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Abstract Lanthanum-based manganites containing

monovalent silver cations and having grain sizes below

0.30 microns were synthesized via Pechini method, by

using a moderate calcination temperature (900 �C). The
incorporation of Ag? ions into the perovskite crystal

structure was verified by means of EDS, EELS, and XPS

techniques. Monovalent cations provoked a rhombohedral

deformation of the crystal structure, together with the

formation of Mn3?–Mn4? pairs yielding to a noticeable

ferromagnetic behavior characterized by high saturation

magnetization (47 Am2/kg) and a steep Curie transition at

308 K. This combination of magnetic properties enable an

excellent magnetocaloric performance, with magnetic

entropy variations of up to 5.6 J/kg K (for magnetic field

DH = 5.0 T) and refrigerant capacities of up to 184 J/kg.
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1 Introduction

The magnetocaloric effect (MCE) refers to the adiabatic

temperature change in a material subject to the effect of an

external magnetic field. This effect has been extensively

studied in La-based manganites with perovskite structure

because of the distinctive advantages of these materials:

high thermal stability, competitive cost of production and

the possibility for modulating their Curie temperatures and

spontaneous magnetization over an ample range of tem-

peratures [1–4]. In particular, LaMnO3-based manganites

with partial substitution of La3? by divalent cations have

shown a strong correlation between electronic properties

and the valence and the ionic radius of the doping atoms [2,

3]. For instance, for La1-xSrxMnO3 systems, the mixed

valence Mn3?–Mn4? pairs (provoked by the divalent Sr2?

inclusion) induce mobile holes in the eg band near the

Fermi energy, affecting the conduction and the
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superexchange mechanism (responsible of the antiferro-

magnetic coupling in manganites) in favor of the double-

exchange interaction (DE). This type of interaction pro-

motes ferromagnetic coupling yielding high saturation

magnetization values together with high Curie tempera-

tures [5–7]. Partial substitution of La3? by monovalent

cations such as K?, Na?, and Ag? can also promote DE

interaction between Mn3?–Mn4? pairs, and hence, a

desirable modulation of magnetic properties and conse-

quently of the MCE [8–10]. Previous reports on La1-x-

AgxMnO3 manganites describe in general moderate-to-low

magnetic properties, including saturation magnetization

below 30 Am2/kg for silver content x B 0.20 and variable

Curie transition (below room temperature) depending on

the synthetic route used [2, 11–15].

An effective way to produce submicron, chemically

homogeneous manganites, is the ‘‘Pechini method,’’ a soft

chemistry process where the formation of an oxide network

occurs through the thermal decomposition in air of an

amorphous solid, a xerogel [16]. This method allows the

formation of small particles with narrow size distribution,

together with high chemical homogeneity [17, 18]. In this

work, we present and discuss the influence of monovalent

Ag? cations on the structure, magnetic properties, and

MCE performance of submicron (LaAg)MnO3 manganites

obtained by Pechini method.

2 Synthesis and methods

Manganite with composition La0.80Ag0.20MnO3 was pre-

pared by the Pechini method with the following precursors:

La(NO3)3�6H2O (Fluka C99.0 %), AgNO3 (J.T. Baker

C99.7 %), Mn(NO3)2�4H2O (Aldrich C98.0 %), C6H8O7

(Sigma-Aldrich C99.8 %), C2H6O2 (Sigma-Aldrich,

C99.8 %), and NH4OH (Sigma-Aldrich 28.0–30.0 %,

0.99 g/cm3 density). The initial solution was prepared by

dissolving La(NO3)3 and Mn(NO3)2 in 100 mL of distilled

water with the following concentrations: 0.102 and

0.127 mol/L, respectively. A second dissolution of AgNO3

within 20 mL of distilled water was prepared apart (con-

centration of 0.121 mol/L), to which 1 mL of NH4OH was

added in order to obtain the soluble diamine–silver com-

plex Ag [(NH3)2]
? according to the following reaction:

AgþðacÞ þ 2 NH4OHðlÞ $ Ag NH3ð Þ2
� �þ

ðacÞþ H2OðlÞ

This step aims to change the redox potential of the Ag?

cations, which reacts spontaneously with Mn2? cations to

form insoluble metallic Mn and Ag2?. A remanent unre-

acted portion of AgNO3 acts as basifier agent. A third,

separated mixture of citric acid and ethylene glycol was

prepared by the following two-step process: (a) dissolution

of C6H8O7 within 30 mL of distilled water with the molar

ratio of metallic cations/citric acid of 1:2 in order to ensure

a complete chelation of metallic cations (b) slow addition

of ethylene glycol in a molar ratio with citric acid of 1:1.

