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Abstract. Both structural refinement using neutron powder diffraction data and Raman scattering were carried
out to determine the site preference of La atoms and the cation distribution in Biz75Lag 25TizO1, compound. Of
three possible cation-disorder models, the best structural refinement result was obtained from a model that La
atoms substitute only for Bi atoms outside of the TiOg octahedra in the Bi, Ti3O;¢ unit. The model proposed by the
structural refinement was corroborated by the Raman spectroscopic study. The final weighted R-factor, Ry, and
the goodness-of-fit indicator, S (=R,,/R.), based on the neutron diffraction and the Raman scattering were 4.12%
and 1.43, respectively. The occupancy of La atoms for two Bi sites in the perovskite-like unit was 0.082 and 0.074,
respectively. The refined model described a structure in monoclinic space group Blal with Z =4, a =5.4387(1)
A, b=5.4129(1) A, ¢ =32.8441(1) A and 8 =90.03(1)°.
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1. Introduction

Layered perovskite materials such as SrBi;Ta;Oo,
Bi4Ti3012, BizasLag75TizO12 and Biz 1sNdg.gsTizO12
show good fatigue -characteristics compared to
Pb(Zr, Ti|_, )O3 using metal electrodes [1, 2]. One of
these layered materials, Biz 75Lag 25 Ti3O, (BLT), has
attracted strong interest because it can be crystallized
at a temperatures compatible with silicon based inte-
grated circuit techniques and shows fatigue free prop-
erties [3-5].

Although many reports have noted that La atoms
possibly play a key role in the fatigue free charac-
teristics of Biy_,La,Ti3O;,, most of the studies con-
cerning the amount of La atoms substituting for Bi
atoms have focused chemically on the quantities of La
atoms in the compound. Determining the quantities of
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La atoms in the crystal lattice is an important thing be-
cause the amount of La atoms doped into the crystal
lattice of Bis Ti3O1,(BTO) is directly related to the rem-
nant polarization and the fatigue properties of BLT. Fur-
thermore, the crystal structural information of BLT is
important to understand the behavior of spontaneous
polarization at room temperature and to guide the
growth direction of BLT thin films. However, structural
study of BLT and reported results are lacking relative
to research on preparation methods and the characteri-
zation of electrical and physical properties for the BLT
compound.

The present study is focused on the determina-
tion of the site preference of La atoms in BLT com-
pound by means of the structural refinement using neu-
tron powder diffraction data and Raman spectroscopy.
The neutron powder diffraction experiment is useful
to obtain the information of oxygen atoms in oxide
compounds. The Raman spectroscopy is sensitive to
the coordination of local sites caused by the distor-
tion of polyhedron or the atomic substitution because
its spectrum is originated from the lattice vibrational
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modes depending on the atomic masses of constituent
atoms.

2. Experimental

The BTO and BLT samples were prepared by a nor-
mal solid-state reaction using Bi,03(99.99%, Aldrich),
Ti02(99.9%, Aldrich) and La;O3 (99.99%, Aldrich) as
starting materials. Stoichiometric quantities of Bi,Os3,
TiO, and La,O; were mixed and ground. The mixture
was annealed at 1050°C for 17 h. A second annealing
process was performed for 48 h at 1200°C.

The neutron powder diffraction data were collected
over scattering angles ranging from 0°-160° using
1.8348 A neutron on the samples a High Resolution
Powder Diffractometer (HRPD) at Hanaro Center of
the Korea Atomic Energy Research Institute. The Gen-
eral Structure Analysis System (GSAS) program was
used to do the structural refinement [6]. The pseudo-
Voigt function among profile functions in GSAS pro-
gram was chosen for the simualtion of the peak shape
with two component defining Gaussian and Lorentzian
character of the peaks as a function of 26 [7]. Raman
spectroscopy with 1064 nm lines of exciting source
from an Nd-YAG laser were used to both the phase
identification and the site preference of La atoms.

