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Abstract

Scanning electron microscopy (SEM), electron-probe microanalysis, energy- and wavelength-dispersive X-ray analysis and X-ray powder diffrac-
tion were used to investigate the subsolidus phase relations in the pseudo-ternary La,O;-TiO,—Mn,0; system in air (oxygen partial pressure
po, = 0.21 atm) at 1275°C. The addition of Mn,O; to the starting La;03:3TiO, mixture led to the formation of a La-deficient perovskite
La,;3TiO3 compound. The oxides form two new compounds with the proposed compositions: (i) La; 7 Ti;30Mng3035_,, with a davidite-like crystal
structure, and (ii) LasgTi;sMn;301,9. There were also several solid solutions existing over a wide range of concentrations.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Compounds in the RyO3-TiO, (R: La, Nd) system show
a good combination of dielectric properties, which makes
them potential candidates for various components in electronic
circuits.'™ Their properties can be improved even further by the
addition of small amounts of some oxides (or compounds) that
promote the formation of a perovskite-like Ry/3TiO3 compound
in these systems.>~’

It is known that the Ry3TiO3 compound is not stable in its
pure form due to the large number of vacant A sites in the crystal
structure;9 however, as little as 4mol% of LaAlOs can fully
stabilize the Lay;3TiO3 compound.S’8 Ceramics based on the
Lay/3TiO3-LaAlO3 system were reported to possess interesting
microwave dielectric properties with a high level of tunebility.®

In terms of chemical properties manganese closely resem-
bles aluminum. The similarity of the ionic radii of the two
elements (0.53 A for AI** and 0.645 A for Mn3* in an octahedral
coordination)'? could permit the formation of isostructural com-
pounds and a solid solution with similar dielectric properties.
The oxides LayO3 and TiO; are stable up to high temperatures,
>1300 °C; however, Mn;O3 transforms to tetragonal Mn3O4
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during heating in air at 970 °C, and this phase further trans-
forms into cubic Mn3O4 at 1170 °C, which is then stable up to
~1560°C.11:12

Two compounds, LaMnO34s and LayMnQOy4s, exist in the
Lay03-Mn,03 system.!3 Only the perovskite-type LaMnOs,s
compound is stable in air; however, the La,MnQO4.+s compound
forms in atmospheres with a low oxygen pressure at tempera-
tures higher than 1300 °C.'3 The phase diagram of the system
in air was constructed by van Roosmalen et al.'* The LaMnO3
compound has the narrow solid-solubility range of LayO3 and
Mn, O3, which is ~2 mol% of each oxide, at ~1300°C.!314

When sintering LaMnO3 at high temperatures some of the
Mn3* oxidizes into Mn**, resulting in the formation of defects on
the cation sites in equal amounts.!® Thus, the real composition is
Laj_Mn;_.O3, although the expression LaMnQO3_;s is usually
used in the literature. This perovskite structure allows a large
deviation from stoichiometry, with the § value depending on the
sintering temperature and the oxygen partial pressure.

Phase equilibria in the Mn—Ti—O system in air were studied by
Chufarov et al.'® It is evident from their phase diagram that the
Mn, 03 and TiO, form a Mn, Ti3_,O4 solid solution at 1300 °C
with a spinel crystal structure, where x varies from 3 to 2.48,
and an ilmenite-like MnTiO3 compound.

Phase relations in the LayO3-TiO, binary system are well
described.!”-18 The stable compounds are LasTigO74, Lay Tio O7,
LasTizO1, and La,TiOs.
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In this study we have established the subsolidus phase equi-
libria in the pseudo-ternary La;O3-TiO—Mn;0O3 system at
1275°C, where new ternary compounds and solid solutions
were identified. The proposed phase diagram represents a sec-
tion through the system for the normal oxygen pressure in air
at 1 atm, with the compositions being expressed in terms of the
oxide components that are stable at room temperature.

