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Abstract

La,Cu;Mo00,, and La;Cu,VO,, homeotypes of YAIO;, an ABO; hexagonal phase, have been investigated using a variety
of transmission electron microscopy techniques. Both compounds possess the same hexagonal subcell but exhibit different
supercells. The unit cell parameters and symmetry have been determined using selected area and convergent beam electron
diffraction techniques. For La;Cu,VO,, electron energy loss spectroscopy and energy dispersive X-ray spectroscopy were
used to determine the oxidation-state of vanadium and the cation stoichiometry, respectively, which conforms to
La;Cu,VO,. This paper highlights the need for multitechnique approaches to complex oxide structures. © 2001 Editions
scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction ABO; structural phase diagram constructed by Gi-
aquinta et al. maps stoichiometry to structure based
on ionic radii and bond ionicities [2]. X-ray and

neutron powder diffraction techniques have been

The development of useful oxides requires an un-
derstanding of the complex relationships between

stoichiometry, structure and properties. Structural
determination remains a major step in the study of
materials chemistry. ABO; compounds have at-
tracted considerable attention owing to interesting
physical properties such as high temperature super-
conductivity and colossal magneto-resistance [1]. The
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indispensable in determining average structures but
the scattering efficiencies are often insufficient to
determine the crystal symmetry unambiguously. For
these reasons, transmission electron microscopy
(TEM), and in particular electron diffraction, has
become a useful tool in the study of the solid state of
materials.

We report here a study by electron diffraction and
spectroscopies [electron energy loss spectroscopy
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(EELS) and energy dispersive X-ray spectroscopy
(EDS)] performed on two samples, La,Cu;MoO,,
and La;Cu,VO,.

2. Experimental

The molybdenum and vanadium cuprates,
La,Cu;Mo00O,, and La;Cu,VO,, were prepared as
previously reported, starting from the stoichiometric
ratio of La,0;, CuO, MoO; and VO,, fired at high
temperature and slowly cooled to room temperature
[3.4].

For the TEM study, the samples were crushed in
alcohol and the small flakes deposited on holey
carbon grids. The electron diffraction was performed
on a Hitachi-8100 operated at 200 kV. The spec-
troscopy studies were carried out on a Hitachi
HF2000 equipped with a cold-field emission gun.
The cationic composition was verified by EDS per-
formed with Oxford’s Pentafet Link detector with
QX2000 processor/system. The EELS spectra were
acquired at 200 kV with a Gatan 666 parallel spec-
trometer in diffraction mode. The energy resolution
of the spectrometer is around 0.5 eV (full width at
half maximum).

3. Results and discussion

The powder X-ray diffraction (XRD) data did not
show any impurity phases either for the molybdate
or the vanadate sample. Their XRD patterns resem-
ble that of YAIO; with additional reflections (Fig. 1)
[5]. Therefore, in order to determine the supercell
with the cell parameters and symmetry, we have
performed a complete structural characterization by
electron diffraction.

The TEM study is performed on very small crys-
tallites from powder samples and does not require
large single crystals. TEM can be used in two major
modes: diffraction and image. Using the TEM in
diffraction mode allows 2D diffraction patterns to be
recorded. The beam size, the beam convergence and
the camera length, are three different parameters
that can be adjusted to obtain different electron
diffraction patterns, which provide different infor-
mation concerning the crystal symmetry. The se-
lected area electron diffraction (SAED) is
characterized by a large parallel incident beam.

Based on specific SAED patterns, the reciprocal
space is reconstructed which gives the extinction
conditions and the lattice parameters. Convergent
beam electron diffraction (CBED) is characterized
by a relatively small-converged beam. Three different
types of CBED patterns can be obtained depending
on the camera length and the beam focus: the zero
order Latlie zone (ZOLZ), the high order Laiie zone
(HOLZ) and the whole pattern. The ZOLZ patterns,
recorded using a medium camera length, exhibit for
some zone axes the Gjennes-Moodie (G-M) lines
from which additional translation symmetry ele-
ments such as screw axes and glide planes can be
deduced [6]. With a small camera length, CBED
patterns exhibit the HOLZ rings, from which the
unit cell can be determined. Whole patterns (WP),
recorded using a small camera length and a small
convergence of beam, evidence mirror planes. To-
gether these diffraction techniques can be used to
determine the symmetry and space group of new
compounds.

