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Abstract:

Structure and magnetic features of nanostructured materials with general formula
Ca; . Y,\MnO; (x = 0; 0.1; 0.2; 0.3) were investigated. Goldschmidt tolerance factor, G, and
global instability index, GII were calculated for Ca;.Y.MnO; (x =0, 0.25, 0.5, 0.75, 1) using
the software SPuDS (Structure Prediction Diagnostic Software). According to these two
parameters possibility of forming perovskite structure type for Ca;.Y.MnQOj solid solution
was analysed.

Substitution of Y'* for Ca’* provokes reduction of equivalent amount Mn*" into Mn’",
the presence of which is a reason for many interesting magnetic, transport and structural
features of doped CaMnQs;. Crystal structure refinement was carried out using Rietveld
analysis. Ca;.Y,MnO; (x = 0; 0.1; 0.2; 0.3) has an orthorombic, Pnma space group that,
according to Glazer’s classification belongs to a'b'a’ tilt system. Influence of Y amount on
Mn—O bond angles and distances, tilting of MnQOys octahedra around all three axes and
octahedra deformation were analysed. Bond valence calculations (BVC) were performed to
determine Mn valence state. Using EPR (electron paramagnetic resonance) magnetic
measurements were performed and magnetic properties of solid solutions, orthorombicity
degree of unit cell, as well as Mn*"/Mn’" cations ratio in position B were analysed.
Microstructure size-strain analysis was performed and these results are in nanometric range
which is confirmed by TEM images.

Keywords: Nanostructured materials, Rietveld analysis, BVC calculations, Magnetic
properties.

Introduction

The doped manganites with general formula A, RE:MnQ;, where RE is a trivalent
rare earth ion, have attracted great interest because many of these materials exhibit colossal
magnetoresistance phenomena [1] and acceptable levels of electrical conductivity for cathode
materials used for solid oxide fuel cells operation [2].

Ca; Y MnO; has a perovskite structure type that is very frequent in solid-state inorganic
chemistry. The ideal perovskite structure for oxides has ABOj; stoichiometry and is composed
of a three-dimensional framework of corner-sharing BOs octahedra [3]. Athough the ideal
perovskite structure is cubic, the small ionic radius of the Y (table 1) compared with the voids
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between the octahedra will result in a cooperative tilting of the corner shared octahedra such
that structure distorts to orthorombic Pnma symmetry [4]. There are different ways in which
the octahedra can tilt, each leading to a different coordination environment for the A4 site
cation.

A standard notation of octahedral tilting has been developed to describe octahedral
tilting by Glazer (1972) [5]. According to Glazer S. G. Pnma belongs to a’b’a octahedra tilt
system. This symbol indicates that rotations about axes a and c are for the same angle and
rotation magnitude about axis b differs. A positive superscript would denote the neighboring
octahedra tilt in the same direction (in phase) and a negative superscript implies the
neighboring octahedra tilt in the oposite direction (out of phase).

In order to estimate the theoretical stability of the perovskite structure, Goldschmidt
tolerance factors, G, and global instability indices, GII were calculated for Ca;YMnOj solid
solution, using the software SPuDS (Structure Prediction Diagnostic Software). In an ideal

cubic perovskite, the ionic radii, 7, (i = 4, B, O), satisfy the relation: 74 7o = V2(ry +7,). The
Goldschmidt tolerance factor for perovskites is, hence, defined by:
r,+r
G’ — A o
Ay +1,) (1)

When the radii of the A and B site cations fulfil the requirements of the Goldschmidt
tolerance factor, G, = 1, the perovskite will be stable and have a cubic symmetry [6].
According to [7] the perovskite structure may form in oxides for which 0.89 < G, < 1.02.
Cation enters into position that results in G, closer to 1.

It is expected from the tolerance factors that small rare earth (RE) ions with
r(RE3+ )S 0.87 A will occupy the B site, and large RE with r(RE3+ )2 0.94 A will occupy the 4

site, while intermediate RE with0.87 < r(RE3+)S 0.94 A will occupy both sites with different
partitioning for each ion (Fig. 1).
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Fig. 1. The tolerance factors #, and #5 for substitution of trivalent ions on the A and B sites as
a function of the ionic radius [8].

