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Structural and magnetic properties of La0.7Pb0.3(Mn1 – xCox)-
O3 (0.1 � x � 0.3) manganites are reported. Samples were
fabricated by the sol-gel low temperature method. At room
temperature, the first structural characterisation of all phases
gave as a result the rhombohedral space group (R3̄c). All
compositions show ferromagnetic behaviour and magnetore-
sistance. The measured low-temperature magnetic moment
and the Curie temperature continuously decrease with re-
spect to the undoped composition, as Mn ions are substituted

Introduction
Perovskite-like phases with the general formula Ln3+

1 – x-
A2+

xMnO3 (Ln3+ = La, Pr, Nd, Sm… and A2+ = Ca, Sr,
Ba, Pb…) have attracted the attention of the scientific com-
munity because of the magnetotransport properties exhib-
ited.[1,2] The double exchange mechanism[3] is used to ex-
plain the ferromagnetic behaviour of these phases, while the
simultaneous presence of ferromagnetism and a metallic
state brings about colossal magnetoresistance (CMR) when
the magnetic field is changed.[4] These generic magnetic and
transport properties in this type of doped manganites
mainly arise from a strong on-site exchange interaction
(Hund’s-rule couple J � 2–3 eV[5]) between the localised t2g

spins and itinerant eg electrons.[6] The rhombohedral and
orthorhombic distortion of the actual crystallographic
structure of the classic cubic symmetry is also an essential
factor to understand the magnetic and transport properties
of these samples.[7]

The substitution of the Mn ions by other transition-
metal ions in perovskites of composition Ln0.7A0.3Mn1 – y-
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progressively by Co. This is interpreted in terms of substitu-
tion of Mn3+ by Co3+ and the appearance of a small amount
of Co4+. The measured magnetoresistance reaches 40% for
the 10% Co-doped one at the corresponding Curie tempera-
ture. The resistivity behaviour of all the studied compounds
is determined by the intra- and intergrain conduction mecha-
nisms, with grain sizes in the range of 10–25 nm.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

TM3+
yO3 (TM = transition metal) gives rise to changes in

the Mn3+:Mn4+ ratio, with important modifications in their
magnetic and transport properties.[8–12] The y = 0 sample
shows ferromagnetism and CMR. In this sense, the effect
of different trivalent ions from the iron group (partially
filled 3d shells) as Fe3+ (3d5), Co3+ (3d6) or Ni3+ (3d7) sub-
stitution in the Mn site is still an interesting subject.

We have shown, in previous works,[9,13] that iron enters
as high-spin t2g

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

La0.7Pb0.3Mn1 – xFexO3 family of compositions because it
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
progressively the double exchange mechanism and so the
ferromagnetic character (decrease of both Curie tempera-
ture and low-temperature magnetic moment value) of the
compounds as the doping level increases. A 20–30% substi-
tution of Fe leads to magnetic frustration and insulating
behaviour in these compositions.[13]

The electronic and magnetic properties of the LaCoO3

perovskite is still a matter of research in the scientific com-
munity. Goodenough determined that the spin state of the
Co3+ ions presents a t2g

6 eg
0 diamagnetic low-spin configu-

ration at low temperatures (LS, S = 0), which changes as
temperature increases to a t2g

4 eg
2 high-spin (HS, S = 2)

state. The possibility of having Co3+ in different spin states
as a function of temperature arises from the close values of
the intra-atomic exchange energy (JH) and the crystal field
splitting (10Dq) at the Co sites. The low-temperature spin
state of the CoIII ion is due to the large crystal field, which
stabilises its low-spin configuration and is energetically
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more favourable. Increasing temperature, a thermally acti-
vated spin transition from the low-temperature LS state to
a paramagnetic HS state occurs; in the range 100–350 K
both populations are stabilised in a dynamical equilib-
rium.[14,15] More recently different authors[16,17] have evi-
denced the existence of a transition that develops from the
low-temperature Co3+ (LS, t2g

6 eg
0) to an intermediate spin

(occupation t2g
5 eg

1) state, as temperature increases, with
energy differences about 10–12 meV between the ground
and the first excited state. Also, in Co containing perov-
skite-like compounds and in particular in cobaltites, the coex-
istence of those ions with high-spin tetravalent Co4+ (t2g

