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Correlated negative magnetization, exchange bias, and electrical properties in La; ,Pr,CrQO;
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In the present work, we report the correlations among negative magnetization (NM), exchange bias (EB),
and electrical properties in La, Pr,CrO; (x =0, 0.25, 0.5, 0.75, and 1) compounds using dc magnetization,
neutron depolarization, neutron diffraction, and impedance spectroscopy. The dc magnetization study infers
the negative magnetization (NM) phenomenon in x = 0.25, 0.5, and 0.75 compounds, where the compensation
temperature (Tcomp) increases with x. At low temperature (7 < Tcomp), these compounds exhibit NM along with
positive EB, indicating a correlation between the negative polarity of magnetization and the positive polarity of
EB. However, the end compound x = 0 does not show any NM and/or EB, whereas the other end compound,
x =1, shows a negative EB without any NM. The presence or absence of magnetization reversal has been
explained within the framework of Cooke’s model which involves a competition between antiparallel coupled
canted Cr** and polarized Pr’* moments. Interestingly, maximum ac conductivity (with minimum activation
energy required for conduction) at x = 0.75 (which exhibits maximum Tcopmp) is found entangled with the lattice
parameters’ crossover from a < ¢ to a > ¢ around x = (.75, as evident from the neutron diffraction study. The
physics behind the polarity reversals of magnetization and EB, and its close connection with electrical properties,
has been understood by employing the macroscopic, mesoscopic, and microscopic experimental techniques.
Such correlated physical properties make these compounds useful for making thermomagnetic switches and

thermal-assisted magnetic random access memory.
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I. INTRODUCTION

Rare-earth (R) orthochromites, RCrOs, have been investi-
gated in the past few decades due to their interesting physical
properties and potential applications in many conventional
devices such as catalytic converters [1], solid-oxide fuel cell
[2], and gas sensors [3]. LaCrOs3, the first member of this
series of compounds, has been widely investigated in nano-
and bulk crystalline forms because of its fascinating electrical
and chemical properties [4-6]. A magnetic phase transition
occurs in this compound at the Néel temperature (7y) ~ 290 K
[71, where the compound orders into a canted antiferromag-
netic (CAFM) spin configuration. The magnetic properties
of this compound can be tuned by magnetic rare-earth (R)
substitution at the La site in La; R, CrO3. With the magnetic
R** ion, these compounds possess additional R3*-Cr** and
R3*-R3* magnetic interactions along with Cr**-Cr**. These
extra interactions could bring unusual phenomena, such as
negative magnetization (NM) [8,9] and exchange bias (EB)
[10], in these compounds. For instance: the NM phenomenon
has been reported for La; ,Ce,CrOs; (x =0.9 and 1) [11],
Lay 5Gdg 5CrOs [12], and Lag 75Ndg 25CrOs [13] compounds;
however, this phenomenon is absent in the LaCrO3; compound
[14]. The compounds showing the NM phenomenon could
be exploited to make thermomagnetic switches [15]. Besides
NM, the polarity reversal of EB is currently an active area of
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research in magnetism, because compounds show this inter-
esting feature is useful for making thermal-assisted magnetic
random access memory [16]. In the literature, EB with the
same polarity, either positive or negative, is reported in various
compounds, viz., Dy, Nd,CrOs [17], LaCrsFeqsO3 [18],
Nd; 4Eu,CrO; [19], and Smg 4Cap¢MnOj3 [20], whereas sign
reversal of EB as a function of temperature is reported in a
few studies [21,22]. In the literature, not much attention is
given to study the variation of EB with composition (x) in
a La; R,CrO; series of compounds and its correlation with
the NM. With this primary motivation, in the present study,
we have chosen Pr’T substituted La; Pr,CrO; (x = 0, 0.25,
0.5, 0.75, and 1) compounds. The dc magnetization study on
La, ,Pr,CrO; (0 < x < 1) inferred the NM over x = 0.2 to
0.85 of Pr3t concentration [14] and EB for x = 0.7 to 0.85
[23]. A neutron diffraction (ND) study on the x = 0.5 [14,24]
and 1 [25] compounds revealed a G-type antiferromagnetic
ordering of Cr** in these compounds. In the present paper,
we bring out correlations among NM, EB, and electrical
properties for the x = 0, 0.25. 0.5. 0.75, and 1 compounds.
The work highlights the usefulness of microscopic neutron
diffraction and mesoscopic neutron depolarization techniques
to establish the magnetism of these interesting Pr substituted
La;,Pr,CrO; compounds.

In the present study, we report the polarity reversals of NM
and EB, and correlated electrical properties in compounds
of La;,Pr,CrOs (x =0, 0.25, 0.5, 0.75, and 1) series using
dc magnetization and impedance spectroscopy studies. More-
over, we have employed the microscopic ND technique to
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understand the physics of correlation among different physical
properties of these compounds. The dc magnetization study
infers that x = 0.25, 0.5, and 0.75 compounds exhibit the NM,
and positive EB (at T < Tcomp), indicating a correlation be-
tween these two phenomena. On the other hand, the negative
EB is observed for the x = 1 compound whose magnetization
remains positive for all temperatures below the 7y. The maxi-
mum Zcomp and ac conductivity (derived from the impedance
spectroscopy) are found for the x = 0.75 compound, which
have been explained in terms of Cooke’s model and lattice
parameters’ crossover from a < ¢ to a > ¢ (derived from the
ND) across x = 0.75, respectively. Thus, the present study on
La;_,Pr,CrOs; compounds has established correlations among
NM and EB in a series of compounds, which makes these
useful for spintronics applications.

