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Abstract. A systematic investigation of the magnetic and transport properties of perovskites
La0.67Sr0.33(Mn1−xNix )O3(x 6 0.2) is reported. The replacement of the Mn ion by a Ni ion
results in a reduction of ferromagnetism and metallic conduction. For the sample withx = 0.1, in
addition to a metal–insulator (M–I) transition at 240 K, there is a weak insulating behaviour at low
temperatures. As the magnetization drop below the Curie temperature (TC ) in the thermomagnetic
curve appears for the dosage ofx = 0.15, the insulating behaviour at low temperatures becomes
pronounced. For the sample withx = 0.2, a cluster glass-like state with no M–I transition nearTC
194 K is shown. The ferromagnetic superexchange interaction between the Mn3+(4+) ion and the
Ni2+ ion is found to account for the formation of the cluster glass-like state rather than a spin glass
state. All samples have a colossal magnetoresistance (CMR). In particular, with the suppression
of the ferromagnetism, the MR effect shifts towards low temperatures and becomes considerably
enhanced. Besides the depletion of hopping electrons and the destroyed metallic paths due to the
foreign Ni ion terminating the double exchange interaction in the Mn–O network, the randomly
frozen spin cluster at low temperatures has been revealed as another crucial factor for localizing
charge carriers.

1. Introduction

Increasing interest has been stimulated in perovskite manganites La1−xAxMnO3 (A = Ca,
Sr, Ba, Pb) because of their remarkable magnetic and transport properties [1–4]. The pure
compound LaMnO3 is an antiferromagnetic insulator (AFMI) with a Néel temperature of
141 K [5, 6]. When partial replacement of La3+ by A2+ ions causes the conversion of Mn3+

to Mn4+, the double exchange interaction in the Mn3+–O2−–Mn4+ bonds drives the oxide to a
ferromagnetic metal (FMM) which has a colossal magnetoresistance (CMR) near the metal–
insulator (M–I) transition [7, 8]. Interestingly, the CMR effect has been found not only in
a conventional FMM system like La0.67Sr0.33MnO3, but also in a FM insulator [9], an AFM
charge ordering compound [10] and even spin glass [11, 12]. It is believed that corroborating
a detailed relationship between the different magnetic states and the electrical transport is
critically important to ascertain the micro-mechanism of the CMR effect. To meet this end,
much work in the past few years has centred on structurally tuning the double exchange,
usually by doping at a rare earth site. A universal phase diagram trying to predict the possible
magnetic and electrical states at a certain tolerance factor and the average ion size at a rare earth
site, was first established by Hwanget al [13]. In contrast, recent studies have demonstrated
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Table 1. Structural, magnetic and transport parameters of La0.67Sr0.33(Mn1−xNix )O3.

a α V TC TP MS1 MS2

x (Å) (◦) (Å3) (K) (K) (µB /f.u.) (µB /f.u.)

0 5.4727 60.38 116.823 365>300 3.64 3.67
0.10 5.4671 60.39 116.488 289 240 3.34 3.37
0.15 5.4558 60.40 115.965 241 161 3.15 3.22
0.20 5.4538 60.41 115.689 194 — 2.72 3.07

that substitution of Mn with some other element ion could more directly modify the magnetic
ordering [12, 14, 15]. Specifically, the transition metal (TM) ion being the foreign ion is of great
interest. The reason for this is twofold. First, many TM ions have a perovskite oxide LaTMO3

[16], so single-phase solid solutions are easily obtained. Second, with the magnetic TM ion
introduced in the Mn–O network, new magnetic exchange interaction would develop between
the TM ion and its neighbouring Mn ion via the 2p state of the oxygen ion. Then, the influence
of the magnetic order on transport under these circumstances is no doubt an interesting topic.
With these notions in mind, we have performed a preliminary study on the magnetoresistive
properties of La0.67Sr0.33Mn0.8Ni0.2O3 [17]. In this paper, we present a systematic investigation
of the magnetic and transport properties of the series La0.67Sr0.33(Mn1−xNix)O3. Special
attention is focused on the exchange interaction in the Mn–O network, the frozen spin clusters
at low temperatures, the electrical transport behaviour, and the interplay between them.

2. Experiment

Ceramic samples La0.67Sr0.33(Mn1−xNix)O3 (LSMNO) with x = 0, 0.1, 0.15 and 0.2 were
prepared by the conventional solid state reaction method. Detailed synthesizing conditions as
well as the crystal structure characterization have been published in a previous paper [17]. The
magnetization measurements were carried out on an extracting sample magnetometer (ESM)
and a vibrating sample magnetometer (VSM). The resistivity was measured from 1.5 K to
ambient temperature by the standard four-probe technique, with the current direction being
parallel to the magnetic field direction. In order to check the valence state of the Ni cation in
LSMNO, x-ray photoelectron spectra (XPS) of the sample withx = 0.2 were accumulated
at room temperature on an ESCALAB220I-XL spectrometer with monochromatized Mg Kα

x-rays (1253.6 eV) being normal to the sample, and a base pressure of 1.5× 10−8 Torr.