3

eg
2) has also been proposed.
In order to study such a transition and the effect of these

different tri- or tetravalent Co cations, we present the results
concerning the magnetic and structural properties of the
La0.7Pb0.3(Mn1 – xCox)O3 manganites when Mn is substi-
tuted progressively by Co up to 30% doping levels. Similar
research work was performed in a family of manganites
having Ca instead of Pb occupying the A site.[15] Briefly, it
was found that even for small doping levels of Co (as low
as x = 0.05) the ferromagnetic order of the pure manganite
is severely modified. The magnetic-order temperature de-
creases quickly in the Mn–Co mixed compounds, with al-
most a constant value of 165–170 K for doping levels rang-
ing from x = 0.1 to 0.3. But Ca2+ and also Sr2+ are cations
with ionic character and when cations with a more covalent
character, such as Pb2+[13] and Bi3+,[18] are used, the ob-
served magnetic behaviour indicates a soft and progressive
decrease of the magnetic-order temperatures in each family
of compounds.

Neutron diffraction, magnetic and transport measure-
ments have been used in order to perform this study. We
have been especially careful in the analysis of the chemical
and structural properties of the studied compositions, and
tried to explain the observed magnetic and magnetotrans-

Figure 2. Rietveld fit to the neutron diffraction data (recorded at 10 K) for the La0.7Pb0.3Mn0.7Co0.3O3 compound showing Bragg reflec-
tions for the R3̄c phase, difference curve and (inset) refinement of the main diffraction peak, around 2θ = 69°.
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port properties on the basis of those previously determined
characteristics.

Results and Discussion

The morphology of the La0.7Pb0.3Mn0.9Co0.1O3 com-
pound is shown as representative in the SEM photograph
(taken with 8500 times magnification) of Figure 1. The mi-
crostructure reveals uniform and fine grain growth, less
than 1 µm size, as expected from the sol-gel fabrication pro-
cess used to synthesise the samples. The observed agglomer-
ation of such fine grains is also a direct consequence of the
fabrication process used.

Figure 1. SEM photograph of the La0.7Pb0.3Mn0.9Co0.1O3 com-
pound.

The crystal structure of this family of compounds has
been analysed in the trigonal space group (R3̄c) (see Fig-
ure 2), hexagonal setting (Z = 6), using the D1B neutron
powder diffraction data.

The Co cation undergoes a spin-state transition, in the
range 125–230 K, that is directly correlated with the ionic
radius of the cations and is reflected in the thermal evol-
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ution of the Mn/Co–O bond length obtained from the neu-
tron diffraction patterns (see Figure 3). We attribute this
transition to be from nonmagnetic (LS) to magnetic inter-
mediate state (IS) of the Co cations, with the appearance of
orbital ordering of occupied eg orbitals, as has been pre-
viously observed by other authors in the related compound
LaCoO3.[16,17] A very recent work[19] on this subject has
proved that Co–O hybridisation has to be taken into ac-
count, giving rise to a “covalent” IS, Co(t2g

5 eg
1.5)–O(2p5.5).

However, in our case the Co quantity is small enough to
give a precise picture of this transition.

Figure 3. Thermal evolution of the bond length Mn/Co–O for these
compounds.

The oxygen stoichiometry of the samples was determined
by thermogravimetric analysis, the oxides being heated
up to 900 °C in flowing 5% H2/Ar. The samples were
reduced to MnO and CoO and the observed weight losses
allowed us to determine the oxygen contents of
La0.7Pb0.3Mn0.9Co0.1O3.10, La0.7Pb0.3Mn0.8Co0.2O3.17 and
La0.7Pb0.3Mn0.7Co0.3O3.20 for the synthesised samples. The
obtained excess of oxygen for all the samples is in good
agreement with the quantities obtained from the redox ti-
tration, the oxygen excess being a direct consequence of the
fabrication process used.

Two losses of consecutive weight based on the tempera-
ture for all the samples are observed (see Figure 4). The first
loss occurs at a temperature of 437 °C. This temperature
increases as the Co doping level in the sample increases,
while the second loss happens at approximately the same
temperature in all cases.