This dissolution was heated to 85 �C. The diamine–silver

solution was added to the cationic solution. Subsequently,

the citric acid–ethylene glycol dissolution was also added.

The pH of this final mixture was adjusted to 4 with addi-

tional NH4OH, while the temperature was increased grad-

ually (at a rate of 5 �C/min) up to 95 �C under constant

agitation. After 4 h, a translucent polymer was obtained.

Further increase in temperature (150 �C) for 2 h allowed

the organic phase decomposition. Then, the resultant pro-

duct was pulverized and calcinated by subsequent heating

at 400, 600, and 800 �C (4 h each step) followed by a final

treatment of 900 �C, 24 h.

Phase constitution analysis was determined by means of

X-ray diffraction (XRD) technique with Cu-Ka radiation.

Crystal structure, grain size, and chemical composition

were studied by transmission electron microscopy (TEM)

in a JEOL ARM 200F microscope operating at 200 kV and

equipped with a detector for energy-dispersive X-ray

spectroscopy (EDS) analysis. Electron energy loss spec-

troscopy (EELS) measurements were taken with a Gatan

Tridium spectrometer fitted in the microscope. X-ray

photoelectron spectroscopy (XPS) measurements were

carried out in a VG Microtech Multilab ESCA 2000 cou-

pled with a CLAM4 MCD detector with Al-Ka radiation.

Magnetic properties and MCE were determined by means

of a physical property measuring system equipped with a

vibrating sample magnetometer module (PPMS-9T,

Quantum Design). In order to quantify the MCE, we use

the magnetic entropy variation |DSM| (for magnetic field

changes DH of 2.0 and 5.0 T), calculated from isothermal

magnetization measurements over the temperature interval

Fig. 1 XRD diffractogram for the La0.80Ag0.20MnO3 manganite
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200–400 K, through the numerical integration of the

Maxwell relation [4, 19]:

DSM ¼
ZHf

H0

oM

oT

� �

H

dH ð1Þ

3 Results

XRD diffractogram for the La0.80Ag0.20MnO3 manganite is

shown in Fig. 1, for which the main phase was identified as

perovskite with rhombohedral symmetry (R 3 c space

group, ICDD-PDF 00-053-0058). Metallic silver Ag

(ICDD-PDF 03-065-2871) was also observed as minor

secondary phase at the peaks 2h = 38.1�, 44.3�. Unlike our
previous results for equivalent La(AgSr)MnO3 manganites,

obtained by solid-state reaction method, the Pechini syn-

thetic route suppressed the formation of Mn3O4 phase, due

to the calcination temperature used (of 900 �C, well below
the high-temperature calcination process required for the

formation of Mn3O4 [20]).

Transmission electron microscopy micrographs are

shown in Fig. 2, for which an isolated LaAg-based man-

ganite particle exhibits a polyhedral morphology and a size

of 160 nm. Grain size variation was within the interval

150–290 nm, according to several grain micrographs (not

shown). The selected area electron diffraction (SAED)

pattern shown as inset in Fig. 2 corresponds to the zone

axis of [5 1 4 3]. Indexed planes are consistent with a

rhombohedral structure (in hexagonal coordinates). Fig-

ure 3 displays an EDS mapping for a different particle,

confirming chemical homogeneity, in particular, an even

distribution of Ag and O atom species. Chemical

Fig. 2 Transmission electron microscopy micrograph for an isolated

La0.80Ag0.20MnO3 manganite particle. Inset SAED pattern showing

diffracting planes from the zone axis [5 1 4 3]

Fig. 3 EDS mapping of an isolated La0.80Ag0.20MnO3 manganite

particle, a selected particle, b Ag–L mapping, c O–K mapping
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composition was quantified as an average from 10 different

particles as follows: La 15.1 ± 1.9 at.%, Ag 3.4 ± 0.24

at.%, Mn 19.45 ± 4.9 at.% and O 62.05 ± 7.1 at.%, which

in general, is consistent with the nominal

La0.80Ag0.20MnO3.

