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Abstract
Pulsed electron deposited thin films of Ru substituted La1−x Pbx Mn0.8Ru0.2O3 (0.2 � x � 0.4)
show an increase in the magneto-resistance ratio by ∼5–15% at the respective metal to insulator
transition (TMIT) temperature when compared to the parent La0.6Pb0.4MnO3 thin film.
A systematic decrease in TMIT is observed from ∼310 to ∼260 K when the hole (Pb)
concentration varies from 40 to 20% with constant 20% Ru substitution at the Mn site. The
x-ray rocking curve and high-resolution transmission electron microscopy (HRTEM) images of
the thin films suggest that Ru occupies the Mn site and shows epitaxial growth of the films on
the LaAlO3 (LAO) substrate. Transport and magneto-resistive properties show that Ru
substitution maintains a considerable hole carrier density (due to Mn4+:t3

2ge0
g/Ru5+:t32ge0

g) even
for La0.8Pb0.2Mn0.8Ru0.2O3 (8282) composition, which influences the double exchange
interactions.

1. Introduction

Colossal magneto-resistive manganites show a large decrease
in resistance in the presence of applied magnetic field due to
the interactions between the Mn+3(t3

2ge1
g)/Mn+4(t3

2ge0
g) redox

couple via the O atom in the Mn–O–Mn lattice [1, 2]. The
resistance and the magneto-resistance (MR) behavior stem
from the interplay of Jahn–Teller distortion, the strength
of the Zener double exchange interaction, super-exchange
and coulombic interactions; which can be controlled by the
concentration of Mn+3(t32ge1

g) and Mn4+(t3
2ge0

g) valence states,
which essentially changes the hole carrier density in the Mn–
O–Mn sublattice [3–5].

Polycrystalline manganites show MR properties at
Curie temperature (TC) due to the intrinsic effects and

4 Author to whom any correspondence should be addressed.

dominant extrinsic interactions at low temperatures, while
in thin films intrinsic interactions dominate, ignoring
the grain boundary and phase separation effects [6].
Although thin films of La0.7Ca0.3MnO3 show large MR at
TC (260 K), many other candidates show room temperature
MR i.e. La0.7Sr0.3MnO3 (−35%), La0.7Ba0.3MnO3 (−60%)
and La0.6Pb0.4MnO3 (−40%) [1, 7–9]. In addition,
the Mn-site substituted Ru doped La0.7Pb0.3Mn1−x RuxO3

perovskite series show dominant Zener double exchange
mediated transport [10]. The novelty in this substitution
lies in the fact that the Ru–Mn redox interactions provide
another redox pair Mn+3(t32ge1

g)/Ru5+(t3
2ge0

g), in addition to

Mn3+(t3
2ge1

g)/Mn4+(t32ge0
g), where Ru5+ (due to iso-electronic

similarity) works similarly to Mn4+ and provides holes in
the manganites [10]. The role of Ru–Mn redox interactions
is further exemplified in the melting of the charge ordering
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in manganites, the increase in magnetic moment, the
enhancement of the Curie temperature and the TMIT transition
of layered manganites, magnetic pair making, and breaking
effects [11–15]. Further, in ruthenates, an increase in the
magneto-resistive behavior is found due to the presence
of Mn3+/Mn4+ and Ru4+/Ru5+ redox pairs [16]. Here
we show the magneto-resistive studies in Ru substituted
La1−x Pbx Mn0.8Ru0.2O3 (0.2 � x � 0.4) thin films where the
Ru doping level is kept constant (20%) while varying the hole
carrier concentration at the A site; Pb content varying from
40% to 20%.

We have employed the pulsed electron deposition (PED)
method, which is an ablation based thin film growth
technique [17]. In addition, the thermodynamic properties
of the target material such as melting point and specific
heat become unimportant for the evaporation process in
PED, particularly advantageous in the case of complex,
multi-component oxides such as YaBa2Cu3O7, wide band
gap materials (SiO2) etc [17–19]. La0.6Pb0.4MnO3 and
La1−x Pbx Mn0.8Ru0.2O3 (0.2 � x � 0.4) can serve as
reference systems to study the Ru–Mn redox interactions on
the hole carrier density in PED deposited thin films for the
following reasons; La0.6Pb0.4MnO3 exhibits Curie temperature
(TC), metal to insulator transition temperature (TMIT), and large
MR ratio at room temperature [9]. In this study, Ru substituted
compositions show increased MR compare to La0.6Pb0.4MnO3

thin film and the La0.8Pb0.2Mn0.8Ru0.2O3 (8282) composition
shows substantial TC and MR ratio due to the hole carrier
density being influenced by the presence of Ru–Mn redox
interactions. Thus it is envisaged that we should highlight the
possible influence of Ru in maintaining the hole carrier density
in this series.

