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Abstract

Ca0.9Gd0.1MnO3 nanopowders with perovskite type crystal structure were synthesized by modified glycine nitrate procedure. Nanopowders

were prepared by combining glycine with metal nitrates and/or metal acetates in their appropriate stoichiometric ratios. Modification of the

procedure was performed by partial replacement of nitrates by acetates, in order to control the burn-up reaction. Obtained Ca0.9Gd0.1MnO3

powders were calcinated in the temperature interval from 850 8C to 950 8C for 10 min. Properties such as phase evolution, lattice parameters,

chemical composition and magnetic properties were monitored by DTA, X-ray diffraction, SEM/EDS and magnetic measurements. Magnetic

measurements performed at the sample with the smallest crystallite size showed that a 10% of Gd3+ substituted Ca2+ ions changes

antiferromagnetic properties of CaMnO3 by the introduction of ferromagnetic interaction due to a double exchange between Mn3+ and Mn4+

ions. Presence of competing interactions and their randomness lead to a formation of a spin glass state below Neel temperature TN = 110 K. From

the high temperature magnetic susceptibility measurements effective magnetic moment of manganese ions is determined which lies between the

values for Mn3+ and Mn4+ ions.
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1. Introduction

Perovskite-type compounds have been attracting a large

attention in a wide range of both practical and scientific

interests due to a variety of their unique behaviour regarding

ferroelectric, ferromagnetic, fast-ion conducting, and super-

conducting properties [1,2]. Many investigations on the

substitution of rare earth ion in ReMnO3 (Re = La, Nd, Gd,

etc.) by Ca2+, Sr2+ and Ba2+ have been conducted [3–7].

Transition metal-containing perovskites provide an important

class of electronic and magnetic materials [8]. From the

magnetic viewpoint, the nanoparticle manganites usually

exhibit qualitatively new properties in respect to their bulk

counterparts, such as changes in magnetic transition tempera-
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tures, the emergence of superparamagnetism, and size

dependence of the saturation magnetization and coercivity

[9–11].

Doped perovskite manganites have a general formula of

Ax
2+Re1�x

3+Mnx
4+Mn1�x

3+Ox
2� (A: alkali earth element; Re:

rare earth element). In Re-doped manganites, Mn can exist 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 of them (amphoteric) of the perovskite structure,

depending on the Re radius. Typically, the larger Re atoms will

occupy A sites, while the smaller cations prefer the B sites [12].

However in case of Gd, it will occupy A sites, because Gd3+

ions are much bigger than Mn cations. In addition, substituting

of Mn for Gd will influence the change of manganese valence.

The structure of manganites is governed by the Goldschmidts

tolerance factor f = (rA + rO)/
ffiffiffi

2
p

(rB + rO) [13]. It measures the

strain in the structure resulting from mismatch between the

equilibrium A–O and B–O bond lengths. A Goldschmidts
d.
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tolerance factor f = 1 characterizes an unstrained cubic lattice

while f > 1 and f < 1 represent a strain that is typically relaxed

by distortion of the structure away from its ideal cubic form.

Such distortion often takes the form of rigid rotation of MnO6

octahedra, which changes the coordination sphere of A-site

cation [13]. Goldschmidts tolerance factor is 1.00396, which

leads us to the conclusion that the observed nanometric

structure could be stable.

In spite of many already explored different perovskites, to

our best knowledge there are no data in the literature about

nanostructure CaMnO3 doped with low amount of Gd. Several

papers [14–17], have been published on polycrystalline

Ca1�xGdxMnO3 where its structure, electrical and magnetic

properties have been investigated in detail. However, all these

works are not related to Ca0.9Gd0.1MnO3 nanopowders and

getting used to these long-term methods and overcome.

Nanostructured Ca1�xGdxMnO3 obtained by cheap and quick

method, like glycine nitrate procedure, can be relevant for the

research in the field.

In undoped CaMnO3, magnetic moments of Mn4+ ions are

arranged antiferromagnetically, while by Gd3+ doping (electron

doping) certain amount of Mn3+ ions emerges. Since interaction

between Mn4+ and Mn3+ ions is ferromagnetic (double

exchange), a certain degree of magnetic moments frustration

is possible. Main goal of this work is to investigate the

possibility to form nanostructure solid solutions with nominal

compositions Ca0.9Gd0.1MnO3 using a modified glycine nitrate

procedure (MGNP) [18], and to analyse its structural properties

and magnetic behaviour.

