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SUMMARY OF REPORT

Name and address of the Dr. Soma Das, Assistant Professor.

Principal Investigator: Department of Electronics & Communication Engineering,
Guru Ghasidas Vishwavidyalaya (Central University)
Bilaspur — 495009 (CG)

UGC Approval no. and date: 42-908/2013(SR) dated 25-03-2013

Title of the Project: Investigation on the properties & Optimization of the materials for
room temperature Magnetic Refrigeration Applications

Lanthanum-based manganite perovskites exhibiting colossal magnetoresistance (CMR) have attracted
great attention in recent years. Since the ferromagnetism (FM) in manganites is correlated with the
metallic properties and CMR effect, the origin of FM and the possibility to control it are of profound
interest. The FM and metal-like behavior occurring in hole-doped manganites results usually from a
substitution of La sites, by divalent ions such as Sr*, in the undoped parent compound LaMnO;. Self-
doped lanthanum manganite La;-,MnO; exhibit magnetic and electrical transport properties very similar
to the hole doped manganites where Mn** appears due to the self-doping, analogous to the hole doping,
leading to the spectacular changes in the physical properties. The relative amount of Mn*/Mn** ratio and
their distribution in the lattice as well as the nonstoichiometric oxygen (creating the equivalent vacancies

in La and Mn-sites) plays an important role in tuning the physical properties of these systems.

Until now, no comparative studies have been carried out on cation-deficiencies of LaMnOs in terms of
both the substitution of La by a divalent ion and creating La-deficiency. In this work, we have studied the
structure, electric and magnetic properties of cation-deficient compositions with creating vacancies in La-
site or/and substitution of La-site by a Sr (<10%). We have studied two types of samples. One type was
prepared by Sr doping (degree of Sr doping = 10%, 5%, 0%) on self-deificient La-site and another one
with Sr doping (degree of Sr doping= 5%) on La-site of stoichometric compound, LaMnOg, resulting the

variation of Mn** concentration of both type of samples.

The single phase of compounds was confirmed by the powder X-ray diffraction (Seifert XRD 3000 P)
using CuKa radiation. The size and morphology of the grains of the samples were observed in a JEOL
JSM 35 C scanning electron microscope (SEM). Oxygen non-stoichiometry for all samples were checked
through iodometric titration as the average of 5 titration values giving the excess oxygen =~1.5%. The
resistivity and MR were measured by the standard four-probe technique in an electromagnet and a
commercial closed cycle refrigerator operating down to 10 K (Janis Research Inc.). All the thermal
variation during resistivity measurements was carried out at a fixed rate of 2 K/min. DC Magnetization
was measured in vibrating sample magnetometer (VSM) with a field range from 0 to 10 T. In case of
zero-field cooled (ZFC) mode the sample was cooled down to the desired temperature at zero magnetic

field while for the field-cooled (FC) mode the sample was cooled in a static magnetic field.



The low temperature metallic behavior with a characteristic feature of metal to semiconducting transition
accompanying with a typical feature of FM character are observed for the samples. The compound with
Sr-5% shows different characteristic features such as two FM ordering temperatures at Tc; and Teo
(detailed in paper), absence of sharp peak at Tp in p(T), and linear ohmic | — V behavior below Te.
Increasing Mn** content with Sr content as well as La deficiency commits the hole-rich FM and metallic
phases. The distinct behavior of low field MR below T¢ is suggested due to the tunneling of electrical
transport across the GB region. The analysis of the nonlinear current-voltage curves for La deficient

samples further indicates that the inelastic tunneling via localized states of the GB region is dominant.



FINAL PROJECT REPORT

i. Brief objective of the project

The objective of the project is to develop a good magnetic refrigerant system and to understand
the dynamics of the system in the real-state environment of a room temperature magnetic refrigerator.
Since magnetic refrigeration is an important cooling technology regarding its environment-friendly
processing and the executable high efficiency compared to the conventional gas-refrigeration one,
interest has been given to solve the problems and challenges of this technology specially for the room

temperature applications.

The objective therefore is to prepare good quality materials targeting to enhance their magnetic
properties near transition temperature. Then will be the study of their properties relevant to characterize
the magnetocaloric properties and the physical mechanisms associated with the magnetic degrees of
freedom. The characterization of the materials will also be done accordingly. After collecting the
experimental data, the objective will be to interpret and analyze the data in explaining and predicting the
behavior of the material in the thermal cycles of the refrigeration in prototype. Effort will be given to model

the thermomagnetic response of the system in prototype magnetocaloric devices.
ii. Introduction

Lanthanum-based manganite perovskites exhibiting colossal magnetoresistance (CMR) have
attracted great attention in recent years [1,2]. The presence of Mn®" and Mn*" ions together with the site-
site double-exchange (DE) mechanism [3] play pivotal role towards such CMR effect. Since in
manganites the ferromagnetism (FM) is correlated with the metallic properties and CMR effect, the origin
of FM and the possibility to control it are of profound interest. The FM and metal-like behavior observed in
hole-doped manganites results usually from a substitution of La sites, by divalent ions such as Sr**, in the
undoped parent compound LaMnQO; [4—6]. Self-doped lanthanum manganite La;-,MnO; exhibits magnetic
and electrical transport properties very similar to the hole doped manganites where Mn*" appears due to
the self-doping [7—11]. Similar to the hole doping, variation of Mn** leading to the spectacular changes in
the physical properties of selfdoped lanthanum manganite. The amount of Mn*/Mn** ratio and their
distribution in the lattice as well as the nonstoichiometric oxygen (creating the equivalent vacancies in La
and Mn-sites) plays an important role in tuning the physical properties of these compounds. For low-
doped compositions, the superexchange interaction between the Mn®*" ions is responsible for the
appearance of FM and/or antiferromagnetic (AFM) insulating phases. The Jahn-Teller (JT) coupling plays
an important role leading to the orbital ordering of Mn®** ions and determining also the sign of exchange
coupling in accordance with degree of static deformation of the MnOg octahedra [12]. The magnetic
phase separation occurs with increasing doping, as a result of competition between different kinds of
interactions in the system, leading to a mixed AFM-FM ground state. The existence of Mn*" can be
achieved by both the substitution of La by a divalent ion as well as creating La-deficiency [13,14]. These

changes give evidence of direct correlation among magnetic, structural and electrical properties; namely,
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the magnetic behavior of the system. This magnetic behavior evolves from AFM to FM with a reduction of
JT distortion in the MnOg sublattice when structural symmetry changes from the orthorhombic to the
rhombohedral [15-18], and when an electron is allowed to hop between Mn** and Mn** ions producing a

ferromagnetic DE interaction [3], which also promotes a metallic electric conduction.

Until now, no comparative studies have been carried out on cation deficiencies of LaMnO; in
terms of both the substitution of La by a divalent ion and creating La-deficiency. We have studied two
types of samples: one type was prepared by Sr doping (degree of Sr doping=10%, 5%, 0%) on self-
deificient La-site and another one with Sr doping (degree of Sr doping=5%) on La-site of stoichometric
compound, LaMnO3, resulting the variation of Mn** concentration of both type of samples. In the present
paper, we are going to focus on the evolution of structural, electrical and magnetic properties with the
changes in the Mn** concentration in cation-deficient compounds by creating vacancies in La-site and/or
substitution of La-site by a Sr (£10%).

iii. Methodology adopted for this work
The methodology adopted for this work is as given below:

i. We have already prepared good quality materials starting with oxide perovskites in nano-sizes of
certain composition to get a room temperature transition with good magnetic moment.

ii. We have adopted different conditions of heat treatment processes to analyse the changes in micro-
structure and related changes in their magnetic and transport properties.

iii. XRD/SEM/TEM structural studies to characterize the samples.

iv. Physical properties as dc resistivity, magnetoresistance, detailed magnetic measurements by VSM
and SQUID, thermal expansion and specific heat.

v. Study of the dynamic thermal and magnetic responses of the magnetic materials with respect to
changes of magnetic field, in conditions relevant for the application in the thermal cycles of the
refrigeration in a prototype.

vi. Theoretical interpretation of the result by appropriate modeling of magnetocaloric effects, in second-
order and first-order magnetic transition materials (reduction of hysteresis).

vii. Modeling of thermomagnetic response.

iv. Experimental Details

Polycrystalline compounds of nhominal composition (a) [Lag.eSro.1]o.eMnOs, (b) [Lag.esSro.05]o.oMNOs,
(c) LagpoMnO3; and (d) LagesSroesMnOs; were prepared by the chemical route [19,20]. The final heat
treatment was performed at 800 °C for 15 h in air, followed by furnace cooling to room temperature. In
order to remove the ambiguity ascribed to the different oxygen nonstoichiometry, the sample was finally
annealed under close oxygen atmosphere for 6 h at 1000 °C. Henceforth, we will refer the samples,
denoted with La-site deficiency, by their respective degree of Sr substitution on La-site such as
[Lag.oSro1]ooMNO; as DSr—10%, [LaggsSro.0slo.oMNO; as DSr—5% and LagMnO; as DSr—0%, and the

remaining La-stoichiometric compound Lag 95Sr0.0sMNO; will be designated by only the respective degree
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of Sr substitution as Sr—5%. The single phase of compounds was confirmed by the powder X-ray
diffraction (Seifert XRD 3000 P) using CuKa radiation. The size and morphology of the grains of the
samples were observed in a JEOL JSM 35 C scanning electron microscope (SEM). Oxygen
nonstoichiometry for all samples was checked through iodometric titration as the average of 5 titration
values giving the excess oxygen =1.5%. The resistivity (p) and MR were measured by the standard four-
probe technique in an electromagnet and a commercial closed cycle refrigerator operating down to 10 K
(Janis Research Inc.). All the thermal variation during resistivity measurements was carried out at a fixed
rate of 2 K/min. DC Magnetization was measured in vibrating sample magnetometer (VSM) with a field
range from O to 10 T. In case of zero-fieldcooled (ZFC) mode the sample was cooled down to the desired
temperature at zero magnetic field while for the field-cooled (FC) mode the sample was cooled in a static
magnetic field.

v. Detailed Results & Discussions

SEM images of studied compounds DSr-10%, DSr—5%, DSr—0% and Sr—5% are shown in Fig.
1(a)-(d), respectively, which clearly show melted grain boundaries. The grains exhibit inhomogeneity in
size with average diameter =170, =160, =230 and=120 nm for the compounds DSr-10%, DSr-5%,
DSr-0% and Sr—5%, respectively.

=

Fig. 1. SEM image of (a) DSr—10% (b) DSr-5% (c) DSr—0% and (d) Sr-5%.

Table 1

Some selected refined structural parameters Obtained Fom the Rietveld
Befinement of the Room Temperature Structure of compounds DSr — 10%, DSr
— 5%, D& — (B0 and S — 5%.

