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ABSTRACT

Polycrystalline samples of Pr, . .Na,, Mn, A O,(A=Ni, Cr, x =0, 0.03) were
prepared using conventional solid-state method and their structural and
magnetic properties were investigated. Monovalent-doped Pr, , Na, , MnO,
exhibits insulating behavior which is related to the strong localization of
charge carriers due to the presence of charge ordering (CO). The substitution
of different of magnetic ions, A, which are Ni** and Cr’*, at a concentration
of x = 0.03 at the Mn site in the CO Pr,  Na, , Mn, A O,manganite, has
been found to dramatically modify its structural and magnetic properties.
X-ray diffraction patterns showed that all samples were present in single
phase and crystallized in orthorhombic structure with Pnma space group.
The Rietveld refinement analysis showed that the unit cell volume increased
due to Ni*" substitution, while it decreased due to Cr’* substitution, which
may be attributed to the different ionic radii of both ions. The suppression
of the CO state and the induction of the ferromagnetic-metallic state in
the Ni-substituted and Cr-substituted samples are suggested to be due

Copyright© 2020 UiTM Press. Moprec
@ This is an open access article PENERBH%I RESS

- UNIVERSITI TEKNOLOGI MARA
under the CC BY-NC-ND license




SCIENTIFIC RESEARCH JOURNAL

to the induction of double-exchange interaction involving Ni**—O—-Mn**
and Mn**—0-Cr**, respectively. The variation in magnetic properties
between the Ni-substituted and Cr-substituted samples is suggested to
be due to the existence of different strengths of ferromagnetic interaction
between Ni**—O-Mn"" and Mn**—O-Cr**. In addition, the deviation of the
temperature dependence of the inverse magnetic susceptibility curves from
the Curie-Weiss law suggests the existence of Griffith s phase-like behaviour
for both substitution samples. The Ni-substituted sample induced a greater
GP effect than the Cr-substituted sample due to the larger difference of T,
and T, value (T-T).

Keywords: Manganese Perovskites; Charge Ordered; Monovalent-Doped,
Magnetic lon; Griffith Phase

INTRODUCTION

Extensive research has been conducted on hole-doped perovskite ABOs-
type manganites with a general formula of R,_ A MnO, (where R represents
rare earth elements and A represents alkali or alkaline elements) due to
their remarkable properties such as colossal magnetoresistance (CMR),
ferromagnetic—paramagnetic (FM—PM) transition, and metal-insulator
(MI) transition [1-5]. These properties are the result of the double-exchange
(DE) interaction, where eg electrons are simultaneously transferred from
Mn* (tzg3 egl) on O p-orbitals and from O p-orbitals to the empty eg orbital
of Mn* (tzg3 ego), favoring the ferromagnetic-metallic (FMM) state [5-6].
Conversely, the Jahn-Teller (JT) interaction related to Mn®" ions promote
paramagnetic insulating (PMI) behavior [6]. Understanding the physical
behavior of doped manganites requires considering several other crucial
factors such as phase separation (PS) [7-8], superexchange (SE) interaction
[9], Griffith phase (GP) [10-12], and charge ordering (CO) [8-10]. Among
these factors, CO has gained significant attention owing to its insulating
and antiferromagnetic (AFM) behavior [12-14]. The CO state is observed
in manganites doped with monovalent alkaline ions at a doping level of
x = 0.25, such as in Pr_Na , MnO, (PNMO) [15-17]. The Coulomb
interaction between Mn ions and the JT effect of Mn** ions lead to an
alternately ordered arrangement of Mn** and Mn*" ions in a 1:1 ratio at
lattice sites, resulting in the localization of charge carriers and restricting
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their mobility from hopping between lattice sites, which gives rise to an
insulating behavior of the compound.

