JOURNAL OF MATERIALS SCIENCE 38 (2003) 621628

Crystal structure of (Ba;_xLay)
[Mg1.+x)/3Nb(2-x);3]103 ceramics

JONG HOO PAIK, SAHN NAHM*

Department of Materials Science and Engineering, Korea University, Seoul 136-701, Korea

YOUNG SIK KIM

Department of Radio Science and Engineering, Korea University, Seoul 136-701, Korea

HYUN MIN PARK, HWACK JOO LEE

New Materials Evaluation Center, Korea Research Institute of Standards and Science,

Taejon 305-600, Korea
JAE DONG BYUN

Department of Materials Science and Engineering, Korea University, Seoul 136-701, Korea

The crystal structure of (Baj_xLax)[Mg(14x),3Nb_x),3103 (BLMN) ceramics with 0 < x <1 was
investigated using X-ray diffraction (XRD) and high resolution transmission electron
microscopy (HRTEM). When the La content, x, was above 0.1, the 1:2 ordered hexagonal
structure found in Ba(Mg+,3Nb,,3)O03 (BMN) was transformed into the 1:1 ordered cubic
structure. The 1:1 ordered cubic structure was maintained up to x=0.7. When x exceeded
0.7, however, BLMN exhibited a 1:1 ordered monoclinic structure, rather than a 1:1 ordered
cubic structure. La(Mgz,3Nb;,3)O3 (LMN) has a 1:1 ordered monoclinic P2,/ n structure with
a=5.6004A, b=5.6414A, c=7.9346 A, and g =89.9819°. The monoclinic LMN has the
in-phase and the anti-phase tilt of oxygen octahedra. The anti-parallel shift of A-site cations
was also found in LMN. © 2003 Kluwer Academic Publishers

1. Introduction
Complex perovskite ceramics have been extensively in-
vestigated for the application to the dielectric resonators
at microwave frequencies [1]. The dielectric properties
of these materials are largely affected by the structural
properties. In particular, the chemical ordering of B site
cations and the tilting of the oxygen octahedra are the
major factors which influence Q vaule and the temper-
ature coefficient of resonance frequency (t¢) of these
ceramics. According to the previous investigations, the
1:2 chemical ordering improved the Q value of the com-
plex perovskite ceramics [2]. Tilting of the oxygen octa-
hedra in simple perovskite was investigated by Glazer
[3, 4] and Aleksandrov [5, 6]. Based on the Glazer’s
model, Colla and Reaney have studied the correlation
between 7 and octahedra tilt in the Ba- and Sr-based
1:2 ordered complex perovskite systems [7, 8].
Ba(Mg;/3Nb;;3)O3 ceramics, one of the complex
perovskites, have high values of &, (32), and Q value
(Q * fo=56,000) [9]. These ceramics, however, have
relatively high 7z (33 ppm/°C) compared with those
of other complex perovskites [2, 9, 10]. The temper-
ature coefficient of resonant frequency of BMN can
be tailored by the addition of the materials with a
negative 7y value. La(Mgs/3Nb;,3)O3 has the value
r=—86 ppm/°C, £ =26.8 and Q * f,=52,000
[11]. A solid solution of BMN and LMN there-
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fore is expected to have zero 7y with high Q-value
and &;. However, the crystal structures of BLMN
and LMN have not been studied. Rhombohedral R3
or orthorhombic Pbmn structure was proposed for
LMN [12, 13]. However, according to our analy-
sis, they are not the correct structures for LMN. In
this work, (Baj_,La,)[Mg(4x)/3Nbo_x)3]03 ceram-
ics with 0 <x <1 were prepared, and the structural
transition of BLMN with La content was studied using
HRTEM and XRD.

