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Abstract

Ba(B'38"3)O3 perovskites are important ceramic materials used as resonators in microwave technologies due to their adequate
dielectric properties. These properties are mainly determined by the characteristics of the optical polar phonons of the material. A few
spectroscopic investigations of lattice vibrations in Ba(B',3B",,3)O3 ceramics were realized in highly ordered samples. In this work, we
use Raman spectroscopy and X-ray diffraction to investigate hydrothermal Ba(Mg,,3sNb,/3)O3~BMN-ceramics with different order
degree. Spectroscopic and structural data showed sensitivity to the sample microstructural evolution during sintering. Besides, they
allowed independent determination of the long range order degree of the materials. The complete Raman mode assignment for the
disordered and ordered BMN structure is also presented. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recently, the needs of high quality dielectric resona-
tors have grown rapidly besides the development of
wireless communication. Generally, the materials used in
resonators present a high dielectric constant, a high
quality factor, and a small temperature coefficient of
resonance frequency. The main microwave dielectrics
can be found in the following systems: (i) Ba;TigOx;" (ii)
(Zr,Sn)TiOy;? (iii) BaO-Ln,O5-TiO, (Ln=La,Nd,Sm);3
(iv) Ba(B'i;3B"53)03 (B'=Mg/Zn and B’=TaNb).*
Among these dielectrics, the ceramics with general for-
mula Ba(B';3B",3)0; are currently being used as
dielectric resonators for microwave and millimeter wave
technologies, owing to their high permittivities and low
dielectric losses (tang).

It is well known that tand decreases drastically with
an increase of long-range order (LRO) degree of B-site
ions.> This ordering degree depends on the conditions of
sample preparation,®’ and can be improved by anneal-
ing at very high temperatures and times.>® The ability
of Ba(B'y,3B",3)O3 perovskites to order depends also on
the differences in size and valence of the two B-site ions:
large differences favor order.>® The achievement of a
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high LRO degree in all types of compounds predisposed
to order requires that the constituent atoms are present
in stoichiometric proportions, and that this ordering
does not generate local charge imbalances (free-energy
constraint).!® In a previous paper, we showed that
Raman spectroscopy can be used to evaluate the LRO
degree of Ba(B'13B'53)O5 ceramics.'! Now, we carried out
spectroscopic and structural investigations of varying
order Ba(Mg; 3Nb,/3)O3 ceramics. The disordered struc-
ture has Mg or Nb ions at the B sites in a random way,
while in the ordered ceramic these cations make up a
stacking sequence, with the enhancing of superlattice dif-
fraction peaks. The spectroscopic results are discussed in
terms of site ordering degree and microstructural chan-
ges during sintering.

2. Experiment

BMN powders were produced by hydrothermal synth-
esis at 200 °C, for 4 h. Barium chloride hydrate,
BaCl,.2H,O (Fluka Chemie AG, Switzerland), magne-
sium chloride hydrate, MgCl,.6H,O (Fluka Chemie AG,
Switzerland), and niobium ammonium oxalate hydrate,
NH4H,[NbO(C504)3]-:3H,O (CBMM, Araxa, Brazil),
were used as reagents to synthesizec BMN. The salts were
dissolved separately in deionized water (18.2 M£2.cm) and
mixed under stirring. The niobium ammonium oxalate
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was previously treated with a sodium hydroxide solu-
tion maintained at pH > 13 and repetitively washed in
order to remove the residual ammonia. After mixing,
the precipitation occurred by addition of NaOH at
pH=13.5. The resultant solution was then hydro-
thermally treated in a Parr autoclave equipped with a
turbine-type impeller, and heated at 4 °C/min up to the
processing temperature, under saturated vapor pressure.
The powders produced were washed in deionized water
and dried at 80 °C. The stoichiometric proportions of
the main elements and the impurity level were verified
by chemical analyses.

Following, the materials were uniaxially compacted
(no binder was employed) at 110 MPa into cylindrical
discs of 5 mm height and 15 mm diameter. The sintering
occurred in a covered alumina crucible, under heating
rates of 14 °C/min, at 600, 900, 1000, 1100 and 1300 °C
(£2 °C), for 4 h. X-ray powder diffraction patterns
were obtained at room temperature in a Philips PW1830
diffractometer by using Cuk, radiation (1=0.15418
nm), a graphite monochromator and a nickel filter in the
26 range 10-100° (step 0.02°26). Scanning electron micro-
scopy (SEM—IJeol JSM 5410) was employed to study the
microstructural evolution after sintering on freshly frac-
tured (at liquid nitrogen temperature) surfaces of the
samples. The Raman scattering spectra were measured
in the frequency range 60-1200 cm~!. A Raman Jobin-
Yvon T64000 triple monochromator with 1200 grooves/
mm gratings coupled with a liquid nitrogen cooled CCD
detector was employed. The measurements were carried
out in a back scattering geometry at room temperature
and using the 488 nm wavelength line of an argon laser
with 50 mW power as excitation source. The surfaces of
the samples were previously polished with diamond
paste (9, 6 and 1 pum). The experimental resolution was
better than 2 cm~!. After a careful fitting of the Raman
bands, the peak positions were determined with an