The overall structure stability is determined by comparing the calculated bond-valence
sums with the ideal formal valences [3]. This parameter is refered to as the global instability
index (GII) and is calculated according to:
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The variables involved in (2) are(d;) the deviation from the valence sum rule, and N,
which is the number of the atoms in the asymmetric unit. In the bond valence model the
empirical correlation of equation (3) is used to determine the bond valence, s;;, of a chemical
bond from its lenght, R;;:

R,-R,
Sl.j = €Xp| B (3)

where B = 0.37 and Ry is the lenght of a bond of unit valence. The values of R, for most of the
common bonds are tabulated in reference [9] and values of R, used in the present work for
calculating the valence of the bond between Mn and O are listed in tab. 1.

Magnetic characterization was performed using electron paramagnetic resonance
(EPR). Because of nonmagnetic character of Y, EPR is an appropriate tehnique for this study.

Tab. 1. The ionic radii and R, values used in this work for the bond between a cation and
oxygen and the deviation, d;, from the valence sum rule (equation 2) of the ion in the ideal
perovskite structure.

A(XI) B(VI) X()VI
Ions Ca? v Mn* Mn .
(0]
Tonic radii[A]
1.34 1.19 0.53 0.645 1.40
[12]
Rg 1.967 2.019 1.753 1.760
d;[13] 0.733 1.542 0 0

Experimental procedure

We calculated Gt and GII using the software SPuDS and analysed the possibility of
existence of perovskite structure type for projected nominal compositions. Samples were
synthesized using modified glycine-nitrate procedure (MGNP) [10]. This method was used
for synthesis of undoped (CM) and 10 (CY1M), 20 (CY2M) and 30 (CY3M) % Y doped
nanopowders of CaMnQO;. We used nitrates of Ca and Y in the form of solutions, and Mn
acetate and glycine in the form as received. The reactants were heated on a hot plate up to
540 °C, until the evolution of the smoke terminated. The obtained ashes were afterwards
calcined at 800 °C for 2 hours. Phase analysis of the synthesized powders was done by X-ray
powder diffraction (XRPD) on a SiemensD500 diffractometer with a Ni filter using Cug,
radiation and the step-scan mode (26 range: 4 - 90°). To derive the relevant structural
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parameters, the experimental data for Rietveld refinement were taken afterwards in the
angular range 20 — 90 °20, with a step width of 0.025 °26 and 5 s per step. Structural analysis
was carried out using Rietveld refinement and the program FullProf [11]. EPR measurements
were performed on the CM calcined at 1100 °C, CY2M and CY3M samples using a Varian E-
line spectrometer operating at a nominal frequency of 9.5 GHz. TEM was carried out by using
a JEOL JEM 2010 200 kV microscope.

Results and discussion

Using SpuDS we calculated G; and global instability index GII, for all members of the
investigated solid solution. For cations in position A of the perovskite structure (Ca®" and Y**)
the program considers ionic radii for C. N. 12, and for cations in position B of investigated
structure type (Mn*" and Mn®") octahedral enviroment. All these values, together with Ry i d;
that are neccesary for calculating GII, are given in table I.

SPuDS can calculate G,and GII for 0, 25, 33, 50, 67, 75 1 100 mass. % Y. Graphical
representation of G, and GII as a function of Y content is given in Fig. 2. The calculated
values for our nominal compositions were obtained using interpolation procedure (table II).
Obtained values for G,and GII satisfy conditions for existence of perovskite structure type for
all synthesized oxides. Since the calculated G, is smaller than 1 it will result in deformation of
ideal cubic cell. G, for CaMnOQ; is closest to 1 and has the lowest GII indicating that this
perovskite structure is less distorted and distortion increases with entering Y in the structure.
CaMnOs is orthorombic, S. G. Pnma [14, 15]. The small ionic radius of Y** results in a small
value of the tolerance factor leading to instability of the perovskite structure. Calculated value
of G, for YMnO; is 0.88, and that is out of range for existence of perovskite structure type for
oxides. At atmospheric pressure YMnO; crystallizes in hexagonal structure and upon
annealing under high pressures can be converted to its orthorombic phase [16]. Both
structures are nonperovskite. Y doped CaMnOj is orthorombic [17, 18, 19], and as a result of
Y doping G; decreases up to the limit value for the existence of perovskite structure type. The
structure can tolerate Y in CaMnOj; until 0.75 mass. % in the position 4. Higher
concentrations of Y provoke segregation of YMnOs;. GII increases with the Y content
increase. This indicates an increase of the structure instability as a consequence of the
presence of cations with different size and valence.
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Fig. 2. Y content versus G,and GII.
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Tab. II. Calculated values of G,and GI! for synthesized (*) perovskite phases and end
members.

