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Hexagonal ABO3; compounds have basically different
structure from perovskite ABO3 compounds. Among
these, non-perovskite AMnO3 has attracted much in-
terest due to the coexistence of ferroelectric and ferro-
magnetic behavior [1].

In the present study, the effect of Ce addition to
hexagonal YMnO3 was investigated from the viewpoint
of formation of solid solutions and fabrication of dense
ceramics using fine powders prepared by a citric acid
process [2]. Till now, little information has been avail-
able on the effects of Ce-addition and the fabrication
of dense YMnOQOj5 ceramics without micro-cracks. This
might be due to a phase transition from orthorhombic to
hexagonal at 960 °C accompanied by a ~10% volume
change [3].

Reagent-grade Y(NO3)3-6H,O, Mn(NOs3),-6H,0,
and Ce(NOj3)3-6H,0 and anhydrous citric acid (CA)
were used as starting materials. Table I shows the nom-
inal compositions of the samples. Yttrium, manganese,
and cerium nitrates corresponding to each composition
were dissolved into 0.5 L distilled water; their con-
centration was 2 mol/L. A large amount of aqueous
solution containing CA was added to the mixed-metal
solutions at room temperature. Then the mixed solu-
tions were heated at 100 °C for 5 hr and stirred to the
gelatinous state. The obtained gel products (precursors)
were dried. Pulverized precursors were slowly heated
in air to 500 °C and then held for 2 hr to burn out the or-
ganic substances. As-prepared precursors A through F
(Table I) were amorphous to X-ray. A differential ther-
mal analysis (DTA) curve of precursor A revealed a
high broad exothermic peak resulting from a combus-
tion of CA at approximately 220-300 °C. No signif-
icant change in structure was observed until 830°C.

Small exothermic and endothermic peaks were de-
tected at 830-850 °C and 1200-1220 °C, respectively.
X-ray diffraction (XRD) analysis using CuK,,; radia-
tion equipped with a monochromator revealed that or-
thorhombic(o) YMnOs3 [4] phase began to appear in
precursor A when heated to 850 °C and became stronger
at 900 °C, suggesting that the exothermic peak corre-
spond to the crystallization of 0-YMnO3. In addition,
precursors B through E showed hexagonal (4) YMnO3
phase [5]. XRD line intensities of the latter phase in-
creased with increasing Ce content and finally the for-
mer phase diminished at x = 0.10. From this, it is
possible to state that a small amount of Ce addition sta-
bilizes the high-temperature phase. From XRD anal-
ysis, it was clear that Samples A to D heated above
1200 °C consisted of only 2-YMnO3, whereas, E and F
were a mixture of 41-YMnO3, CeO, [6], and Mn3O4 [7].
These results indicate that the endothermic peaks corre-
sponded to the orthorhombic-hexagonal YMnQOj3 phase
transition. However, after calcination at 1100 °C for
2 hr, even below the endothermic peak temperature,
all the samples, except for E and F revealed 7-YMnOj3
phase. Fig. 1 shows TEM photographs of these cal-
cined powders; it should be noted that particles of
pure YMnOs3 were much larger than those of Ce-doped
YMnOs;. In addition the particles of the latter increased
in size from approximately 0.10-0.30 um and tended
to be aggregated with increasing Ce content. Fig. 2
shows the lattice parameters (a¢ and c¢) for ~-YMnOs3
phase obtained at 1500 °C. All the samples from A
through F consisted of only 2-YMnOj3 phase. The val-
ues of a and ¢ were determined by a least-squares refine-
ment with an internal standard of high-purity Si. Pure
h-YMnOj; exhibited parameters of a = 0.6145(2) and

TABLE I Nominal compositions and some characteristics of (Y1_,Ce,)MnO3 (0 < x < 0.06) solid solution ceramics sintered for 4 hr at 1500 °C

in air

Theoretical density Bulk density Relative density Average grain size Electrical conductivity Activation energy
(Mg-m™3) (Mg-m?) (%) Gy(jn m) oat1273 K Sm™! Ea(eV)

5.128 4.98 97.1 4.9 3.9 x 10° 1.21(at high temperatures)
5.157 5.00 97.1 5.6 2.4 x 10! 1.16

5.176 5.03 97.2 7.0 4.4 x 10! 1.14

5.197 5.06 97.3 8.3 5.7 x 10! 1.09

*Author to whom all correspondence should be addressed.
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(a)

Figure 1 TEM photographs of hexagonal (Y;_,Ce,)MnO3z powders
prepared by heating for 2 hr at 1100°C: (a) x = 0.0, (b) x = 0.02,
(¢) x = 0.04, (d) x = 0.06, and (e) x = 0.08.
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Figure 2 Lattice parameters (a and c) of hexagonal YMnOs3 phase pre-
pared by heating for 4 hr at 1500 °C as a function of Ce content.

