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Electronic phase separation is increasingly getting recog-
nized as a phenomenon of importance in understanding
the magnetic and electron transport properties of trans-
ition metal oxides. The phenomenon dominates the
rare-earth manganates of the formula Ln,_ A MnO; (Ln =
rare earth and A = alkaline earth) which exhibit ferro-
magnetism and metallicity as well as charge-ordering,
depending on the composition, size of A-site cations and
external factors such as magnetic and electric fields. We
discuss typical phase separation scenarios in the man-
ganates, with particular reference to Pr,_ .Ca MnO,; (x =
0.3-0.4), (La,_,Ln,),,Ca,;MnO; (Ln = Pr, Nd, Gd and Y)
and Nd, ;Sr,sMnO;. Besides discussing the magnetic and
electron transport properties, we discuss electric field
effects. Rare-earth cobaltates of the type Pr,,Ca,;Co0O;
and Gd, ;Ba;;Co0O; also exhibit interesting magnetic and
electron transport properties which can be understood in
terms of phase separation.

T Based on the presentation given at Dalton Discussion No. 7, 5-7th
July 2004, University of St Andrews, UK.
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Introduction

Some of the transition metal oxides are known to exhibit com-
positional 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. Rare-earth man-
ganates of the general composition, Ln;_ A MnO; (Ln = rare
earth and A = alkaline earth), display a variety of effects due to
such phase separation giving rise to novel electronic and mag-
netic properties. The rare-earth manganates became popular
because of the colossal magnetoresistance (CMR) exhibited by
them.' CMR and related properties are generally explained on
the basis of the double-exchange (DE) mechanism of the elec-
tron hopping between the Mn*'(t,.’¢,') and Mn*'(t,,’¢,”) 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 favour insulating behaviour and antiferromagnetism
(AFM).! CO in these materials is closely linked to the ordering
of the e, orbitals. Typical of charge-ordered manganates are
Pr,_.Ca MnO, (x = 0.3-0.4) and Nd, sCa,sMnO; which show
CO around 250 K and antiferromagnetic ordering (A-type) at
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lower temperatures. The CO states can be melted into the
metallic state by applying high magnetic fields. On the
other hand, Nd,sSrysMnO, 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 manganates depends on the average
size of the A-site cations and the associated size disorder,
carrier concentration or the composition (value of x), tem-
perature, 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.> What is note-
worthy is that electronic phase separation is likely 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 oxide materials 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 (Fig. 1). Thus, FM clusters
present randomly in an AFM host matrix often give rise
to a glassy behaviour. As the FM clusters in an AFM matrix
grow in size to become reasonably sized domains, due to the
effect of temperature, composition, or an applied magnetic
field, the system acquires the characteristics of a genuine phase-
separated system. In this article, we discuss electronic phase
separation and associated effects in magnetic and electron
transport properties in rare-earth manganates and cobaltates.
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
cobaltates is considered to be due to favourable Co**-O-Co**
superexchange.
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Fig. 1 Microscopic phase-separated state giving rise to (a) an
insulating state with ferromagnetic (conducting/metallic) droplets, (b) a
conducting state where a ferromagnetic (conducting) part of the crystal
has separated (insulating) droplets, and (c) charge-stripes, a macro-
scopic phase separation state is shown in (d). Hatched portions
represent the ferromagnetic regions with high carrier concentration
(and are therefore conducting).
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Rare-earth manganates

In these materials, the FM phase is conducting and AFM phase
is insulating.? Depending on x or the carrier concentration, we
can have a situation such as that shown in Fig. 1(a) or (b). The
phase separation scenario here is somewhat complex because
the transition from the metallic to the insulating state is not
sharp. In the presence of Coulomb interaction, the micro-
scopically charged inhomogeneous state is stabilized, giving rise
to clusters of one phase embedded in another. Electronic phase
separation with phases of different charge densities is generally
expected to give rise to nanometer scale clusters.’ This is
because large-phase separated domains would break up into
small pieces because of Coulomb interactions. The shapes of
these pieces could be droplet or stripes (see Fig. 1(a)—(c)). The
domains of the two phases can also be sufficiently large to
give rise to well-defined signatures in neutron scattering or
diffraction.