A critical aspect for the correlation between chemical

composition and magnetic properties of La-based man-

ganites is the mixed valence state of Mn ions, which can be

Mn4? or Mn3? [1–4]. To quantify the mixed valence state

of Mn atoms, EELS profiles were obtained on several

particles in order to verify reproducibility of results. Fig-

ure 4a displays a high-angle annular dark field (HAADF)

image for an isolated particle (different from Figs. 2, 3), for

which an EELS spectrum (Fig. 4b) was taken from the area

enclosed in red. The EELS spectrum was subtracted from

background by using a power law [21]. The L3, L2 white-

lines corresponding to the Mn-edge are visible at 646.2 and

656.1 eV, respectively. These lines appear with some

overlap, due to the reduction in the energy separation

between L3, L2 caused by the formation of Mn4? ions,

which contributes to a higher average valence state, rela-

tive to the Mn3? state of the undoped LaMnO3 phase [21].

According to the methodology proposed in [21–23], the L3/

L2 white line intensity ratio is indicative of the average

oxidation state of Mn cations. For present EELS data, after

a subsequent background subtraction using an arctangent

function, we obtain L3/L2 = 2.25, corresponding to a

valence state between 3.4 and 3.6 [21–23]. This result

reflects the presence of both Mn3? and Mn4? cations

within the perovskite crystal structure.

In order to corroborate the mixed valence states of Mn

cations in our La0.80Ag0.20MnO3 manganite sample, XPS

high-resolution spectra of the core level energies Mn 2p1/2
and Mn 2p3/2 are shown in Fig. 5. These core level signals

Fig. 4 a HAADF image for an isolated La0.80Ag0.20MnO3 manganite

particle, b EELS spectrum taken from the area enclosed in red. A

preliminary background subtraction was carried by using a power law

function (Color figure online)

Fig. 5 High-resolution XPS spectra of the Mn2p core level for the

La0.80Ag0.20MnO3 manganite (full line in black). Core level energy

Mn 2p1/2 corresponds to left peak, while peak on the right corresponds

to core level Mn 2p3/2 fitting of the signal is shown as the line in red.

Mn3? peaks and satellites are shown with shaded area, whereas Mn4?

peaks and satellites are shown in blue line (Color figure online)

Fig. 6 Magnetization M–H curve for the La0.80Ag0.20MnO3. Inset

thermomagnetization curve showing the Curie transition
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were used to calculate the Mn4?–Mn3? content by means

of a deconvolution process using the peaks located at the

following binding energies (BE): (a) For the Mn 2p3/2 core

level, the peak at BE = 639.4 eV and its satellite at

642.9 eV (shown with shaded area) correspond to Mn3?,

while for Mn4?, we assign the peak at 640.6 eV and its

satellite at 646.2 eV (shown in blue line). (b) For the Mn

2p1/2 core level, the peak at 651.1 eV and its satellite at

654.9 eV (shaded area) correspond to Mn3?, while peak at

652.2 eV and its satellite at 657.9 eV (blue line) corre-

spond to Mn4?. This assignment of peaks and satellites for

Mn3? and Mn4? cations was proposed in [24] based on Mn

2p1/2 and Mn 2p3/2 core levels for the same LaAg-con-

taining manganites. Mn3? and Mn4? contents were deter-

mined as 11.3 and 9.7 at.%, respectively, which is

congruent with the total Mn content determined by EDS

measurements. On the basis of this proportion, the average

Mn valence is calculated as 3.4.

The magnetization curve M–H measured at room tem-

perature for the La0.80Ag0.20MnO3 is shown in Fig. 6. A

strong ferromagnetic behavior with a high saturation

magnetization Ms of 47 Am2/kg is manifested, together

with a sharp magnetic order–disorder transition at 308 K,

associated with the Curie temperature Tc, as exhibited by

the thermomagnetization M (T) curve included as inset.