According to this we can affirm that first the Mn4+ and
Co4+ ions (this one only for the 20% and 30% Co-contain-
ing compositions) are reduced to Mn3+ and Co3+ respec-
tively and when all components appear in the form Mn3+

and Co3+ (constant amount in all the samples) the second
reduction takes place, that is to say, the Mn3+ and Co3+

ions are reduced to Mn2+ and Co2+ respectively.
The obtained ZFC–FC curves, for all the compositions,

are shown in Figure 5. From ZFC curves, a continuous de-
crease of the magnetic-order or Curie temperature from
240 K for the 10% Co-doped composition to 180 K for the
30% Co-doped one is clearly observed. This decrease in
those magnetic-ordering temperatures can be directly attrib-
uted to the progressive suppression of the double exchange
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Figure 4. Thermogravimetric curves in H2. It shows two steps of
reduction indicating a reduction process of TM4+ � TM3+ �
TM2+ (TM = Mn and Co).

interaction present in the Mn host as Co content increases
in the composition of the samples.

There is a remarkable similarity between this low-field
magnetisation behaviour, indicating that the magnetisation
process is basically the same. The degree of irreversibility
of such processes is high, as indicated by the splitting be-
tween 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 assembly. That is,
Tb defines also a temperature above which magnetisation
processes are fully reversible. It is worth mentioning that
the drop of the ZFC magnetisation below TC for each com-
position can be interpreted as a feature of cluster glass be-
haviour. On the other hand, a clear weakening of the ferro-
magnetic character of these compounds on Co substitution
is observed, reflecting a decrease of the measured Curie
temperature value as Co content increases in the composi-
tion of the samples.

The hysteresis loops, measured at 10 K and up to 7 T (see
Figure 6), show the usual ferromagnetic behaviour, quickly
reaching magnetic saturation, and the measured values of
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Figure 5. Zero-field cooling (ZFC) and field cooling (FC) curves measured at 10 mT.

the coercive field are 95.5, 114 and 243 kA/m for the 10, 20
and 30% Co-doped compositions, respectively. This high
magnitude of the coercive field measured at low tempera-
ture can be understood as arising from the strong aniso-
tropic nature of the Co ion.[20] The experimental value of
the low-temperature magnetic moment was also determined
by using Arrott plots.[21] All measured magnetic data are
summarised in Table 1. Previous work from the authors[13]

determined the following values for the undoped
La0.7Pb0.3MnO3 composition: low temperature �µMn�LT =
3.4 µB, TC = 345 K, high-temperature effective moment
�µMn�HT = 5.9 µB. For the x = 0.1 composition the mea-
sured low-temperature magnetic moment supports our pre-
vious supposition that Co enters in the composition only
as Co3+ (LS) (diamagnetic at low temperatures). However,
this is not the case for the x = 0.2 and 0.3 samples. The
measured moment values do not agree with the supposition

Figure 6. Hysteresis loops measured at 10 K and up to 7 T.
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that all Co is Co3+. To account for those measured values
(and in particular for the x = 0.2 composition, in which a
higher degree of ferromagnetic coupling is observed) we
need to assume that also Co4+ (HS, S = 5/2) is present in
those compositions. In fact, a simple calculation gave us a
good fit for the measured low-temperature magnetic mo-
ment values taking into account small percentages of about
9% high-spin Co4+ for the 20% and 5% for the 30% Co-
containing compositions. The existence of Co4+ has been
observed in other manganite phases.[22] Thus, the low-tem-
perature magnetic properties of these compounds can be
understood on the basis of a competition between positive
Co3+–O–Co4+ and negative Co3+–O–Co3+ and Co3+–O–
Mn4+ interactions, in which it concerns Co ions. Further-
more, a scenario in which Co3+ ions cluster around Co4+

ions is plausible and justifies the observed zero-field cooled
magnetisation behaviour.
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Table 1. Values of the low-temperature magnetic moment and Curie temperature for the La0.7Pb0.3(Mn1 – xCox)O3 (0.1 � x � 0.3) family
of compounds.

Sample µ [µB][a] µ [µB][b] TC [K][b] µ [µB][c] Torder [K][c] µeff [µB][f] θc [K][f] µt [µB][g]

Co0.1 3.06 3.05 240 3.04[d] 275 5.31 265 5.6
Co0.2 2.72 3.17 210 2.72[e] 230 5.27 244 5.5
Co0.3 2.38 2.63 180 2.11[e] 190 5.22 230 5.2

[a] Expected values if only Co3+ enters in the compositions. [b] Values obtained from magnetic measurements. [c] Values obtained from
neutron diffraction. [d] T = 1.5 K. [e] T = 10 K. [f] Values from Curie–Weiss law in the paramagnetic regime. [g] Values calculated as
explained in the text.