One can visualize phase separation arising from disorder
as well. The disorder can arise from the size mismatch of the
A-site cations in the perovskite structure.> Such phase separ-
ation is seen in the (La,_ Pr),_ Ca MnO; (LPCM) system in
terms of a metal-insulator transition induced by disorder. The
size of the clusters depends on the magnitude of the disorder.
The smaller the disorder, the larger would be the size of the
clusters. This could be the reason why high magnetoresistance
occurs in systems 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 as seen in Fig. 1(a). Such a phase separation
scenario bridges the gap between the DE model and the lattice
distortion models. Several recent papers on the manganates
reveal that in addition to microscopic phase separation, there
can be mesoscopic phase separation where the length scale is
between 30 and 200 nm, arising from the comparable energies
of the FM metallic and AFM insulating states."*>%!° In LPCM
and other manganates, the occurrence of multiphases has been
observed.’

(La,_,Ln ),,Cay;MnO; (Ln = Pr, Nd, Gd and Y)

As mentioned earlier, submicrometer-sized phase separation
involving FM and charge-ordered AFM domains has been
found in Lasg Pr,Ca;sMnO;. By varying p, the volume
fraction and the domain size of the FM and charge-ordered
phases can be varied.>! In Fig. 2, we show the results of
magnetic measurements ! on the (La,_ Nd,),,Ca, ;MnOj series
of manganates, to show how the magnetic moment (ug) is
sensitive to the substitution of the smaller Nd** cation in place
of La®*. We see a clear FM transition down to x = 0.5 with a
saturation magnetic moment close to 3ug. The ferromagnetic
Curie temperature, 7', shifts to lower temperature with
increase in x. We fail to see magnetic saturation in compositions
with x > 0.6 and, instead, the maximum value of yg is far less
than 3 at low temperatures. We designate the composition up
to which ferromagnetism occurs as the critical composition
x.. The compositions with x > x_, show a gradual, definitive
increase in the magnetization or uy at a temperature 7', the
T v value decreasing with increasing x. It is possible that T,
represents the onset of canted antiferromagnetism (CAF).
In (La,_,Gd,),,Cay;MnO;, ferromagnetism is observed up to
x = 0.3. The value of T decreases with increase in x in the
composition range 0.0 < x < 0.3. For x < 0.3, we observe a
gradual increase in the up-value at low temperature around T,
with the value of 7'y, decreasing with increase in x. The value of
X, (~0.3) in the Gd series is considerably lower than that in the
Nd series where it was 0.6, showing that x. decreases with
the decrease in the average radius of the A-site cation, (r,).
The results in the (La,_ . Gd,),,Ca,;MnO; series of manganates
(Fig. 2(b)) obtained by us agree with those reported for the
x = 0.0-0.25 compositions by Terashita and Neumeier."
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Fig.2 Temperature variation of u in the manganates (a) (La,_ Nd,),,-
Ca,y;MnO;, (b) (La,_,Gd,),;Cay;MnOj; and (c) (La,_,Y,)y;Ca,;MnO;.

In (La,_,Y,),Cay;MnO;, ferromagnetism is seen only for
compositions with x < 0.2, T decreasing with increase in x.
Compositions with x > 0.2 show a gradual increase in the
ug-value below T and T, decreases with increase in x
(Fig. 2(c)). Thus, the x.-value of (La,_.Ln,),,Ca,;MnO; is
0.75, 0.6, 0.3 and 0.2 for Ln = Pr, Nd, Gd and Y respectively,
showing a sensitive dependence of x, on {r,).

The magnetization data for (La,_,Ln,),,Ca,;MnO; with Ln
=Nd, Gd and Y in the compositions range x > x, show certain
features of significance. Thus, we find that for the compositions
less than or close to x,, the low-temperature pg-value is sig-
nificant, reaching values anywhere between 1 and 2.5. When x is
very large (x > x,.), the ug-value decreases to values less than
unity. When Ln =Y, the highest value of ~1uj is observed when
x ~ x, (Fig. 2(c)). The drastic change in the values of g around
X, in the three series of manganates with constant carrier con-
centration can be attributed to phase separation due to disorder
caused by substitution of the smaller rare-earth cations in place
of La. In the Pr system, phase separation has been reported in
the regime of x ~ x, (x ~ 0.6-0.8).!° To some extent, the results
found here are somewhat comparable to those of de Teresa
et al®® who find FMM behaviour at low x and spin-glass
behaviour at large x (20.33) in (La,_,Tb,)yCag:3:MnO;.

