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ABSTRACT

Comparative studies of structure, magnetism, and magnetoresistance (MR) have been carried out in A-site ordered NdBaMn,Os (O-NB),
A-site disordered NdBaMn; O (D-NB) and A-site disordered NdCaMn,Og (D-NC). O-NB, where A-site cations, Nd** and Ba>* (of different
ionic sizes) are arranged periodically, undergoes structural transition with temperature, while no structural change is present in D-NB where
A-site cations are arranged randomly. However, structural transitions are observed in D-NC where Nd** and Ca®* have similar ionic sizes.
Magnetization (M) data shows O-NB has AFM ground state associated with a lower structurally symmetric phase and an FM ground state is
observed for D-NB with higher structural symmetry. However, AFM ground state is observed in D-NC similar to that of O-NB. Both the dis-
order systems exhibit semiconductive transport characteristics over the entire temperature range. The resistivity data of disorder compounds
have been fitted with different theoretical models to elucidate the conduction process in these systems. Further, MR studies depict a three
times higher value of MR in both disorder compounds compared to that of order one. However, the behavior of MR with H is different for
D-NB and D-NC, implying a different origin of this large MR in these compounds. We believe that the different magnetic ground state of
D-NB and D-NC is the possible origin of their distinct MR behavior to the magnetic field.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000526

I. INTRODUCTION

Perovskite  manganites with the general formula
(Rl,,fJr R'XH)MnO31 have drawn a lot of attention in the scientific
community due to their intriguing physical features, including
colossal magnetoresistance (CMR), metal-insulator transition
(MI), and ferromagnetic-antiferromagnetic transition (FM-AFM).
Physical properties of these systems can be tuned by many thermo-
dynamic variables (like temperature, pressure, magnetic field etc.) as
well as non-thermodynamic variables like A-site disorder [random
distribution between A-site elements, R*" and R’ %, in (R_°>" R’
+)MnOs]. Millange et al. first investigated the difference between
the A-site ordered and A-site disordered LaBaMn,Os and reported
that the ground states of both materials are FM metal with different
Curie temperatures.” Latter, Akahoshi et al. and Nakajima el al.
reported that A-site disorder in LnBaMn,Og (Ln3+ —rare earth
ions) suppresses different long-range interactions and gives rise

to colossal magnetoresistive effect.”’ The ground state of A-site
disorder manganites is greatly influenced by the A-site cationic
size differences. For example, A-site disordered PrBaMn;Os (rpr3+
— tpa2+ = 0.31 A) system has FM ground state’ while an AFM
ground state is observed in A-site disordered PrSrMn,Og¢ system’
(rpr3+ — Trspp+ = 0.14 A) where Pr** and Sr** have nearly similar
ionic sizes. Such a great impact of A-site cationic size differences in
controlling the ground states of the disorder systems has not been
explored yet. This article studied the crucial role of A-site cationic
disorder and their ionic size mismatch in controlling the physical
properties of mixed valent manganites. For this purpose A-site
ordered NdBaMn,;0Og¢ (O-NB), A-site disordered NdBaMn,Os¢
(D-NB) (rnds+ — a2+ = 0.34 A) and A-site disordered NdCaMn,Og
(D-NC) (rngs+ — Icazse = 0.07 A) samples have been synthesized by
solid state reaction method.

The thermal stability of crystallographic phases of the com-
pounds has been investigated using temperature dependent powder
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X-ray diffraction (XRD) technique. Temperature variations of mag-
netization have been carried out to reveal the magnetic ground state
of the compounds. Resistivity measurement has been done for the
disorder samples and investigated using different analytical models
to reveal different conduction mechanisms of the systems. Finally,
magnetic field dependent magnetoresistance measurement has been
carried out to explore the influence of magnetic ordering on the
transport properties of the systems.