We can check the validity of this guess by analysing the
high-temperature magnetisation behaviour. In Figure 7 we
show the χ–1

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

HT

+ x�µCo�2]1/2, taking into account the previous percent-
ages of Co4+ (HS) and that only Co3+ (covalent IS,
2.5 µB

[19]) is present for each composition (see Table 1). As
expected, all calculated values are slightly higher than the
experimental ones, except for the x = 0.3 compound, which
shows an excellent agreement between both experimentally

Figure 7. Curie–Weiss plot of the dc susceptibility.

Figure 8. Thermal evolution of the neutron diffraction patterns for the La0.7Pb0.3Mn0.8Co0.2O3 compound.
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determined and calculated values. This sample has the low-
est paramagnetic Curie temperature and as a first conse-
quence a better accuracy in the experimental determination
of µeff than the other two compounds because the tempera-
ture range used for the fitting extends to temperatures far
above TC.

The proposed magnetic behaviour for this family of Co-
doped manganites is also supported by our neutron diffrac-
tion experiments. The thermal evolution of the neutron dif-
fraction patterns for these samples was also recorded (see
Figure 8). In all cases, two reflections with magnetic contri-
bution at the same d values are observed. This feature is
indicative of an equivalent magnetic structure for the com-
pounds. That is, the magnetic order does not change its
structure when including 10, 20 or 30% of Co 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 ferromagnetic structure with collinear
magnetic moments. The magnetic contribution appears at
about 275, 230 and 190 K for the 10, 20 and 30% Co-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 (101)
crystallographic plane, in the hexagonal setting (parallel to
the [111] direction of the perovskite cubic cell) (see Fig-
ure 9). The obtained values of the magnetic moment at the
lowest temperature of the measurement (1.5 or 10 K) are
2.74, 2.72 and 2.11 µB for the 10, 20 and 30% Co-doped
compositions, respectively. Figure 10 shows the temperature
dependence of the refined magnetic moment value for the
studied Co-containing compositions.
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Figure 9. Magnetic structure obtained from neutron diffraction
analysis for the La0.7Pb0.3Mn0.8Co0.2O3 compound.

Finally, the room-temperature measured values of the
resistivity are 0.098, 0.617 and 0.981 Ω·cm for the 10, 20
and 30% Co-containing samples, respectively. That is, con-
ductivity of the samples decreases as the amount of cobalt
that enters into 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 at 6 T as MR (%) = [1 – R(6 T)/
R(0 T)]×100. The magnitude of this magnetoresistance (see
Figure 11) is about 25% for the 30% Co-containing sample
and reaches 40% for the 10% Co-containing one (with a
local maximum arising from an intragrain magnetoresis-
tance mechanism) at the corresponding Curie temperature
of each compound. As the doping level of the cobalt in-
creases, a progressive decrease of the MR value is observed
(see Table 2).

Figure 10. Temperature dependence of the magnetic moment obtained from neutron diffraction data for the Co family of compounds.
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Figure 11. Temperature dependence of the electrical resistivity for
all compounds, as the doping level of Co increases. The insets
show: (a, b) the corresponding magnetoresistance vs. temperature
behaviour and (c) the fit to the VRH mechanism for T � TC.
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It is already well established that the zero-field resistivity

data obtained for T � TC obey the Mott variable range
hoping (VRH) mechanism[23] when the carriers are localised
near the Fermi energy, as it is in the case of hole-doped
manganites. Previous works[24,25] have determined also 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[26] 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, which basically reflects the differences between the
minimum energies of adding an electron and subtracting
one from the system, without disturbing the other charges.
From the obtained T0 values, we have estimated values for
these energy gaps ranging between 1 and 5 eV (see Table 2).
In particular, the sample containing 20% of doping element
exhibits a gap value higher than that obtained when
Ln0.7A0.3MnO3-type perovskites are synthesised by using
the ceramic method.[27,28] Other authors have already iden-
tified such resistivity behaviour, specially at low tempera-
tures, as arising in samples with low grain size (around 20–
30 nm).[29] As previously discussed, our perovskites pre-
pared by the sol-gel method present as one of their charac-
teristics the fine grain obtained,[30] typically below 1 µm (see
Figure 1). It is already well established that tunnelling of
electric charge into small nanoparticles increases the Cou-
lomb energy by the charging effect, strongly enhancing the
tunnel resistance. The grain sizes of our compounds can
be roughly estimated by using the measured values of the
blocking temperature in ZFC–FC curves. This can be writ-
ten as Tb = KV/(25kB), where K is the anisotropy constant
and V is the grain volume [V = (3π/4)(d/2)3, d being the
diameter of the grains, assumed to be spherical for sim-
plicity]. From ferromagnetic resonance experiments in a
similar La0.67Ba0.33MnO3 oxide,[31] we used K values in the
range 2–4×104 J/m3. Thus, from the values of Tb = 215 K
(30% Co, the lowest one) and 255 K (10% Co, the highest
one) we infer grain sizes of 10–25 nm for both composi-
tions, in good agreement with the grain sizes obtained from
our structural study. But 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.

