Chapter 2
Electronic Phase Separation and Glassy
Behavior in Magnetic Perovskites

2.1 Introduction

Complex transition metal-based ABO; perovskites are known to exhibit compo-
sitional and electronic inhomogeneities arising from the existence of more than one
phase in crystals of nominally monophasic composition, with the different phases in
such materials having comparable compositions [1, 2]. Magnetic perovskites dis-
play a variety of effects due to such phase separation giving rise to novel electronic
and magnetic properties. In the perovskite family the manganites became popular
because of the colossal magnetoresistance (CMR) exhibited by them as discussed
earlier in Section A [1-9]. CMR and related properties are generally explained on
the basis of the double-exchange (DE) mechanism of the electron hopping between
the Mn3+(t§ge;:,) and Mn4+(t3geg) ions. Jahn-Teller (J-T) distortion associated with
the Mn** ions and charge ordering (CO) of the Mn>* and Mn** ions compete with
DE and favor insulating behavior and antiferromagnetism [1]. CO in these materials
is closely linked to the ordering of the orbitals. Typical of charge-ordered man-
ganites are Pr;_,Ca,MnO; (x = 0.3-0.4) and NdjsCagsMnO; which show CO
around 250 K and antiferromagnetic ordering (A-type) at lower temperatures [4].
The CO states can be melted into metallic state by applying high magnetic fields.
On the other hand, Nd 5Srg sMnOj is ferromagnetic below room temperature and
shows CO at lower temperatures (~ 150 K) accompanied by antiferromagnetism
(CE-type). The nature of phase separation in the perovskite manganites depends on
the average size of the A-site cations and the associated size disorder, carrier
concentration or the composition (value of x), temperature, and other external
factors such as magnetic and electric fields. Phases with different charge densities
(carrier concentrations) as well as magnetic and electron transport properties coexist
as carrier-rich ferromagnetic (FM) clusters or domains along with a carrier-poor
antiferromagnetic (AFM) phase. Such an electronic phase separation giving rise to
microscopic or mesoscopic inhomogeneous distribution of electrons results in a rich
phase diagram [2]. What is noteworthy is that electronic phase separation is likely
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to be a general property of solids with correlated electrons such as the large family
of transition metal oxides. There are indications that many of the unusual magnetic
and electron transport properties of magnetic perovskites arise from phase
separation.

The term phase separation or segregation implies the presence of at least two
distinct phases in the sample, but the relative fractions may vary anywhere from a
dilute regime, involving small domains of the minor phase (or clusters) in the
matrix of the major phase, to a situation in which the fractions of the two phases are
comparable. Thus, FM clusters present randomly in an AFM host matrix often give
rise to a glassy behavior. As the FM clusters in an AFM matrix grow in size to
become reasonably sized domains, due to effect of temperature, composition, or an
applied magnetic field, the system acquires the characteristics of a genuine
phase-separated system. In this section, we discuss electronic phase separation and
associated effects in magnetic and electron transport properties in disordered per-
ovskite manganites and cobaltites. The latter system also exhibits ferromagnetism
and metallicity when the average size of the cations is sufficiently large and the size
disorder is not excessive. The ferromagnetism in the perovskite cobaltites is con-
sidered to be due to Co>*—O—Co*" superexchange interactions.

2.2 Manganese-Centered Magnetic Perovskites

The first report on electronic phase separation (EPS) in perovskite manganites
La,;_.Ca,MnO; was presented by Wollen and Koehler [1]. They observed the
presence of both FM and AFM peaks in the magnetic structure of La;_,Ca,MnO;
by neutron scattering, and hence drew the conclusion that there is the simultaneous
presence of FM and AFM phases in this material in 1950s [1]. In order to under-
stand the magnetic and electron transport properties, CMR effect, etc. of magnetic
perovskites, EPS is getting accepted as the phenomenon of importance [2-9].
However, for the nanoscopic electronic inhomogeneity in magnetic perovskites,
both TEM, high-resolution TEM and scanning transmission electron microscopy
(STEM) and STM can be used to find out the coexistence of nanoscopic
charge-ordered (insulating) domains and the FM metallic domains, giving the local
structural information at atomic level [9]. Due to the sensitivity of phase separation
to magnetic fields, it is often difficult to identify EPS based on the magnetization
and transport measurements. Teresa et al. [4] have reported on the experimental
evidence for the existence of nanoscopic EPS in the perovskites of
(La;—,A,)723Ca;;3sMnO3 (A = Y or Tb). In their report it was revealed that by a
combination of volume thermal expansion, magnetic susceptibility, and small-angle
neutron scattering measurements, there is a spontaneous formation of localized
magnetic clusters with size of ~1-2 nm above the ferromagnetic ordering tem-
perature. Similarly, using small-angle magnetic neutron scattering, Mercone et al.
[4] have correlated the evolution of FM phases induced by the magnetic field in a
crystal of Pry ¢7Cag33MnO;3 (Fig. 2.1). The modern technologies such as scanning
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electron nanodiffraction, atomic-resolution STM, MFM, and electron holography
have been developed that directly identify the EPS phenomenon in low-dimensional
perovskite manganite nanostructures [2, 4, 6, 7]. Along with the development of
nanotechnology, the EPS phenomenon in perovskite-based CMR nanoparticles has
also received great attention. In recent years, the evolution of the EPS with mag-
netic field in perovskite nanoparticles has been reported by several groups, which
has a significant impact on the perovskite-based nanoelectronics [7].

Meanwhile, Féth et al. [7] also discovered the evidence for electronic inhomo-
geneities in Lay;Cag3MnO; by STM, below the FM transition temperature with a
mesoscopic scale of about 0.2 pum where the FM metallic domains are interspersed
in insulating regions. EPS involving submicrometer-sized FM and charge-ordered
AFM domains with a typical size of about 0.2 um was demonstrated in
Lag 655-,PryCag 37sMnO5 by TEM study [9]. Mesoscopic phase separation arising
from the comparable energies of the ferromagnetic metallic and antiferromagnetic
insulating states, with the length scale between 30 and 200 nm, is just one extreme
in the perovskite manganites [9]. The EPS with phases of different charge densities
is usually expected to give rise to nanometer-scale clusters as large phase-separated
domains would break up into small pieces due to the Coulomb interactions. In
general, microscopically homogenous clusters often ranging in their diameter size
of 1-2 nm are dispersed in an insulating or charge-localized matrix. One can
visualize EPS arising from disorder as well, which could arise from the size mis-
match of the A-site cations in the perovskite structure [3]. Such EPS is seen in the
(La;—yPry);-,Ca,MnO3 system in terms of a metal-insulator transition induced by
disorder [9]. The size of the clusters depends on the magnitude of disorder. The
smaller the disorder, the large would be the size of the clusters. This could be the
reason why high magnetoresistance occurs in perovskites with small disorder.

