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Ordering of Mn®t and Mn*" ions occurs in the rare earth manganates of the general
composition Ln;—xAMnO3 (Ln = rare earth, A = Ca, Sr). Such charge-ordering is associated
with antiferromagnetic and insulating properties. This phenomenon is to be contrasted with
the ferromagnetic metallic behavior that occurs when double-exchange between the Mn3*t
and Mn** ions predominates. Two distinct types of charge-ordering can be delineated. In
one, a ferromagnetic metallic (FMM) state transforms to the charge-ordered (CO) state on
cooling. In the other scenario, the CO state is found in the paramagnetic ground state and
there is no ferromagnetism down to the lowest temperatures. Magnetic fields transform
the CO state to the FMM state, when the average radius of the A-site cations is sufficiently
large (Fa0> 1.17 A). Chemical melting of the CO state by Cr3* substitution in the Mn site
is also found only when a0z 1.17 A. The effect of the size of the A-cations on the Mn—
O—Mn angle is not enough to explain the observed variations of the charge-ordering
temperature as well as the ferromagnetic Curie temperature T.. An explanation based on
a competition between the Mn and A-cation orbitals for o-bonding with the oxygen p, orbitals
is considered to account for the large changes in T, and hence the true bandwidth, with [Fall
Effects of radiation, electric field, and other factors on the CO state are discussed along
with charge-ordering in other manganate systems. Complex phase transitions, accompanied
by changes in electronic and magnetic properties, occur in manganates with critical values
of falor bandwidth. Charge-ordering is found in layered manganates, BiyCa;-xMnO3; and

CaMnOa3_s.
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1. Introduction

Charge-ordering refers to the ordering of the metal
ions in different oxidation states in specific lattice sites
of a mixed valent material. Such ordering generally
localizes the electrons in the material, rendering it
insulating or semiconducting because when the charges
are localized, electrons cannot readily hop from one
cation site to another. Charge-ordering is not a new
phenomenon in metal oxides. One of the earliest
examples of charge-ordering in inorganic solids is that
of Fe30O4 (magnetite), which undergoes a disorder—order
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transition, popularly known as the Verwey transition,
at 120 K. The literature abounds in studies of this
transition, and the topic continues to attract attention.!
The Verwey transition in FezO4, which occurs well below
the ferrimagnetic transition at 860 K, is very sensitive
to oxygen stoichiometry and cation substitutions. The
low-temperature ordered state in FezO4 is complex,
giving rise to a low crystal symmetry (monoclinic or
triclinic) and involving the distribution of Fe®™ and Fe?"
over several sites.?3 Complex charge-ordering is also
found in the perovskite, La;—4SryFeOgz,* and quasi-two-
dimensional La,—«SryNiO4.5 The charge-ordering tran-
sition in Laj 67Srg.33NiO4 occurs around 240 K, accom-
panied by a structural change and opening up of a gap.®
Charge-ordering in rare earth manganates of the gen-
eral formula, Ln;yAxMnO3; (Ln = rare earth, A =
alkaline earth) is particularly fascinating, being associ-
ated with novel properties that are sensitive to elec-
tronic and geometric factors. The study of charge-
ordering in these manganates has recently received
much attention because of the colossal magnetoresis-
tance (CMR) exhibited by these materials, although
charge-ordering itself had been noticed by Wollan
Kochler in 1955 and later by Jirak et al. in 1985.67
Rare earth manganates of the general formula
Ln;—xAxMnO3 (x ~ 0.3) become ferromagnetic due to the
double-exchange interaction involving Mn3t—0O—Mn**
units. Around the ferromagnetic Curie temperature, T,
the materials also undergo an insulator—metal transi-
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tion. Metallicity below T, occurs because only those
electrons that have ferromagnetically aligned spins are
involved in the conduction process. When magnetic
fields are applied to these materials, the resistivity
decreases greatly, particularly in the region of the T,
or the insulator—metal transition. The decrease in
resistivity can be almost 100% and, hence, the use of
the term colossal while referring to the magnetoresis-
tance in these materials. The ferromagnetic T, in the
manganates increases with pressure or with the average
size of the A-site cations. Jahn—Teller distortion due
to Mn3* ions is prominent in the insulating regime.