3. Results and Discussion

BTO has two kinds of crystal systems, monoclinic and
orthorhombic, at room temperature [8, 9]. According
to the Rietveld refinement of BTO using neutron pow-
der diffraction data [10-12], the monoclinic system
with space group Blal was more suitable than the or-
thorhombic system as a crystal system at room temper-
ature. All the peaks of the BLT sample could be indexed
based on the monoclinic crystal system. Therefore, the
monoclinic system with the space group of Blal (no.7,
non-standard setting of Plcl) like BTO was used as
an initial structural model for BLT in this study.
Three types of substitutions of La atoms for Bi atoms
in BLT are possible. La atoms may substitute for Bi
atoms in either only the Bi, O, layer (L-model) or only
the perovskite-like unit, Bi; Tiz;O;¢ (P-model). It is also
possible that Bi atoms are partially substituted into both
the Bi, O, layer and the perovskite-like unit (B-model).
On the assumption that the occupancies of Bi and La
sites in all models were constrained so that both sites

were fully occupied, and the total occupancy of Bi and
La atoms was maintained to be unity, the initial struc-
tural refinement for all models was done by the unit-
cell, the zero-point shift, and background parameters.
After a match of peak positions was achieved, peak
profile parameters including the peak asymmetry were
refined. o-Al,O3 powder was used as an external stan-
dard to correct the zero-point shift for the measured
diffraction data.

Figure 1 shows the structural refinement patterns of
BLT for the aforementioned three models. The con-
verged weighted R-factors, Ry, which are calculated
from the differences between the observed and calcu-
lated data, for L-, P- and B-models were 4.20, 4.12 and
4.18%, respectively. Also, the goodness-of-fit indica-
tor, § (=Ryp/R.), for L-, P- and B-models was 1.47,
1.43 and 1.46, respectively. In general, the structural
refinement adopts numerical criteria, €.g. Ryp, Ry, Ry,
RE, R, and S, to make a judgment in the structural
refinement whether a crystal structural model is ade-
quate or not, Among them, the most meaningful indices
are Ry, and S because they show in the numerator for
quantity being minimized [13]. Considering the final
converged R-factors and goodness-of-fit indicator for
the three models, the differences between the models
are subtle. Nevertheless, it can be concluded that the
P-model appears to be the most suitable representation
of La atom in BLT at room temperature. The number
of refined parameters for individual model including
profile function parameters was 99.

Raman spectroscopy was chosen as a complemen-
tary method to provide further evidence for the site
preference of La atoms in BLT because it is sensitive to
the change of local structure resulting from atomic sub-
stitutions and distortion of polyhedra. Figure 2 shows
the Raman scattering spectra of BTO (closed circles)
and BLT (open circles) at room temperature. The vibra-
tional modes of BTO can be classified into the lattice
transitions involved in the displacement of cations and
the internal modes of TiOg octahedra [14—17]. Taking
into account the effect of atomic mass on the vibra-
tional modes in BLT, the low-frequency modes may
be attributed to the motion of Bi atoms. Conversely
internal vibrational modes of TiOg octahedra are ex-
pected to appear above 200 cm~!. The six expected
peaks appeared at 228, 269, 333, 535, 616 and 850
cm~! are caused by the internal vibrational modes
of TiOg octahedra. Bands below 200 cm™' are as-
cribed to two different Bi sites, those within the Bi, O,
layer and those in the perovskite-like unit. The band
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Fig. 1. The structural refinement patterns of Biz 75Lag 25Ti3O12 for three models at room temperature: (a) the L-model (La atoms substitute for
Bi atoms in the BipO; layer), (b) the P-model (La atoms substitute for Bi atoms in the perovskite-like unit, Bi;TizO19) and (c) the B-model
(La atoms partially substitute for Bi atoms of both Bi;O; layer and of Bi>TizO1¢ unit). Plus (4+) marks represent the observed intensities, and
the solid line defines calculated ones. A difference (obs. — cal.) plot is shown beneath. Tick marks above the difference indicate the reflection
positions.
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Fig. 2. The Raman scattering spectra of BigTi3Oj2 (colsed circles) and Biz 75Lag 25Ti3012 (open circles) at room temperature.

at 65 cm™~! (L-mode) is assigned as a rigid-layer mode
which originates from Bi displacement in the Bi,O,
layer. The three peaks (P-mode) at 90, 119 and 148
cm™! are related to the Bi atoms in the perovskite-like
unit.

As shown in Fig. 2, in comparison with the Raman
spectrum of BTO, while the change in L-mode of BLT
was very small, the peaks of P-mode were remarkably

shifted to higher frequencies. The first peak of P-mode
corresponding to 90 cm~! of BTO was too diffusive
to determine the precise peak position. However, the
peaks at 119 and 148 cm~! for BTO are clearly moved
to the higher frequencies of 122 and 151 cm~! in BLT.
The Raman peak shifts toward higher frequency signify

that atoms of lighter atomic weight have substituted
into the modified material.
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Table 1. Refined structural parameters for Biz 75Lap25Ti3O12 obtained from the structural
refinement using neutron powder diffraction data at room temperature. The symbol, g and
Uiso, represent the occupation factor and the isotropic thermal parameter. The numbers in
parentheses are the estimated standard deviations of the last significant figure.