Microscopically homogeneous clusters are usually of the size of 1-2 nm in
diameter dispersed in an insulating or charge-localized matrix. Such an EPS sce-
nario bridges the gap between the DE model and the lattice distortion models.
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Several publications on the perovskite manganites reveal that in addition to
microscopic phase separation, there can be mesoscopic phase separation where the
length scale is between 1 and 200 nm, arising from the comparable energies of the
FM metallic and AFM insulating states [1, 2, 5, 9-11].

2.2.1 Electronic Phase Separation (EPS)
in (La;—Lny)y ;Cag3Mn0O3
(Ln = Pr, Nd, Gd, and Y)

In (La;—,Pr);—,Ca,MnO; perovskites, submicrometer-sized EPS involving FM and
charge-ordered AFM domains has been observed. By varying composition, the
volume fraction and the domain size of the FM and charge-ordered phases could be
varied [9-11]. The corresponding magnetization and resistivity data for
Lags—,Ln_,CaysMnO5 (Ln = Pr, Nd) is presented in Fig. 2.2. These properties
comprehensively describe the competing interactions between FM and CO/O0
states and the resultant phase separation are most prominently observed.

We presented in Fig. 2.3, the temperature-dependent magnetic properties of
(La;-,Nd,)o7Cap3MnO;5 perovskites, which represents the sensitivity magnetic
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Fig. 2.3 Temperature
variation of magnetic moment
(up) in the manganites.
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b (La;—,Gd,)o.7Cap 3sMnO3,
and ¢ (La;—,Y,)o.7Cao 3sMnO3
(adapted from Sudheendra

et al. [10])
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moment (Ug) to the substitution of La by the smaller cation Nd. The FM T¢ shifts to
lower temperature with increase in x, a clear FM behavior is observed up to x = 0.5
with a saturation magnetic moment close to 3 pg.

Beyond x = 0.6, there is no magnetic saturation and the highest value of mag-
netic moment is less than 3 pg. The perovskite composition up to which clear FM
behavior appears is defined as the critical composition x. [10]. Whereas, the
compositions with x > x. show a gradual increase in the magnetization at low
temperature. In Gd-substituted perovskites, FM T is observed only for the doping
concentration of 0.0 < x < 0.3. The x. (~0.3) value for Gd-substituted perovskites
is much lower than the Nd perovskites (~0.6). These features show that x,.
decreases with the average radius of the A-site cation, (rA> (Fig. 2.3b), which are
similar to the reported manganite perovskites by Terashita and Neumeier [12].
Similarly, Y-substituted perovskites exhibit ferromagnetism only for x < 0.2 and
the FM T decreases with increase in x value (Fig. 2.3c). Hence for the series of
(La;—,Ln,)o7Cag3MnO;5 perovskite, the x. values are 0.75, 0.6, 0.3, and 0.2 for
Ln = Pr, Nd, Gd, and Y, respectively, representing a crucial dependence of x. on
(ra). Furthermore, for these magnetic perovskites the FM is replaced with CO/OO
with increase in x, which could be interpreted in terms of the change in electronic
bandwidth (W). Also, the major change in the magnetization around x. in these
magnetic perovskites with constant carrier concentration could be attributed to
electronic phase separation due to size disorder caused by substitution of the
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smaller rare earth cations in place of La. In the Pr-substituted perovskite, the EPS
has been reported in the regime of x ~ x. (x ~ 0.6-0.8) [11]. These results also
support the explanation provided by De Teresa et al. [13], where they have reported
FMM behavior for low x and spin glass behavior for large x (=0.33) in perovskite
(La;—Tb,)o.67Ca9.33MnO;.

Temperature variation resistivity behavior of (La;_,L.n,)q7Cag3MnO5 (Ln = Nd,
Gd, and Y) series of perovskites exhibit somewhat resemblance to the magnetic
transition, the x < x,. compositions show insulator-metal (I-M) transition near the
FM T¢ (Fig. 2.4). For x > x,. the perovskites are insulating and do not exhibit any
resistivity transition. The I-M transition, Ty, for x < x. compositions decreases
linearly with increase in doping concentration (Fig. 2.5). The Ty verses {ra) plot is
linear with a positive slope as expected (inset of Fig. 2.5) and no resistivity anomaly
at T (<Tyy) for any of these compositions unlike reported by Uehara et al. [9] and
Deac et al. [14].
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Fig. 2.4 Temperature-dependent electrical resistivity for (La;—,Ln,)q7Cap3MnO;. a Ln = Nd,
b Ln = Gd, and ¢ Ln = Y. (adapted from Sudheendra et al. [10])
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It is useful to examine how these series of perovskites leave the track on the
whole magnetic and electrical behaviors and represent a case of EPS. This is
corroborate from the results of small but finite magnetic moments and gradually
increasing resistivities at low temperatures observed in (La;—,Ln,)y7Cag3;MnO;
with Ln = Pr, Nd, Gd, and Y, around x,. or (r°A>. These are a consequence of
electronic phase separation, which also causes thermal hysteresis in the resistivity
behavior around Ty (insets in Fig. 2.4) [10]. The insets in Fig. 2.4a—c show that the
resistivity in the warming cycle is lower than that in the cooling cycle up to a certain
temperature beyond which the resistivities in the two cycles merge. With decreasing
the temperature below the Ty, the FMM phase grows at the expense of the anti-
ferromagnetic insulating phase, causing a decrease in the resistivity value. Whereas
during heating, the insulating phase grows at the expanse of the FMM phase, the
latter provides the conductive path. The thermal hysteresis in the resistivity
behavior is therefore due to the percolative conductivity in these magnetic per-
ovskites, the hysteresis decreases with increase in {r,) or decrease in x as expected.

2.2.2 Electronic Phase Separation (EPS) in
(Lal_XLnx)o‘7(Ba/Sr)0.3MnO3 (Ll’l = Pr, Nd,
Gd, and Dy)

Figure 2.6 shows the magnetization and resistivity data for Lay;—,Pr,Bag;MnO;
series of magnetic perovskites [15]. The 7¢ value decreases progressively with
increasing x and the compound is metallic at room temperature up to x = 0.3 and
exhibits a broad I-M transition, Ty, when x = 0.3. It is interesting that, as x ap-
proaches 0.7, the difference between T and Ty increases, with the latter becoming
considerably lower than T¢. Pry;Bag3MnOj; is, therefore, a ferromagnetic insulator
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Fig. 2.6 Temperature
variation of a magnetization
and b electrical resistivity of
Lag 7-x Pr, Bag3MnO;
(adapted from Ref. [15])

Fig. 2.7 Temperature
variation of a magnetization
and b electrical resistivity of
Lag 7-, Nd, Bag3MnO3
(adapted from Ref. [15])
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in the regime between T¢ and Tpy (190-150 K). The magnetization and resistivity
data of Lay7—,Nd,Bay3MnQOj3 are shown in Fig. 2.7.

