Structural, Magnetic, and Magnetocaloric Properties of
La;_,Bi,MnO3; (x = 0.01, 0.03, 0.06, 0.1, 0.2) Compounds
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Bi-doped lanthanum manganites with chemical composition of La;_,Bi,MnO5 (x = 0.01, 0.03,
0.06, 0.1, and 0.2) were prepared by a standard solid-state process. Magnetic and magne-
tocaloric properties of the samples were investigated in detail. X-ray diffraction measurement
showed that the sample crystallized in the single phase of orthorhombic structure. It was found
that the magnetization, Curie temperature, and the maximum value of magnetic entropy change
decrease with increasing Bi content. The decrease in magnetic entropy change was attributed to
the decrease in saturation magnetization and a change of the nature of the phase transition from
first order to second order with increasing Bi content.
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I. INTRODUCTION

THE mixed-valence perovskite manganites of type
La;_,AMnO; (A = Ca, Sr, Pb, Ba) have recently been
studied in detail due to the colossal magnetoresistance
(CMR) and magnetocaloric (MC) properties displayed
by some compounds of that family.!"?) The cause of
increasing interest in the perovskite manganites is
because these materials have great potential in techno-
logical applications related to the CMR and MC such as
magnetic sensors, computer memory systems, and ma%-
netic refrigerants in magnetic refrigeration technology.™
They have also many fascinating magnetic and elec-
tronic properties such as orbital and charge ordering,
structural and magnetic phase separation, and insula-
tor-metal and antiferromagnetic—ferromagnetic phase
transition.! The undoped parent LaMnO; is an anti-
ferromagnetic insulator. When the substitution of a
divalent rare-earth metal (Ca®>*, Sr*", Ba®") for La’ ",
some of the Mn®" ions transformed to Mn*" ions
(which is called as mixed-valence state), results in the
transition from an antiferromagnetic insulating state to
a ferromagnetic metallic state. The origin of ferromag-
netism and antiferromagnetism, as well as the transport
properties in these systems, has been well explained by
double-exchange (DE) interaction (between Mn®* and
Mn** ions) and super-exchange (SE) interaction (be-
tween Mn>"“") and Mn*"“") ions).”) However, DE
interactions promoting FM spin ordering and SE
interactions favor an AFM spin arrangement. The
resultant magnetic and transport properties of these
systems are determined by competition between DE and
SE interaction. All the previous studies have shown that
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ferromagnetic phase in manganites was observed in
compounds having only mixed-valence state.

On the other hand, among the all other usual
perovskite-type manganites, compound BiMnOj; ex-
hibits a very different structure and properties. While
LaMnOj; has an antiferromagnetic ordering, BiMnOj is
characterized by ferromagnetic ordering with a Curie
temperature of 105K to 110K (—168°C to
—163 °C).[° ) Interestingly, BiMnOs is the only report-
ed manganite showing ferromagnetic order even if only
a 3+ valance has on the Mn site. Although there is no
any Mn*" ion (in this case DE interaction could not
exist), the origin of ferromagnetism in Bi-doped man-
ganites is still not clear. Although there was a large
amount of work,"1° ™ some of the results are still
contradictory. The fundamental magnetic characteris-
tics of Bi-doped manganites have not been clarified yet.
The interesting point here is what causes this change in
magnetic and transport properties, despite the very
similar ionic radii and oxidation states of La’* and
Bi®* ions. All the above-mentioned properties make this
compound very special in comparison to other man-
ganites perovskites. In recent studies, it has been shown
that the MnOg octahedra in Bi-doped manganites are
fairly distorted. Consequently, the replacement of La by
Bi causes an increase of the Mn-O-Mn distortion. It has
been concluded that the strongly polarized Bi lone-pair
electrons are responsible for the heavily distorted
structure.?* 2% Khomchenko er al'” have concluded
that the existence of ferromagnetism in Bi-doped
LaMnO;j is considered to be caused by specific ordering
of the dz” orbitals of the Mn> " ions. The relative spatial
position of the dz* orbitals is so that two-thirds of the
total numbers of exchange interactions are positive and
that the resulting structure is ferromagnetic.!->!