2. Experimental procedures

Specimens of (Ba;_,La,)[Mg(4x)3Nb_x)3103, with
0 <x <1 were synthesized by a conventional solid-
state reaction method from BaCOs; (Aldrich, 99%),
La,O3 (Aldrich, 99%), Nb,Os (tritech, 99.9%), and
MgO (Junsei, 99%). The materials were weighed in
the appropriate molar ratio and mixed with ZrO, balls
in an ethanol media for 24 h. The powders were
dried, calcined at 1300°C for 4 h in air, and pressed
into a disk. These pellets were sintered at 1450°C for
4 h in air. X-ray diffraction pattern (XRD) data for
the Rietveld refinement were collected at room tem-
perature with MACScience M18XHF diffractometer.
Rietveld refinements were performed using DBWS
9411 [14]. Microstructure of the specimens were
studied using high resolution transmission electron
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microscopy (HRTEM). TEM specimens were cut from
disc, mechanically ground, and ion milled using argon.
Hitachi H-900ONAR TEM were used to examine the
specimens.

3. Results and discussion

Fig. 1 shows the X-ray powder diffraction patterns
of (Baj_,La,)[Mg(14x)/3Nb2-1)/3]03, with 0 <x <1
specimens sintered at 1450°C for 4 h. All the peaks
were indexed based on the cubic perovskite unit cell. As
seen from the figure, the intensities of the 1:2 ordering
superlattice reflections shown in BMN decreased as La
content, x, increased, eventually disappearing. When
x > 0.1, a series of extra peaks at 1/2(111) and 1/2(311)
positions — indicated by open circle — began to grow,
attaning maxima at x = 0.5. When x was above 0.5, the
intensity of 1/2(111) extra peak gradually decreased
but that of 1/2(311) extra peak has not been changed.
The extra peak at 1/2(111) position has formed as a
result of the 1:1 chemical ordering of cations. Because
two types of ions existed in both the A and B sites,
the 1:1 chemical ordering could occur in the A sites
and/or B sites. However, since the 1:1 ordering also
was found in LMN which had only La ions in the A
site, the 1:1 ordering was considered restricted in B
sites. The same results were found by other investiga-
tors for the systems (Pby_,La,)[Mg(14x)3Nbp—x)/3103
and (Ba;_,La,)[Zn(14.)3Tap—y)3]05 [15, 16].

The 1/2(311) extra peak shown in Fig. 1 could arise
from the 1:1 chemical ordering and/or the anti-phase
tilt of octahedra [3, 4, 17]. When x < 0.7, the variation
of the intesity of 1/2(311) with x was the same as that
of 1/2(111) extra peak thus, the 1/2(311) extra peak
was thought to be formed due to the 1:1 ordering. On
the contrary, when x > 0.7, the degree of the 1:1 or-
dering identified by the 1/2(111) extra peak decreased
but the intensity of 1/2(311) extra peak has not been
changed. This result implies that when x exceeded 0.7,
the 1/2(311) extra peak was associated with the anti-
phase tilting of the octahedra as well as the 1:1 chemi-

cal ordering. More discussion on the anti-phase tilting
of the octahedra will be given in later.

As seen in Fig. 1, BLMN had a 1:1 ordered cubic
structure when 0.1 < x < 0.7. As x exceeded 0.7, how-
ever, new extra peaks appeared at the 1/2(210), 1/2(300)
and 1/2(410) positions, indicated by closed circles. The
anti-parallel shift of the A-site cations is responsible for
the presence of those extra peaks [8]. Therefore, when
x > 0.7, the 1:1 ordered cubic is not the structure of
BLMN.

In order to determine the crystal structure of BLMN
with x > 0.7, the detailed investigation on the crystal
structure of LMN has been conducted. Fig. 2 shows the
XRD pattern of La(Mg»/3Nb,3)O3 ceramics sintered
at 1450°C for 4 h. As can be seen in this figure, a se-
ries of extra peaks appeared at the 1/2(111), 1/2(210),
1/2(300), 1/2(311) and 1/2(410) positions. The appear-
ance of the 1/2(111) extra peak was result of the 1:1
chemical ordering of B site ions. The presence of the
1/2(210), 1/2(300) and 1/2(410) extra peaks indicates
that the anti-parallel shift of the A-site cations exists in
LMN. The 1/2(311) extra peak could arise from the 1:1
chemical ordering and/or the anti-phase tilt of octahe-
dra. In general, the anti-phase tilting of the octahedra
precedes the anti-parallel shift of the A-site cations [7].
Therefore, it is thought that the anti-phase tilting of the
octahedra exists in LMN and both the 1:1 chemical or-
dering and the anti-phase tilting were responsible for
the formation of the 1/2(311) extra peak.

