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The structural properties of the YMe Mn,_,O; (Me = Cu, Ni,
Co) pseudobinary oxides have been studied by X-ray diffraction
and electrical measurements. The powders were prepared by
solid state reaction between the corresponding oxides. The incor-
poration in solid solution of small divalent cations, Cu**, Ni**,
and Co**, substituting for Mn in the hexagonal YMnO; com-
pound, leads to a phase transition in which a perovskite-type
structure is formed. The amount of substituting cation necessary
for such a transition depends on the cation nature and, to a small
extent, on the ionic radius. The phase transition depends strongly
on the progressive substitution of the Jahn—Teller Mn** cation
and therefore of the cooperative Jahn—Teller interaction weak-
ness. The steric influence plays a secondary role, as is shown by
the very small variation of the tolerance factor, #, as a function
of the cation content. The solid solutions with perovskite-type
structure show semiconducting behavior. The conductivity
mechanism is of a thermally activated small polaron hopping.
© 2002 Elsevier Science (USA)
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1. INTRODUCTION

The mixed oxides of general formula LnMeQOj3, where Ln
is a rare earth, (RE) ion and Me = Fe, Cr, Ti, V, Rh, belong
to the group of orthorhombic distorted perovskites, which
crystallize in the space group (S.G.) Pbnm. When Me = Mn,
the LnMnO3; compounds show the orthorhombic distorted
perovskite structure only up to the Dy cation, whereas the
compounds corresponding to RE with smaller ionic radii,
from Er to Y, crystallize with a hexagonal-type structure
and S.G. P63cm (1).
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As is well known, the distortion degree of the perovskite
structure in ABO3; compounds depends, between other
causes, on steric effects, associated with changes in the ionic
radius of the component 4 and B cations. This contribution
is well represented by the Goldschmidt tolerance factor
t=0a+ro)rs+ ro)*\/2, where r4 represents the ionic
radius of the large A cation (Ln in the present case), rg rep-
resents the ionic radius of the small B cation, (Fe, Cr, Mn,
Ti, and others for the above-mentioned compounds), and
ro is the ionic radius of O?~. When the tolerance factor
decreases, the distortion degree increases (2). Nevertheless,
in the case of the manganite compounds, LnMnQ3, another
factor must be considered with regard to the structure
distortion. Thus, the Jahn—Teller nature of the Mn3* cation
induces an additional axial distortion effect, which is
cooperative (3). Consequently, a combination of low t values
and Jahn-Teller effect leads to a modification of the struc-
ture, from perovskite-type to the hexagonal-type structure
mentioned above, with a higher grade of distortion with
respect to the orthorhombic perovskites. This is the reason
that compounds such as YFeO3; and YMnOj; that have the
same t value (0.835), owing to the equality between the ionic
radius of Fe*" and Mn3* cations, show very different
structures.

As also indicated above, YMnO3 crystallizes in the
hexagonal S.G. P6scm (4). The Y3* cation is sevenfold
coordinated with oxygen ions while the Mn3* cation is
pentacoordinated with O?~. It is possible to obtain solid
solution in the compositional range ~ 25 to 100 mol% with
the CaMnO3; compound, which crystallizes with a perov-
skite-type structure and S.G. Pbnm (5). According to Vega et
al. (6), two phase transitions can be observed at room
temperature in this solid solution when the Ca content
increases. The first one is a transition from a hexagonal-type
structure to an orthorhombic perovskite-type structure
(O'-type structure, with c/\/2 < a < b) occurring for Ca
content ~ 25 at.%. The second one is a phase transition
from O’ to O phase (orthorhombic O-type structure, with
a< c/\/2 < b), which takes place for Ca content of ~ 50
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at.%. The transition to a perovskite-type phase can be
attributed, in a first approximation, to an increase of the
tolerance factor caused by the incorporation of a larger
cation such as Ca®>* in the A lattice site substituting for
a smaller Y>* cation. On the other hand, it has been
observed that the solid solution in the YNi.Mn;_,O3
pseudobinary oxides also shows a phase transition from
hexagonal YMnOj; type to orthorhombic perovskite type.
The phase transition takes place at x < 0.20 (7). This phase
transition occurs with a small change of the tolerance factor
and for a content of the modifying cation lower than that of
the (Y,Ca)MnOj3; system. Therefore, it was pointed out that
the transition from hexagonal to orthorhombic structure is
caused preferentially by the partial disappearance of Mn3™*
from the crystalline lattice, which takes place by two mecha-
nisms: (a) direct substitution of Ni?* for Mn®** and (b)
change of Mn** to Mn** in an equivalent amount to the
incorporated Ni?*, to preserve the valence equilibrium.

