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Impurity effects on the stability of a charge-ordered antiferromagnetic state in electron-doped manganite
La0.4Ca0.6MnO3 are investigated by doping Ru for Mn. Our results show that Ru doping at a tiny level of ⬃2%
is sufficient to suppress significantly the charge-ordered insulated state and generate a ferromagnetic metallic
one. The blocked metastable state and the first-order metal-insulator transitions observed in the slightly doped
samples can be attributed to the phase-separated state where ferromagnetic domains are embedded in the
charge-ordered matrix. The doping effect is further investigated theoretically based on the two-orbital model.
The calculation suggests that two factors are vitally important for the Ru-doping driven strong ferromagnetic
tendency: 共1兲 the ferromagnetic coupling between Ru and Mn spins and 共2兲 the enhancement of eg electron
density while the topological defects always contribute to the instability of charge-ordered state.
DOI: 10.1103/PhysRevB.79.245105

PACS number共s兲: 75.47.Lx, 75.47.Gk, 71.30.⫹h

I. INTRODUCTION

Charge-ordered 共CO兲 states are essential ingredients of
the physics of colossal magnetoresistance 共CMR兲 in manganites RE1−xAExMnO3, where RE is the rare-earth element
and AE the divalent alkaline-earth element.1–3 In the past
years, much attention has been attracted on the phase transitions from the CO state to the FM metallic state or others.
These phase transitions, which are usually accompanied with
prominent physical properties changes, can be achieved by
applying magnetic field4 or electric field,5,6 or introducing
the A-site disorder,7–10 or preparing these CO manganites to
nanosized forms.11–13 Recently, intensive experimental and
theoretical interests have been guided toward the B-site doping effects in CO manganites due to the fact that the physical
properties of the CO state can be tuned in a large scale by
low-level B-site doping.14–22 The B-site substitution in CO
manganites causes a lot of interesting phenomena such
as phase separation 共PS兲,23–26 metal-insulator transition
共MIT兲 of first-order nature,27–29 ultrasharp metamagnetic
transition,30,31 and novel dynamical effects.32–34
Generally, the B-site doping in CO manganites may lead
to three straightforward effects: 共i兲 topological defects which
always frustrate the long-range charge ordering;14,31 共ii兲 tuning of eg charge density;35 and 共iii兲 direct-exchange coupling
with Mn cations if the doping cations have finite magnetic
moments, such as Cr3+ or Fe3+.28,29 It seems that all of the
three kinds of consequences destabilize the CO state. For
effect 共ii兲, an increase in eg charge density favors the FM
phase and a reduction does not. In consequence, such a doping seems always to lead to phase-separated electronic structure. In fact, recent experiments showed that the CE-type CO
state can be broken and weak FM tendency can emerge even
by tiny nonmagnetic substitutions, such as Al3+ and Ga3+,
although the reduction in eg electron is disadvantageous to
FM phase.14,31 A higher valence 共+4 or +5兲 doping will be
efficient in enhancing the FM stability over the CO state
because of effect 共i兲 suppressing the CO state and effect and
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共ii兲 favoring the FM tendency. Clearly, effect 共iii兲 is also
included if the doping is with magnetic ions of valence
higher than +3 and one may expect even more significant
suppression of the CO state and enhancement of the FM
state.
On the other hand, recently, Şen et al.36,37 claimed theoretically that a short-range CO antiferromagnetic 共AFM兲
state is needed as a competitor of FM metal phase for a
complete rationalization of CMR physics and the true CMR
effect ensues at the phase boundary between FM metal and
CO-AFM state. It is thus interesting to check this theoretical
prediction of Şen et al. by tuning the instability of highly
stable CO state with B-site doping, excluding the high sensitivity of the critical region of phase diagram at x ⬃ 0.5.7–10
Following these arguments, we choose La0.4Ca0.6MnO3 as
prototype sample to investigate the B-site doping effects.
First, electron-doped manganite La0.4Ca0.6MnO3 exhibits robust charge-ordered state which is accompanied by coexisted C-type and CE-type AFM spin orderings.2 With respect to the critical-state manganites at x ⬃ 0.5, the CO state
of this compound is much more stable but less sensitive to
intrinsic or external stimuli, such as A-site disorder or magnetic field up to several tesla.3 Therefore, La0.4Ca0.6MnO3
can provide an ideal arena to highlight the genuine B-site
doping effect in CO manganites. Second, the doping species
we choose is Ru which allows for the simultaneous activation of the three effects 共i兲–共iii兲 because Ru cations have high
valence and also magnetic species.18–21 The overlapping of
the three effects enables significant impact on the instability
of the CO state even at a tiny Ru doping level. In addition,
we are allowed with the opportunity to check the theoretical
prediction for the origin of a true CMR effect36,37 without
much worrying about the high sensitivity encountered for
those manganites at x ⬃ 0.5.
In this paper, we investigate the B-site effects on
structure, transport, and magnetic properties of
La0.4Ca0.6共Mn1−yRuy兲O3 with low Ru-doping levels at the
B-site 共0 ⱕ y ⱕ 0.07兲. The robust CO-AFM insulated phase in
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the adopted compound is significantly suppressed and FM
metallic state is generated. This B-site doping effect is further studied by theoretical calculation, which reveals consistency with our experimental results. The remainder of this
paper is organized as follow. We report the sample preparation and property characterizations using various techniques
in Sec. II. The details of the measured data are presented in
Sec. III, where we discuss every aspect of the doping effects
in La0.4Ca0.6共Mn1−yRuy兲O3 共0 ⱕ y ⱕ 0.07兲, and give a comparison between the theoretical calculation and experimental
results. A short summary is given in Sec. IV.
II. EXPERIMENTAL PROCEDURE