In order to prove the presence of anti-phase tilt-
ing of the octahedra in LMN, the solid solution
of (1 — x)La(Mgg/ng1/3)O3 — )CSI‘TiOg, was formed.
Since the SrTiO3 has the cubic structure and only one
ion, Ti*t, exists in B site, the lattice distortion and the
1:1 chemical ordering existed in LMN were expected
to decrease with the increase of x. Fig. 3 shows the
XRD patterns of (1 — x)La(Mg2/3Nb1/3)03—xSrTiO3
system sintered at 1500°C for 4 h. As can be seen in
this figure, the 1:1 ordering identified by the 1/2(111)
extra peak decreased with increasing x and finally dis-
appeared when x > 0.3. However, the 1/2(311) extra
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Figure 1 X-ray powder diffraction pattern of (Baj_yLay)(Mg(1+x),3Nb—x)/3)O03 with 0 < x <1 sintered at 1450°C for 4 h.
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Figure 2 X-ray diffraction pattern of the La(Mgz/3Nby/3)O3 ceramics sintered at 1450°C for 4 h.
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Figure 3 X-ray diffraction pattern of (1 — x)La(Mgz/3Nby/3)O3 — xSrTiO3 ceramics sintered at 1500°C for 4 h.

peak existed up to x =0.5. Since the 1:1 ordering dis-
appeared as x exceeded 0.3, the existence of 1/2(311)
extra peak in the specimen with x > 0.3 is explained
by the anti-phase tilting of octahedra. This result im-
plies that the 1/2(311) extra peak in LMN is associated
with both the 1:1 ordering and the anti-phase tilting of
the octahedra. The extra peaks for the in-phase tilting of
the octahedra were not found in XRD pattern. However,
since the in-phase tilting and the anti-parallel shift of A-
site cations occurred simultaneously [7], the in-phase
tilting was believed to exist in LMN and TEM results
which will be shown in later showed the presence of
in-phase tilting.

Rietveld refinement was carried out to determine the
crystal structure of LMN. The refined results are sum-
marized in Table I. First, the thombohedral R3 model
suggested by Lin et al. was tested [12]. As shown in

TABLE I Summary of Rietveld refinement for La(Mgz/3Nb;,3)03
ceramics

Space group Rp Rwp R. X

R3 14.09 17.87 4.41 4.06
Pbnm 9.07 12.69 4.39 2.89
P2y /n 7.34 10.06 4.40 2.28

x : Goodness of fit.
X2 = (pr/Rexp)2

Table I. R-factors produced by this model were high.
Moreover, in rhombohedral R3 structure, the in-phase
tilting of octahedra which exists in LMN is not allowed
[3,4]. Therefore, LMN can’t have the rhombohedral R3
structure. The orthorhombic structure Pbmn was also
tested. R-factors of this structure were low as listed
in Table I. However, the 1:1 chemical ordering is not
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TABLE II Refined lattice parameters, fractional atomic coordinates, thermal parameters and occupancies of La(Mgz,3Nb1,3)O3 ceramics