Parameters rhombohedral, Kl

DEr = 10% D&r = 5% DSr = 0% 5r = 5%

atd) 5518(3) 5.5150%) 5.522(2) 5515 4)
ed 13.367(5) 133582 13.357(6) 15.5536(2)
V (A% 352 53(6) 351.02(8) 252 TE(E) 251.07(7)
’ 2.440(1) 2ER3E) 2568(R] 2266(6)
Mn—0 (4% 1944(1) 1.045(6) 1.952(6) Lo41)
Mn—{0—Mn (deg) 178 51(5) 175.76(8) 169.43(3) 178.51(4)
Mn—Mn [A) IBE7(T) 3.BB5(5) 3 BBAIE) % BRI

The crystal structure of the systems were analyzed by Rietveld refinement (using the MAUD
software package) of XRD data. The Rietveld analysis show that these compounds form in a single

phase rhombohedral symmetry with space group R3c. The refinement was also performed in considering



orthorhombic symmetry with space group Pnma. However, the agreement factor, y* was significantly
improved (Table 1) when rhombohedral symmetry with space group R3c was introduced. This structural
analysis is in support of the undoped mother sample LaMnO; [19]. Fig. 2 displays Rietveld fitted XRD
patterns of four compounds DSr-10%, DSr-5%, DSr-0% and Sr—5%, respectively. The selected refined
structural parameters and agreement factors are given in Table 1. We did not observe any systematic
change of lattice parameters and unit cell volumes with variation of Sr-concentration. Merely, lattice
parameter ‘c’ decreases systematically with Sr-concentration for La-deficient samples. It is also observed
that the Mn-O-Mn bond angle decreases with Sr-concentration except stoichemetric sample (Sr—5%).
However, the variation of bond angle is understood by considering the valence state of Mn ion. The
percentage of Mn** ion increases with decreasing Sr** in La-defficient samples to neutralized the charge.
Progressively, the larger Mn*®* ions replace smaller Mn** ions, shearing corners in MnOg octahedra

resulting the decrease in average Mn-O-Mn bond angle. Such peculiar change in bond angle is also
observed earlier in manganites [21-23].
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Fig. 2. Experimentally observed (dots), Rietveld calculated (continuous line), and their difference (continuous bottom
line) profiles for DSr—10%, DSr-5%, DSr—0% and Sr-5% at room temperature obtained after Rietveld analysis of
the XRD data using rhombohedral space group R ¢ 3 . The vertical tick marks between the observed and difference
plots show the Bragg peak positions.
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Fig. 3. Temperature dependence of resistivity (p) in zero field for DSr—10%, DSr-5%, DSr—0% and Sr-5%. The
inset exhibits the temperature dependence of p(T)/p(max) in a selective temperature region.



The temperature variation of resistivity (p) in zero field is shown in Fig. 3 for the compounds DSr -
10%, DSr — 5%, DSr — 0% and Sr —5%, respectively. All the four compounds exhibit insulator-metal (I-M)
transition at different temperature region. In comparison to pure LaMnOs, the resistivity is decreased by
an order of 3 (i.e. from KQ-cm to Q-cm) for all the doped samples [19]. Also the metal-insulator transition
temperature which was absent in LaMnO3 [19], how appears in all the four doped samples as seen in Fig.
3. The Mn** concentration (Table 2) for all compounds has strong effect in their p(T) data, which is clearly
visible from Fig. 3. A broad maximum appeared around 115 K (Tm) for Sr—5%. The different p(T)
behavior of Sr—5% has been explained in our previous report [24,25]. On the other hand, a sharp peak is
observed at 264 K (Tp) accompanied by a broad maximum around=243 K (Tm) for DSr—0% (inset of Fig.
3). The features of p(T) for DSr—0% is consistent with the previous result where the Tp is 4 K higher than
the reported result [9,10,26]. The similar temperature dependence of p is also noticed for DSr - 5% and
DSr - 10%. Inset of Fig. 3 shows that the sharp peak at Tp becomes less prominent and shifts towards
higher temperature at Tp=280 and 293 K for DSr — 5% and DSr — 10%, respectively. In addition with Tp,
the width of broad maximum increases with increasing Sr-concentration and Tm is noticed =255 and=263
K for DSr-5% and DSr-10%, respectively. The appearance of a sharp peak (Tp) and a broad maximum
(Tm) is attributed to the inhomogeneity of the oxygen stoichiometry in different phases in the samples,
where the oxygen-rich phase is responsible for the appearance of sharp peak in p(T) [9,10,26]. It is
interesting to note that the increase of Mn** concentration leads to a metal like temperature dependence
(dpT=0) and the absolute value of p at 400 K (p400K) decreases with increasing Mn** percentage for all
samples which is listed in Table 2. As a result of La deficiency in DSr — 0%, the onset oxidation state of
Mn changes from Mn®** to 30% Mn*". Furthermore, Sr** substitution implants more Mn*" in the Mn®*
matrix. Both La deficiency as well as doping divalent Sr onto the trivalent La sites results in hole doping
(Mn*") and the eventual onset of metallic behavior. The percentage of Mn** of all samples is shown in
Table 2. It is widely accepted [27,28] that the current carriers in hole doped (La;-,A.MnO3) and self doped
(La;-sMnO3) manganites, at least at moderate x and &, are mobile holes, which appear due to charge
compensation and move from Mn* ions to normal-valence Mn*" ions. These holes simultaneously
dominate the metallic transport and mediate the FM double-exchange (DE) interaction.

Fig. 4 shows the temperature (T) dependence of magnetization (M) measured at 100 Oe in ZFC
and FC protocols for DSr—10%, DSr-5%, DSr—-0% and Sr-5%. The compounds DSr — 10%, DSr — 5%,
DSr - 0% show typical ferromagnetic behavior. However, for stoichemetric compound Sr - 5%, the M - T
behavior is quite different. The distinct magnetic response of Sr — 5% was explained by an unusual
ferromagnetic ordering which dominated this system over a wide temperature range as reported
previously [24,25]. The Sr-concentrations on La-deficient samples are found to affect magnetic behavior.
A sharp ferromagnetic transition is observed for all La-deficient samples. Large thermomagnetic
irreversibility between ZFC and FC data below TC in Fig. 4 arises either from the magnetic anisotropy
[29] or due to spin-glass-like behavior [30]. The magnetization curves at 5 K in Fig. 5 exhibit soft
ferromagnetic features for all La-deficient compounds and thus the possibility of spin-glass-like feature

has been ruled out. A sharp PM to FM transition is observed at Tc, as obtained from the deep in the plot



of temperature derivation of FC magnetization (dMgc/dT) with T, where Mgc is the FC magnetization. T¢
for all the compounds is shown in Table 2. In comparison to LaMnQOs, T¢ increase closed to room
temperature approximately from 140 K (for LaMnO3) [19].

Table 2

Mn*? (%); Sharp maximum in p(T7, (Tpk; Broad maximum inp(T), (Ty) Cure
temperature (T-); Curie-Weiss temperature (8y); Effective magnetic moment
from the Curie-Weiss plot (uay); Theoretical effective magnetic moment EL[,';'T']';
Saturation magnetic moment at 5K (@.); Theoretcal Saturation moment f,[I_‘jl::}
for compounds DSr—10%, DSr-5%, DSr—0% and Sr—5%.

Sample DEr—10% DSr—5% DEr—{P% Sr-5%
Mn™* * (%) 30 33.5 30 5
T, (K 203 280 264 -
T (K] %3 255 243 115
Peoar ($2-cm) 0035 0.056 0074 0.144
T (K] 303 200 265 T = 200K
T = 150K
By (K) 303 200 265 283
o i 0] 4.85 4.83 4.80 325
#g[wr_u] 4,53 4.57 4.61 4.85
Mol T 2,65 3.83 3.60 2491
™ (s f) 3.64 3.68 371 3.95
N T T T T T T T T T ]
—_— . I =100 Oe
20 ——DSe10% TT— — 4
——DSr-5% “‘“m‘_“_

—— DSrd% \
—S5r-5%

M (emu/gm)

0 50 100 150 200 250 300
T{K)
Fig. 4. Temperature dependence of ZFC (dotted lines) and FC (solid lines) magnetization in an applied field of 100
Oe for DSr—10%, DSr-5%, DSr—0% and Sr—5%.
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Fig. 5. Magnetization as a function of applied field for DSr — 10%, DSr — 5%, DSr-0% and Sr-5% measured at
different temperatures. The inset of the left panel exhibits the extended view of the same for Sr — 5% at 5 K up to 10
T.



We have examined the plot of inverse susceptibility (HM) with temperature which follows a linear
behavior above T, in the measured range up to 330 K, according to the Curie-Weiss law: MH =
CAT-Ow), where C and Oy are the Curie and Weiss constant, respectively. The obtained value of the
effective paramagnetic moment (u.rr) and ©OW are shown in Table 2. The value of Oy is in good
agreement with Curie temperature (T¢) for all the samples. The values of s can be compared to that
obtained from the theoretical model [31,32]. Considering the rigid Hund coupling within Mn®** and Mn** in

their high spin state, the theoretical effective paramagnetic moment (y@?f) per formula unit can be

estimated and listed in Table 2. Note that the value of u,. for all La deficient samples (DSr-10%, DSr—
5%, DSr—0%) is about =10% larger than the theoretical provided values while that for Sr-5% is =15%
lower than it. Considering the presence of almost same amount of excess oxygen (less than 2%) in these
compounds, the larger value of u.f in La deficient samples indicates a probable existence of FM cluster
[7,8,19]. The presence of surface disordered effect at the grains and/or magnetic clustering counts for
lower value of ¢ for Sr — 5% [24,25]. It is worth to note that the large value of p.¢r (6.07 psff.u.) for
pure LaMnO; compared to the spin only value for S = 2 (4.90 pg/f.u.) suggests the existence of
superparamagnetic clusters, where the inside interaction is ferromagnetic [19]. With increasing Mn**
content the value of T shifted towards higher temperature. Tc for DSr — 0% was estimated at 265 K
which coincides the value of Tp in temperature dependence of p. It is understood that increasing Mn**
content with Sr content as well as La deficiency commits the hole-rich ferromagnetic phases dominated

by the ferromagnetic double exchange interaction between Mn** and Mn*".
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Fig. 6. MR as a function of field (H) at selective temperatures for DSr—5% and DSr-10%.
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Fig. 7. Top panel: GV-V curves at selective temperatures. The solid lines exhibit the fits using Eqg. (1). Inset exhibits
I-V curves at selective temperatures. Bottom panel: The temperature dependence of the coefficients GO and Ga
are obtained from Eq. (1). Upper inset shows the temperature dependence of a. Lower inset shows |-V curve for Sr
- 5%.

The isothermal magnetization of the compounds is measured as a function of field at 5 and 300 K
and is shown in Fig. 5. All the data were recorded after cooling the sample from 400 K and then stabilized
at 5 and 300 K. Except for the sample Sr — 5%, at 5 K, magnetization initially increases rapidly with H and
saturates at =1.0 T, indicating the characteristic features of soft ferromagnet for all La-deficient samples.
However, the magnetic saturation is not observed for Sr — 5% with the applied magnetic field up to the 5
T. The inset of the top panel of Fig. 5 shows that the rate of increase of M with H decreases in the high
magnetic field region (2 T<H<10 T) and no saturation is observed even at 10 T. The value of saturation
magnetic moments (u,,;) was calculated from the magnetic moment extrapolated at 1/H=0 in the plot of
M vs WH at 5 K pg, of Sr — 5% shows a large deviation from uth, explaining the presence of
antiferromagnetic interactions accompanying with cluster/spin glass (SG) behavior [24,25]. g, at 5 K
and 5 T are listed in Table 2. The value of ug,, suggests the oxygen stoichiometry =3 for DSr — 0%, and
is consistent with reported result [8]. The relatively small value of ug,, (also ut?,) in DSr—10% compared
to that of DSr—0% is a measure of Mn** doping in this compound however for DSr-5%, the value of iy,
comes out much higher than that of corresponding u%, . This difference suggests that the system with
DSr -5% is having a probable presence of Mn?* (in high spin state) along with Mn** however our X-ray

diffraction did not show the existence of any multi-phase structure for this compound. The high value of
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Usq: for DSr =5% is therefore anomalous and needs to be probed further. The nonlinearity of M—H curve
at 300 K (the lower panel of Fig. 5) for DSr-10%, DSr — 5%, DSr — 0% might be ascribed to the presence
of short range FM clusters at 300 K satisfying Curie—Weiss behavior. At 300 K for Sr-5%, i.e., above Tc,
the quasi-linear M(H) curve is the indication of paramagnetic nature of sample at that temperature.