The electrical resistivity data for (La,_,Ln,),,Ca,;MnO; (Ln
= Nd, Gd, Y) reflect the magnetization data, with the x < x,
compositions showing IM transitions (Fig. 3). The compos-
itions with x > x, are insulating and do not exhibit IM trans-
itions. For x < x,, the value of the resistivity at the IM transition
increases with increase in x, and a change in the resistivity of
3—4 orders of magnitude is observed at the transition. Thus, the
value of resistivity at 20 K for x ~ x, is considerably higher than
that for La,,Ca,;MnQO;. The temperature of the IM transition,
T i for x < x, compositions decreases linearly with increasing
x (Fig. 4). The T 1y, vs. {r,) plot is linear with a positive slope as
expected (inset of Fig. 4). We have not observed any resistivity
anomaly at T (<Ty,) for any of the compositions unlike
Uchara et al.® and Deac et al.**
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Fig. 3 Temperature variation of the electrical resistivity in
(a) (La;_Nd,),Cay;MnO;, (b) (La,_,Gd,);Cap;sMnO; and (c)

(La;_Y,)y7CaysMnO;. The curves in the insets show warming cycle
data.
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Fig. 4 Variation of Ty, with x in (La,_,Ln,),,Ca,;MnO; for x < x..
The inset shows the variation of Ty with (ry) (A) for the same
composition range.

The small but finite magnetic moments and relatively large
resistivities at low temperatures found in (La;_,Ln )y,
Cay;MnO; for Ln = Pr, Nd, Gd and Y around x_ or (r,°) are a
consequence of phase separation. Phase separation also causes
thermal hysteresis in the resistivity behaviour around the IM
transitions (insets in Fig. 3). The insets in Figs. 4(a)—(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. Upon cooling the sample
below the IM transition, the FMM phase grows at the expense
of the AFM insulating phase, causing a decrease in the resist-
ivity value. When the sample is warmed, the insulating phase
grows at the expense of the FMM phase, the latter providing
the conductive path. The thermal hysteresis in the resistivity
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data is therefore due to the percolative conductivity in these
manganates, the hysteresis decreasing with increase in (r,) or
decrease in x as expected.

Phase separation in the (La,_,Ln,),,Ca,;MnO; series of
manganates is related to size disorder caused by the substi-
tution of small ions in place of La and we have quantitatively
examined the effect of size-disorder in these manganates, in
terms of the size variance of the A-site cation radius distri-
bution, ¢>.>!* We have examined the electrical and magnetic
properties for a series of (La,_,Ln ),,Cay;MnO; with fixed (r,)
and variable ¢°. In Fig. 5, we have shown typical plots of the
temperature variation of ug for the fixed values of (r,) of 1.196
and 1.17 A. We see a decrease in 7' with increase in 6. For (r,)
=1.17 A the material is not ferromagnetic. The ug-values as well
as Ty, show a marked decrease with increase in o>, The resist-
ivity decreases with increase in magnetization, and when (r,) =
1.196 A, T, decreases with increase in 2.

<r >~1.196 A %= < A2 57=8.80X10° A°
34 T o’=1.63X10" A 00
=
£0.6 2
2; §

o*=8.80X10" A*
14 o™= 42x10° A?

p
e
w
2z

o

o’=1.63X10" A
150 225 30
T(K
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pB(IformuIa unit)
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Q10
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332 o*=3.47X10° A*
1.95X10° A
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04c’=3.47x10° A T(K)
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Fig. 5 Temperature variation of uz in (La,_.Ln,),,Ca,;MnO; with (a)
(ra) = 1.196 A, (b) (ry) = 1.17 A. The insets show the corresponding
variations in resistivities.

