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ABSTRACT

Manganites of general formula ABMa@where A is a trivalent rare-earth ion and B idiaalent
dopant) have interesting properties, namely coloseggnetoresistance and their applicability as
materials for active magnetic regenerators 681 30MNO; (LSMO) is a ferromagnet presenting
considerable magnetocaloric effect, with operatiemperatureTc~90°C and magnetic entropy
variation comparable to pure Gadolinium. We studiedLSMO system where Lanthanum ions are
substituted by Erbium or Europium, effectively lowg the Tc to near-room temperature and
below. This substitution also increases the redatiwoling power (RCP) of the materials, an effect
associated to the increased magnetoelastic cotitnibto the magnetic free energy. These results
permit the creation of composites or thermal cassad chemically similar compounds to produce
an active magnetic element with a wide temperainterval of operation (from -40°C to 90°C).
These materials can be synthesized by solid-séaietion or by sol-gel techniques, and are relati-
vely cost-effective.

INTRODUCTION

Manganites materials of general formula ABMn@here A is a trivalent rare-earth ion and B is a
bivalent transition metal) with a distorted peratskype structure where first synthesized by
Jonker and van Santen (1950). The authors showetthddfirst time an oxide with ferromagnetic
behaviour and also metallic properties below itsi€temperature — the L&CaMnO;3 series.

Figure 1 — The cubic Perovskite structure. In thggresentation, the cubic lattice is formed by the
ions of larger radii, while the smaller ions aretta# center of the structure. The cubic faces are
occupied by the oxygen atoms.
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Studies following the discovery of these materlat$ to the development of the now well-known
theory of magnetic coupling between ions — the tBelichange model, by Zener (1951), Ander-
son and Hasegawa (1955) and de Gennes (1960).eveenscientific and technological interest in
manganites emerged in 1993, when thin films of .BaMnO3; were found to have an intense
magnetoresistive effect, where the electrical tiestig of the material was reduced by ~ 60% by
applying an external magnetic field in the orderaofew Tesla, as shown by von Helmettal.
(1993) and Chahare al. (1993). McCormaclet al. (1994) then found values of 100% decrease in
resistivity by applying a 6 T magnetic field tohart film of La; «CaMnO;. This effect was named
Colossal Magnetoresistance. This technology is nmder development for several types of
applications, namely magnetoresistive sensorsifptatl media storage.

Manganites are now also attracting attention infidlel of magnetic refrigeration, after More#t

al. (1996) measured for the first time in 1996 theyn&ic entropy variation by applied magnetic
field of thick films of LaedCa,Sr,BaysdMnO; deposited by metalorganic decomposition. In
applied magnetic fields up to 5 Tesla, those fishewed a maximum magnetic entropy change of
the order 1.5-2 J/kg.K. This study was followed®yo et al. (1997) who measured the magnetic
entropy change of Sol-Gel prepared polycrystalfiamples of LagCa MnOs , under a maximum
applied field of 1.5 T, and found values of 5.5gJK, higher than those of pure Gd, 4 J/kg K, for
the same field change.

This present work presents a study of the mangaggegem La;oSt.30MnNO3 (LSMO), where we
have substituted the La ion by the rare-earth EBnsr Eu. Samples were characterized by X-ray
diffraction, electron scanning microscopy techngja®d magnetization measurements. While the
LSMO system has & (and also maximum of magnetic entropy changepat°c, by substituting
the rare-earth ions we have tuned Teto values near ambient temperature, and below.idiine
used for substitution also affects the propertieagnetic, structural) of the system, as will be
shown. A preliminary account of the study, with l6eld measurements, was presented previously
(Amaralet al., 2005).
1 EXPERIMENTAL

Polycrystalline samples of the da-(Er,Eu)Sr 3dMnO3 were prepared by solid-state and also sol-
gel techniques, as presented in table 1.

Table 1: Nominal composition of prepared samplaessymthesis method.