We observed the nature of low-field MR at selected temperatures by varying the magnetic field up
to £8.5 kOe for DSr - 5% and DSr -10%. The plots of MR are shown in Fig. 6, exhibiting different
characteristic features at different temperatures for DSr — 5% and DSr —10%. The nature of MR-H curves
at 40 and 150 K are similar, while at 40 K, we observed 24% MR value at 8.5 kOe field for DSr — 5% (top
panel of Fig. 6). In the bottom panel of Fig. 6 shows the similar nature of MR-H curves at 55, 153 and 201
K for DSr — 10% and the maximum value of MR estimates 23% at 55 K and 8.5 kOe of applied field. The
linear variation of MR with H is shown around the T¢ at 290 and 303 K for DSr — 5% and DSr - 10%,
respectively. MR increases monotonically with decreasing temperature indicating the feature of spin
tunneling through the grain boundary (GB) region [33]. Similar lowfield MR behavior was also observed
for DSr — 0% and Sr — 5% as reported earlier [24,33].

In order to understand the electronic transport mechanism at low temperature that involves
tunneling across the GB, the current-voltage (I-V) curves were measured at selective temperatures in
zero magnetic field. The nonlinear 1-V characteristic of DSr —0% was reported in our early study [33] and
interpreted in terms of inelastic tunneling via localized states. The 1-V curves of DSr — 5% are qualitative
similar to the curves which were taken for DSr — 10%, although they differ in quantitative details.
However, to avoid duplicity, the data for DSr — 5% is not given. In contrast, the linear I-V characteristic of
Sr - 5% has been examined where ohmic conductivity is observed up tox2 V as shown in lower inset of
bottom pannel of Fig. 7. The signature of nonlinear curves at selective temperatures for DSr — 10% in the
range 48-300 K are shown in the inset of top panel of Fig. 7. The nonlinearity of I-V curves at different
temperatures are depicted in top panel of Fig. 7 through the dynamic conductance, G(V, T) for T<T¢
where G(V,T) is defined as dI/dV which is obtained by the numerical differentiation of the |-V curves. The
weight of nonlinear transport is investigated by fitting the voltage dependent conductance at different
temperatures to the phenomenological relation [34].

G(V, T) = Go (T) + G (MIVI* 1)
where the nonlinearity is interpreted through the conductance exponent, a and the weight factor, G,. Go
denotes the conductance in the zero voltage limit. Eq. (1) has been used extensively to interpret the
nonlinear transport in manganites [34—37]. We fit the observed G(V,T) — V data for DSr-10% to Eq. (1)
over the whole voltage range and at all temperatures (48-300 K). With this, bottom panel of Fig. 7 shows
the temperature dependence of the three parameters obtained from the fits. G, and G, decrease
monotonically with increasing temperature. The obtained fitted parameters, G, and G, varied from
0.07251 to 0.06291 and 0.01553 to 0.00471, respectively. However, a increases monotonically from
0.86553 at 48 K to 0.9206 at 300 K which is shown in the upper inset of bottom panel of Fig. 7. The
variation of a(T) is more steeper at the high temperature region (153 K<T<300 K). In the case of direct

elastic tunneling through the GB barrier, the exponent a equals to 2 at low voltages described by the
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quantum tunneling theory of Simmons [38]. If the transport is dominated by the inelastic tunneling via
localized states at GB, Glazman and Matveev [39] predicted that a is nonquadratic. Recently, from the
investigation in bulk Lay,sMnO; a value of a=1.25-1.5 suggested that inelastic tunneling via localized
states is dominant in transport mechanism at low temperatures [33]. The dependence of G, and a with
temperature indicates that the nonlinear 1-V behavior in same biasing voltage increases with increase of
temperature in the entire temperature range. The temperature and field dependence of a, G, and Gy
suggest that the inelastic tunneling via localized states is dominant in the transport mechanism.

In summary, The low temperature metallic behavior with a characteristic feature of metal to
semiconducting transition accompanying with a typical feature of FM character are observed for all
compounds. The compound with Sr — 5% shows different characteristic features such as two FM ordering
temperatures at Tc; and Tc,, absence of sharp peak at Tp in p(T), and linear ohmic |-V behavior below
Tc. Increasing Mn** content with Sr content as well as La deficiency commits the hole-rich FM and
metallic phases. The distinct behavior of low field MR below Tc is suggested due to the tunneling of
electrical transport across the GB region. The analysis of the nonlinear current-voltage curves for La
deficient samples further indicates that the inelastic tunneling via localized states of the GB region is

dominant.
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Abstract.

Low-temperature transport properties are investigated in the self-doped compound, Lag¢Mng9g

Zng 0203. The analysis of the low-temperature resistivity is performed considering various scattering mechanisms.
The parameters involved with different scattering processes such as electron—electron, Kondo, electron—phonon and
electron-magnon are found to be strongly influenced by the applied magnetic field. The results suggest that inter-
play between electron—electron and Kondo-like scatterings lead to the localization in the temperature dependence of

resistivity at low temperature.

Keywords.

1. Introduction

The investigation on mixed-valent manganites with per-
ovskite structure is on run for the last two decades. Specially,
the studies on the hole doped manganites, La;_sA;MnO;
(A = divalent atom) still demands special attention because
of the intriguing magnetic and transport properties [1-5]. In
recent times, the self-doped manganites with composition
La;_sMnOyg also display analogous features in the magnetic,
transport and structural properties depending on ¢ and §
[6-15]. Mn** appears in these compounds due to the La defi-
ciency, leading to the spectacular changes in the physical
properties.

In recent times, the electronic transport in few mangan-
ites displays localization effect in the metallic region at
low temperature, suggesting different opinions [16-23]. The
low-temperature localization in resistivity was suggested due
to the grain boundary effect in LagsPbysMnOs [16]. The
electron—electron (e—e) scattering ascribed to the enhanced
Coulomb interaction was interpreted in LaggSrg,MnO;
and thin film of Lag;Cap3MnOsz [17,18]. The coexis-
tence of Kondo-like behaviour and e—e scattering has
been proposed in the polycrystalline hole doped mangan-
ites, La2/3Ca1/3MnO3 and Y—doped (La1_5Y3)2/3Ca1/3MnO3
[20,21]. The increase of localization effect as a result of
minor Co and Fe substitutions has also been investigated
in Lagg7MngogMp O3 (M = Fe and Co) where minor
magnetic impurity or spin-glass-like phase appeared due to
the substitution resulted in the dominant localization effect
[22,23]. In contrast to the substitution by magnetic impu-
rity such as Fe and Co, the substitution of nonmagnetic Zn

* Author for correspondence (soma.iitkharagpur@ gmail.com)

Transport properties; scattering mechanisms; low temperature localization.

also decreases the conductivity and lowering of Curie tem-
perature in Lago;Mng9sZng osO3 [24]. Signature of glassy
magnetic behaviour and decrease of conductivity ascribed
to the disorder created by the Zn substitution was observed
in LaMn;_,Zn, O3 [25]. The minor Zn substitution in hole
doped, La(Ca)MnO3 modifies the grain boundary, resulting
in the decrease of conductivity [26-28].

In this article, the low-temperature localization effect
due to the minor Zn substitution in LagoMng9gZng O3 is
investigated. At low temperature the localization effect is
confirmed due to the interplay between e—e and Kondo scat-
terings in accordance with the reported phenomenological
models.

2. Experimental

The polycrystalline compound with composition Lag 9Mng og
Zny 0203 was prepared by the chemical route as described
in our earlier literature [29]. The final annealing was per-
formed at 1200°C for 12 h in air followed by furnace cool-
ing down to room temperature. In order to avoid ambigu-
ity ascribed to the oxygen non-stoichiometry, sample was
again annealed in atmospheric pressure of oxygen for 6 h at
1000°C. The single phase of the sample was confirmed by the
powder X-ray diffraction (XRD) (Seiferd XRD 3000P) using
CuK,, radiation. All the diffraction peaks could be indexed
in the rhombohedral structure (Rgc) with lattice parame-
ters a = 5.47(2) A and @ = 60.59°. Scanning electron
microscopy (SEM) image in figure 1 shows the size and mor-
phology of the grains in the sample. The particles exist as
big grains with not well-defined edges. The inhomogeneity
of the grain size with average diameter ~ 90 nm was noticed
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Figure 1.

SEM image for Lag.9Mng 98Zng 0203,

in the SEM observation. The resistivity (p) was measured
using the standard four-probe technique where application of
the magnetic field and temperature variation were carried out
by an electromagnet (Polytronic Corp., India) and a cryogen-
free cryostat operating down to 10 K (Janis Research Inc.,
USA), respectively. Magneto-resistance (MR) is defined as
[{o(H) — p(H = 0)} /p(H = 0)] where p(H) is the resis-
tivity measured in field (H). All the thermal variation dur-
ing resistivity measurement was carried out at a fixed rate
of 2 K min~!. The magnetization (M) was measured using
a commercial superconducting quantum interference device
(SQUID) magnetometer (MPMS, XL). In case of zero-field
cooled (ZFC) mode the sample was cooled down to the
desired temperature at zero magnetic field while for the field-
cooled (FC) mode the sample was cooled in a static magnetic
field.

3. Results and discussions

Temperature variation of resistivity p measured in zero-field
and 2 kOe field is shown in figure 2 for Lag 9Mng 9sZng 0> O3.
A sharp peak in resistivity p is observed at 235 K (7p) which
is accompanied by a broad maximum around ~175 K (7).
The features in the temperature dependence of resistivity p
are in accordance with the parent compound, LapoMnO;
where Tp and T;, are shifted towards the low temperature
in the present observation. The result is also consistent with
those reported in LagoMn;_,Fe, O3 (0 < x < 0.05) [22]
and LagoMngogMy 203 (M = O, Fe and Co) [23]. It was
noted that the considerable increase of p involved with the
minimal Zn substitution in the entire temperature range com-
pared to the parent compound. This is in accordance with
the minor Zn substitution in LaMnO3 as well as hole doped,
La(Ca)MnO; where disorder introduced by the Zn substitu-
tion, partial disruption of double-exchange interaction, mod-
ification of the grain boundary effect have been proposed to
interpret the results [25-27].
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Figure 2. Temperature dependence resistivity (p) in zero field for
compounds Lag 9Mng 93Zng 0203 and Lag.9yMnO3.
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Figure 3. Temperature dependence resistivity (o) under ZFC
condition with different applied fields, the solid lines indicate the
fitted results by using equation (3).

Temperature dependence of p by varying field, H rang-
ing from O to 3.0 kOe is shown in figure 3 below 100 K.
It has been noted that resistivity minimum appeared at iy,
is shifted towards high temperature compared to the par-
ent compound [23]. Furthermore, T i, shows the strong field
dependence where T, is shifted towards low temperature
with the increase field which is shown in the inset of figure 4.
In figure 4 the resistivity upturn, pox defined as {pjox—
P (Thin)} /o (Tinin) (%) is plotted as a function of H where
piok and p(Ty,) are the resistivities at 10 K and mini-
mum in the temperature dependence of p, respectively. The
plot clearly demonstrates that low-7 resistivity is strongly
influenced by the magnetic field. Therefore, it can be sug-
gested that the spin-dependent scattering must be associated
with the resistivity minima of this sample which is gradually
suppressed by external magnetic field.
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Figure 4. Apjox = (010K — 0(Tmin))/ 0 (Tmin) (%) as a function
of the applied field. The inset shows the dependence of Ty, on the
applied field, H.