Charge-ordering of the Mn3* and Mn** ions in the
rare earth manganates favors antiferromagnetism and
insulating behavior. Charge-ordering competes with
double-exchange, giving rise to an unusual range of
properties that are sensitive to factors such as the size
of the A-site cations. The cooperative Jahn—Teller effect
induces additional effects such as lattice distortion and
electron localization in the charge-ordered (CO) state.
In this article, we shall discuss the various features and
phenomena associated with charge-ordering in rare
earth manganates, with particular emphasis on recent
findings related to the factors affecting the phenomenon.
Some of the factors discussed deal with the melting of
the CO state to a ferromagnetic metallic state by
chemical substitution or by the application of magnetic
fields, external or internal pressure, electric field, and
laser radiation. We shall also briefly examine the
evidence for charge-ordering in some related manganese
oxides.

2. Typical Scenarios

Charge-ordering in the manganates, Ln;—x/AxMnOg, is
found in the compositions 0.30 < x < 0.75. To under-
stand the gross features of the charge-ordering phe-
nomenon in these materials, we shall first examine the
properties of a few typical members such as Ndo 5Sros-
MnO3; and Pr;-,Ca,MnO3 (03 =X = 05) Ndo.5Sros-
MnO;s is a ferromagnetic metal (FMM) with a T, of 250
K. On cooling, the FMM state transforms to a CO
antiferromagnetic (CE type) state at ~150 K (Tco =
Tn).8 At Tco, we notice a change in lattice parameters
and a sharp rise in resistivity (Figure 1). The space
group changes from Imma to Pnmm (or Pnm2;) at Tco.°
Scanning tunneling spectroscopy under vacuum has
shown that a charge-ordering gap of ~0.3 eV develops
across Tco (Figure 2).10 Application of magnetic fields
transforms the CO state to the FMM state and the
transition is first order, as evidenced from the hesteretic
behavior shown in Figure 3. Unlike NdosSrpsMnOs,
ProsSrosMnO3; does not show evidence for charge-
ordering at low temperatures; instead, it undergoes a
transition from a FMM state to an insulating antifer-
romagnetic (AFM) state (A-type) at 140 K.11

Pr;—xCaxMnO3 (0.3 < x =< 0.5) has a paramagnetic
insulating ground state around room temperature and
gets charge-ordered on cooling.’? When x = 0.35, Tco
is ~240 K and Ty occurs at even lower temperatures
(~140 K). The insulating CO state can be melted to a
FMM state on the application of high magnetic fields
(Figure 4). Pr;_4CayMnO3 compositions do not show
ferromagnetism on their own, at any temperature. A
similar behavior is also obtained in NdgsCagsMn0O3.13
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Figure 1. Temperature variation of (a) magnetization, (b)

lattice parameters, and (c) resistivity of NdosSrosMnO3 (from
Kuwahara et al.8).

0.3
n
02+ o\e
= -
< L
S0
< L
o .
C_1 1 1 1 1 1 1 1 | 1
80 100 120 140 160
T(K)

Figure 2. Temperature dependence of the charge-ordering
gap, Aco, in NdosSrosMnOs (from Biswas et al.2?).

Application of magnetic fields enforces a ferromagnetic
spin alignment in these materials and drives them to a
metallic state by the double-exchange mechanism,* as
in the rare earth manganates exhibiting CMR.” In
Figure 5, we show the temperature—magnetic field (T—
H) phase diagrams of Ndp5SrosMnO3; and PrggsCag 3s5-
MnOs to illustrate the slight significant differences
between the two systems.15 It should be noted that in
the CO state of NdpsCapsMnO3; and such materials,
Mn3t and Mn** occur alternately, accompanied by a
zigzag arrangement of long and short Mn—O dis-
tances.’® The CO state in NdpsCagsMnO3; has been
found to be destroyed on application of a 6 T magnetic
field.13 It was recently found that the magnetic field
effect on this solid is very sensitive to stoichiometry.12b
Thus, stoichiometric NdgsCagsMnO3; seems to show



2716 Chem. Mater., Vol. 10, No. 10, 1998

T=2.49K (c)

T=600K (a)

T-200K _(0)
102

10°;

10°F

P fohm cm)

N

118
10 G
Magnetic field (T)
Figure 3. Changes in the resistivity of NdosSrosMnO3; with
increasing and decreasing fields. Notice the sharp jump in
resistivity at the lower and upper critical fields (from Kuwa-
hara et al.8).
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Figure 4. Temperature variation of resistivity of PrgesCag ss-
MnOj; in the absence and presence of magnetic fields (from
Tomioka et al.*?).