2. Experimental details

Bulk La1−x Pbx Mn0.8Ru0.2O3 (0.2 � x � 0.4) and
La0.6Pb0.4MnO3 samples were prepared by the solid state
reaction method. Stoichiometric amounts of La2O3,
(PbCO3)2·Pb(OH)2, MnO2, and RuO2 were mixed and
calcined at 900 ◦C for 24 h in air. The calcined powders were
palletized to 20 mm diameter pellets, which were going to
be used as targets to deposit thin films, followed by sintering
at 1050 ◦C for 48 h. Thin films of La0.6Pb0.4MnO3 and
La1−x Pbx Mn0.8Ru0.2O3 (0.2 � x � 0.4) were grown on
(001) LaAlO3 (LAO) substrate using the PED method by
keeping the substrate temperature, Ts, ∼650 ◦C. In the PED
process, the pulsed electron beam source operates between
10 and 20 kV with 1–10 Hz repetition rate. The beam
duration was 100 ns with pulsed beam energy in the range
of 0.2–0.8 J. During deposition, the chamber pressure was
maintained at 13 mTorr (1.73 Pa) of O2 pressure. After
the deposition, all the films were annealed in situ at 650 ◦C
and 670 ◦C for 45 min. During annealing, the chamber
pressure was kept constant at 400 mTorr (53.32 Pa) and
400 Torr (53328 Pa) of O2 pressure. The target to substrate
distance for all the depositions was optimized to be ∼9.5 cm.
Structural and micro-structural properties of the samples
were characterized by x-ray diffraction and high-resolution

Figure 1. X-ray diffraction pattern (θ–2θ scans) for
(a) La0.6Pb0.4MnO3 and La1−x Pbx Mn0.8Ru0.2O3, where (b) x = 0.4,
(c) x = 0.3, and (d) x = 0.2 thin films on the (001) LAO substrate.
The inset shows the rocking curve for the (002) peak. Rocking curve
analysis shows textured films of La1−x Pbx Mn0.8Ru0.2O3, where
x = 0.2, 0.3, and 0.4, on an LAO substrate.

transmission electron microscopy (HRTEM). Compositional
analysis of the PED deposited thin films was done using the
Rutherford backscattering method (RBS). Careful analyses
of the films grown in the required conditions do show
nearly exact composition within 3–5% error. Resistance and
magneto-resistive properties of the films were measured using
a Quantum Design PPMS instrument. The negative MR ratio
is defined as �R/R = [RH − R0]/R0, where R0 and RH are
the resistances without and with magnetic field, respectively.

3. Results

The log intensity plots of x-ray diffraction patterns for the films
deposited at 18 kV source voltage and 7 Hz repetition rate
indicate that c-axis oriented epitaxial films grow with ease on
a (001) LAO substrate. Figure 1 shows the XRD pattern of the
La0.6Pb0.4MnO3 and La1−xPbxMn0.8Ru0.2O3 thin films, where
x = 0.2, 0.3 and 0.4. From the (002) peak, we obtain the lattice
parameter c = 3.867 Å for La0.6Pb0.4MnO3. This matches
well with the reported value in the literature. However, the
lattice parameter increases from 3.867 to 3.899 Å with 20% of
Ru substituted at the Mn site. The presence of Ru4+ (0.62 Å)
and especially Ru5+ (0.56 Å) increases the Mn3+ (0.65 Å)
concentration, accordingly the lattice expands as found in Ru
doped La0.7Ca0.3Mn1−x Rux O3 thin films [20]. The increase in
lattice parameter suggests that Ru occupies the Mn site of the
perovskite structure, due to its crystal field stabilization energy
which favors octahedral site occupancy. The FWHM of the
rocking curves along the (002) peak in La1−xPbxMn0.8Ru0.2O3

thin films is found to be close to 0.5◦ (inset to figure 1) in Ru
substituted films.