Interestingly, while the electrical and magnetic prop-
erties of Bi-doped La;_,Bi,MnOj3; compounds have
been studied fairly, there has been no report about
magnetocaloric effect of Bi-doped La;_,Bi,MnO; com-
pounds. Therefore, in this work, the effect of Bi doping

VOLUME 46A, JUNE 2015—2591



on the magnetic and magnetocaloric properties of lightly
doped La;_,Bi,MnO; (x = 0.01, 0.03, 0.06, 0.1, and
0.2) compounds has been investigated in detail.

II. EXPERIMENTAL

The  polycrystalline samples La;_,Bi,MnO;
(x = 0.01, 0.03, 0.06, 0.1, and 0.2) were prepared by a
conventional solid-state reaction method using high-
purity oxide powders of La,03, Bi,O3, and MnO. First,
the powders were mixed in a stoichiometric ratio and
ground thoroughly. Then, the mixed powders were
calcined in air at 1073 K (800 °C) for 12 hours. After
the samples were ground and shaped by a press, they
were sintered at 1473 K (1200 °C) for 24 hours in air.
The samples were cooled to room temperature at a
cooling rate of 276 K/min (3 °C/min). The structural
characterizations were performed using X-ray powder
diffraction (Cu K,). The grain structures were observed
using a LEO-EVO-40 scanning electron microscope
(SEM). The magnetic measurements were performed
using a Q-3398 (Cryogenic) magnetometer in a tem-
perature range from 5 K to 300 K (=268 °C to 27 °C),
and a maximum magnetic field of 7 T was applied. The
magnetic entropy, which is associated with the magne-
tocaloric effect, was calculated from the isothermal
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Fig. 1-—X-ray diffraction patterns of the La;_,Bi,MnO; (x = 0.01,
0.03, 0.06, 0.1, and 0.2) compounds at room temperature.

magnetization curves under the influence of various
magnetic fields.

III. RESULTS AND DISCUSSION

Figure 1 shows the X-ray diagrams of the La;_,
Bi,MnO3 (x = 0.01, 0.03, 0.06, 0.1, and 0.2) samples.
The results of the X-ray diffraction indicate that the
substitution of La by Bi does not produce any significant
structural change. As seen in Figure 1, only the diffrac-
tion lines of the orthorhombic perovskite are obtained
which means that all the samples have a single phase of
orthorhombic symmetry. The results are in agreement
with the literature.!'>'® Based on the XRD pattern, the
unit cell parameters were calculated for La;_,Bi MnO;
(x = 0.01, 0.03, 0.06, 0.1, and 0.2) samples. The results
are given in Table I. From X-ray patterns, a distinct
doublet diffraction line was observed at just above
20 = 30 deg. Ogawa e al'" and Zhang er al'” have
concluded that this doublet diffraction peak indicates a
transformation from the cubic lattice to an orthorhom-
bic or rhombohedral lattice. According to the Gold-
schmidt rule,!” the ideal perovskite cubic lattice depends
on the tolerance factor (f) defined as Ra + R, =
tvV2(Rg + R,). The limiting values for the tolerance
factor have been determmed through experiments. For
example, Hines et al®* suggested that the perovskite
structure forms an ideal cubic lattice if 0.9 <7< 1. In
the range of 0.8 <7 < 0.9, it transforms to a rhombo-
hedral or an orthorhombic lattice. As given in Table I,
the calculated values of ¢ vary from 0.8869 for x = 0.01
to 0.8876 for x = 0.2. This is another additional
evidence of the orthorhombic perovskite structure
determined from X-ray diffraction patterns. This result
is important to understand the main reason for struc-
tural deformation in Bi-doped perovskites. Previous
studies have shown that the average size of the A-site
cations and the size mismatch at the A-site are two
important factors that govern the structural properties
of these mangamtes 231 In the case considered here, due
to the similar ionic radii of Bi*" (1.17 A) and LaH
(1.16 A), these two factors are eliminated.

