
FULL PAPER

DOI: 10.1002/ejic.200701173

Structural, Magnetic and Magnetotransport Properties of
La0.7Pb0.3(Mn1–xNix)O3 (0.1 � x � 0.3) CMR Manganites

Alazne Peña,[a] Jon Gutiérrez,*[b] Javier Campo,[c][‡] Jose Manuel Barandiarán,[b]

Luis Lezama,[a] Izaskun Gil de Muro,[a] and Teófilo Rojo[a]

Keywords: Manganites / Crystal structure / Neutron diffraction / Magnetization / Magnetoresistance / Metal–insulator
transition

Structural and magnetic properties of La0.7Pb0.3(Mn1–xNix)O3

(0.1�x�0.3) manganites are reported. Samples were fabri-
cated by the sol–gel low-temperature method. At room tem-
perature, the first structural characterization of all phases
indicated the rhombohedral space group (R3̄c). All composi-
tions show ferromagnetic behaviour and magnetoresistance.
The measured low-temperature magnetic moment and the
Curie temperature continuously decrease, with respect to the
undoped composition, as Mn ions are substituted progress-
ively by Ni. This is interpreted in terms of direct substitution

Introduction

The continuous interest exhibited by the scientific com-
munity in the perovskite-like phases with the general for-
mula Ln3+

1–xM2+
xMnO3 (Ln3+ = La, Pr, Nd, Sm... and

M2+ = Ca, Sr, Ba, Pb...) is mainly due to the magnetotrans-
port properties exhibited[1,2] by this type of compounds.
Our current view of the electronic structure of these materi-
als, upon which the double exchange (DE) mechanism[3]

rests, portrays a strong on-site exchange interaction (Hund’s
rule couple J ≈ 2–3 eV[4]) between the localized t2g spins
and itinerant eg electrons.[5] This mechanism is used to ex-
plain the ferromagnetic behaviour of these phases, while the
simultaneous presence of ferromagnetism and the metallic
state brings about colossal magnetoresistance (CMR) when
the magnetic field is changed.[6] The rhombohedral and or-
thorhombic distortion of the actual crystallographic struc-
ture of classic cubic symmetry is also an essential factor in
understanding the magnetic and transport properties of
these samples.[7] The composition La0.7A0.3MnO3 corre-
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of Mn3+ by low-spin (LS) Ni3+ ions. The measured magne-
toresistance reaches 46% for the 10% Ni-doped composition
and 28% for the 30% Ni-doped one at the corresponding
Curie temperature. The resistivity behaviour of all the
studied compounds is fully determined by the intergrain
conduction mechanism, with grain sizes in the range
20–45 nm.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

sponds to a Mn3+/Mn4+ ratio that maximizes the DE inter-
action and shows ferromagnetism and CMR. Choosing A
as Sr or Pb raises the magnetic order temperatures (TC =
345 K for La0.7Pb0.3MnO3) relative to the prototype com-
position containing Ca (for which TC = 265 K).

Thus, the transport and magnetic properties of these ma-
terials are known to be strongly dependent upon changes
in the strength of the DE interaction. This can also be al-
tered by the substitution of the Mn ions by other transition-
metal ions in the form Ln0.7A0.3Mn1–yTM3+

yO3 (TM: tran-
sition metal), with important modifications in their mag-
netic and transport properties.[8–12] In this sense, the effect
of substituting different trivalent ions from the iron group
(partially filled 3d shells) such as Fe3+ (3d5), Co3+ (3d6) or
Ni3+ (3d7) in the Mn site is still an interesting subject.

We have shown, in previous studies,[8,13] that iron
enters as high-spin t2g

3eg
2 (HS, S = 5/2) Fe3+ into the

La0.7Pb0.3Mn1–xFexO3 family of compositions, because this
is the most stable oxidation state for this cation and its ionic
radius is very similar to that of the Mn3+ ion. Iron couples
antiferromagnetically with Mn ions and weakens progress-
ively the double exchange mechanism and therefore the fer-
romagnetic character (decrease in both Curie temperature
and low-temperature magnetic moment values) of the com-
pounds as the doping level increases. A 20–30% substitu-
tion of Fe leads to magnetic frustration and insulating be-
haviour in these compositions.