Il. EXPERIMENTAL DETAILS

Polycrystalline samples of O-NB, D-NB and D-NC have
been prepared by the solid-state reaction method. Stoichiomet-
ric amounts of Nd,O3, BaCO3/CaCO3, and Mn,O3 were mixed,
ground, and calcined at 1000 °C for 12 h in a reduced atmo-
sphere (Ar/H;). The resulting powder was reground, pressed into
pellets, and sintered at 1100-1350 °C in the same reduced atmo-
sphere. Using these conditions, an oxygen-deficient perovskite was
obtained. Thereafter, we annealed the sample at 350 °C in an oxygen
atmosphere to remove the oxygen deficiency and get the required
stoichiometric specimen.

Temperature dependent XRD measurements were carried out
at P02.1 beam-line of PETRA III in DESY Synchrotron Centre, Ger-
many, with the wavelength of 0.20736 A.”” XRD data were analyzed
via Rietveld refinement using the FullProf program. Electrical resis-
tivity measurements were carried out by a conventional four-probe
method in a temperature range from 3 K to 380 K in Quantum
design (QD) Physical properties measurement system (PPMS). Mag-
netization measurements were carried out at a fixed magnetic field of
100 Oe in a field cooled (FC) mode in a temperature range from 5 K
to 320 K in a vibrating sample magnetometer (VSM) of QD-PPMS.

I1l. RESULTS AND DISCUSSIONS

In A-site ordered state of RR'Mn,Og (R3Jr = Nd&**, R’?*
= Ba**/Ca®") system, the R>" and R"** cations stuck alternatively
along the c-axis, sandwiching the MnO; layer between RO and R'O
layers (ab plane). However, in A-site disordered samples, MnO,
lies between the (RR")O layers where the cations are randomly dis-
tributed.” Figures 1(a)-(c) shows XRD patterns of O-NB, D-NB and
D-NC respectively, measured at temperatures 340 K and 130 K.
The XRD patterns reflect that a good number of fundamental Bragg
peaks get splitted clearly with decreasing temperature for O-NB and
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FIG. 1. (a)-(c) XRD pattern at T = 340 K and 130 K, (d)—(i) Rietveld refinement
of the XRD patterns (open symbols—experimental data, black line—refined data,
scatter line—Bragg peak, green line—difference between observed and calculated
data).

D-NC compounds. However, no such change has been observed for
D-NB compound.

Rietveld refinement of these XRD data [Figs. 1(d)-(i)] has been
done to analyze the crystallographic phase of these compounds at
different temperatures. The compound O-NB shows the crystallo-
graphic change from a higher symmetric tetragonal crystal struc-
ture (SG: P4/mmm) to a lower symmetric orthorhombic structure
(SG: P2;am) with decreasing the temperature. The occurrence of A-
site disorder in the same system suppressed this structural change,
such that the tetragonal crystal structure (SG: P4/mmm) persists at
all temperatures for D-NB compound. Interestingly, despite hav-
ing an A-site disorder, the crystal structure of the D-NC compound
shows change from orthorhombic (SG: Pnma) to lower symmet-
ric monoclinic (SG: P21/m) phase as temperature decreases. The
obtained structural parameters are listed in Table I.

Figures 2(a)-(c) shows temperature variation of magnetiza-
tion data of O-NB, D-NB, and D-NC compounds, respectively.
The compound O-NB exhibits an AFM transition near 280 K [see
Fig. 2(a)] accompanied by lower symmetric orthorhombic struc-
tural phase.® The A-site disorder suppresses the AFM interaction,
such that the D-NB compound shows only FM transition near

TABLE |. Magnetic state (MS), crystal structure (CS), space group (SG), lattice constants (a, b, ¢) and average Mn-O-Mn bond angles (®) of O-NB, D-NB and D-NC at

temperatures 340 K and 130 K are presented.