¢ = 1.1403(4) nm, agreeing with those (a = 0.61360
and ¢ = 1.1400 nm) reported for A~-YMnO; g3 [5]. As
shown in Fig. 2, with increasing x, the values of a
increased whilst those of ¢ decreased linearly from
0.6145(2)t00.6172(3) and from 1.1403(4) to 1.1320(4)
nm respectively up tox = 0.06, with the slopes becom-
ing a little steeper above this point. In the YMnOj struc-
ture, the co-ordination number of the A-site cation is
nine [8] and the ionic radii of Y>* and Ce** are 0.1075
and —0.1015 nm, respectively [9]. Therefore a decrease
in the parameter ¢ could be explained in terms of the re-
placement of large Y** with small Ce**. On the other
hand, Ce-addition introduces Mn** into the YMnOj;
structure: (Y3 Ce*™)[MnjT Mn2*]0;. The radii of
the six-fold B-site [8] Mn?>* and Mn>* are 0.0830 and
0.0645 nm, respectively [9]. Therefore, an increase in
parameter a might originate from an increasing amount
of larger Mn?*. The behavior shown in Fig. 2, although
different from the normal compositional dependence of
lattice parameters in solid solutions, was also reported
for Zr-doped h-YMnO3 [Y_, Zr,MnOs] [10]. Aken
et al. [10] explained that this lattice parameter change
might be due to the shift of Zr** distribution from 100%
A-site to A/B mixed sites. From these results, it might
be said that the same phenomenon could also occur in
Ce-doped A-YMnOs;. Thus, A-YMnOj; solid solutions
containing up to —6 mol% Ce could be formed via a
citric acid process.

The (Y;-,Ce,)MnO3 (0 < x < 0.06) powders were
sintered as follows. After calcination (1100 °C for 2 hr),
well-pulverized powders with a small amount of wa-
ter were uniaxially (70 MPa) and isostatically (295
MPa) pressed into disks. Powder compact thus ob-
tained were 16 mm in diameter and 5 mm high. They
were covered by powders with the same composition
and heated in air. Sintering was performed at 1110 and
1250 °C each for 2 hr, and at 1500 °C for 4 hr with heat-
ing rates of 600 °C/hr (room temperature to 1100 °C)



Figure 3 SEM micrographs of fracture surfaces of (Y|_,Ce,)MnOj3 ceramics sintered for 4 hr at 1500 °C in air: (a) x = 0, (b) x = 0.02, (c) x = 0.04,
and (d) x = 0.06.

and 300 °C/hr (1100-1500°C). Samples were cooled
at a rate of 300 °C/hr from 1500-1100 °C, followed by
furnace-cooling.

Sintered compacts consisted of only A-YMnOs;
phase. Their bulk densities, measured by the
Archimedes method, increased from 4.98 to 5.06 Mg-
m~3 with increasing Ce content, corresponding to 97.1—
97.3% of theoretical density (Table I). Relative densi-
ties increased gradually with increase in x. Fig. 3 shows
scanning electron microscope (SEM) micrographs of
fracture surfaces with homogeneous microstructures
consisting of equi-axial grains from 4.9 to 8.3 um in
size. From these, it appears that Ce addition enhanced
grain growth a little during sintering. Micro-cracks, pre-
viously reported as being present on the free surfaces
of h-YMnOj; ceramics sintered for 2 hr at 1500 °C [3],
were not detected. This might be explained in terms of a
moderate sintering condition, no phase transformation,
and a Ce-stabilizing effect.

D.C. electrical conductivity o was measured at
673-1273 K by a four-probe technique. Qualitative
Seebeck measurement for these ceramics shows that
they exhibit p-type behavior. Fig. 4 shows the temper-
ature dependence of o in a plot of log;o(oT) against
reciprocal absolute temperature (7). It should be noted
that only pure YMnO; showed an inflexion around
700 °C, although, other solid solution ceramics exhibit
straight lines. According to these results, it would
be said that the electrical conductivity mechanism is
based on thermally activated hopping of small polarons
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Figure 4 logio(aT) vs. 1000/ T for (Y;—,Ce,)MnO3 ceramics: (a) x =
0, (b) x = 0.02, (c) x = 0.04, and (d) x = 0.06.

between localized states corresponding to B-site of
different valence, Mn?>*—Mn>* [10], as supported by
the conduction mechanism for ReMnO; [11]. Till
now, a little attention has been given to the electrical
properties of pure YMnOs3, only o measured at room
temperature to —250°C have been reported [12].
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In the present study, o of A-YMnOj solid solution
ceramics without micro-cracks has been measured
at high temperatures. The value of o at 1273 K
increases (3.9 x 100 — 5.7 x 10" S:-m™!) and the
activation energy E, at high temperatures decreases
(1.21 — 1.09 eV) with increased Ce content.
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