When the dopant cation used is cobalt (that is
Mn1–xCox) in percentages up to x = 0.3, our previous stud-
ies indicate that again the entrance of this element causes
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low distortion in the perovskite structure, with a mixture
of low-spin Co3+ and high-spin Co4+.[14] These compounds
show a clear trend towards cluster glass behaviour probably
because Co3+ clusters around Co4+ ions.

The most stable Ni ion configurations are the high-spin
Ni2+, t2g

6eg
2 (HS, S = 1) and the low-spin Ni3+, t2g

6eg
1 (LS,

S = 1/2). This last ion as well as Mn3+ (t2g
3eg

1) are Jahn–
Teller ions with a single eg electron with crystal degeneracy.
Early work by Goodenough et al.[15] reported ternary ox-
ides LaMn1–xNixO3 to be ferromagnets in the range up to
x = 0.5. Blasse suggested this ferromagnetism to be gov-
erned by the positive superexchange interaction between
Ni2+ and Mn4+ ions through oxygen anions.[16] However,
other studies performed on this series provided different
conclusions about the electronic state of Ni and Mn: while
some authors claimed that there was a homovalent substitu-
tion between Ni3+ and Mn3+,[17] others reported the pres-
ence of Ni2+ and Mn4+ ions.[16,18] A quite complete
study performed by Blasco et al.[19] demonstrated that Ni
and Mn are mainly in a mixed-valence state along the
LaNi1–xMnxO3 (x = 0.1 to 0.9) series.

In this work we present the magnetic and structural
properties of the La0.7Pb0.3(Mn1–xNix)O3 manganites when
Mn is substituted progressively by Ni up to 30% doping
levels. Neutron diffraction, magnetic and transport mea-
surements and the electron spin resonance technique have
been used in order to perform this study. We were especially
careful in the analysis of the structural properties of the
studied compositions and tried to explain the observed
magnetic and magnetotransport properties on the basis of
the previously determined structural properties.

Results and Discussion

The crystal structure of this family of compounds has
been analyzed in the trigonal space group (R3̄c) (see Fig-
ure 1), hexagonal setting (Z = 6), by using D1B neutron
powder diffraction data. All structural parameters obtained
from neutron diffraction experiments together with the tol-
erance factor (t) of the perovskite structure, t = (dLa–O)/
�2(dMn–O) (where dLa–O and dMn–O are the correspond-
ing bond lengths) are summarized in Table 3. Our previous
study[13] on the related parent compound La0.7Pb0.3MnO3

gave as the main structural parameters the following: V =
353.01 Å3, t = 0.995, �Mn–O–Mn = 166.8° and �O–Mn–
O = 90.71°. We have observed that for our compounds the
unit-cell volume decreases with increasing Ni content. Nev-
ertheless, the substitution of Mn by Ni produces only a
minor distortion in the MnO6 octahedra, and the O–Mn–
O and Mn–O–Mn angles remain rather constant. The toler-
ance factor does not suffer any appreciable change for the
different compositions. These geometrical characteristics
indicate that the distortion of the La0.7Pb0.3Mn1–xNixO3

perovskite structure is nearly independent of the x value,
this being in good agreement with the comparable size of
the Mn3+ (�rMn� = 0.785 Å) and Ni3+ (LS, with �rNi� =
0.7155 Å) ions.[20]
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Figure 1. Rietveld fit to the neutron diffraction data (recorded
above and below TC) for the compound La0.7Pb0.3Mn0.8Ni0.2O3

showing Bragg reflections for the (R3̄c) phase and (inset) refine-
ment of the main diffraction peak, around 2θ = 69°.