Table 2. Values of the magnetoresistance at the corresponding Cu-
rie temperature and calculated energy gap for the La0.7Pb0.3-
(Mn1–xCox)O3 (0.1 � x � 0.3) family of compounds.

Sample ρ0
[a] [Ω·cm] MR [%] ∆E [eV][b]

Co0.1 0.098 40 1.9
Co0.2 0.617 38 3.5
Co0.3 0.981 25 4.0

[a] At 300 K and H = 0 applied field. [b] Data fitted to the variable
range hopping model, T � TC range.
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The resistivity of the 10% Co-doped sample shows typi-
cal features of grain boundary (intergrain) effects, that is a
maximum of ρ(T) at a temperature well below TC that is
not shifted to higher temperatures by applying an external
magnetic field (see Figure 10, a); but at low temperatures
and because of the small size of the grains, it is increasingly
difficult to activate this intergrain mechanism. In this situa-
tion, transport is effectively blocked, giving, as a result, a
much higher upturn in the low-temperature resistivity. This
is the so-called Coulomb blockade,[32] and appears much
more enhanced in the 20% Co-doped composition.

Along this line of reasoning, our experimental data be-
low 100 K fit well to the expression for granular metals
[Equation (2)].[33]

(2)

In Equation (2) ∆ is proportional to the activation or charg-
ing energy, EC, of a single grain. From our fits we have
obtained values of ∆1/2 = 2.4 and 8.5 K1/2, and gap energies
of 0.5 and 6.2 meV for the Co-10% and Co-20% doped
compositions, respectively, that agree with results from
other authors[29,34] obtained for related compounds. We
also have to mention that the fit to the T–1/2 law is better
than that to the T–1 dependence postulated for a pure Cou-
lomb blockade effect.

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

that Co enters in the La0.7Pb0.3Mn1 – xCoxO3 family of per-
ovskites, giving rise to low distortion in the structure of
these compounds. The measured low-temperature satura-
tion magnetic moments are mainly due to the coexistence
of Co3+ (LS) and high spin Co4+, as confirmed by suscep-
tibility measurements in the paramagnetic region. The clus-
ter glass behaviour indicated by zero-field cooled magnetis-
ation curves is due to the fact that Co3+ probably clusters
around Co4+ ions. A progressive increase in the doping level
of Co gives rise to a subsequent decrease in the measured
Curie temperature values, indicating that the long-range
ferromagnetism is sensitive even to small amounts of Co.

Because of the sol-gel fabrication process used, we have
obtained very homogeneous and small size of the grains
(about 10–25 nm as obtained by structural methods and
confirmed by magnetic measurements) for all samples. This
makes the measured resistivity behaviour to be determined
both by the intra- and intergrain carrier tunnelling mecha-
nism that evolve at low temperatures to strong Coulomb
blockade for the 20% Co-doped sample.

All compounds show magnetoresistance with magni-
tudes, at the Curie temperatures, of 40 and 25% for the 10
and 20% Co-doped samples, respectively.

Experimental Section
Mixed oxides of nominal composition La0.7Pb0.3(Mn1 – xCox)O3 (0
� x � 0.3) were prepared by the sol-gel method with the required
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quantities of analytical grade of La2O3, Pb(NO3)2, Co(NO3)2·6H2O
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 of 10 h. In order to measure
the electrical resistivities of the samples, the powder thus obtained
was pelletised with a pressure of 7.2 MPa prior to final sintering at
1173 K for 10 h in flowing oxygen.

