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Abstract

The synthesis and crystal structure of Ce-doped CaMnO3 perovskite has been investigated. Two powders with nominal compositions

Ca0.5Ce0.5MnO3 and CaMn0.5Ce0.5O3 were prepared using a modified glycine/nitrate procedure. The possibility of incorporation of Ce ions in the

positions A and B of the perovskite structure was investigated by X-ray methods. Influence of Ce on unit cell volume of the perovskite compounds,

occupation numbers and distances between atoms were analyzed by Rietveld refinement. Microstructure size–strain analysis was performed, as

well. The results revealed that Ce entered both positions A and B in the structure.
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1. Introduction

Doped perovskite manganites, with a general formula of

Ax
2+Re1�x

3+Mnx
4+Mn1�x

3+Ox
2� (A: alkali earth element, Re:

rare earth element), have attracted considerable interest due to

their colossal magnetoresistance [1]. In Re-doped manganites,

Mn exists both as Mn3+ and Mn4+ in order to maintain the

charge neutrality of the compound. The dopant will either

occupy the A site, the B site, or both A and B sites (amphoteric)

of the perovskite, depending on the Re radius. Typically, the

larger Re atoms will occupy A sites, while the smaller cations

prefer the B sites.

The valence of dopants is influenced by the surroundings [2].

A site drives the rare earth towards lower valence, while B site

drives it towards higher valence. In cerium-doped manganites,

since Ce is a multivalent cation, it is possible for Ce3+ and Ce4+

species to coexist in the same compound, adding an extra

source of structural disorder. The partition is influenced by the

A/B ratio that is to some extent affected by oxygen partial

pressure.
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Today, the experimental data on cerium-doped manganites

available in the literature are limited and not conclusive in

various aspects. There are few studies about these compounds,

but none of the papers have taken the possibility of multiple

valence states of Ce into account. In particular, the question

about the valence state of Ce ions in these compounds is still an

open matter [3,4].

The Ce4+ as a dopant cation for CaMnO3 was chosen as its

size is fairly close to that of Ca2+. Each Ce4+ substituted for

Ca2+ can potentially donate two electrons into the conduction

band of insulating CaMnO3 [3]. For air-prepared samples, the

most stable valence state of cerium is expected to be 4+ [5].

Therefore, charge neutralization would require the formation of

Mn2+. On one hand, Mn2+ is much larger cation than Mn3+ and

Mn4+; on the other hand, Ce4+ is a much smaller ion then the

Ce3+. Both effects led to very low Goldschmidts tolerance

factor [6] whose value is 0.907 for cerium ions in the 4+ charge

state. This fact indicates that the cerium-doped structure is very

unstable and, as a consequence, CeO2 segregation could have

occurred.

However, a detailed crystal structure analysis shows that

even the samples prepared through the precipitation method

show a secondary phase which predominantly corresponds to

CeO2. For example, according to Ref. [5] if less than 0.6 wt.%

of cerium oxide is segregated, only 3.6% of cerium ions are out

of the perovskite compound. Although the reasons for CeO2

segregation in these samples are not well established, it may be

related to the presence of Ce4+ cations.
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Fig. 1. Results of Rietveld refinement of the samples: (a) Ca50 and (b) Mn50.
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Main goal of this work is to investigate the possibility to

form nanostructured solid solutions with nominal compositions

Ca0.5Ce0.5MnO3 and CaMn0.5Ce0.5O3 using a modified glycine/

nitrate procedure (MGNP) and to analyze more precisely their

crystal structures.

2. Experimental

Powders of nominal composition Ca0.5Ce0.5MnO3 (Ca50)

and CaMn0.5Ce0.5O3 (Mn50) were prepared using a modified

glycine/nitrate process. Aminoacetic acid (glycine) was used as

a fuel, while the metal-nitrate was an oxidant [7]. After

synthesis samples were calcined at 800 8C for 3 h.

The phases of samples were identified using X-ray powder

diffraction (XRPD) on a SiemensD500 diffractometer with

a Ni filter using Cu Ka radiation and the step-scan mode

(2u-range: 10–908). To derive the relevant structural

parameters, the experimental data for Rietveld refinement

were taken afterwards over an angular range 10–908 2u, with

a step width of 0.028 and 10 s/step. Structural analysis was

carried out using Rietveld refinement and the program

FullProf [8].