In the present work the crystalline characteristics of solid
solutions in three pseudobinary oxides, based on the
YMnOj3, modified by Ni?*, Cu?*, and Co?*, are examined
as a function of the nature of each cation. Relationships
between t, Mn®** content, and phase transitions are dis-
cussed. Electrical transport properties are also presented.

2. EXPERIMENTAL

Y(Nianl 7x)03, Y(Cllle'll 7x)03> and Y(COanl 7x)03
compositions with x = 0.10-0.70 were prepared by solid
state reaction between stoichiometric mixtures, using MnO,
CoO, NiO, CuO, and Y,O3; reagent-grade oxides with sub-
micronic particle size as raw materials. The mixtures were
homogenized by wet attrition milling, using isopropanol as
the liquid medium. The dried mixtures were calcined at
1000°C for 2 h. The calcined samples were milled again by
the same technique, dried, granulated, and uniaxially
pressed. Granulometric analysis was carried out on the
synthesized powders by means of laser counting (Master-
sizer model, Malvern Instruments, Ltd, U.K.) and BET
techniques (Quantachrome MS-16 model, Syosset, NY).
Pressed pellets were sintered between 1150 and 1425°C for
2 h. All the samples were treated with the same thermal
cycle of heating, 3°C/min, and cooling, 1°C/min, to compare
the respective results, with regard to the redox equilibrium.
The Cu-containing solid solutions were sintered at the lower
temperature, whereas the Ni-containing solid solutions were
sintered at the higher temperature. XRD analysis was per-
formed both on the calcined powders and on the sintered
samples using a D-5000 Siemens Diffractometer and CuKu
radiation. The powder was identified by scanning at a rate
of 2° 20/min, and the lattice parameters were calculated
from the spectra obtained on the sintered and reground
samples at a scanning rate of ° 20/min. Powder of Si was
employed as an internal standard. The Goldschmidt toler-
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ance factor t has been calculated using the ionic radii
tabulated by Shannon (8), taking into account the oxygen
coordination of the involved cations and the existence of
different valence states of the Mn and the modifying cations,
with different ionic radii, in the solid solutions. A mean ionic
radius on B lattice sites has been used when two or more
cations are present on those sites.

Bar-shaped samples were painted with silver paste, which
was fired at 800°C for 1 h. Four-points dc conductivity
measurements were carried out for all the solid solutions
having perovskite-type structure, between 25 and 700°C.
For measurements, a Constant Current dc power supply
(Tektronix, model PS280) and a HP Multimeter (model
44201A), with 1 pA dc current resolution were used. Activa-
tion energies were calculated from the corresponding Ar-
rhenius plots. The Seebeck coefficient measurements were
made on cylindrical samples, 0.3 cm in diameter and 1.5 cm
in length, using a quasi-conventional technique for a rapid
and qualitative determination of the majority charge-carrier
sign (9). For the measurements, two metal blocks containing
the thermocouples held the sample. A heater on one block
produced the temperature gradient in the sample. The ther-
moelectric voltage was measured between the same refer-
ence points.