Atom Site X y z g 100%Ujgo/ A2
Bi(a) 4a 0.0415 (16) 0.5044 (9) 0.5647(2)  0.918(3) 1.61(16)
La(a) 4a 0.0415 (16) 0.5044 (9) 0.5647(2)  0.082 1.61(16)
Bi(a) 4a 0.0413 (12) 0.4898 (8) 0.7106 (1) 1.0 0.91(14)
Ti(a) 4a 0.0832 (16) —0.0183(7) 0.5026 (2) 1.0 0.13(12)
Ti(a) 4a 0.0779 (14) —0.0124(15)  0.6246(1) 1.0 0.01(16)
O(a) 4a 0.3266 (11) 0.2773(18)  0.5063 (2) 1.0 2.96 (20)
O(a) 4a 0.3199 (15) 0.2469 (15)  0.2500(2) 1.0 0.31(11)
O(a) 4a 0.1225 (15) —0.0674 (14)  0.5578(1) 1.0 0.56(17)
O(a) 4a 0.0952(12) 0.0646 (15)  0.6798 (2) 1.0 0.60(19)
O(a) 4a 0.3323(17) 0.2644(11)  0.6095 (1) 1.0 1.67 (16)
O(a) 4a 0.4015 (14) —0.2001(12)  0.6227(2) 1.0 1.79 (20)
Bi(b) 4a 0.0467 (16) 0.4920(10)  0.4312(2) 0.926(2) 0.81(15)
Lab) 4a 0.0467 (16) 0.4920(10)  0.4312(2)  0.074 0.81(15)
Bi(b) 4a 0.0395 (16) 0.5297(11)  0.2877(1) 1.0 1.43(10)
Ti(b) 4a 0.0919 (14) —0.0079(18)  0.3679(2) 1.0 0.54(20)
O(b) 4a 0.3881(11) —0.2198(14)  0.4919(1) 1.0 1.57(19)
O(b) 4a 0.3082 (12) —0.2456 (11)  0.7496 (2) 1.0 0.64(12)
O(b) 4a 0.1190(11) 0.0529 (11)  0.4403 (1) 1.0 0.02(16)
O(b) 4a 0.0727 (12) —0.0189(12)  0.3172(1) 1.0 2.70(16)
O(b) 4a 0.3222(12) —0.2771(14)  0.3847(2) 1.0 1.22(15)
O(b) 4a 0.3617(11) 0.2171(14)  0.3759(1) 1.0 2.28(20)

(a) Constraint on atomic coordinate: x(Bi) = x(La), y(Bi) = y(La) and z(Bi) = z(La).
(b) Constraint on occupancy: g(Bi) + g(La)=1.0.
(c) Constraint on isotropic temperature factor: Ujso(Bi) = Uiso(La).

(Bi,0,)*"
layer

(Bi,Ti,0 9"
perovskite-like
unit

(Bi,0,)*"
layer

Fig. 3. The crystal structure of Biz 75Lag25Ti3O12 based on the refined structural parameters obtained from the structural refinement at room
temperature.

Therefore, the increase in wavenumbers for the thus support the crystal structure model (P-model),
P-mode in BLT suggests that the preferred substitu- where the doped La atoms were substituted for the Bi
tion site of La atoms is at the Bi atomic sites of the atoms of the perovskite-like unit. The changes above

perovskite-like unit, Bi;TizO;9. The Raman results 200 cm~! in BLT are caused by the relaxation of the
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Table 2. Selected interatomic distances and bond angles for Biz 75Lap 25 Ti3012 (P-model)at room temperatutre