The thermal evolution of the neutron diffraction patterns
for these samples was also recorded. In all cases, two reflec-
tions with magnetic contribution at the same d values are
observed. This feature is indicative of an equivalent mag-
netic structure for the compounds. That is, the magnetic
order does not change its structure when 10, 20 or 30%
Ni is included in these La-based phases. Furthermore, all
magnetic reflections can be indexed with the same cell as
the nuclear one, indicating an equivalent type of ferromag-
netic structure with collinear magnetic moments. The mag-
netic contribution appears at about 280, 240 and 225 K for
the 10, 20 and 30% Ni-doped compositions, respectively.
The best solution for the fits was obtained with a collinear
magnetic structure in which the magnetic moment of the
Mn ion is placed into the (110) crystallographic plane, in
the hexagonal setting (perpendicular to the [111] direction
of the perovskite cubic cell). The obtained values of the
magnetic moment at the lowest temperature of the measure-
ment (1.5 K or 10 K) are 2.62, 2.41 and 2.21 µB for the 10,
20 and 30% Ni-doped compositions, respectively. Figure 2

Figure 2. Temperature dependence of the magnetic moment ob-
tained from neutron diffraction data for the Ni family of com-
pounds.
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shows the temperature dependence of the refined magnetic
moment value for the Ni-containing compositions.

The oxygen stoichiometry of the samples was determined
by thermogravimetric analysis, by heating the oxides up to
900 °C in flowing 5% H2/Ar. The samples were reduced to
MnO and Ni, and the observed weight losses allowed us to
determine a slight oxygen deficiency. In this way, we deter-
mined the studied samples to be of compositions
La0.7Pb0.3Mn0.9Ni0.1O2.95, La0.7Pb0.3Mn0.8Ni0.2O2.95 and
La0.7Pb0.3Mn0.7Ni0.3O2.89. This observed oxygen deficiency
is in good agreement with the quantities obtained from the
redox titration, in all cases.

Two consecutive weight losses for all the samples are ob-
served as temperature increases (see Figure 3). The first loss
occurs at approximately 450 °C, while the second loss hap-
pens at approximately 550 °C, the same temperatures in all
cases. According to this we can affirm that first, the Mn4+

and Ni3+ ions are reduced to Mn3+ and Ni2+, respectively,
and when all components appear in the form Mn3+ and
Ni2+, the second reduction takes place, that is to say, the
Mn3+ and Ni2+ ions are reduced to Mn2+ and Ni, respec-
tively.[21]

Figure 3. Thermogravimetric curve in H2 for the sample containing
20% Ni (curves for all compositions are similar). It shows two steps
indicating the reduction processes TM4+ �TM3+ �TM2+ (TM =
Mn and Ni).

In Figure 4 the zero-field cooling (ZFC) and field cooling
(FC) curves obtained for all the compositions are shown.
We[13] determined the following values for the undoped
La0.7Pb0.3MnO3 composition: low-temperature magnetic
moment �µMn�LT = 3.4 µB, Curie temperature TC = 345 K
and high-temperature effective moment �µMn�HT = 5.9 µB.
From ZFC curves, a continuous decrease in the magnetic
order or Curie temperature from 265 K for the 10% Ni-
doped composition to 205 K for the 30% Ni-doped one is
clearly observed. There is a remarkable similarity between
this low-field magnetization behaviour, indicating that the
magnetization process is basically the same. The degree of
irreversibility of such processes is low, as indicated by the
splitting between ZFC and FC curves. This bifurcation of
both curves occurs at a temperature Tb corresponding to
the blocking temperature of the largest particles in the as-
sembly. That is, Tb defines also a temperature above which
magnetization processes are fully reversible.
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Figure 4. Zero-field cooling (ZFC) and field cooling (FC) curves
measured at 10 mT (upper frame) and deduced χ–1

dc behaviour
from ZFC curves (lower frame).

The hysteresis loops, measured at 10 K and up to 7 Tesla
(see Figure 5), show the usual ferromagnetic behaviour,
quickly reaching magnetic saturation already for applied
fields of 3 Tesla. The measured coercitivity continuously in-
creases as the Ni content in the sample increases, with val-
ues of 5.6, 8.7 and 9.5 kA/m for the 10, 20 and 30% Ni-
containing samples, respectively. The experimental value of
the low-temperature magnetic moment was also determined
by using Arrott plots.[22] Thus, all samples exhibit a con-
tinuous decrease in the saturation magnetization as the per-
centage of doping ion increases. All the measured magnetic
and magnetotransport data are summarized in Tables 1 and
2. The obtained values of the low-temperature magnetic
moment closely correlate with the expected theoretical val-
ues �µ�LT = (1 – x)�µMn�LT + x�µNi�LT, when we have
assumed, as previously, that Ni enters as Ni3+ (LS) contrib-
uting with only 1 µB to the magnetic moment. If we com-
pare values for the low-temperature magnetic moment ap-
pearing in Table 1, we will notice that the magnetic moment
determined by using neutron diffraction measurements is in
all cases lower than that determined by means of macro-
scopic magnetic measurements, where the properties of the
bulk are measured. This kind of discrepancy has already
been observed in other compounds containing 3d elements
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Table 1. Values of the Curie temperature, low-temperature magnetic moment (from magnetic and neutron diffraction measurements),
expected low-temperature magnetic moment value, blocking temperature, effective and expected high-temperature magnetic moment
values and paramagnetic Curie temperature, for the La0.7Pb0.3(Mn1–xNix)O3 (0.1�x �0.3) family of compounds.