Here again, the T¢ value decreases with increasing x, and there is a marked
decrease in the value of the saturation magnetization as well. There is a sharp
increase in magnetization with an apparent 7¢ of ~ 150 K, in Nd, 7Bag3sMnO;. But
the saturation moment is small, suggesting that there may be no long-range fer-
romagnetic ordering in the compound and Ndj-Bay;MnOs; (x = 0.7) does not
exhibit clear saturation down to low temperatures. The saturation magnetic
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Fig. 2.8 Temperature variation of the magnetization, M, of a Ndy; Bag;MnOs; b Gdy7;
Ba0‘3MnO3 C Lao‘zGd0‘5BaO'3MnO3, and d La0'4Dy0'3Ba0'3MnO3 (at H = 500 Oe) The solid
symbols represent FC and open symbols represent ZFC data, respectively (adapted from Ref. [15])

moments in Ndg ;Bag 3sMnOj5 and Lag ;Bag sMnO; are 0.8 and 1.5 pg, respectively,
while that in Pry;Bag;MnOj is 1.2 pg. Accordingly, the ZFC and FC data, show
considerable divergence below 7 (Fig. 2.8a), unlike for the perovskite
Pry7Bag 3MnOs;. The resistivity behavior of Lag7—,Nd,Bag 3;MnOj is quite different
from that of Lagy ;—,Pr,BagsMnOs. The Lag ;—,Nd,Bag sMnO5; compositions show a
broad I-M transition when x = 0.3 and x = 0.5, but the 0.7 composition is an
insulator with high resistivity.

The resistivity behavior of Nd, 7Bay 3;MnOj is different from the literature report
[16] to some extent. Since, Ndg7Bag3MnO5; does not show long-range ferromag-
netic ordering; it would appear that the material contains ferromagnetic clusters in
the insulating matrix. The double peaks in resistivity data [16] or the shoulder near
Tc also suggest the presence of phase separation. Ferromagnetic clusters in an
insulating matrix would also be present in other compositions (0.0 < x < 0.7) where
Tc < Tim-

The x =2 0.5 compositions show divergence between the ZFC and FC magne-
tization data (Fig. 2.8b, c), indicating the absence of long-range ferromagnetic
ordering. AC susceptibility measurements reveal a weakly frequency-dependent
peak at 50 and 40 K, respectively, in the x = 0.5 and 0.7 compositions. These
compositions also fail to show the I-M transitions in the resistivity data, whereas
the samples with x < 0.5 show distinct I-M transitions. The compositions with
x > 0.5 are insulating similar to Ndy;Bapg3MnOz and the resistivity of
Gdp7BapsMnO;z is higher than that of Ndyg;Baps;MnO;. In the Lagsy
—Dy,Baj sMnOj series, ferromagnetism does not occur for x > 0.2 (Fig. 2.9a). The
x = 0.2 composition shows an apparent Tc of 180 K, but the saturation magneti-
zation is very low (18 emu/g). The x = 0.2 composition shows the I-M transition,
but all the compositions with x > 0.2 are insulating, the resistivity being higher than
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Fig. 2.9 Temperature 40 1
variation of a magnetization .
and b electrical resistivity of 30
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that of the corresponding Gd- and Nd-substituted magnetic perovskites. The ZFC
and FC data of the x = 0.3 composition shows divergence (Fig. 2.8d), indicating the
absence of long-range ferromagnetic ordering.

In both the Lay;—,Gd,BagsMnO; and Lay ;- Dy,Bag3MnOj series of magnetic
perovskites, ferromagnetism disappears as x increases, accompanied by an insu-
lating behavior. The apparent ferromagnetic transitions with a low saturation
magnetization observed for x = 0.3 and 0.2 at 150 and 180 K, respectively, in the
Gd and Dy derivatives, and associated with Tpy values lower than T, point to the
presence of a ferromagnetic insulating state. It is likely that in all the compositions
where the ferromagnetic insulating state occurs, there is phase separation wherein
ferromagnetic clusters are present in an insulating matrix. It is interesting that the
difference between T and Ty manifests itself only when o is considerably large.
In Lag 7—,Ln,Bay sMnOj; series, the difference between T and Ty, starts emerging
when the 6 = 0.016 A? although the (r,) is relatively large, being around 1.28 A.
Clearly, the size disorder plays a crucial role in determining the properties of these
magnetic perovskites. The effect of size disorder with constant {r,) values corre-
sponding to Pry;Bag;MnOs; and Gdg;BagsMnOs, respectively, are shown in
Figs. 2.10 and 2.11. The Tc increases with decreasing 6 and the material becomes
metallic at the lowest value of 6% = 0.008 Az, while I-M transitions occur in the 6>
range of 0.02-0.01 A?. This is indeed a nice result in that a system normally
showing an [-M transition becomes metallic as the size disorder is decreased. The
effect of size disorder is seen more vividly when the (rs) value is 1.216 A, cor-
responding to Gd, 7Bag 3MnOs, a nonmagnetic insulating material. However, when
the size disorder is decreased, the material becomes ferromagnetic, with the T¢
going up to ~300 K at the lowest value of 6> (Fig. 2.11a). As ¢ decreases, the
insulating behavior also gives way to metallic behavior.
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Fig. 2.10 Temperature
variation of a magnetization
and b the electrical resistivity
of Ln0_7,an'XA0_3,yA'}.MnO3
with a fixed (ra) value of
1.266 A (adapted from Ref.
[15])

Fig. 2.11 Temperature
variation of a magnetization
and b the electrical resistivity
of Ln0‘7,XLn’XA0‘3,yA'),Mn03
with a fixed {ra) value of
1.216 A (adapted from Ref.
[15D)
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The electronic and magnetic properties of Lag;—,Ln,Bag3MnO;3 (Ln = Pr, Nd,
Gd, and Dy) magnetic perovskites have revealed certain interesting aspects,
wherein the average radius of the A-site cation generally remains large (1.216—
1.292 A), but the size disorder is considerable. Since the band narrowing due to
small (ra) is avoided, the predominant effect in these materials is due to size
disorder. It is interesting that these materials show a progressive decrease in the FM
Tc, eventually giving rise to a non-FM insulating behavior. Accordingly, with
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increasing x or 6%, the material exhibits a ferromagnetic insulating phase due to the
presence of FM clusters in the insulating matrix. At large x or 6%, where some of the
compositions lose ferromagnetism and become insulating, there is evidence for
clusters with short-range FM interaction. In the insulating regime caused by size
disorder, there is clearly phase separation due to the presence of FM clusters in an
insulating matrix. The phase separation is minimized or eliminated by decreasing
67, as evidenced from the change of the nonmagnetic insulating phase to an FM
metallic state.

