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tion at a Curie temperature T¢ (314K) which is very close to room temperature. Above T¢ the data
follow a Curie-Weiss law with a shift between experimental and calculated effective paramagnetic
moment. The associated experimental magnetic entropy change (ASy) and the relative cooling power
(RCP) have been determined. The observed field dependence of ASy is explained reasonably well by
the Landau theory of second order phase transition. The maximum entropy change |ASy**| exhibits
a linear dependence with the applied magnetic field. |ASH*| and RCP are respectively 3.21]kg=1 K1
(21.48 mjcm—3 K1) and 307]kg~! (2054 mJcm~3) at 5T, which are about 30% of pure Gd. Our results
on the magnetocaloric effect (MCE) are compared favourably with reported values for other doped
manganites, thus concluding that our sample can be used as a magnetic refrigerant around room
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1. Introduction

Magnetic refrigeration (MR) technology, based upon the magne-
tocaloric effect (MCE), is required near room temperature and is of
particular interest considering the potential impact on energy sav-
ings and environmental protection. Gd is considered as a prototype
material for such purpose, with a large MCE near its Curie temper-
ature (293 K) [1,2]. But its usage is somehow commercially limited
because the cost of Gd is quite expensive ~$4000/kg. Recently,
an intense interest in perovskite-type manganese oxides (the so-
called manganites) R{_yMxMnO3 (where R is a rare earth ion and
M is a divalent alkali) is prompted by the observation of colossal
magnetoresistance (CMR) [3-5]. Because of some advantages over
Gd and intermetallic alloys, such as low production cost, chemical
stability, high resistivity (minimum Eddy current loss) [6] and not
affected by corrosion, manganites have attracted more attention
as alternative candidates for magnetic refrigeration in the vicin-
ity of room temperature. Lag g7Bag 33MnO3 perovskite compound
has a relatively high Curie temperature (T¢c ~350K [7]). Potential
applications, particularly the magnetic refrigeration (MR) require
having transition temperatures T close to room temperature. This
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can be achieved by an appropriate amount of oxygen stoichiom-
etry [8] or by substitution of Mn by a non-magnetic cation such
as titanium. In this work we have investigated the magnetic and
magnetocaloric properties of Ti-doped Lagg7Bag33MngggTig 0203
manganites. Theoretical modeling of the MCE is used in order to
compare the experimental (—ASy) curve and the estimated one
using Landau theory.

2. Experimental

Polycrystalline Lag g7Bag33Mn;_4TixO3 (x=0, 0.02) samples were synthesized by
solid-state reaction route at 1400°C, using (Mn +Ti)/(La+Ba) ratio equal to 1 as
reported elsewhere for Lage7Bag3sMn;_xTixO3 (0 <x <0.3) manganites [9]. Pow-
der X-ray diffraction (XRD) analysis was carried out in Bragg-Brentano geometry
with a “PANalytical X'Pert Pro” diffractometer with filtered (Ni filter) Cu radia-
tion. Data for the Rietveld refinement were collected in the 26 range of 10-100°
with a step size of 0.017° and a counting time of 18 s per step. Scanning electron
microscopy (SEM) was used to determine grain size and morphology of the sam-
ple. Energy dispersive X-ray fluorescence (EDX) analysis was used to determine
chemical homogeneity and cations composition. Quantitative analyses of chemical
elements, including the oxygen content, were performed by inductively coupled
plasma atomic emission spectroscopy (ICPAES) techniques. Magnetization (M) vs.
temperature (T) and magnetization vs. magnetic field (uoH) were measured using
a MPMS-XL5 quantum design SQUID susceptometer. M(T) data were obtained in
2-400K temperature range with applied magnetic field of 0.01T in field cooled
(FC) and zero field cooled (ZFC) regimes. Isothermal M(H) data were measured in
230-390K temperature range by a step of 10K under an applied magnetic field
varying from 0 to 5T.
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Fig. 1. Rietveld plot of XRD data for polycrystalline Lagg7Bag33Mny_4TixO3 (x=0,
0.02) compounds at room temperature. The points are the observed profile; the
solid line is the calculated one. Tick marks below the profile indicate the position of
allowed Bragg reflections. The line curve at the bottom gives the difference between
observed and calculated profiles.