Composition G GII
CaMnO;' 0.97 0.15
CagsY0,MnO 0.96 0.25
CagsY,MnO 0.95 0.36
Cay Yo ;MnO 095 " 0.45
YMnOj; 0.88 0.89

Rietveld refinement revealed that all perovskite phases are orthorombic with space
group Pnma. The best fits between calculated and observed X-ray diffraction patterns for
investigated samples are given in Fig 3. All allowed Bragg reflections are shown by vertical
bars. By inspecting difference between the experimental and calculated profiles, good
agreement can be observed. Correctness of the fit can be monitored by the reliability (R)
factors that are given as inset and also indicate high reliability of the refinement results.
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Fig. 3. Rietveld diagram for a) CM; b) CY1M; ¢) CY2M and d) CY3M sample.

Quantitative phase analysis revealed that besides perovskite phase CM sample
contains 26.9(3) mass % of Ca,Mn;0g, CY1M contains 8,6(2) mass % of Ca,Mn;0g and
CY2M and CY3M contain only perovskite phase (Fig. 3). Crystallographic data and results of
Rietveld refinement for investigated samples are given in tab. III.
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Tab. III. Unit cell parameters, unit cell volume and atomic positions for investigated

samples.
CM CYIM CY2M CY3M
a 5.2819(6) 5.3067(3) 5.2955(7) 5.3213(9)
b 7.4600(5) 7.4725(7) 7.5217(5) 7.4675(6)
¢ 5.2778(6) 5.2813(4) 5.2804(6) 5.3075(8)
4 207.96(4) 209.42(3) 210.33(4) 210.91(5)
Ca
x 0.027(1) 0.0308(8) 0.0332(8) 0.0392(9)
y 0.25 0.25 0.25 0.25
z -0.026(1) -0.017(1) -0.011(2) -0.015(2)
Mn
x 0 0 0 0
y 0 0 0 0
o 0.5 0.5 0.5 0.5
o1
x 0.497(3) 0.489(3) 0.420(3) 0.467(5)
y 0.25 0.25 0.25 0.25
z 0.023(4) 0.045(3) 0.122(3) 0.127(5)

The differences in unit cell parameters and consequently in unit cell volume are the
result of the different amount of Y in each of these phases. Ionic radius of Y** is smaller than
Ca’’ (table I). As a result of entering Y in the structure, a decrease of unit cell volume may be
expected. But this is not the case, since doping with Y>* provokes reduction of equivalent
amount of Mn*" to Mn’" with larger ionic radius. So, the increase in unit cell volume is a
consequence of reduction of Mn*" to Mn®",

The large cations, Ca and Y occupy the 4c (x, %, z) position and the oxygen atoms are
in two non-equivalent positions: O(1) at 4c (x, Y4, z) and O(2) at 84 (x,y,z). Refined
coordinates are given in table III.

As results of Rietveld refinement interatomic distances and angles are obtained. Mn—
O distances and angles were followed in order to analyse influence of Y on octahedra tilting
magnitude. Tab. IV contains characteristic distances and angles between Mn, Ol and O2
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atoms. Average values of interatomic distances Mn—O change with Y amount in the structure,
and has the highest value in CY3M sample, where the content of Y is largest.

Tab. IV. Interatomic distances and bond angles for investigated samples (" Values in brackets
are a measure of the degree of anisotropy).