A
series
of
polycrystalline
samples
La0.4Ca0.6共Mn1−yRuy兲O3 共0 ⱕ y ⱕ 0.07兲 were prepared by
conventional solid-state reaction in air. The highly purified
powders of oxides carbonates were mixed in stoichiometric
ratios, ground, and then fired at 1200 ° C for 24 h in air. The
resultant powders were reground and pelletized under 3000
psi pressure to disks of 2 cm in diameter; then the pellets
were sintered at 1300 ° C for 24 h in air. X-ray diffraction
共XRD兲 with Cu K␣ radiation was performed on these
samples at room temperature 共T兲.
The magnetic properties as a function of T and H were
measured using Quantum Design superconducting quantum
interfering device 共SQUID兲. In the zero-field-cooled 共ZFC兲
measurements the samples were cooled from to 5 K under
zero magnetic field and then the magnetization 共M兲 were
measured in the warming process with a field of H
= 100 Oe. The field-cooled 共FC兲 measurements were performed under a field of H = 100 Oe when sample was cooled
from 300 to 5 K. For the field-cooled-warming 共FCW兲 cases,
samples were first cooled from 300 to 5 K under a field of
H = 100 Oe, and then M was measured in the warming process under the same field. The hysteresis loops were recorded
at 5 K from H = 0 to 6 T after the ZFC sequence. The transport properties were measured using a standard four-probe
method down to 5 K with/without magnetic field using a
cryogen-free low T high magnetic-field system.
III. RESULTS AND DISCUSSION
A. Crystal structure

First, we need to check the crystal-structure dependence
on the Ru doping, and at the clean limit no such a dependence is preferred. In Fig. 1 we present the XRD patterns
measured at room T for a series of samples with different Ru
levels 0 ⱕ y ⱕ 0.07. All the samples are well crystallized with
pure orthorhombic structure of space group Pbnm. No identifiable reflection shift upon change in doping level is observed, demonstrating no change in the crystallographic
structure and lattice constant on variance of y. To further
confirm this fact, we perform the Rietveld refinement on the
diffraction spectra. The data on sample y = 0.07 are shown in
Fig. 1共b兲. Only very small difference between the measured
spectrum and refined one can be identified. The reliability of
the Rietveld refinement is demonstrated by the high-quality
refinement parameters Rwp = 11.16% and R p = 7.78% for

FIG. 1. 共Color online兲 共a兲 X-ray diffraction -2 spectra at room
temperature for a series of samples of variance y 共from bottom to
top兲: 共A兲 y = 0; 共B兲 y = 0.02; 共C兲 y = 0.03; 共D兲 y = 0.05; and 共E兲 y
= 0.07. 共b兲 Rietveld refinements for sample y = 0.07. The cross
points and solid line represent the experimental data points and the
Rietveld refined result, respectively. The lower rows of markers
indicate the positions of structure reflections. The difference is
shown on the bottom as solid line.