The SAED patterns for both La,Cu;Mo00,;, and
La;Cu,VO, show a set of intense diffraction spots
characteristic of the hexagonal subcell (see Fig. 7,
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Fig. 1. Powder X-ray pattern for (a) La,Cu;MoO,,, and (b)
La;Cu,VO,. Arrows mark superstructural peaks.
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Fig. 2. SAED patterns of La,Cu;MoO,, oriented (a) [100], (b)
[210], and (c) [010].

representing La,Cu,VO, pattern) (a ~ 4 A and ¢~
11 A) classically observed for the rare earth hexago-
nal YAIO; structure type. However, extra, weaker
reflections for both samples are also systematically
observed.

3.1. La,Cu;Mo00,,

For the molybdate sample, the additional reflec-
tions, which are not compatible with hexagonal sym-
metry, define a monoclinic or orthorhombic cell with
a~8 A, b~7 A~4.0.3, c~11 A and y ~90°.
The reconstruction of reciprocal space based on
collecting specific SAED patterns indicated only one
condition for forbidden reflection: 00/: /% 2n. This
extinction condition for a monoclinic or orthorhom-
bic symmetry implies a 2;-screw axis along the c-
axis. Therefore, according to the international tables
for crystallography [7], the possible space groups are
P112,, P112,/m and P222,. Fig. 2 shows [100], [210]
and [010] SAED patterns.

Additional symmetry elements such as screw axes
and mirror planes were deduced from a CBED study
by observing the G-M lines and by determining WP
symmetries, respectively [8,9]. The G-M lines refer to
the dynamical absences in the kinetically forbidden
reflections and appear as dark bands or crosses in
some kinematically forbidden reflections, shown
schematically in Fig. 3. Dark bands indicate that the
electron beam is either parallel to a glide plane or
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Fig. 3. Schematic representation of G-M lines (a) indicating a
screw axis perpendicular to the beam (b) black crosses indicating
forbidden reflections.



20 S. Malo et al. /Solid State Sciences 3 (2001) 17-23

[1()0]T

(@)

(b)

Fig. 4. [010] CBED pattern of La,Cu;Mo00,,. (a) ZOLZ pattern.
The black arrows indicate the G-M lines visible in the 00/ discs for
[ odd. (b) Whole pattern exhibiting a mirror plane perpendicular
to the c-axis.

perpendicular to a screw axis in the crystal, and the
black crosses refer to forbidden reflections.

The ZOLZ-CBED pattern taken along the [010]
zone axis shows G-M lines in the 00/ discs for / odd,
indicated by black arrows on Fig. 4(a). According to
the tables established by Steeds et al. [10], the G-M
lines confirm the presence of a 2, screw axis parallel
to the c-axis and the forbidden reflections (00/:
[ #2n). Again, the three possible space groups are
P112,, P112,/m and P222,, the [010] WP exhibits a
mirror plane (Fig. 4(b)) perpendicular to the c-axis,
which indicates that P112,/m (no. 11) is the correct
space group.

3.2. La;Cu,VO,

Unlike the molybdate compound, thermogravi-
metric analysis (TGA) could not be used to success-
fully determine the stoichiometry of the vanadate
sample owing to the ambivalence of the oxidation
state of vanadium. EDS was used to ascertain the
cationic ratio and EELS to determine the vanadium
oxidation state after synthesis (vanadium(IV) oxide
was used as starting material).

EDS analyses established the cationic ratios La:V
of 2.9(2) and Cu:V of 1.99(9) in agreement with the
synthetic composition.

The EELS spectra were recorded at the L,/L, edge
of vanadium. For this study, we focused on the
high-loss regions, which contain the vanadium L, ;
peaks and oxygen K peak (Fig. 5). The vanadium L,
and L, peaks represent electronic transitions from
vanadium 2p, , and 2p;), states to molecular orbitals
with 3d character [11]. The oxygen k-edge, which
spreads between 525 and 550 eV, represents transi-
tion from the oxygen ls state to molecular orbitals
with oxygen 2p character. At higher energy, we
observe the lanthanum M, 5 peaks (Fig. 6). Previous
studies reported that the L;/L, ratio increases as the
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Fig. 5. The region from 500 to 550 eV in energy loss spectra of (a)
Mg;V,0q, (b) La;Cu,VO, and (c) Mg;V,0s.
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Fig. 6. The region from 800 to 900 eV in energy loss spectra of
La;Cu,VO,.