In order to elucidate the origin of low-7" upturn different
phenomenological models have been proposed considering
spin-dependent Kondo-like scattering, e—e interaction, weak
localization, inter-granular tunnelling of polarized charge
carriers, etc [16-21]. The e—e scattering due to Coulomb
interaction between the charge carriers has been proposed
in references [30-32]. Note that interpretation using e—e
may be adopted in the analysis when the magnitude of low-
temperature resistivity is higher than Motts maximum limit
of metallic resistivity with p ~ 10 mQ cm [30,31], which
for the present sample is well satisfied. In order to test the
possible e—e interaction, 7''/? dependence of p(T) — Pmin at
different H is plotted in figure 5 for T < T, The figure
shows that the plots fit satisfactory over a wide tempera-
ture range below Ty, at different fields. We also tried to
fit all the curves by taking into account the Kondo scatter-
ing term In(7") which has been used to fit the low-T resis-
tivity in few manganites [18,20,21]. The inset of figure 5
shows the In(7) dependence of resistivity in zero field.
The plot indicates that it fits satisfactorily in a limited low-
temperature region which departs at much lower tempera-
ture than 7, indicated by the arrows in the figure. In addi-
tion to the elastic e—e scattering and Kondo-like scatter-
ing, the resistivity in the metallic region is ascribed to the
various inelastic contributions such as electron—-phonon and
electron—magnon scattering processes. At low temperature
e—e and Kondo scatterings dominate while the inelastic term
dominates at high temperature. Therefore, the resistivity may
be defined by adding both the elastic and inelastic scattering
terms as

P = Pelastic T Pinelastic- (D

Considering elastic e—e scattering, Pelastic 1S g1ven by pelastic =
1/ [0 0) + BTV 2] where o (0) is the residual conductivity
and B the constant [30,31]. The inelastic scattering term is
given by a power law, pinelasic = AT”". This single power law
adequately describes all the temperature-dependent inelastic
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Figure 5. T'/2 dependence of resistivity subtracted the minimum

value defined as p(T') — p (Tpin) under different applied fields (H <
3 kOe). The solid lines are the fitting results. The inset shows the
dependence of In T with p(T) — p(Tmin), Where solid lines are
indicated the linear fits.

scattering processes at high temperature. Thus, equation (1)
is redefined as

o(T) = + AT™. 2)

1

o(0) + BT'/?
The interplay between these two temperature-dependent
terms in equation (2) leads to the resistivity minimum in
the temperature dependence. At low field the grain bound-
ary effect is also typically observed in the magneto-resistance
for granular manganites having ferromagnetic ground state
[15,33]. Therefore, as discussed before, in addition to the
elastic e—e scattering, a Kondo scattering term In(7") has been
introduced for interpreting the low-7" upturn [20,21] and it
has been noted that the degree of fitting (x2) is improved
further by one order of magnitude after considering this
additional In(7") term for the analysis of the experimental
data. Thus, the following phenomenological relation [20,21],
where all the scattering terms are separated:

p(T) = po+ peT"? — p,In T + p, T" 3)

is used to fit the p(7") data for all H and is shown by the solid
lines in figure 6. The low values of x?(~1077) give satisfac-
tory fit with the experimental data. The strong magnetic field
dependence is noticed in all the fitted parameters. Inelas-
tic term involved with the electron—phonon and electron—
magnon scattering is found to be several orders of magni-
tude smaller than the other contributions. Inelastic scatter-
ing exponent (n) is found in between 2.39 and 2.75 (table 1)
which is close to that observed in La;_sCasMnQOj by Schiffer
et al [34] with n = 25. Table 1 shows that the values of pg, pe
and ps decrease monotonically with applied magnetic analo-
gous to that observed in LagyMngogMop,O3 M = O, Fe and
CO), La2/3Ca1/3Mn03 and Y-doped (La1,5Y5)2/3Ca1/3MnO3
[20,21,23]. The decrease of residual resistivity pp with the
increase in H 1is different from the usual conductor where
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Figure 6. Temperature dependence of ZFC (open symbols) and
FC (solid symbols) magnetizations in an applied field of 100 Oe.
Inset shows the magnetization as a function of applied field at 10 K.

Table 1. Parameters are obtained from the fits of p—7 curves in
figure 3 to equation (3).

H(kOe)  po Pe ps  pp (1078 n x2(1077)
0 0297 0020 0018 199 239 110
0.5 0276 0018 0016 042 269  3.60
1.0 0263 0014 0015 028 275  1.50
2.0 0238 0012 0013 143 245 077
3.0 0226 0012 0012 047 265 038

po generally is independent of 7" and H. In case of man-
ganites, pp may be related to intrinsic properties of system
and reflects CMR effect and disorder characteristics of the
system. From table 1, p, does not show monotonic change
with H and may be interpreted to be field insensitive and is
smaller in few orders of magnitudes than the other effects
at low temperatures. Compared to p, (the inelastic scatter-
ing), the values of p. and ps are much higher, both are pos-
itive and comparable to each other at all fields. Both are
monotonically decreasing with the increase in field. This
explains the decrease of resistivity with field at low temper-
ature due to suppression of spin-dependent scattering result-
ing in Apjox and shifting of Ty, at lower temperature. In
case of Lay;3Ca;;3MnOj3 the Kondo scattering was found to
be negligible for H > 10 kOe [21]. Herein, Kondo scattering
had to be taken into account even at 3.0 kOe. A good agree-
ment between the experimental data and fitting results pro-
vides the possibility to understand resistivity minimum at
low temperatures using the theory of both e—e interaction and
Kondo-like scattering.

In order to understand the interesting change of the spin
scattering strength, dc magnetization measurements in the
field cooling (FC) and zero field cooling (ZFC) modes were
performed. Figure 6 shows the temperature dependence of
ZFC magnetization Mzrc and FC magnetization Mgc at low
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field, H = 0.01 T. A sharp PM to FM transition is observed
at Tc, as determined from the deep in the plot of temper-
ature derivation of FC magnetization (dMpc/dT) with T.
The value of T was estimated to be 235 K which coincides
the value of 7p in p(7T'). Large thermo-magnetic irreversibil-
ity is observed below T¢. The degree of separation of the
M-T curves reflects the degree of the strength of the spin
disorder. It is well known that this separating phenomenon
of MT curve is a possible AFM or the spin-glass (SG)
characteristic.

In relation with this observation, the nature of low field
MR at selected temperatures has also been studied by vary-
ing the magnetic field up to 5.0 kOe. The plots of MR are
shown in the inset of figure 7, exhibiting different character-
istic features at different temperatures. The nature of MR-
H curves at 200, 175 and 113 K are similar. In contrast, the
MR at 235 K (7¢) is linearly depended on field and having
the value of MR is ~19% at 5.0 kOe. The MR-H curve at
50 K in figure 7 shows a sharp decrease initially up to
~15 kOe and then it decreases further almost linearly from
3 kOe to higher field. Initial rapid decrease in MR exhibits the
typical feature of grain boundary-assisted tunnelling magneto-
resistance while the high-field linear component manifests
the intrinsic component attributed to the double-exchange
mechanism [15,33]. Here, the contribution of Kondo term
decreases monotonically with the increase in field and it is
still observed until 3.0 kOe. This is reasonable because the
contribution to the magneto-resistance from grain boundary
effect still exists in the polycrystalline compound as seen in
figure 7. If we compare both M—H curve at 10 K and MR
curve at 50 K as seen in figure 8, we observe that M—H curve
has typical ferromagnetic characteristics where M increases
sharply with the increase in field and started to get satura-
tion near 3.0 kOe. MR also shows similar changes corre-
spondingly, i.e., it decreases sharply with the increase in field
and then almost linearly at around 3.0 kOe. This correlation
between electrical transport and magnetic properties at lower

H (kOe)

Figure 7. Magnetoresistance (MR) curve is plotted with field (H)
at 50 K. High field range satisfying linear dependence is indicated
by the straight line. Inset shows the MR at different temperatures.
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Figure 8. Simultaneous dependence of magnetoresistance (MR)
and magnetization (M) on the applied magnetic field at 50 and 10 K,
respectively.

field reflects grain boundary contribution in the system at low
temperature.

Finally, as a result of Zn substitution a minor spin-glass-
like state was also reported in LaMn;_,Zn,O5; [25]. The
increase of low-temperature localization in the transport
property was attributed to the minor spin-glass-like state
in LaogMn098F600203 [22,23] and Y—doped (L31,5Y5)2/3
Ca;;3MnO; [20]. Here, dominant grain boundary effect is
considered to be involved with the appearance of minor spin-
glass-like state due to the Zn substitution which has an addi-
tion localization effect associated with the electron—electron
scattering in the transport properties at low temperature.

4. Conclusions

In summary, low-T transport properties are investigated in
the self-doped compound, LagpMngygZngp,O3. The analy-
sis of the low-T resistivity using phenomenological model
indicates the interplay among contributions from electron—
electron, Kondo, electron—phonon and electron-magnon
scatterings leading to the minimum in the temperature depen-
dence of resistivity. The analysed parameters involved with
different scattering processes strongly depend on the applied
low magnetic field. The localization effect at low temperature
is suggested due to the coexistence of electron—electron and
Kondo-like scatterings in the transport properties. The corre-
lation between low-temperature M curve and MR curve sup-
ports the grain boundary contribution and grain boundary-
assisted tunnelling in the system.
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We have investigated the effect of cation deficiency on the electric and magnetic properties of LaMnOj in terms
of both substitution of La by a divalent ion (Sr?*) and creating La-deficiency. The temperature and magnetic
field dependence of electrical resistivity (p) and dc magnetization were studied. All the compounds are to be
found in rhombohedral structure. The excess oxygen in all compounds was detected through iodometric titra-
tion. The metal to semiconducting transition and the paramagnetic to ferromagnetic transition is found to de-

crease with Mn** for all samples. The occurrence of magnetoresistance (MR) at low temperature and low field
for La-deficient compounds is suggested due to the tunneling of electron through the grain boundary (GB). The
nonlinear current-voltage (I-V) characteristic for La-deficient compounds indicates inelastic tunneling via lo-
calized states dominate the transport mechanism.

1. Introduction

Lanthanum-based manganite perovskites exhibiting colossal mag-
netoresistance (CMR) have attracted great attention in recent years
[1,2]. The presence of Mn®* and Mn*" ions together with the site-site
double-exchange (DE) mechanism [3] play pivotal role towards such
CMR effect. Since in manganites the ferromagnetism (FM) is correlated
with the metallic properties and CMR effect, the origin of FM and the
possibility to control it are of profound interest. The FM and metal-like
behavior observed in hole-doped manganites results usually from a
substitution of La sites, by divalent ions such as Sr?*, in the undoped
parent compound LaMnOj; [4-6]. Self-doped lanthanum manganite
La; —,MnO3 exhibits magnetic and electrical transport properties very
similar to the hole doped manganites where Mn** appears due to the
self-doping [7-11]. Similar to the hole doping, variation of Mn**
leading to the spectacular changes in the physical properties of self-
doped lanthanum manganite. The amount of Mn®*/Mn** ratio and
their distribution in the lattice as well as the nonstoichiometric oxygen
(creating the equivalent vacancies in La and Mn-sites) plays an im-
portant role in tuning the physical properties of these compounds.