3. RESULTS AND DISCUSSION

The apparent particle size, as measured by laser counting,
was ~ 2.0 um, but this size corresponds to that of aggreg-
ates in all the systems. The BET measurements indicated
specific surface area values of ~ 4.0 m?/g, which correlates
well with an average particle size of ~ 0.21 pm for all the
synthesized powders.
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FIG. 1. XRD patterns of compositions with the minimum content of

substituting cation needed to obtain monophasic samples: (A) 30 at.% of
Cu; (B) 20 at.% of Ni; (C) 25 at.% of Co.
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Figure 1 shows the XRD diffraction patterns of samples
corresponding to compositions of the different pseudo-
binary oxides with the minimum content needed to obtain
pure perovskite phase, such as is indicated in the following
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FIG. 2. Concentration dependence of the lattice parameters of (A)
Y(Cu,Mn)Oj3 solid solution, (B) Y(Ni,Mn)O; solid solution, and (C)
Y(Co,Mn)Oj; solid solution.
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TABLE 1
Lattice Parameters of the Solid Solution Y(Cu,Mn,_,)O;

at.% Cu 0¢ 20 30 33 40 45 50

0.5255 0.5247
0.5715 0.5718
0.7362 0.7367
1.088  1.090
0.2211 0.2211

0.5247 0.5246
0.5714 0.5722
0.7371 0.7368
1.089  1.091
0.2210 0.2212

a (nm) (+0.0001)  0.6136 0.5246 0.5253
b (nm) (& 0.0001) 0.5730 0.5719
¢ (nm) (+ 0.0001) 1.1400 0.7382 0.7363
bja 1092 1.089

V (nmd) (+ 0.0004)  0.3720 0.2219 0.2212

“Hexagonal lattice, Z = 6.
Biphasic region.

paragraph. All the patterns were indexed as orthorhombic
perovskites with S.G. Pbnm

Figures 2A-2C show the variation of the lattice para-
meters calculated from the XRD patterns of the solid solu-
tions corresponding to the different modifying cations. Only
lattice parameters of the perovskite-type phases are dis-
played, even for the two-phase region. c/\/2 is represented in
place of the ¢ parameter. It can be seen that the cation
amount, which induces phase transition from hexagonal
type to perovskite type, varies for each cation. Thus, < 20
at.% of Ni?*, <25 at.% of Co?*, and <30 at.% of
Cu?™ are the approximate contents from what the phase
transition takes place. Below these contents, two-phase re-
gions are observed in which a majority YMnO; phase
coexists with minority amounts of a perovskite-type phase.
Above 50 at.% of Ni** and of Cu®”, the perovskite phase
coexists with Y,O3 and with Y,O3 + Y,Cu,Os, respective-
ly. On the other hand, the range of solid solution for the
Co-containing system is extended at least up to 70 at.% of
Co. The perovskite structures are orthorhombic O-type,
with a < c/\/ 2 < b in the systems containing Ni and Co,
whereas it is of the O'-type, with c/\/2 < a < b in the case of
the Cu-containing solid solutions, such as is seen in the
figures. Tables 1-3 show these measured lattice parameter
values, along with the corresponding orthorhombicity fac-
tor, b/a, and the unit cell volume. Lattice parameters and
unit cell volume of the YMnO; phase are also shown.

Such as is seen in Fig. 3, in all the systems the increase of
the modifying cation leads to a decrease of the perovskite
unit cell. This decrease is more pronounced when the ionic
radius of the cation decreases.

Figure 4 depicts the tolerance factor, t, vs the cation
content for all the systems. For comparison, the curve
corresponding to the (Y,Ca)MnOj; solid solution is also
represented. Figure 5 shows the a, b, and ¢ lattice para-
meters as a function of the ionic radius of the different
cations for the intermediate 33/67 Me/Mn ratio composi-
tions.

As can be seen, the lower amount necessary to induce
a phase transition from a hexagonal-type to a perovskite-
type structure corresponds to the Ni?* cation, in spite of
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TABLE 2
Lattice Parameters of the Solid Solutions Y(Ni,Mn,_,)O;

At. % Ni 04 10° 20 30 33 40 45 50
a (nm) (£ 0.0001) 0.6136 0.5243 0.5243 0.5241 0.5239 0.5229 0.5223 0.5221
b (nm) (4 0.0001) 0.5677 0.5651 0.5638 0.5641 0.5656 0.5666 0.5667
¢ (nm) (£ 0.0001) 1.1400 0.7443 0.7460 0.7452 0.7449 0.7427 0.7414 0.7412
b/a 1.083 1.078 1.076 1.077 1.082 1.085 1.086
V (nm?) 0.3720 0.2215 0.2211 0.2202 0.2202 0.2196 0.2194 0.2193
(+ 0.0004)