Lattice parameter
a=5.6004(4)A b=564144)A ¢=7.9346(5)A B =289.9819(3)°

Positional and thermal displace parameters from X-ray refinement

Atoms X y b4 B Occup.
La 0.5046(3) 0.5331(1) 0.2511(2) 2.1841(6) 1.00000
Mg(B') 0.00000 0.50000 0.00000 1.1015(2) 0.50000
Mg(B") 0.50000 0.00000 0.00000 1.4384(4) 0.0983(4)
Nb(B") 0.50000 0.00000 0.00000 1.4384(4) 0.4017(4)
O 0.2901(6) 0.2725(6) 0.0326(2) 0.9239(9) 1.00000
(0) 0.2427(4) 0.7814(3) 0.0707(1) 0.9239(9) 1.00000
O3 0.4362(8) 0.9821(6) 0.2543(5) 0.9239(9) 1.00000
*®1O2[ ¥ oo il SRy A S sEbE K B IR0 BWes B e L monoclinic iPESEsnE idmplLot|
328
aFan-|
290
260 — ~ — ! observed profile
2a0-
aaer — ¢ refined profile
zea-|
186
168
140
129
169

aa- :

62|

A

20

B = = I S e S

) ‘..'r — + b o

) TR " éa.ae T aa.ee | =e

Figure 4 Observed and refined X-ray diffraction pattern of La(Mg2/3Nby,3)03.

allowed in this structure. Therefore, the extra peak at
1/2(111) position (odd-odd-odd reflection) should be
explained by the anti-phase tilting of octahedra [3, 4].
However, according to the work of Glazer, the lowest-
order reflection due to the anti-phase tilting is 1/2(311)
[3, 4]. Moreover, the behavior of the extra peak at
1/2(111) position shown in Fig. 2 is different from that
of 1/2(311) peak. Therefore, the extra peak at 1/2(111)
position can’t be explained by the anti-phase tilting of
octahedra and only the 1:1 chemical ordering can ex-
plain the existence of the 1/2(111) extra peak. As a
result, the orthorhombic Pbmn is not the structure of
LMN.

Finally, monoclinic structure P2;/n which has both
the 1:1 chemical ordering and a~ a~ ¢t (or a™ a~
a™) tilting axis was tested [18]. As shown in Table I,
P2, /n model produced the most successful refinement
results. The observed and calculated X-ray diffraction
pattern is shown in Fig. 4. Refined atomic parame-
ters and interatomic distances are given in Tables II
and III, respectively. The refined lattice parameters
are a=5.6004A, b=56414A, c=7.9346A, and
B =289.9819°. The pseudocubic unit cell lengths of
LMN which were used by Glazer to denote the tilting
system are a, = b, =0.3927 nm and ¢, =0.3921 nm
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TABLE III Selected atomic distances (Ao) of La(Mgz,3Nb;,3)03
ceramics

MgOg-octahedron LaOg-polyhedron

Mg-Oy 2.0868 2x La-O; 2.5711 1x

Mg-0; 2.1639 2x 2.7372 1x

Mg-03 1.9849 2x 2.7547 1x

Mean 2.0785 La-O, 2.4359 1x

Shannon 2.1 2.4824 1x

3.0508 1x

NbOg-octahedron La-O3 2.4853 1x

Nb-O; 1.9522 2x 2.5620 1x

Nb-O, 1.9777 2% Mean 2.6350

Nb-O3 2.0514 2% Shannon 2.54

Mean 1.9938

Shannon 2.02

(3, 4]. Therefore, LMN has a~ a~ ¢™ tilting system.
The X-ray diffraction pattern of LMN is the same as
those of BLMN with x > 0.7. Thus, it can be concluded
that BLMN specimens with x > 0.7 also have the 1:1
ordered monoclinic structure.

Transmission electron microscopy studies were per-
formed to investigate in detail variations in the crys-
tal structure of BLMN with La content. Fig. 5a to d



represent the HRTEM images and electron diffraction
patterns of BLMN with x =0, 0.1, 0.5 and 0.9, respec-
tively. As seen Fig. 5a, the 1:2 ordered hexagonal struc-
ture was well developed in BMN, and that structure was
found in the entire area of BMN. In the case of BLMN
with x = 0.1, both the 1:2 and 1:1 ordered structures co-
existed, as shown in Fig. 5b. Most of the area, however,
has the 1:1 ordered cubic structure. The results shown
in Fig. 5a and b indicate that a small amount of La sub-
stitution destroyed the 1:2 ordered hexagonal structure

and caused a 1:1 ordered cubic structure. Fig. 5S¢ shows
the HRTEM image and diffraction pattern of the speci-
men with x =0.5. Only the 1:1 ordered cubic structure
was found in that specimen. Similar results were ob-
tained for the specimens with 0.1 <x <0.7.