The Mn3+/Mn4+ content of each sample was determined by redox
titration using an excess of FeSO4 solution and back titration with
KMnO4. We have observed small deviations from the theoretical
stoichiometries that could be due to an excess in the oxygen con-
centration, in accordance with the preparation method, or more
probably to the presence of cation vacancies in the samples. We
have obtained a ratio Mn3+/Mn4+ of 0.37/0.53 for the x = 0.1 com-
pound that changes progressively to 0.10/0.60 for the x = 0.3 one.
That is, as expected, the Mn3+ content decreases as the Co doping
level increases in the nominal composition of our samples.

Thermogravimetric measurements were performed in a TA instru-
ments SDT 2960 thermobalance. Approximately 50 mg of sample
was placed on an alumina crucible and heated to 900 °C at 5 °C/
min in a 5% H2/Ar current flow.

Scanning electron microscopic (SEM) observations were also per-
formed to give an indication of the compound morphology and
compactness using a JEOL JSM-6400 instrument.

The first crystallographic characterisation of the phases was per-
formed by X-ray powder diffraction analysis 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°. Powder
diffraction patterns were Rietveld fitted using the FULLPROF
program.[35]

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 performed 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 T were also obtained. The resistance and magnetoresistance ver-
sus temperature measurements were taken by using a conventional
dc four-wire system, with the magnetic field applied parallel to the
current.

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 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 following
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. Because of the high correlation between the thermal and
occupancy factors, in some cases the refinements did not reach the
convergence. In those cases, the occupancy factors were fixed to
the theoretical ones.

All structural parameters obtained from neutron diffraction experi-
ments together with the tolerance factor (t) of the perovskite struc-
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ture, t = (dLa–O)/√2(dMn/Co–O) (with dLa–O and dMn/Co–O the La–O
and Mn/Co–O bond lengths), are summarised in Table 3. A pre-
vious study of 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°.[13] We have
observed that for our compounds the unit-cell volume decreases
with increasing Co content according to the smaller size of this
ion. However, this substitution produces only a minor distortion
in the MnO6 octahedra, the O–Mn/Co–O and Mn/Co–O–Mn/Co
angles remaining rather constant. The tolerance factor does not
suffer any appreciable change for the different compositions. These
geometrical characteristics indicate that the distortion of the
La0.7Pb0.3Mn1 – xCoxO3 perovskite structure is nearly independent
of the x value, in good agreement with the comparable size of Co3+

and Mn3+ ions. From our structural fits and using the Scherrer
formula[36] we have estimated a grain size between 16 and 20 nm.

Table 3. Atomic parameters for the La0.7Pb0.3(Mn1 – xCox)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 Co atoms are at 6b (0, 0, 0); O
atoms are at 18e (x, 0, 1/4). Z = 6 in all cases.

Sample Co0.1 Co0.2 Co0.3

T [K] 296 280 200
Space group R3̄c R3̄c R3̄c
a [Å] 5.496(2) 5.4948(9) 5.4859(9)
c [Å] 13.346(4) 13.3374(8) 13.2925(9)
V [Å3] 349.1(2) 348.7(9) 346.4(9)
t 0.995 0.994 0.989
La B[Å2]/Focc 0.247(3)/0.7 0.247(3)/0.7 0.247(3)/0.7
Pb B[Å2]/Focc 0.247(3)/0.3 0.247(3)/0.3 0.247(3)/0.3
Mn B[Å2]/Focc 0.247(3)/0.9 0.247(3)/0.8 0.247(3)/0.7
Co B[Å2]/Focc 0.247(3)/0.1 0.247(3)/0.2 0.247(3)/0.3
O x 0.4592(1) 0.4565(1) 0.4551(1)
O B[Å2]/Focc 1.4(4)/0.531 1.4(4)/0.531 1.4(4)/0.531
Mn/Co–O [Å] 1.953(3)x6 1.951(3)x6 1.948(3)x6
La/Pb–O [Å] 2.524(5)x3 2.508(5)x3 2.496(5)x3

2.741(5)x6 2.741(5)x6 2.734(5)x6
2.972(6)x3 2.986(6)x3 2.989(6)x3

�La/Pb–O� [Å] 2.7447 2.7443 2.7386
Mn/Co–O–Mn/Co [°] 166.81 165.92 165.48
O–Mn/Co–O [°] 90.7 90.77 90.86
Rp [%] 3.41 4.12 3.64
Rwp [%] 4.82 5.79 5.01
χ2 2.57 3.59 3.00
Bragg R 4.79 4.73 3.89
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