Electrical conductivity in the x ~ x, compositions is percol-
ative at low temperatures and, accordingly, we are able to fit the
low-temperature data for the compositions with {r,) > 1.18 A to
a percolative scaling law, logp o log[(ry) — (r,%)|, as shown in
Fig. 6. The slope of the plot is —2.63, a value close to the
experimental and predicted values for percolative systems.'®

O 20K
B 50K
------- Linear Fit

[
4.0

. slope(-2.63)

(*IN
\\_
0- .
QD
&\“@D
“73%5 300  -225  -1.50

Cc
log|<r,>-<r,”>|

Fig. 6 The linear scaling of log p with log|[(r,) — (r»*)| for (La,_,Ln.),-
Ca,;MnO; at 20 and 50 K.

Fig. 7 shows the temperature response of the real part of the
dielectric constant (¢") for (Lay;Y7)s,Cay3MnO; at different
frequencies; ¢’ reaches high values at ordinary temperatures but
decreases dramatically below ~120 K. The unusually high
dielectric constant of (La,_,Ln ),,Ca,;MnO, for x > x_ can be
understood by assuming the presence of conductive domains
surrounded by insulating layers with an activated behaviour of
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Fig.7 Temperature variation of the real part of the dielectric constant
(&") of (Lay;Y1)0,Cay3;MnO; at different frequencies.

120

the intra-domain (non-percolative) conductivity. Such a finite
conductivity could be one of the reasons for the high dielectric
constant beyond 120 K.

In Fig. 8 we show the magnetization and resistivity data of
La,y,_ Dy Sr,sMnQO,. 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 La,,_,Dy,Sr,;MnOj; is noteworthy. There
is a small increase in the magnetization at low temperatures
(<80 K) in the x > x_. compositions (Fig. 8(a)), but this is not
due to long range FM ordering. If these compositions were FM
the T value would be expected to be much higher based on the
(ray value. When x > x, the materials are no longer FM and
accordingly, the resistivity increases with the decrease in
temperature, as in an insulator (Fig. 8(b)). At large x (x > x.)
La,,_ Dy Sr,sMnO; ceases to exhibit ferromagnetism and
IM 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

30

20

M (emu/g)

p (Q.cm)

50 100 150 200 250 300 350
T(K)

Fig. 8 Temperature variation of (a) magnetization and (b) resistivity
of La, ;- Dy,Sry ;MnO;.
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in the properties around x, reflects the presence of electronic
phase separation in the Sr substituted manganate compositions
as well.

Nd, 5Sr)sMnO;

The occurrence of a phase separated state below 7o (T) in
some of the manganate compositions was pointed out earlier.
The situation is even more complex in Nd,sSr,sMnO;. High-
resolution X-ray and neutron diffraction investigations show
that Nd, sSr, sMnOj, separates into three macroscopic phases at
low temperatures.”” The phases involved are the high-temper-
ature FMM phase, the orbitally ordered A-type AFM phase,
and the charge-ordered CE-type AFM phase. On cooling the
manganate, 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. 9. In Fig. 10 we show the
percentage volume fraction of the different phases in the pres-
ence and absence of a magnetic field.'® 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, Nd, 4551y s5sMnO; has the A-type AFM structure.

100 O
~ &S FMM
280 | /
s F ceAm F
£60 fo———h
g F a
240 F AAFM Q><<>
Lo O g
EO,’/Q O\
0 '||||||||||||||||||A?||||||
0 50 100 150 200 250 300
T(K)

Fig. 9 Variation in the percentage of the different phases of
Nd, Sty sMnO, with temperature.
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Fig. 10 Schematic diagram of the percentage volume fractions of
different phases of Nd, sSrysMnO; under (a) H =0T and (b) 6 T.

Fig. 11 shows the data plotted on 7' and T o values in the
Lays_.Ln . Cay,sMnO; (Ln = Pr, Nd) and Nd,sCa,s_,Sr.MnO,
series against (r,). Although there is some scatter in the points,
the data indicate that when (r,) ~ 1.20 A, the T¢ < Tco,
suggesting that the ferromagnetic transition is re-entrant in
nature.' Furthermore, the T¢ — {ry) and T, — (r,) curves
cross each other around (r,) = 1.20 A. It is likely that over the
entire (ry) range 1.17-1.24 A, there is co-existence of the CO
and FM phases, especially in the temperature range between
Tcoand Te.