II. EXPERIMENTAL DETAILS

The polycrystalline compounds La; ,Pr,CrO; (x =0,
0.25, 0.5, 0.75, and 1) were prepared by the solid-state re-
action method using La;03, PryO3, and Cr,O3 as starting
chemicals. Stoichiometric amounts of these chemicals were
mixed using a mortar and pestle and ground together for 1-2
h. Afterward, the mixture of these chemicals was pressed
into a cylindrical pellet and sintered in air at 1400 °C for
24 h. This sintering was repeated twice for each compound.
Structural characterization was performed by using x-ray and
temperature-dependent ND. X-ray diffraction patterns were
recorded using lab source-based Cu-Ko radiation. The ND
experiment was carried out at Powder Diffractometer-I (A =
1.094 10\), Dhruva reactor, Mumbai, India. All diffraction pat-
terns were analyzed by the Rietveld refinement method [26]
using the FULLPROF computer program [27]. Here we mention
that in all diffraction patterns, the x axis is plotted as the
magnitude of the momentum transfer, Q = 4msinf /1, where
A is the wavelength of the radiation used and 6 is half of the
scattering angle (26). Scanning electron microscopy (SEM)
and energy dispersive x-ray spectroscopy (EDX) (using Carl
Zeiss, GEMINISEM 300) were used to study microstructure
and elemental composition of the compounds, respectively.
Temperature- and magnetic-field-dependent dc magnetization
measurements were carried out using a commercial vibrating
sample magnetometer in field-cooled-cooling (FCC) mode.
The hysteresis loops were recorded in both field-cooled (FC)
and zero-field-cooled (ZFC) modes. In the FC mode, the
sample was cooled to 5 K under some magnetic field, and
then hysteresis loops were recorded under 50 kOe (Hyax),
whereas no magnetic field was applied in the ZFC mode. The
neutron depolarization experiment was carried out using the
polarized neutron spectrometer at Dhruva reactor, Mumbiai,
India. In this experiment, polarized neutrons (A = 1.201 A)
are used to study the domain magnetization of the compound
as a function of temperature. Impedance measurements were
carried out in the frequency range of 1 Hz-1 MHz by us-
ing a PSM1735-NumetriQ impedance analyzer (Newtons4th
Ltd., U.K.) over the temperature range of 163-303 K. For
impedance measurements, cylindrical pellets of La;_,Pr,CrO;
compounds with uniformly coated silver paste on both flat
sides were used.
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FIG. 1. (a)—(e) M(T) curves measured under magnetic field of
H = 100 0Oe in the FCC mode for La,_Pr,CrO; (x =0, 0.25, 0.5,
0.75, and 1) compounds. The insets show the zoomed-in views of
M(T) curves for x =0.25, 0.5, 0.75, and 1 compounds. (f) The
magnetic phase diagram of La, ,Pr,CrO; compounds depicting the
variations of 7Ty and Tcomp With x under H = 1 kOe. Here CAFM and
PM represent the canted antiferromagnetic and paramagnetic states,
respectively. The open square symbols (red) represent the present
experimental data, whereas the open circular symbols (navy blue) for
the x = 0.6 and 0.85 compounds have been taken from the literature
[14,23]. The solid lines are a guide to the eye.

III. RESULTS
A. X-ray diffraction, and SEM and EDX

Rietveld refined x-ray diffraction patterns at 300 K of all
La; Pr,CrO; (x =0, 0.25, 0.5, 0.75, and 1) compounds are
shown in Fig. S1 in the Supplemental Material (SM) [28].
Rietveld analysis shows that all compounds crystallize in
the orthorhombic crystal structure with Pnma space group
(No. 62). The absence of any extra (unindexed) Bragg peak
ratifies the single-phase formation for all the compounds.

The SEM and EDX (Fig. S2 in the SM [28]) measurements
have been carried out on Pr3t substituted (x =10.25,0.5, and
0.75) compounds. The ionic ratios of La*>* and Pr’* for these
compounds obtained from the EDX are given in Table S1 in
the SM [28], and also compared with the values derived from
the neutron diffraction (presented later). The results of two
measurements are consistent with each other.

B. Magnetic study
1. Dc magnetization

Figures 1(a)-1(e) show the temperature (7") dependence of
the dc magnetization (M) for La; ,Pr,CrO; (x = 0, 0.25, 0.5,

074405-2



CORRELATED NEGATIVE MAGNETIZATION, ...