As discussed in previous studies, perovskites that have
orthorhombic structure generally exhibit larger lattice
distortion. In the case of La;_,Bi,MnOs;, the samples
show an additional lattice distortion due to the Mn>*
ion which is called as Jahn-Teller (J- T) dlstortlon[ 6l
When the lattice has predominantly Mn*" ions, then
one can observe a cooperative static J-T effect with a

Table I. Lattice Constants and Other Selected Parameters for La,_ Bi . MnO3 (x = 0.01, 0.03, 0.06, 0.1, and 0.2) Compounds

Cell Dimensions (A)

Sample a b ¢ V(A% t

Lag g9Big.g1MnO3 7.743 5.543 5.490 235.5 0.8869
Lag.97Big.0:MnO3 7.746 5.542 5.491 235.7 0.8870
Lag9Big.;MnO; 7.760 5.548 5.493 236.5 0.8872
Lag sBig ,MnOs 7.768 5.538 5.496 236.4 0.8876
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Fig. 2—The SEM photographs of La; (Bi;MnO; compounds with magnification of 20,000, (¢) x = 0.01, (b)) x = 0.03, (¢) x = 0.1, and (d)

x=0.2 samples.

permanent distortion of the lattice structure. In present
samples, experimentally observed X-ray diffraction re-
sults, a distinct doublet diffraction line in X-ray pat-
terns, and values of tolerance factor (vary from
0.8869 for x = 0.01 to 0.8876 for x = 0.2) all indicate
a distorted orthorhombic symmetry. In addition, the
existence of predominant Mn®* ions indicates strong J—
T distortion in the samples. The results are in agreement
with the previous diffuse scattering analysis results
which directly measures J-T distortions in other mag-
netocaloric materials.?”! Both the above-mentioned J-T
effect and the polarized 6s> lone-pair character of
Bi*"?¥ could cause considerable structural distortion
in the Bi-do;ned manganites. It is known that the J-T
effect of Mn” " ions derives from having one electron in
the e, band with two-fold degeneracy. The orbital
degeneracy is easily lifted by the local deformation of
the MnOg octahedra (J-T effect), favoring the occupa-
tion of the dz* and dx? — y? orbitals. In this case, J-T
distortion produces a macroscopic lattice strain by
compressing the c-axis and expanding the ab
plane.'™'> Tt has been shown that, due to the 6s”
lone-pair character of Bi*", the Bi-O bond is shorter
than the La-O bond, despite the similar ionic radii of the
Bi*" and La’' ions.” This can be interpreted as
arising from the rather covalent character of the Bi-O
bonds. The electronegativity of Bi enhances the hy-
bridization between 6s of the Bi* " orbitals and 2p of the
O*" orbitals and can produce a local distortion. The
measured 159 deg of the Mn-O-Mn bond angle for the
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Bi-doped sample,*” which is smaller than that of an

undoped sample, is evidence of local distortion.

Figures 2(a) through (d) show typical SEM micro-
graphs for x = 0.01, 0.03, 0.1, and 0.2 samples with a
magnification of 20,000. All the SEM images reflect a
smooth polycrystalline structure with the average grain
size between 2 and 12 um, and the grains were dispersed
randomly in all samples. It is clearly seen from SEM
images that the average grain size slightly increases with
increasing Bi content. The variation of grain size with
increasing Bi content is in agreement with the results
given in our previous study.!'! In this study, it has been
demonstrated that Bi doping promotes grain growth
and good sample crystalline structure due to the low
melting temperature of Bi in Lag¢;_,Bi Cagp33MnO;3
compounds.

Figure 3 shows the temperature dependence of the
magnetization of the La;_,Bi,.MnO; samples for differ-
ent Bi doping levels (x = 0.01, 0.03, 0.06, 0.1, and 0.2).
The data were taken in a wide range of temperature
[from 5 K to 300 K (—268 °C to 27 °C)] and an applied
field of 0.1 T. It can be clearly seen that a transition
from ferromagnetic to paramagnetic phase occurs in all
the samples near the Curie temperature. It is generally
known that the variation of magnetization curve at
transition temperature gives a clue about the nature of
phase transition. The magnetization curves reveal that
the samples for x = 0.01, 0.03, 0.06, and 0.1 exhibit a
sharp ferromagnetic—-paramagnetic transition at their
transition temperature which is a characteristic of the
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Fig. 3—Temperature dependence of the magnetization for La;_,
Bi,MnO; (x = 0.01, 0.03, 0.06, 0.1, and 0.2) compounds, measured
for 0.1 T magnetic field.
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Fig. 4—Isothermal magnetization curves at various temperatures for (a) x = 0.01, (b) x =
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first-order phase transition. However, the sharpness of
the transition from ferromagnetic to paramagnetic
phase decreases for x = 0.2 sample which indicates
the transformation of nature of phase transition from
fist order to second order. The Curie temperature, T,
can be defined as the temperature of the maximum value
for |[dM/dT|. The Curie temperatures were measured to
be 234 K, 224 K, 209 K, 198 K, and 149 K (-39 °C,
—49 °C, —64 °C, —75 °C, and —124 °C) for x = 0.01,
0.03, 0.06, 0.1, and 0.2, respectively.