This ferromagnetic response represents a significant mag-

netic enhancement relative to the paramagnetic behavior

observed for the same La0.80Ag0.20MnO3 manganite

obtained by solid-state reaction method [15]. In addition,

the steep magnetic transition at Tc confirms a good chem-

ical homogeneity, as previously indicated by EDS mapping

(Fig. 3). The effect of the silver secondary phase on the

manganite magnetic response is null, due to the diamag-

netic character of Ag atoms.

Isothermal magnetization curves (from H = 0 to

H = 5.0 T) at variable temperature for the La0.80Ag0.20-
MnO3 manganite are displayed in Fig. 7a. The transition

from ferromagnetic ordering to paramagnetic response

(linear M–H curve) is visible for decreasing temperature.

Arrott plots M 2 versus H/M for the same compositions are

shown in Fig. 7b. The positive slope observed for these

plots is indicative of a ferromagnetic–paramagnetic tran-

sition of second-order character [25].

The magnetic entropy variations |DSm| as a function of

temperature, calculated for DH = 2.0 and 5.0 T according

to Eq. (1) and data from Fig. 7 are displayed in Fig. 8a for

the La0.80Ag0.20MnO3 manganite. An interesting peak

value of 3.2 J/kg K was recorded for DH = 2.0, together

with an excellent maximum of 5.6 J/kg K for DH = 5.0 T.

Fig. 7 a Isothermal magnetization curves for the La0.80Ag0.20MnO3

manganite. b Arrot plots for the same sample

Fig. 8 a Magnetic entropy variations |DSm| as a function of

temperature for the La0.80Ag0.20MnO3 manganite. b Refrigerant

capacities for the same sample
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These |DSm| values compare very favorably with other

results obtained for same La0.80Ag0.20MnO3 manganites,

for which entropy variations of 2.4 J/kg K [12], 3.2 J/kg K

[14], and 2.3 J/kg K [15] have been reported. The magnetic

entropy of 5.6 J/kg K results also comparable with the

value reported for pure Gd (of 5.7 J/kg K at DH = 2.0 T

[26]). In addition, excellent intervals of temperature at the

full-width at half maximum of the |DSm| (T) curve (denoted
as dTFWHM) of 20 and 33 K are observed for DH = 2.0 and

5.0 T, respectively. This dTFWHM parameter is important

for establishing wide thermodynamic cycles for the mag-

netic cooling process. Complementary, the refrigerant

capacity (RC) calculated as a) RC1 = |DSm| 9 dTFWHM

b)RC2 = $|DSm|dT between Thot and Tcold temperatures

and c) RC3 = maximum |DSm| 9 DT product under the

|DSm| (T) curve, is shown in Fig. 8b as a function of DH. A
maximum RC-1 of 184 J/kg was observed for DH = 5.0 T.

This maximum for RC-1 is also comparable with the RC of

pure Gd (of 240 J/kg for DH = 2.0 T [1]).

4 Discussion

The mixed valence state of the Mn cations within our

LaAg-based manganite is confirmed by EELS and XPS

techniques, reflecting the incorporation of monovalent Ag?

cations into the manganite crystal structure. A quantitative

way to describe the stability of a perovskite structure ABO3

(where A represents the A-sites occupied by trivalent ions

and B corresponds to B-sites occupied by transition metal

ions) after the incorporation of cations with variable ionic

radius, is the tolerance factor t proposed by Goldschmidt

[3, 27], which represents the capacity of the crystalline

structure to accept additional ions at A or B-sites allowing

dodecahedral and octahedral coordination, respectively.