PHYSICAL REVIEW MATERIALS 6, 074405 (2022)

0.75 and 1) compounds measured in the FCC mode under an
applied magnetic field (H) of 100 Oe. A magnetic transition
is observed in the x = 0 compound at a Néel temperature,
Tn ~ 288 K, which is attributed to the G-type CAFM or-
dering of Cr** as reported in the literature [7,29]. The Ty
decreases with increase in the Pr3* concentration, as evident
from Figs. 1(a)-1(e). Further, the magnetization is found to
be positive for the x = 0 compound in the whole temper-
ature range below the 7y. An interesting magnetic feature
is observed for x = 0.25, 0.5, and 0.75 compounds. These
compounds show the NM phenomenon [8], where net dc mag-
netization becomes negative at T < Tcomp. The Teomp values
for x = 0.25, 0.5, and, 0.75 compounds are ~86, ~155, and
~220 K, respectively, indicating an increase in Tcomp With x.
Here, it is interesting to note that for this series of compounds,
the NM phenomenon appears over a wide Pr*" concentra-
tion range (0.2 < x < 0.85) [14], in contrast to La;_,Ce,CrOs3
(x=0.9and 1) [11] and Y, Pr,CrO; (0.05 < x < 0.2) [30]
compounds which show this phenomenon in a narrow range of
magnetic rare-earth (Ce3*/Pr3+) concentration. For the pure
Pr3* compound PrCrO;, the NM phenomenon is found to
be absent, consistent with the literature reports [14,25,29,31].
We have plotted the magnetic phase diagram of La;_,Pr,CrO;
compounds showing the variations of Tcomp and Ty with x
under H = 1 kOe [Fig. 1(f)].

2. Exchange bias

Figure 2(a) shows the M(H) hysteresis loops for x = 0,
0.25, 0.5, 0.75, and 1 compounds recorded at 5 K in a cooling
field (HcooL) of 5 kOe. The nonsaturating nature of the M (H)
loops along with finite coercivity indicates the presence of
both ferromagnetic (FM) and antiferromagnetic (AFM) com-
ponents in these compounds. Further, the hysteresis loops
of Pr3t based (x =0.25, 0.5, 0.75, and 1) compounds are
found to be shifted along the horizontal magnetic-field axis.
This shift indicates the presence of EB in these compounds;
however, zero shift (or zero EB) is found for the x = 0 com-
pound. The EB parameter, viz., Hgg (horizontal shift), has
been estimated using the following equation:

Hgp = ———, ey

where Hcy and Hce, are the left and right coercivity values,
respectively. The variation of Hgg with composition (x) is
shown in Fig. 2(b). The positive Hgg, i.e., hysteresis loop,
shifts in the positive H direction, is evident for x = 0.25,
0.5, and 0.75 compounds. As these compounds also exhibit
NM [Figs. 1(b)-1(d)], a strong possibility of correlation be-
tween NM and EB in the Pr** substituted compounds is quite
eminent. On the other hand, the x = 1 compound exhibits
negative EB; i.e., the hysteresis loop shifts in the negative H
direction. This results in a sign reversal of EB near the x =
0.75 compound. Here it is to be noted that, in the literature,
the EB with only positive polarity is reported for x = 0.75
compound [23] under Hcoor = 5 kOe; however, our study
has provided the polarity reversal of the EB (involving both
positive and negative) in the La;_,Pr,CrO; compounds as well
as its strong correlation with the NM. We also mention that
the sign of EB does not change up to Hcoor = 50 kOe in the
x = 0.5 compound [24].
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FIG. 2. (a) M(H) hystersis loops for x = 0, 0.25, 0.5, 0.75, and
1 compounds recorded at 5 K under Heoor = 5 kOe. (b) Variation of
the HEB with x.

3. Neutron depolarization

To gain more understanding of the magnetic nature
of the La; ,Pr,CrOs; compounds, we have carried out a
temperature-dependent neutron depolarization study. This
technique, using polarized neutrons, gives a good estimate
of the thermal evolution of magnetization and/or size of
magnetic domains over the mesoscopic length scale present
in FM/ferrimagnetic/CAFM compounds [32-35].In particu-
lar, in a neutron depolarization experiment involving a NM
compound, depolarization of the neutron beam occurs just
below the magnetic ordering temperature, where there is a net
magnetization of the sample due to finite domain magnetiza-
tion, followed by a complete recovery of the neutron-beam
polarization at the Tcomp, Which indicates a compensated
magnetic state inside the magnetic domain at the Tcomp
[21,35,36]. Figure 3 depicts temperature dependence of the fi-
nal polarization (Pr) of the neutron beam transmitted through
the La; ,Pr,CrOs; (x = 0.25, 0.5, 0.75, and 1) compounds.
No depolarization is observed for x = 0 (not shown) and
0.25 compounds in the whole measured temperature range.
On the other hand, x = 0.5/0.75 and 1 compounds show fi-
nite depolarization of the neutron beam only below 100 and
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FIG. 3. Temperature dependence of final neutron-beam polariza-
tion (P¢) under H = 50 Oe for x = 0.25,0.5,0.75, and 1 compounds.
The inset shows the zoomed-in view of P, for these compounds.