accuracy of 0.2 cm~!.

3. Results and discussion

The trigonal structure of the ordered BMN (space
group D;d) contains 15 atoms in its primitive cell with
45 degrees of freedom. Considering the vibrations at the
[ point of the 1st Brillouin zone, the ions at corre-
sponding points of any primitive cell of the crystal move in
the same way and their displacements can be expressed in
terms of 45 coordinates.!! This gives a representation
which should be reduced to irreducible representations,
i.e. normal modes. The symmetry operations at the I'
point belong to the D34 point group. The atomic positions
for this structure can be found in the literature>® in terms
of the fractional coordinates for the hexagonal base.

The 15 ions in the BMN primitive crystalline cell can
be divided into 6 groups according to the Wyckoff site

designation: two Ba ions on site 2d and one Ba on site
1h; two Nb ions on sites 2d (ordered structures) or on
sites 2d and la (disordered structures); one Mg on sites
la (ordered) or on sites 1« and 2d (disordered structures);
six oxygen ions on 6i sites; and three O on 3f sites.> Using
group theory tools, we can establish a description of the
vibrations of a Ba—Mg—Nb-O system in terms of the nor-
mal modes. As the A, and E, modes are Raman-active
and the A,, and E, modes are infrared-active, the fol-
lowing irreducible representations were found:!'!
TA,,+9E, (infrared), 4A;,+5E, (Raman), A,,+E,
(acoustic), Arg+2Ay, (silent). Thus, BMN can have 9
modes that are Raman-active and 16 modes that are
infrared-active. In the case of our varying LRO cera-
mics, we should have an average Dsq cell, but since B-
site ions exchange their structurally nonequivalent posi-
tions, there is an increase in the number of modes (cor-
responding to an enlarged number of effective atoms in
the primitive cell). The presence of B’ ions in 2d Wyck-
off sites leads to two new Raman and two new IR bands
(Tga=A+ Ay, +E;+E,), while the B” ions in /a site
add only two new IR bands (I'p/),= Az, + Ey).
According to the above model, the ordered BMN
ceramics should present 9 Raman-active modes, while
the number of predicted modes for the disordered
material is 11. Fig. 1 shows Raman spectra of BMN
ceramics sintered at 600, 900, 1100 and 1300 °C. These
spectra showed a total of 14 bands, which could be the 9
predicted modes accompanied by 5 other modes related
to the order—disorder or defect induced modes. The
band intensities and frequencies varied with the sinter-
ing temperature, indicating that the Raman spectra are
sensitive to the variations produced by the annealing of
the samples. In general, with increasing sintering tem-
peratures the peaks become narrower and shift to higher
frequency, indicating, respectively, an improvement of
the LRO degree and a cell volume decreasing. An
interesting peak evolution, as a function of the sintering

[T TTT T

[
1 2 3 45 6 7 8 9 10 1314

Ba or O modes: 1,2, 3,4,6,7 and 11
Defect activated modes: 5, 8 and 13
Nb (2d): 9 and 10; Mg (2d): 12 and 14

Raman intensities

l [ 1 | [ I I |
T T T
0 200 400 600 800 1000

Wavenumber (cm’)

Fig. 1. Raman spectra for the BMN samples sintered at (a) 600 °C, (b)
900 °C, (c) 1100 °C and (d) 1300 °C. The 14 identified Raman modes
are indicated in the figure.
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temperature in the region 650-950 cm~!, is clearly seen

from a to d in Fig. 1. The bands numbered 10 and 11
intensify, while the bands 12, 13 and 14 tend to vanish.