3. Results and discussions
3.1. Microstructure analysis

Fig. 1 presents the XRD patterns of Lag g7Bag33Mnq_TixO3 (x=0,
0.02) showing sharp peaks which could be indexed in the cubic
symmetry. No impurity phases were detected within the XRD lim-
its. Rietveld refinement showed that the two compounds crystallise
in the cubic symmetry with Pm-3m space group, which is consis-
tent with the value of the Goldschmidt tolerance factor tg:

__(ra+r1o (1)
V2((r8) +10)

(see Table 1). Here (ry), (rg) and rg are respectively the average
ionic radii of the A and B perovskite sites and oxygen anion. The
obtained structure refinement parameters are given in Table 1. We
can see in this table that the cell volume increases slightly with
the titanium doping. This is the first indication of the incorporation
of titanium in the manganese site suggesting that titanium is in
a tetravalent state [9,10] substituting the Mn** ion with a lower
ionic radius (rypa+ =0.53 A < rrjse = 0.605 A for 6-fold coordination
[11]). The increase of the cubic cell parameter is in good agreement
with the results obtained by Zhong et al. [8] for oxygen deficient
compounds Lay;3Ba;3Mn05_s.

Intensity (a.u)

Loo 180 2.60 340 4.20 5.00 5.80 6.60 740 8.2
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Fig. 2. Plot of EDX analysis of chemical species of sample Lag g7Bag 33 Mng g Tio0203
giving a close composition to the nominal one as indicated in Table 1. The inset
represents the SEM micrograph of the sample.

EDX plot of Lagg7Bag33MngggTig 203 compound is shown in
Fig. 2 and the resulted cations proportions are indicated in Table 1.
Results of the quantitative ICPAES analysis of chemical species,
especially for the oxygen content, are very close to the nominal
ones within the experimental uncertainties (see Table 2) and, since
no secondary phases are seen in the XRD patterns, it is reasonable
to assume that Ti has been substituted for Mn in this sample. SEM
micrograph of the sample is shown in the inset of Fig. 2. Morphology
analysis of the micrograph revealed that the particles of the sample
show some tendency towards agglomeration and the average par-
ticle size is ~2 pm. The average crystallites size was also calculated
using the XRD data applying the Rietveld refinement formula

1804

Gs ~/iC (2)
where A is the X-ray wavelength and IG is the Gaussian size param-
eter given by Rietveld refinement. As it can be seen in Table 1, the
average grain size (Gs) estimated by X-ray analysis is ~30 nm for
the two samples suggesting that very low Ti-doping level should
not induce size effects on magnetic and magnetocaloric properties
of these materials. This is not the case in the work of Tang et al.
[12], which shows an increase of the grain size when the anneal-
ing temperature of Lag;Cag>Bag1MnOs3 increases, which induced
a significant change in magnetic and magnetocaloric properties.

3.2. Magnetization investigation

Fig. 3 displays the temperature dependence
of the ZFC and FC  magnetizations M(T) for
La3*;3Ba?*  sMn3*ysMnt* 5 02 Ti** 00203 (Lage7Bag3sMngog

Tigp203) sample. We can see in this figure that the low field
(0.01T) ZFC and FC magnetizations sharply increase near Tc
(~314K) determined from a linear extrapolation of M(T) to zero
magnetization (Fig. 3, main panel), or Tc (~309K) determined
from the dM/dT curve (a-inset of Fig. 3). A very close value was
found by Zhong et al. [8] for the oxygen deficient compound
La3+2/3 B32+1/3 Mn3+2/3 MH4+]/3,0'01 02_2.98 (TC =312 K) which
presents a quite similar Mn**/Mn3* (0.48) ratio to the one found
in this work (0.47). The undoped compound Lagg7Bag33MnO3
has a relatively high Curie temperature, Tc=350K, as reported
by Osthover et al. in Ref. [7]. Interestingly an extremely low
doping by non-magnetic Ti** replacing Mn**, reduces T¢ by about
40K, making it to be very close to room temperature, which is
suitable for magnetic refrigeration. The decrease of T¢ can be
ascribed to the replacement of some of Mn3*-0%2~-Mn** bonds
by Mn3*-02--Ti** bonds which hampers the electron transfer
through the Mn3*-02--Mn*" network. Thus the decrease of Tc
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Table 1

Columns 1,2 and 3 represent the room temperature structural parameters (Rietveld refinement) for single phase cubic Pm-3m Lag 7Bag 33 Mn; _TixO3 (x =0, 0.02) compounds.
The numbers in parentheses are estimated standard deviations to the last significant digit. Column 4 represents EDX analysis of the chemical species proportion.