“Hexagonal lattice, Z = 6.
"Biphasic region

the higher tolerance factor that shows the solid solution
Y(Co,Mn)O; for all the compositions with the same content
of the modifying cation. On the other hand, Cu-containing
solid solutions are those that need the higher amount of
modifying cation to attain a single-phase perovskite struc-
ture. The reasons for these behaviors can be based on the
following features of each cation: The Cu?* cation is
a Jahn-Teller-type cation, such as the Mn®*. If it is sup-
posed that the Jahn-Teller effect is the main cause of the
hexagonal distortion, the number of Jahn-Teller cations
that disappear for each Cu cation substituting to a Mn
cation is lower than that of the other systems. Therefore,
a higher amount of Cu will be necessary to induce the phase
transition. On the other hand, even in the perovskite-type
structure, a relatively higher number of Jahn-Teller cations
remains on the lattice, with respect to that of the Ni- and
Co-containing systems. Therefore, it can be considered that
a relatively high cooperation distortion effect still acts on
the crystalline lattice. This could be the explanation for the
appearance of the O'-type orthorhombic perovskite in the
solid solution Y(Cu,Mn)O; because this O' phase is the
most distorted perovskite-type one. The high value of the
orthorhombicity coefficient b/a measured on these solid
solutions and the small decrease of the cell volume corrob-
orates this hypothesis.

The system Y(Co,Mn)O; shows a wider range of solid
solution. This is extended at least up to 70 at.% of Co
content, such as what has been observed in the present
study. The compositions above 50 at.% of Co are more
sensitive to the synthesis and sintering processes than those
with Co content below 50 at.% Co. The Co cation shows
two stable valence states, + 2 and + 3. Therefore, the
following cation configuration can be postulated

Y [Coi  Mn7’ Co3/ 1]0; [1]
when x > 0.5. Actually, the presence of Co®™ cation in the
solid solution could be extended to the compositions with
x < 0.5, and it would be a function of the thermal story of
the solid solutions. This hypothesis can be the reason for the
higher value of the Co content to attain a perovskite-type
solid solution when compared to the Ni-containing system
in spite of the higher tolerance factor that this Co-contain-
ing system shows. Thus, the presence of Co®* induces
a lower amount of Mn*" in the lattice and, therefore,
a higher content of Mn>®* remains in the compound. Conse-
quently, a higher amount of substituting cation will be
necessary to attain the same result than that corresponding
to the Ni system. The cell volume decreases at faster rate
than that of the Y(Cu,Mn)Oj; system, and the decrease is

TABLE 3
Lattice Parameters of the Solid Solution Y(Co,Mn,_,)O;

at.% Co 0 15 200 25 30 33 40 50 60 70
a (nm) 0.6136  0.5248 0.5247 0.5247 0.5245 0.5236 0.5245 0.5241 0.5229 0.5210
(£ 0.0001)

b 0.5678 0.5677 0.5677 0.5654 0.5640 0.5618 0.5594 0.5565 0.5536
(+ 0.0001)

¢ 11400  0.7452 0.7452 0.7452 0.7460 0.7468 0.7470 0.7468 0.7454 0.7424
(+ 0.0001)

bja 1.0819 1.0819 1.0819 1.0779 1.0771 1.0711 1.0673 1.0642 1.0626
V (nm?) 03720 02221 0.2220 0.2219 0.2212 0.2206 0.2201 0.2189 0.2169 0.2141
(+ 0.0004)

“Hexagonal lattice, Z = 6.
Biphasic region.
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FIG. 3. Variation of one-formula unit volume as a function of x for the
different substituting cations, Me: (A) Me = Cu; (O) Me = Ni; (O)
Me = Co; (@) YMnOj; phase (for Me = Cu,Co).

more pronounced when x > 0.50 and, according to [1], no
Mn?*" is present.