240
200 [
g' A
=
160
120
(a)
T T T T * ¥ ¥ T ¥
1170 1175 1180 1.185 1190 1.195 1.200
{TA}(A)
280- e

’m ¥ 1] L4 1 4
116 137 118 1“19 3320 121 122 123 124 135
) (A
Fig. 11 Variation of the FM Curie temperature, 7, and the charge

ordering transition temperature, 7 o, with (r,) in (a) La,s_,Ln,Ca,s-
MnO; (Ln = Pr, Nd) and (b) Nd, sCa,s_Sr,MnO;.

Pr,_.CaMnO, (x = 0.3-0.4)

Based on neutron scattering and diffraction studies, Radaelli
et al*> have shown tunable mesoscopic phase separation in
Pry,Cay;MnO;. Intragranular strain-driven mesoscopic phase
separation (5-20 nm) between two insulating phases (one
charge-ordered and another spin-glass) occurs below 7 o. The
charge-ordered phase orders antiferromagnetically and the
other remains a spin-glass. On the application of a high mag-
netic 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 Pry4Ca, ,MnO; and similar
CO manganates. In Fig. 12, we show the effect of electric cur-
rents on the resisitivity of Pry¢Ca,,MnO; and Nd, sCa, sMnO,
crystals when the sample is cooled from 300 to 15 K. There are
four distinct features in the plots. There is a drop in the resist-
ivity throughout the temperature range as the current, 7, is
increased. The temperature dependence of resistivity changes
with the increase in /. An insulator-metal transition occurs

10° 10°
V-Limit (a) 0.5 mA (b)
| 1
10} 101
-
T ] E un
& 10‘1 10 g1o‘-|25m
-, 20m = 40 m,
e 9 14
107 40 mA 50 mA 10"] 50 mA 75 ma
30mA
|
10° v r r v 10— r r y
0 75 150 225 300 375 0 100 200 300 400
T(K) T (K)

Fig. 12 Temperature variation of electrical resistivity of (a)
Pr,sCa,,MnO; and (b) Nd, sCa, sMnO; for different values of current.
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around 60 K (7'p,) at high values of 7, beyond a threshold
value. The change in the resistivity is not due to Joule heating
as evidenced from the negative thermal coefficient of resistivity
at high temperatures and the change in sign at the IM trans-
ition.*® The negative differential resistance, i.e. the decrease in
resistivity with increase in current observed beyond a certain
value of I (Fig. 12), is due to the presence of the metallic
filaments, which are ferromagnetic and carry most of
the current.® The rather high value of the resistivity below the
transition temperature is attributed to the co-existence 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 T'yy,."® The small rise in resistivity below
the IM transition may be attributed to the tunneling of electro-
ns between the FMM clusters through COI clusters.

Rare-earth cobaltates

Preliminary measurements (at 1 kOe) of the dc magnetic sus-
ceptibilities of Ln,,Ca,;Co0;; with Ln = La, Pr, Nd showed
that while La,,Ca;;C00,,, clearly exhibits a ferromagnetic
transition (7' ~175 K), Pr,,Ca,;Co0O; and Nd,,Ca,;C00, s
do not show distinct ferromagnetic transitions down to 50 K
(Fig. 13(a)). There is a slight increase in the susceptibility of
Pr,,Ca,;Co0O; around 75 K, but this is not due to a genuine
ferromagnetic transition. On the basis of the (r,) values, the
ferromagnetic Tc’s of Pry,Ca,;Co0O; and Nd,,Ca,;CoO,
would be expected to be well above 100 K. Electrical resistivities
of these cobaltates are also much higher (Fig. 13(b)). The mag-
netism in the cobaltates is due to Co**—O—Co** superexchange,
but most of the Ln,_ A CoO; also seem to show evidence for
some frustration, as though there is no long-range ferromagnet-
ism. In order to understand the nature of these materials, we
have investigated the magnetic properties of Pr,,Ca,;CoOj; in
detail, down to low temperatures.