Lags7Bag33Mn;_4TiyO3 Phase cubic Pm-3m

EDX analysis % and proportion of cations for x=0.02 compound

%La 36.85 — 0.681La
%Ba 17.23 — 0.319Ba
%Mn 44.83 — 0.977Mn
%Ti 1.06 — 0.023Ti

X 0 0.02
a(A) 3.9075 (2) 3.9119(2)
V(A3) 59.66 (0) 59.86 (1)
Density(gcm—3) 6.719 6.693
Goldschmidt factor tg 0.9999 0.9992
La/Ba Bj,, (A?) 0.32(9) 0.08 (4)
Mn/Ti Bjs, (A2) 0.02 0.066
(0) Biso (A2) 2.03(9) 1.20(1)
diwn, Tiy-0 (A) 1.953 (5) 1.956 (2)
Ovn, Ti-0-Mn, i) (°) 180(8) 180(2)
Band width W (a.u.)? 0.0961 0.0955
Grain size Gs (nm) 29.00 31.51
Ruwp (%) 3.38 5.03
Ry (%) 2.18 3.73
Rr (%) 1.94 3.16
X2 (%) 5.3 3.63
a cosl(1/2)( —Omn—o—mn )]
W (a.u) « = 2 [13].
Table 2

Atomic composition of chemical species for Lagg7Bag3sMn;_TixO3 (x=0, 0.02) samples as deduced from ICPAES analyses. The numbers in parentheses are estimated
uncertainties to the last significant digit. Last column summarizes the as determined manganite formula which is very close to the nominal one if we consider such

uncertainties.

Chemical species

Manganite formula

X La Ba Mn Ti (o]
0 0.65(1) 0.32(1) 1.00(2) - 2.95(8) LaoesBags2MnOs3
0.02 065(1) 031(]) 097(2) 0025(6) 296(7) L&0_65Bagl3]MI‘lo_g7Tio(0303

is related to the decrease in the bandwidth W [13] (see Table 1)
reducing the double exchange (DE) interactions [14]. Below T¢,
the sample shows low field magnetization behaviour of a typical
ferromagnet (FM). At higher temperature, above T¢ (b-inset of
Fig. 3) M(T) follows a Curie-Weiss (CW) behaviour [15]. Between
340 and 400K the material is still in the paramagnetic (PM) phase
but due to short range order, a significant deviation from the
high-T mean field behaviour is observed below 340K (see the
b-inset of Fig. 3 showing a small bump in the 1/x vs. T curve)
leading to a larger experimental paramagnetic effective moment
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Fig. 3. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of the article.). M(T) curves for
Lag67Bag33MnggsTip.0203 sample at 1oH=0.01 T magnetic field in FC and ZFC modes.
The a-inset is the dM/dT curve. The b-inset shows the inverse of the magnetic sus-
ceptibility (1/x) vs. T curve (The red line represents the linear fit of data and the blue
line is our extrapolation to the temperature axis of this linear fit).

(Mefr=5.69 ug) than the value theoretically predicted (4.48 up)
[15] using the Mn3* and Mn*" concentrations. This may be due
to short range ferromagnetic clusters occurring in the bump’s
temperature range situated between CW temperature (®=315K)
and 340K, and to the formation of magnetic polarons as was
reported in Ref. [16].

3.3. Magnetic entropy change determination

Independently of the method used for T¢ determination, we can
suggest that the Curie temperature is slightly shifted from 310K.
That conclusion allows us to choose the temperature range for
isothermal M(H) measurements in which T¢ is in the middle. This
range was chosen between 230 and 390 K with a step of 10K.