130 K, respectively (inset of Fig. 3). It may be recalled from
Figs. 1(c)-1(e) that dc magnetization of x = 0.5/0.75 and 1
compounds becomes significantly large below 100 and 130
K, respectively, to cause a finite depolarization of the neutron
beam. For a very small magnetic moment, as is the case for
x =0 and 0.25 compounds in the whole measured temper-
ature range, and for 0.5/0.75 and 1 compounds at 7 > 100
and 130 K, respectively, no depolarization is observed. Con-
sequently, no signatures of Tcomp (for x = 0.25, 0.5, and
0.75 compounds) and 7y (for x = 0, 0.25, 0.5, 0.75, and 1
compounds) are found in the present depolarization data. Nev-
ertheless, an increasing neutron-beam depolarization (Fig. 3)
with x reveals that domain magnetization is increasing with
the Pr (x) substitution. The increasing domain magnetization
at low temperatures is an indication of the increasing po-
larization of the Pr>* moments under the internal field of
ordered Cr3* moments, and is consistent with the increas-
ing dc magnetization with x (Fig. 1) below the Tcomp. Our
temperature-dependent neutron diffraction results (presented
later) for Pr** substituted compounds infer no sign of sponta-
neous magnetic ordering of Pr** moments due to Pr3*-Pr’*
exchange interaction.

Further, from the observed depolarization data, we have es-
timated the average domain size using the following equation

[32-34]:
(5) o]
Py = Pexp | —« 3 (Ps)” |, ()

where P/P; is the initial/final neutron-beam polarization,
o (~1/3) is a dimensionless parameter, d (~2.53 mm) is
the effective thickness of the sample, and &5 = (4.63 x
107G A2)ABS is the precession angle for a neutron of
wavelength A (1.201 A) traveling a distance § (average domain
size) inside a domain of magnetization, B (=47 M,p). Here,
M; and p are the saturation magnetization and density of
the compounds in emu g™ and gcm™, respectively. Domain
magnetization B at 5 K for x = 0.5, 0.75, and 1 compounds
is estimated using corresponding M and p values of these
compounds. The M, values have been estimated from ZFC

M (H) hysteresis loops at 5 K (not shown), after subtracting
the AFM contribution. Using these values in Eq. (2), § of the
order of ~10 um at 5 K for x = 0.5-1 compounds has been
estimated. The um sized FM domains reveal that the origin
of the FM component in the present compounds is due to the
spin canting of the AFM ground state, not due to any phase
separation between FM and AFM phases, where smaller FM
domain size is expected [37].

In summary, Pr3t substitution has resulted in signif-
icant changes in the magnetic properties of the present
La; Pr,CrO; compounds. To investigate the corresponding
changes in electrical properties of these compounds, we have
employed impedance spectroscopy. The results of this tech-
nique are discussed in the next section.

C. Electrical study
1. Impedance spectroscopy

Complex impedance spectroscopy (CIS) is a well-known
nondestructive technique to study the electrical properties of
a compound. Using CIS, one can separately determine the
contributions of grain interior, grain boundary, and sample-
electrode interface to the conduction of charge carriers [38].
We have measured the complex impedance (Z*) of the
La;,Pr,CrO; (x = 0,0.25,0.5, 0.75, and 1) compounds using
the CIS technique as a function of frequency (1 Hz—1 MHz)
and temperature (163-303 K) to investigate the electrical
properties.

Figures 4(a) and 4(b) show the frequency dependence of
the real (Z’) and imaginary (Z”) parts of Z* = Z' + jZ" at
selected temperatures. It is found that the magnitude of Z’
at a given frequency decreases with increase in temperature,
suggesting the increase in ac conductivity (presented later) of
La;_,Pr,CrO3; compounds. On the other hand, Z” vs frequency
curves exhibit a peak at a characteristic frequency (fiax) over
a whole temperature range. With increase in temperature,
the peak shifts toward the high frequency side indicating
the temperature-dependent relaxation [39] in La; Pr,CrO;
compounds. This relaxation can be analyzed by the Arrhenius
law, finax = foexp(—E,/ksT), where fj is the preexponential
factor, E, is the activation energy, and kg is the Boltzmann
constant. The E, values, determined from the Arrhenius fit-
ting of In(f) vs 1000/T plots [Fig. 4(c)], are 0.27 (1), 0.28
(1), 0.29 (1), 0.24 (2), and 0.28 (1) eV for x = 0, 0.25, 0.5,
0.75, and 1 compounds, respectively. These E, values are in
good agreement with values reported for RCrO; compounds
[25,40,41].

Figure 5(a) shows the Nyquist or Cole-Cole plots [42] (-Z”
vs Z' curves) for a few temperatures to estimate the contribu-
tions of grain, grain boundary, and electrode to the impedance.
The presence of a single semicircle in the Nyquist plot for all
compounds indicates negligible grain boundary and electrode
contributions to the impedance. Hence, the whole contribu-
tion comes from the grain interior [43] of the La; Pr,CrO;
compounds. The observed single and depressed semicircle
with its center lying below the real axis in the Nyquist plots
indicates non-Debye-type relaxation [44]. Similar behavior of
the Cole-Cole plots was reported earlier for other RCrO; com-
pounds [40,43]. For each compound, we have modeled the
observed depressed semicircle with a parallel combination of
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FIG. 4. Frequency dependence of the (a) real (Z’) and (b) imaginary (—Z") parts of complex impedance (Z*) at selected temperatures.
(c) Variation of In(f) vs 1000/T (red square symbols) and the black lines show the fitted curves by the Arrehenius law.