In Fig. 2.12 we show the magnetization and resistivity data of Lag;
—Dy,St93MnO;. The T values decrease with increasing x up to a composition
x. ~ 0.4. The value of T decreases from 350 K for x = 0.0 to ~110 K for x = 0.4.
The abrupt change in magnetization of Lag 7—,Dy,Sry3MnO; is noteworthy. There
is a small increase in the magnetization at low temperatures (<80 K) in the x > x,.
compositions (Fig. 2.12a), but this is not due to long-range FM ordering. If these
compositions were FM the T value would be expected much higher based on the
(ra) value. When x > x., the materials are no longer FM and accordingly, the
resistivity increases with the decrease in temperature, as in insulator (Fig. 2.12b). At
large x (x > x.) Lag;—,Dy,Srg3MnO;3 ceases to exhibit ferromagnetism and I-M
transition, and instead becomes an insulator with a small increase in magnetization
at low temperature indicating that the FM clusters occur in a paramagnetic matrix.
The large change in the properties around x. reflects the presence of electronic
phase separation in the Sr-substituted magnetic perovskites as well.
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2.2.3 Electronic Phase Separation (EPS)
in Nd0.5Ca0_5_XSrXMnO3 (X = 0—05)

The NdjsCag 5-,Sr,MnOj3 perovskites [17] show the well-known ferromagnetic
transition around 250 K and undergoe charge-ordering transition on cooling at
150 K when x = 0.5, the material becoming antiferromagnetic around the same
temperature (Fig. 2.13). Both the ferromagnetic and charge-ordering transitions are
sharp in this composition. The x = 0 composition (Ndj sCay sMnO3) shows only
charge ordering (7o = 240 K) but no ferromagnetism. The Nd, sCag 5—,Sr,MnO3,
compositions with x = 0.25-0.45 show ferromagnetic transitions (Fig. 2.13), with
the T¢ increasing with increase in x and the x = 0.25 composition has a T¢ close to
150 K. However, it is noteworthy that when x < 0.35, there is no sharp drop in
magnetization data corresponding to the charge-ordering transition. The composi-
tions with x = 0.25 and 0.30 are more like Nd( 5CagsMnO5 and the temperature
variation of the inverse magnetization shows a dip corresponding to Tco (inset
Fig. 2.13).

The occurrence of a phase-separated state below Tco (Ty) in some of the
manganate compositions was pointed out earlier. The situation is even more
complex in Ndj 551y sMnOj3. High-resolution X-ray and neutron diffraction inves-
tigations show that Nd 5Sry sMnOj3 separates into three macroscopic phases at low
temperatures [17]. The phases involved are the high-temperature FMM phase, the
orbitally ordered A-type AFM phase, and the charge-ordered CE-type AFM phase.
On cooling the manganite, the A-type AFM phase starts manifesting itself around
220 K, with the charge-ordered AFM phases appearing at 150 K. At the so-called
FM metallic-CO AFM transition, all the three phases coexist, and this situation
continues down to very low temperatures as shown in Fig. 2.14.
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Fig. 2.14 Variation in the
percentage of the different
phases of Ndg 5SrysMnO;
with temperature (adapted
from Ref. [17])

Fig. 2.15 Schematic diagram
of the percentage volume
fractions of different phases of
Ndg 5Srg.sMnO5 under
aH=0Tandb 6T (adapted
from Ref. [18])
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Figure 2.15 shows the percentage volume fraction of the different phases in the
presence and absence of a magnetic field [18]. Phase separation in this system
seems to depend crucially on the Mn**/Mn>* ratio, a ratio slightly greater than unity
stabilizes the A-type AFM phases. Thus, Ndg 45519 5sMnO3 has the A-type AFM

structure.

Figure 2.16 shows the T¢ and Tco values in the NdjsCags—,Sr,MnO; and
Lays—,Ln,CagsMnO; (Ln = Pr, Nd) series against (ra). Although there is some
scatter in the points, the data indicate that when (ra) ~ 1.20 A, the Tc < Tco,
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suggesting that the ferromagnetic transition is reentrant in nature [19]. Furthermore,
the Tc—(ra) and Tco—(ra) curves cross each other around (ra) = 1.20 A. It is likely
that over the entire (r) range 1.17—1.24 A, there is coexistence of the CO and FM
phases, especially in the temperature range between Tco and T¢. In Fig. 2.17, we
have shown the data for Ndy sCag sMn;_.M,O3; (M = Cr, Ru) series, where (rA) is
constant (1.17 A) [20]. The Tco generally decreases with increase in x, while 7¢
increases specially in the case of Ru substitution. It appears that this ferromagnetic
transition is reentrant in nature in these magnetic perovskites and suggests that T¢
and Tco curves cross each other at a specific value of x. In the temperature range
between Tco and Tc, the charge-ordered and FM phases coexist.

In perovskite manganites, the reason behind the value Tco > T with small (rA)
({ra) < 1.20 A) is probably because of electronic phase separation. It is known that
only when (rs) < 1.20 or 1.19 A, charge ordering and associated effects occur in the
perovskite manganites [9, 10]. The so-called FM transition is thus a consequence of
electronic phase separation. The T¢’s at small {ry) do not really correspond to
genuine FM transitions, and accordingly the saturation magnetization values of
these samples at low temperatures are small. It is only at large (ra), ({ra) = 1.20 A)
that genuine FM phases associated with high T values get manifested.
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The magnetic and electron transport properties of these magnetic perovskites
could be understood in terms of electronic phase separation. The system becomes
FM metallic on cooling the CO insulating state and this behavior is favored for
small {r,) value. In these systems, the T¢ increases with increase in (ra) while Tco
decreases and accordingly the crossover between Tco and T takes place around
(ra) value of 1.195 and 1.20 A for two series of manganites. It appears that in the
intermediate temperature range between Tco and Tc, the FM metallic and CO
insulating phases coexist for these compositions and such electronic phase sepa-
ration is expected to be favored by small {r,) values.

2.2.4 Electronic Phase Separation (EPS) in Pr;_,Ca,MnQOj;
(X =0.3-0.4)

The studies of neutron scattering and diffraction by Radaelli et al. [4, 5] have shown
tunable mesoscopic phase separation in Pry;Cag3MnOs. Intragranular strain-driven
mesoscopic phase separation (5-20 nm) between two insulating phases (one
charge-ordered and another spin glass) occurs below Tco. The charge-ordered
phase orders antiferromagnetically and the other remains a spin glass. On the
application of a high magnetic field, most of the material goes to a FM state.
Microscopic phase separation (0.5-2 nm) is present at all temperatures, especially
in the spin glass phase at low temperatures. Electric fields produce interesting
effects on Pry¢Cap4MnO; and similar CO magnetic perovskites.

In Fig. 2.18, we show the effect of electric currents on the resistivity of
Pry ¢Cag4sMnO;5; and Ndj sCagsMnO;5 crystals when the sample is cool down to
15 K from 300 K. There are four distinct features in the plots. There is a drop in the
resistivity throughout the temperature range as the current, I, is increased. The
temperature dependence of resistivity changes with the increase in I. An insulator—
metal transition occurs around 60 K (Tpy) at high values of I, beyond a threshold
value. The change in the resistivity is not due to Joule heating as evidenced from the
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Fig. 2.18 Temperature variation of electrical resistivity of a PrggCagsMnO; and
b Ndy 5Cag sMnOj for different values of current (adapted from Rao et al. [8])

negative thermal coefficient of resistivity at high temperatures and the change in
sign at the I-M transition [8]. The negative differential resistance, i.e., the decrease
in resistivity with increase in current observed beyond a certain value of I
(Fig. 2.18), is due to the presence of the metallic filaments, which are ferromagnetic
and carry most of the current [8]. The rather high value of the resistivity below the
transition temperature is attributed to the coexistence of the FM and CO insulator
phases. The relative fraction of the FMM phase increases with increasing current
causing a lowering of resistivity below the Ty [8]. The small rise in resistivity
below the [-M transition may be attributed to the tunneling of electrons between the
FMM clusters through COI clusters.