For low-doped compositions, the superexchange interaction be-
tween the Mn®* ions is responsible for the appearance of FM and/or
antiferromagnetic (AFM) insulating phases. The Jahn-Teller (JT)
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coupling plays an important role leading to the orbital ordering of
Mn®* ions and determining also the sign of exchange coupling in ac-
cordance with degree of static deformation of the MnOg octahedra [12].
The magnetic phase separation occurs with increasing doping, as a re-
sult of competition between different kinds of interactions in the
system, leading to a mixed AFM-FM ground state. The existence of
Mn** can be achieved by both the substitution of La by a divalent ion
as well as creating La-deficiency [13,14]. These changes give evidence
of direct correlation among magnetic, structural and electrical proper-
ties; namely, the magnetic behavior of the system. This magnetic be-
havior evolves from AFM to FM with a reduction of JT distortion in the
MnOg sublattic when structural symmetry changes from the orthor-
hombic to the rhombohedral [15-18], and when an electron is allowed
to hop between Mn®** and Mn** ions producing a ferromagnetic DE
interaction [3], which also promotes a metallic electric conduction.
Until now, no comparative studies have been carried out on cation-
deficiencies of LaMnO3 in terms of both the substitution of La by a
divalent ion and creating La-deficiency. We have studied two types of
samples: one type was prepared by Sr doping (degree of Sr
doping = 10%, 5%, 0%) on self-deificient La-site and another one with
Sr doping (degree of Sr doping = 5%) on La-site of stoichometric
compound, LaMnOs, resulting the variation of Mn** concentration of
both type of samples. In the present paper, we are going to focus on the
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evolution of structural, electrical and magnetic properties with the
changes in the Mn** concentration in cation-deficient compounds by
creating vacancies in La-site and/or substitution of La-site by a Sr
(=10%).

2. Experimental details

Polycrystalline compounds of nominal composition (a)
[LagoSro1looMnO;, (b) [LagesStogslooMnOs, (€) LagoMnOsz and (d)
Lag.95Sr0.0sMnO3 were prepared by a chemical route described in our
earlier report [19,20]. The final heat treatment was performed at 800 °C
for 15h in air, followed by furnace cooling to room temperature. In
order to remove the ambiguity ascribed to the different oxygen non-
stoichiometry, the sample was finally annealed under close oxygen at-
mosphere for 6 hat 1000 °C. Henceforth, we will refer the samples,
denoted with La-site deficiency, by their respective degree of Sr sub-
stitution on La-site such as [LagoSry;looMnO; as DSr-10%,
[Lag.05Sr0.05J0.0MnO3 as DSr-5% and Lag oMnQO; as DSr-0%, and the re-
maining La-stoichiometric compound Lag g5Srg 0sMnO3 will be desig-
nated by only the respective degree of Sr substitution as Sr—5%. The
single phase of compounds was confirmed by the powder X-ray dif-
fraction (Seifert XRD 3000 P) using CuK, radiation. The size and mor-
phology of the grains of the samples were observed in a JEOL JSM 35 C
scanning electron microscope (SEM). Oxygen nonstoichiometry for all
samples were checked through iodometric titration as the average of 5
titration values giving the excess oxygen =~ 1.5%. The resistivity (p) and
MR were measured by the standard four-probe technique in an elec-
tromagnet and a commercial closed cycle refrigerator operating down
to 10 K (Janis Research Inc.). All the thermal variation during resistivity
measurements was carried out at a fixed rate of 2 K/min. DC Magne-
tization was measured in vibrating sample magnetometer (VSM) with a
field range from O to 10 T. In case of zero-fieldcooled (ZFC) mode the
sample was cooled down to the desired temperature at zero magnetic
field while for the field-cooled (FC) mode the sample was cooled in a
static magnetic field.

3. Experimental results and discussions

SEM images of studied compounds DSr-10%, DSr-5%, DSr-0% and
Sr—-5% are shown in Fig. 1(a)-(d), respectively, which clearly show
melted grain boundaries. The grains exhibit inhomogeneity in size with
average diameter =170, =160, =230 and =120nm for the

Fig. 1. SEM image of (a) DSr-10% (b) DSr-5% (c) DSr-0% and (d) Sr-5%.
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Table 1

Some selected refined structural parameters Obtained from the Rietveld
Refinement of the Room Temperature Structure of compounds DSr — 10%, DSr
— 5%, DSr — 0% and Sr — 5%.

Parameters rhombohedral, R3¢

DSr — 10% DSr — 5% DSr — 0% Sr — 5%
a (A) 5.518(3) 5.515(3) 5.522(2) 5.513(4)
c (A) 13.367(5) 13.358(2) 13.357(6) 13.336(2)
\% (As) 352.53(6) 351.92(8) 352.76(8) 351.07(7)
X2 2.440(1) 2.683(6) 2.568(8) 2.266(6)
Mn—-O (Az) 1.944(1) 1.945(6) 1.952(6) 1.941(3)
Mn—O—Mn (deg) 178.51(5) 173.76(8) 169.43(3) 178.51(4)
Mn—Mn (A) 3.887(7) 3.885(5) 3.888(6) 3.882(4)

compounds DSr — 10%, DSr — 5%, DSr — 0% and Sr — 5%, respec-
tively.

The crystal structure of the systems were analyzed by Rietveld re-
finement (using the MAUD software package) of XRD data. The Rietveld
analysis show that these compounds form in a single phase rhombo-
hedral symmetry with space group R3c. The refinement was also per-
formed in considering orthorhombic symmetry with space group Pnma.
However, The agreement factor, x> was significantly improved
(Table 1) when rhombohedral symmetry with space group R3c was
introduced. This structural analysis is in support of the undoped mother
sample LaMnOj3 [19]. Fig. 2 displays Rietveld fitted XRD patterns of
four compounds DSr — 10%, DSr — 5%, DSr — 0% and Sr — 5%,
respectively. The selected refined structural parameters and agreement
factors are given in Table 1. We did not observe any systematic change
of lattice parameters and unit cell volumes with variation of Sr-con-
centration. Merely, lattice parameter ‘c’ decreases systematically with
Sr-concentration for La-deficient samples. It is also observed that the
Mn—O—Mn bond angle decreases with Sr-concentration except stoi-
chemetric sample (Sr—5%). However, the variation of bond angle is
understood by considering the valence state of Mn ion. The percentage
of Mn®* ion increases with decreasing Sr** in La-defficient samples to
neutralized the charge. Progressively, the larger Mn®* ions replace

DSr-10%
L]l M A n ﬂ\ M_ A
[ I ] JE N
DSr-5%
2 L U L A "
8 | J 11l | I Il Il 1] Il
Z i L = Y Sty
2 DSr-0%
o
=
. J
| 11l I Il 1 Il Il
4 . v g
Sr-5%
| II 11l I Il 1 Il Il
N :_ B} _—s B
20 40 60 80

2 6 (degree)

Fig. 2. Experimentally observed (dots), Rietveld calculated (continuous line),
and their difference (continuous bottom line) profiles for DSr-10%, DSr-5%,
DSr-0% and Sr-5% at room temperature obtained after Rietveld analysis of the
XRD data using rhombohedral space group R3c. The vertical tick marks be-
tween the observed and difference plots show the Bragg peak positions.
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Fig. 3. Temperature dependence of resistivity (p) in zero field for DSr—10%,
DSr-5%, DSr—0% and Sr—5%. The inset exhibits the temperature dependence of
p(T)/p(max) in a selective temperature region.

smaller Mn*" ions, shearing corners in MnOg octahedra resulting the
decrease in average Mn—O—Mn bond angle. Such peculiar change in
bond angle is also observed earlier in manganites [21-23].

The temperature variation of resistivity (p) in zero field is shown in
Fig. 3 for the compounds DSr — 10%, DSr — 5%, DSr — 0% and Sr —
5%, respectively. All the four compounds exhibit insulator-metal (I-M)
transition at different temperature region. In comparison to pure
LaMnOs, the resistivity is decreased by an order of 3 (i.e. from KQ-cm to
Q-cm) for all the doped samples [19]. Also the metal-insulator transi-
tion temperature which was absent in LaMnO5 [19], now appears in all
the four doped samples as seen in Fig. 3. The Mn*" concentration
(Table 2) for all compounds has strong effect in their p(T)data, which is
clearly visible from Fig. 3. A broad maximum appeared around
115K (T;,) for Sr—5%. The different p(T) behavior of Sr-5% has been
explained in our previous report [24,25]. On the other hand, a sharp
peak is observed at 264K (T,) accompanied by a broad maximum
around =243 K (T,,) for DSr—0% (inset of Fig. 3). The features of p(T)
for DSr-0% is consistent with the previous result where the T, is 4K
higher than the reported result [9,10,26]. The similar temperature
dependence of p is also noticed for DSr — 5% and DSr — 10%. Inset of
Fig. 3 shows that the sharp peak at T, becomes less prominent and shifts
towards higher temperature at T, = 280 and 293K for DSr — 5% and
DSr — 10%, respectively. In addition with T,, the width of broad

Table 2

Mn™* (%); Sharp maximum in p(T), (T,); Broad maximum in p(T), (Ty,); Curie
temperature (T¢); Curie-Weiss temperature (Oy); Effective magnetic moment
from the Curie-Weiss plot (ie4); Theoretical effective magnetic moment (,ue”‘ );
Saturation magnetic moment at 5 K (is,,); Theoretical Saturation moment (ySZ'[)
for compounds DSr-10%, DSr-5%, DSr-0% and Sr-5%.

Sample DSr-10% DSr-5% DSr-0% Sr-5%

Mn** (%) 39 33.5 30 5

T, (K) 293 280 264 -

Ty (K) 263 255 243 115

Paoox (Q—cm) 0.035 0.056 0.074 0.144

T¢ (K) 303 290 265 Ter = 290K
Tez = 150K

Ow (K) 303 290 265 283

Hegr(up/fu.) 4.85 4.83 4.80 3.25

Mﬁ}}-(ﬂs /f.0) 4.53 4,57 4.61 4.85

Usar(up/f.0.) 3.65 3.83 3.69 2.91

1 (/) 3.64 3.68 3.71 3.95
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maximum increases with increasing Sr-concentration and T,, is noticed
=255 and =263 K for DSr —5% and DSr — 10%, respectively. The
appearance of a sharp peak (T,,) and a broad maximum (T;,) is attrib-
uted to the inhomogeneity of the oxygen stoichiometry in different
phases in the samples, where the oxygen-rich phase is responsible for
the appearance of sharp peak in p(T) [9,10,26]. It is interesting to note
that the increase of Mn** concentration leads to a metal like tem-
perature dependence (dp/dT = 0) and the absolute value of p at 400 K
(paoox) decreases with increasing Mn** percentage for all samples
which is listed in Table 2. As a result of La deficiency in DSr — 0%, the
onset oxidation state of Mn changes from Mn>* to 30% Mn**. Fur-
thermore, Sr?* substitution implants more Mn** in the Mn®* matrix.
Both La deficiency as well as doping divalent Sr onto the trivalent La
sites results in hole doping (Mn**) and the eventual onset of metallic
behavior. The percentage of Mn* " of all samples is shown in Table 2. It
is widely accepted [27,28] that the current carriers in hole doped
(La; -, A,MnO3) and self doped (La; - sMnO3) manganites, at least at
moderate x and §, are mobile holes, which appear due to charge
compensation and move from Mn**ions to normal-valence Mn®* ions.
These holes simultaneously dominate the metallic transport and med-
iate the FM double-exchange(DE) interaction.

