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ABSTRACT

This research reports the studies of crystallographic structure, morphology and magnetic
properties of a manganite compound which substitution of Gd and Sr ions at La (or A-site) in the

perovskite structure of Lay.,,Sr,Gd,MnO; (LSGM). While the quantity of Gd and Sr given gives the

average size of the cations occupying in A-site or ({Ty)) is fixed at ~1.24 A for all samples, the
significant parameters of Mn""content and the size mismatch of A-site cations (o) changed
from the substitution of Gd and Sr for La is focused. The LSGM nanopowders are prepared by
using the thermal hydro-decomposition method at 900°C in air for 6 h. The influence of Gd and
Sr substitution for La in the sample was characterized by XRD, SEM, TEM and VSM techniques.
The XRD result shows that all the prepared samples indexed to a single rhombohedral phase.
The morphological investigation of the powder samples from SEM and TEM images reveals the
spherical nanoparticles shape with an agglomeration. The average particle sizes of prepared
samples are in the range of 28 — 40 nm. The magnetic measurement shows soft ferromagnetic
behavior of all samples. The increasing of Mn" contents and o value (or Gd content)
decreases particle size (D), magnetization (M) and Curie temperature (T) strongly. A large o’
and an introduction of magnetic layers result in a random arrangement of spin-ordering and also
destroy the coupling of Mn”* and Mn* ions in the long-range FM ordering into the short-range

magnetically ordered clusters and form spin-cluster glass state.
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INTRODUCTION transition and colossal magnetoresistance

The hole-doped manganite (Reshmi et al, 2013; Shinde et al, 2012;
perovskites A, ,B.MnO; (A = La, Ln, Prand B = Krishna et al., 2009; Revzin et al.,, 2000). These
alkaline earth elements) have attracted exceptional perov-skites are contemporarily
considerable  interest because of their recognized in various fields of applications, for
intriguing magnetic and electrical properties examples,  magnetic  sensors,  magnetic
such as paramagnetic to ferromagnetic (FM-  resistance device, infrared devices, fuel cells,

PM) transition, insulator to metal (-M) magnetic refrigeration and read heads (Maity
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et al,, 2013; Chen et al 2011; Cheikh-Rouhou
Koubaa et al., 2007). Typically, for manganite
perovskites compound, when some trivalent
ions (ie. La™") are substituted divalent cations
such as Sr2+, a compound of La3+1,x5r2+x!\/|n3+1,X
!\/\nLHXO3 or LSM will be obtained. This
substitution causes a creation of holes (hole-
doping) that consequently induces a mixed
valence state of Mn ions (Mn3+/Mn4+) that
leads to the enhancement of the magnetic
transition temperature and the occurrence of
the ferromagnetism and conductivity in this
compound (Goodenough, 1955; Verelest et al.,
1993). Amongst various manganite
compounds,

(LSM) s

strontium-doped  manganite
attractive because of its

high

large

magnetic  moment, paramagnetic-
ferromagnetic transition temperature (T.) and
metal-insulator transition temperature (T,,) (Zi
et al,, 2009).

In  order to elucidate the
aforementioned phenomena of manganite
compounds, there have been numerous

attempts to investicate their magnetic
properties when varying the Mn"* content,
average size of the cations occupying in A-site,
(r4) and the mismatch factor (o) originated
from the disorder of ionic size in A-site
(Raveau et al., 1998; Asamitsu et al, 1996;
Gaudon et al, 2002; Dhahri et al, 2008).
Previous studies have revealed that the Mn"

content, the values of (ry) and o’ have

notable influences on the crystal structure,
magnetic and CMR properties of LSMs.
Moreover, we have proposed that the average
Mn oxidation state in La,,Sr,MnO; (0 < x < 0.5)
can be modulated by the variation of
(ry)and o ° (Daengsakul et al, 2012
Daengsakul et al, 2009). The magnetization
(M) is dramatically increased with respect to
the increased (ry) of until (ry) reaches ~
1.244 A at which M becomes the highest
(Daengsakul et al,, 2012). Our finding agrees
with the previous work that the Curie
temperature (To) is highest when (1) is in the
range of 1.23-126 A (Rao, et al, 1997).
Although, the effect of (r4) on Tc has been
studied, the comprehensive explanation of
this point remains absent. Moreover, the
investigations of the other crucial effects (such
as Mn"" content or doping with magnetic ions)
under the fixed (1) values have not been
reported. Therefore, in order to unravel these
effects on magnetic properties, we have
studied in a Lay,,Sr,Gd,MNnO; (LSGM) series in
which a nonmagnetic ion La™ s partially

replaced by magnetic ion of Gd™" at fixed (T, )