Sample TC (K)[a] µ (µB)[a] µex (µB) Tord (K)[b] µ (µB)b Tb (K) µeff (µB)[e] θC (K)[e] µt (µB)[f]

Ni0.1 265 3.11 3.16 280 2.62[c] 260 5.59 283 5.61
Ni0.2 230 2.98 2.92 240 2.41[d] 230 5.21 264 5.29
Ni0.3 205 2.77 2.68 225 2.21[d] 240 4.98 255 4.96

[a] Values obtained from bulk magnetic measurements. [b] Values obtained from neutron diffraction measurements. [c] T = 1.5 K. [d] T
= 10 K. [e] Values from the Curie–Weiss law in the paramagnetic regime. [f] Values calculated as explained in the text.

where the magnetic atom is octahedrally coordinated[23] and
has been explained on the basis of magnetic moment delo-
calization between the 3d element and the ligands. As a
result of this delocalization, the magnetic moment value
measured by unpolarized neutron diffraction, which is only
sensitive to the magnetic moment in the 3d-element site
(and not in its vicinity), is lower than the real one. More-
over, macroscopic measurements by using SQUID magne-
tometry give the total magnetic moment, localized and not
localized.

Figure 5. Hysteresis loops measured at 10 K and up to 7 Tesla.

Table 2. Values of magnetoresistance for H = 6 T at the corre-
sponding Curie temperature, calculated energy gap from Mott’s
law, temperature of the minimum of the resonance linewidth, resis-
tivity at room temperature and activation energy values for the
La0.7Pb0.3(Mn1–xNix)O3 (0.1�x�0.3) family of compounds.

Sample MR (%) ∆E (eV)[a] θmin (K) ρ (Ωcm) ∆E (eV)[b]

Ni0.1 46 0.9 305 0.07 0.24
Ni0.2 32 4.4 265 0.63 0.18
Ni0.3 28 4.8 255 12.7 0.16

[a] Data fitted to the variable range hopping model [Equation (1)],
T� TC range. [b] Data fitted to the Arrhenius law [Equation (4)],
in the paramagnetic regime.

We can check the validity of our guess that Ni enters the
samples as Ni3+ (LS with 1 µB) by analyzing the χ–1

dc = H/
MZFC vs. T behaviour measured in the paramagnetic phase
for the different samples. A Curie–Weiss law is clearly fol-
lowed above TC and in the temperature range over which
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the data were taken (see Figure 4). The effective moments,
µeff, obtained from the Curie constants are shown in Table 1
together with the obtained paramagnetic Curie tempera-
tures, θC. We have also calculated the expected value, µt,
of that effective moment as µt = [(1 – x)�µ�µMn�2

HT +
x�µNi�

2
HT]1/2. The good agreement between measured

and calculated effective magnetic moment values in the
paramagnetic regime confirms our supposition about the
electronic state of the Ni ion.

The values of the resistivity measured at room tempera-
ture are 0.07, 0.63 and 12.7 Ωcm for the 10, 20 and 30%
Ni-containing samples, respectively. As expected, the con-
ductivity of the samples decreases as the amount of Ni that
enters in the composition of the samples increases.

From the measured resistivity values as a function of
temperature and applied magnetic field, we can calculate
the magnetoresistance as MR (%) = [1 – R(6 T)/
R(0 T)]�100. The magnitude of this magnetoresistance (see
Figure 6) is about 28% for the 30% Ni-containing sample
and reaches 46% for the 10% Ni containing one, at the
corresponding Curie temperature of each compound. As
the doping level of Ni increases, a progressive decrease in
the magnetoresistance (%) value (at the magnetic order tem-
perature of each compound) has been observed (see
Table 1).