Fig. 4 shows the temperature (T) dependence of magnetization (M)
measured at 100 Oe in ZFC and FC protocols for DSr-10%, DSr-5%,
DSr-0% and Sr-5%. The compounds DSr — 10%, DSr — 5%, DSr — 0%
show typical ferromagnetic behavior. However, for stoichemetric
compound Sr — 5%, the M — T behavior is quite different. The distinct
magnetic response of Sr — 5% was explained by an unusual ferro-
magnetic ordering which dominated this system over a wide tempera-
ture range as reported previously [24,25]. The Sr-concentrations on La-
deficient samples are found to affect magnetic behavior. A sharp fer-
romagnetic transition is observed for all La-deficient samples. Large
thermomagnetic irreversibility between ZFC and FC data below T¢ in
Fig. 4 arises either from the magnetic anisotropy [29] or due to spin-
glass-like behavior [30]. The magnetization curves at 5K in Fig. 5 ex-
hibit soft ferromagnetic features for all La-deficient compounds and
thus the possibility of spin-glass-like feature has been ruled out. A sharp
PM to FM transition is observed at T¢, as obtained from the deep in the
plot of temperature derivation of FC magnetization (dMpc/dT) with T,
where My is the FC magnetization. T¢ for all the compounds is shown
in Table 2. In comparison to LaMnOs, T¢ increase closed to room
temperature approximately from 140 K (for LaMnOs) [19].

We have examined the plot of inverse susceptibility (H/M) with
temperature which follows a linear behavior above T, in the measured

T T T T T T T T T T T B
H=100 Oe

——DSr-10%
——DSr-5%
——DSr-0%
Sr-5%

20

15

10 |

M (emu/gm)

300

Fig. 4. Temperature dependence of ZFC (dotted lines) and FC (solid lines)
magnetization in an applied field of 100 Oe for DSr-10%, DSr-5%, DSr-0% and
Sr-5%.
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Fig. 5. Magnetization as a function of applied field for DSr — 10%, DSr — 5%,
DSr — 0% and Sr — 5% measured at different temperatures. The inset of the top
panel exhibits the extended view of the same for Sr — 5% at 5K up to 10T.

range up to 330K, according to the Curie-Weiss law: M/H = C/(T
—Oy), where C and Oy are the Curie and Weiss constant, respectively.
The obtained value of the effective paramagnetic moment (u.g) and Oy
are shown in Table 2. The value of Oy is in good agreement with Curie
temperature (T¢) for all the samples. The values of y.4 can be compared
to that obtained from the theoretical model [31,32]. Considering the
rigid Hund coupling within Mn®* and Mn*™ in their high spin state, the
theoretical effective paramagnetic moment (,ue’;) per formula unit can
be estimated and listed in Table 2. Note that the value of y.g for all La
deficient samples (DSr-10%, DSr-5%, DSr—0%) is about =10% larger
than the theoretical provided values while that for Sr-5% is =15%
lower than it. Considering the presence of almost same amount of ex-
cess oxygen (less than 2%) in these compounds, the larger value of
in La deficient samples indicates a probable existence of FM cluster
[7,8,19]. The presence of surface disordered effect at the grains and/or
magnetic clustering counts for lower value of . for Sr — 5% [24,25].
It is worth to note that the large value of ys (6.07 pp/f.u.) for pure
LaMnO;3; compared to the spin only value for S = 2 (4.90 up/f.u.) sug-
gests the existence of superparamagnetic clusters, where the inside in-
teraction is ferromagnetic [19]. With increasing Mn** content the
value of T¢ shifted towards higher temperature. T¢ for DSr — 0% was
estimated at 265 K which coincides the value of T, in temperature de-
pendence of p. It is understood that increasing Mn** content with Sr
content as well as La deficiency commits the hole-rich ferromagnetic
phases dominated by the ferromagnetic double exchange interaction
between Mn** and Mn>*.

The isothermal magnetization of the compounds is measured as a
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function of field at 5 and 300 K and is shown in Fig. 5. All the data were
recorded after cooling the sample from 400 K and then stabilized at 5
and 300 K. Except for the sample Sr — 5%, at 5K, magnetization in-
itially increases rapidly with H and saturates at =1.0 T, indicating the
characteristic features of soft ferromagnet for all La-deficient samples.
However, the magnetic saturation is not observed for Sr — 5% with the
applied magnetic field up to the 5 T. The inset of the top panel of Fig. 5
shows that the rate of increase of M with H decreases in the high
magnetic field region (2T < H < 10T) and no saturation is observed
even at 10 T. The value of saturation magnetic moments (u,)Jwas cal-
culated from the magnetic moment extrapolated at 1/H = 0 in the plot
of M vs 1/H at 5K p,, of Sr — 5% shows a large deviation from ustsl
explaining the presence of antiferromagnetic interactions accom-
panying with cluster/spin glass (SG) behavior [24,25]. g, at 5K and
5T are listed in Table 2. The value of yg, suggests the oxygen stoi-
chiometry = 3 for DSr — 0%, and is consistent with reported result [8].
The relatively small value of y,, (also /‘;2:) in DSr-10% compared to
that of DSr—0% is a measure of Mn** doping in this compound however
for DSr-5%, the value of y,, comes out much higher than that of cor-
responding /x;ft. This difference suggests that the system with DSr —5%
is having a probable presence of Mn** (in high spin state) along with
Mn** however our X-ray diffraction did not show the existence of any
multi-phase structure for this compound. The high value of y,, for DSr
—5% is therefore anomalous and needs to be probed further. The
nonlinearity of M-H curve at 300 K (the lower panel of Fig. 5) for DSr —
10%, DSr — 5%, DSr — 0% might be ascribed to the presence of short
range FM clusters at 300 K satisfying Curie-Weiss behavior. At 300 K
for Sr — 5%, i.e., above T, the quasi-linear M(H) curve is the indication
of paramagnetic nature of sample at that temperature.

We observed the nature of low-field MR at selected temperatures by
varying the magnetic field up to + 8.5kOe for DSr — 5% and DSr —
10%. The plots of MR are shown in Fig. 6, exhibiting different char-
acteristic features at different temperatures for DSr — 5% and DSr —
10%. The nature of MR-H curves at 40 and 150 K are similar, while at
40K, we observed 24% MR value at 8.5kOe field for DSr — 5% (top
panel of Fig. 6). In the bottom panel of Fig. 6 shows the similar nature
of MR-H curves at 55, 153 and 201 K for DSr — 10% and the maximum
value of MR estimates 23% at 55K and 8.5kOe of applied field. The
linear variation of MR with H is shown around the T¢ at 290 and 303 K
for DSr — 5% and DSr — 10%, respectively. MR increases mono-
tonically with decreasing temperature indicating the feature of spin
tunneling through the grain boundary (GB) region [33]. Similar low-
field MR behavior was also observed for DSr — 0% and Sr — 5% as
reported earlier [24,33].

In order to understand the electronic transport mechanism at low
temperature that involves tunneling across the GB, the current-voltage
(I-V) curves were measured at selective temperatures in zero magnetic
field. The nonlinear I-V characteristic of DSr — 0% was reported in our
early study [33] and interpreted in terms of inelastic tunneling via lo-
calized states. The I-V curves of DSr — 5% are qualitative similar to the
curves which were taken for DSr — 10%, although they differ in
quantitative details. However, to avoid duplicity the data for DSr — 5%
is not given. In contrast, the linear -V characteristic of Sr — 5% has
been examined where ohmic conductivity is observed up to = 2V as
shown in lower inset of bottom pannel og Fog. 7. The signature of
nonlinear curves at selective temperatures for DSr — 10% in the range
48-300 K are shown in the inset of top panel of Fig. 7. The nonlinearity
of I-V curves at different temperatures are depicted in top panel of
Fig. 7 through the dynamic conductance, G(V, T) for T < T. where G(V,
T) is defined as dI/dV which is obtained by the numerical differentia-
tion of the I-V curves. The weight of nonlinear transport is investigated
by fitting the voltage dependent conductance at different temperatures

to the phenomenological relation [34].
GV, T) = Go(T) + Go(THIVI* (€8]

where the nonlinearity is interpreted through the conductance
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exponent, a and the weight factor, G,. Gy denotes the conductance in
the zero voltage limit. Eq. (1) has been used extensively to interpret the
nonlinear transport in manganites [34-37]. We fit the observed G(V,
T)-V data for DSr-10% to Eq. (1) over the whole voltage range and at
all temperatures (48-300 K). One can obtain excellent fit using Eq. (1).
Bottom panel of Fig. 7 shows the temperature dependence of the three
parameters obtained from the fits. Gy and G, decrease monotonically
with increasing temperature. The obtain fitted parameters, G, and G,
varied from 0.07251 to 0.06291 and 0.01553 to 0.00471, respectively.
However, a increases monotonically from 0.86553 at 48 K to 0.9206 at
300 K which is shown in the upper inset of bottom panel of Fig. 7. The
variation of a(T) is more steeper at the high temperature region
(153K = T = 300K). In the case of direct elastic tunneling through the
GB barrier, the exponent a equals to 2 at low voltages described by the
quantum tunneling theory of Simmons [38]. If the transport is domi-
nated by the inelastic tunneling via localized states at GB, Glazman and
Matveev [39] predicted that a is nonquadratic. Recently, from the in-
vestigation in bulk LagoMnOj3 a value of a = 1.25-1.5 suggested that
inelastic tunneling via localized states is dominant in transport me-
chanism at low temperatures [33]. The dependence of G, and a with
temperature indicates that the nonlinear I-V behavior in same biasing
voltage increases with increase of temperature in the entire tempera-
ture range. The temperature and field dependence of a, G, and G,
suggest that the inelastic tunneling via localized states is dominant in
the transport mechanism.

4. Conclusions

The low temperature metallic behavior with a characteristic feature
of metal to semiconducting transition accompanying with a typical
feature of FM character are observed for all compounds. The compound
with Sr — 5% shows different characteristic features such as two FM
ordering temperatures at T¢; and T, absence of sharp peak at T, in
p(T), and linear ohmic I-V behavior below T¢. Increasing Mn** content
with Sr content as well as La deficiency commits the hole-rich FM and
metallic phases. The distinct behavior of low field MR below T¢ is
suggested due to the tunneling of electrical transport across the GB
region. The analysis of the nonlinear current-voltage curves for La de-
ficient samples further indicates that the inelastic tunneling via loca-
lized states of the GB region is dominant.
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Abstract.

In this study the perovskite manganite EugLag 3Srg2Cag3MnO3 batch integrated sample is studied, with

special modification done to introduce localized structural strain without micro-level (grains) modification. This consequence
successfully generates opposite nature of high orthorhombic strain along b-axis in these samples, although the general
structure is same for both with Pnma space group. The sharp magnetic transitions (both Curie temperature and charge-order
transition) are reported to be mixed in presence of random ionic distribution in its structure. The diffused insulator-metal
behaviour, de-stabilization of magnetic state and phase transitions associated with inherent anisotropic strain is discussed
and is explained based on chemical disorder-induced structural strain in the present system.

Keywords.