2. Experimental

The present trend in synthesis of new materials is to avoid

brute force methods in order to have a better control of

stoichiometry, structure and phase purity of metal oxides.

Starting chemicals used for the synthesis of powders were

aminoacteic acid–glycine (Fischer Scientific, USA), metallic

acetate Mn (Mn(CH3CO2)2�4H2O), and nitrates Mn, Ca, Gd

(Mn(NO3)2�H2O, Ca(NO3)2�4H2O, Gd(NO3)3�6H2O), pro-

duced by Aldrich, USA. The compositions of reacting mixtures

were calculated in two ways according to the nominal

composition of the final reaction product as well as different

precursors used. In first experimental set up, glycine was added

into the mixed nitrate solution in a molar ratio of 1:1 for

fuel:oxidant. In the second case, for stoichiometric combustion

reaction, the amount of fuel is fixed on the basis of the principle

of propellant chemistry [19]. According to the principle of

propellant chemistry, for a stoichiometric redox reaction

between a fuel and oxidizer, the ratio of net oxidizing valency

of metal nitrate to net reducing valency of fuel should be unity.

By convention, the valencies of carbon, nitrogen, oxygen,

hydrogen, gadolinium, calcium and manganese are set as 4+, 0,

2�, 1+, 3+, 2+, and 2+, respectively. Using the valencies of

these individual elements, the net oxidizing valency of

Gd(NO3)3, Ca(NO3)2, Mn(NO3)2, and Mn(CH3CO2)2 works

out to be 15�, 10�, 10�, and 16 + , respectively, whereas the

reducing valency of glycine works out to be 9+. Hence, for
producing one mole of Ca0.9Gd0.1MnO3 through the stochio-

metric reaction, for the first reaction 0.83 moles of glycine is

required, for the second reaction 0.61 moles of glycine and for

the third reaction 2.28 moles of glycine is required. Preparation

of Ca0.9Gd0.1MnO3 powders was performed according to

reactions:

C2H5NO2þ 0:5MnðCH3CO2Þ2�4H2

O þ 0:9CaðNO3Þ2�4H2O þ 0:5MnðNO3Þ
2�H2O þ 0:1GdðNO3Þ3

�6H2O þ 0:95O2 ! Ca0:9

Gd0:1MnO3þ 2CH3COOH þ 4:1NO2 " þ 6:7H2O

(1)

C2H5NO2þMnðCH3CO2Þ2�4H2

O þ 0:9CaðNO3Þ2�4H2O þ 0:1GdðNO3Þ3
�6H2O þ 1:2O2 ! Ca0:9

Gd0:1MnO3þ 3CH3

COOH þ 3:1NO2 " þ 7:7H2O

(2)

C2H5NO2þMnðNO3Þ2�H2

O þ 0:9CaðNO3Þ2�4H2O þ 0:1GdðNO3Þ3
�6H2O þ 0:7O2 ! Ca0:9Gd0:1

MnO3þCH3COOH þ 5:1NO2 " þ 5:7H2O

(3)

On the basis of two ways of calculations and three reaction

models presented by Eqs. (1)–(3), six different samples were

obtained.

Synthesis was carried out in a stainless steel reactor in which

all reactants dissolved in distilled water were added according

to the previously calculated composition of the final powder.

Hence, when dissolved in water, initially it forms a

heterogeneous medium where the reaction takes place at the

interface [20].

The modernized furnace, Chevenard Joimer Instrument

A.D.A.M.E.L. [21] equipped with Pt–PtRh thermocouples

together with the digital data acquisition computer system has

been used to obtain the DTA (differential thermal analysis). The

t and Dt voltages were collected over the 16-bit USB-2523 AD

converter with 1 Hz sampling rate. The heating rate was 8 8C/

min. Consequently in the temperature range of 20–1000 8C
around 7350 points were read. The reference material used was

a-Al2O3. Simultaneous DTA of each reaction was carried out to

study the decomposition behaviour and nature of the

combustion reaction. On the basis of DTA analysis it is found

that the resulting amorphous powders crystallize in the

temperature range from 880 8C to 955 8C. In this manner, it

was established calcination temperature (Nabertherm fur-

naces). The yield of powders was very close to the theoretically

calculated ones, 96–99%.

