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Electrical and magnetic properties of transition metal
oxides Lny,A,MO; (Ln =Pr, Nd; A=Ca, Sr; M = Mn, Co)
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The low temperature electrical and magnetic properties of the polycrystalline perovskite systems Lni.xAxMO3 with Ln = Pr,
Nd; A = Ca, Sr and M = Mn, Co were studied as a function of the average size of the A-site cations <rA> and of the cation

size variance o The cobaltites Pro7A03C003 keep some reminiscences of the electrical and magnetic properties of the
manganites Pro7A03MnO3, but they behave differently as a function of the doping ions. Sr substitution for Ca in
Ndo.sCaosMnO3 induces FM regions in an AFM background and the phase separation state can be controlled by doping.

(Received March 18, 2010; accepted August 12, 2010)

Keywords: Cobaltites, Manganites, Colossal magnetoresistance, Phase separation, Size variance

1. Introduction

ABO; perovskite-type manganites and cobaltites are
important for their electronic, magnetic and other
properties, as well as for their technical applications [1-3].
The properties of perovskites can be tuned by substituting
cations at the A or B sites, or varying the oxygen content.
For these type of manganites and cobaltites, doping is
needed in order to have the mixed valence Mn*"/Mn*" and
Co*"/Co*  respectively, to induce the desired
magnetotransport properties. Mixing cations of different
charge at the A sites is the most straightforward
experimental method for systematically tuning the
properties of these materials. The substitution of divalent
alkaline-earth (A = Ca, Sr, Ba, Pb) elements for Ln in
LnMnO; where Ln is a lanthanide, leads to the conversion
of Mn*" ('[32gelg state) into Mn*" (t32geog state) ions. Their
spin states do not depend on temperature because the Hund
energy is higher than the crystal field energy. Depending
on the relative ratio Mn’"/Mn*" there is a competition
between different interactions: ferromagnetic (FM) double-
exchange, antiferromagnetic (AFM) superexchange and
Coulomb interaction. This competition gives rise to
colossal magnetoresistance (CMR) properties, phase
separation, orbital ordering and/or charge ordering
(00/CO) [1,2].

Doped cobaltite perovskites Ln; A,CoOs, have as an
unique feature among some other perovskites the change
of the Co ions spin-state [3]. In these compounds there are
various spin states for trivalent (low-spin LS: t62ge0g;
intermediate-spin IS: tszge'g; high-spin HS: t42g62§) and
tetravalent cobalt ions (LS: t%,e’s; IS: thee'y; HS: toee’,).
The spin-states of undoped LnCoO; exhibit a gradual
crossover with increasing temperature, from the low-spin
(LS) state (t°2ge°g) to the intermediate-spin (IS)
state(tszgelg) or to the high-spin (HS) state(t4zge2g). Upon
doping A*" ions into LnCoQ;, some of trivalent Co ions
become tetravalent. The Co ion spin states are determined

by the two competing energies, namely, crystal field and
Hund coupling, respectively [3].

Perovskite-based structures occasionally show lattice
distortion as modifications from the cubic structure due to
doping. Rhombohedral, orthorhombic or other lattice
distortions result from the tilting and stretching of oxygen
octahedra around the transition metal ions. These
distortions appear for structural (mismatch of ionic radii)
and electronic (Jahn-Teller effect) reasons [1-3].

The magnetotransport properties of these materials
have been found to be dependent on internal [4] and
external pressure [5], applied magnetic field [6,7],
temperature [2], and the chemical composition [8,9] that
includes the effects of doping (M oxidation state) [9-11],
the average size of the A-site (Ln’" and A®") cations,

(rA> [11,12], and the effect of cation size disparity [13, 14].

The latter is quantified by the variance of the A-cation
radius distribution ¢? :inﬁz —(r,)’ (% is the atomic

fraction and r; is the ionic radii of i cation, respectively).
The cation size variance describes the effects of disorder
due to the disparity or mismatch of individual A cation
radii.