sample y = 0, and Rwp = 8.59% and R p = 6.25% for sample y
= 0.07. The lattice constant at room temperature as obtained
by the refinement are a = 5.3977共1兲 Å, b = 5.4133共1兲 Å, and
c = 7.6092共1兲 Å for sample y = 0. For sample y = 0.07, they
are a = 5.4017共1兲 Å, b = 5.4004共1兲 Å, and c = 7.6173共1兲 Å.
It is revealed that the lattice parameters show little variation
upon increasing y and the volume change between samples
y = 0 and y = 0.07 is only ⬃0.5% and less.
B. Transport properties

We subsequently measure the temperature dependences of
resistivity  for all samples under various external magnetic
fields to demonstrate the doping effect. In general, one sees
an overall decrease in  with increasing y. For sample
La0.4Ca0.6MnO3 共y = 0兲,  shows a typical insulated behavior
over the whole T range, as shown in Fig. 2共a兲 and the value
of  only shows a small change 共⬍1%兲 under a high magnetic field H = 9 T, demonstrating the high robustness of the
CO 共AFM兲 state. However, a doping as low as y = 0.02 was
found to be sufficient to destabilize the CO state. In Fig. 2共b兲
the data are given at y = 0.02. First, a clear MIT at T = TMI
= 71 K and the resistivity at T = 2 K is 4 orders of magnitude lower than that at y = 0. Second, significant MR effect is
demonstrated by comparing the low T resistivities at H = 0
and 6 T. With increasing y, TMI increases rapidly from 71 to
132 K and becomes saturated at y = 0.05 and 0.07, as shown
in Figs. 2共c兲 and 2共d兲. Resistivity  shows a continuous decrease but the MR effect at low T falls down with respect to
the case of y = 0.02. The relationship between TMI and y is
plotted in the inset in Fig. 2共d兲, where TMI increases quickly
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processes, is plotted in the inset of Fig. 2共b兲. TMI shifts toward high T side and eventually becomes saturated with increasing H. These features indicate the crossover behavior
from the first-order transition to the second one. This H dependence is understandable because in manganites, the firstorder transition point can be shifted by magnetic field but the
second one is not sensitive.38
C. Magnetic behavior

FIG. 2. 共Color online兲 Temperature profiles of resistivity at various external magnetic fields for samples of 共a兲 y = 0; 共b兲 y = 0.02; 共c兲
y = 0.05; and 共d兲 y = 0.07, respectively. The inset of 共b兲 shows TMI of
sample y = 0.02 for both cooling 共open circle兲 and warming 共solid
circle兲 cases as a function of magnetic field H. The inset of 共d兲
shows TMI of the cooling case as a function of y, the black line is
guide for the eyes.

with y at y ⬍ 0.05, and then becomes saturated upon y increasing to 0.07.
Here, it should be addressed that for y = 0.02, the T dependence of  exhibits distinct hysteresis 共uses arrow to label the
cooling/warming sequences兲, often identified in the phaseseparated manganites and regarded as an indication of a firstorder transition,38 demonstrating that the electronic structure
is a PS state with coexisting FM phase and CO phase, to be
further confirmed below by the magnetization data. Nevertheless, the hysteresis behavior becomes much weaker at y
= 0.05 and even negligible at y = 0.07, indicating serious suppression of the first-order phase transitions. At the first
glance, these facts lied in the magnetotransport data allow us
to develop a one-to-one correspondence between the MR effect and the PS state: a well-developed PS state benefits to
the large MR effect and thus to confirm the prediction of Şen
et al.: the CO (AFM) state is needed as a competitor of FM
metal phase for a complete rationalization of CMR physics.
Looking at the effect of external field, as shown in Fig.
2共b兲 at y = 0.02, one finds that the first-order transitions can
be suppressed, reflected by the reduction in hysteresis width.
The TMI-H relationship, for both the cooling and warming