Several studies have shown that substituting elements at the Mn-site
has a greater impact on the properties of manganites than substitution at
the A-site, as Mn ions play a crucial role in their behavior [18-20]. Various
factors, such as ionic configuration, spin states, and ionic radius of the
substituting elements, can affect Mn-site substitution, resulting in different
effects [21-24]. Substituting Mn with Cr*" in Pr, Ca Mn,_Cr O, [25] and
La, .Ca, Mn _Cr O, [26] manganites effectively suppresses the CO state
and replaces it with a FMM state. This is possible because Cr’” (t,’¢,”) is
involved in the DE interaction, having an ionic configuration similar to Mn**
[25-26]. Substituting Ni** (tzg6 egz), which also has a pair of eg electrons,
induces an Ml transition. This is because of the SE FM interactions between
Ni** and Mn*" ions, which facilitates the DE interaction between Mn** and
Mn* ions. Some studies suggest the presence of a DE-like interaction
between Ni?* and Mn*" ions [27]. The effects of both magnetic ions, Ni
and Cr substitution, especially in CO monovalent-doped manganites, have
not been thoroughly investigated, and only a limited number of reports
are available. Therefore, it is essential to study the effects of Ni and Cr
substitution and its relationship with the induced FMM, particularly in
monovalent-doped manganites.

The presence of the GP affects the behavior of manganites, causing
an uneven distribution of ferromagnetic (FM) clusters in the paramagnetic
(PM) region above TC [11, 28]. This phenomenon has been observed in
several manganites, and can be identified by a deviation from Curie-Weiss
behavior in the inverse of magnetic susceptibility versus temperature curve.
GP behavior has been observed in Pr, Sr sMn _GaO,, suggesting the
presence of FM clusters in the PM region. The exact nature of the GP phase
is unclear, but it has been suggested that A-site disorder may contribute to
different GP features. The effect of A-site substitution has been reported in
manganites such as Pr, MnO, [10] and Prm_yHoySrmMnO3 [11]. However,
there are no reports on the formation of GP in CO monovalent-doped Pr-
based manganites. This study aims to investigate the effect of Ni**and Cr**
substitution at the Mn-site on the structural and magnetic properties of CO
dPr, . Na ,Mn A O,(x=0and0.03; A=Niand Cr) manganite, and shed
light on the mechanism of CO state suppression and FMM phase revival.
The concentration of x = 0.03 was chosen based on the previous report [20,

55



SCIENTIFIC RESEARCH JOURNAL

27], which indicated that at x = 0.02, both substitutions of magnetic ions at
the Mn-site were able to induce the CO state in the compound. In addition,
the role of GP in these phenomena will also be discussed.

EXPERIMENTAL DETAILS

Polycrystalline samples of Pr,,Na , MnO,, Pr, Na , Mn  Ni O, and

0.75 0.25 K 0.75 0.25 K 0.97 0.03. 3
Pr,_Na  Mn, Cr .O, were prepared using the conventional solid-state

sygiztshesioézinetﬁgll. I(;l()ihiSS project, high-purity (>99.99%) powders of Pr O,
Na,CO,, Cr,0s, NiO and MnO, powders were weighed in a stoichiometric
ratio using an electronic balance. These powders were mixed together and
ground for 2 hours before calcined in air at 950 °C for 24 hours. Next,
the powder was pressed into pellets (diameter: 13 mm; thickness: around
3 mm) under a pressure of around 5 tonnes and sintered in air at 1100 °C
for 36 hours, with slow cooling at a rate of 1 °C/min to obtain the desired
oxygen stoichiometry. The phase of the samples was characterized using
an X-ray diffractometer (PANalytical model Xpert PRO MPD) with Cu-
Ko (A = 0.154 nm) radiation at room temperature. Data were collected in
the 20 range of 20 °-90 °. The magnetic transition temperatures (T ) were
obtained by measuring the AC susceptibility (y') in the temperature range of

30 K to 300 K using a Stanford Research model SR-7265 lock-in amplifier.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns and refinement for Pr . Na ,.MnO,,

0.75 0.25

Pr,.Na , Mn  Ni O andPr Na Mn,  Cr .O,samples, including the
Bragg reflection positions, and the measured and calculated intensities of
the corresponding peaks at room temperature. The patterns reveal that all
sample peaks appear at comparable angles and positions to those reported
earlier for the parent compound of Pr . Na , MnO, manganite [15-16].
The Rietveld method was employed to refine the XRD data of the samples
using the General Structure Analysis System (GSAS) program [29], the
EXPGUI package, and VESTA [30]. The peaks were modelled using a
pseudo-Voigt function, and the cell parameter and background function
were also considered. The X-ray diffraction patterns of the samples (Figure

1) were subjected to final refinement at room temperature, revealing that all
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the synthesized samples were single-phased and exhibited orthorhombic
symmetry with Pnma space group (No. 62). The orthorhombic structure

obtained in this study is consistent with prior findings on Pr, .