The Y(Ni,Mn)O; system shows an upper limit to the solid
solutions located like the Y(Cu,Mn)Oj; system at 50 at.% of
Ni. Above this amount, the presence of Y,O; phase is
observed in spite of the thermal treatment. On the other
hand, this system showed the lower limit of modifying
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0.850 |— / _

Tolerance Factor t
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At % substituting cation

FIG. 4. Concentration dependence of the tolerance factor, t:
Y(Cu,Mn)O; solid solution; (B) Y(Ni,Mn)O; solid solution; (C)
Y(Co,Mn)O; solid solution; (D) (Y,Ca)MnOj; solid solution.
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FIG. 5. Variation of lattice parameters vs ionic radius of modifying
cation for the YMe, 33Mng 67,03, Me = Cu, Ni, Co compositions.

cation needed to produce the phase transition hexagonal
type — perovskite type. The reason for this behavior can be
attributed to the high stability of the Ni** valence state,
which inhibits the possible formation of a cation configura-
tion such as that represented in the formula [1] for the
Co-containing system, and induces the formation of the
same amount of Mn** cation for each Ni** cation incorp-
orated in the lattice.

As seen in Fig. 4, the calculated t tolerance factor for all
the solid solutions, which increases when the ionic radius of
the substituting cation decreases, shows good correlation
with the orthorhombicity factor of those ones (Tables 1-3).
Higher t values correspond to solid solutions with a lower
b/a ratio. It is interesting to indicate that the t value of the
Cu-containing solid solutions with perovskite-type struc-
ture (which ranges from 0.837 to 0.839) is practically the
same corresponding to a hypothetical YMnO; double
oxide with perovskite-type structure (t = 0.835). The
Y(Cu,Mn)Oj; solid solution that shows such a low tolerance
factor presents also the most distorted perovskite structure,
ie, the O’-type orthorhombic structure, of the three
studied.

There is no significative difference between the tolerance
factors of the Cu- and Ni-containing solid solutions; how-
ever, the slope of the curve is higher for Ni compounds. On
the other hand, the Y(Ni,Mn)O; solid solution crystallizes
with O-type orthorhombic perovskite-type structure in the
whole range of existence of the monophasic field. The
Y(Co,Mn)O; solid solution shows similar behavior. Its t
factor is the highest of the three solid solution systems and
rises more rapidly with the modifying cation. Only the
O-type orthorhombic perovskite-type structure is observed,
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in a manner similar to the Ni-containing system, in the
whole range of solid solution, extended upto 70 at.% of Co.
Finally, it must be mentioned that the GAMnO; compound
has a O’-type structure, in spite of a t value of 0.85, which is
higher than those corresponding to all the studied solid
solutions with x = 0.30 for which the perovskite-type phase
has been formed in all the systems. That compound has,
obviously, 100 at.% of Mn>**, whereas the O-type perov-
skite structure compounds of the studied systems, such as
the YNi, ,Mng ¢Oj; solid solution, has t = 0.84, but a lower
amount of Mn®*, 60 at.%. This indicates that the most
important factor for inducing the phase transition of the
hexagonal- to perovskite-type structure is the disappear-
ance of the cooperative Jahn-Teller effect because of the
progressive transformation of Mn** — Mn*" induced by
the incorporation of a divalent cation on the B sites. The
steric factor plays a more secondary role since there exists
ternary compounds with perovskite-type structure and very
low t value in which the presence of Jahn-Teller-type ca-
tions, Mn3* + Cu?*,is < 70 at.%.

Figure 5 shows the variation of the lattice parameters of
the Y(Mey 33Mn, 67)O5 solid solution (Me = Cu?*, Ni*™,
and Co?") as a function of the ionic radius of each cation.
According to the variation of the lattice parameters, it could
suppose that the Co?* cation is in the low-spin (LS) state for
which the ionic radius is lower than that of Ni** and Cu?".
It can observed that the a and b lattice parameters decrease
slightly and more pronounced, respectively, with the ionic
radius, while the ¢ parameter increases when the ionic
radius decreases. Thus, it can be stated that the effect on the
B site of cations with decreasing ionic radius is similar to
that produced on the A site by cations with increasing ionic
radius.
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Electrical measurements have shown semiconducting
behavior for all the solid solutions with perovskite-type
structure. The conductivity mechanism is of a thermally
activated small polaron hopping. Figures 6-8 show Ar-
rhenius plots log ¢ T vs 1/T. Figures 9-11 depict the results
corresponding to the Seebeck coefficient measurements.