It is already well established that the zero-field resistivity
data obtained for T � TC obey the Mott variable range
hopping (VRH) mechanism[24] when the carriers are local-
ized near the Fermi energy, as it is in the case of hole-doped
manganites. Previous studies[25,26] have determined that the
exponent n = 1/2 is the most adequate one for this law.
Indeed our zero-field resistance data obey Equation (1).

(1)

Efros and Shklovskii[27] explained that such resistance
behaviour is directly related to a form of hopping favoured
by the Coulomb repulsion between carriers. Its most impor-
tant consequence is the existence of an energy or Coulomb
gap that basically reflects the differences between the mini-
mum energies of adding an electron and subtracting one
from the system, without disturbing the other charges.
From the obtained T0 values, we have estimated the values
for these energy gaps to be in the range 1–5 eV (see Table 2).
In particular, the sample containing a 20% doping element
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Figure 6. Temperature dependence of the electrical resistivity for
all compounds (measured at 0 and 6 T applied magnetic field) as
the doping level of Ni increases. The arrows indicate the corre-
sponding Curie temperatures, of each sample. The insets show the
magnetoresistance value (for x = 0.1) and the fit to the VRH law
(for x = 0.2 and 0.3).

exhibits a gap value that is higher than the one obtained
for Ln0.7A0.3MnO3 type perovskites synthesized by using
the ceramic method.[28,29] Other authors have already iden-
tified such resistivity behaviour, especially at low tempera-
tures, as arising in samples of compounds with low grain
size, (around 20–30 nm).[30] This can be also our case, since
perovskites prepared by the sol–gel method present as one
of their characteristics the fine grain obtained, typically be-
low 1 µm.[31] It is already well established that tunnelling of
electric charge into small nanoparticles increases the Cou-
lomb energy by the charging effect, which strongly enhances
the tunnel resistance. The grain sizes of our compounds can
also be estimated by using the measured values of the
blocking temperature. This can be written as Tb = KV/
(25kB), where K is the anisotropy constant, V is the grain
volume [V = (3π/4)(d/2)3, d being the diameter of the grains,
assumed to be spherical for simplicity]. From ferromagnetic
resonance experiments in a similar La0.67Ba0.33MnO3 ox-
ide,[32] we used K values in the range 2–4�10–2J/cm3. Thus,
from the value of Tb = 260 K (10% Ni, the highest one),
we inferred grain sizes of 20–25 nm for the compositions,
in good agreement with the grain sizes obtained from our
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structural study. However, the presence of those nanosized
grains in our samples is strongly supported also by the low-
temperature behaviour of the resistivity of these com-
pounds.

The 10% Ni-doped sample shows in its resistivity behav-
iour typical features of grain boundary effects, that is, a
maximum of ρ(T) at a temperature well below TC which is
not shifted to higher temperatures by applying an external
magnetic field, and in particular a minimum of ρ(T) at quite
low temperatures, which gradually vanishes under external
applied H (see Figure 7). The latter effect is due to spin-
dependent tunnelling of carriers between grains. A simpli-
fied model to describe this situation gives Equation (2) for
the resistivity.

(2)

where ρu = r0 + r1·T3/2 (r0 and r1 being parameters indepen-
dent of H), θij is the angle between the magnetization direc-
tions of the grains, i and j, �cosθij� = –L(J/kBT) when H
= 0, L(x) = coth(x)–1/x is the Langevin function, and ε =
P2 indicates the degree of spin polarization of the carriers
in each grain. A detailed description of this model can be
found in ref.[33]

Figure 7 shows the low-temperature resistivity data for
10% Ni-doped compound. Data obtained under applied
fields of 0 and 6 Tesla and the best fit obtained for the for-
mer are shown. This gives ε = 0.479, r0 = 0.0475 Ωcm, r1 =
0.325�10–4 Ωcm/K3/2 and J/kB = 185 K, which are of the
same order as those given in ref.[33]

Figure 7. Low-temperature resistivity vs. temperature curves for the
10% Ni-doped sample. The solid line represents the obtained fit
(see the text) of the data measured in the absence of an external
applied magnetic field.