T (K) MS CS SG a(A) b (A) c(A) 0 (°)
O.NB 130 AFM Orthorombic P2am 5.544 4(1) 5.5469(1) 7.6202(2) 165.0(3.0)
340 PM Tetragonal PA/mmm 3.90188(1) 3.90188(1) 7.73389(3) 177.5 (2.0)
D-NB 130 PM Tetragonal P4/mmm 3.89319(1) 3.89319(1) 7.747 74(5) 177.0(3.0)
340 PM Tetragonal P4/mmm 3.897 25(1) 3.89725(1) 7.77249(3) 176.9(2.5)
D.NC 130 AFM Monoclinic P21/m 5.43543(7) 7.494 14(7) 5.41693(7) 153.0(2.0)
340 PM Orthorombic Pnma 5.409 94(4) 7.604 00(5) 5.387 48(4) 157.9(1.0)
AIP Advances 13, 025125 (2023); doi: 10.1063/9.0000526 13, 025125-2
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FIG. 2. Plot of (a)-(c) M vs T, (d)-(f) MR vs H and (g)—(i) p vs T of O-NB, D-NB
and D-NC compounds respectively.

76 K [see Fig. 2(b)] associated with a higher symmetric tetragonal
structural phase. Interestingly, the D-NC compound shows AFM
transition [see Fig. 2(c)] along with monoclinic structural phase("”'
below 260 K.

The magnetic states and some of the refined structural para-
meters are summarized in Table I for all three compounds. Interest-
ing quantities in these crystal structures are average Mn-O-Mn bond
angles which are listed in the column ©. At 130 K, the Mn-O-Mn
bond angles are ~165° and 153° for O-NB and D-NC, respectively
and the corresponding bond angle for D-NB compound is ~177°.
So, the Mn-O-Mn bond angles in O-NB and D-NC noticeably devi-
ate from 180°, whereas that for D-NB are substantially larger and
closer to 180°. As a result, AFM superexchange interaction is favored
in O-NB and D-NC systems, while FM double exchange interaction
favored in D-NB compound between the spins of two nearest neigh-
bor Mn ions following the Goodenough-Kanamori rule.'’ Hence,
magnetic interactions strongly correlate with structural parameters,
changes with A-site disorder as well as A-site cationic size mismatch
of the systems.

Figures 2(d)-(f) shows magnetoresistance data of O-NB, D-NB
and D-NC compounds at 80 K. A comparison of MR of these three
samples indicates that the A-site disorder increases the MR of the
systems to a higher value in low temperature range. However, the
way the resistivity changes with the applied magnetic field differ for
the two disorder systems suggests that localized spins of the sam-
ples respond to the magnetic field differently. This distinct response
mechanism is driven by the different spin ordering in these systems,
FM for D-NB and AFM for D-NC. The resistivity of the three com-
pounds at the applied magnetic fields 0 T and 9 T has shown in
Figs. 2(g)-(i). The figure demonstrates that at no applied magnetic
fields, all three compounds are insulating. Resistivity of the disor-
der compounds substantially reduced near 80 K by the application
of a strong magnetic field, which results in an insulator to metal-like
transition. However, the ordered compound maintains its insulat-
ing state with a slight decrease of resistance under a large magnetic
field application. This gives a possible explanation of the observance
of large MR of disorder compounds compared to order one at low
temperature range.

Figure 3(a) displays temperature variation of resistivity (p) data
for the disorder systems with no magnetic fields. It is to be noted
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FIG. 3. Plot of (a) p vs T, (b) In(p) vs T~ (c) In(p/T) vs T~" (d) In(p) vs T~ for
D-NB and D-NC compounds.

that both compounds show a similar types of semiconducting resis-
tive properties. It has been observed that the resistivity of D-NC
compound increases more rapidly below 260 K (Tco). Vogt et al.
has correlated this observation with the onset of charge ordering
(Mn**/Mn**) in the system associated with the onset of AFM cor-
relation’ [see Fig. 2(c)]. However, no such discontinuity has been
observed for D-NB system. In order to reveal the conduction mech-
anism of these disorder compounds, we have fitted the resistivity
data with various theoretical models. Both the resistivity data are
effectively described by the activation energy model'” in the high-
temperature region (T > 251 K for D-NB and T > 261 K for D-NC)
[see Fig. 3(b)]:

P(T) = po eXp(%) 0]

Here py is a constant, E, is the activation energy and k is the
Boltzmann’s constant. The value of Ea of D-NB and D-NC are
153.23 meV and 119.97 meV, respectively. In the high-temperature
region, the larger resistivity of D-NB compared to D-NC might cor-
respond to its higher activation energy value. When the temperature
is lowered further, the thermal energy (kT) becomes sufficiently low
to allow an electron to jump from the valance band to the conduction
band with an energy gap E,. As aresult, deviation from the activation
energy model occurs below 251 K/261 K for D-NB/D-NC. At this
point, it is very worthy to note that the low temperature limit (261 K)
for D-NCiis close to the system’s charge ordering temperature (Tco).
When the temperature is lower than Tco (T < Tco), the D-NC starts
to transform into a deformed monoclinic crystal structure from an
orthorhombic structure. As a result, the excess charge (electron/hole
in Mn®*/Mn**) localizes on a single atom instead of delocalizing
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throughout the crystal. The localize charge and it’s self-trapping dis-
tortion together form the “small polaron” in the system.'* However,
no such structural distortion has been observed in the D-NB sys-
tem, which explains the inapplicability of the small polaron hopping
mechanism in this system. The resistivity data of D-NC compound is
well fitted by the small polaron hopping model'* in the temperature
range of 174 K-151 K [see Fig. 3(c)]. According to this mechanism,
the resistivity is given by,

P _ &)
=P exp(kT @

Where pq = [k/vPhNeszC(l — C)] exp(2aR), N is the number of
ion sites per unit volume, R is the average intersite spacing, C is
the fraction of sites occupied by the polaron, a is the electron wave
function decay constant, E, is the activation energy for hopping
and vy, is the optical phonon frequency is given by kOp/h (=vyp)
where Op is the Debye temperature. The values of Op/2 are estimated
from the temperature where linearity deviates in high-temperature
zones. D-NC has 0p of 302 K, and the calculated phonon frequency
is 6.29 x 1012 Hz.

Further lowering the temperature (T < 250 K for D-NB and
T < 150 K for D-NC), the carriers get localized by the dis-
order potential fluctuation due to the random distribution of
Nd’* and Ba**/Ca** ions. Mott’s variable range hopping (VRH)
mechanism'*'” is thus suited to represent the resistivity data of the
systems in such low-temperature regions [see Fig. 3(d)]. According
to this mechanism, the expression of resistivity is given by

p(T) = poc exp [(TT")W] )

The temperature scale Ty can be utilized to know the local-
ization length of electrons for a given density of states.'® Hence,
the disordered systems follow various conduction mechanisms at
different temperature ranges.

IV. CONCLUSION

The role of A-site cationic disorder and their ionic size mis-
match to control the physical properties of mixed valent per-
ovskite manganite has been revealed here. For this purpose three
samples, A-site ordered NdBaMn,Os (O-NB), A-site disordered
NdBaMn;0¢ (D-NB) (rnas+ — reaz+ = 0.34 A) and A-site dis-
ordered NdCaMn,O¢ (D-NC) (rndas+ — Icaze = 0.07 A) samples
have been synthesized. O-NB shows AFM transition associated with
the structural transition. D-NB shows FM transition without any
structural transition. Interestingly, D-NC also shows AFM transi-
tion associated with a crystallographic change in the system. The
compound D-NC has A-site cations of similar sizes. Temperature
variation of XRD and magnetic measurements indicate a strong
correlation between magnetic and crystal structures for these com-
pounds, which can be controlled by A-site disorder and A-site
cationic mismatch. Resistivity analysis of the disorder systems indi-
cates the presence of different conduction mechanisms at various
temperature ranges. Due to magnetic field driven insulator-to-metal
transition, the disorder compounds show three times larger mag-
netoresistance compared to order one at low temperature range.

ARTICLE scitation.org/journall/adv

However, since the disorder compounds have different spin con-
figurations, their MR varies differently with the applied magnetic
field.
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