The Raman data were fitted by Lorentzian curves, as
already done in a previous study.!! From the 14 observed
bands, we attribute three bands to defect induced modes,
corresponding to the bands 3 or 5, 8 and 13 (respectively
located at 240, 290, 564 and 831 cm™! for the sample sin-
tered at 1300 °C). These modes, besides the modes 12 and
14, are those that tend to vanish with ordering. The peaks
at 794 and 919 cm~! (Nos. 12 and 14) can be attributed
to Mg ions on 2d-sites and using the charge-mass gen-
eral relationship [gag/mimgl'?/[gnn/mne]?=1.24, we
identify the modes corresponding to the Nb ions as the
bands 9 (625 cm™!) and 10 (721 cm~"). We obtained for
the charge-mass relationships 1.283 and 1.274 for the
peaks 9-12 and 10-14, respectively. The remaining
modes should correspond to the 7 allowed bands of Ba
and O ions. It is interesting to remark that these bands
correspond to the incomplete set of 7 Raman bands
observed by Tamura et al.!? in the isostructural com-
pound Ba(Zn1/3Nb2/3)O3.

The variations of the bands corresponding to order-
disorder with sintering temperature can be understood
by investigating the structural and microstructural
changes of the samples, in particular, the quantitative
changes of the LRO degree. This parameter is currently
determined by X-ray techniques. Fig. 2 presents the X-
ray diffraction patterns for the samples sintered at 600,
900, 1100 and 1300 °C. The LRO degree can be deter-
mined from these diffractograms in terms of the ratio of
the intensity of a superstructure reflection to that of a
basic unit cell reflection, as proposed by Matsumoto et
al.13 and Lu et al.'* The ordering behavior is based on
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Fig. 2. X-ray powder diffractograms for the BMN ceramics sintered
at (a) 600 °C, (b) 900 °C, (c) 1100 °C and (d) 1300 °C. The asterisk
denotes the (100) superstructure reflection.

Warren!> and Cullity'® assumptions that an ordering
parameter S can be defined from a crystallographic
point of view, by the difference between in-site and off-
site ions in particular Wyckoff positions. S equal to zero
means a completely disordered structure, while S equal
to the unity means a totally ordered structure. Thus, in
our case, using the above definition, the ordering para-
meter can be written as'#!3

S = Nno — Nmg = Mmg — Mo, (D)

where Ny is the fraction of niobium in Nb-sites, Ny, is
the fraction of magnesium in Nb-sites, My, is the frac-
tion of magnesium in Mg-sites, and My, represents the
fraction of niobium atoms in Mg-sites. The intensity of
a X-ray diffraction peak with Miller indexes (/k[) can be
expressed as!®

I = kFpyMLp, (2)

where k is a constant, Fj,, is the structure factor, M the
multiplicity factor, and Lp the Lorentz-polarization
factor. For the BMN ceramics, the structure factor can
be obtained as

Fit =Y _ foexp[2mi(hx; + ky; + Iz)]
+ > foaexpl2mi(hx; + kyi + Iz))]
+ Y (Mmgfg + Nwig/an)expl2ri(hx; + ky; + 12))]
+ Y (Mnnfmg + Nxw/w)expl2mihx; + ky: + 12)],

(€)

where Xx; y; z; are the positions of each ion and f; is the
particular atomic scattering factor. The ordering S
parameter can be determined by the ratio of the inten-
sity of the strongest superlattice reflection, (100), to the
strongest peak of BST-type structure, (110). The peaks
(012) and (102) are very close to (110) and should be
taken into account in the calculations. The structure
factors can be now evaluated for the planes (110), (102),
(012) and (100) from Egs. (3) and (1):

Fi10 = 3fpa — 3f0 + (Mmg + 2Mnp)fmie

+ (Nmg + Nnw) o

Fioo = (Mmg — Mno)fmg — (Nno — Nuig) /b

= (fme — /xb)S; (5)
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Foiz = 3fa — 3fo + (Myg + 2Mnb ) fme
+ (Nmg + Nnw)fro

= 3fBa — 3fo + Mg + 2fNbs (6)

Fioo = (Mmg — M) fme — (NNb — Nug ) /b

= (fmg —/rb)S. ™

The atomic scattering factors (f), the multiplicity fac-
tors (M) and the Lorentz-polarization factors (Lp) for
each diffraction peak are given by Cullity!® and the fol-
lowing expressions were obtained: Fj19=198.03;
F]()z = —2408S, F0]2: 19797, and F100: —26.8S. Then,
the ordering parameter S can be deduced from the ratio
between the X-ray intensities of Eq. (2) as

Loo/(I110 + Loz + To12) = 4.3076 Sz/(S2 + 135.2248)
(8a)
or

S = [135.2248W/(4.3076 — W)]'/?, (8b)

where W is the ratio I1g9 / (I110+ L102 T Ip12). The above
expressions allow us to calculate the occupation factors