Figures 4(a) through (d) show the isothermal magne-
tization curves as a function of applied magnetic field at
different temperatures for La;_,Bi,MnO; (x = 0.01,
0.03, 0.06, and 0.2) samples. For all samples, after the
field is turned on, the magnetization increases as the field
aligns the ferromagnetic phase in the samples. At low
temperatures, the magnetization curves exhibit typical
ferromagnetic behavior and approaching saturation at
high fields. At higher temperatures, the magnetization
curves completely become linear with magnetic field
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which resembling the paramagnetic phase. The satura-
tion magnetizations were determined to be 89, 87, 85,
and 80 emu/g for x = 0.01, 0.03, 0.06, and 0.2, respec-
tively. The decrease of saturation magnetization with
increasing Bi content is an evidence of ferromagnetic
dilution in Bi-doped samples.

Figure 5 shows the variation of the Curie temperature
and saturation magnetization as a function of Bi content
(x). As can be seen, both the Curie temperature and
saturation magnetization decrease with increasing Bi
content. Although there are many studies on Bi-doped
La;_,Bi,MnO; manganites, the variation of Curiec tem-
perature with Bi content is not clear. For example, the
Curie temperature for LaggBip,MnO5; sample was de-
termined as 167 K (—106 °C) in Reference 8, 139 K
(=134 °C) in Reference 11, 138 K (—135 °C) in Refer-
ences 6, 12, 143 K (—130 °C) in Reference 7, and finally
149 K (=124 °C) in our study. Although the sample
compositions are same in all the studies, the Curie
temperatures are very different from each other. The
reason for this difference in Curie temperature is still not
clear. Ogawa et al.'*'"® measured the Curie temperature
as a function of Bi content in La;Bi,MnO3;, and they
found that the Curie temperature decreases linearly with
increasing Bi content from 153 K (—120 °C) for
x = 0.1to 115K (=158 °C) for x = 0.4. It is clearly
seen in our study that the variation of Curie temperature
with increasing Bi content shows the same trend with
results given in References 12 and 18. The decrease of
Curie temperature with increasing Bi content is a clear
evidence of weakening of ferromagnetic interactions.
The decrease in saturation magnetization (Figure 5)
with increasing Bi content is another evidence of
ferromagnetic dilution.

It is generally known that, in mixed-valence mangan-
ites, the ferromagnetism and the metallic character of
the samples are generally explamed by the DE interac-
tion between the Mn®*" and Mn*" ions. Zhang er al.l'”
have demonstrated that the electronic state of the Mn
ions in the Bi-doped compound proves that the trivalent
state is maintained after trivalent Bi*" ions are doped
into the structure. In this case, the observed ferromag-
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Fig. 5—The variation of Curie temperature and saturation magneti-
zation as a function of Bi concentration.
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netic properties and the FM—PM phase transition in the
sample must be explained without the existence of the
double exchange interaction, due to the absence of
Mn*". The only way to explain the ferromagnetism in
this system is the super-exchange interaction between
Mn®" ions. Although superexchange between Mn®™"
ions exhibits antlferromagnetlc ordering when the
Mn?*"-O-Mn*" bond angle is 180 deg, ferromagnetlc
ordermg can be obtained when the bond angle of Mn**
O-Mn*" is reduced to lower than 180 deg with a hlgher
lattice distortion.