In Fig. 14(a) we show the temperature variation of the dc
magnetic susceptibility of Pr,,Ca,;CoO; in the zero-field-
cooled (ZFC) and field-cooled (FC) states (H = 100 Oe). There

[ @) Ln,,Ca, ,Co0,
3 n=14 H=1kOe
3
E2f
3
£
Q
V}( -
1}
:Ln=Pr
0 L"=A§31A’%M
PR DR ST R U Y PRV BTV WU W [ TR ST T S W T
50 100 150 200 250 300
T(K)
10" ¢
E (b)
10%F
T
5
S
[-%
104:- E
0

Fig. 13 Temperature dependence of (a) the magnetic susceptibility,
x (H=1000 Oe) and (b) the electrical resistivity, p, of Ln,,Ca,;CoO;_s
(Ln = La, Pr or Nd).
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Fig. 14 Temperature dependence of magnetic susceptibility, y, of
Pr,,Ca,;Co0; under (a) H = 100 Oe; solid and dotted lines represent
zero-field-cooled (ZFC) and field-cooled (FC) data, respectively, and
(b) H=5000 Oe, the inset shows the temperature dependence of inverse
magnetic susceptibility, .

is considerable divergence in the ZFC and FC behaviour just as
in magnetically frustrated systems.” The data show two broad
transitions around 60 and 30 K. Measurements carried out at
5 kOe, however, do not reveal the two peaks (Fig 14(b)),
suggesting that the intermediate temperature range M-H
behaviour of this material is rather complex at low fields. The
data in Fig. 14(b) suggest that magnetic ordering sets in around
75 K with the susceptibility going through a broad maximum
around 15 K. Inverse magnetic susceptibility data, shown in the
inset of Fig. 14(b), yield a Curie temperature (0,) of —30 K.
The high-temperature linear region of the inverse susceptibility
data gives a magnetic moment of 4.7uy (theoretical value for
high-spin Co**/Co**, 5.4-5.9uz). The low value is likely to be
because the Co**/Co** ions are partly in the intermediate spin
states.”! The shape of the y~T plot below 75 K is rather
complex, unlike that of ferromagnets. It appears as though
there is a spread of magnetic transition temperatures due to
local environmental effects.

The M-H behaviour of Pr,,Ca,;Co0; is rather complex
especially in the temperature range of 25-60 K. The plots
remain nonlinear up to 120 kOe even at 5 K. The behaviour is
unlike of ferromagnets and is somewhat comparable to that of
frustrated systems. Extrapolation of the M—H data in the high
field region to zero field gives a saturation moment of around
0.4u5. The small value of the moment on cobalt in the
apparently ferromagnetic state, compared with the value in the
paramagnetic state, indicates itinerant ferromagnetism, which is
possible because the material is conducting. We observe
magnetic hysteresis at 5 K even at low fields, suggesting a ferro-
magnet-like behaviour. The width of the hysteresis loop
decreases markedly with increasing temperature. These results
reveal that ferromagnetic and antiferromagnetic interactions
coexist at low temperatures, with the small conducting ferro-
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magnetic domains or clusters giving rise to a small magnetic
moment.

ac Susceptibility measurements show that the low-temper-
ature transition has a frequency dependence of about 1.3 K, as
the frequency is increased from 1.3 to 1330 Hz (Fig. 15). The
60 K peak, however, shows little shift. The position of the
low-temperature peak in the ac susceptibility data at 1.3 Hz, for
which the field of measurement is 1 Oe, occurs at 37.4 K, and
shifts to lower temperatures at higher fields. Thus, for H = 100
and 5000 Oe, the peak occurs at 31.5 and 12.7 K, respectively.
Because of the inhomogeneous nature, it is difficult to clearly
assign one temperature for the bulk transition in this cobaltate,
although the first transition clearly occurs around 60 K. While
we have compared the inhomogeneous nature of Pr,,Ca,;CoO,
at low temperatures to that of cluster or spin-glasses,?
isothermal remnant magnetization measurements in the 5-60 K
range rule out that the material is actually a glass. Thus,
isothermal remnant magnetization is time-independent and
does not decay logarithmically or exponentially. It thus appears
that Pr,,Ca, ;CoO; represents a special case of electronic phase
separation.

S R ———
Pr,.Ca ,CoO, -
v=13Hz 1

50

B
(=)

{ (x 10" emw/g)
83 8

-
(=)

2" (x 10" emu/g)
N

TX
Fig. 15 ac-Magnetic susceptibility data of Pr,,Ca,;CoO; at 1 Oe.