When the doping level is kept constant, for the same
B-site ion, the decrease of <rA> was found to reduce the M-

O-M angle which consequently reduces the energy
bandwidth (W) and the critical temperatures for ordering
phenomena Tc [2, 13, 14]. The experimental studies on
Ln; A.MnO; compounds have found that the electronic
ordering temperatures decrease linearly with o® [13- 15].
The linear dependences of the transition temperatures were
attributed to strains resulting from oxygen atom
displacements [13-16]. Even control of electronic phase
segregation into ferromagnetic and charge ordered AFM
regions can be tuned by o. In addition, these studies

indicated that, whatever <rA> and the doping level are, the
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increase of o” tends to suppress the magnetic interactions,

FM or AFM, and destabilize the CO [15-17].
NdosSrosMnO; and NdysCagsMnO; are charged

ordered insulators in the ground state [6,18,19]. When

<rA> is smaller, as in NdjsCaosMnO;, the cooperative

Jahn-Teller effect becomes more important than the
magnetic interactions, and the material is a charge-ordered
insulator without exhibiting ferromagnetism; magnetic
fields have no effect on the insulating state of this
compound [19]. Increasing ® and <rA> by appropriate

substitution, the charge-ordered phase, partially collapses
and ferromagnetic clusters can occur, the system showing
phase separation, i.e. FM clusters embedded in an AFM
matrix. The further increase of o will result in the
depreciation of the ferromagnetic phase, until it disappears
completely [20].

The present work is an investigation of the low
temperature magnetic properties of two magnetic systems:
(1) Pry;A03MO;zcompounds, where A = Ca, Sr and

M = Mn or Co (where <rA> and o are fixed for two values,
and B-site ion is changed) and (2) NdysCajs.SryMnOs
compounds where both <rA> and o7 are changed.

2. Experimental

The PI‘()]CZ!()&MHO}, PI‘QV7C3.043COO3, and
Pr0v7Sr043CoO3 and Ndolscao.5_xserIlO3 (X = 0, 005, 01,
0,25, 0.4, 0.5) compounds were prepared by conventional
solid state reactions at high temperatures.

The powder x-ray diffraction patterns were recorded
by using a Bruker D8 Advance AXS diffractometer with
Cu Ko radiation. Data were refined by the Rietveld
method using the program FULLPROF. A cryogen free
VSM magnetometer (Cryogenic Ltd.) was used for
magnetization and ac susceptibility measurements in the
temperature range 5 - 300 K and up to 12 T. The
temperature dependent magnetization, M(T), was recorded
in two modes. In the ZFC mode, the sample was first
cooled to T = 5 K in zero field and data were taken while
warming after establishing a magnetic field at 5 K. In
field-cooled (FC) mode, the field was applied at 300 K,
and data were taken during warming, in a field. The
resistivities were measured in a cryogen free magnet
cryostat CFM-7 T (Cryogenic Ltd.) by the four-probe
technique, in the temperature range from 5 to 300 K and
magnetic fields up to 7 T.

3. Results and discussions

The X-ray diffraction patterns for all the studied
samples showed the presence of a single phase. The Pr-
based samples have perovskite structure  with
orthorhombic Pbnm symmetry. The same type of
symmetry was found for the Nd series. The unit cell
parameters are in close agreement with the values reported
in earlier works [4, 21-24].

In Fig. 1 we describe the temperature dependence of
the FC and ZFC magnetization for the Pry,Cay;MnO;
compound. The magnetization has a history dependence
with a bifurcation between zero field cooling (ZFC) and
field cooling (FC) data at an irreversibility temperature Tj,.
This sample was found to have charge ordering phase
(CO) below 250 K, then it become an antiferromagnetic
(AFM) insulator at about 130 K. below 110 K it has
ferromagnetic—like behavior [21,22].

At lower temperatures, below 110 K the inverse dc
susceptibility x(T) deviates upward from a Curie-Weiss
prediction, as shown in the inset of Fig. 1. This
ferromagnetic (FM) phase is not a genuine one but it
consists in ferromagnetic clusters embedded in an
antiferromagnetic matrix [25].
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Fig. 1. Field cooled (open symbols) and zero field cooled
(closed symbols) magnetizations of Pry;CagsMnO; as a
function of temperature. In inset the reciprocal
magnetization taken in 0.1 T is shown.