In figure 2, we show the cross-sectional high-resolution
TEM micrograph of La0.6Pb0.4Mn0.8Ru0.2O3 film on an LAO
substrate. Figure 2(a) shows a low magnification bright
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Figure 2. HRTEM images of La0.6Pb0.4Mn0.8Ru0.2O3 thin film
deposited on LAO substrate. (a) Low magnification bright field
image of La0.6Pb0.4Mn0.8Ru0.2O3 thin film deposited on LAO
substrate. (b) The interface between LAO and
La0.6Pb0.4Mn0.8Ru0.2O3 film is shown with an arrow. The inset shows
a selected area diffraction pattern, confirming good epitaxial growth.

field image of a La0.6Pb0.4Mn0.8Ru0.2O3 thin film on an LAO
substrate. The figure shows that the film is single crystalline
with no impurities or defects in the whole thin area of the
sample. In figure 2(b), the arrow shows a sharp interface
between the film and the substrate with no evidence for any
secondary phase. The image shows good epitaxial growth.
The inset to figure 2 shows the diffraction pattern of interface
and substrate, further substantiating the epitaxial growth and
the crystallinity of our films. Though we do not apparently
observe any splitting for the [001] spot, a small splitting of
the [004] spot gives a clue to the close lattice parameter
matching between the substrate and the film, 3.789 Å
and 3.899 Å respectively. The lattice mismatch between
La0.6Pb0.4Mn0.8Ru0.2O3 thin film and LaAlO3 substrate is
found (−2.9%), which is quite substantial when compared
to the growth of manganites on STO substrate (0.91%) [20].
Such a large mismatch eventually leads to stress and defect
formation in order to partially relax the in-plane tensile strain,
which ultimately affects the TMIT in manganites. However, to
avoid the effect of tensile strain on the transport properties of
manganite, we have deposited ∼2000 Å thick films.

Figure 3(a) shows the resistance versus temperature plot of
La0.6Pb0.4MnO3 and La0.6Pb0.4Mn0.8Ru0.2O3 thin films. Leung
et al have shown the magnetic transition temperature for the
single crystal of La0.69Pb0.31MnO3 ∼337 K, while pulsed laser
deposited (PLD) La0.6Pb0.4MnO3 thin film exhibits TMIT ∼
300 K [9]. It is found that PED deposited La0.6Pb0.4MnO3

thin film exhibits TMIT above 310 K (figure 3(a)) which
confirms that the PED retains the stoichiometry in the thin
films; a nominal decrease in TMIT is found due to the lattice
mismatch between the substrate and the La0.6Pb0.4MnO3 thin
film (−2.9%) compared to bulk samples. However, our

Figure 3. (a) and (b) Plot of resistance as a function of temperature
for the La0.6Pb0.4MnO3 and La1−x Pbx Mn0.8Ru0.2O3 (0.2 � x � 0.4)
thin films. 20% Pb doped film shows TMIT ∼ 250 K with 20% Ru
substitution at the Mn site. Inset to (b) shows the resistance versus
temperature data in the temperature range 10–300 K.

La0.6Pb0.4Mn0.8Ru0.2O3 thin film shows the transition peak
with TMIT ∼ 290 K. The difference between the TMIT

of La0.6Pb0.4MnO3 and La0.6Pb0.4Mn0.8Ru0.2O3 observed is
∼15 K with a nominal increase in resistance around TMIT,
which shows that Ru doping provides holes in the Mn–O–
Ru basal plane and participates in long range ordering and
favors double exchange mediated transport. To evaluate
the sustenance of the hole carrier density, we have kept
the Ru doping at the Mn site constant and have varied
the Pb content at the A site. In all the compositions
a close match between the TC and TMIT is observed
justifying the magnetic ordering, and transport is mediated via
Zener’s double exchange model [4]. Figure 3(b) shows the
resistance versus temperature plot of La0.7Pb0.3Mn0.8Ru0.2O3

(7382) and La0.8Pb0.2Mn0.8Ru0.2O3 (8282) films. The PED
deposited thin films of (7382) and (8282) compositions exhibit
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Figure 4. Plot of MR (H = 5 T) as a function of temperature for
La0.6Pb0.4MnO3 and La1−x Pbx Mn0.8Ru0.2O3, where x = 0.4, 0.3, and
0.2.