Stable crystal structures have representative t values as

follows: For the ideal cubic perovskite t = 1.0. For the

interval 0.9\ t\ 1.0, the unit cell presents a rhombohe-

dral distortion, whereas for t\ 0.9, the structure becomes

orthorhombic [27]. The associated expression to quantify t

has the following form [3, 27]:

rA þ rOð Þ ¼ t �
ffiffiffi
2

p
rB þ rOð Þ ð2Þ

where rA and rB stand for the ionic radii of the A and B

ions, respectively, while rO corresponds to the ionic radii of

oxygen atoms. For the present case, we should consider

size, oxidation states, and relative content of the cations

involved. Thus, for the following data rLa3þ = 1.50 Å,

rAgþ = 1.42 Å, rMn3þ = 0.72 Å, rMn4þ = 0.67 a Å, and

rO2� = 1.26 Å [28], and considering A-site occupancy for

the monovalent Ag? ions, we use rA = 1.48 Å and

rB = 0.69 Å to obtain t = 0.991, which confirms the

rhombohedral deformation of the perovskite structure

observed by XRD. This t value is clearly higher than the

one obtained for the La0.80Ag0.20MnO3 manganite

(t = 0.947) synthesized by solid-state reaction route [15],

which contributes to the enhanced ferromagnetic observed

in this work as follows: A high tolerance factor is indica-

tive of a more cubic-like perovskite structure favoring Mn–

O–Mn angles closer to 180�, and thus, promoting the

enhancement of the ferromagnetic behavior via an

improved double-exchange interaction [5–7].

Silver content determined for present La0.80Ag0.20-
MnO3 manganite was higher than the one observed for

the sample obtained by solid-state reaction (of 2.4 at.%

[15]). Higher Ag content promotes a larger number of

Mn3?–Mn4? pairs. The importance of having a significant

amount of Mn3?–Mn4? pairs in our LaAg-based man-

ganite is related to the characteristic ferromagnetic cou-

pling between them, which leads to the enhancement of

the macroscopic magnetic properties Ms and Tc, and

hence, to improved MCE performance. Ferromagnetic

ordering between mixed valence Mn cations occurs via

double-exchange (DE) interaction, a coupling mechanism

first proposed by Zener [29] to explain the progressive

evolution of an initial insulating antiferromagnetic

LaMnO3 phase (containing only Mn3? cations) to a

metallic ferromagnetic (LaCa)MnO3 compound (contain-

ing additional Mn4? ions). The partial replacement of

La3? for Ca2? produces Mn4? cations to preserve charge

neutrality. The exchange interaction between Mn3? and

Mn4? cations is through an oxygen ion, with simultane-

ous transfer of an electron from the Mn3? (with config-

uration t2g
3 eg

1) to the oxygen, and from this to the

neighboring Mn4? (with configuration t2g
3 eg

0). This ferro-

magnetic Mn3?–Mn4? DE interaction is favored when the

atoms of the transition metal are fairly separated and

conduction electrons are present [29].

A complementary aspect influencing the improvement

in the magnetic response is the grain size refinement

attained by the Pechini synthetic route, relative to the

average grain size (of 3.25 ± 0.90 lm) observed for the

same La0.80Ag0.20MnO3 manganite obtained by conven-

tional solid-state reaction method [30]. A finer grain size

distribution promotes better reactivity, together with a

more homogenous oxygen distribution and hence, a more

homogenous chemical composition. This chemical homo-

geneity has been confirmed for our LaAg-based manganite

directly by EDS mapping of Fig. 3, and implicitly by the

sharp Curie transition of Fig. 6. The improved ferromag-

netic response attained for the La0.80Ag0.20MnO3 man-

ganite has a direct beneficial effect on its MCE

performance, in terms of the high magnetization saturation

as well as the abrupt Curie transition observed for the

M(T) curve, since, according to Eq. (1), |DSM| is dependent
on dM/dT, i.e., the slope of the M(T) plot, which presents a
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very well defined step at Tc and hence, favoring excellent

|DSM| variation within the range 3.2–5.6 J/kg K.

5 Conclusion

LaAg-based manganite synthesized by Pechini method

exhibited mixed valence Mn3?–Mn4? states and a rhom-

bohedral deformation of the perovskite crystal structure, due

to the incorporation of Ag? cations into the unit cell. The

formation of Mn3?–Mn4? pairs promotes a noticeable

enhancement of the ferromagnetic response, via double-ex-

change mechanism, yielding to excellent magnetocaloric

performance with magnetic entropy variations as high as

5.6 J/kg K for DH = 5.0 T, rendering this material as an

interesting candidate for magnetic refrigeration applications.
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