From the log ¢T vs 1/T curves one can see that the
systems with solid solution limits, i.c., with a high-stability
valence state, Cu?* and Ni?*, show an increase of conduct-
ivity up to x = 0.33 and after a decrease up to x = 0.50.
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FIG.8. LogaT vs 1/T for different compositions of the Y(Co,Mn)O;
solid solution.
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FIG. 9. Seebeck coefficient vs temperature for different compositions
of the Y(Cu,Mn)Oj; solid solution.

Moreover, one can also see, from the Seebeck curves, more
or less a remarkable change in the sign of charge carriers for
cation contents above 33 at.%. The reason for this behavior
could be attributed to the nature of the substituting cations.
The Ni?* and Cu?* seem not to contribute to the control-
led valence conduction mechanism because of the lack of
another valence state of both cations in the nearest neighbor
sites. Therefore, the only pairs contributing to the conduc-
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FIG. 10. Seebeck coefficient vs temperature for different compositions
of the Y(Ni,Mn)Oj; solid solution.
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FIG. 11. Seebeck coefficient vs temperature for different compositions
of the Y(Co,Mn)Oj; solid solution.

tion mechanism would be the Mn**-Mn*™ ones. It is easy
to see that these possible pairs are increasing up to an
amount of 33 at.% Me and 67 at.% Mn. A subsequent rise
in the Me percentage leads to a decrease of the possible
forming pairs; it is possible to form 0.30 pairs per formula
unit in the 30/70 composition. The number of pairs
grows up to 0.33 for 33/67 composition, whereas it is
possible to form only 0.2 in the 40/60 composition and 0.1
in the 45/55 one. This variation in the relative percentage
between the two Mn cations explains the existence of a max-
imum in the conductivity values for intermediate Ni, Cu
percentages. Besides that, the majority manganese cation
for x <033 is Mn®*" and therefore the charge carriers
are holes. For x > 0.33 the majority manganese cation
is Mn** and, consequently, the charge carriers are
electrons.

The behavior of the Co-containing solid solutions is
something different. Such as that exposed above, it is pos-
sible that a part of Co is in the valence state Co**, thus
contributing with the Co*" nearest neighbor to the charge
transport mechanism by holes. Therefore, no change in the
carrier sign would be appreciated. Nevertheless, the system
shows also a maximum in the conductivity value for the
same modifying cation content, x = 0.33.

4. CONCLUSIONS

The incorporation in solid solution of small divalent
cations, Cu?*, Ni**, and Co?*, substituting for Mn in the
hexagonal YMnO; compound, leads to a phase transition
in which a perovskite-type structure is formed. The amount
of substituting cation necessary for such a transition
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depends on the cation nature and less on the ionic radius.
Cations with very stable (II) valence state, (Cu, Ni), show
an upper limit to solid solution formation, which has
been established at 50 at.%. When the cation is
Jahn-Teller type, Cu®”, the lower limit to the appearance
of perovskite-type solid solution is higher than that for the
other cations.

The phase transition depends strongly on the progressive
substitution of the Jahn-Teller Mn® " cation, and therefore
of the cooperative interaction weakness. The steric influence
plays a secondary role, as is shown by the very slow vari-
ation of the tolerance factor, t, as a function of the cation
content.

The solid solutions with perovskite-type structure show
semiconducting behaviors. The conductivity mechanism
is of a thermally activated small polaron hopping.
For a cation ratio of ~ 33/67 Me/Mn, Me = Cu,
Ni, a change of sign of the charge carriers has been observed.
This was not detected in the Co-containing solid
solutions.
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