The main panel of Fig. 4 shows the isothermal magnetization
curves for the sample Lag g7Bag 33Mng ggTig 02 03. Based on the ther-
modynamic theory, the magnetic entropy change (ASy), which
results from the spin ordering and which is induced by the vari-
ation of the applied magnetic field from 0 to Hpax, depends on the
temperature gradient of the magnetization and attains a maximum
value around the Curie temperature, at which the magnetization
decays most rapidly. The temperature dependence of the magnetic
entropy change (ASy) for Lag g7Bag 33Mng gg Tig 02 O3 sample at var-
ious magnetic fields (0—-1T,0—-2T,0—-3T,0-4Tand 0— 5T)
are computed from Eq. (3) [2,17].

H
i+ 1 y
_ASM( . ) -7 [/0 M(T,, H)dH

/ M(T;, H)dH'

using the isothermal M(H) data as shown in the a-inset of Fig. 4. The
maximum value of ASy, i.e. |[ASF#¥| at each field is obtained near
Tc. An attempt to the theoretical modeling of the magnetocaloric
effect (MCE) was done by Amaral et al. [17] based on Landau theory

3)
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Fig. 4. Magnetization vs. applied magnetic field poH, measured at different tem-
peratures, for the Lag g7Bag33MnggsTip.02 O3 sample. Data were taken at temperature
steps of 10K. The a-inset represents the temperature dependence of the magnetic
entropy change (ASy) under different applied magnetic fields. The b-inset repre-
sents the maximum entropy change |ASF#*| and the relative cooling power (RCP)
values vs. applied magnetic field.

of phase transition. At the Curie point of ferromagnets, it has been
suggested that the magnetic energy MH needs to be included in the
expression for the Gibbs free energy:

G(T, M) = Go + %A(T)MZ + %B(T)M“ — MH (4)

where the coefficients A and B are temperature-dependent param-
eters containing the elastic and magnetoelastic terms of free energy
[18]. From the equilibrium condition dG/d M =0, a magnetic equa-
tion of state can be derived

H ~
o = A(T) + B(T)M? (5)

The Arrott plots H/M vs. M? extracted from the experimental
isothermal M(T, H) curves are shown in Fig. 5. These plots give a
positive slop in the complete M? range which confirms that our
sample exhibits a second order FM-PM phase transition, accord-
ing to the Banerjee criterion [19]. The magnetic entropy change
obtained from Gibbs’ free energy using Eq. (4) is
%A/(T)M2 - %B/(T)M“ (6)
where A'(T) and B'(T) are the temperature derivatives of the expan-
sion coefficients. The temperature dependence of the parameters A
and B is obtained from the linear region of the Arrott plot of Eq. (5).
Thermal variation of the parameter A is found to be almost linear (a-
inset of Fig. 5), whereas the temperature dependence of parameter
Bis highly nonlinear (b-inset of Fig. 5). The nature of the parameter
B takes a crucial role in determining ASy; as suggested by Amaral
etal.[17]. Using the thermal variation of the A and B parameters (a-

S(T, M) = —
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Fig. 5. Arrott plots H/M vs. M? using Eq. (5) at different temperatures showing a
second order transition (positive slope) for Lagg7Bag33MnggsTip0203. The a-inset
represents the parameter A vs. T. The b-inset shows the parameter Bvs. T. The c-inset
represents a comparison between experimental (open symbols) and theoretical pre-
dictions (full symbols) using the Landau theory, Eq. (6), for the entropy change ASy
under applied fields of 2 and 3T.

and b-insets of Fig. 5), the temperature dependence of ASy is cal-
culated from Eq. (6), under magnetic fields of 2 and 3 T. The c-inset
of Fig. 5 shows a good agreement between the Landau plot (full
symbols) and the experimental plot (open symbols) of ASy vs. T
for the Lag g7Bag 33Mng ggTig g2 O3 sample, suggesting that the mag-
netoelastic coupling and the electron interaction influence [17,18]
are important factors in the study of the magnetocaloric properties
of this material.