3. Results and discussion

XRPD analysis of the calcined powders revealed two-phase

compositions for the investigated samples. Ca50 sample

consists of two crystalline phases (perovskite and CeO2), as

well as Mn50 sample (Ca2MnO4 and CeO2). The best fits

between calculated and observed X–ray diffraction patterns for
Table 1

Results of Rietveld refinement

Sample

Ca50

CeO2
a Ca1�xCexMnO3

a

Unit cell parameters (Å)

and volume (Å3)

a = 5.3990(5),

V = 7.380(7)

a = 5.324(5), b =

c = 5.341(5), V =

Microcrystalline size (Å) 222.3(1)b 169.4(3)b

Microstrain 0.022691(2)b 0.04247(4)b

a Phases.
b Values in brackets are a measure of the degree of anisotropy.
Ca50 and Mn50 samples are given in Fig. 1. All allowed Bragg

reflections are shown by vertical bars. By inspecting difference

between the experimental and calculated profiles, good

agreement can be observed.

In the Ca50 sample, crystalline phases are CeO2 and Ce-

doped CaMnO3. Quantitative phase analysis revealed that

CeO2 is the more abundant phase with 58.7(4) mass%. The

results of Rietveld analysis, i.e., unit cell parameters, unit cell

volume and microstructure parameters are summarized in

Table 1. Refined unit cell parameter of CeO2 is 5.3990(5) Å,

which is smaller than for pure ceria, i.e. 5.4112(10) Å [9].

Ceria nanopowders often show increase of unit cell parameter

as the result of introducing Ce3+ (1.143 Å) instead of Ce4+

(0.97 Å) in the structure, but that is not the case here. Average

Ce–O distance, h2.338 Åi is shorter than literature value of

2.343 Å [9] also indicating the presence of smaller cation in

the structure. The only cations that are present in Ca50 sample

and whose ionic radii for coordination number (CN) = 8 is

smaller than Ce4+ are the Mn ions. Thus, any incorporation of

Mn ions on the Ce4+ site could result in decreasing of lattice

parameter due to smaller ionic radius of Mn (Mn2+ = 0.83 Å,

Mn3+ = 0.645 Å and Mn4+ = 0.53 Å) which is smaller than that

of Ce4+ (0.97 Å). Introducing Mn in the structure and

performing Mn, Ce occupation factor refinement, gave us an

improved structural model, on the basis of which we found that

2.7% of Mn was in 4a position of the fluorite structure-type

ceria.

The second phase in Ca50 sample is the perovskite phase,

doped CaMnO3, and results of refinement for this phase are

given in Table 1. Table 2 contains refined atomic parameters.
Mn50

CeO2
a Ca2MnO4

a

7.508(4),

213.5(3)

a = 5.4201(2),

V = 159.23(1)

a = 5.2567(6), b = 5.2567(6),

c = 23.809(5), V = 657.9(2)

173.65(8)b 153.4(2)b

0.02030(1)b 0.02578(4)b



Table 2

Refined atomic parameters results

Sample

Ca50, Ca1�xCexMnO3
a Mn50, Ca2MnO4

a

Ca site

x 0.016(3) 0

y 0.25 0.25

z �0.000(3) 0.5516(2)

Occ (%)

Ca 84.2 48.4

Ce 15.8 52.4

Mn site

x 0 0

y 0 0.25

z 0.5 0.375

Occ (%)

Mn 95

Ce 5

O1 site

x 0.424(9) 0

y 0.25 0.25

z 0.172(9) 0.469(2)

O2 site

x 0.25(1) 0.588(4)

y 0.027(2) 0.838(4)

z �0.26(1) 0.125

a Phases.
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Ce-doped CaMnO3 crystallizes in the space group Pnma and its

structure obtained as a result of refinement is given in the

Fig. 2a. Unit cell volume of this phase is 213.5(3) Å3, and it is

increased as compared to undoped CaMnO3 [10]. This indicates

Ce3+ presence in the structure. Ionic radius of Ce3+ (1.14 Å) is

close to Ca2+ (1.12 Å). As a result of entering Ce3+ in the

structure, a small increase of unit cell volume can be expected.