1. Introduction

The correlation between the structural and magnetic degrees
of freedom in doped manganite perovskites generating differ-
ent fascinating electronic and magnetic state is the subject of
interest from the last two decades. The charge-ordered (CO)
state of manganites is associated with a real space ordering
of Mn** /Mn** species in a 1:1 pattern. The modification/de-
stabilization of CO state in half-doped manganites becomes
the subject of interest due to varieties of controlling param-
eters like magnetic field, doping, bi-axial strain, pressure,
electric field, size reduction, etc. [1-10]. The result presented
by Sarkar er al [8] showed that size reduction can lead to
an arrest of the high temperature phase in perovskite mate-
rials, which prevents the growth of low temperature phase
that needs a specific crystal structure for its stabilization.
Later on, Gutiérrez et al [11] showed that large compres-
sive strain triggers a change from a ferromagnetic (FM) and
metallic ground state to an insulating and anti-FM state,
whereas a tensile strain produces an anti-FM but metal-
lic state. However for some other half-doped manganites,
anti-FM insulator state remains unaffected irrespective of
the strain state [11]. Again, the influence of disorder and
corresponding phase separation on half-doped manganites

Published online: 23 April 2020

Charge order; in-homogeneity; structural strain.

due to the broadening of the first-order phase transition
region was reported by Chaddah et al [12]. Further, the
presence of metastability and field-induced arrest around
the first-order insulator-metal transition region in half-doped
manganites was also reported in literature [13]. The sup-
pression of charge-ordering transition due to the enhanced
surface disorder was also reported [7,14]. The disappear-
ance of anti-FM phase and emergence of FM metallic
phase in half-doped nanoparticles was reported by Pra-
manik and Banerjee [15]. This inter-related effects as well
as the large number of contradictory experimental reports
and theoretical models relating to the properties of these
materials with internal in-homogeneity revealed the com-
plexity of the problem demanding more research in this field
[9-19].

In order to put further light on this controversial issue on ori-
gin of suppression of CO state of manganites, we have selected
polycrystalline Eug,Lag3Srg2Cap3MnO3; batch integrated
sample, which is specially modified by different final heat
treatment that introduce unlike-strain in its structure due to
chemical disorder (Samples A and B in oxygen atmosphere)
without modifying it in micro-level (grains). The general
orthorhombic structure with Pnma space group is influenced
by local chemical disorder in such a way that the nature
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of high orthorhombic strain along b axis becomes opposite
in these two samples. The detailed study on magnetic and
transport properties of these samples show that the sharp
magnetic transition (both Curie temperature and CO transi-
tion) of Sample A is drastically modified in Sample B due
to in-homogeneous ionic distribution. The de-stabilization of
magnetic state, phase transitions and its behaviour with differ-
ent chemical disorder for Sample B associated with inherent
structural anisotropic strain is discussed. The comparative
study of Samples A and B is reported and explained based
on chemical disorder-induced structural strain in the present
system.

2. Experimental

Polycrystalline Eug ;Lag 3519 ,Cag 3 MnO3 was prepared by a
chemical process described in our earlier report [20]. The

—1um

CEMUP M

100 000 x [25.00 KVIETD | SE [8.0 mm

Figure 1. SEM images of (a) Sample A and (b) Sample B.
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final annealing was performed at 1000°C for 15 h in air
followed by furnace cooling to room temperature. One part
of the sample was further annealed under closed oxygen
atmosphere for 6 h at 1000°C. Henceforth, we will refer
the samples by their respective final heat treatment, such
as sample annealed at 1000°C in air as Sample A and the
remaining sample annealed at 1000°C under closed oxygen
atmosphere as Sample B. The single phase of compounds
was confirmed by the powder X-ray diffraction (Seifert XRD
3000 P) using CuK,, radiation. The size and morphology of the
grains of the samples were observed ina JEOL JSM 35 C scan-
ning electron microscope (SEM). Bulk oxygen homogeneity
of both samples was verified through iodometric titration
method. The temperature-dependent electrical resistivity (o)
at different constant applied magnetic fields was recorded
using a commercial cryogen-free high-magnetic field sys-
tem from Cryogenic Ltd, UK. DC magnetic measurements
were performed using a Quantum Design SQUID magne-
tometer (magnetic property measurement system (MPMS)
XL 7, Ever-cool model). In case of zero-field-cooled (ZFC)
mode, the sample was cooled down to the desired temperature
at zero magnetic field, while for the field-cooled (FC) mode
the sample was cooled in a static magnetic field.

3. Experimental Results and discussions

The microscopic characterizations of the presently studied
compounds were performed through SEM. The SEM images

Sample A

=
5./ " l—l H
Z \ T 11 T \III\I I I III LN H\I e
’5‘ T T T T
§ Sample B
=
(==
. ™ A o
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Figure 2. Experimentally observed (dots), Rietveld calculated
(continuous line), and their difference (continuous bottom line) pro-
files for Sample A and Sample B at room temperature obtained after
Rietveld analysis of the XRD data using orthorhombic space group
Pnma. The vertical tick marks between the observed and difference
plots show the Bragg peak positions.
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of Samples A and B are shown in figure 1a and b, respectively,
which show the resolved submicron-sized grains of both
the samples with sharp grain boundaries; range of grain
sizes are same for both the samples and are estimated from
SEM to be ~200 nm. The particle sizes obtained from X-ray
data, using Scherrer formula corresponding to full-width of
half-maximum (FWHM) of the major peak, are ~346 and
~173 nm for Samples A and B, respectively, which are in
good agreement with microscopic results.

Table 1. Some selectedrefinedstructural parameters obtained from
the Rietveld refinement of the roomtemperaturestructure of compo-
unds Sample A and Sample B.

Orthorhombic, Pnma

Parameters Sample A Sample B
AA) 5.431(2) 5.433 (4)
B (A) 7.651 (1) 7.698 (1)
C A) 5.421 (4) 5.409 (3)
v (A% 225.28 (6) 226.25 (4)
x2 1.424 (5) 1.481 (6)
Mn-O; (A) 1.925 (2) 1.964 (4)
Mn-0, (A) 1.762 (1) 1.865 (3)
Mn-0;-Mn (Deg) 166.96 (5) 156.85 (2)
Mn-0,-Mn (Deg) 174.71 (8) 171.77 (3)
Mn-Mn (A) 3.883 (4) 3.882 (4)

Sample A
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The crystal structures of the studied systems were analysed
by Rietveld refinement (using the MAUD software pack-
age) of XRD data [21]. Rietveld analysis reveals that both
the samples are of orthorhombic structure with Pnma space
group, which is consistent with the earlier reports [9,16].
Figure 2 shows the Rietveld fits for the room temperature
XRD pattern using Pnma space group. The selected result of
Rietveld analysis is presented in table 1 with refined struc-
tural parameters and corresponding bond angles. The striking
feature obtained from the Rietveld refinement is the relative
difference in lengths of the sides of structure of two samples.
The Pnma structure is elongated along b axis in Sample B by
0.047 A compared to that in Sample A, which finally yields
the orthorhombic strain OS | = 2(c+a—>b+/2)/(c+a+b./2)
in the structure as OS | = —0.00411 (Sample B) compared to
+0.0294 in Sample A. This opposite nature of strain in struc-
ture is a striking feature, as the samples are batch processed
ones. The orthorhombic strain OS); = 2(c¢ —a)/(c +a) in ac-
plane is OS;; = —0.00184 for Sample A, which differs from
thatin Sample B as —0.00443; i.e., the nature of orthorhombic
strains is compressive for Sample B both in ac-plane as well
as perpendicular to ac-plane, whereas strain in Sample A is
tensile along b axis perpendicular to ac-plane and compres-
sive in ac-plane. Therefore, the difference in ionic distribution
in the crystal structures lead in such a way that the Sample B
is stressed equally from all sides, which is in contrast to the
situation of Sample A. This dissimilarity of structural strains
however did not affect the crystal structure and overall sym-
metry is still maintained as Pnma. The remarkable change
in side b also affects the Mn—O—Mn bond angles between
the samples by an amount of 10.11° in Mn—O;—Mn (out of

Sample B

Figure 3. The crystal structure of Samples A and B illustrated schematically.
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ac-plane), whereas the difference between Mn—O,—Mn angle
between Samples A and B is 2.94°. The large difference in
Mn—O;-Mn bond angle between the samples is assisted with
the large difference in side b, which finally affects the unit
cell volume. As obtained from Rietveld analysis, the unit cell
volume of Sample A is 225.28 A3, which is in support of
the already published literatures of these type of half-doped
samples, whereas Sample B shows bigger cell volume of
226.25 A3 [22]. As reported by Sarkar et al [9], OS signifi-
cantly increases in the low temperature CO phase. Hence, the
high negative value of OS in Sample B indicates a probable
de-stabilization of CO state in this system. Figure 3 shows
the 3-dimensional structure of both the samples, where the
structural difference between them is clearly visible.

The magnetization measurements are performed in zero-
field-cooled heating (ZFCH)), field-cooled cooling (FCC) and
field-cooled heating (FCH) for both the samples shown in
figure 4a and b. As depicted in figure 4a, Sample A shows a
transition from paramagnetic (PM) to FM state at 7c &~ 101 K
and then a nearly flat region followed by a transition to CO
state at Tco ~ 35.5 K on further lowering of the tempera-
ture during ZFCH protocol. The decrease of magnetization
values with decreasing temperature is maintained even after
Tco but with different gradient denoting magnetic phases with
different energy barrier present in the system at low temper-
ature. However, the FCC and FCH curves do not resemble
this ZFCH nature and a flat region is observed below 50 K
inferring the presence of strong competition between FM and
AFM phases. Prominent thermal hysteresis is present in mag-
netization curve (FCC and FCH) of Sample A, which clearly
indicates the first-order nature of the transition in the Sample
(figure 4a). In Sample B, the nature of ZFCH magnetization
follows the same trend. However, the observed peak-like fea-
ture in ZFCH data is more broad than Sample A. This broad
hump in the ZFCH curve of Sample B symbolizes the presence
of mixed PM phases in the system. Therefore, the observed
Tc of Sample B (~215 K) is found to be much higher com-
pared to that in Sample A. The flattened region over a broad
temperature range below 7T¢ is a signature of heterogeneous
as well as weak CO state, resulting in the CO transition not in
one temperature but in series of points at Tco ~ 77, 38 and
11 K, respectively. The relative difference in the nature of ther-
mal hysteresis between FCC and FCH curves for these two
samples indicate the random distribution of different mixed
magnetic phases in the system influenced by the chemical
disorder. This is also associated with the relative difference
in the structural parameters giving such differences in their
behaviour.

The effective theoretical magnetic moment (uf}ff) for both
the samples is calculated to be 4.2 ug/f.u., whereas theo-
retical saturation magnetic moment () is 3.3 up/f.u. The
experimental magnetic moment (1c,' ) obtained for Sample A
is 3.18 wp /f.u. which is very close to u;gt value. For Sample
B, the obtained value of g, is 2.81 pg/f.u. This low mag-
netic moment of Sample B may be due to the mixed magnetic
phases or any canted magnetic phase present in the system at
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Figure 4. Magnetic moment (M) as a function of temperature (7)
measured in zero-field-cooled heating (ZFCH), field-cooled heating
(FCH) and field-cooled cooling (FCC) protocols in an applied field
of 100 Oe for (a) Sample A and (b) Sample B.

low temperature. In the PM region using Curie-Weiss anal-
ysis, the experimental effective PM moment (/,Lz)f(t;,) obtained
are 4.43 wg /f.u. for sample A and 4.82 g /f.u. for sample B.
The larger values of effective magnetic moment of the sam-
ples further indicate a probable existence of FM cluster in the
system.