~124 A while the Mn’/Mn" ratio are
systematically increased by Sr doping. The
studied LSGM samples are synthesized as
nano-particle by using the thermal hydro-
decomposition method (Daengsakul et al,
2009). The influence of introducing magnetic
Mn"

layer and hole concentration (or
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content) on their structure and magnetic
properties are examined by the XRD, SEM,
TEM and VSM techniques, respectively.

RESEARCH METHODOLOGY
In this work, we have studied La,,,

Sr,Gd,MnO; (LSGM) compounds. In order to

keep constant (r,) at ~1.24 A for each
sample, the concentrations of Gd and Sr were
increased together (i.e, introducing both
magnetic ions and hole concentration simul-
taneously). For this case, the mismatch factor
o’ increases from 1.954 - 6.159 (x 10~ A%) with
the increase of Gd (or Sr) doping from 0-20%
(0 < x <045 420 <y < 02). All LSGM
samples were synthesized by the thermal-
hydro decomposition method (Daengsakul et
al, 2009). The samples were prepared by
mixing 99.99% purity powders of La, Sr, Mn

and Gd acetate salts and dissolved in distilled

water. Afterwards, the solution was thermally
decomposed in an oven at 900 °C under air
atmosphere for 6 h and it was subsequently
cooled down to room temperature before
being ground to vyield nanopowders. The
variation of theoretical values of Mn"" content
is assembled in Table 1, while the variation of
o’ with the doping level of Gd is rendered in
Fig. 1. The theoretical values of (r4)and o
are calculated from Equations (1) and (2),
respectively.

The ionic radii of related cations are
obtained from Shannon (rp,s+ = 1.216 A
Tgg3+ = 1.107 A, rg2+ = 1.31 A) (Shannon,
1976) for the nine-fold coordination of A
cations, as proposed by Rodriguez-Martinez
and Paul Attfield (Rodriguez-Martinez and
Attfield, 1998). These radii correspond well to

those of a distorted perovskite lattice.

Table 1 The theoretical content values of Sr, Gd, MnLH, (TA) and O'2 for all studied LSGM

nanopowder samples.

content
Composition Formula Abbreviation %Mn"* (r A) ) o’ (10'3 ,&2)
Sr (x) Gd (y)
Lag¢7Sr033Mn0O3 LSM 0.33 0 33% 1.2470 1.954
L.a.625r0.33Gdg 05MNO; LSGO5M 0.33 0.05 33% 1.2416 2.856
L2 51Sr9390Gdg 10MNO; LSG10M 0.39 0.10 39% 1.2418 3971
La aSro.45Gdg 1sMnO5 LSG15M 0.45 0.15 45% 1.2419 5.085
Lags Sro50Gdo.20MNOs LSG20M 0.50 0.20 50% 1.2412 6.159
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Fig. 1. The theoretical content values of Gd, Mn"" and & for all studied LSGM nanopowder

In this article, the crystal structure
and phase purity of the LSGM nanopowders
were characterized by X-ray diffraction (XRD)
using a Philips PW 3040 X-ray diffractometer
with  CuKa radiation, and the average
crystallite sizes were calculated by Debye
Scherrer’s formula. The morphology of the
prepared samples was revealed by using a
scanning electron microscope (SEM) (LEO
1450VP, UK). The morphology, size distribution
and particle size of LSGM samples were
observed by a transmission electron
microscope (TEM) (JEOL 2010, Japan) at an
accelerating voltage of 200 kV. The magnetic
hysteresis loops were measured by a vibrating
(VSM)  (Quantum

sample magneto-meter

Design Versalab, USA) at room temperature in

the applied field range 30 kOe. The
temperature-dependences of magnetization
were also measured using the VSM in the
temperature range of 50-390 K in both zero
field cooled (ZFC) and field cooled (FC)
condition. The sample was cooled from room
temperature to 50 K at zero magnetic field
and then magnetization (M) was measured
as the sample was warmed under applying a
magnetic field of 100 Oe. In the field cooled
case, the sample was cooled from room
temperature to 50 K under a magnetic field of
30 KkOe, (Mg

measured at elevated temperature in the

and then magnetization

presence of a magnetic field of 100 Oe. The
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(To)

maximum of |dM/dT| from M-T curve.