TMIT at 270 K and 260 K respectively; single crystals
of La0.7Pb0.3MnO3 and La0.74Pb0.26MnO3 show magnetic
transition at ∼337 and 328 K. It is found that the depth
of the resistivity minima and the shifting in the resistivity
minima at low temperatures in the La0.7Pb0.3Mn0.8Ru0.2O3

(7382) and La0.8Pb0.2Mn0.8Ru0.2O3 (8282) films increases with
decreasing Pb content. Low temperature increase in resistance
may arise from charge carrier localization effects, enhanced
electron–electron (e–e) interactions (Coulombic interactions,
CI effect), disorder from the orbital degrees of freedom,
and further antiferromagnetic interactions (suggested by
the Goodenough–Kanamori–Anderson (GKA) rule—similar
ions couple antiferromagnetically and different ions couple
ferromagnetically) due to different redox pairs, namely
Mn4+–Mn4+, Ru4+–Ru4+, and Mn3+–Mn3+ which cannot be
ignored at low temperatures [21, 22]. A systematic change
in the transport properties by varying the Pb content in
the system matches with the result of La1−x Srx MnO3 [23].
Despite a 20% doping of Ru at the Mn site in all the Pb
doped manganites, the fact that we still observe substantial
TMIT and a delayed upturn in resistivity for a 20% Pb
doped manganite La0.8Pb0.2Mn0.8Ru0.2O3 suggests a magnetic
pair making effect of Ru along with Mn in the Mn–O–Ru
basal plane [15]. It is well understood that an optimum
of ∼33% Pb doping is suggested for a dominant Zener
double exchange coupling to operate over the super-exchange
mediated antiferromagnetic ordering [9]. The result in this
series suggests that a cooperative mechanism between Ru and
Mn is operative to maintain the hole carrier density.

The magneto-resistance behavior as a function of
temperature and applied magnetic fields has been a useful tool
to understand the influence of intrinsic (hole) and extrinsic
(grain boundary) effects on the magnetic and electronic
properties of manganites [24, 25]. A sharp drop in the
resistance and the large MR ratio at low temperature and at
low magnetic fields have been attributed to the grain boundary
effects or to spin glass effect, while linear behavior with the
fields near the metal–insulator transition temperature has been
modeled based on the magnetic polaron which is a dominant
feature in our studies. The MR ratio of La0.6Pb0.4MnO3

Figure 5. MR as a function of magnetic field for
La0.6Pb0.4Mn0.8Ru0.2O3 and La0.8Pb0.2Mn0.8Ru0.2O3 in the
temperature range 20–310 K. Note the increased MR in the Ru doped
film compare to La0.6Pb0.4MnO3 and the presence of positive MR in
La0.7Pb0.3Mn0.8Ru0.2O3 thin film.

and La1−x Pbx Mn0.8Ru0.2O3 thin films at different temperatures
between 20 and 300 K and field H = 5 T is shown in
figure 4. It is seen that MR increases up to −44% for the
(8282) composition near to TMIT while it has been found ∼
−70% at 14 T applied magnetic field in figure 5, which
further certifies the redox interactions between Mn3+/Mn

4+

and Ru+4/Ru
5+

redox pairs [10]. The low temperature MR
decreases and the transition peaks become sharp; indicating
that the phase separation does not dominate. This feature
is completely different from the two distinct TMIT maxima
observed with large low temperature MR for Ru doped
La0.66Ca0.33MnO3 [26].