resistance (R,) and constant phase element (CPE) [Fig. (5b)].
The impedance of the CPE is given by Zcpg = m,
where n (0 < n < 1) measures the depression of the semicir-
cle. The value of n = 1 corresponds to Debye-type relaxation,
while n > 1 indicates non-Debye-type relaxation. The —Z" vs
7’ curves have been fitted with an equivalent circuit shown in
Fig. 5(b) using the EIS SPECTRUM ANALYSER software [45] and
values of n, R,, and CPE have been determined. Figure 5(c)
shows the variations of n and CPE with Pr’* concentration (x)
at 203 K. It is noteworthy here that the value of n is less than 1
for all the compounds indicating a non-Debye-type relaxation.
The CPE value is of the order of a nanofarad (nF), which could
be attributed to the grain interior or bulk contribution [38,46].
Using the R, values, we have estimated the dc conductivity
using the relation og. = R, /A, where ¢ and A are the thickness
and area of the pellet, respectively. The inverse temperature
dependence of dc conductivity follows the Arrhenius equation
04c = 0,exp(—E,/ksT), as shown in Fig. 5(d), where o, is the
preexponential factor, E, is the activation energy required for
conduction, and kg is the Boltzmann constant. The derived
values of E, from the above equation are ~0.27 (1), 0.28 (1),
0.29 (1), 0.24 (2), and 0.27 eV (1), respectively, for x = 0,
0.25, 0.5, 0.75, and 1 compounds. These values of E, are
close to the values obtained from the Arrhenius fitting of char-
acteristic peak frequency (fimax) [Fig. 4(c)]. Moreover, these

values are in good agreement with literature reported values
for related compounds [47,48]. Here, it is also noted that E,
is the minimum for the x = 0.75 compound, which coincides
with the maximum Zcomp [Fig. 1(f)] for the same compound.
Conduction mechanism/properties are further studied by ana-
lyzing the ac conductivity as follows.

2. Ac conductivity

Frequency dependence of ac conductivity (o,.) has been
calculated from the complex impedance (Z*) using the fol-
lowing equation:

¢ Z/2
=izt z7

Figure 6(a) shows the frequency dependence of o,. for
La;,Pr,CrO; (x =0, 0.25, 0.5, 0.75, and 1) compounds at
various temperatures with an interval of 20 K. It is evi-
dent that at a given frequency, o,  increases with increase
in temperature, reflecting the semiconducting nature of the
compounds [40]. Also, with increasing temperature, the dc
plateau (frequency-independent conductivity) extends up to
higher frequency values. Figure 6(b) shows the o,. as a func-
tion of x for some selected temperatures at a frequency of
1 kHz. At any temperature (163-303 K), o, first decreases
up to x = 0.5, then starts to increase, shows maximum value

3

Oac
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FIG. 5. (a) Cole-Cole plots of the impedance data at some se-
lected temperatures for the La; ,Pr,CrO; (x =0, 0.25, 0.5, 0.75,
and 1) compounds. (b) Equivilant circuit that is considered to fit the
Cole-Cole plots. (c) Variations of n and CPE with x at 203 K. (d) The
Arrehenius fitting (black lines) of Ingy. vs 1000/T curves (red square
symbols) for all compounds.

at x = 0.75, and thereafter it decreases again. This maximum
in o, for intermediate compound (x = 0.75) is in agreement
with the GdCo;_,Cr,0O3 (x =0, 0.33, 0.5, 0.67, and 1) com-
pounds [49], where maximum o, was reported for x = 0.67.
In contrast, the monotonic decreasing o, with x was reported
for La; ,Pr,MnO; (0 < x < 1) compounds [50] which might
be due to the presence of the Jahn-Teller (Mn*") ion in
La; . Pr,MnO3; compounds.

To get insight about the conduction mechanism, the fre-
quency dependence of o, was analyzed by the power law
given by Jonscher [51] as

Oac = Odc +Aw’, “

where oy, is the dc or frequency-independent conductivity; w
(=2r f) is the angular frequency; coefficient A and frequency
exponent s (value lies between 0 and 1) are the temperature
and material-dependent-intrinsic constants. The s represents
the degree of interaction of charge carriers with the environ-
ment surrounding them, while A represents the strength of
polarizability. The o, curves are fitted with Eq. (4) and values
of oy, 5, and A are determined.

Variation of exponent s with temperature provides in-
sight into the conduction mechanism [52]. Figure 6(c) shows
the variation of s as a function of temperature for all the
compounds. For LaCrO3 (x = 0 compound), exponent s first
decreases with increasing temperature, reaches a minimum
value and then increases with further increasing temperature.
Similar behavior of s for LaCrO3; compound is reported in
the literature [43]. Such observed behavior of s corresponds
to the overlapping large polaron tunneling (OLPT) mecha-
nism for conduction as reported by Coskun et al. [43]. The
same mechanism also explains the conduction for x = 0.25
and 1 compounds. Interestingly, the temperature dependence
of s shows different behavior for intermediate compounds
with x = 0.5 and 0.75. For x = 0.5, exponent s first increases
with increase in temperature, and then it follows the OLPT
mechanism above ~200 K. Initial increase of exponent s for
x = 0.5 compound indicates a nonoverlapping small polaron
tunneling (NSPT) [53] -type conduction mechanism, whereas,
for x = 0.75, the NSPT-type conduction mechanism is evident
over the whole measured temperature range.