Table 1
Experimental values for the ratios between background-sub-
tracted, integrated intensities of V Ly and V L, peaks

Phase V L,/L,
Mg;V,04 0.90(8)
Mg;V,04 0.72(4)
La;Cu,VO, 0.69(6)

oxidation states of transition metals such as vana-
dium and manganese decreases and therefore can be
used to determine the oxidation state of cations in 3d
transition metal-oxides [12,13]. In order to determine
the oxidation state of vanadium in our sample, the
spectra at the L;/L, edge were recorded for Mg, V,0O¢
and Mg,V,0, where vanadium exhibits the +3 and
+5 oxidation states, respectively [14]. In both magne-
sium vanadium oxides, the vanadium oxidation state
was also evidenced by XRD and IR studies. All
spectra were obtained from 500 to 550 eV integrated
using Peakfit4® program. The L,/L, ratio obtained
for La;Cu,VO,, Mg;V,0, and Mg,V,Oy are listed in
Table 1. The values obtained for La;Cu,VO, are
equal within the experimental error to the ones
obtained for Mg,;V,0Oq and indicate that vanadium is
in the +5 oxidation-state. The EELS study, com-

Table 2

Calculated and measured layer spacings (H~') from CBED patterns

bined with the EDS results, confirms the stoichiome-
try La;Cu,VO, for the hexagonal phase.

With the confirmation of the stoichiometry, we
now deal with the structural study. For the vanadate
sample, the system of additional spots implies a new
hexagonal cell with @ ~ 14.4 A and ¢ ~ 10.7 A, which
was previously reported by Jansson et al. [15].

The HOLZ rings, observed on CBED patterns,
were used to verify the supercell. The real lattice
spacing (H;!) parallel to the beam direction can be
expressed by the measured radius of the HOLZ ring
r (mm) and the camera constant AL (nm mm):

L (2)(ALV
n=(G)F) g

This value can be compared to the theoretical one
(H.") calculated from equations developed from re-
ciprocal lattice theory [16,17]. For hexagonal
systems:

H;' = (aX(U+ V2= UV)+ W2 ®)
The calculated value H.' must be an integer mul-
tiple (n) of the measured spacing H;!, where n
represents the order of the Laiie zone:
H.'=nxH, 3)

Table 2 lists the measured and calculated H!
based on the hexagonal supercell. The agreement
between the values confirms the validity of our
hexagonal cell and indicates that a larger supercell is
not merited.

The reconstruction of the reciprocal space deduced
from many SAED patterns obtained by tilting along
the a* and ¢* axes indicated only one condition for
forbidden reflections, 000/: / # 2n. In hexagonal sys-
tems, this extinction condition represents a 6;-screw
axis along the ¢ direction and therefore three space
groups are possible: P65, P6;/m and P65;22. Fig. 7
exhibits the [0001], [1120] and [1100] SAED patterns.

Crystal orientation Laiie zone order (n)

Calculated H. ' (nm) Measured H,,' (nm)

210
112
114
310
110

—

3.81 3.80(6)
2.58 2.58(5)
45 4.6(2)
5.2 5.12)

2.49 2.49(3)
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Fig. 7. (a) [0001], (b) [1120] and (c) [1100] SAED patterns of
La;Cu,VO,. The small arrows on Fig. 2(b) indicate forbidden
spots visible owing to double diffraction.

Fig. 8. [1100] zone-axis whole pattern from La;Cu,VO, showing
the mirror plane perpendicular to the c-axis.

The 000/ spots with / odd are weakly visible in some
SAED patterns (indicated by small arrows on Fig.
7(b)) owing to dynamical scattering events, com-
monly called double diffraction.

The three possible space groups correspond to the
point groups 6, 6/m and 622, respectively, which are
characterized by three distinct WP symmetries [18].
The WP taken along [1100] shows a mirror plane
perpendicular to the c-axis (Fig. 8), so the correct
space group is P6;/m.

4. Conclusion

The symmetry and the lattice parameters of
La,Cu;Mo00O,, and La;Cu,VO, have been deter-
mined unambiguously from electron diffraction mi-
croscopy. Thus, La,Cu;MoO,, crystallizes in a
monoclinic cell with a ~ 8 A, b~7 A~ 4.0\/5, Cx
11 A, y ~90° and PI112,/m symmetry, and
La;Cu,VO, in a hexagonal cell with a~14.4 A,
¢~10.7 A and P6;/m symmetry. For the latter
compound, related spectroscopy studies (EDS and
EELS) confirm the composition of the hexagonal
phase and evidenced the +5 oxidation-state of vana-
dium. Knowing the unit cell parameters, symmetry
and composition has led to the successful determina-
tion of the atomic positions by Rietveld method
from X-ray or neutron powder diffraction data [3,4].
This study underscores the need for diverse transmis-
sion electron microscopy techniques in unraveling
complex oxide structure.
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