2. Experimental procedure

The samples were prepared by a conventional solid-state
reaction method from individual oxide powders: La;O3 (John-
son Matthey 99.9%), TiO, (Johnson Matthey 99.8%) and
Mn, O3 (Johnson Matthey 98%). The samples were first weighed
out in the different ratios. Due to the strong tendency of La; O3 to
form a hydroxide and a carbonate with the moisture and the CO,
in the air the oxide was routinely checked prior to weighing with
anignition-loss measurement at 1300 °C. The samples were fired
at least three times at 1275 °C for approximately 5 h, with inter-
mittent crushing, mixing and homogenization in order to achieve
equilibrium. The phases in the prepared samples were iden-
tified using X-ray powder diffractometry (XRD) (Model PW
1710, Netherlands Philips). The crystal-structure parameters for
the davidite-like compound were calculated using the program
TOPAS 2R. Polished cross-sections of the samples were exam-
ined by scanning electron microscopy (SEM) (Jeol JXA 840A,
Japan) and a quantitative analysis of the phases present was
performed with wavelength-dispersive spectroscopy (WDS) and
energy-dispersive spectroscopy (EDS) using TRACOR software
(Tracor Northern, Model NORAN Series II, USA). The WDS
analysis measurements were carried out on a PET crystal for
the spectral lines LaLal, TiKal, MnKal at 20kV, a 15-nA
electron beam current, and a 40° take-off angle. The ZAF matrix-
correction procedure was then used to quantify each element.
The standards used were La, TioO7 and Mn3O4. The capacitance
and dielectric losses were measured at 1 MHz with a Hewlett
Packard 4192A LF impedance analyzer in the temperature range
from —20 to 120 °C using Heraeus Voetsch chamber.

3. Results and discussion

Based on the firing experiments in air we constructed a phase
diagram of the pseudo-ternary LayO3-TiO;—Mn,O3 system in
air at 1275 °C (Fig. 1).

In this system the phase relations are shown as a projection
onto the LayO3-TiO>,—Mn,03 system for the sake of simplic-
ity. Thus, the systems TiO,—Mn;0O3 and La;O3-Mn,O3 are
presented as dashed lines.

In the pseudo-ternary system we identified a stabilized
Lay/3TiO3 compound, two new ternary compounds and several
solid solutions.

3.1. Ternary compounds in the La; O3—TiO2—Mn; O3 system

(1) The stabilization of an unstable perovskite Lay;3TiO3 com-
pound with the addition of LaMnO3 can be described by the

TiO, LTy U5 LT, LT, LT La,O4

Fig. 1. Pseudo-ternary subsolidus phase diagram of the LayO3-TiO,—Mn, 03
system in air, equilibrated at 1275 °C (L, Ty: LagTigOp4, LT3: Lay3TiO3, LT,:
LazTi207, L2T32 La4Ti3012 and LT: LazTiOS).

following reaction:
(1 —x)Lay/3TiO3 +xLaMnO3 — La4x)3Ti1—xMn,O3,
ey

where we assumed, based on ionic size, that the Mn enters
into the B sites and the La into the A sites in the per-
ovskite structure. Thus, for x =0, two phases were identified:
LasTigOy4 and LapTipO7 (Fig. 2, pattern a). Increasing
the x value (x=0.01) resulted in the appearance of a third
phase: stabilized Lay;3TiO3 (Eq. (1), Fig. 2, pattern b).
The amount of this phase increased with an increasing
x value. Fig. 3a shows a microstructure of the sample
with x=0.03, containing the Lay;3TiO3, LayTipO7 and
LasTigOy4 phases (Fig. 2, pattern c¢). The sample with the
composition x=0.06 was composed mainly of Lay/;3TiO3,
with a small amount of LayTioO7 phase (Fig. 2, pattern d).
However, the amount of Lay/3 TiO3 phase could be decreased
by further increasing the x values. Detailed EDS analy-
ses of the Lay;3TiO3 phase in different samples showed
that it was stable in a rather narrow concentration range,
0.04 <x <0.06.