The electronic phase separation and associated magnetic
properties of Pry,Cay;CoO; and Nd,,Ca,;C00,, arise
because of the small average size of the A-site cations. In these
two cobaltates, the average radius (for orthorhombic structure)
is less than 1.18 A, which is the critical value only above which
long-range ferromagnetism manifests itself.!* It is known that
increase in size disorder and decrease in size favour phase
separation.

Rare-earth cobaltates of the type LngsA,sCoO; (Ln = rare
earth, A = alkaline earth), especially those with A = Sr are, by
and large, ferromagnetic with some of them exhibiting metallic
behaviour.?>” These properties arise because of the presence of
Co**—O- Co** states in these cobaltates. The ferromagnetic T ¢
increases with the increase in the size of the A-site cations.
When A = Ba, ferromagnetism occurs when Ln = La (T =
190 K) and Nd (7' = 130 K), but when Ln = Gd, the material
shows unusual magnetic and electrical properties. Thus,
Gd, sBa, sCoO; which is charge-ordered at room temperature,
shows an increase in magnetization around 280 K, without ever
reaching a high value of the magnetic moment.?** Further-
more, Gd,sBa,sCoO; is an insulator, unlike LajsBa,sCoO,

which is metallic. The average radius of the A-site cations, {r,),
as well as the size-disorder arising from the cation size mis-
match, as measured by the variance ¢, are known to play
important roles in determining the properties of rare-earth
manganates and cobaltates.>* It appears that the large value
of ¢® in the Gd,Ba,sCo0; (0.033 A?) compared to that of
La, sBa, sCoO; (0.016 A?) could be responsible for the absence
of ferromagnetism and metallicity in the former.?

In order to study the effects of cation size, we have examined
the magnetic and electrical properties of several series of
cobaltates. We show the magnetization and resisitivity data
of Gd,s_,Nd,Ba,sCo0O;_; in Fig. 16. With increase in x, we
observe the evolution of ferromagnetism. What is interesting
is that the 280 K magnetic transition of Gd,sBa,sC00O,,
disappears even when x > 0.1. When Ln = Nd, we observe a
complex behaviour for x = 0.1, with a magnetic transition
around 220 K. We observe no obvious magnetic transitions in
the 200-280 K region for 0.1 < x < 0.4. The x = 0.3 composition
shows a small increase in magnetization around 125 K, and the
increase becomes more marked when x = 0.4. When Ln = La,
there is no magnetic transition in the 200-280 K region for 0.1
< x <0.25. A distinct FM transition occurs at x = (.5 in the case
of Nd, and at x = 0.4 in the case of La. It is interesting that
the FM characteristics start emerging at low temperatures
(<150 K) in these cobaltate compositions around a {r,) value of
1.30 A. Clearly with an increase in x, the size of ferromagnetic
clusters increases, eliminating the phase separation at small x,
caused by size disorder. It is noteworthy that in Pr;_ A CoO,
(0 < x<0.5, A =Sr, Ba) spin or cluster glass behaviour has been
found at low temperatures.’® Spin glass behaviour is found in
La,_,Sr,CoO; (x < 0.1), but with increase in x ferromagnetism
manifests itself.*!

10} @ Gd, , Nd Ba CoO,,
—o—x=0.0
X —eo—x=0.1
e | —o—x=0.2
g’ —v—x=0.3
E | —x—x =04
2 5F —+—x=05
=
oL
10" E
10" F
g
a 10%F
=
10°
10—4 L
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250 300
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Fig. 16 Temperature variation of (a) the magnetization and (b) the
electrical resistivity of Gd,s_,Nd,Ba,sCo0;.

The resistivity data of the Gd,s_,Nd,Ba,sCoO;_s compos-
itions show insulating behaviour, but the resistivity decreases
significantly with increase in x, the x = 0.5 composition
exhibiting the lowest resistivity (Fig 15(b)). When Ln = La, the
resistivity decreases with increase in x, becoming temperature-
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independent for x = 0.5. All the other compositions are
insulating. Considering that with an increase in x, there is
significant increase in (r,) in the two Gd,s_,Ln Ba,sCoO,_;
(Ln = La, Nd) series of cobaltates, the changes observed can
essentially be attributed to the effects of cation size.