Perovskite CM CY1M CY2M CY3M
<Mn-O> 1.921 1.919 1.915 1.934
Mn_O % 1.801(1) 1.788(1) 1.711(2) 1.674(1)

2 2.093(1) 2.084(1) 2.086(2) 2.141(1)
2 1.869(2) 1.884(2) 1.949(1) 1.992(1)
02-Mn-02 87.47 88.50 88.69 88.11
Mn-O1-Mn 172.41 165.11 149.44 139.21
Mn—0O2-Mn 146.96 150.35 159.89 160.04
Mn (BVC) 4.04 4.23 4.23
Microcrystalline
237.5(2)" 477.409)" 336.3(3)" 289.2(3)"
size [A]
Microstrain
1.612 2.519 2.387 2.744
(x107)

Octahedra nets for all investigated samples are given in Fig. 4. Changes in angle
values represent structural changes as a result of octahedral tilting. In ideal cubic structure
Mn-O1-Mn and Mn—0O2-Mn angles are 180°. As a result of octahedra tilting around all three
axes in S. G. Pnma, these values are different. Mn—O1-Mn angle represents tilting around
axis b and for investigated samples is the nearest to this value for CaMnQO; in CM sample
(table IV). With the increase of Y amount in the structure it differs more and more from 180°
as a consequence of increased octahedra tilting magnitude. Magnitude of the octahedra tilting
has the largest value in the CY3M sample, where the Y content is largest. Mn—O2—Mn angle
represents octahedra tilting around axes a and c. Angle (magnitude of octahedra tilting) is the
same around each of them, according to a’b'a’ tilt system.
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c

d

Fig. 4. Octahedra net for perovskite phase in a) CM; b) CY1M; ¢) CY2M and d) CY3M
sample.

The influence of dopant concentration on octahedra deformations was analyzed.
Interatomic distances Mn—O inside octahedra for all the investigated samples are shown in
Fig. 5. First two bars are for interatomic Mn—O2 distance in the ac plane and here lies the
longest and the shortest bond. The third bar represents Mn—O1 bond distance, in b axes
direction, where the intermediate bond lies. Mn—O distances are direction dependent what
results in octahedral deformation. The distortion of the octahedra is defined in the way that
the deviation of the Mn—O (d,,) distances with respect to the average <Mn—O> (<d,>) value is
quantified [20]:

a=(/6)Y, ., ld, ~@)ay?] (4)

The values of 4 are given in Fig. 5 above each bar. The difference between the longest
and the shortest distance increases with the increase of Y and Mn’" content in the structure.
CaMnOj; also shows octahedral deformation phenomenon, and this indicates that there is
some amount of the Mn®" in the structure and some amount of oxygen vacancies as well. This
indicates that it should be better to observe CaMnO; as nonstoichiometric phase CaMnOs_5
[21]. According to [20] the distortion of the octahedral parameter appears in the Ca; Y MnOs
system only for Y > 0.5. Octahedra deformation indicates the presence of this phenomenon
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for smaller concentrations of Y, and reason for this may lie in the existence of oxygen
vacancies that also may provoke reduction of Mn** to Mn®".
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Fig. 5. Interatomic distance Mn—O for investigated samples.

Bond valence calculations resulted in Mn valence state that is higher than expected
(Tab. IV). The presence of Mn®* in CY1M, CY2M, CY3M perovskite phase should decrease
the valence state of Mn. The valence state of Mn obtained from BVC calculations is often
higher than nominal value and reason for this is strong Mn—O bond [22].

The EPR spectrum for all the samples consists of a single line with a g-factor close to
2 (Tab. V). Fig. 6 shows the EPR line at room temperature for different concentrations of Y,
for the CM, CY2M and CY3M samples. The CM sample is fired at 1100 °C in order to
provoke phase transition of Ca,Mn;Og into CaMnQOs;. Measured peak-to-peak line width is

given also in Table V.

Tab. V. EPR line width and g factors.

Sample CM CY2M CY3M
Line width (G) 1460 £100 1980 + 100 2130 + 100
g factor 1.982 1.997 2.000
Mn ions Mn*" (3d*) | Mn*" (3d*) Mn*"(3d% Mn*" (3d*) Mn** (3d*)

A continuous increase of the line width with increasing Y content is found. It seems
that the origin of the EPR line widening can be searched in the crystal structure deformation.
The increase of Y content in the samples leads to the increase of Mn®" ion concentration and
to the progressive octahedra distortion in the crystal lattice.
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Fig. 6. EPR spectra for investigated samples.