Powder XRD patterns of all the powders were recorded on

Simens X-ray diffractometer (Kristaloflex 500) with Ni filtered

Cu Ka radiation and using Si as an external standard. The

measurements were performed in the range 10–808 2u in a

continuous scan mode with a step width of 0.028 and 0.5 s/step.

The obtained data were fitted using peak-fitting program. The

Lorentizian function gave the best fit to the experimental data.
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Lattice parameters were refined from the fitted data using the

least square procedure. Rietveld refinement is also done for the

obtained sample with smaller crystallite size. The structure of

obtained powder was determinate by X-ray powder diffraction

on a Siemens D-500 XRPD diffractometar with Cu Ka1,2

radiation, at room temperature. Data for structural refinement

were taken in the 2u range 10–104.568, with the step of 0.038
and scanning time of 14 s per step. The refinement was

performed with the FullProf computer program [22–24] which

adopts the Rietveld calculation method. The TCH pseudo-Voigt

profile function was used.

Magnetic properties were measured by the Quantum Design

SQUID magnetometer MPMS XL-5. Temperature dependence

of magnetization M(T) was measured in both zero-field cooled

(ZFC) and field cooled (FC) regime, in two different magnetic

fields of 100 Oe and 1000 Oe. Magnetization dependence on

magnetic field strength M(H) was measured at temperatures

below and above phase transition temperatures. AC magnetic

susceptibility was recorded at two frequencies (10 and

1000 Hz), with 4 Oe driving amplitude, in the temperature

range encompassing spin-glass (SG) and antiferromagnetic–

paramagnetic (AF–P) phase transitions.

3. Results and discussion

3.1. DTA

Fig. 1 shows the DTA curves for the synthesized powder of

Ca0.9Gd0.1MnO3. The thermal decompositions are described by

the existence of three main degradation stages (endotherm,

exotherm and endotherm, respectively). As shown in Fig. 1 the

first one, starts from 84 8C to 210 8C corresponding to the

elimination of absorbed water in the powder. This decomposi-

tion stage consists in an initial very weak endothermic effect

(�140 8C, shoulder) representing water evolving, followed by a

fast and intensive exothermic process (second stage), consisting

in simultaneous evolving of NO3
� and glycine. Simultaneously,
Fig. 1. DTA diagrams of synthesized Ca0.9Gd0.1MnO3 obtained by MGNP

method. Letters from a to f denote samples obtained from different precursors

(see Table 1).
glycine is oxidized by nitrate anions [25]. Sharp exothermic

peaks were found in two cases (curves a and b in Fig. 1), which

indicate the occurrence of combustion reaction. The exother-

mal peaks at 206 8C and 285 8C indicate the decomposition and

decarbonisation of the residue organic compounds in the

powder, respectively [26]. Therefore, the second decomposi-

tion stage, accompanied by a medium exothermic effect,

represents the burn up of the remainder carbonaceous residue.

Third stage consists in an initial weak endothermic effect

(�910 8C) representing onset crystallize him.

Based on the DTA results the powders prepared by glycine

route have been calcined at temperature range from 880 to

955 8C for 10 min. The results indicate that intimate mixing on

the atomic level of the oxidant and the fuel in the form of a

stable gel is necessary for the propagation of combustion

reaction.

3.2. Powder XRD

XRD patterns of the powders obtained after combustion

reaction (not shown) were found to be amorphous in nature,

probably due to insufficient heat/temperature generated.

XRD diagrams of the Ca0.9Gd0.1MnO3 powder after

calcinations are shown in Fig. 2. All peaks are broad and

with low intensities indicating nano-crystalline nature of the

powders. The crystallite size has been calculated from FWHM

(full width at half maximum) data using Scherrer formula [27]:

D ¼ 0:9l

b cos u
(4)

where D is the crystallite size in nm, l is the radiation

wavelength (0.154056 nm in present case, Cu target), 2u is

the diffraction angle, and b is the corrected line width at half

peak intensity.