Curie temperature defined by the

RESULTS AND DISCUSSION
Fig. 2 depicts the X-ray diffraction

patterns of the Lay,Sr,Gd MnO; nanopowder.
The XRD data of all the samples were
analyzed by the Rietveld refinement method.
It is found that all the samples can be
indexed to the single rhombohedral phase
with R3C space group. The diffraction peaks
shift to a higher degree with increasing Gd
concentration (y) as shown inset in Fig. 2. This
indicates a decrease in lattice parameter and
unit cell volume (V). The variations in the
lattice size, the average bond length of Mn-O,
(dyn—0), and the average Mn-O-Mn bond
angle, (Oyn-o-mn), for all samples are
compiled in Table 2. It is evident that V and
(dpn—o) decrease with increasing Gd content
while the (Oyn—0—mn) remains constant for
all samples. Although the introduction Gd,
which is a smaller ion than La, into the LSGM
perovskite is

expected to produce a

deformation of the octahedral MnQq, but
constant (1) results in the variation of Mn-O
bond length.

The average crystalline sizes (D) are

approximated by X-ray line broadening

method using Debye Scherrer’s formula
kA ' .
B cos 9)’ where [ is the full width at

half-maximum

(DXRD =

(FWHM) value, A is the
wavelength of X-ray (1.54056 A), k is the shape
factor (Suryanarayana and Grant, 1998). The
obtained average crystalline sizes of LSGM
samples are in the range of 17.8- 22.5 nm and
these sizes decrease with increasing Gd and
Mn'" ions content as shown in Fig. 3. The
decrease of the unit cell volume, {(dpyn-o)
value and crystalline size is attributed to the
substitution of Gd, which has smaller ionic
radius than La. Furthermore, the increase of a
smaller radii size of Mn"" ions ("Mp4+ = 0.530
A) than that of Mn’" ions (Fypps+ = 0.645 A)
taking place along with Gd doping also causes
the

shrinkage of the unit cell volume,

<dMn—0) value and crystalline size.
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XRD patterns of LSGM nanopowders.
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The relationship between the approximated sizes of the LSGM nanopowder sample

obtained from X-ray line broadening method and histogram of the size distribution

from TEM image.

The morphology of the LGSM

samples investigated by SEM and TEM
techniques (for only LGSM samples with y = 0,
0.1 and 0.20) are presented in Figs. 4-5. The
SEM images (Fig. 4) reveal that the prepared
LGSM samples are made up of spherical

nanoparticles with agglomeration of particles

in the submicron range. While the TEM images
shown in Fig. 5 reveal an abundance of nearly
spherical particles. As seen in the histogram of
the size distribution, we find that the average
particles size (D) are in the range of 28.4 -
39.3 nm, which is slightly larger than those
obtained from XRD result (see Fig. 3). This is
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because the crystallite size derived from X-ray  actual full width at half-maximum (FWHM)

line broadening method does not have the value of Debye Scherrer’s formula.

(a)LSM

LSG10M

Mean =30.5 nm
SD =103

D(nm)
o LSG20M
Mean =28.4 nm
SD =105
0
E
8
10

D(nm)

Fig. 5 TEM micrographs and histogram of the size distribution of the LSGM nanoparticle: (a)
LSM, (b) LSG10M and (c) LSG20M.
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The magnetic field dependence
magnetization measured at 300 K (room
temp.) in the magnetic field strength up to
30,000 Qe is shown in Fig. 6. It is apparent that
all the samples show the soft ferromagnetic
behavior with a small hysteresis loop at room
temperature (coercive field < 50 Oe). The FM-
PM transition temperature or T for all LSGM
samples is evaluated from the temperature-
dependence of magnetization which shown in
Fig. 7 (Tc defined as the temperature where
the slope, |dM/dT], reaches a maximum value
calculated from the ZFC curve (Kao et al,
2007). The values of magnetization and T for
all samples as a function of three parameters
ie., () the doping level of Gd, (i) the

mismatch effect factor or O~ and (iii) the

. . 4+
theoretical concentration of Mn  ions are

listed table 2. These findings indicate that the
M and T, decreases strongly with respect to
the increase these three parameters. From Fig.
8, we find that the decreasing of the highest
values of M = 52.1 emu/g and T, = 365 K
belongs to the LSM sample which no doping
with Gd to the lowest values of M = 12.3
emu/g and T¢ = 266 K for LSG20M sample.
This result suggests that the fixing (ry) at