200 2001
£ <
@ 150 o 150+
5 b
5 % Nonmetal
é& 100 ¢ 100+
s g
— —
50 50k Metal
1 i It
0 0 4 8 12

Magnetic field (T)

Magnetic field(T)

Figure 5. Electronic phase diagrams of (a) NdosSrosMnOs
and (b) ProesCap3sMnO;3 (from Tokura et al.*®). Hatched region
shows the hesteretic regime.

melting of the CO state only when a high magnetic field
(>10T) is applied. The melting of the CO state in Pros-
CapsMnOg3 occurs at a lower field. We have verified
these observations as well. The destruction of the CO
state is accompanied by the appearance of an FMM
state and a structural transition.’?® The stability of the
CO state is related to the collinear AFM ordering of the
Mn moments.

In Lap35CaossMnO3 charge-ordering is observed at
260 K, accompanied by an increase in the sound velocity
and anomalies in the heat capacity and the activation
energy for conduction.’® The CO state occurs in the
paramagnetic regime and Ty is found at a much lower
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temperature (~160 K). There is a large anisotropic
lattice distortion and a distortion of the MnOg octahedra
on charge-ordering. LagsCapsMnO3 shows ferromag-
netic and antiferromagnetic (charge-ordering) transi-
tions at 225 and 170 K, respectively.” Between T, and
Tn, unusual variations in the X-ray diffraction profiles
are observed, suggesting the possible occurrence of a
continuous distribution of lattice parameters or of a
number of discrete phases with a coherence length
larger than the intrinsic coherence length for X-rays.
Jahn—Teller distortion develops in this temperature
region, with the d,2 orbitals oriented perpendicular to
the orthorhombic b-axis. Magnetic domain boundaries
break the coherence of a spin ordering of the Mn3* sites
while preserving the coherence of a spin ordering on the
Mn** sublattice, as well as the identity of the two
sublattices. The resemblance between these structures
and the structural charge-ordering and discommensu-
ration domain boundaries, observed by electron diffrac-
tion and lattice imaging, suggests that long-range
charge-ordering coexists with quasicommensurate or-
bital ordering. Static charge stripes characterize the
insulating antiferromagnetic ground state of La;—xCay-
MnOs (x > 0.5), somewhat similar to the stripe phases
found in high T; cuprates.’® Extremely stable pairs of
Mn3*tOg stripes associated with large lattice contractions
[due to Jahn—Teller (J—T) effect] separated by undis-
torted Mn**Og octahedra are found in these La;—xCax-
MnO3 compositions.'® These periodicities adopt integer
values between two and five times the lattice parameter
of the orthorhombic unit cell, corresponding to the
commensurate carrier concentrations x = 1/2, 2/3, 3/4,
and 4/5. For other values of x, the charge-ordering
pattern is a mixture of two adjacent commensurate
configurations. These J—T stripes seem to build blocks
of the CO state in the manganese oxides.

The melting or the destruction of the CO state by
magnetic fields was characteristic of the various man-
ganates discussed hitherto. However, magnetic fields
have no effect on the insulating CO states in mangan-
ates where the average radius (Shannon value for 9-fold
coordination) of the A-site cations, [fal]is small. Thus,
Y05CagsMnOs (a0= 1.13 A) remains a CO insulator
even on the application of high magnetic fields.?® It
appears that all the LngsCagsMnO3; compositions with
Fal< 1.17 A show this behavior (Figure 6). We see from
the figure that only in NdosCapsMnOz (a0= 1.17 A)
does the CO state transform to a metal-like state under
a magnetic field of 6 T. We therefore have a situation
wherein different types of CO states can be delineated
based on the effect of magnetic fields. We show this
aspect schematically in Figure 7 and list some relevant
data in Table 1. The manganates in the [falregime with
robust CO states are clearly dominated by cooperative
J—T effect and related lattice distortions. In fact, the
lattice distortion index in these manganates increases
with decreasing [fal] reaching a value of 1.8% in Yqs-
CagsMnOs.