The crystallite size calculated on the basis of XRD data is

shown in Table 1. It was found that all the samples obtained in
Fig. 2. XRD patterns of Ca0.9Gd0.1MnO3 powder sample obtained by combus-

tion synthesis. Letters from a to f denote samples obtained from different

precursors (see Table 1).



Table 1

Crystallite size in relation to the methods and different precursors applied.

Method Samples Different precursors Crystallite size (nm)

Nominal composition a Mn(CH3CO2)2�4H2O Mn(NO3)2�H2O 22

Ca(NO3)2�4H2O Gd(NO3)3�6H2O

d Mn(CH3CO2)2�4H2O Ca(NO3)2�4H2O Gd(NO3)3�6H2O 20

f Mn(NO3)2�H2O 22

Ca(NO3)2�4H2O Gd(NO3)3�6H2O

Propellant chemistry c Mn(CH3CO2)2�4H2O Mn(NO3)2�H2O 17

Ca(NO3)2�4H2O Gd(NO3)3�6H2O

e Mn(CH3CO2)2�4H2O Ca(NO3)2�4H2O Gd(NO3)3�6H2O 19

b Mn(NO3)2�H2O 18

Ca(NO3)2�4H2O Gd(NO3)3�6H2O
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this work are nanocrystalites with the sizes ranging between 17

and 20 nm.

Samples d and e prepared without Mn(NO3)2�H2O, exhibit

sharp diffraction lines, but we choose sample c for Rietveld

analysis and magnetic measurements due to its smallest

crystallite size.

The best fits between calculated and observed X-ray

diffraction patterns for Ca0.9Gd0.1MnO3 c sample 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.

The crystal structure refinement was performed using the

XRD data collected at room temperature by utilizing the

FullProf program. The structure was described in the

orthorhombic space group Pnma (No. 62) with (Ca, Gd) atoms

located at 4c positions, Mn atoms at 4b, and oxygen atoms at 4c

and 8d positions. The results of Rietveld refinement clearly

demonstrated that in the case of Gd doped solid solutions the

cations occupied A site. The obtained values of lattice

parameters for Ca0.9Gd0.1MnO3 are as follows: a = 5.291(4),

b = 7.467(7), c = 5.303(9), V = 209.585 Å and together with the

ratio of Ca:Gd = 0.9:0.1, are very close to the nominal
Fig. 3. Results of Rietveld refinement of the Ca0.9Gd0.1MnO3 sample, calcined

at 910 8C for 10 min. The positions of the Bragg reflections are indicated by

vertical bars. The difference curve between the experimental and the calculated

intensities is shown in the lower part of the diagram.
composition. Calculated unit cell volume of Ca0.9Gd0.1MnO3

is higher than in Ref. [28] where it is 207.37(2) Å. The data

from Ref. [28] 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 Gd (9.6%). This dopant causes the reduction of Mn4+ into

Mn3+ and the increase of unit cell volume. Calculated value for

hMn–Oi distance is 1.919 Å, and reason for this increase is the

presence of Gd3+ and Mn3+ in the structure.

3.3. SEM

SEM investigation shows that all obtained powders have

high tendency of agglomeration. Typical SEM image (Fig. 3) of

the sample c showed that the powder has sponge morphology

with large numbers of pores and voids. This porosity can be

attributed to the large amount of gases escaping out of the

reaction mixture during the combustion. During ignition, the

heat dissipation and the evolution of gaseous products are

taking place at various rates which ultimately lead to a localized

heating and formation of large agglomerates. The porous nature

is formed out of the fast expulsion of the gases. The chemical

compositions can be clearly identified by the EDS analysis

spectrum, which is also shown as an insert along with the SEM

image. It confirms that the elemental composition is Ca, Gd,

Mn and O, respectively and the powder has no other impurities

(Fig. 4).