In brief, the x = 0.75 compound shows a maximum o,
with minimum activation energy. In order to get a microscopic
understanding of peculiar magnetic and electrical properties
in La; ,Pr,CrO; compounds, the neutron diffraction tech-
nique has been employed, which will be discussed in the next
section.

D. Neutron diffraction

Figure 7(a) shows the Rietveld refined ND patterns at
300 K for all the studied compounds of the series. Recorded
patterns show that the intensities of some of the Bragg peaks,
viz., {(101) (020)}, (200), (201), (112), (004), and {(251)
(233)} [shown by shaded area in Fig. 7(a)] monotonically
change, involving increasing/decreasing intensities of {(101)
(020)}, (201), (112), {(251) (233)}/(200), (004), with increas-
ing Pr** substitution. In addition, the Bragg peaks are shifted
toward higher Q values with increasing Pr’* concentration
in La;,Pr,CrO; [Fig. 7(b)], indicating the contraction of the
lattice parameters and unit-cell volume. This can be attributed
to the smaller ionic size of Pr’* (1.13 A) as compared to that
of the La* (1.17 A) ion, which reduces the average A-site
ionic radius and hence contraction of the unit cell. The derived
values of the lattice parameters a, b, and ¢ for end compounds
LaCrO; (x = 0) and PrCrO; (x = 1) are 5.482 (1) A, 7.774
(2) A, and 5.516 A (1); and 5.475 (2) A, 7.703 (2) A, and
5.451 (1) A, respectively, which are in good agreement with
the literature reported values [29,54,55]. Lattice parameter b
is found to be larger than both a and c for all compounds and it
decreases monotonically with increasing x [Fig. 7(c)]. Further,
the lattice parameter ¢ (>a for x = 0) decreases more rapidly
with Pr3* substitution as compared to the lattice parameter
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FIG. 6. (a) Frequency dependence of ac conductivity (o) of La, ,Pr,CrO; (x = 0, 0.25, 0.5, 0.75, and 1) compounds over a temperature
range of 163-303 K with an interval of 20 K. Here experimental data are shown by symbols, and the solid black line shows a fit to experimental
data as per Jonscher’s law. (b) Variation of o, with x over a temperature range of 163-303 K with an interval of 20 K at a frequency of 1 kHz.

(c) Variation of the s with temperature for all the compounds.

a, and as a result, ¢ becomes smaller than a for x 2> 0.75.
This changes the lattice parameters’ relation from ¢ > a to
¢ < a around x = 0.75 [Fig. 7(c)], which is attributed to the
equatorial bond lengths’ (lying in the ac plane) variation with
x (Fig. S3 in the SM [28]). Interestingly, this crossover persists
at low temperatures also (Fig. S4 in the SM [28]), as evident
from the Rietveld refinement of low temperature ND data (to
be discussed later). Owing to the almost similar values of the
lattice parameters a and ¢ for x = 0.75, i.e., high symmetry
crystal structure [49], charge carriers (polaron) can tunnel in
more than one direction, leading to the highest conductivity

for this compound, which is further consistent with its mini-
mum E, (required for conduction). Further, estimated atomic
positions, bond angles, bond distances, and reliability factors
are listed in Table S2 in the SM [28]. The average bond
angle (0), estimated using 6; and 6,, is found to decrease
monotonically with x (Fig. S3 in the SM [28]).

To get the orientations of magnetic moments in the
Pr’* substituted compounds, temperature-dependent neutron
diffraction is carried out. Figure 8(a) depicts the Rietveld
refined ND patterns of Pr3* substituted (x=10.25,0.5, 0.75,
and 1) compounds at 5 K. From comparison of the ND pat-
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of the lattice parameters and unit-cell volume (inset) with x.

terns at 300 K [Fig. 7(a)] and 5 K [Fig. 8(a)], it is found
that the {(110) (011)} Bragg peak positioned at Q = 1.40 At
gain in intensity at 5 K due to magnetic contribution. Thus,
in addition to the nuclear phase, a magnetic phase has been
added in the Rietveld refinement to fit this magnetic con-
tribution. Here we mention that the nuclear phase is of the
same symmetry (Pnma) as used for the Rietveld refinement
of ND at 300 K. Rietveld refinement of the ND data (at
5 K) reveals that Cr*" magnetically orders into > (G, F;) spin
configuration with the finite G, component in all compounds.
Here G, means the AFM component of the Cr’* moment
along the y(b) axis, and F; is the FM component along the
z(c) axis, which arises due to the spin canting of Cr**. It
may be noted that the same (nuclear + magnetic) model
gives good agreement between the observed and calculated
ND datainthe 5 K < T < Ty temperature range for x = 0.25
to 1 compounds, indicating no structural phase transition in
these compounds at T < Ty. Moreover, it also reveals that
there is no spin-orientation-like transition in any of these
compounds. Figure 8(b) shows the variation of the AFM com-
ponent (G,) of the Cr** moment with temperature for Pr’*
substituted (x = 0.25, 0.5, 0.75, and 1) compounds, following
the Brillouin-function-type temperature dependence. Further,
it is known that the FM (F,) component of the Cr** is gener-
ally very small (~1072-1073 wup) in RCrO3; compounds [56];
thus it is not possible to get this small component using the
present ND study. However, the FM contribution is evident