(in-site ions) p(Mgla) and p'(Nb|2d), which are given
by315:16

p(Mgla) = (1 — Fg)S + Fyg, Fug = 1/3; (9a)
P'(Nb|2d) = (1 — Fxp)S + Fao, Fro =2/3. (9b)

Let us now correlate the quantitative changes of
spectroscopic and vibrational data with the sintering
process. Fig. 3 shows the ordering parameter and the
occupation factors calculated by Egs. (8) and (9), the
relative density and the normalized Raman intensity for
the ordered Nb peaks and the disordered Mg ones as
functions of the annealing temperature. A relatively
high ordering degree was observed for all samples,
which can be attributed to a general tendency of the
hydrothermal method to produce higher ordered mate-
rials, when compared with conventional methods. As a
whole, the data of Fig. 3 confirm the tendency of sam-
ples to order with sintering temperature. This result is
very clear for the structural and spectroscopic data. The
variations between 900 and 1100 °C are still more pro-
nounced, leading us to believe that microstructural
changes could play an important role in this tempera-
ture region and influence the ordering behavior. We
note that the higher variations in the relative density
were obtained exactly in the same region. In order to
examine the influence of the microstructural evolutions,
we have realized SEM measurements in the same sam-
ples and the results are presented below.
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Fig. 3. Top: LRO parameter (S), occupation factors (p) and relative density (p); and bottom: Raman intensities for Nb (solid symbols) and Mg
(open symbols) bands as functions of sintering temperature. The bands 9-12 (squares) and 1014 (triangles) represent the modes associated to order—

disorder according to the charge-mass relationship for Nb—Mg ions.
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Fig. 4. SEM micrographs of the fractured surfaces of BMN sintered ceramics. (a) 900 °C, (b) 1000 °C, (c) 1100 °C and (d) 1300 °C.

Fig. 4 presents the SEM micrographs obtained on
freshly fractured surfaces (at liquid nitrogen tempera-
ture) for the samples sintered at 900, 1000, 1100 and
1300 °C. These images show that the microstructure
presents pores uniformly distributed in the matrix. As it
can be seen, a very fine-grained microstructure was
obtained after sintering at 900 and 1000 °C. The materi-
als sintered at 1100 and 1300 °C presented larger grains
and exhibited brittle fracture. For all samples, the grain
size is not uniform, with small grains near the large pores
and larger grains in the densified matrix. Also, two kinds
of grains with different morphology exist: rounded-
shape grains together with elongated ones. This type of
microstructure suggests that the primary particles read-
ily sinter and densify, promoting later grain growth,
while leaving between them large pores. These large
pores are difficult to eliminate even for longer times or
higher sintering temperatures. For the purposes of the
present work, the microstructural results of Fig. 4 besides
the relative density measurements of Fig. 3 suggest that

densification is the main sintering mechanism below
1000 °C, while grain growth becomes important above
that temperature. Anyway, the final density correlates
very well with the X-ray ordering parameter or the
spectroscopic data of the pertinent bands.

Finally, Fig. 5 shows the relationship between the
Raman intensities and the occupation factor for the sam-
ples studied in this work, considering the Raman ordered
Nb peaks (9 and 10 of Fig. 1) and the disordered Mg ones
(12 and 14 of the same figure). A very good correlation
between the results obtained by the two techniques was
observed (the curves have not the knee of the Fig. 3).
Although the relationship between spectroscopic and
structural data was not perfectly linear, this figure shows
that we can evaluate the LRO degree with varying order-
ing samples by identifying the off-site Mg (or other B')
Raman modes and by controlling the vanishing of the
respective bands. The microstructural evolution can also
explain the linearity deviation observed for higher occu-
pation factor values, since the densification and grain
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Fig. 5. Raman intensity ratios as functions of the calculated X-ray occu-
pation factor (py,) for the BMN ceramics. Same symbols as in Fig. 3.

growth processes produced a drastic microstructural
change when the sintering temperature becomes higher
than 1000 °C.

4. Conclusions

The results presented in this work represent a great
advance on the understanding of the ordering behavior
of Ba(B'y3B",3)O3 complex perovskites. Using BMN
hydrothermal ceramics as a model system, we showed
that it is possible to evaluate the long-range order
degree in any perovskite-type compound, through the
analysis of Raman spectra. The spectroscopic data cor-
relate very well with the structural ones and both show a
strong dependence with the microstructural evolutions
of the samples during sintering.
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