3. Effect of the Size of the A-Site Cations

In Figure 8, we show a schematic diagram to describe
the different types of behavior of the manganates
depending on [#all The region D corresponds to the
manganates where magnetic fields have no effect on the
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Figure 6. Electrical resistivity of LngsCagsMnO; in the
absence (full curve) and presence (broken curve) of a magnetic
field of 6 T (from Arulraj et al.2%). The data on NdosCagsMnO3
are from an older sample. When the stoichiometry is exact,
higher magnetic fields seem to be necessary to melt the CO
state.
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Figure 7. Different types of CO states in rare earth manga-
nates as delineated by the effect of magnetic fields. The Al
value decreases from left to right. Scenarios (a), (b), and (c)
correspond to NdosSrosMnOs (a0= 1.24 A), NdosCaosMnOs
(al=1.17 A), and Y(.5CagsMnO; (a= 1.13 A), respectively.

Table 1. Stable (Near Room Temperature) Phases, [Fall
Values, and Charge-Ordering Temperatures, Tco, in

LNosAosMNO3

A=Ca A=Sr

stable stable
Ln @aJA phase Tco(K) @TaOA phase Teo (K)
Y 1.127 CO#2 260
Dy 1132 CoO#? 260
Gd 1143 CO? 260 1.208 spin glass
Nd 1.172 COQb 240 1.236  FMM¢d 150
Pr 1.179 CO°b 240 1.244 FMMd (140)®
La 1.198 PMI¢ 170 1.263 FMMd 0

a Magnetic field (6 T) has no effect. ® Magnetic field (6 T) melts
the CO state to a FMM state. ¢ T, value is 225 K. 9 T, values are
250, 260, and 360 K, respectively, in Nd, Pr, and La systems. ¢ Ty
value; no CO transition is found.

insulating CO state (e.g., Yo5CapsMnO3). Region B
corresponds to manganates with a FMM ground state,
such as NdgsSrosMnOs; (a0 = 1.24 A). Region A
involves manganates showing CMR, with the FMM
state occurring on cooling the paramagnetic insulating
state. Magnetic fields affect the CO states in the fall
regime 1.17—1.24 A. The occurrence of two types of CO
states can be understood qualitatively in terms of the
variation of the exchange couplings (Jgm and Jarm) and
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Figure 8. Schematic diagram showing different charge-
ordering behaviors of LnosAqsMnO3; depending on [Fall Key:
FMM, ferromagnetic metal; PMI, paramagnetic insulator;
AFMI, antiferromagnetic insulator; CO, charge-ordered state.
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Figure 9. Schematic phase diagram of LngsAqsMnO3. Double
line represents a second-order transition and a single line
represents a first-order transition. Key: PD, paradistortive;
FD, ferrodistortive (from Kumar and Rao?').

the J—T energy (Ej7) with a0 Although Jepm and Jagm
are expected to decrease with a decrease in Ial] Ejr
would be insensitive to a0 In the small Falregime,
the cooperative J—T effect involving long-range elastic
strain would dominate charge-ordering. At moderate
values of al] when Jarpm > Ejt, Jrm, the eg electrons
that are localized magnetically lower the configuration
energy by charge-ordering (e.g., NdosSrosMnO3). Such
a CO state would be sensitive to magnetic fields. The
gain in Zeeman energy resulting from the application
of a magnetic field stabilizes the FMM state over the
antiferromagnetic insulating state. In the small ra0
regime, the manganates could be considered to have
pseudo-spins (representing the single ion J—T effect)
that do not couple to the magnetic field.

A general phase diagram for a fixed composition of
the manganates (LnosA0sMnO3) in the temperature (T)
— [alplane has been constructed by Kumar and Rao?!
based on the manner in which Jgm and Jagm vary with
rall The ferromagnetic T, in the manganates decreases
more markedly with fal0than the Ty values in the
managanates, suggesting that Jarm decreases more
markedly than Jgy. Based on these considerations, the
qualitative phase diagram in Figure 9 can be drawn.
We notice that the highest temperature phase is always
a paramagnetic insulator (PMI), which is paradistortive
(PD). The insulating behavior results from the single-
ion J—T distortion as well as the blocking of hopping
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by strong Hund coupling to the paramagnetically dis-
ordered Mn spins.