2.2.5 Glassy Ferromagnetism in Ln, ;Bay;MnQOj;
(Ln = La, Nd, and Gd)

We have discussed earlier that the perovskite manganites (La;—,Tb,)g ¢7Cag 33MnO3
is FMM for lower doping x and spin glass at large x (=0.33). In this section we will
discuss for Lng;Bag3;MnO; manganites in this direction. Figure 2.19 shows the
magnetization and resistivity behavior of Lag;Bag3;MnO3;, Ndy;Bag;MnO; and
Gdy7BagsMnO; [15]. Clearly, the magnetic properties of the three perovskites are
distinctly different from one another. Laj 7Bag 3sMnO3; shows FMM behavior below
Tc, whereas Ndg ;Bag3sMnO;3 and Gd,7Bag3MnO5 show insulating behavior with
complex magnetism. Figure 2.20 shows the low-field ZFC and FC magnetization
data of Ndj;BagsMnO; and Gdg,Bags;MnQOs, the later one Gdj;Bag;MnOs
exhibits a rather complex behavior below 62 K.

It is noteworthy that there are three characteristic temperatures: 62 K (onset of
significant irreversibility between the ZFC and FC magnetization curves), 46 K
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Fig. 2.19 Temperature dependence of a the FC magnetization, M, (at H = 500 Oe) and b the
electrical resistivity, p, of Lng;Bay3MnO;3 with Ln = La, Nd, and Gd. Note that Nd, ;Bay ;MnO5
is insulating at 150 K where there is weak magnetic transition (adapted from Ref. [15])

(a maximum in the FC curve), and 36 K (a maximum in the ZFC curve), all
indicating different ordering and/or freezing processes in the system. The field
variation of magnetization at different temperatures for Nd, ;Bay3;MnO3 shows a
behavior similar to a soft ferromagnet. However, Gd, sBag :MnO; does not show a
ferromagnet at low temperatures, and exhibit no saturation even at high fields. The
shape of the M-H curve and the absence of saturation even at high fields found in
Gd7Bap3MnO; are reminiscent of magnetization curves of spin glasses [21].

Figure 2.21 shows the in-phase y'(T) component of the AC susceptibility, which
reveals similar features as the ZFC magnetization at low field in both the man-
ganites. Ndy,Bay3MnO; shows a sharp frequency-independent maximum below
150 K. However, there is weak frequency dependence at temperatures below 140 K,
a behavior similar to Ndg-;Sro;MnO; [22]. GdysBaysMnO5; shows a shoulder
around 62 K, a weak anomaly just above 46 K and a maximum at 36 K. The x'(T)
data become strongly frequency dependent below 36 K. This transition could arise
from the presence of small magnetic clusters in a nonmagnetic matrix.
Time-dependent ZFC  magnetization measurements show that  both
Ndgy7Bap3MnO3 and Gdg;BagsMnOj; exhibit logarithmically slow dynamics and
aging at low temperatures (Fig. 2.22).

Magnetic aging is a signature of spin glasses and explained within the droplet (or
domain growth) model the maximum in the relaxation rate is associated with a
crossover between quasi-equilibrium and nonequilibrium dynamics. The slow
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Fig. 2.20 Temperature-dependent magnetization for a Ndy-,Bay3;MnO; (at H = 10 Oe) and
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Fig. 2.21 Temperature
dependence of the in-phase
AC susceptibility at different
frequencies for

a Ndy;Bag sMnO3 and

b Gdy7Bag3;MnO; (adapted
from Ref. [15])
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relaxation and aging behavior of Ndj;Bay3MnO; and Gdjy;Bay;MnO3; demon-
strate that magnetic disorder and frustration occur in the low temperature phases.
Glassy dynamics in spin glasses is also manifested by a memory effect that can be
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Fig. 2.22 ZFC-relaxation measurements for Ndj7Bag3;MnO3 and Gdg;Bag3MnO; for different
waiting times (adapted from Ref. [15])

demonstrated by DC magnetization or low frequency AC susceptibility experi-
ments. In a spin glass experiment, the memory curve acquires a weak dip at the
temperature where the zero-field cooling was halted. A spin glass phase (ordinary or
reentrant) has a pronounced memory behavior, whereas a disordered and frustrated
ferromagnetic phase shows little or no memory effect. Figure 2.23a shows the
memory curve, reveals a broad but shallow memory of the stop at 120 K.

In contrast, the corresponding experiment on the Gd, 7Bag 3sMnO5 sample shows
a prominent memory dip. There is a significant difference between the reference and
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Fig. 2.23 ZFC-magnetization memory experiments for a Ndy 7Bay 3MnO; and b Gd ;Bag 3;MnO3
(adapted from Ref. [15])
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the memory curves, with a broad memory dip. The dip abruptly ceases above 36 K,
hence the memory behavior of Gdy;Bay;MnO; at 36 K signifies spin glass
behavior. Ndg7Bag 3MnO3 shows a pronounced aging behavior, but a rather weak
memory effect below 150 K, probably due to the presence of FM clusters in an
insulating matrix. It appears to be a cluster glass or a magnetically disordered
system. Gdg 7Bag 3sMnO; appears to contain small magnetic clusters, giving rise to a
spin glass state below 36 K. The behavior of Gdy;Bays;MnOs is attributed to the
large size mismatch between the A-site cations or large 6> value (0.028 A?), the
mismatch being considerably smaller in Ndj;Bag3;MnOj. Such size mismatch
favors chemical/electronic inhomogeneities, this is a unique case of a perovskite
manganite showing a size disorder-induced spin glass behavior, occurring in spite
of the relatively large A-site cation radius ({ro) = 1.216 A). The FM insulating state
or nonmagnetic insulating state often reported in the rare earth manganites of the
type Ln;_,A,MnOj arises from the glassy behavior of the magnetic clusters in these
materials, generally associated with electronic phase separation [2—8].