The 20% Ni-doped sample shows also the same charac-
teristics, but at low temperatures and because of the small
size of the grains, it is increasingly difficult to activate this
intergrain mechanism. In this situation, transport is effec-
tively blocked, giving as result a much higher upturn in the
low-temperature resistivity. This is the so-called Coulomb
blockade.[34]
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Along this line of reasoning, our experimental data be-

low 100 K fit well into the expression for granular metals
[Equation (3)].[35]

(3)

where ∆ is proportional to the activation or charging en-
ergy, EC, of a single grain. From our fits we have obtained
the value ∆ = 5.6 K and a gap energy 2.7 meV for the 20%
Ni-doped composition; these two values agree with results
from other authors[30,36] obtained for related compounds.
We also have to mention that the fit to the T–1/2 law is better
than the T–1 dependence postulated for the pure Coulomb
blockade effect.

ESR and FMR spectra of the samples have been re-
corded above and below TC. In all cases, only an averaged
curve of the Mn/Ni spectra is detected. The measured room
temperature spectra for all samples turn out to be quite
narrow, a fact that indicates that the Ni ion present in the
compositions is, actually, a Ni3+ ion. As expected, the
Lorentzian-like narrow resonance signals obtained above
the Curie temperature transform to asymmetric Dyson-like
ones as the temperature decreases. When increasing the Ni
content in these compounds, the FMR spectra for T � TC

show single resonance but with large linewidths (see Fig-
ure 8). This is indicative of homogeneous distributions of
magnetic grains (or spin clusters) of all sizes.

Figure 8. ESR spectra of the compound La0.7Pb0.3Mn0.8Ni0.2O3 re-
corded at different temperatures.

As a function of T, the ESR linewidth (∆Hpp) showed in
all cases a behaviour similar to that described in previous
studies:[37] ∆Hpp (T) decreases with decreasing temperature
down to TC. Analysis of the temperature dependence of the
linewidth shows minima, θmin, (at 305 K, 265 K and 255 K
for x = 0.1, 0.2 and 0.3, respectively) that correlate directly
with the obtained paramagnetic Curie temperatures (from
the Curie–Weiss law), θC, for these compounds. Those tem-
peratures are in all cases above the magnetic order ones (see
Table 2). The value of θmin, the measured linewidth at this
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temperature and especially the rate of increase below it have
been reported to be extremely sample-dependent.[38] It has
been subsequently suggested that this behaviour may be as-
sociated with some magnetic nonhomogeneity of the sam-
ples arising from local variations of chemical composition
(arising in our case from the substitution of Mn by Ni ions)
or the oxygen stoichiometry.[39]

For these Ni-doped compounds, the low value of the re-
laxation time spin lattice when increasing the temperature
compensates the effect of the diminution of the interactions
and gives rise to linewidths, at room temperature, that are
practically equal for all compounds; there is only a slight
increase from 183 to 218 G as the Ni content in the sample
increases from 10 to 30%, respectively.

The value of the magnetic field for which the absorption
is maximum displays a slight variation with the temperature
above the corresponding paramagnetic Curie temperatures.
The effective g factor for all the compositions is approxi-
mately 2.0 (at T � TC). In all cases, below that transition
temperature, an abrupt increase in the effective resonant
field, Hr, is observed (see Figure 9). For those temperatures,
the curve is asymmetric (Dyson-like) and it can not be re-
lated to the g value.

Figure 9. The linewidth and the magnetic field at which the absorp-
tion is maximum for the sample containing 10% Ni.

We have also checked the double integral of the reso-
nance signal above magnetic order temperatures (in the
paramagnetic regime) and found that it follows Arrhenius
behaviour [Equation (4)].

(4)

where I is the intensity extracted from the resonance line,
I0 is a fitting parameter and ∆E is the thermal activation
energy for the dissociation of spin clusters.

This law allowed us to determine activation energy values
of several meV for all the samples; their magnitudes de-
crease as Ni content increases (from 0.24 eV for x = 0.1 to
0.16 eV for x = 0.3). This ∆E value gives an idea about the
strength of the correlation between spins or spin systems
(clusters, if they are present) in the compound.