An examination of the different regions of the phase
diagram in Figure 9 is revealing. In region I, we have
the PMI—-FMM transition on cooling, as in many of the
manganates exhibiting giant magnetoresistance; this
region corresponds to region A of Figure 8. In region
I, Jarm > Jem, but the extra entropy of the itinerant
carriers in the FM state favors the metallic phase. At
low temperatures, however, one may expect a first-order
FMM—-AFMI transition, the latent heat per Mn®* being
~kgT In 2. Region Il of Figure 9 corresponds to region
B of Figure 8 and is exemplified by Ndos5SrosMnOs. In
region 111, Japm dominates and a first-order PMI—AFMI
transition can occur; at low temperatures, charge-
ordering would be expected. Complex magnetic proper-
ties can be found in regions 11l and IV (corresponding
to region C in Figure 8) arising from the coupling with
other parameters (e.g., ferroelastic). Region V is ex-
pected to be dominated by J—T effect, wherein the
pseudo-spin state undergoes a first-order transition (due
to loss of communal entropy) on cooling to a FD-
insulating phase. Region V corresponds to region D in
Figure 8 and is exemplified by Y, 5CagsMnO3. Charge-
ordering in Region V is distinctly different from that in
region |1, as is indeed observed experimentally.

The two types of charge-ordering already discussed
are different from the charge density wave (CDW)-type
ordering caused by Fermi-surface nesting. These are
more like the infinitely adaptive structures and would
occur over a continuous range of doping. Such lattice
effects have been found in Ndgzslag25CapsMnQOs, as
discussed later in section 7. If one considers the
blocking of the delocalization of eg electrons by AFM or
J—T effects as an enhancement of the effective carrier
mass, the CO state may indeed be viewed as Wigner
crystallization at low temperatures, even for high carrier
concentrations. The complexity of region C will be
discussed later in section 7, with some examples.

Why does [FaChffect the nature of the CO state as well
as the T in the ferromagnetic state so markedly? It is
known that fadirectly determines the Mn—O—Mn
angle and the average Mn—0O distance in the mangan-
ates. In Figure 10, we have plotted the known values
of the Mn—0O—Mn angle and the average Mn—0 dis-
tance in LNng7A¢3Mn03%2 and LngsA05Mn032%0:23 against
Al The Mn—O—Mn angle increases smoothly with
fal] nearly independent of the composition, giving a
common curve for both the LngsAqs5MnO3 and Lng7A¢ 3-
MnOs systems. The plot of the average Mn—0 distance
(dmn-o) against [#a[] however, shows a minimum at 1.24
A in Lng7A03MNn03.22 The minimum is a geometrical
necessity and is readily understood. In LngsApsMnOs,
the Mn—0O distance become nearly constant when Iall
> 1.24 A. We can estimate the apparent one-electron
bandwidth, W,, of the manganates by using the follow-
ing relation?*

W, 0 cos w/dy,_o>° 1)

where o = Y5(x — IMn—0O—Mn[). To obtain realistic
values of W,, we have normalized the values from eq 1
by setting the value of the bandwidth to 1 eV when a0
is ~1.24 A. The manganate corresponding to a [@al]
value of 1.24 A is Lag 7SrosMnOs. In Figure 11, we show
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Figure 11. Variation of the apparent bandwidth, W, of the
manganates with [fal] Notice the small change in W, over the
entire range of fa0(from Arulraj et al.2%),

the variation of W, with al0for both the Lng7Aq03MnO3
and LnosA0sMnO3 compositions. This figure represents
the variation of the apparent bandwidth with ta[Jbased
on purely geometrical factors, as defined by eq 1. The
apparent bandwidth shows a maximum in the case of
Lno7A03MnOs at an Ealvalue of ~1.24 A, with the
suggestion of a plateau above this [falvalue in the case
of LngsAosMnOs. What is noteworthy is that the
change in W, over the entire [falrange is rather small,
although Tco and T vary significantly with fa[{Figure
12). Thus, the variation of the ferromagnetic T, and of
the “real” eg-level bandwidth W of Ln;—xA.MnO3z with
the average A-site cationic radius [fa(0pose a problem.
Note, for Altal= 1.26 — 1.24 A = 0.02 A, we have AT,
= 350 — 250 K = 100 K. Inasmuch as both T. and W
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Figure 12. Variation of the charge-ordering transition tem-
perature, Tco, and the ferromagnetic Curie temperature, T,
of the manganates with [fall

scale with the orbital overlap of O:2po with Mn:3dy2-2,
which in turn is an increasing function of the Mn—O—
Mn bond angle ©(=7n—w), and therefore of [Eal] we
expect T, and hence the real bandwidth to increase with
fadmore drastically than depicted by Figure 11. The
angular variation of the orbital overlap ~(1 — cos w/2)
is too small (=5%) to account for the relatively large
observed change of T, that scales as (1 — cos w/2)? due
to double exchange, or of W that scales as (1 — cos w/2).