Fig. 5d shows the HRTEM image of the [100] zone
axis obtained from the BLMN with x =0.9. The inset
represents the [100] electron diffraction pattern taken
from the same area. The extra reflections at 1/2{210}
and 1/2{300} which are due to the anti-parallel shift of

(a)

(d)

Figure 5 HRTEM images and electron diffraction patterns of (a) Ba(Mgi/3Nb/3)03, (b) (BaggLag1)(Mg1.1/3Nb1.9/3)03, (¢) (BagsLags)

(Mgi/2Nby/2)O3 and (d) (Bag.1Lag.9)(Mgi.9/3Nb1.1/3)03. (Continued.)
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Figure 5 (Continued).

the A-site cations were observed in this pattern. More-
over, the 1/2{100} 1/2{100} superlattice reflections that
were not observed in XRD pattern were obtained in
electron diffraction pattern. The HRTEM image also
shows the new type of modulation along the [010] and
[001] directions with the wavelength of 0.8 nm. Accord-
ing to the previous work, the 1/2{100} and 1/2{110}
superlattice reflections were associated with the anti-
parallel shift of the A-site cations and the in-phase
tilting of the oxygen octahedra, respectively. There-
fore, TEM analysis clearly showed the presence of the
in phase tilting of oxygen octahedra in BLMN with
x>0.7.
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Fig. 6a shows the HRTEM image with [001] zone
axis taken from LMN specimen. The inset represents
the electron diffraction pattern taken from the same
area. The diffraction pattern shows the 1/2{110} super-
lattice reflections indicating the presence of the in phase
tilting of oxygen octahedra in LMN. Those superlattice
reflections give rise to modulation along the [110] di-
rections, with a wavelength of 0.56 nm in the HRTEM
image shown in Fig. 6a. Fig. 6b shows the [100] zone
axis HRTEM image and electron diffraction pattern.
The diffraction pattern exhibits 1/2{100} superlattice
reflections in two directions. Those 1/2{100} super-
lattice reflections give rise to two independent set of



Figure 6 HRTEM image and electron diffraction pattern of LMN with (a) [001] zone axis and (b) [100] zone axis.

1/2{100} lattice fringe, seen in HRTEM image. The
1/2{100} superlattice reflections in different directions
therefore arose from the different varients.

4. Conclusions

Variation in the crystal structure of (Baj_,La,)
(Mg(1+x)/3Nb(2_x)/3)O3 with 0 <x <1 was investi-
gated in the present study. A 1:2 ordered hexagonal
structure was found in the whole region of BMN. With
increased La content, the structure changes to the 1:1
ordered cubic. When x =0.1, both 1:1 and 1:2 or-

dered structures were found but most of the area had
the 1:1 ordered cubic structure. The 1:1 ordered cu-
bic structure was maintained up to x =0.7. When x
exceeded 0.7, however, BLMN is transformed from a
1:1 ordered cubic to a 1:1 ordered monoclinic struc-
ture. The 1:1 ordered monoclinic BLMN had both
the in—phase and anti—phase tilting of oxygen octa-
hedra. La(Mg;,3Nb;/3)O3 has the 1:1 ordered mono-
clinic P2;/n structure. The lattice parameters of
La(Mgy/3Nb;3)0;5 are a=5.6004A, b=5.6414 A,
c=17.9346 A, and 8 =89.9819°. The 1:1 ordered mono-
clinic La(Mg>,3Nb;,3)O; is distorted by the in-phase
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and the anti-phase tilting of octahedra withthea™ a™ ¢

+

tilting system. The anti-parallel shift of A-site cations
was also found in La(Mg;,3Nby,3)Os.
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