3.4. Magnetic properties

Temperature dependence of magnetization, recorded from

5 K up to 300 K, in two different magnetic fields is depicted in

Fig. 5. The ZFC branch shows very slow increase of

magnetization when temperature decreases from 300 K to

about 130 K, and then an abrupt increase of magnetization is

appreciable. This increase can be assigned to AF–P phase

transition which is characteristic for manganites where Ca2+

molar fraction x > 0.5 [29,30]. Neel temperature TN = 110 K,

which is independent on magnetic field, was determined from

dM/dT derivate (Fig. 5, inset b). Below TN prominent

bifurcation between ZFC and FC branches (empty and full

symbols, respectively) is noticeable.



Fig. 4. SEM micrographs of Ca0.9Gd0.1MnO3 powder and pattern from EDS X-ray detector.
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FC branches for both applied magnetic fields continually

increase, and for H = 100 Oe it shows plateau while for

1000 Oe at low temperature additional increase can be

observed. This magnetization increase below TN accompanied

with plateau at low temperatures is characteristic of ferromag-

netic. It is widely accepted that FM component in mixed

valence manganite arises from double exchange interactions

between Mn3+ and Mn4+ ions [1]. Since in ‘‘pure’’ CaMnO3

only Mn4+ ions are present, Mn3+ ions appear after Gd3+ doping

(electron doping), in order to preserve electroneutrality. Gd3+

ions replace Ca2+ at A site position, but their fraction is too low

to establish long range magnetic order. Instead of this, due to

Mn3+–Mn4+ exchange interactions, short range ordering

occurs, forming FM clusters in AF matrix. FM ordering in

the clusters and AF interaction of the background cause the

emergence of magnetic frustration that occurred in this system.
Fig. 5. Temperature dependence of ZFC (open symbols) and FC magnetization

(full symbols) of Gd0.1Ca0.9MnO3 in different magnetic fields. Inset a: Details

of ZFC magnetization; spin-glass transitions are denoted by arrows; magneti-

zation recorded in 1000 Oe is divided by 5. Inset b: dM/dT derivate vs. T

encompassing AF–P transition.
ZFC magnetization branches display more complex

behaviour. Below TN decrease of magnetization which is

typical of AF transitions occurs but at lower temperatures

additional maximum can be noticed (Fig. 5, inset a). Position

and shape of this maximum depend on the magnetic field

strength H in a way that it shifts to lower temperatures and

becomes less pronounce in higher magnetic fields. This

behaviour is typical of spin-glasses, and it occurs always

when some kind of frustration of magnetic interactions is

present. In addition, an increase of magnetization that is visible

in both ZFC and FC branches for T < 10 K can be assign to the

large contribution of Gd3+ paramagnetic moments ðmGd3þ ¼
7:94mB [32]) which is particularly pronounced at low

temperatures.

Further evidence of the spin-glass transition at low

temperature gives AC susceptibility measurements recorded

for two different field frequencies (Fig. 6). It is visible that

position of peak (denoted by arrow) is shifted to the higher
Fig. 6. Real part of AC susceptibility vs. temperature for two different

frequencies.



Fig. 7. High temperature dependence of inverse susceptibility recorded in

H = 100 Oe for T > 140 K.

Fig. 8. Hysteresis loop of Gd0.1Ca0.9MnO3 recorded at 5 K. Inset: Detail of

M(H) dependence.
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temperature for higher frequency. It is a signature of a spin-

glass behaviour [33], while AF–P phase transition denoted with

TN is not frequency dependant (see Fig. 6).

Temperature dependence of high temperature magnetic

susceptibility was measured in the 140–300 K range and the

applied field of 100 Oe. Inverse magnetic susceptibility (open

symbols) vs. temperature is depicted in Fig. 7, as well as a fit of

the experimental data to a Curie–Weiss law (solid line). It can

be seen that in this temperature range Curie–Weiss law is

fulfilled, and from this fit both effective magnetic moment

meff = (4.68 � 0.01)mB and Curie–Weiss temperature

uP = (21.5 � 0.4) K are determined. Positive value of Curie–

Weiss temperature speaks in favour of a presence of weak

ferromagnetic interaction among manganese ions. Similar

result has been obtained for Ca1�xNdxMnO3 [31], where

negative uP changes sign to positive for 0.05 � x � 0.1, while

for higher doping level, negative uP value is resumed. It is

assumed that for this doping region ferromagnetic correlations

are induced causing magnetic phase separation in which

ferromagnetic components are embedded in antiferromagnetic

matrix. Obtained meff value includes contribution of both

manganese and gadolinium ions. Thus, the contributions of Mn

ions mMn3þ; 4þ to the effective magnetic moment can be

calculated from:

