among the major resonant peaks listed in Table 1(b),
all the normal modes showing significant blue-shifting,
A2u[Ba] and Eu[OI]/A2u[OI], are the vibration of lat-
tices related to Ba OI layer (cf. Fig 1(b)). The lighter
Sr-ions and stronger Sr O bonds, as compared with
Ba-ions and Ba O bonds, respectively, are the two
main factors altering these lattice vibration character-
istics. Apparently, the polarizability of these normal
modes is also enhanced due to Sr-substitution, which
is supported by the phenomenon that the integrated in-
tensity of these resonant peaks increases with Sr-ratio.

4. Conclusions

Effect of Sr-ions incorporation on the lattice vibra-
tional characteristics of (1 − x)Ba(Mg1/3Ta2/3)O3-
xSr(Mg1/3Ta2/3)O3 materials was studied by Raman
and FTIR spectroscopies. The fact that Sr-ions are
lighter than Ba-ions affects the lattice vibration of
Ba(Sr)-layer via mass loading effect and that Sr O
bonding is stronger than Ba O bonding influences
the lattice vibration of Ba OI layer via force con-
stant effect. In Raman spectroscopy, A1g[O] mode
is the only blue-shifting mode, whereas in FTIR
spectroscopy, A2u[Ba] and Eu[OI]/A2u[OI] are the
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major modes showing blue-shift. All the other modes
change insignificantly with Sr-ratio. While Raman
spectroscopy illustrates more clearly how the incor-
poration of Sr-ions alters the lattice vibration modes
of the BMT materials, FTIR spectroscopy correlates
much more closely with the increase in dielectric con-
stant (K ) and degradation in quality (Q) of the BMT
materials.
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