The MR ratios of La0.6Pb0.4MnO3 and La1−x Pbx

Mn0.8Ru0.2O3 thin films with varying magnetic field from
−5 to +5 T at 310 and 20 K are shown in figure 6.
Interestingly, the MR ratio increased in the Ru doped films,
as shown in figure 6(a) compared to the La0.6Pb0.4MnO3

at 310 K. The MR ratio measured at 20 K shows the
signature of positive MR in the Ru doped films as shown in
figure 6(b). La0.7Pb0.3Mn0.8Ru0.2O3 film shows a measure
of 3% positive MR, which exists up to 5 T applied field
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Figure 6. The field dependent MR plot for La1−x Pbx Mn0.8Ru0.2O3

(0.2 � x � 0.4) thin films at 310 and 20 K.

while La0.6Pb0.4Mn0.8Ru0.2O3 film shows the measure of 1%
positive MR. The origin of positive MR due to the quantum
interference effects from coulomb interactions between
carriers enhanced by disorder has been reported in ferromagnet
Fe1−yCoySi and in single crystals of La0.7Pb0.3MnO3 between
4.2 and 50 K [27, 28].

In manganites, the resistivity behavior at different
temperatures below Tc is well studied and correlated to three
dominant effects namely: electron–electron interaction below
T < 50 K, electron–phonon interaction at 50 K < T <

0.6Tc, and to the electron–magnon effects near Tc, where
dρ/dT < 0 [29]. However, the ρ versus T curve for Ru
doped compositions could not be fitted to the equation R =
R0 + R2T 2 + R4.5T 4.5 due to the existence of an upturn in
the R versus T curve below 50 K (figure 7); R0. R2, and
R4.5 correspond to the residual resistance, electron–phonon
interactions and electron–magnon interactions. In order to fit
the data we have added a T 1/2 term, giving R = R0 + R2T 2 +
R4.5T 4.5 + aT 1/2, which corresponds to electron–electron
interactions [24, 29]. As shown in figure 7, the theoretical
fits to low temperature resistance measured at H = 0 and
5 T for Ru substituted thin film reveal an excellent agreement
between the experimental data and theoretical assumptions.
Here, the additional term T 1/2 can be attributed to the Coulomb
interaction between the carriers strongly enhanced by disorder.
We have found the coefficient of T 1/2 (−)625.91 in the
absence of magnetic field which increased to (−)693.748 when

Figure 7. Plot of resistance as a function of temperature
(for T < 100 K) measured under 0 and 5 T magnetic field for
La0.7Pb0.3Mn0.8Ru0.2O3 thin film. The symbols are the experimental
data and the solid curves are the theoretical fits.

compared with data collected in the presence of magnetic
field 5 T. Therefore, the resistivity below T < Tc, due to
electron–phonon scattering and electron–magnon scattering,
together with a T 1/2 dependence arising from the disorder-
induced Coulomb interaction are responsible for the positive
MR in Ru doped thin films. Such a term has been observed in
disordered metallic systems, where its coefficient was found to
change sign as a function of disorder [24].

4. Discussion

Observation of the systematic decrease in metal to insulator
transition (TMIT) from ∼310 to ∼260 K when hole (Pb)
concentration varies from 40 to 20% with constant 20% Ru
substitution at Mn sites shows that the Ru substitution provides
the hole carrier concentration in the Ru–O–Mn basal plane.
X-ray absorption spectroscopic studies on bulk samples of
La0.6Pb0.4Mn1−xRuxO3 show the existence of the redox ionic
pairs Mn3+–Ru5+ ↔ Ru4+–Mn4+ up to x = 0.2 and the
predominant existence of the single valence ionic state of Mn3+
and Ru4+ for the higher Ru doped compositions [10]. We
have analyzed the effect of Ru doping on the hole carrier
density by keeping Ru concentration at 20%, while varying
only the Pb content. The contribution to hole carrier density
coming from the [Mn4+: (t32ge0

g)] concentration appears to be

ably augmented by the presence of [Ru5+: t3
2ge0

g] centers which
are iso-orbital and iso-electronic to each other [10]. This
existence of mixed valence states in the Ru doped compositions
could be due to the comparable oxidation and reduction
potential of Mn3+ ↔ Mn4+ (1.02 eV) and Ru4+ ↔ Ru5+
(1.07 eV). Due to the presence of Ru5+, the itinerant eg

electron of Mn3+ could be delocalized to the Ru5+ center
via O:2p orbitals as in the case of Mn3+–O–Mn4+. Ru–Mn
redox interactions are also dominant in the manganese doped
ruthenate SrRu1−xMnx O3, where induced double exchange
(DE) is found due to the presence of Mn3+/Mn4+ ↔
Ru4+/Ru5+ redox ionic pairs, which resulted in the increase in
the MR in the bulk sample of SrRu0.5Mn0.5O3 [16]. Recently
it has been observed that Ru–Mn redox interactions increase
the magnetic moment and conductivity in the non-perovskite