The inadequacy of the Mn—O—Mn bond angular
variation to explain the changes in T with [faCprompts
us to consider covalent mixing effects associated with
the changes in fall Our reasoning is along the lines
employed by Goodenough?® in the context of Ca;—«Sry-
MnOjs;. Goodenough explained the enhancement of Ty
in Ca;—xSryMnO3 with increasing x successfully in terms
of the lower covalent mixing of the larger A-site cation
Sr. The covalent mixing of the A-site cation with the
anion O:2ps would normally compete with that between
the anion and the B-site cation Mn:3d-tyy, thus reducing
the superexchange coupling. In the case of Ln;_zAxMnO3
with the electronically mobile Mn3*—O—Mn#** units, in
contrast to Ca;—xSryMnO3z with the immobile Mn4*—0—
Mn#* units, we can invoke the covalent mixing, but of
the anion O:2po with the A-site cation as competing
against its covalent mixing with the B-site cation Mn:
3d-e4. Thus, with increasing iafland, hence, decreasing
A-site covalent mixing, we would expect an increasing
ey bandwidth W as well as the double-exchange coupling
Tc.. This covalent mixing effect is expected to be
intrinsically much larger than the geometric (angular)
effect (discussed earlier with W,). Furthermore, the
covalent mixing effect on W and T, (double-exchange)
is considerably stronger than on the super exchange
(antiferromagnetic Ty), because the latter is of higher
(fourth) order in the orbital overlap involved. We note
that when [FaOis ~1.24 A, the Mn—0 bond is shorter
and more covalent, becoming increasingly ionic as [#all
decreases (Figure 10). When Ea0< 1.17 A, the Mn—0
bond is nearly ionic, with the distance closely corre-
sponding to the sum of the ionic radii.

It has been shown that T values of the manganates
are significantly affected by the A-site cation disorder
arising from the mismatch in the sizes of the ions (Ln
and alkaline earth).2® This effect has been rationalized
in terms of the variance of the size distribution, ¢2. A
proper treatment of the o2 effect on charge-ordering in
manganates would be possible only if we had the data
on several manganates with the same [l Unfortu-
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Figure 13. Temperature variation of (a) the magnetization
and (b) the resistivity of the NdosCags-xSrkMnO3z; compositions
(from Rao et al.2%).

nately, we do not have such data. The available data
are shown as a o?—[a0plot in the inset of Figure 10a.
We see that in the region of large T¢o or small [¥al) the
o2 is close to zero. Actually, in the aldregion 1.13—
1.17 A, Tco varies only slightly, but 02 increases with a
decrease in ta[J] The higher o2 could decrease Tco; Tco
at small ralcould otherwise be higher. Interestingly,
02 is high when T¢o is small (Figure 10a). In other
words, high ¢? tends to destroy charge-ordering and
renders the manganate ferromagnetic as suggested by
Damay et al.26b

4. Effect of Internal Pressure

Recall that the ferromagnetic T, of manganates of
composition Lag7A03Mn0O3 exhibiting CMR increases
with the average radius of the A-site cations, just as
with external pressure.?” External pressure has been
shown to lower the charge-ordering transition temper-
ature in the manganates.?® A detailed study of the
effect of internal pressure on charge-ordering has been
carried out by varying faJin several manganate sys-
tems.2? In Pry7Cag3—xSrMnOz and NdgsCags—xSrMnOs,
the material undergoes an insulator—metal transition
with increasing x; in the metallic phase, the material
is ferromagnetic (Figure 13). Similar effects are seen
in Pro7—xLaxCap3sMnO3 as well. Generally, increasing
ralor the internal pressure decreases Tco and increases
T.. At very high pressures, these materials become
ferromagnetic metals in the ground state.3°