m2
Mn3þ; 4þ ¼ m2

eff � 0:1� m2
Gd; (5)

where meff is experimentally obtained overall effective mag-

netic moment (4.68mB) while mGd denotes gadolinium contri-

bution (mGd3þ = 7.94mB [32]). The obtained manganese

magnetic moment of mMn3þ; 4þ = 3.96mB is between the spin-

only values for Mn3+ (4.90mB) and Mn4+ (3.87mB). If we write

chemical formula for this compound as

Ca0.9Gd0.1Mn3+
1�xMn4+

xO3 then contributions of both Mn

ions with different valence states to the meff can be estimated

from:

m2
Mn3þ; 4þ ¼ xm2

Mn3þ þ ð1� xÞm2
Mn4þ : (6)
The value of x = 0.08 obtained from the expression (6)

shows that Mn4+/Mn3+ ratio is close to Ca2+/Gd3+ ratio. This

points to a good stochiometry with the small excess of oxygen

of d = 0.02 that is within the experimental error.

M(H) curves recorded at two temperatures are displayed in

the Fig. 7. In the inset (bottom) details of M(H) at T = 5 K are

presented. It can be seen that for T = 5 K magnetization does

not saturate even for 50 kOe due to the existence of

antiferromagnetic interactions. Large coercivity

(HC = 2000 Oe) and remanence magnetization of

MR = 2.95 emu/g confirm our presupposition derived from

FC measurements about existence of ferromagnetic ordered

clusters at low temperature. At temperature T = 200 K, which is

above TN, sample is in a paramagnetic state (Fig. 8).

4. Conclusions

Gd0.1Ca0.9MnO3 nanopowders were prepared by a modified

glycine nitrate procedure (MGNP) using different precursors.

By using the precursors such as metal acetates and glycine, one

can control combustion and prepare nanosized oxides. The

results show that applying MGNP method is possible to

produce low price composition Gd0.1Ca0.9MnO3 with particle

size smaller than 20 nm and for relatively short time. Thus, this

method proves to be adequate for the preparation of this

particular composition. Although no large difference between

used precursors exists, the best results were achieved by

reaction (1), Section 2.

XRD pattern of Gd0.1Ca0.9MnO3 sample showed that it

crystallizes in the orthorhombic perovskite phase. As a result of

doping CaMnO3 with Gd, larger Mn3+ ions appeared in B sites

of perovskite phase together with Mn4+ ions. Rietveld

refinement showed that Gd3+ replaces Ca2+ in position A

and also makes an impact on the position B by causing the

valence change of a fraction of manganese ions from 4+ into 3+

in order to maintain electro negativity. Unit cell volume and

average Mn–O bond distance analyses confirmed the results of

Rietveld refinement. The obtained Ca0.9Gd0.1MnO3 powders
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are in nanometric range that is confirmed by calculations on the

basis of XRD data.

Magnetic measurements show that doping by even small

amount of Gd3+ ions substantially changes CaMnO3 anti-

ferromagnetic behaviour. After Gd3+ introduction, due to a

double exchange interaction between Mn3+ and Mn4+ ions,

significant ferromagnetic component appears. This is visible as

a plateau in FC magnetization and a pronounced hysteresis

loop, with relatively high coercivity (HC = 2000 Oe) and

remanence magnetization (MR = 2.95 emu/g). Randomness

and presence of competing AFM and FM interactions lead

to a frustration of manganese magnetic moments so at low

temperatures a spin-glass state appears. High temperature

magnetic susceptibility obeys Curie–Weiss law from where

effective magnetic moment of manganese meff = 3.96mB as well

as Curie–Weiss temperature uP = (21.5 � 0.4) K are deter-

mined. Positive uP values, like in other similar systems, speaks

in favour of the presence of FM clusters in antiferromagnetic

matrix.
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