from the dc magnetization data (Figs. 1 and 2). On the other
hand, no signature of spontaneous ordering of Pr’* (7F")
due to Pr¥*-Pr’* exchange interaction is found in all Pr**
substituted compounds down to 5 K, which is consistent with
the literature reports [14,24,25]. The magnetic structure of
the compounds consisting of only the G, AFM component
is depicted in the inset of Fig. 8(b). Further, the estimated
lattice parameters for x = 0.25 to 1.0 compounds at various
temperatures from the Rietveld refinement of the ND patterns
are shown in Fig. S4 in the SM [28].

IV. DISCUSSION

Experimental results of the present study reveal that the
structural, magnetic, and electrical properties of La;_,Pr,CrO;
(x =0, 0.25, 0.5, 075, and 1) compounds vary significantly
with increasing Pr’* substitution. It is evident from the dc
magnetization study that compounds with Pr’* concentration
in the range of 0.25 < x < 0.75 show the NM phenomenon
with maximum Tgopmp for the x = 0.75 compound [Fig. 1(f)].
FC M(H) hysteresis loops reveal the presence of the FM
contribution in La;,Pr,CrO; compounds due to Cr3t spin
canting [Fig. 2(a)]. Further, the ND study has revealed that,
in all compounds, Cr** orders into the I' (GyF,) spin con-
figuration, and no signature of spontaneous ordering of Pr’*
(T¥") due to Pr**-Pr** exchange interaction is found down to
5 K. However, the CAFM ordering of Cr3* creates an internal
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FIG. 9. M vs T dataunder H = 100 Oe (open symbols) and their
fitting (solid red line) using Cooke’s model [57] for (a) x = 0.25,
0.5, 0.75, and (b) x =1 compounds. The schematics of the spin
arrangement of the M, (red) and Mp, (navy blue) moments under
the influence of H (purple) and H (olive) for all of these compounds
are shown in their corresponding insets.

magnetic field (H) that causes polarization of the Pr’* (Mp,)
moment. It is possible to explain the observed NM and varia-
tion of Tcomp With x by considering temperature dependences
of the M¢; (FM component of Cr**) and Mp, moments. We
have used the model proposed by Cooke er al. [57] which
involves the fitting of the dc magnetization vs temperature
data. According to this model, the magnetization behavior for
T < Tcomp is governed by the following equation:

C(H + Hy)
(T +6)

Here M¢; is the FM component of the crit moment, H and
Hy are the applied and internal magnetic fields, respectively,
and 6 is the Curie-Weiss constant. Furthermore, C = xCp; is
the Curie constant, which depends on the x and experimental
Curie constant of Pr’* (Cp;). The M vs T data for x = 0.25,
0.5, and 0.75 compounds under H = 100 Oe have been fitted
with Eq. (5) [Fig. 9(a)], and corresponding parameters, viz.,
M, and Hj, have been derived (Table I). For comparison,
literature values of M¢, and Hj are also given. The derived M,
values are positive, indicating its alignment in the direction of
H, whereas negative values of Hj infer that the internal field
polarizes Mp, opposite to H as well as M¢,. The dominance
of Mp, over Mc, (aligned along H) below Tcomp results in the

M= Mc + (5
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TABLE 1. Parameters obtained from the fitting of the present dc
magnetization data under H = 100 Oe using Cooke’s model and its
comparison with the literature reported values [14,23,31].

M¢, (emumole™) H; (kOe)
X Present Literature Present Literature
0.25 24 — -7.8 —
0.5 51 40 -10.1 -8.5
0.75 150 -4 =25 -16
1 -220 -200 35 30
#Not reported.

NM in La; Pr,CrO; (x = 0.25, 0.5, and 0.75) compounds.
The spin arrangements for these compounds involving the
AFM coupling between the Cr** and Pr’* moments are
shown in the inset of Fig. 9(a). Further, it is found that the
value of |Hj| increases with x (Table I), indicating the domi-
nance of Mp, over Mc; at relatively higher temperatures with
increasing x. This explains increasing Tcomp With increasing
x [Fig. 1(f)]. It is known from the literature that |H;| ~ 2.8 to
3 kOe for the x = 0.85 compound [23]. This sudden decrease
in |Hy| from ~25 kOe for x = 0.75 to ~3 kOe for x = 0.85
clearly explains the decrease in Toomp for x = 0.85 [Fig. 1(f)].
Further, the dc magnetization data of the x = 1 compound
is also fitted with Eq. (5) [Fig. 9(b)] in almost the whole
temperature range below Ty with Mc, ~ —220 emu mole™
and H; ~ 35kOe. These values are quite close to literature
reported values [31] for PrCrO; (Table I). The respective signs
of these parameters indicate that for the x = 1 compound,
positive magnetization of PrCrO; is dominated by Mp, polar-
ized along H, and Mc; is opposite to both. The schematic of
the spin arrangement of these moments preserving the AFM
coupling between them is depicted in the inset of Fig. 9(b).
Here we add that the LaCrOs3; (x = 0) compound has only
one magnetic sublattice, i.e., Cr3*; thus it does not encounter
any intersublattice magnetic interaction, and hence the NM
phenomenon is absent in this compound.