The above magnetotransport data do reveal a remarkable
effect of the Ru-doping at a tiny level and do confirm the
theoretical prediction on the CMR physics, as addressed in
Sec. I. However, additional evidence from other aspects is
obviously necessary.
In addition to the significant response of the magnetotransport behavior to the doping, the response of the magnetization behaviors is remarkable too. Figure 3 presents the
measured M as a function of T for the ZFC, FC, and FCW
cases, respectively. Again for a first glance, the 2% Ru doping enhances M for more than 2 orders of magnitude with
respect to sample y = 0, again demonstrating the colossal effect of Ru-doping. In details, for sample y = 0, a broad peak
at T = TCO = 260 K indicates the charge-ordering transition.
The AFM transition is normally indicated by a much weaker
feature at T = TN = 140 K, although it is not clearly visible on
the present scale. As further cooling to ⬃50 K, the magnetization shows a slight rebounding, indicating a canted AFM
ground state.2,39
For sample y = 0.02, the CO state is partially suppressed
and TCO shifts downward to ⬃200 K, as shown in Fig. 3共b兲.
Below TCO, a clear FM transition is evidenced at T = TC
= 125 K 共TC was determined using the Lorentzian function
fit of the derivation curve of the ZFC/FCW case兲. Upon further cooling, M increases quickly to a maximum at T
⬃ 70 K, and a divarication arises between ZFC and FCW
cases at this point. An evident hysteresis between the FC and
ZFC/FCW cases, similar to the transport behavior, is evidenced. The value of M at the ZFC mode is even larger than
that at the FC mode in the range 70⬍ T ⬍ 140 K. Both features suggest that the system is blocked into a metastable
state, a clear feature of the first-order transition and PS
state.40
Further increase in the doping level to y = 0.05 and 0.07
results in continuous enhancement of M over the whole T
range, indicating the preference of the FM phase in competition with the CO phase. The transition point TC rapidly
increases from 120 to 260 K. Going into details of the case
y = 0.05, it is found that the ZFC data show clear AFM background and peaked feature at T = 240 K is identified while
the FC data evidence a broad FM transition beginning at T
⬃ 260 K. For y = 0.07, no more visible feature associated
with the CO 共AFM兲 phase is probed although it does not
mean disappearance of the CO phase in the sample.
Going deeper into the dynamics of magnetization, the H
dependence of M at T = 5 K for all doped samples are shown
in Fig. 4. Our previous results revealed that the M-H curve
of sample y = 0 is very thin and does not show any saturation
as H is as large as 3 T.39 However, for y = 0.02, the measured
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FIG. 4. 共Color online兲 Measured magnetization as a function of
H at T = 5 K for samples of 共a兲 y = 0.02 and y = 0.05; and 共b兲 y
= 0.07, respectively. The arrows indicate the cycle of H varying
during measurements. The inset of 共b兲 presents the y dependence of
magnetization at T = 5 K and H = 3 T.

which can be ascribed to the field-induced enhancement of
FM phase at the expense of CO-AFM matrix. Similar to the
M-H behavior of sample y = 0.02, samples y = 0.05 and y
= 0.07 all exhibit saturated magnetization achieved at H
= 1.0 T, but no more M-H hysteresis can be observed. The
saturated M calculated at H = 3 T continuous increases as y
increases from 0 to 0.07, as shown in the inset of Fig. 4共b兲.
D. Discussion
FIG. 3. 共Color online兲 Temperature profiles of magnetization at
H = 100 Oe for sample of 共a兲 y = 0; 共b兲 y = 0.02; 共c兲 y = 0.05; and 共d兲
y = 0.07, respectively. Measurements were performed in both cooling and warming runs.

M is much larger than the undoped sample and easily reaches
a saturated value. A typical feature of metamagnetic transition can be seen.41 To understand this metamagnetic state, we
analyze in details the dynamics of magnetization. In the lowfield range, M shows a sharp increase with increasing H,
associated with the alignment of the FM domains, and the
obtained total moment of these FM domains is about 0.66B
per unit. It is known that the high-spin Mn gives spinordered moment  = gsB 共orbital contribution quenched兲,
where Mn3+ and Mn4+ carry 4B and 3B, respectively. Taking the moment of Ru ions into account, the estimated spontaneous FM volume fraction in sample y = 0.02 is about 20%,
which is very close to the percolation threshold value as
predicted theoretically in 3D percolation model.42 In the field
range of 0.5 T ⬍ H ⬍ 4 T, there occurs stepwise behavior
which is typical for a bulk antiferromagnet. Further increasing the field to H = 6.0 T, M exhibits another sharp increase