Doping with Ce3+ results in a reduction of an equivalent amount

of Mn4+ (0.53 Å) to Mn3+ (0.645 Å) with larger ionic radius,

and this is another mechanism that contributes to the unit cell
Fig. 2. (a) Crystal structure of Ca1�xCexMnO3 and (b) crystal structure
volume increase. Independently of the relatively large

difference in ionic radii between Mn and Ce ions in VI

coordination, literature data claim that Ce gets incorporated

into the position B [11]. Occupation factors refinement gave us

15.8% of Ce in the position A and 5% in the position B of the

perovskite structure. Since the applied method cannot give

informations about Ce valence state we could expect Ce3+ ions

in the Ca site and Ce4+ ions in the Mn site, based on ionic radii

of these cations.

The hMn–Oi bond length in undoped CaMnO3 [9] is

1.899 Å, after refinement 1.977 Å is obtained as an average

Mn–O distance, indicating also the presence of Mn3+ and Ce in

the structure, since average distance Ce4+–O in octahedral

coordination is 2.239 Å [12].

XRPD of sample Mn50 shows the present of CeO2 as a

dominant phase, as well as Ca2MnO4 phase. Obtained ceria

phase has larger unit cell (5.4201(2) Å) as compared to pure

ceria. This increase of unit cell parameters of the CeO2 may

be a consequence of reduction in the valent state of Ce4+ ions

into Ce3+ ions followed by increased concentration of oxygen

vacancies, that is usually the case with ceria nanopowders

[13]. Since ionic radius of Ce3+ (1.14 Å) is close to Ca2+

(1.12 Å), it is difficult to find contribution of each ion in

increasing of the unit cell volume. It is confirmed by

introducing Ca in the structure since it did not result in

improved structural model.

The other phase Ca2MnO4 has a tetragonal K2NiF4-type of

the structure with the I41/acd space group [14,15]. MnO6

octahedra share corners to form layers that are interleaved CaO

layers in the c-direction (Fig. 2b). If we compare this and the

perovskite structure type we can see that perovskite forms a

three-dimensional octahedra net, while Ca2MnO4 consists of a

two-dimensional perovskite-type array. Results of Rietveld

refinement are included in Tables 1 and 2. Calculated unit cell

volume of Ca2MnO4 is higher then in reference [16] where it is

647.87 Å. The data from Ref. [15] were used as the starting

model for refinement that indicated the presence of dopants in

the structure. Occupation factor refinement shows that Ca

shares the position with Ce (52.4%). This dopant causes the
of Ca2MnO3. White spheres denote Ca in the Mn–O octahedral net.
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reduction of Mn4+ into Mn3+ and the increase of unit cell

volume. Calculated value for hMn–Oi distance is 1.956 Å, and

reason for this increase is the presence of Ce3+ and Mn3+ in the

structure.

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. The

convolution of these functions is a pseudo-Voigt function

which is approximated by a modified Thompson–Cox–

Hastings pseudo-Voigt [17]. Obtained crystallite sizes are in

the nanometric range with crystallites between 150 and

230 Å (Table 1).

The presence of CeO2, as the major phase indicates that the

synthesis conditions used are not adequate for preparation of

these particular compositions.

4. Conclusions

Using a modified glycine/nitrate procedure, nanopowders of

the nominal compositions Ca0.5Ce0.5MnO3 (Ca50) and

CaMn0.5Ce0.5O3 (Mn50) were synthesized. In both samples,

two crystalline phases were detected. XRPD pattern of Ca50

sample showed the presence of orthorhombic Ce-doped

CaMnO3 perovskite and free ceria, and free ceria and Ca2MnO4

in Mn50 sample.

As a result of doping CaMnO3 with Ce, two phases

appeared, as well as the occurrence of reduction of Mn4+ to

larger Mn3+ in the B site of perovskite phase. Rietveld

refinement showed that Ce enters position A instead of Ca and

position B where it changes to some extent the Mn cation in the

structure. Unit cell volume and average Mn–O bond distances

analyses confirmed the results of Rietveld refinement. Under

these experimental conditions we could not synthesize

CaMn0.5Ce0.5O3 nominal composition, as well. Instead of

single-phase perovskite structure, the Ca2MnO4 phase with Ce

changing some amount of Ca, as well as free ceria were

obtained.

Amount of cerium added to form solid solutions, overcomes

solubility limits in both cases, under the experimental

conditions applied in this study.

The obtained Ca50 and Mn50 powders are in nanometric

range, what is confirmed by the microstructural analysis.
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