Regarding this Arrhenius behaviour we can correlate the
activation energy trend (or loss of magnetic correlation)
with the intrinsic resistivity measured in these compounds,
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through the double exchange interaction mechanism. As
pointed out by Oseroff et al., such correlation is widely
found in practice, while no explanation for it is given in
ref.[37] We can explain, at least qualitatively, these facts by
assuming that the lowering of the activation energy runs
parallel to a greater number of spin inversions in the ferro-
magnetic chain and therefore gives rise to a hindering of
the electron transport along these structures. This happens
because the same double-exchange-mediating electrons are
the carriers of the electric current, as demonstrated by the
simultaneous appearance of ferromagnetism and metallic
character in these magnetoresistive perovskite-like com-
pounds. So, as expected, we found that the lower the ob-
tained dissociation energy, the smaller will be the electrical
conductivity or higher the corresponding resistivity value
(see Table 2).

From all previous experimental evidence, we propose a
scenario in which the Ni cations enter as Ni3+ (LS) in a
quite uniform way into the structure of the La0.7Pb0.3MnO3

perovskite-like compounds when substituting Mn by Ni in
percentages up to 30%. The samples behave as homogen-
eous granular materials, with crystallographic grain sizes
about 20–45 nm. Magnetic and transport properties are de-
termined by a weaker double exchange mechanism as the
Ni content increases in the composition of the samples. All
interactions appear to be ferromagnetic, of the Mn3+–O2––
Mn4+, Mn3+–O2––Ni3+ or Ni3+–O2––Ni3+ type, in clear
contrast with the cases of doping with Fe [antiferromag-
netic coupling of Fe3+(HS) to Mn, and spin-glass behaviour
already for x = 0.2 (13)] or Co [with coexistence of
Co3+(LS) and Co4+(HS), with clustering of Co3+ around
Co4+ ions for x = 0.3[14]].

Conclusions
In the light of our experimental work, we can conclude

that Ni enters into the La0.7Pb0.3Mn1–xNixO3 family of per-
ovskites as Ni3+ ions. Doping levels up to 30% only gener-
ate low distortion in the structure of these compounds. The
measured low-temperature saturation magnetic moments
are mainly due to the different magnetic moments of this
ion, Ni3+(LS) ferromagnetically coupled to Mn ions. A pro-
gressive increase in the doping level of Ni weakens the DE
strength, giving rise to a subsequent decrease in both the
measured low-temperature magnetic moment and Curie
temperature values.

As a result of the sol–gel fabrication process used, we
have obtained very homogeneous and small-size grains
(about 20–45 nm) for all samples. This causes the products
obtained to behave as homogeneous granular compounds.
The measured resistivity behaviour at low temperatures is
fully determined by the intergrain carrier tunnelling mecha-
nism (which is especially evident for the 10% Ni-containing
composition) that evolves to strong Coulomb blockade for
the 20% Ni-doped sample.

All compounds show magnetoresistance with magni-
tudes, at the Curie temperatures, of 28 and 46% for the 30
and 10% Ni-doped samples, respectively.
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Experimental Section
Mixed oxides of nominal composition La0.7Pb0.3(Mn1–xNix)O3

(0�x�0.3) were prepared by the sol–gel method with the required
quantities of analytical grade of La2O3, Pb(NO3)2, Ni(NO3)2·2H2O
and Mn(C2H3O2)2·4H2O as the starting materials. Citric acid and
ethylene glycol were used as gelling agents for the metallic ions in
a nitrate solution. After drying in a sand bath for 24 h, the gel
obtained was subjected to successive heat treatments at tempera-
tures of 773, 973, and 1073 K, each for 10 h. In order to measure
the electrical resistivities of the samples, the powder thus obtained
was pelletized with a pressure of 7.2 MPa prior to final sintering
at 1173 K for 10 h in flowing oxygen.

The first crystallographic characterization of the phases was per-
formed by X-ray powder diffraction analysis by using a Philips X-
Pert diffractometer working with Cu-Kα1 and Cu-Kα2 radiation,
Soller slits of 0.04 rad and receiver and divergence slits of 1°
(Table 3). Powder diffraction patterns were Rietveld-fitted by using
the FULLPROF program.[40] The shape of the Bragg peaks was
described by a pseudo-Voigt function. The background was mod-
elled by using a linear interpolation function. From our structural
fits and by using the Scherrer formula,[41] we have estimated a crys-
tallographic grain size between 35–45 nm.