In order to understand the role of size-disorder due to cation
size mismatch, we have investigated two series of cobaltates
with fixed (r,) values of 1.317 and 1.289 A, corresponding
to those of Nd,sBa,sCoO; and Gd,sBa,sCoO;. The data
for a fixed (r,) of 1.317 A, show that the T ¢ decreases as o*
increases, eventually destroying the ferromagnetism at a high
value of ¢® (=0.024 A?). The data in Fig 16(a), corresponding to
a fixed {r,) of 1.289 A, are interesting. With decrease in ¢?, the
magnetic behaviour of this system changes markedly. Thus,
when ¢ = 0.028 A% we do not see the magnetic anomaly of
Gd, sBa,sCo0,, at 280 K. When ¢ = 0.021 A%, we observe
a ferromagnetic transition with a T of ~160 K. When &2 is
0.018 A% the T reaches 220 K, a value higher than that
of La,sBaysCo0;. These data clearly demonstrate that the
absence of ferromagnetism in Gd,Ba,sCoO;, as well as its
unusual magnetic properties, such as the magnetic anomaly at
280 K, are almost entirely due to the disorder arising from the
cation size mismatch. Such size-disorder can give rise to elec-
tronic phase separation as in the rare-earth manganates.''%?

The electrical resistivity behaviour of the two series of
cobaltates with fixed (r,) values corroborate the results from the
magnetic measurements. In Fig. 17(b), we show the resistivity
data to demonstrate how the resistivity increases with increase
in ¢ Interestingly, we observe disorder-induced insulator—
metal transitions in both the series of cobaltates, the cobaltate
compositions with ¢* < 0.02 A? showing metallic behaviour.
While disorder-induced metal-insulator transitions are
common, size variance-induced insulator-metal transitions are
indeed novel.

20
(a) <FA> = 1.289 A Q'Z(Az)
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15 —e—0.029
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d 107 F
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Fig. 17 Temperature variation of (a) the magnetization and (b) the
electrical resistivity of Lnys_,Ln’,Ays_,A’,CoO;_; with a fixed (r,)
value of 1.289 A.

Further support for the observation that cation size-disorder
crucially determines the properties of Gd,sBa,sCo0,, is
provided by our study of the Gd,sBa,s_,Sr.CoO,_s series of
cobaltates. Here, the x = 0.5 composition, corresponding to
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Gd, 551, sC00;, has a smaller (r,) than Gd,sBa,;Co0,,, and
yet it shows ferromagnetic features. The 280 K magnetic
anomaly of Gd,sBa,sCoO; disappears even when x = 0.1 and
the apparent 7' increases with increase in x in the series. This
behaviour is clearly due to size disorder, since ¢ decreases with
increase in x. Accordingly, this system exhibits an insulator—
metal transition with increase in x or decrease in ¢°. It appears
that a ¢ value larger than 0.02 A? generally destroys ferro-
magnetism in the cobaltates and changes the metal into an
insulator.

That the electrical and magnetic properties of Gd,sBa,s-
Co0O, are controlled by cation size-disorder is supported by
our preliminary studies of Dy, sBa,sC00,,, with a ¢* value of
0.037 A2. Dy, sBa, sC00, ,, shows a sharp increase in magnetiz-
ation around 290 K and an antiferromagnetic type transition
at 255 K. The general features of the Dy compound are thus
similar to those of the Gd compound, except for the higher
transition temperatures. The larger size-disorder and associated
phase separation in Dy,sBa,sC00,, could cause such
differences.

Concluding remarks

The discussion in the earlier sections clearly brings out the
varied effects of electronic phase separation in the rare-earth
manganates and cobaltates. It appears that the phenomenon
is much more common than anticipated, to the extent that
some workers suggest that even the insulator-metal transition
of La,,Ca,;MnO;, showing colossal magnetoresistance, is
a consequence of phase separation.” It is possible that the
electron-hole asymmetry in the manganates®® may also be
partly due to phase separation. It is noteworthy that the large
changes caused by electromagnetic fields in charge-ordered
manganates may indeed be due to electronic phase separation.
It would be worthwhile to study the relevance of this
phenomenon to other transition metal oxide systems.
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