Na, ,.MnO,

manganites using the same refinement technique [15-16].
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Figure 1: (a) X-ray Diffraction Pattern and (b) Final Refinement at room temperature

for Pr

0.75 0.25

Na,,.MnO,, Pr, ..

Na_ . Mn

0.25 097 003 3

O, and Pr;

sNa,,Mn,.Cr, O,

0.25 0.97

samples. Observed (cross black), calculated (contlnuous red line),
difference between the observed and calculated data (blue line)
and Bragg peak positions (vertical pink tick marks).
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Table 1 provides a list of lattice parameters, calculated unit cell
volume (V) and chi-squared (?) values obtained from the final refinement
Of Pr0.75NaOA25MnO.3’ PrO.75Na0.25Mn0A97Ni0A03O3 and PrOA75Na0A25Mn0.97crOAO303
samples. The obtained structural parameter values for un-substituted sample,
Pr,..Na ,MnO, are in agreement with those in previously reported on

Pr,.Na ,Mn _Fe O, [31] compound. The goodness of fit (GOF) indicator
¥> suggests that there is a strong correspondence between the observed
and calculated profiles, as demonstrated by the quality of refinement (as
seen in Figure 1). The structural parameter values and calculated unit
cell volume obtained for the un-substituted sample, Pr . Na , MnO,
are consistent with those previously reported for Pr . .Na , MnO, [31]
compound. The calculated unit cell volume for samples with Ni substitution,
Pr, N ,Mn ,Ni O, shows a slight increase to 228.54 A3, The small
increase in unit cell volume suggests that Ni** may be replacing Mn3+
rather than Mn*" in the crystal structure. This is likely due to the similar
ionic radii of Ni?*(0.69 A) [32] and Mn** (0.65 A) [32], both of which are
relatively close compared to that of Mn** (0.56 A). Similar observations
have been reported in previous studies, such as in SmSr,, . Mn, Ni O,
[32]. Meanwhile, it was found that the calculated unit cell volume for
the Cr’* substitution in Pr,_Na  , Mn , Cr O, slightly decreased to
V =227.66 A3. This can be attributed to the smaller ionic radius (0.615
A) of the Cr** ion continuously replacing the Mn** ion, which has a higher
ionic radius (0.65 A). Previous studies, such as Sm, Sr, , Mn,_Cr O,[34],

have reported similar observations.

The magnitude of MnO, octahedral distortion was determined by
calculating the variance in JT denoted by ° . This was achieved using the
following Equation (1) [33]:

2 l d(Mn—o)i_d<Mn—0> 2

9}
T d<Mn-0> )

Here, d(Mn-O) represents the individual M-O bond distance, and
d<Mn-O> represents the average Mn-O bond distance which obtained
from Rietveld refinement. The calculated values of 6° . decreased in both
substituted samples, as shown in Table 1. The lower 6, value observed for
the Ni-substituted sample, compared to the Cr-substituted sample could be
attributed to the difference in their ionic radii.
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Table 1: Structure parameters, unit cell volume, Goodness of Fit
(GOF) value for refinement and JT Variance of Pr_,.Na , MnO,,
Pr0.75Na0.25Mn0.97Ni0.0303 and Pr0.75Na0.25Mn0.97cr0.0303 Samples.
The number in the brackets represents uncertainty of the last digit.

Sample Pr0.75Na0.25MnO3 Pr0.75N60.25Mn0,97Ni0,0303 Pr0.75NaO.25Mn0.97cr0.0303
a(A) 5.4378(5) 5.4469(5) 5.4367(5)
b (A) 7.6867(7) 7.6969(6) 7.6831(7)
c(A) 5.4488(6) 5.4511(6) 5.4409(5)
Volume, V 227.75(3) 228.54(2) 227.66(3)
(A%
GOF, x? 1.0510 1.7300 1.6110
Jahn-Teller 0.8150 0.4011 0.4331
Variance,
2
(x i A?)