2.3 Cobalt-Centered Magnetic Perovskites

The physical properties of perovskite cobaltites Ln;_,A,CoO3 (Ln = rare earth,
A = alkaline earth) are somewhat similar to that of the perovskite manganites,
unlike the spin state transitions in the case of perovskite cobaltites [23, 24]. One of
the fundamental aspects of the transition metal chemistry is ligand field theory,
which provides the possible explanation for the spin state transitions of perovskite
cobaltites. In this section we have discussed the effect of A-site cation and size
disorder on the magnetic and electrical properties as well as the factors that
influence the EPS and spin glass behavior. Recently, Phelan et al. [24] have
reported the EPS and MR effect in perovskite cobaltites PrysCagsCoO3;—s and
(Pr;—,Y,);-,Ca,CoOs3-;, where the ground state is a magnetically and electronically
inhomogeneous state characterized by FM clusters (on a broad spectrum of length
scales) embedded in a non-FM matrix. The clusters have a mean correlation length
of 50 A at 4 K, although magnetic inhomogeneity occurs across a broad spectrum
of length scales, evidenced by a highly inhomogeneous ground state. This mag-
netically inhomogeneous state manifests an intercluster magnetoresistance effect,
which is a phenomenon of importance in understanding the CMR effect in per-
ovskite cobaltites as well as for manganites. In terms of electronic properties,
generally the perovskite cobaltites have insulating/semiconducting ground states.
He et al. [24] have reported finite spin states, formation of ferromagnetic droplets
(of nanometers in size), and a magneto-electronically phase-separated state char-
acterized by FM clusters embedded in a non-FM matrix over a doping range
0.04 < x < 0.22 in La;_,Sr,CoO5_s. For x > 0.22 on the other hand, behaves as a
uniform FM metal [24].
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2.3.1 Electronic Phase Separation in Lay ;—Ln,Cay3Co003
(Ln = Pr, Nd, Gd, and Dy)

Figure 2.24 shows the result of magnetic measurements for the Lag 7—,Ln,Cag 3C00;
perovskites with (Ln = La, Pr, Nd), which signifies how the magnetic transition is
sensitive to the substitution of the smaller cations in place of rare earth La’*.
Laj 7Cay3C005. exhibits a ferromagnetic transition (7c ~ 175 K), Pry,Cag3C00;
and Nd, ;Cag3C0o0;5 do not show distinct ferromagnetic transitions [23].

There is a slight increase in the susceptibility of Pry;Cag3Co0O5; around 75 K,
but this is not due to a genuine ferromagnetic transition. On the basis of the {ra)
values, the ferromagnetic 7¢’s of Pry;Cag3Co0O5 and Nd, ;Cay3Co03 expected to
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be well above 100 K. The FM T values in the four series of perovskite cobaltites
are plotted against x in Fig. 2.25. The T value decreases linearly with increasing x.

The M(H) hysteresis curves do not show saturation in all the compositions. The
absence of saturation is a characteristic of a glassy system. Furthermore, the
remanent magnetization, M,, decreases with increase in x or decrease in (rA). The
magnetization, M, and M; increase with (rA), but their values become rather low
when (ra) < 1.18 A (Fig. 2.26).

The electrical resistivities of the perovskite cobaltites show similar trends to the
magnetic properties. Figure 2.27 shows resistivity for two series of perovskite
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cobaltites. The temperature coefficient of resistivity changes from a near-zero value
to a negative value around x. in some of the series, but in all the four series the
magnitude of resistivity shows a marked increase around a critical composition x,
or a critical radius (r&) of ~1.18 A. We noticed this behavior at x = 0.490 and
0.195 for the Nd and Dy series, respectively (Fig. 2.27). In order to rationalize the
resistivity data in the four series of perovskite cobaltites, we have plotted the
resistivity data at 50 K against (r,) in Fig. 2.26c. There is a noticeable increase in
the resistivity with decreasing (r,), with a change in slope around 1.18 A. It is to be
noted that below this value of the A-site cation radius, electronic phase separation
and charge ordering occur in the perovskite manganites [10].

The (ra) value of 1.18 A in the cobaltates corresponds to x ~ 0.6, 0.49, 0.24, and
0.195, respectively, in the Pr, Nd, Gd, and Dy substituted series of perovskite
cobaltites and denoted these compositions as x. [23]. It appears that the small
magnetic cluster regime becomes prominent around x, or {r% ). The low-temperature
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peak in the AC susceptibility data is frequency dependent; the small magnetic
cluster regime at small (rA) in the Lag 7—,L.n,Cag 3C00;5 system is considered as the
regime to be magnetically inhomogeneous. The inhomogeneous nature of the
perovskite cobaltites prevails over the entire range of compositions (x = 0.0-0.7).
Hence, with a composition close to x, or {rs), there is a marked change in the
distribution of the magnetic species. Thus, when x < x, or {ra) > (%), relatively
large ferromagnetic clusters or domains are present in the system, resulting in large
magnetization and T¢ values. When x > x,. or (ra) < (1%), the magnetic clusters
become small in size. The ferromagnetic clusters being hole-rich, the electrical
resistivity data show changes around the same compositions as the magnetization
data, the compositions with {(ra) > (r) exhibiting lower resistivities and near-zero
temperature coefficients of resistivity. Owing to the change in the nature of mag-
netic species around x, or {r%) as a mere change in size distribution, we designated
this as a case of phase separation since more than one transition is observed in the
AC susceptibility data. The phase-separated regime here involves the coexistence of
large ferromagnetic clusters, which are hole-rich and small clusters which are
hole-poor [23].

Accordingly, AC susceptibility (Fig. 2.28a) of perovskite Lay;Cag3;C00;
(x = 0.0, {ra) = 1.354 A) shows frequency-independent transition around 150 K
corresponding to the FM transition, while Pr,;Cag3Co05 (x = 0.7, (ra) =1.179 A)
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shows two distinct transitions, the low temperature one with a greater frequency
dependence (Fig. 2.28¢). Perovskite cobaltite Lag 4Pro 3Cag3Co05 ({ra) = 1.194 A)
also shows a single transition corresponding to the T which is frequency inde-
pendent similar to Lay;Cag3C00;. The frequency-independent high-temperature
transition in perovskite Pry;,Cay3C00j is due to the large magnetic clusters (akin to
cluster glass [25]) as in x = 0.0 composition and the low-temperature transition is
due to small magnetic clusters which seem to show some spin glass characteristics.
Thus, with the increase in x or decrease in (rA) for the Lagy—,L.n,Cay3Co03, the
large ferromagnetic clusters seem to progressively give way to the small clusters,
giving rise to magnetic phase separation.

The presence of very weak features at low temperatures in the AC susceptibility
data of Lag,Cay3C005 indicates that the proportion of small clusters is negligible.
Whereas for Ndj;Cag3Co0O5 a frequency-dependent low-temperature transition
(around 20 K) due to the small magnetic clusters (Fig. 2.28d). It is instructive to
discuss the nature of the spin states of cobalt in Lag;—,Ln,Cay3Co0j; series. The
magnetic moment of the cobalt ion provides an average magnetic moment value of
4.5 pg per cobalt ion in all the series of perovskite cobaltites. This value suggests
that the cobalt ions are in the intermediate-spin (IS) and/or high-spin (HS) states.
The IS and HS states of Co®* correspond to the electronic configurations tggel
(S=1)and tégei (S = 2), respectively, and those of Co™ to tége;, (S=3/2) and t%geg
(S = 5/2). The spin state transitions in the perovskite cobaltites have shown that at
high temperatures, the cobalt ions are mostly in the IS or the HS state ref. At low
temperatures, some of the cobalt ions may go to the low-spin (LS) state, corre-
sponding to the tgg (S=0)and tgg (S = 1/2) configurations in Co>* and Co*" ions,
respectively. The ferromagnetic clusters present prominently at x < x, or {ra) > (ri)
involve cobalt ions in the IS or HS states. The ferromagnetic regime will therefore
be hole-rich, the size of the clusters or the domains decreasing with increasing x or
decreasing (ra) [23].