As discussed above J-T distortion and the highly
polarizable Bi** 6s® lone-pair character £Ia§{ an impor-
tant role for exhibiting ferromagnetism.! As a result
of J-T distortion and the 6s° lone- palr character of
Bi*", the Mn ions with ordered dz’ orbitals and
ordered dx* — y? orbitals are posmoned in a chessboard
pattern, and the axes of the dz* orbitals are oriented
along the b-axis. The orbitals in the neighboring (a, ¢)
plane are oriented in such a way that there is an overldp
of the half-filled and empty e, orbitals of the Mn®* ions
along all the Mn-O-Mn directions. In this case, at ecach
Mn®" 10n the condltlons are satisfied for the ferromdg-
netic Mn®"-O-Mn®" exchange interaction.”®’ Conse-
quently, ferromagnetism in the La;_,Bi,MnO;
(x = 0.01, 0.03, 0.06, 0.1, and 0.2) compounds are
cons1dered to be caused by the specific ordering of the
dz* orbitals of the Mn*" ions. Khomchenko et af.!"”
and Atou?" have concluded that two-thirds of the total
value of the exchange coupling is positive and that the
resulting structure is ferromagnetic. Ogawa et al.'* have
concluded that the decrease of saturation magnetization
with increasing Bi content could be understood by
considering J-T distortion. In very low concentration
rates, the mdgnetlc ordering of the local magnetic
moment of Mn®" ions seems to be nearly realized
because the saturation magnetization has maximum
value (89 emu/g for x = 0.01). At that concentration
rates, J-T distortion is relatively relaxed. For the further
concentration rates, the decrease in saturation magne-
tization could be due to the increasing J-T distortion
which affects the ferromagnetlc ordering of magnetic
moments of Mn®" ions.

The magnetic entropy, which is associated with the
magnetocaloric effect, can be calculated from the
isothermal magnetization curves (as given in Figure 4)
under the influence of a magnetic field. According to the
classical thermodynamic theory, the magnetic entropy
change AS,, produced by the variation of a magnetic
field from 0 to H,,y IS given by

Hpax

ASH(T, H) = / (%) HdH. 1]

To evaluate the magnetic entropy change AS,,, one
must make a numerical approximation to the integral in
Eq. [1]. The usual method is to use the isothermal
magnetization measurements at a small, discrete field
interval. In this case, |AS,| can be approximated from

Eq. [1] by
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Fig. 6—The temperature dependence of the magnetic entropy change
(IASwl) for the La,_,Bi,MnO; (x = 0.01, 0.03, 0.06, 0.1, and 0.2)
compounds at 0.1 T magnetic field change.

M; — M,
|AS| = ZﬁAH’ 2]
1

where M; and M, are the experimental values of the
magnetization at 7; and T;,;, respectively, under an
applied magnetic field H;. Using Eq. [2], by measuring
the M-H curve at various temperatures, one can
calculate the magnetic entropy change at various mag-
netic fields.

Figure 6 shows the magnetic entropy change as a
function of temperature of La;_,Bi,MnOs (x = 0.01,
0.03, 0.06, 0.1, and 0.2) compounds at 1 T magnetic
field. For all the samples, the magnetic entropy change
exhibits a peak in the vicinity of Curie temperature. The
peak temperatures shift to lower temperature with
increasing Bi content. The peak value of |AS,,| was
determined to decrease from 2.42 J/kg K for x = 0.01
to 0.79 J/kg K for x = 0.2 sample. It is clear that
measured magnetic entropy change values are compa-
rable with magnetic entropy change of various mangan-
ites. For example, |AS,| = 1.58J/kgK at a 1T
magnetic field for Lagg4Big0sMnO; is nearly identical
to the values of 1.55 J/kg K for Lag 781 33MnO>" and
1.6 J/kg K for La0,67Bao_33MnO3[32? at the same mag-
netic field. The refrigeration capacity (RC) was calcu-
lated from the direct product of the maximum entropy
change and the full width at half maximum of the peak
(=AS 0Tewum). The calculated values are 42.19,
42.85, 44.86, 46.04, and 39.50 J/kg at 1T magnetic field
change for the La,_,Bi,MnOj; (x = 0.01, 0.03, 0.06,
0.1, and 0.2) samples, respectively.

It is generally known that the value of magnetic
entropy change in manganites is closely related with
saturation magnetization and nature of phase transition
which can be investigated using Landau theory.?! The
magnetic free energy F(M,T) can be expanded as a
Landau expansion in the powers of the magnetization
M, neglecting higher order contributions, as

1(7) M+ a(7)

F(M,T) ="° 5 M -MH. [
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Fig. 7—Arrott plots for the La, ,Bi,MnO; (x = 0.01 and 0.2)
compounds at various temperatures.