(2) In the sample with x=0.10 a new phase was identified by
using SEM and XRD, and the Las TigO»4 phase disappeared
(Fig. 2, pattern e).

The proposed composition of the new phase, based on
WDS analyses, was Laj 7Ti13,0Mng 30353, (abbreviated as
LTM1). From its XRD pattern it could be concluded that the
compound is isostructural with the La;Ti 10.27Ga9,6303819
compound formed in the La;O3-TiO,—GayO3 system,
which exhibits a davidite-like crystal structure.?’ It can
be expected that a limited part of the Mn?* is reduced to
Mn2+, like with the isoctructural compound LaFes TigO19 21
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Fig. 2. XRD patterns of the samples prepared according to the scheme
(1 —x)Lap;3TiO3 —xLaMnOs3 (x=0, 0.01, 0.03, 0.06, 0.10 and 0.125). The sta-
bilized Lay/3TiO3 phase already appears in the sample with the composition
x=0.01, and at the composition x =0.06 the sample contains a perovskite phase
and a small amount of the La,;TiO7 phase. At the composition x=0.10 the
weak peaks of the LTM1 phase appear and at x=0.125 these peaks became
more intense.

The compound LTM1 crystallizes in a rhombohedral struc-
ture (space group R-3) with the refined unit-cell parameters
a=9.288(1) A, =68.48(1)° and V=667.92(5) A>.

(3) The composition of the second new compound was deter-
mined by WDS and XRD analyses of many samples that
were prepared in the Lay O3-rich part of the system and was
50mol% Lay03, 36.7 mol%TiO, and 13.3 mol% Mn,0s3,
corresponding to the formula Las9Ti;gMni30129 (labeled
as LTM2). This composition lies on the LaMnO3—La, TiO5
tie line.

A detailed crystal-structure determination of both com-
pounds with Rietweld refinements is the subject of a further
investigation.

3.2. Solid solution in the TiO2—Mn; O3 system

Experimental results confirmed the formation of the
Mn,Ti3_,O4 solid solution in the concentration range
3 <x<=2.5 (point $3 in Fig. 1), which agrees well with the
literature data.!®

3.3. Solid solution based on LaMnQO3

According to our XRD results ~2 mol% La; O3 and &2 mol%
Mn, O3 can be dissolved in the LaMnO3, which agrees well with
the reported data.'*

The perovskites LaMnOs3 and Lay/3TiO3 form a solid solution
over a wide concentration range. The incorporation of LayO3
and TiO; in the molar ratio 1:3 (corresponding to the Lay/3TiO3
compound) in LaMnOj3 can be described with the following
simplified expression:

(I —x)LaMnOs3 + xLay/3TiO3 — Laj_,/3Mn;_,Ti, O3, (2)

where x varies from 0 to 0.663 [LaMnOs(ss)], correspond-
ing to the formula Lag779Mng337Tige6303. This saturated
LaMnOs3(ss) contains up to =54 mol% TiO» (point S2 in Fig. 1).
The actual composition of the LaMnO3(ss) may have deviated
slightly from the proposed one because the La:Mn ratio in the
starting LaMnO3 was not 1:1, but 0.96:1.04.

The LaMnOs is connected with the tie lines to the other lan-
thanum titanates: La>Ti;O7, LagTi3O;, and LayTiOs. The tie
lines are pointed at LaMnOj3 with 2 mol% dissolved LayO3. This
composition of the LaMnO3; with La:Mn = 1.04:0.96 dissolves:

(1) LayTi2O7, up to =24.6 mol% TiO,.
(2) LagTi3Oq2, up to ~12.9 mol% TiO,.
(3) LayTiOs, up to ~10.7 mol% TiO;.

The solid solutions LaMnO3—Lajy/3TiO3 on the one side and
LaMnO3-La;TioO7 and LaMnO3—LayTizO1, on the other, cir-
cumscribe a single-phase area based on LaMnO3, labeled as
SP1, which is marked with a grey color in the phase diagram in
Fig. 1.