The magnetic and electrical properties of polycrystalline Lag;—,L.n,Cag;Co0O;
(Ln = Pr, Nd, Gd, and Dy) series are understood in terms of a phase separation
scenario wherein large carrier-rich ferromagnetic clusters and carrier-poor smaller
clusters coexist at some compositions. The ferromagnetic clusters prominent at
small x are hole-rich, and a change in the electrical resistivity behavior is observed
at a critical value x., where the size distribution of magnetic clusters undergoes
significant changes. The critical value of x in the four series of perovskite cobaltites
corresponds to the critical value of radius, (rZ), of 1.18 A, a value where rare earth
manganites of the type Lay;—,L.n,Cay3MnO; (Ln = Nd, Gd, and Y) are known to
exhibit charge ordering and EPS prominently [10]. It appears that around (1%) or x,.,
a significant change occurs in the e.g. bandwidth and the charge carriers become
more localized, causing changes in the magnetic and electron transport properties. It
is well to recall that the electrical resistivity and ferromagnetism in the perovskite
cobaltites are linked to the presence of the Co’*—~0-Co** species with the appro-
priate spin states of cobalt ions. The magnetism in the perovskite cobaltites is due to
Co>*-0-Co** superexchange, but most of the Ln;_,A,CoO;5 also seems to show
evidence for some frustration at low temperature, as though there is no long-range
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ferromagnetism. In order to understand the nature of these materials, we have
further discussed the magnetic properties of Lngy,Cagy3Co0O5; and La;—,Sr,CoO3
cobaltites, down to low temperatures.

2.3.2 Spin Glass Behavior in Ln, ,Cay3C00;
(Ln = La, Pr, and Nd)

Preliminary DC magnetic susceptibilities of polycrystalline as well single crys-
talline samples of Lng;Cag3C00Oj; series (Ln = La, Pr, and Nd) showed that while
Lay7Cag3C00;- clearly exhibits a ferromagnetic-type transition (7¢c ~ 175 K),
Pry7Cag3C00;5 and Nd, 7Cag 3C005 do not show distinct ferromagnetic transitions.
There is a slight increase in the magnetization of Pry;Cay3C00O5 around 75 K, but
not due to a long-range ferromagnetic transition. The magnetic behavior of a single
crystal of Prj,Caj3Co0; is similar to that of the polycrystalline sample [23]. The
large drop in the magnetic moment at low temperatures in the Pr and Nd derivatives
is noteworthy. In order to understand the nature of these materials, we have dis-
cussed the magnetic properties of Lng-Cay3Co0;3 in detail, down to low temper-
atures. The electronic phase separation and associated magnetic properties of
Pry7,Cay3C0o05 and Ndj 7Cag 3C005 arise because of the small average size of the
A-site cations. In these perovskite cobaltites, the average radius (for orthorhombic
structure) is less than 1.18 A, which is the critical value only above which
long-range ferromagnetism manifests [23]. It is known that increase in size disorder
and decrease in size of the A-site cations favor EPS.

Figure 2.29 shows temperature dependence of the ZFC and FC magnetization of
single crystalline perovskites Lng;Cay3CoO_3 (Ln = La, Pr, or Nd) measured
parallel and perpendicular to the c-axis in an applied field of 20 Oe.

Perovskite Laj;Cag3Co05; shows a distinct FM-type transition in the FC data
around 170 K (7¢), while the ZFC data show a cluster glass transition around 95 K.
Whereas, Pry-Cay3;Co05 and Ndj,Cag;CoO5 cobaltites do not, however, show
such a ferromagnet-type behavior. The irreversible temperature, Tj,, between the
ZFC and FC in perovskites Prj;Cay3Co0; and Nd,,Caj3Co0; persists up to
200 K unlike in the Lag;Cay3Co0Os5;. The T;,, however, decreases with the
increasing magnetic field. The inverse susceptibility data could be fitted to Curie—
Weiss behavior with the extrapolated Weiss temperatures, 0,, of 150 K, —180 K,
and —340 K for the La, Pr, and Nd derivatives, respectively. The negative 6, values
in the latter cobaltites imply the presence of antiferromagnetic interactions in the
high-temperature region, while for La derivative the interaction is FM.

The M(H) loops for Pry;Cag3Co05 and Nd, ;Cag 3C005 perovskites at different
temperatures are presented in Fig. 2.30. These perovskite cobaltites show hysteresis
loops at low temperatures (<10 K) and a nonsaturating behavior up to 5 Tesla. The
coercive field and remanent magnetization are almost the same in both the orien-
tations for all three cobaltites.
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Fig. 2.29 Temperature
dependence of the ZFC and
FC magnetization, M, of
Lng7Cay3Co05 where
aln=La, bLn=Pr, and

¢ Ln =Nd, at H=20 Oe
measured parallel (triangle)
and perpendicular (square) to
the c-axis (adapted from Ref.
[23])

Fig. 2.30 The hysteresis
cures for a Prg-Cag3Co05

b Nd, ,Ca; 3Co035 at different
temperatures measured
parallel to the c-axis (adapted
from Ref. [23])
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The magnetic behaviors of Lng ;Cag 3C00_; perovskites have been discussed in
terms of AC susceptibility and magnetic relaxation measurements which are useful
to investigate the magnetic glassy behavior [23]. Figure 2.31 shows the AC sus-
ceptibility of Lag;Cagy 3Co0j3 below Curie temperature (), which is in accordance
with the low field ZFC magnetization. Two distinct peaks: a frequency-independent
high-temperature peak (170 K) that indicates a ferromagnetic ordering and a low
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temperature frequency-dependent peak at 100 K. The AC susceptibility for
Pry7Ca3Co0; and Ndg,Ca3Co0; exhibits a frequency-dependent maximum
around 70 K for Pry;Cag3Co0; (Fig. 2.32). With increasing frequency, the peak
value shifts toward higher temperatures. Nd 7Ca 3C005 shows a peak around 55 K
as shown in Fig. 2.32. Thus, with decrease in the average radius of the A-site
cations, (ra), the magnetic transition temperature as revealed by the AC suscepti-
bility maximum shifts to lower temperatures.
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Fig. 2.32 Temperature dependence magnetic AC susceptibility for a, b Pry,Cay3CoO5 and
¢, d Ndj;Ca(3Co03 at different frequencies (adapted from Ref. [23])
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The ZFC time-dependent magnetic relaxation for Laj;Cap3Co05 is a conse-
quence of nonequilibrium spin-glass-like state (Fig. 2.33). The long-time relax-
ations of the magnetization and aging phenomena well known in spin glasses [21]
are commonly found in many other random magnetic systems. In Fig. 2.33 an aging
behavior, similar to spin glasses revealed by an inflection point in the magnetization
versus log (t) plot and a corresponding maximum in the relaxation rate curves at an
observation time close to the wait time. The aging-dominated relaxation is strik-
ingly similar to the behavior of conventional spin glasses. In the latter situation,
aging is interpreted within the droplet model (or domain growth) for spin glasses to
reflect the growth of equilibrium spin glass domains, with the maximum in the
relaxation rate being associated with a crossover between quasi-equilibrium (from
processes within ordered spin glass domains) and nonequilibrium dynamics (pro-
cesses governed by effects at domain walls) [21].