M (u_/f.u)

0 2 4 6 8 10 12
u H()
Fig. 2. M(H) curves for the sample Prq;Cag sMnO; taken
at5K, 90 Kand 120 K.
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The coexistence of the two phases can be seen from
Fig.2, in M(H) curves at low temperatures where a
methamgnetic transition occurs, suggesting the phase
separation. i.e. the presence of both FM and AFM phases
in the sample. We can estimate the volume fraction which
is ferromagnetic after zero-field cooling (fry) by taking the
ratio of the methamagnetic transition magnetization to the
theoretically expected magnetization (3.67up/fu.) for
complete alignment of all the Mn moments. It can be seen
from Fig. 2 that fry is higher than 65% below 90 K.

Pry;Cag3MnO; is insulator below 4 T on the whole
temperature range [21, 22]. In this compound the average

cation radius is <I’A>=1.305A and the variance

6’ =525-10* A*, presuming that the perovskite A-site is
coordinated by 12 O ions [3, 26].
If we keep the same <rA> and o’, but the B-site

element is Co, the electrical and magnetic properties are
different from those of Prj,Cag;MnOs.

In Fig. 3, the magnetic behavior of Pry;Cay3Co0; is
described. This compound shows, again, different behavior
in ZFC and FC modes. The temperature dependence of the
inverse magnetization M™(T) has a linear dependence at
high temperatures, but it has now a downward deviation at
a temperature Tg ~ 40 K, suggesting the occurrence of a
Griffiths phase [27]. This means that that the short-range
FM phases are formed above T¢. The T is estimated as the
inflection point of the M(T) curve and T¢ ~ 25 K. In the
Griffiths phase, there is no interaction between the short-
range FM clusters, which means that these clusters are
separated and disordered.

Fig. 3. Field cooled and zero field cooled magnetizations

of Prq;Cag3C00; as a function of temperature. In inset

the temperature dependence of reciprocal magnetization
taken in 0.1 T is shown.

A frequency dependent maximum of the real part of
the ac susceptibility ¢’(T) was found at low temperatures,
as can be seen in Fig.4. All these features indicate the

presence of magnetic disorder in the system. This spin
disorder is supposed to be created by the presence of hole-
rich and hole-poor regions due to the spin state transitions
of Co®" and Co*" ions [3].

The magnetic disorder has a strong influence on the
scattering processes, increasing the magnitude of the
resistivity p(T) that has a semiconducting behavior (Fig.7).
A small negative magnetoresistance MR = [p(H)-
p(0))/p(0) of about 2 % (at 7 K) was found in a magnetic
field of 7 T.

While for the sample with M = Mn we found FM
clusters embedded in a AFM matrix, when M = Co no
AFM phase was found in Pry;Cag3C0o0O;3 and we presume
that the spin disorder is generated by the multitude of the
possible spin states of Co ions.
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Fig. 4. Real (y’) and imaginary () components of the

ac susceptibility of Prg;Cag3C0o0; measured in zero

applied static magnetic field. H,, = 10e and f = 1000
Hz. In inset: frequency dependence of »’(T).

If we replace the doping element Ca by Sr, keeping
the same ratio (Pry;Sry;), the average cation radius

increases to(r,)=1.335A and the size variance becomes

6’ =4.725-107 A”. Pry;Sro;MnO; has a ferromagnetic-
paramagnetic transition at about T¢ ~ 250 K accompanied
by an metal-insulator (MI) transition very close to this
temperature [28,29]. A negative magnetoresistance MR of
about 80% (at 250 K) was found for this sample in 8
T[28,29].

In the similar cobaltite compound Pry;Sro3Co0O; we
found ferromagnetic behaviour below 190 K as shown in
Fig. 5 and bifurcation of magnetization M(T) curves taken
in FC and ZFC modes.
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Fig. 5. Field cooled and zero field cooled magnetizations

of Pry7Srg3Co0; as a function of temperature. In inset

the thermal dependence of reciprocal magnetization
taken in 0.1 T is shown.