Figure 2 displays the real part of the AC susceptibility plotted against
temperature (y'(T)) for (a) Pr,,.Na ,MnO, (b) Pr,_Na  Mn,  Ni O,
and (c) Pr,_Na , Mn  Cr, .O, samples in the temperature range of 30 K
to 300 K. The inset is plot of dy'/dT against T curve of each sample. The
unsubstituted sample, Pr, . Na , MnO,, shows a weak ferromagnetic phase at
low temperature. The wide peak observed at 210 K—240 K in the y'(T) curve
of the un-substituted sample (Figure 2(a)) is in agreement with previous
studies that reported similar findings, pointing towards the existence of
a CO transition in the Pr, Na ,MnO, sample [17]. Additionally, a CO
transition can be inferred from the observation of a broad peak at T, ~212
K (see inset (a) in Figure 2)). The discovery aligns with Jirak et al., [15]
findings, where they also noted a wide peak at approximately 220 K for

the Pr . .Na ,.MnO, sample.

The presence observed at 212 K may be ascribed to the AFM phase,
which could have resulted from the SE interaction between Mn ions,
such as the interactions between the Mn**~O-Mn*" and Mn*—O-Mn*".
This suggestion is similar to previous findings for other CO manganites
[28]. On the other hand, the substituted samples, Pr, .. Na , MnO,,

0.75 0.25

ProA75NamSMnWNiO{BO3 and ProjsNaoAstnm.CrO'(BO3 exhibit a transition
from ferromagnetic (FM) to paramagnetic (PM) behavior at low

temperatures and display increased values of y'. The transition temperature,
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TC is indicated by the minimum peak in the dy'/dT vs. T plot (see inset (b)
and (c) in Figure 2). Table 1 shows that the observed transition temperature,
as indicated by the minimum peak in the dy'/dT vs. T plot, is 132 K for the
Ni-substituted sample, Pr . Na ,Mn Ni O, and at 147 K for the Cr-
substituted sample, Pr,. Na , Mn  Cr, .O,. The enhanced susceptibility
and induced FM—PM transition for both substituted samples (Figure 2(b)
and 2(c)) suggest that Ni*" and Cr** effectively participate in strong FM
interactions, which contribute to the enlargement of the FM phase at T .

below 132 K (Figure 2(b)) and below 147 K ((Figure 2(c)).

The absence of a similar broad peak in the y'(T) curve (Figure 2(a))
indicates that the CO state is suppressed by the low concentration. The
replacement of Ni** at the Mn*" site could introduce additional exchange
interactions involving Ni with Mn**~O-Ni*, Ni*~O-Mn*" and N?*~O-Ni**
interactions. The presence of a FM phase implies that substituting Ni*" at
the Mn*" site may disrupt the ordering of Mn*" and Mn** ions, leading to a
decrease in the local antiferromagnetic (AFM) phase related to CO. The FM
super exchange (SE) interaction between Ni**~O—Mn*" may also contribute
to the development of the FM phase and enhance it. This interaction may
reason for the higher T of the sample which Ni promotes a strong FM
interaction. The introduction of Cr*"ions has resulted in the suppression
of the CO state and the formation of a ferromagnetic metallic (FMM)
state. This is due to the involvement of Cr** ions in the double-exchange
interaction, which is responsible for the formation of the FMM state. The
replacement of Cr** at the Mn* site could introduce additional exchange
interaction, Mn**~O—-Cr*. The electronic configuration of Cr*"ions is
identical to that of Mn*" ions, with both having a (t,.* ¢,%), configuration.
This similarity allows Cr** ions to engage in the DE interaction, which is
essential in facilitating the interaction between Mn*" and Mn*" ions. Earlier
research has also proposed that Cr** plays a part in prompting the FMM
phase in CO manganite [21-22].
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Table 2: Curie Temperature (T ), Charge Ordered Temperature (T.,) and

Griffiths Phase Temperature (T;) of Pr,,Na , MnO,, Pr,. Na ,Mn . Ni O,
and Pr . Na ,Mn  Cr, .O,ssamples.