Similarly, the time-dependent ZFC magnetization for Prp;Cay3Co0O3 and
Ndj.7Cay3C00; exhibits logarithmical dynamics below the transition temperature
(70 and 55 K). The relaxation rate attains a maximum at the elapsed time, close to
the wait time, indicating a pronounced age-dependent effect. Such a behavior is
generally observed in spin glasses and explained within the droplet (or domain
growth) model [21].

A key property to understand and model the dynamics of spin glasses is the
occurrence of memory. A characteristic of the spin glass phase (ordinary or reen-
trant) is the memory behavior, whereas a disordered and frustrated ferromagnetic
phase would show little or no memory effect. Figure 2.34a shows a memory dip for
Lag7Cap3Co0;5 (at 85 K), indicating the spin-glass-type phase. At 110 K, on the
other hand, a memory dip can barely be discerned, signifies that the system is
confined in a disordered ferromagnetic phase.



2.3 Cobalt-Centered Magnetic Perovskites 67

o

TYTT T T [T LV PP [TV T I T T TTT

1=N
LB |

M (arb. units)
)% ]

vet i aal b veahaliaansnaliy

=]

EEEEETE A TN Nl AT TR R

40 80 120 160
T(K)

Fig. 2.34 The ZFC magnetization memory experiment on Lag-;Ca3C00j3; a the temperature
dependence of ZFC magnetization, M, (reference curve) and memories of two temperature stops
(at 85 and 110 K) during cooling each for 3 h and b the difference (M—M,.) plot of the respective
curves (adapted from Ref. [23])

Fig. 2.35 The ZFC
magnetization memory 15
experiment on Prj ;Cag3C003
(adapted from Ref. [23]) =
= 10
=]
£
«
= 5
0

Likewise, a memory effect is observed for Pry,Cay;CoO5 (Fig. 2.35) and
Ndg7Cap3Co05 at different temperatures (Fig. 2.36). The memory dips are more
prominent at low temperature for both the perovskites and correlate the
spin-glass-like phases at the low temperatures [23].

2.3.3 Spin Glass Behavior in La;_SryCoOj;

The hole-doped perovskite cobaltite La;—,Sr,CoO; is a model system to discuss the
EPS and spin glass phenomenon because of the absence of charge ordering, FM
insulating, and the long-range AFM ordering, which make it easier to probe and
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Fig. 2.36 The ZFC
magnetization memory
experiment on
Ndy7Cag3Co0; (adapted
from Ref. [23])

M (arb. units)

M - M,

understand the spin glass phenomenon [26-28]. Substituting divalent Sr** ions at
trivalent La™* sites in LaCoO5 causes spontaneous nanoscopic phase separation
where nanosized (i.e., 1-3 nm) hole-rich FM metallic clusters are embedded in a
hole-poor insulating non-FM matrix [28]. The interaction between Co** and Co™ is
FM double exchange, whereas the Co>*-Co®* and Co**—Co** are antiferromagnetic
[27, 28]. For low doping, these two competitive interactions are random and
frustrated, which leads to the glassy magnetic behavior for the doping range
0.0 < x < 0.18 as shown in the magnetic phase diagram of Fig. 2.37 [27, 28]. With
increasing doping level, the number and size of the hole-rich FM clusters increase
rapidly, and the percolation of these FM clusters at a critical doping value, x, of
0.18, yields a crossover from short-range to long-range FM ordering [28].
Accumulated experimental data from various high-resolution probes reveal that the
EPS in La,_,Sr,CoO5; cobaltite is confined to a well-defined doping range,
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Fig. 2.37 Magnetic phase diagram for La; ,Sr,CoO;. PS paramagnetic semiconductor, PM
paramagnetic metal, FM ferromagnetic metal, SG spin glass, MIT metal-insulator transition, and

T} is the irreversibility temperature which marks the bifurcation of ZFC and FC dc magnetization
curves (adapted from Ref. [28])
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0.04 < x < 0.22, which covers both the FM and glassy magnetic states (Fig. 2.37). It
is fascinating to explore whether the phase-separated states in La;_,Sr,CoO;
cobaltites exhibiting glassy magnetic behavior resemble that of a canonical/atomic
spin glass or a superparamagnetic system or an assembly of strongly interacting
magnetic clusters. Wu et al. [28] have pointed out that at lower Sr doping (x < 0.18)
the system enters a mixed phase that displays the characteristics of both a spin glass
and a ferromagnet. A cusp in the zero-field-cooled DC  magnetization, a
frequency-dependent peak in the AC susceptibility and time-dependent effects in
both DC and AC magnetic properties all point toward glassy behavior. However,
for high Sr doping (x > 0.2) the system exhibits unconventional ferromagnetism
with a Curie temperature up to 250 K, which is interpreted in terms of the coa-
lescence of short-range-ordered FM clusters.

Earlier studies on polycrystalline La;_,Sr,CoOj3 (0 < x < 0.15) cobaltites showed
(Fig. 2.37) the presence of multiple glassy magnetic phases at low temperatures and
also are superparamagnetic below the irreversibility temperature Ti, [27, 28].
Recent, investigations by Khan et al. [29], in single crystalline Lag oSty ;CoO3
cobaltite of magnetic relaxation and memory effects below the freezing temperature
Ty, reveal the characteristics of the spin glass phase. The magnetic relaxation is



70 2 Electronic Phase Separation and Glassy Behavior ...
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described well by the stretched exponential function and shows that the system
evolves through a number of intermediate states.

The analysis of the magnetic relaxation rate at different temperatures and
magnetic fields shows (Fig. 2.38) that the glassy behavior of single-crystalline
Lag oSt ;Co0O3 cobaltite resembles that of a true spin glass phase akin to
single-crystalline Lng;Cap3C0o0O5 cobaltites [23], where only the intercluster
interaction is the origin of the glassy behavior. The observed spin glass behavior in
the single-crystalline Lag Sty ;CoO5 cobaltite is believed to be due to the random
distribution of FM and AFM interactions in the perovskite [29].

Memory effects presented in Fig. 2.39 at different temperature and field-cycling
experiments, show that the single-crystalline Lag oSty ;CoQOj3 cobaltite is capable of
retaining the magnetization history even for a large change in the magnetization.
The presence of memory dips in the ZFC magnetization suggests that glassy
magnetic behavior in single-crystalline Lag ¢Sty ;CoO;3 cobaltite originates from
spin—spin interaction, unlike the independent relaxation of clusters, which gives rise
to superparamagnetic behavior. The effects of positive and negative temperature
changes on the reversion of the original spin configuration suggest that the memory
phenomena in this perovskite cobaltite follow the hierarchical model of spin glass
[21, 22].
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