XRPD line-broadening analysis was performed using the Rietveld method in
conjunction with Warren-Averbach procedure in order to get crystallite size and lattice micro
strain parameters. In the present approach the grain size broadening was represented by a
Lorentzian function, and micro strain broadening by a Gaussian function. Obtained crystallite
sizes are in nanometric range with crystallites of about 200-500 A and microstrain increases
with increasing Y amount (Table IV). TEM images of CY1IM and CY2M samples in Fig. 7
confirm these results.

Fig. 7. TEM image of CY1M (a) and CY2M (b) sample.
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Conclusions

The software SpuDS has been developed for predicting the structures of perovskite
compounds and predicted structures can serve as the starting point for Rietveld refinements in
the course of structural characterization of new materials. Calculating of G, and GII can help
in studying possibility of forming perovskite structure type. It also indicates the distortion
from ideal cubic structure.

Influence of Y concentration on Ca;,YMnO; (x =0, 0.1, 0.2, 0.3) was analysed. The
increase of unit cell volume with the increase of Y amount in the structure, ionic radius of
which is smaller than Ca, is an evidence for the presence of Mn’" in the structure. The
difference in Mn electronic state overcomes the difference between ionic radii of Y and Ca.
Higher content of Y*" and Mn®" in the structure increases octahedra tilting magnitude and
structure deformation. Deformation of octahedra in Ca, \YxMnO; (x =0, 0.1, 0.2, 0.3) points
out to the presence of some Mn*" in its structure.

The EPR line width broadening with increasing Y content can be understood in terms
of the progressive distortion of the crystalline structure. The EPR line width seems to be a
physical parameter that closely follows the cell distortion in Ca;YMnOs.

The obtained CY 1M and CY2M powders are in nanometric range, which is confirmed
by the microstructural as well as by TEM analysis.
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Caoporcaj: Hcnumuseana je cmpykmypa u machemue 0COOUHe HAHOCPYKMYPHUX
mamepujana ca onwmom ¢popmyrom Ca;,Y.MnO; (x=0; 0,1; 0,2; 0,3). Kopuwherem
xommnjymepckoe npoepama SPuDS (cogpmeep 3a npedsuhare cmpyxmype) uspauynamu cy
Tonowmumos axmop gaxmop monepanyuje, G, u enobanrnu unoexc necmadbuinocmu, GII.
Ha ocnosy oea 0sa napamempa ananuzupana je moeyhinocm gopmupawa neposcKkumckoz
muna cmpykmype 3a uepcmu pacmeop Ca;,.Y.MnOs. Yaaszax Y™ na mecmo Ca’" 00600u 0o
peoyKkyuje jeonake KoauuuHe Mn"* ¥y M, yuje npucycmeo je paszioz 3a nojagy MHO2Ux
UHMEPECAHMHUX MASHEeMHUX, MPAHCNOPMHUX U CIMPYKIMYPHUX O0COOUHA KOO OOnUpamoe
CaMnQO;. Cmpykmypa je ymaureena kopuuthervem Pumeendose ananuze. Ca;.,. Y -MnQOj (x=0;
0,1; 02; 03) xpucmanuwe y npocmopuoj epynu Pnma, koja npema [nejzeposoj
knacugpuxkayuju cnada y ab'a cucmem macumarea oxmaedapa. Amanusupan je ymuyaj
caopoicaja Y nHa yenoge u oyaxcune éeza Mn—0, nazurvarne MnOg okmaedapa oxo cee mpu oce
Kao u Ha depopmayujy okmaedapa. Jla bu ce uspauynano eaienmuo cmarwe Mn uspauyname
cy eanenye gesze. Kopuwherwem EIIP memode (enrexkmpoHcke napamacHemue pe3oHauye)
ypahena cy macHemHa Mmeperba U AHATUSUPAHE MASHEmMHe O0COOUHe H8pCmux pacmeopd,
cmenen opmopombuunocmu jedunuune henuje, kao u oonoc Mn*"/Mn’" kamjona y nonoscajy
5y cmpyxmypu nepoeckuma.Muxpocmpykmypha anaauza je Kao pesyamam Oana
HaHoMemapcKe OUMeH3Uje 8eIuyune KPUCAIuma u MUKpOHanpe3arba wmo je u nomephero
TEM muxpogpomozcpagpujama.

Kuwyune peuu: Hanocmpyxmypnu mamepujanu, Pumeendosa ananuza, Pauynaree eanenye
eesa, Maznemmne ocobune.