5. Chemical Melting of the Charge-Ordered
State

Cation substitution in the Mn site of CO manganates
has a profound effect in the electronic and magnetic
properties of the materials. Raveau and co-workers3!
reported that substitution of AI3*, Fe3*, Cr3* and other
ions often brings about an insulator—metal transition
in the otherwise CO insulators. The two types of CO
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Figure 14. Temperature variation of the resistivity of Lngs-
CagsMn;_xM,0O3: () Ln =Y for different M (x = 0.03), (b) Ln
= Nd, M = Al, and Fe (x = 0.03) and M = Cr (x = 0.03 and
0.05) (from Vanitha et al.??).

states in the manganates can be delineated through
B-site substitution.3? The insulating CO state of Lngs-
CapsMnO3 (Ln = Nd, Gd, or Y) is unaffected by
substitution with AI®T and Fe®", but the CO state in
the Nd compound (Fa0= 1.17 A) is melted into a FMM
state by Cr3" substitution (Figure 14). Progressive
substitution of Mn3* in Ndg5SrosMnOs (Ea0= 1.24 A)
by AIRT or Fe3" renders it an insulator. Substitution
with Cr3*, however, makes it a ferromagnetic metal
from 250 K down to low temperatures, without the
intervening CO state as in the parent material (Figure
15). The role of Cr3* in melting the CO state is not clear
at present.

6. Other Effects

Application of an electric field appears to collapse the
CO state in Pry7Cap3Mn03.32 X-ray irradiation of Prg7-
Cap3MnOs brings about a transition of the CO insulat-
ing state to a FMM state.®* Recent measurements on
the epitaxial films of NdpsCapsMnO3 carried out in
Bangalore show that small dc voltages of 1—10 V bring
about the insulator—metal transition. There are inter-
esting hysteresis effects in the resistivity—voltage plots,
suggesting applications. X-ray irradiation at low tem-
perature seems to create ferromagnetic clusters, which
grow to melt the CO state at high exposures.®> Photo-
carrier injection with of a YAG laser also induces an
insulator—metal transition in Prg;Cag3zMnO3.3¢

7. Complex Transitions

We mentioned earlier that the manganates in region
C of the phase diagram in Figure 8 (or regions Il and
IV in Figure 9) may exhibit complex magnetic and
electronic properties. We illustrate this aspect by two
careful investigations reported recently. Charge-order-
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NdosSrosMn;—«CryO3; and (b) the magnetization of NdosSros-
Mn;—xMyO3 (M = Cr, Al, x = 0.03) (from Vanitha et al.%?).

ing has been investigated in (Nd;—xSmy)o.5SrosMnQO3 (0
= x = 1) by varying Fal or by applying external
pressure.3” Competition between double-exchange (FM)
and charge-ordering (AFM) interactions give rise to
complex metal—insulator phase diagrams with temper-
ature, pressure, or x as the parameter. A pressure-
induced transition from a FM to a stable CO insulator
has been found for x = 0.875. With a decrease in [Ial]
the CO instability persists even above the ferromagnetic
T, and enhances the electron—Ilattice coupling. Accord-
ingly, a lattice-coupled first-order insulator—metal tran-
sition occurs at T, when x = 0.5. In the analogous
manganate, Ndo 2sLag 25CapsMnQO3, a reentrant transi-
tion from an incipient CO state to a FMM state has been
established.®® The reentrant phase is associated with
a first-order phase transition that reduces the ortho-
rhombic distortion in the lattice, in contrast to the CO
transition in other manganates where the orthorhombic
distortion increases at low temperatures. At the CO—
FMM transition, a collapse in the charge-ordering gap
has been observed directly by vacuum tunneling spec-
troscopy (Figure 16). The J—T distortion of the MnOg
octahedra becomes maximum before the reentrant
transition, accompanying the sharp decrease in resistiv-
ity and the collapse of the CO gap. It is noteworthy that
in the (Nd;—xSmy)o5Sro s system, the variance due to ion
size mismatch, ¢?, increases with increase in x (see inset
of Figure 10a) and this would explain some of the
observed properties. Similarly, in the Ndo 2sLag25Cag s
compound we would also expect a lower Tco and
ferromagnetism due to the higher o2

The phase transitions in NdosSrosMnO3; have been
studied carefully by synchrotron X-ray diffraction.3® The
study shows that the FMM state, the CO state, and
probably the orbitally ordered state coexist around 150
K, which has been believed to be the Tco. Thus, a
transition to an intermediate (orbitally ordered) phase
from the FMM state starts at ~200 K, well before Tco.
At low temperatures (T < Tco), a small fraction of the
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Figure 17. Temperature variation of (a) magnetic susceptibil-
ity and (b) the lattice distortion index in BixCa;—xMnOgs (from
Arulraj et al.*3).