In addition to the NM phenomenon for 0.25 < x < 0.75
compounds, another unique phenomenon, viz., EB, is also
observed for all Pr substituted compounds including x = 1. It
is known that EB arises as a result of the coupling between two
or more magnetic sublattices with an interfacial coupling [10].
That is why the present x = 0 compound with a single mag-
netic sublattice does not exhibit this phenomenon [Fig. 2(b)].
For x = 0.25 to 0.75 compounds with two (i.e., M, and Mp,)
magnetic sublattices, the NM state is favorable below Tcomp
(Fig. 1) under a positive magnetic field. This leads to an easy
switching of the magnetization sign while decreasing the field
from +Hyax in a hysteresis loop measurement. This makes
Hc; smaller. On the other hand, a higher magnetic field is
required to make magnetization positive while traversing from
—H\ax to +Hyax, because the positive magnetization state is
energetically unfavorable in the NM state. This leads to the
higher Hc, and consequently, a positive Hgg is observed for
these compounds. This mechanism also explains the negative
Hgp for the x = 1 compound [Fig. 2(b)], where the positive
magnetization state is energetically favorable leading to the
higher Hc; and lower Hc;.

In contrast to the Tcomp, In has shown a decrease with in-
creasing x in the present La;_Pr,CrO3; compounds [Fig. 1(f)].
The decrease in Ty with increasing x is explained by the
decrease in the indirect overlapping of Cr** orbitals lead-
ing to the decrease in superexchange interaction, which is
clearly anticipated from the decreasing (Cr**-O>-Cr**) bond
angle (Fig. S3 in the SM [28]). To generalize this picture,
we have plotted the variation of the 7y with A-site ionic
radii (Fig. S5 in the SM [28]) of R;_R,CrO; compounds
[11,12,17,30,40,54,58-70], where R and R’ are the rare earths
(La to Lu, Y) having different ionic radii. It is interesting to
note that Ty decreases linearly with the decrease in average
ionic radii of the A site for all the R;_,R,CrO; reported
compounds. Interestingly, a similar variation of Ty with A-site
ionic radii has been observed for isostructural manganites,
R1_R,MnOj3 [50] and orthoferrites, R;_,R,FeOs [71].

V. SUMMARY AND CONCLUSIONS

The systematic and comprehensive study of structural,
magnetic, and electrical properties of Pr’* substituted
La;,Pr,CrO; (x =0, 0.25, 0.5, 0.75, and 1) compounds
has been done by x-ray and neutron diffraction, SEM and
EDX, dc magnetization, neutron depolarization, and complex
impedance spectroscopy. The dc magnetization study has re-
vealed the presence of an unusual negative magnetization
(NM) phenomenon in x = 0.25, 0.5, and 0.75 compounds
with increasing compensation temperature (7comp) With x.
The systematic increase in Tcomp With x is explained within
the framework of Cooke’s model involving competition be-
tween polarized Pr’* moments under increasing internal
field and canted Cr** moments. Further, positive exchange
bias (EB) is evident for these compounds involving NM,
indicating a correlation between NM and a positive sign
of EB in the Pr’" substituted compounds. On the other
hand, negative EB is found for x =1 compound involv-
ing no NM. Moreover, dc magnetization is also found to
be increasing with increasing Pr’* concentration, which is
consistent with the increasing neutron-beam depolarization
with x. In contrast to the increasing Tcomp, magnetic or-
dering temperature 7y decreases monotonically from ~288
K (x =0) to 240 K (x = 1) which is attributed to the de-
creasing average bond angle (Cr’**-0?-Cr**) with increasing
x, as estimated from neutron diffraction. Interestingly, our
study has shown that such linear decreasing behavior of Ty
with average A-site ionic radii is universal and holds for all
other rare-earth-substituted orthochromite compounds also.
Further, maximum ac conductivity (with minimum activation
energy required for conduction) for the x = 0.75 compound
is explained in terms of the crossover of lattice parameters
froma < ctoa > c across x~0.75. Moreover, the conduction
mechanism also shows peculiar change as a function of x
in La; ,Pr,CrO; compounds. The overlapping large polaron
tunneling (OLPT) mechanism explains the conduction for
x =0, 0.25, and 1 compounds, while nonoverlapping small
polaron tunneling (NSPT) explains conduction for x = 0.75.
A mixture of both OLPT and NSPT mechanisms accounts
for conduction in x = 0.5. Thus, our study has revealed an
understanding of unique phenomena of NM and EB, and the
variation of electrical properties in La;.,Pr,CrOz; compounds.
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