The temperature dependence of the inverse
magnetization M™(T) has the typical shape that indicates
the presence of a Griffiths phase, i.e a downward deviation
from the Curie-Weiss dependence. Tg is about 220 K and
it has no magnetic field dependence. A frequency
dependent cusp (not shown) of the real part of the ac
susceptibility y’(T) was found in the region of the
transition for this compound. No saturation was seen in
M(H) dependencies up 12 T as shown in Fig. 6.
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Fig. 6. Magnetization vs field measured at various
temperatures for sample Prg;Sr3C003.

These results indicate again the presence of the
magnetic disorder in the system, generated probably by the
randomly distributed Co ions in various spin states. This
phase is characterized by the coexistence of ferromagnetic

entities within the globally paramagnetic phase far above
the magnetic ordering temperature.
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Fig. 7. Temperature dependence of the resistivity for the
samples Prg ;Sry3C003 and Prj;Cag 3C00;5 on cooling in
zero magnetic field. In inset: thermal dependence of

2l .

The temperature dependence of the electrical
resistivity p(T) has metallic behavior with a small feature
(a change of slope) at the transition temperature, as
described in Fig.7. Negligible magnetoresistance was
found in this sample. The upturn in p(T) at low
temperatures was attributed to grain boundary effects that
occur in polycrystalline samples [27]. The effect of the
average cation radius and of the variance on the resistivity
of the two cobaltite samples is shown in Fig.7. The bigger
Sr ion makes the compound more metallic, by means of a
better overlapping of the Co and O orbitals [24].

While in the manganites Prg;A¢3;MnO; the ground
state is either a pure ferromagnetic phase when A = Sr or a
phase separated one like in the case A = Ca, the
corresponding formula cobaltites show a transition in a
non long-range ferromagnetic phase by means of a

Griffiths phase.
The other series of compounds NdgsCags.xSryMnOs
has the average cationic radius between

<rA> =1.305A (identical with that of Pr-Ca samples) for
x =0, and <rA>:l.355A for x = 0.5. The size variance

changes from o” =1.225-10" A’to ¢’ =7.225-10" A?,
respectively.

NdysCagsMnOs is a typical charge-ordered manganite
which shows CO around 240 K and antiferromagnetic
ordering (CE-type) at lower temperatures (~150 K). The
magnetic behavior of this compound is illustrated in
Figs. 8 and 9.
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Fig. 8. Field cooled (FC) and zero field cooled (ZFC)
magnetization as a function of temperature for the sample
Ndg 5CagsMnO; measured in 0.1 T.
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Fig. 9. Magnetization vs field measured at 20 K for
sample NdysCapsMnOs.

Some irreversibility occurs and FC and ZFC curves
deviate from each other. The low temperature increase of
magnetization is attributed to paramagnetic Nd ions and to
the weak Mn-Nd interaction [31].

No trace of ferromagnetic phase was seen in this
compound by high frequyency electron spin resonance
(ESR) [31], in low applied magnetic fields. A high
magnetic field can induce ferromagnetic behavior in the
sample after a methamagnetic transition, as shown in
Fig. 9. The compound remains insulating what ever the

temperature.

The other end series compound NdgsSrgsMnO; is
ferromagnetic below ~ 260 K and it shows CO at lower

temperatures (~150 K) accompanied by
antiferromagnetism (CE-type) [32]. In higher magnetic
field, the ferromagnetic phase extends to lower

temperatures. This behavior is described in Figs. 10 and
11, our data being in agreement with prior reports [32].

Fig. 10. Field cooled (FC) and zero field cooled (ZFC)

magnetization as a function of temperature for the sample

Ndo5SrosMnOz measured in 0.1 T. In inset: magnetization
vs temperature measured in 1 and 2 T.

In this case we found a negligible irreversibility in

ZFC and FC magnetization curves but a hysteresis occurs

in high magnetic field M(H) curves below 150 K as shown
in Fig.11. Here again, the CO state can be “melted” by a
high magnetic field. No ferromagnetic phase was seen
below 150 K in zero applied magnetic field.
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Fig. 11. Magnetization vs field measured at 20 K for
sample Ndy5CagsMnOs.