To shed more light on the magnetic character of the studied
samples at different temperature regions, we recorded isother-
mal variation of dc magnetization as a function of applied
magnetic field at different constant temperatures (see figure 5a
and d). Linear behaviour of M (H) data for both the com-
pounds indicate the PM nature of the compounds at room
temperature. Around 130 K, the FM phase starts to dominate
the behaviour of Sample A and a signature of field-induced
growth of FM component is visible in the inset of figure 5a.
At 80 and 10 K for Sample A, M shows initial rise with H
accompanying field hysteresis, but does not saturate at 5 T
(figure 5a). This clearly indicates the existence of an AFM
component in the system. Similar M—H behaviour was also
observed for Sample B at 100 and 5 K (figure 5d). As the
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temperature is lowered (down to 5 K), the hysteresis becomes
more and more prominent still coercivity remains negligible
(A100 Oe). As seen in figure 5b and c for Sample A and fig-
ure Se and f for Sample B, the initial isothermal magnetization
data does not trace the same path (virgin) on the subsequent
field cycle indicating that the sample has been arrested in a
soft FM state, which is retained in the subsequent return leg
(indicated by arrow). The original homogeneous magnetic
state transforms into inhomogeneous state and shows phase
coexistence even at zero field. This type of field-induced phe-
nomena or kinetic arrest is connected to the metastability of
the system [23] and is also observed in other half-doped man-
ganites [24]. The magnetization isotherm at 10 K (figure 5b)
or at 5 K (figure 5¢) may provide some more information on
the nature of spin of AFM state with some AFM state chang-
ing near &1 T and some changing at &2 T (corresponding to
harder spin) to FM state for Sample A (and ~1.5 Tand*3.5 T
for Sample B). However, the absence of hysteresis in 3rd quad-
rant for both the samples at low temperatures (10/5 K) is the
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signature of strong spin arrest with more dominance of FM
state with respect to AFM. At higher temperatures (80 K for
Sample A and 100 K for Sample B) different spin dynamic
feature is observed, which shows hysteresis both on 1st and
3rd quadrant with zero coercivity, indicating the weakening
of AFM state. Moreover, the subsequent field-decreasing (red
curve) and field-increasing (blue curve) paths do not overlap
(unlike at 10/5 K) as shown in figure 5c and f. For Sample A
at 80 K (figure 5c), the subsequent field increasing line ini-
tially overlap with field reduced path up to ~0.3 T followed
by a crossover ~0.9 T and for further increasing the field, it
coincides with virgin curve at ~1.7 T. However, at 100 K for
Sample B, the subsequent increasing line coincides with vir-
gin line for the entire measuring range of magnetic field. This
difference in magnetization behaviour reflects the relative dif-
ference in inhomogeneous AFM-FM components present in
the systems.

This complex magnetization dynamics was therefore stud-
ied for both the samples from low temperature up to 65 K,
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Figure 5. (a) Isothermal magnetization (M) of Sample A is plotted as a function of applied magnetic field (H) at different constant
temperatures. The inset of (a) exhibits the extended view of the same for Sample A. (b) M vs. H of Sample A at 10 K. After reaching
the highest field, the magnetization of the field-reducing path shows a complete overlap with the subsequent field-increasing path. (¢) The
initial or virgin M vs. H curve of Sample A at 80 K shows decrease in the field (~1.5 T) of the AF to FM conversion. The subsequent
field-decreasing and field-increasing paths (which define the envelope curve) do not overlap (unlike at 10 K) but lie above the virgin
curve. (d) M vs. H of Sample B at different constant temperatures. (e) M vs. H of Sample B at 5 K. After reaching the highest field, the
magnetization of the field reducing path shows a complete overlap with the subsequent field-increasing path. (f) M vs. H of Sample B at
100 K. The subsequent field-decreasing and field-increasing paths do not overlap but field-increasing path coincide with the virgin curve.
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Figure 6. Isothermal magnetizations for (a) Sample A and (b)
Sample B are plotted as a function of time (¢) at different temper-
atures (7"). Samples were first cooled in the presence of 50 Oe of
applied field from 300 K to desired temperatures and M was mea-
sured as a function of ¢ after removing external magnetic field.

where magnetic hysteresis is very strong. The sample was
cooled down from 300 K to the desired temperature in
50 Oe field and time dependence of remnant magnetization
was recorded just after the magnetic field is cutoff. The relax-
ation of remnant magnetization obtained experimentally is
finally fit with the equation:

M(T) = My + Apexp(—t/t) + ALIn(¢), (1)

where M|, is the FM component, 2nd term represents Debye
relaxation process associated with activation against a single
energy barrier, 3rd term represents the relaxation mechanism
involved with the distribution of energy barriers or time-
dependent activation energies usually obtained in disordered
magnetic phase, t represents the time constant in exponential
relaxation process. Figure 6a and b shows the experimental
data and corresponding fitting curve using equation (1). The
result of this simulation is given in table 2. As obtained, both
for Samples A and B, the weight factors (Ap and Ar) and

Table 2. Different fitting parameters of equation (1).
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T (K) Ap AL T(s)
Sample A
10 1.034 x 10~ 2.66 x 1070 1550.6
35 2.113 x 10793 4.97 x 10704 1624.3
65 1.253 x 10793 3.15 x 107 1807.7
Sample B
5 3.75 x 10703 1.34 x 10793 1790.4
15 1.18 x 10702 3.23 x 10703 1883.7
30 5.06 x 10702 1.20 x 10702 1910.5
45 5.36 x 10792 1.58 x 10702 1971.2
60 3.89 x 10702 1.02 x 10702 1780.7

time constant (t) are showing a systematic increase in value
with increasing temperature and then shows the decrease in
value with further increase in temperature (>60 K), thus sig-
nifying the appearance of more disordered magnetic phase in
the system. The presence of both Debye process and logarith-
mic relaxation as well as corresponding values of Ap, Ar and
T only reflects the presence of inherent magnetic disorder in
both the systems. It is also interesting to see from table 2 that
the value of Ap, is one-order of magnitude higher in Sample B
compared to Sample A, whereas value of Ay is two-order of
magnitude higher for the same. These values are also useful
in understanding the disorder in magnetization data (figures 4
and 5), suggesting that the nature of magnetic disorder in
Sample B is much higher compared to that in Sample A in a
quantitative way as influenced by inhomogeneous chemical
distribution through extra heat treatment.

The variations of resistivity (p) as a function of tempera-
ture for both Samples A and B are shown in figure 7a and b,
respectively. The measurement protocol for Sample A (and
Sample B) is done during heating and subsequent cooling
at cooling field H.oo1 = O T and at cycling field Hc = 0T
for blue curve in figure 7a. The red curve in figure 7a was
obtained by using same protocol when Hg,o = Hc = 6 T.
The green one was obtained in heating cycle at 0 T (= Hc)
field after cooling the sample at 5 T (= H.oo) and subse-
quent cooling curve was obtained at same value of Hc only
as shown in figure 7a. Both zero field (blue curve) and 6 T
field (red curve) data show diffuse insulator-metal behaviour
and are associated with clear thermal hysteresis below ~100
and ~135 K, respectively, which again confirms the first-
order nature of insulator-metal transition in Sample A. In
addition, the resistivity of this sample decreases with mag-
netic field below ~100 K i.e., negative magnetoresistance
(MR) exists in the system. As the sample shows the field-
induced transition, where external field destroys the AFM
state and FM state sets in the system (figure 4a), the nega-
tive MR also comes out as a consequence of this change-over
of AFM to FM state which is already known for some half-
doped manganites [25]. As this negative MR is present in the
system even much below the zone of thermal hysteresis, it
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Figure 7. (a) Resistivity (p) as a function of temperature (7')
is plotted for Sample A during heating and subsequent cooling
sequences by blue curve: cooling field (Hgoo1) = 0 and cycling
field (Hc = 0); green curve: Heool = 5 T and Hc = 0; red curve:
Heool = 6 T and Hc = 6 T. (b) p(T) behaviour of Sample B is
shown during cooling and subsequent heating sequences by blue
curve: Heoo) = 0T and Hc = 0 T; red curve: Heoop = 6 T and
Hc = 6T. (¢) MR as a function of temperature for cooling and
heating cycles for H = 6 T. Arrows indicate the direction of tem-
perature change.

indicates some more factors responsible for this negative MR
in the system apart from this AFM to FM change-over in it.
In order to understand it, we need to look at the heating curve
at Heoop = 5 T and He = 0 T (green curve), which shows the
continuous decrease of resistance down to lowest temperature
that corresponds to progressive arrest of field-induced FM
state in the system. The green curve merges with Hgoop = 0 T
curve (blue curve) just above ~100 K, signifying that the
field-induced arrest of FM state is connected with disorder-
induced first-order phase transition in the system. For Sample
A, the experimental data of magnetization (figure 4a) and
resistivity (figure 7a) show the existence of PM insulating
phase changing over to FM metallic phase at 7¢. The striking
difference is obtained for Sample B giving no metal-insulator
transition below 30 K under zero field (blue curve) followed
by a signature of slope change with small thermal hysteresis
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below 30 K in p(T) (figure 7b), which under a field of
6 T (red curve), shows field-induced metal-insulator transition
at ~65 K in the same region in magnetization (figure 4b)
with prominent thermal hysteresis. Temperature-dependent
MR [= (p(H) — p(H = 0))/p(H = 0)] of both the sam-
ples are shown in figure 7c for both heating and cooling legs
at 6 T field. MR behaviour closely resembles the resistivity
behaviour of these samples (figure 7a and b) giving the MR
minima (—99.2%) near the metal-insulator transition temper-
ature at ~100 K for Sample A, which is reduced in value
(approximately —96%) as the temperature is lowered. MR for
Sample B on the other hand did not show any such minima
and reached to lowest MR value (approximately —99.5%)
near the metal-insulator transition temperature ~40 K and
maintained this value to lowest temperature achieved. This
correlation along with the difference in resistivity behaviour
between the samples is following the same argument of inho-
mogeneous ionic distribution-mediated modification of their
structure in atomic level changing the nature of lattice strain,
thus showing the disorder dynamics between them.

4. Conclusions

Polycrystalline Eug,Lag3Srg,Cag3sMnO; batch integrated
sample is specially modified to introduce the difference in
ionic distribution in its structure without modifying it in
micro-level (grains). The orthorhombic structure with Pnma
space group for both the samples shows atomic level modifica-
tion, finally leading to opposite nature of strain (OS ) along
b-axis. The high negative value of OS; in Sample B indi-
cates a probable de-stabilization of CO state in this system.
The detailed magnetization behaviour as well as resistivity
behaviour of both the samples proved this effect of modi-
fication of strain in the structure. The disorder (chemical)
due to the coexistence of divalent Sr and Ca and trivalent
Eu and La, can destroy charge ordering in half-doped man-
ganite system. With inhomogeneity of ionic distribution, the
situation becomes complicated as the system will try to bal-
ance between many factors, such as more Mn3t / Mn** ratio,
unit cell volume decrease (table 1), tolerance factor, charge
ordering, etc. It may be possible that comparatively homo-
geneous ionic distribution help to retain charge ordering in
Sample A and thus first-order transition is involved. This
study therefore shows the tuning of de-stabilization of CO
state in half-doped manganites by introducing the structural
disorder through different ionic distribution in polycrystalline
sample.
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