3.4. Solid solutions based on the lanthanum titanates

The Ilanthanum titanates (La4TigOy4, LapTip;O7 and
LasTiz012) dissolve Mn, O3 together with LayO3 and/or TiO5:

(1) LagTigOy4 dissolves the LTM1 compound up to 22 mol%
Mn,03.
(2) La,Ti» Oy dissolves—the LTM1 compound up to 22 mol%
Mn;03,
- MnTiO3 up to ~3 mol% Mn;03,
- the Mn,Tiz_,O4 solid solution with the TiO;-saturated
composition ($3, x~2.5), up to &3 mol% Mn;, 03,
- the LaMnO3 (La:Mn=1.04:0.96) up to =10mol%
Mn203.

Thus, the Lay Ti» O7 forms a single-phase area, labeled as SP2
and marked with a grey color in the phase diagram (Fig. 1).

(3) La4TizOq; dissolves LaMnOs3 (with La:Mn = 1.04:0.96) up
to 26 mol% Mn,Os3. The solid solubility of the LaMnO3 in
the La; TiOs5 was not confirmed.
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3.5. Description of the phase relations

A large two-phase field predominates in the MnyO3-rich
corner of the system. The phases in equilibrium at 1275°C
are the spinel-like Mn, Tiz_,O4 solid solution, where the tita-
nia content varies up to ~30mol% TiO, (point S3) and
LaMnO3(ss) along the whole region of Lay/3TiO3 solid solubil-
ity (up to point S2). The co-nodes that connect the equilibrium
compositions from both phases were confirmed by WDS
analyses of the phases in the microstructures of several sam-
ples.

The locations of the co-nodes in the two-phase area, where
the phases are La;Ti» O7(ss) and LaMnOj3(ss) in the range from
S1 to S2, were also determined with WDS analyses because the
samples prepared in this area were successfully sintered and
detailed microstructural analyses were performed.

On the basis of the XRD and the microanalyses (EDS and
WDS) of the samples prepared in this system in air, the following
tie lines were confirmed:

Table 1
Dielectric properties of the ceramics based on (1 —x)Lay;3TiO3 — xLaMnOs,
sintered at 1275 °C

xin (1 —x)LT3 —xLM £20°C tan 8 x 10* i [ppm/K]
0.0 47 <1 —89
0.02 52.6 9 —118
0.025 55.6 13 —110
0.03 57.4 27 —70
0.035 61.1 44 —42
0.04 62.8 50 —17
0.045 66.8 48 -26
0.05 66.2 55 —53
0.055 73.0 30 -72
0.06 73.7 37 —53
0.07 73.5 26 —58
0.10 60.0 30 40

The measurements were performed at a frequency of 1 MHz and at room tem-
perature. LT3: Lay3TiO3, LM: LaMnOs.

Fig. 3. SEM micrographs of the polished cross-sections of selected samples prepared in the system LayO3-TiO,-Mn,O3:
(a) The sample with the composition 0.97Lay3TiO3—0.03LaMnO3 contains a bright phase, La; TioO7(ss); a grey phase, Lay;3TiO3; and a dark phase, LagTigOo4.
(b) The sample with the starting composition 25 mol% La;03:71 mol% TiO;:4 mol% Mn, O3, is composed of a bright phase, La; Tip O7(ss); a grey phase, Lay3 TiO3;

and a dark phase, LTM1.

(c) The sample with the starting composition 12 mol% La;03:65 mol% TiO,:23 mol% Mn, 03, is composed of a bright phase, La;Ti»O7(ss); and a dark phase,

LTMI.