Nominal composition Method Sintering

Lao.68eE10.014510.3dMN0O3 Sol-Gel 1350°C for 68 houfrs
Lao.e69r0.0355r03dMNOs | Solid State | 1300°C for 60 hours
Lao.56Er0.14510.30MNO3 Solid State | 1300°C for 60 hours

Lao 461021510 30MNO3 Sol-Gel 1350°C for 68 houfs
Lao.668=0.035510.30MINO3 Sol-Gel 1350°C for 68 houfs
Lao 5651014510 30VINO3 Sol-Gel 1350°C for 68 houfs
Lag.4dEr0.21510.30MNO3 Sol-Gel 1350°C for 68 houfs
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Solid-state samples were prepared starting fronthstonetric amounts of @3, SrCQ and
MnO,, and heated in air with intermediate crushingiures steps. Sol-Gel samples were prepared
starting from liquid solutions of the desired mstéh either carbonate, nitrate or oxide formsy an
urea, using the method presented by Vazatier (1998). In both methods samples are quenched
after sintering, in order to minimize the excesggen ¢) in the composition. X-ray diffraction
patterns were acquired using a Philips X'Pert ddfometer, SEM/EDS analysis were performed on
a Philips PHEI Quanta 400 with a Philips EDAX ED&ettor and magnetization measurements
were taken with a Quantum Design SQUID magnetomieteéhe temperature range 4-400K in
magnetic fields up to 5 Tesla.

2 RESULTS

X-ray diffraction data was taken for all measuradples, showing clean spectra of a LSMO-type
single phase. However, the samples with a highemposition of Er, of 14 and 21% show the
formation of a secondary phase, structurally edentato ErMnQ, as obtained from Rietveld
refinement (figure 2).
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Figure 2 — Rietveld refinement of X-ray diffractidata of the Er = 0.21 sample. First row of
identified peaks represent the LSMO-type phaselewthe second row identifies a ErMnO-type
phase. The lower solid line shows the fit errors.

This result can be attributed to the ionic sizemaich between La and Er ions. While the lattice
can accommodate the Eu ions, the greater differehcadius between La and Er means that there
is a definite limit of solid state solubility of Eons in the LSMO structure. This effect was relyent
observed by Ravindranatt al. (2003). This secondary phase formation will dffé® magnetic
properties of the systems, so to better analysedbcurrence, detailed SEM/EDS measurements
were performed to chemically analyse both phasese ghe amount of Er in the main phase has
decreased from it's nominal value. Small partidéthe ErMnQ-type phase were found, with size
of the order 2-jum and composition given in table 2.
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Table 2: EDS composition measurements of samplissecondary phase.

Sample Phase EDS analysis
LSMO-type | La&.e6Er0.066510.49MNO3:5
Lap 56E10.14510.30MNO3
ErMnGs-type | La.1dEr0.97510.1dMNO3+;
LSMO-type | La&sdEr0.105M0.4MNOz+;
Lap.4dEr0.21S16.30MNO3

ErMnOs-type | La.10Er0.95500.1dMINOz+3

To characterize the magnetocaloric properties ofpdas with a secondary phase, measurements
that are normalized to mass (or mol) are re-nomadlito the amount of primary phase percentage
present on the sample. The presence of an EgMg@e phase will not contribute to the
magnetocaloric measurements near room temperaince it'sTc is below 100 K. In accordance
with X-ray diffraction measurements, SEM/EDS meaments of La-Eu and La-Er with low % of
Er show no secondary phase, as well as presengi@mgnominal composition. Typical magnetiza-
tion M(T,H) isotherms in the measurement interval are shoviigume 3.

100

90 4 10K

80

0y

60

50

40487

M (emu.g™)

1 ":)//
304l
20§/

10—
_l.ﬁﬁiij//

0 T ' T T y T T T
0 10000 20000 30000 40000 50000

H (Oe)

Figure 3 — Magnetization versus applied magnegicl fisotherms measured for
Lao 68=10.014510.30MIN03 sample.