Table 3. Atomic parameters for the La0.7Pb0.3(Mn1–xNix)O3

(0.1�x�0.3) family of compounds after the Rietveld refinements
of the D1B neutron powder diffraction data. La and Pb atoms are
at 6a-positions (0, 0, 1/4); Mn and Ni atoms are at 6b- (0, 0, 0)
and O atoms are at 18e-positions (x, 0, 1/4). Z = 6 in all cases.

Sample Ni 0.1 Ni 0.2 Ni 0.3

T (K) 296 244 230
Space group R3̄c R3̄c R3̄c
a (Å) 5.492(1) 5.4906(9) 5.4882(9)
c (Å) 13.331(3) 13.3168(9) 13.2991(9)
V (Å3) 348.2(1) 347.7(9) 346.9(9)
t 0.995 0.994 0.995
La B (Å2)/Focc 0.9(4)/0.123 0.2(3)/0.117 0.2(3)/0.097
Pb B (Å2)/Focc 0.9(4)/0.057 0.2(3)/0.050 0.2(3)/0.054
Mn B (Å2)/Focc 0.9(4)/0.167 0.2(3)/0.104 0.2(3)/0.052
Ni B (Å2)/Focc 0.9(4)/0.018 0.2(3)/0.022 0.2(3)/0.027
O x 0.4574(1) 0.4551(1) 0.4583(1)
O B (Å2)/Focc 1.6(4)/0.532 1.4(4)/0.500 1.4(4)/0.463
Mn/Ni–O (Å) 1.95�6 1.95�6 1.95�6
La/Pb–O (Å) 2.52�3 2.50�3 2.51�3

2.74�6 2.74�6 2.73�6
2.97�3 2.99�3 2.97�3

�La/Pb–O� (Å) 2.74 2.74 2.74
Mn/Ni–O–Mn/Ni (°) 166.8 165.5 166.5
O–Mn/Ni–O (°) 90.7 90.8 90.8
Rp (%) 3.15 3.77 3.54
Rwp (%) 4.33 5.13 4.90
Bragg R-factor 2.63 5.22 5.39
χ2 1.79 3.48 3.16

Magnetic and resistance measurements were conducted in a Quan-
tum Design MPMS-7 SQUID magnetometer. The zero-field cool-
ing (ZFC) and field cooling (FC) curves were obtained under an
applied field of 10 mT. The order temperature, TC, was determined
from the ZFC curves as the temperature where the minimum of
the dM/dT derivative occurs. Hysteresis loops at 10 K and up to
7 Tesla were also obtained. The resistance and magnetoresistance
vs. temperature measurements were taken by using a conventional
dc four-wire system, with the magnetic field applied parallel to the
current.
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A Bruker ESP300 spectrometer operating at the X-band and
equipped with standard Oxford low-temperature devices was used
to record the ESR and FMR powder spectra of the samples be-
tween 4.2 and 300 K. The magnetic field was calibrated by an
NMR probe, and the frequency inside the cavity was determined
with a Hewlett–Packard 5352B microwave frequency counter.

Neutron diffraction measurements were performed at the high-flux
reactor at the Institut Laue-Langevin, Grenoble, France. In order
to trace the temperature dependence of the structural and magnetic
properties, measurements were carried out on D1B. We used a
wavelength of 2.519 Å to study the range 2θ = 20°–100° at tempera-
tures ranging from 10 to 300 K. The Rietveld analysis of the dif-
fraction data was performed by using the FULLPROF program.
The line shape of the diffraction peaks was generated by a pseudo-
Voigt function and the background interpolated between some
fixed background points of the diagrams. In the final run, the fol-
lowing parameters were refined: unit-cell parameters, zero-point,
half-width, pseudo-Voigt, and asymmetric parameters, scale factor,
atomic coordinates, and thermal isotropic factors. The occupancy
factors were also allowed to vary in the last steps of the refine-
ments. Due to the high correlation between the thermal and occu-
pancy factors, in some cases the refinements did not reach the con-
vergence. In those cases, the occupancy factors were fixed to the
theoretical ones.
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