The magnetic cooling efficiency of a magnetocaloric material is
evaluated by considering the relative cooling power (RCP) [20,21].
For a magnetic refrigerator, the engineer or designer needs to know
the cooling per unit volume, and thus the only units which are
meaningful for such comparisons are mjcm~3 K-, and for this rea-
son we have converted the ASy; and RCP values of our material into
volumetric entropy units, since the Jkg=1 K- units are easily con-
verted to the mJ cm~3 K~ valuesif the density of material is known,
which is the case in this work (see Table 1). The magnetic entropy
change ASy near T¢ is arising from the interactions between the
Mn spin systems. | ASy;#*| and RCP exhibit an almost linear rise with
increasing field, as shown in the b-inset of Fig. 4, which is an indi-
cation of much larger entropy change and relative cooling power
to be expected at higher magnetic field (JASH*| = 3.21Jkg 1K1
or 21.48mjcm~3K-1 and RCP=307]kg~! or 2054mjcm~3 at 57T),
signifying therefore the effect of spin-lattice coupling associated to
changes in the magnetic ordering process in the sample.

In Table 3 we compare our performances of MCE with some
others reported in the literature. On one hand we note that our
|ASmax| 0.93]kg~1 K1 (6.22m]cm~3 K1) for 17T, is about 30% of
that of pure Gd [2], but our ASy distribution is much more uniform

Maximum entropy change, | ASy**| and relative cooling power (RCP) occurring at the Curie temperature (Tc) and at a magnetic field, H=1 or 5T, for Lag 67Ba33Mno.9s Tio0203

compared to several materials considered for magnetic refrigeration.

Composition Tc (K) AH (T) —ASu (Jkg 'K 1) RCP(Jkg1) Ref.

Gd 293 1 3.25 - 121

Gd 293 5 9.5 410 [20-24]
GdsSi>Ge, 275 5 18,5 535 [20-24]
Lay3Bay;3MnO3 337 1 2.70 68 181
L&0‘57Ba0‘33 MnolggTio_oz 03 314 1 0.93 45 This work
Laz/g Ba1/3Mn02.gg 312 1 2.60 65 [8]
Laps7Bap33MnO3 292 5 1.48 161 [22]
[.30_57 B30_33Mno_ggTio_02 03 314 5 324 307 This work
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(see the a-inset of Fig. 4) than that of pure Gd, which is desirable
for an Ericsson-cycle magnetic refrigerator [1]. On the other hand,
our |ASy**| is larger than that of Lag 67Bag 33MnO3 [22], somewhat
smaller than the one of the oxygen deficient Lay;3Ba;;3sMnO3_g
[8], and much smaller than those of the pseudo binary alloy
Gds5Si;Ge; [23,24] and MnFeP;_,Asy and Mn; ;FeP;_,Gey pnictides
[25]. However we note that our Lagg7Bag33MngggTig 203 spec-
imen exhibits a large relative cooling power RCP and can thus
be used as an active magnetic refrigerator in a relatively wide
range of temperatures near 310K, with a relatively large entropy
change.

4. Conclusion

Synthesis and structural characterization of Lagg7Bag33Mng gg
Tip 0203 manganite were performed. X-ray analyses reveal that this
material is isostructural to La;3Ba;;3MnO3_; reported by Zhong et
al. and crystallising in cubic Pm-3m structure. Measurements of
magnetization showed a sharp paramagnetic-ferromagnetic tran-
sition with Curie temperature (T¢) nearing the room temperature
and very close to that reported by Zhong et al. for Lay;3Ba; ;3MnOs_s.
Above Tc, between 340 and 400K, the material follows well
Curie-Weiss law. But due to short range order, a significant devia-
tion from the high-T mean field behaviour is observed below 340 K
leading to significantly larger effective paramagnetic moment than
the one theoretically predicted. This significant difference should
be ascribed to the formation of local ferromagnetic clusters and
magnetic polarons. Magnetocaloric behaviour of this specimen was
examined from isothermal magnetization vs. magnetic field data
measured at different temperatures surrounding Curie tempera-
ture Tc. We found that experimental magnetic entropy matched
well with the theoretical one determined using the Landau the-
ory. The maximum value of the magnetic entropy change obtained
from the M(H) plot data is |ASH®| = 21.48 m] cm-3K! and the
relative cooling power (RCP) is 2054 mJcm~3 under an applied
magnetic field of 5T, and Lagg7Bag.33MngggTig 203 can thus be
used as an active magnetic refrigerator in a relatively wide range

of temperatures nearing 310K, with a relatively large entropy
change.
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