The transport and magnetization data now allow us to
correlate the 共T兲 curve with M共T兲 curve for sample y
= 0.02 where the PS state is favored. The two curves vary in
opposite ways, typical for PS manganites. The conduction is
contributed from the CO insulating phase and FM metallic
phase, and a percolation transition from insulator to metal
arises when the FM metallic phase volume fraction is larger
than a critical value.41 For a detailed investigation, the H
dependence of  at T = 5 K for sample y = 0.02 was measured, shown in Fig. 5. Distinctly, the 共H兲 and M共H兲 curves
evolve in an exactly opposite way. In the low H range, the
magnetic field promotes the parallel alignment of FM domains, suppressing the electron-scattering effect by the FM
domain walls. Correspondingly, the resistivity exhibits a
large decrease. In the field range of 0.5 T ⬍ H ⬍ 4 T, M共H兲,
and 共H兲 both show linear behaviors, indicating the dominant role of FM domain walls in compensation of the CO
phase. Further increase in H melts away the CO phase into
the FM metallic one, giving rise to another abrupt increase in
M and a large decrease in .
In the qualitative sense, we again address that the Rudoping is extremely powerful in destroying the long-range
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FIG. 5. 共Color online兲 Magnetization 共close circle兲 and resistivity 共open circle兲 as a function of magnetic field H of sample y
= 0.02 at T = 5 K.

CO state and generating the FM phase in highly stabilized
La0.4Ca0.6MnO3. The CMR effect associated with the PS
state in sample y = 0.02 is confirmed and the physics, predicted by Şen et al., that the coexistence and competition
between FM metal and CO-AFM insulated phase can cause a
true CMR effect, is also well illustrated in samples y = 0.05
and 0.07 where the CO phase is almost fully suppressed and
the FM metallic phase dominated.36,37
At last, we perform a Monte Carlo simulation on the Rudoping effects using the two-orbital double-exchange model.
The details of model Hamiltonian and numerical technique
can be found in our previous publication.35 Comparing with
the calculation in Ref. 35, two changes: 共1兲 the FM exchange
between the Ru and Mn cations18–21 and 共2兲 the different eg
electron density have been taken into account to match our
experimental material. Despite these two differences, similar
results have been obtained. For an instance, the Monte Carlo
snapshots of spin configuration at y = 0.031 and y = 0.064 are
shown in Figs. 6共a兲 and 6共b兲, respectively. In Fig. 6共a兲, some
FM clusters can be observed with some remnant shortranged CE chains. For y = 0.064 关Fig. 6共b兲兴, there is no trace
of any CE order anymore, and the lattice is occupied by the
FM domains. These calculated results essentially support our
experimental results and the fundamental reason for the
CE/CO destabilization and FM phase generation upon the Ru
doping can be understood in two aspects. For the first aspect,
the Ru cations couple ferromagnetically with Mn ions,18–21
which will destroy the AFM interchain coupling in the CE
pattern with only some short-ranged CE chains left in the
lattice 关Fig. 6共a兲兴. For the second aspect, the doping of Ru
cations will enhance the local eg electron density, which favors the FM phase.18,35 Therefore, both of the above factors
are responsible for the collapse of the long-range CO-AFM
insulated state and hence promote the FM metallic state. Detailedly, for the tiny substituted sample y = 0.02, the longrange CO-AFM ordering is destroyed and the local eg electron density is increased for the high valence of Ru cations,

FIG. 6. 共Color online兲 Typical Monte Carlo snapshots of the
spin configuration. 共a兲 y = 0.031 and 共b兲 y = 0.063. The CE-type spin
orders are indicated using dot squares in 共a兲.

giving rise to the generation of FM phase around Ru rich
regions. While due to the low concentration of Ru cations,
part of the CO-AFM insulated phase still exists and competes with the FM metal, resulting in the PS state as well as
the CMR effect. Further increase y, the FM volume fraction
continuously increases at the expense of the CO-AFM matrix
and reaches a critical point around y = 0.05, where the COAFM insulated phase is almost fully suppressed 关Fig. 6共b兲兴.
IV. CONCLUSION

In conclusion, the effect of B-site doping on physical
properties of CO-AFM manganites La0.4Ca0.6MnO3 has been
investigated using various experimental techniques and theoretical calculation. The results reveal that the robust COAFM insulated state in the adopted compound can be significantly suppressed and generates a FM metal by tiny Ru
doping. The CMR effect associated with the PS state in
sample y = 0.02 confirms the theoretical prediction of Şen et
al. Combining a theoretical calculation, it is found that the
FM coupling between Ru and Mn spins, and the enhancement of eg electron density are responsible for the generation
of the FM metallic phase, while the topological defects cannot be excluded since it always contributes to the instability
of charge-ordered state.
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