Here, ¢|(T) and c¢3(7T) are termed the Landau coeffi-
cients, and the sign of the ¢3(7) determines the type of
the magnetic phase transition. A first-order phase tran-
sition is expected in the case ¢3(7) < 0, and a second-
order phase transition in the case ¢3(7) > 0.°% From
the condition of equilibrium OF(M, T)/OM = 0, we ob-
tain

H=c/(T)M + c;(T) M? [4a]
%: e1(T) + e5(T) M. [4b]

By plotting H/M vs M? in the critical region, which is
called an Arrott plot, the slope of the resulting curves
denotes whether a magnetic transition is of first order or
second order. It can be deduced that, if all the curves
have a positive slope, the magnetic transition is second
order. On the other hand, if several of the curves show a
negative slope at some point, then the magnetic transi-
tion is first order. It has been concluded that the slope of
the Arrott plots is not a universal tool for determining
the type of the phase transition because the slope is
positive not only in the case of second-order transition
but also in the case of first-order transition when T is
inside the transition region.l**
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Figure 7 shows the Arrott plots of the La;_,Bi,MnOj;
for x = 0.01 and 0.2 samples. The negative slope of the
plots for x = 0.01 sample clearly shows the first-order
nature of the magnetic phase transition from ferromag-
netic to paramagnetic. The negative slopes (which they
were not given here) were observed up to x = 0.1 sam-
ple. For higher doping concentration (x = 0.2), the
nearly positive slope of H/M vs M? curve reveals that
the magnetic phase transition has changed to second
order. The Landau coefficient ¢3 (7) could be deter-
mined by fitting Eq. [4a] to the magnetic field H against
the magnetization M (Figure 4) or fitting Eq. [4b] to the
Arrott plot (Figure 7). Our calculations have shown that
for lower concentration rates, the c;(7) coefficients
(=2 x 107> T grifemu® for x =001, —33 x 107*
T gr’/emu® for x = 0.03 and —1.8 x 10~* T gr’/emu?
for x = 0.1) are negative near the Curie temperature.
According to the theory described above, a negative
value of c¢3(7) suggests that the phase transitions for
Lag.o9Big0iMnOs, Lago7BigosMnO3, and LagoBig
MnO; samples are first order. Unlike the lower concen-
tration rates, the positive value of c¢3(7) coefficient
(5 x 107> T gri/femu’) for x = 0.2 sample is another
evidence of nature of phase transition changing from
first order to second order for higher order Bi concen-
tration. The considerable decrease of |AS,,| for increas-
ing Bi content (from 2.42 J/kg K for x = 0.01 t0 0.79 J/
kg K for x = 0.2 sample at 1 T magnetic field) could be
due to the nature of phase transition changing from first
order to second order.

IV. CONCLUSIONS

In this study, magnetocaloric properties of La;_,
Bi,MnO;5; (x = 0.01, 0.03, 0.06, 0.1, and 0.2) samples
were investigated in detail. X-ray diffraction measure-
ment showed that the sample crystallized exclusively in
the orthorhombic perovskite structure. A distinct dou-
blet diffraction line observed at just above 20 = 30 deg
has concluded due to a transition from the ideal cubic
lattice to a distorted orthorhombic lattice. Such a
considerable distortion in lattice symmetry was attribut-
ed to the J-T effect and 6s> lone-pair character of the
Bi®* ions. The Curie temperatures were measured to be
234 K, 224 K, 209 K, 198 K, and 149 K (-39 °C,
—49 °C, —64 °C, —75 °C, and —124 °C) and the satura-
tion magnetizations were determined to be 89, 88, 85,
84, and 80 emu/g for x = 0.01, 0.03, 0.06, 0.1, and
0.2, respectively. The observed ferromagnetism in
La;_,Bi,MnO; samples was interpreted by the ferro-
magnetic—superexchange interaction along the Mn? * -O-
Mn’" bonds. The magnetic entropy change (|ASw|)
was determined to decrease from 2.42 J/kg K for
x = 0.01 to 0.79 J/kg K for x = 0.2 sample. The de-
crease in magnetic entropy change was attributed to the
decrease in saturation magnetization and a change of
the nature of the phase transition from first order to
second order with increasing Bi content.
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