5
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ruthenate Sr4−xLaxRu2−x Mnx O9 due to the presence of redox
pairs Mn3+ and Ru5+/Ru6+ [30]. It is therefore noteworthy
that even for nominal 20% ‘A’ site doping such as the
La0.8Pb0.2Mn0.8Ru0.2O3 (8282) composition, where 20% Ru
doped at an Mn site which has 20% Mn4+ concentration shows
a metal insulator transition at ∼260 K, confirms that the role of
Ru is to provide the hole carrier concentration in the Ru–O–Mn
basal plane.

Ru substituted compositions show a low temperature in-
crease in the resistance and especially La0.7Pb0.3Mn0.8Ru0.2O3

(7382) film shows positive MR in the presence of 0–5 T ap-
plied magnetic field, which is similar to that observed earlier
in La0.7Pb0.3MnO3 single crystals. Chen et al has shown that
the positive MR originated because of quantum interference
effects (QIE) and the dependence of resistance on the T 1/2 co-
efficient of temperature shows that the Coulombic interactions
are dominant in the La0.7Pb0.3MnO3 single crystals at low tem-
peratures [28]. There are three factors involved which con-
tribute to the low temperature increase in resistance. The first
one is the non-magnetic randomness induced by doping and
defects which results in random potential fluctuations experi-
enced by the eg electron [31]. The second factor is the disor-
der from the orbital degrees of freedom [32] and the third fac-
tor is the phase separation, typically involving ferromagnetic
metallic and antiferromagnetic charge and orbital ordered in-
sulating domains, leading to nanometer scale coexisting clus-
ters [33]. However, Ru doped La0.7Pb0.3Mn1−x RuxO3 bulk
samples show an increase in resistance for T < 0.5TC due
to the charge carrier localization (spin canting) which sets in a
random magnetic potential [10]. In the case of La1−xSrx MnO3

(x ∼ 1/8), positive MR arises below 165 K attributed to
the orbital ordering, which is quite different from the cur-
rently studied composition wherein we have found positive MR
only <50 K and steady increase in negative MR from 50 to
300 K [32]. However, Hong et al have shown positive MR in
La0.7Ba0.1Ca0.2Mn0.9Ru0.1O3 thin films due to the coexistence
of the antiferromagnetic metallic (AFM), ferromagnetic metal-
lic (FM), and antiferromagnetic insulating (AFI) states. They
also showed that the magnetic field induced insulating state in
the antiferromagnetic metallic states induces positive MR [34].
In La1−x Pbx Mn0.8Ru0.2O3 (0.2 � x � 0.4) films antiferromag-
netic interactions (suggested by the Goodenough–Kanamori–
Anderson (GKA) rule—similar ions couple antiferromagnet-
ically and different ions couple ferromagnetically) due to
different redox pairs namely Mn4+–Mn4+, Ru4+–Ru4+ and
Mn3+–Mn3+ cannot be excluded at low temperatures [21, 22].

5. Conclusions

We have reported the effect of Ru–Mn redox interactions
on the structural, transport, and magneto-transport properties
of pulsed electron deposited La1−x Pbx Mn0.8Ru0.2O3 (0.2 �
x � 0.4) thin films with varying hole carrier density. The
structural and microscopic data confirm the epitaxial growth
of the films and Ru substitution at Mn sites. 20% Pb
doped La0.8Pb0.2Mn0.8Ru0.2O3 thin film shows TMIT ∼ 250 K
despite 20% Ru doping due to the hole carrier mediation in
the presence of Mn+3/Ru5+ and Mn3+/Mn4+ redox couples.

Further, 20% Ru substituted films show higher MR than
La0.6Pb0.4MnO3 at 310 K, and positive MR at 20 K, due to
Coulombic interactions, sustains an applied field up to 5 T in
La0.7Pb0.3Mn0.8Ru0.2O3 thin film.
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