(d) The sample with the starting composition 15 mol% La;03:55 mol% TiO,:30 mol% Mn, O3, is composed of a bright phase, La,; Ti»O7(ss); a grey phase, MnTiO3;

and a dark phase, Mn, Ti3_,O4(ss).
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- The LTM1 compound is in equilibrium with TiO,, MnTiOs3,
LagTigOp4(ss), Lay/3TiO3 and Lay Tio O7(ss). The microstruc-
ture of the sample containing the LTM 1 phase coexisting with
Lay/3TiO3 and La; Ti;O7 is presented in Fig. 3b,

- the stabilized Lay;3TiO3 compound is in equilibrium with
LayTigOy4, LTM1 and La,Ti O,

- the La;TipO7 is connected with tie lines to Lay/3TiO3, LTM1,
MnTiO3, Mn,Tiz_,O4(ss) and LaMnOs(ss). Fig. 3¢ shows
the two-phase microstructure of the sample that is composed
of LayTipO7(ss) and MnTiO3, and Fig. 3d shows the three-
phase microstructure of the sample containing Lay TioO7(ss),
MnTiO3 and Mn, Tiz_,O4(ss),

- the LayTizOqp coexists with LarTirO7(ss), LaMnO3(ss),
La;TiOs and LTM2,

- the LTM2 compound is in equilibrium with LaMnO3(ss),
LayTizOq2(ss), LayTiOs and LayO3.

3.6. Dielectric properties

The dielectric properties of the (1 — x)Lay;3TiO3—xLaMnOj3
compositions in the composition range 0.0 <x <0.1 are shown
in Table 1 (measured at 1 MHz). The permittivity (g) of the
analyzed ceramics increases with the increasing amount of the
stabilized Lay;3TiO3 phase in the samples; it reaches a maxi-
mum value ¢ & 73 at x=0.06, after which it decreases for larger
LaMnOj3 additions.

The dielectric losses (tan §) of the samples with the compo-
sition 0.02 <x <0.10 increase up to the composition x=0.05
and then decrease with a further increase in the LaMnO3 addi-
tions. The dielectric losses are rather high, compared to those in
the system Lay; O3-TiO2—Gay03. 19 Tt seems that such behaviour
is associated with the amount of Mn-stabilized Lay;3TiO3
phase in the samples. In this phase with the proposed formula
La+x3Ti1—xMn,O3 (Eq. (1)) a limited part of the manganese
in the B sites of the perovskite structure may be ionized to Mn**
ions, resulting in the formation of free electrons. The ionization
can be described by the following expression (Kroeger—Vink
notation is used):

(Mnr))" — (Mngy)* +n' 3

Such an ionization, where charge carriers are generated, may
explain the large dielectric losses. The same oxidation process
of Mn3* into Mn** also takes place during the sintering, like
with LaMnO34.4.13

The temperature coefficient of the dielectric constant (ty) is
given for the temperature region from 20 to 80 °C. In this range
the tyx shows a linear temperature dependence.

4. Conclusions

The subsolidus phase relations in the pseudo-ternary
La;03-TiO2,—Mn, 03 system in air at 1275 °C were determined.
The addition of a small amount of LaMnOj3 to La;03:3TiO,
resulted in the stabilization of a perovskite Lay;3TiO3 com-
pound with the formula La4,)3Tij—xMn,O3. This compound
is stable within a narrow concentration range 0.04 <x <0.06.

Additionally, two new compounds were identified in the system:
(i) La; 7Ti13,0Mng 3033_y, with a davidite-like crystal structure,
and (ii) La49TilgMn130129. La2/3TiO3, LazTi207, L34Ti3012
and LaTiOs dissolve in LaMnOj3 and form a single-phase area
based on LaMnOs(ss) in an extended concentration range. Sim-
ilarly, LayTipO7 dissolves LaMnO3 and LTM1, resulting in a
single-phase area based on La;TizO7(ss). Some limited solid
solubility of LaMnOj3 in Lag Ti3O12 and LTM1 in Las TigOy4 was
also confirmed in the system. The dielectric measurements of the
compositions containing the stabilized Lay/3 TiO3 phase revealed
that the properties depended on the amount of Lay/3TiO3 in the
samples. The highest room-temperature permittivity (¢ =73.7)
was exhibited by the nearly single-phase Laj;3TiO3-based
ceramic, with a temperature coefficient 7y=—55 ppm/°C and
a dielectric loss tan § =37 x 10™%, at 1 MHz.
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