FMM state persists along with the CO and orbitally
ordered phases. Such a coexistence of phases in Ndgs-
SrpsMn0O3 makes the CO manganates truly interesting
systems to investigate further with respect to the phase
stabilities and transitions. This apparent contradiction
of the phase rule needs to be explained by considering
the different identities of the three phases of the same
stoichiometry.

8. Other Manganates

Charge-ordering in the quasi-two-dimensional Lngs-
Sr15Mn0O4 occurs at 230 K when Ln = La, but disap-
pears when Ln = Nd.*° In layered LaSr,Mn,0;, an
additional superstructure in the electron diffraction
pattern found at low temperatures has been interpreted
as due to charge-ordering associated with the d,2 orbital
ordering of Mn3+.4

A study of BixCa;—xMnO3 (0.74 = x = 0.82) has shown
that the nature of spin fluctuations changes from
ferromagnetic to antiferromagnetic at the charge-order-
ing transition (~210 K).#*2 There is a structural transi-
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tion around Tco, and an antiferromagnetic transition
occurs at still lower temperatures. In Figure 17a, we
show the temperature variation of the magnetic sus-
ceptibility of two compositions of BiyCa;—xMnQO3.43 We
notice that T¢o in the x = 0.3 composition is above 300
K; there is a susceptibility anomaly at ~130 K due to
Tn. The T¢o decreases to 210 K when x = 0.2, but the
Tn remains unaffected. At the Tco, the activation
energy for conduction shows a maximum and the
structure changes from pseudocubic to O’-orthorhombic.
The lattice distortion index, D, increases from 0.4 to
0.9% at Tco in the x = 0.3 composition (Figure 17b).
When T > T¢o, ferromagnetic double-exchange interac-
tion promotes the hopping of J—T polarons. The high
sensitivity of Tco in BixCa;—xMnO3; to composition is
noteworthy, although [a0is hardly affected, suggesting
the role of Mn3*—O—Mn** interaction in determining
the value of Tco. These results also lend credence to
the explanation based on the competition between Mn
(0) and O (0) and A (0)—O0 (o) bonding.

Charge-ordering occurs in nonstoichiometric CaMn-
O3-s, particularly for 6 = 0.18, which corresponds to x
= 4/5 doping. The magnetic susceptibility shows a
transition starting at 250 K. Around this temperature,
the resistivity also shows an anomalous increase.

9. Concluding Remarks

The short account of charge-ordering in the manga-
nates should clearly show how this phenomenon gives
rise to a wide variety of fascinating electronic and
magnetic properties that are subtly controlled by the
cation size and related factors. There are very few
metal oxide systems where such fabulous changes in
properties (e.g., metallic, insulating, magnetic, struc-
tural) occur accompanying such minor changes in
composition. Furthermore, the sensitivity of the CO
state to magnetic and electric fields, laser irradiation,
and chemical substitution suggests many possible ap-
plications, besides providing a rich area for research.
Many other manganates, such as the layered ones, need
to be investigated in greater detail. The complex regime
in the phase diagram where novel magnetic and elec-
tronic properties manifest themselves because of com-
peting interactions deserves greater attention. Clearly,
charge-ordering in the manganates is unique because
Mn3t is a J-T ion and the Mn3"—O—Mn*" units
promote double-exchange. The complexity of the phase
transitions in Ndo 5SrosMnQg, in apparent contradiction
of the phase rule, is truly interesting and requires
further study. There is considerable scope for theoreti-
cal and computer simulation studies of the different
types of CO states. There has been some effort to
examine charge-ordering in LngsAosMnO3 based on a
Hamiltonian of small polarons with strong nearest-
neighbor repulsion* and in terms of an interplay
between double-exchange, superexchange, and coulomb
interaction terms in the Hamiltonian.*> Spin-ordered
and CO states with domain walls in 2- and 3-dimen-
sional perovskite oxides have also been examined in
terms of super exchange interaction.*® These efforts
only mark a beginning.
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