The magnetic properties of the NdysCaysMnOs
change dramatically when Sr substitutes for Ca in this
compound. As it can be seen in Fig.12 the magnetization
of the system increases when Sr replaces Ca, due to a
ferromagnetic component that occurs in the sample at low

temperatures.
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Fig. 12. Field cooled magnetization as a function of
temperature measured in 0.1 T for the samples with x =0
and x = 0.25 of the system Ndq 5Cag 5.,SryMnOs.

The fraction of the FM component in the AFM matrix
can be estimated from high field M(H) measurements, as
described in Fig. 13 for the sample with x = 0.25. The
volume fraction which is ferromagnetic after zero-field
cooling was estimated in the same way as we did it for the
Pr-based manganites using a theoretically expected
magnetization of 3.5 pp/f.u. for complete alignment of all
the Mn moments.

NdO_SCa Sr

0.25 0.25Mn03 4

n H(T)

Fig. 13 Magnetization vs field measured at various
temperatures for sample Ndg 5Cag 25510 2sMn0Os.

In Fig. 14 we show the dependence of the FM fraction
in the Ndy5Cag5.,SryMnO; system on the Sr content taken
at 5 K and 20 K. The FM component of the samples grows
with Sr content to reach a maximum and then it goes to
zero as X approaches the value x =0.5.

A similar effect was found by D. Zhu et al. in
Ndy5Cags.«BaxMnOs [33]. They found that the FM fraction
first quickly increases with x reaches a maximum value of
26% for x=0.03, and then slowly decreases as more Ba is
introduced. The explanation they gave [33,34], can also be
adapted for the NdsCag5.xSrxMnO; system. In half-doped
manganites, the Jahn-Teller effect leads to the occurrence
of the strongly distorted Mn®"- Og octahedra (where we
have not a perfect overlapping of the Mn and O orbitals)
that alternate with much less distorted Mn*"- O octahedra.
This arrangement is responsible for the AFM and
insulating nature of these CO compounds [1,2]. Replacing
Ca®" ion by the larger Sr** ion (increasing the A-site cation
radius) the distortion of the Mn**- Og octahedra is reduced.
In this way, more symmetric domains will develop around
the Sr** allowing a better overlapping of the Mn and O
orbitals, and this will result in the formation of small FM
domains [31,32]. This is the so-called ‘counter-distortion’
effect [34]. An other interesting aspect is that, the increase
of the A-site cationic size mismatch, i.e. of the variance o,
destroys the FM phase and this will become favorable for
AFM phase growing. As it can be seen in Fig. 14, the FM
fraction fpy; increases until a maximum value, with the Sr
content X, and then it goes to zero as the variance becomes
too high. This suggests a competition between the
‘counter-distortion’ effect and the effect of the size
variance. As shown in Fig. 14, the ferromagnetic fraction
depend not only on Sr content but it is also temperature
dependent, probably due to the temperature induced
changes on the lattice and on the correlated local lattice
distortions [34-36].

4. Conclusions

The low temperature properties of the polycrystalline
perovskite systems Ln; ,A;MO; with Ln = Pr, Nd; A = Ca,
Sr and M = Mn, Co including electrical resistance,
magnetization and ac susceptibility were studied. These
properties were found to be strongly dependent on the the
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average size of the A-site (Ln’" and A™") cations (r,) and

on the cation size variance 6°. The analysis indicate that
the cobaltites Pry;A03Co0; keep some reminiscences of
the electrical and magnetic properties of their
corresponding formula manganites Pr,;A¢3;MnO;, but they
behave differently as a function of the doping ions. While
the preformed clusters above Curie temperature, in these
cobaltites have the characteristics of a Griffith phase, in
Pry7A03MnO; this model is not applicable. The systematic
analysis of NdysCags,Sr,MnO; indicate that Sr
substitution for Ca induces FM regions in an AFM
background. The ratio of the magnetic components of this
phase separation state can be controlled by doping. The
FM fraction increases with x, reaching a maximum, and
then it decreases as the A-site mismatch becomes to high.
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