Temperature Pr0.75Na0.25MnO3 Pr0.75Na0.25Mn0.97Ni0.0303 PrO.?SNaO.ZSMn0.97cr0,0303

(K)

Teo 218 - -

T. - 132 147

T - 148 160

T T, 16 13

(difference)

For further investigation of magnetic properties of the samples,
the temperature-dependent behavior of the inverse susceptibility, 1/%'(T)
have been plotted. Figures 3(a)-3(c) display the temperature-dependent
behavior of the inverse susceptibility, 1/y'(T), for Pr, Na ,MnO,,

0.75 0.25

Pr,..Na ,Mn ,Ni O, and Pr, Na Mn,  Cr .O.samples. The Curie-
Weiss (CW) law characterizes the magnetic susceptibility of a ferromagnetic
material in the paramagnetic (PM) region above the Curie point. In order
to analyse the data, we fitted the experimental results of all samples to
the Curie-Weiss law, which describes the temperature dependence of the
magnetic susceptibility of a paramagnetic material in the absence of an
external magnetic field [10-11]. The Curie-Weiss law is expressed as in

Equation (2):
¥ (MIH)=C/T- ©) )

where ', ®, and C represent the magnetic susceptibility, Curie-Weiss
temperature, and Curie constant, respectively. Our analysis revealed that
the Griffiths phase is characterized by a deviation from the Curie-Weiss
behavior in the inverse magnetic susceptibility versus temperature curve.

The 1/%'(T) curve for un-substituted sample above 212 K (Figure 3(a))
followed the Curie-Weiss law behavior and the curve deviated from the linear
behavior with decreasing temperature. Temperature dependence inverse
magnetic susceptibility (1/y'(T)) curve for un-substituted sample follows the
Curie-Weiss law behavior above 212 K, and the curve deviates above the
linear line with decreasing temperature, hence indicating the existence of
AFM phase. The AFM onset indicates the onset of CO at T, as CO state is an
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AFM. Similar magnetic behavior has been reported in CO compounds [20,
31]. Figures 3(b) and 3(c) show the curves 1/x'(T) for substituted samples of
Pr,.Na ,Mn ,Ni O, (Figure 3(b)) and Pr,_Na , Mn , Cr O, (Figure
3(c)) samples. The curves slightly deviated from the Curie-Weiss law
behavior above TC with a deviation temperature (TG). The TG value is 148
K for the Ni-substituted sample, Pr,_Na , Mn . Ni O, andat 160 K for

0.75 0.25 097" 70.03 73

the Cr-substituted sample, Pr . Na ,Mn Cr, .O, (Table 2). The results of
the observation imply that the substitution has the effect of suppressing the
CO state while promoting the formation of ferromagnetic clusters which are
regions of the material where the magnetic moments are aligned in the same
direction [10]. These clusters appear to dominate in the substituted samples,
indicating their importance in the compound's behavior. As a consequence,
it is suggested that the formation of ferromagnetic clusters in the GP could
potentially facilitate the occurrence of an FMM transition in the substituted
samples. A typical feature of GP behavior, as reported in various manganites,
is the observed deviation. However, in the case of Pr . Na ,Mn  Ni O,
the 1/y/(T) curve exhibited a greater deviation between T and T (T - T )
than Pr, Na ,Mn  Cr  .O,, as presented in Table 2. This suggests that
the sample contains a higher concentration of FM clusters.
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CONCLUSION

In conclusion, the effects of Ni and Cr substitution at Mn-site on the
structural and magnetic properties of CO Pr . Na , Mn A O, (x =0 and
0.03; A= Ni and Cr) samples were studied to elucidate the influence of
magnetic ions on the suppression of CO state and inducement of FMM
phase. The findings showed that introducing a small amount of Ni and Cr
(x=0.03) significantly suppresses the CO state and induces FMM transition,
indicating that both Ni** and Cr*" can successfully induce DE interaction
and FM phase. The replacement of Ni**at Mn** ion sites disturbed the local
order of Mn ions, leading to a reduction in Coulomb interaction and JT
distortion. This substitution also played a role in the FM SE interaction of
Ni, ~O-Mn*, facilitating the DE mechanism. On the other hand, due to the
involvement of Cr** in the DE interaction, which has which has a similar
ionic configuration to that of Mn*, Cr*" also induced the FMM phase.
Furthermore, the 1/¢'(T) results revealed the formation of FM clusters in
the PM region for both substituted samples. The recovery of the FMM state
may have been facilitated by the GP behavior. The Ni-substituted sample
induced a greater GP effect than the Cr-substituted sample due to the large
difference in T and T, value.
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