Bond Distance(A) Bond Distance(A) Bond Distance(A)
M(1)"-Ol(a) 2.763 (1) M(1)-O1(a) 2.714 (2) M(1)-03(a) 3.111 (1)
M(1)-03(a) 2.395 (1) M(1)-03(a) 2.312 (1) M(1)-03(a) 3.118 (2)
M(1)-O5(a) 2.485 (1) M(1)-0O5(a) 2.385(2) M(1)-06(a) 3.184 (1)
M(1)-06(a) 2.289 (2) M(1)-O7(b) 3.387 (1) M(1)-O7(b) 2.804 (2)
M©2)D-0O1(a) 3.130(2) M(2)-O1(a) 3.100(1) M(2)-07(b) 3.124 (1)
M(2)-O7(b)  2.498 (1) M(2)-09(b) 2412 (1) M(2)-09(b) 3.094 (1)
M(2)-09(b)  2.355(1) M(2)-09(b) 3.147 (2) M(2)-O11(b) 2.486 (2)
M(2)-O11(b) 2.445(1) M(2)-012(b) 2.946 (1) M(2)-012(b) 2.361 (2)
Bi2(a)-02(a) 2.199 (2) Bi2(a)-02(a) 2.350 (1) Bi2(a)-O4(a) 2.528 (2)
Bi2(a)-O4(a) 3.272 (1) Bi2(a)-04(a) 2.679 (2) Bi2(a)-O4(a) 3.1431 (1)
Bi2(a)-0O6(a) 3.192 (2) Bi2(a)-08(b) 2.375(1) Bi2(a)-08(b) 2.296 (2)
Bi4(b)-02(a) 2.515(1) Bi4(b)-02(a) 2.281 (1) Bi4(b)-08(b) 2.146 (2)
Bi4(b)-O8(b) 2.282 (1) Bi4(b)-010(b) 3.129 (1) Bi4(b)-010(b) 2.637 (1)
Bi4(b)-010(b) 2.649 (1) Bi4(b)-0O10(b) 3.121 (2) Bi4(b)-O12(b) 3316 (1)
Til(a)-Ol(a) 1.939 (2) Til(a)-O1(a) 1.757(1) Til(a)-O3(a) 1.907 (1)
Til(a)-O7(b) 2.146 (1) Til(a)-O7(b) 1.964 (2) Til(a)-O10(b) 2.045 (1)
Ti2(a)-O3(a) 2.260 (1) Ti2(a)-O4(a) 1.833 (1) Ti2(a)-O5(a) 2.100 (2)
Ti2(a)-O5(a)  1.950 (1) Ti2(a)-O6(a) 2.036 (2) Ti2(a)-O6(a) 1.865 (1)
Ti3(b)-09(b) 2.379 (2) Ti3(b)-0O10(b) 1.700 (1) Ti3(b)-O11(b) 2.000 (1)
Ti3(b)-O11(b) 1.986 (1) Ti3(b)-O12(b) 1.946 (2) Ti3(b)-O12(b) 1.963 (1)
Bond type angle (°) Bond type angle (°)

Ol(a)-Til(a)-O1(b) 167.50 (1) 0O1(a)-Til(a)-O1(b) 175.73 (1)

03(a)-Til(a)-O4(b) 164.26 (1) 03(a)-Ti2(a)-04(a) 171.21 (1)

05(a)-Ti2(a)-06(a) 159.25 (1) 05(a)-Ti2(a)-06(a) 157.02 (1)

03(b)-Til(b)-O4(b) 174.71 (1) 05(b)-Til(b)-0O6(b) 157.25 (1)

05(b)-Til(b)-0O6(b) 157.14 (1)

®OM(1) : Bil(a) or Lal(a).
(DM(2) : Bi3(b) or La2(b).

structural distortion and the decrease of TiOg octahe-
dral tilting.

The refined structural parameters, the selected
atomic distances and angles based on the P-model are
given in Tables 1 and 2, respectively. The structural re-
finement results show that the La atoms are disordered
over two fourfold symmetry Bi sites in the perovskite-
like unit, 4 f site, and that the occupancy of substitut-
ing La atoms for Bi atoms in the perovskite-like unit is
0.082(3) and 0.074(2), respectively. The refined lattice
constants were a = 5.4387(1) A, b = 5.4129(1)A,
c = 32.8441(1)10\) and 8 = 90.03(1)°. The crystal
structure of BLT based on the refined structural param-
eters is illustrated in Fig. 3. Compared with the ideal
tetragonal structure of the Aurivillius phases, the Bi, O,
layers and TiOg octahedra are distorted. The TiOg oc-
tahedra along the c-axis are buckled.

4. Conclusion

A combined structural study by Raman spectroscopy
and the structural refinement using neutron pow-
der diffraction data was successfully performed
to determine the site preference of La atoms in
Bij 75Lag25Ti3O, synthesized by high temperature
solid-state reaction. Of three possible cation-disorder
models, the best refinement result was obtained from a
model where the doped La atoms substitute only for
the Bi atoms in the perovskite-like unit, Bi,Ti3O.
The final weighted R-factor and the goodness-of-fit
were 4.12% and 1.43, respectively. The model could be
corroborated by Raman spectroscopy in that the three
bands related to the Bi atoms in the perovskite-like unit
were shifted to the higher frequencies, indicating the
substitution of La at these Bi positions.
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