The Tc of studied compositions were determined by Maga&tin versus Temperature measure-
ments, at an applied field of ~50 Oe. The resultssammarized in figure 4. There is an approxima-
tely linear decrease ific with substitution of Er or Eu. Note that the calesed values of Er/Eu
composition are those measured by EDS analysisgchwhifects the results of samples with
secondary ErMn@type phase.
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Figure 4 — Evolution of ¢ with Er/Eu substitution. For samples that showee@osdary ErMn©@
type phase, the considered Er concentration wasureé by EDS chemical analysis.

Besides the difference in size, *wand Ef* also have a considerable distinction in magnetic
properties. While EXf has a non-magnetl&, ground state with zero magnetic moment; ®ith a
“l1512 ground state has a magnetic moment pg9 Using a high field extrapolation, we studied the
saturation magnetization of the samples at low tatpres, to confirm these features and
determine the way the Er ions align their magnetienent with respect to the Mn ions. Results are
shown in figure 5.
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Figure 5 — Saturation magnetization as functioBmEu composition. Dashed line shows linear fit
to Er-substituteds values.

The introduction of Er ions produces a noticeahlwaase oMs, compared to the approximately
constant values of the Eu-series. The linear lived us to estimate that for each Er ion present in
the sample, a net moment of xg contributes to the overall magnetization. Thisueais near the
net magnetic moment of an Er iony®

The magnetocaloric properties of samples were astighindirectly via magnetization measure-
ments, using the integration of the Maxwell relat{@). The derivative and integral were performed
numerically from the measurdd(T,H) data points.
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AS, (T,0H) = HfclsM (T.H), = Hj (%Jm (1)

The magnetic entropy change results for a magfietccchange from 0 to 1 Tesla are presented in
figure 6.
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Figure 6 — Magnetic entropy change fokld of 1 T, as function of temperature.
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Figure 7 — Relative Cooling Power as function oHgrcomposition.
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While the maximum magnetic entropy variation rersa@pproximately constant, theSy curves
broaden by Er/Eu substitution, increasing theirrapeg temperature range, as quantified by their
relative cooling power, defined by the followingpegssion (2),

RCP(S) = -AS,, (max)x ATy (2)

whereATewum represents the width at half maximum of &g curve.

As shown in figure 7, while the Eu series showseady increase of RCP, the Er series presents a
sharper increase. In previous works, (Raisl., 2004a, 2004b), (Amara al., 2004), we have
analysed the contribution of magnetoelastic andnegglectronic contributions to the magnetic
free energy. Using the framework of the Landau mhexd phase transitions it was shown that an
enhanced magnetic entropy change is related tal@meement of those contributions, with respect
to simple ferromagnets. A similar analysis reveladd this is also the case in the present series.

CONCLUSION

We show that by substituting the La ions of LaSrMm® Er or Eu ions, there is a decreasd gf
with an approximately linear dependence. For a amitipn of Er ions between 3.5 and 14% there
is a formation of a secondary ErMg@pe phase, in both solid-state and sol-gel pegpaamples.
Magnetocaloric properties of the Eu-series evolvi u concentration by a linear increase of
RCP values, implying an increase of the operatemgperature interval, since maximuk%y are
approximately constant through the series. In thedfies, the RCP values show a higher increase
of RCP, associated with the cooperative behaviduthe Er ions’ magnetic moments. The
formation of a secondary phase in the Er seriegdithe application of this material, since a
considerable proportion of material of the secopdaphase does not contribute to magnetic
refrigeration near room temperature. The studiedpmsitions show considerable magnetocaloric
properties in a wide range of operating temperatuirem -40°C to 90°C. These results permit the
creation of composites or thermal cascades of atalyisimilar compounds to produce an active
magnetic element with a wide temperature interfabgeration, using a relatively inexpensive
material, synthesised by either solid state reaciiosol-gel techniques.
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