~1.24 A cannot enhance M and T. This
indicates that the Mn"" content and & are
the important parameters that contribute
greatly to the value of T, and magnetic
substitution  of

property. Moreover, the

magnetic Gd ion to La-site in manganite

structure  cannot enhance ferromagnetic

behavior, but it inhibits the long-range order of

existing FM, leading to lower M and T.

LSM
LSGM nanoparticles tzggﬁl:\:
404 At 300K
20 LSG15M
LSG20M
0

40 4

Magnetization (emu/g)

-30000 -20000 -10000

Magnetic Field (Oe)

0 10000 20000 30000

Fig. 6

M-H curves of LSGM nanopowders measured at 300K in field up 3T
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Fig. 7 Temperature dependence of the zero-field cooling magnetization curves for all LSGM

nanoparticles measured at 50-390 K.

The decrease in M with increasing Gd
content agrees with the reported findings (Kao
et al,, 2007; Qixiang et al.,, 2008; Ling et al,
2008). This is because the substitution of Gd
ions interrupts La-O-La(Sr) layers causing Mn-

O-Mn not to form homogeneous long-range

order. Instead, Mn-O-Mn are clustered to form
spin-cluster glass state (Qixiang et al., 2008;
Ling et al, 2008; Liang et al, 2013). This
explanation is confirmed by the splitting of
ZFC and FC magnetization curves at low

temperature as shown in Fig. 9.

60 420
o T
Psoi«®- = e Iagg
E n M
8401 ¥— o u 1360
Q \ 3
3 204 \. =
= @ - +300
] L
= 10 \°+270
0 T T T T T
0.00 005 0.10 0.15 0.20
Doping level of Gd (y)

Fig. 8
the doping level of Gd.

The variation of M (measured at H ~ 30kOe) and T of the LSGM nanopowders with
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In order to investigate the short (or
long)-range spin order and magnetic behavior
for the LSGM samples, the ZFC and FC
magnetization curves in a low field of 100 Oe
in the temperature range 50-390 K are
measured and then presented in Fig. 9. It can
be seen that the PM-FM phase transition is
broadened by the increase Gd content, and T,
moves to the lower temperature likely
because the increase magnetization curves for
all. LSGM nanopowders of Gd substitution
yields large magnetic moment. Consequently,
the antiferromagnetic phenomenon appears in

low temperature range. This is because the

24

204

Magnetization (emu/g)

100 150 200 250 300 350 400
Temperature (K)

0 50

magnetism of Mn-O-Mn is strengthened with
decreasing temperature, and the induction of
Mn-O-Mn magnetism causes Gd to transform
gradually from a random arrangement to the
orderly arrangement of Gd-O-Gd chains.
Hence,

between Mn-O-Mn and Gd-O-Gd forms on the

the antiferromagnetic arrangement

low temperature range (Kao et al, 2007).
Moreover, as seen in Fig. 9, the FC
magnetization below T for all samples does
not become saturated but it rapidly increases
with temperature cooling. This indicates that
the magnetic ordering of rare earth ions at A-

site occurs at lower temperature.

12

®
!
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Fig. 9 Temperature dependence of the zero-field cooling and field cooling (under H = 100 Oe)
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Table 2 Structural parameters and related

Rhombohedral phase).

values of LSGM nanopowder samples (R:

Samples LSM LSGO5M LSG10M LSG15M LSG20M
Crystal structure R R R R R
% (A3) 348.4 347.0 345.9 343.9 343.4
(dpn—o) & 1.950 1.939 1.936 1.926 1.925
(Orn—o-mn) O 167.5 166.2 166.1 166.2 166.3
Dygp (NM) 225+2.4 21.9+1.6 20.6+2.6 19.7+3.1 17.8+3.9
Drew (nm) 39.3 31.4+13.4 30.5+10.3 29.8+10.2 28.4+10.5
M at 30kOe (emu/g) 52.1 50.7 41.2 22.9 12.3
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