3. Results and discussion

3.1. Structure and chemistry

Figure 1 shows the x-ray diffraction patterns of the LSMNOs. No impurity or secondary phase,
such as La2NiO4 type nickelate, was found. The lattice constantsa, α and the cell volumeV
for the rhombohedral unit cell, calculated by the least-squares refinement method, are given
in table 1. It is shown that substitution of Ni for Mn does not change the structural symmetry
(R3̄c) of the parent oxide [18], but leads to a slight decrease ina andV , and an increase inα.
Since there is an overlap between the Ni 2p3/2 peak and the La 3d3/2 satellite peak in the core-
level XPS of the sample withx = 0.2, the +2 valence state for the Ni ion in LSMNO is known
from a Ni 2p1/2 binding energy of 871.6 eV, which is almost equal to that of NiO [19]. More
recently, by way of EPR (electron paramagnetic resonance) measurement, Rubinsteinet alalso
reached a similar conclusion for the valence state of the Ni ion in La2/3Ca1/3(Mn, Ni)O3 [20].
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Figure 1. X-ray diffraction patterns of La0.67Sr0.33(Mn1−xNix )O3 (06 x 6 0.2).

3.2. Magnetic properties

Figure 2 shows the temperature dependence of dc-magnetization (M–T ) of the series with
x = 0.1, 0.15 and 0.2 measured in a field of 500 Oe during the warming process, after
being zero field cooled (ZFC) from room temperature to 1.5 K. The inset of this figure shows
the temperature dependent ac-susceptibility (χ–T ) of the sample withx = 0. The Curie
temperatureTC values, determined from the maximum point in the dM/dT or dχ/dT , are
listed in table 1. There is a monotonous decrease inTC with increasing nickel concentration.
For the samples withx = 0, 0.10 and 0.15, the paramagnetic (PM) state to FM state transition
is narrow, however, the transition of the sample withx = 0.2 becomes relatively broader.
This fact indicates a wider distribution of the magnetic exchange interactions in the Mn–O
network. Moreover, for the samples withx = 0.15 and 0.2, a magnetization drop appears at
certain low temperatures in theM–T curve. Figure 3 shows theM–T curve of the sample
with x = 0.2 under ZFC and field cooled (FC) runs in a field of 140 Oe. It can be seen that the
magnetization drop is related to the size of the measuring field, as reflected by its much lower
relative magnitude. Though the FC and ZFC magnetization coincide at high temperatures,
even to the broad cusp nearTC , the deviation between them appears just belowTC . All these
features are hallmarks of the cluster glass state where the long range FM order is absent [21].
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Figure 2. Temperature dependent dc-magnetization of the samples withx = 0.10, 0.15 and 0.20
at 500 Oe in ZFC mode. The inset shows the temperature dependence of ac-susceptibility of the
sample withx = 0.
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Figure 3. Temperature dependence of dc-magnetization in ZFC and FC runs of the sample with
x = 0.2 in a field of 140 Oe.

The magnetization isotherms of the LSMNOs taken at 5 K are displayed in figure 4. It
can be seen that all samples have the typical FM character. Values for magnetic moment
MS1 at 65 kOe in Bohr magneton (µB) per formula unit (f.u.) for each sample are tabulated
in table 1. The magnetization rises at very low field for the samples withx = 0.15 and
0.2 which again indicates that their ZFC magnetization drop at low temperatures in theM–
T curve should not be attributed to a FM to AFM state transition but a freezing process of
spin clusters with FM correlation inside. The small slope ofM againstH in the high field
region for the sample withx = 0.2 is related to its cluster glass-like state, while no obvious
slope for the sample withx = 0.15 suggests a less frozen magnetic moment in this sample
at low temperatures. Concerning the FM interaction in the Ni–O–Mn bonds in perovskite
La2NiMnO6, spinel ZnNiMnO4 and ilmenite NiMnO3 [22], we assume that the magnetic
moments of all Mn and Ni ions are aligned in LSMNO, 4µB for Mn3+(t32ge

1
g), 3 µB for
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Figure 4. The magnetization isotherms of all samples taken at 5 K.

Mn4+(t32ge
0
g) and 2µB for Ni2+(t62ge

2
g), then the saturation momentMS2 of each sample is

derived byMS2 = 3.67− 3x µB /f.u. The calculated values are listed in table 1. The fact that
MS1 agrees well withMS2 lets one argue that the magnetic exchange interaction developing
in the Ni2+–O–Mn3+(4+) bonds should be ferromagnetic. Nevertheless, it is also noticeable
that the discrepancy betweenMS1 andMS2 becomes gradually larger with increasing nickel
concentration, implying some spin canting, possibly centering around Ni2+, which exists in
the samples withx = 0.15 and 0.2 at the high applied field.

Because of the newly joined FM Ni–O–Mn bonds, the overall FM component of LSMNO
could still be more than the generic AFM component to the composition withx = 0.2. Hence,
the FM order persists even when some ratios of the FM double exchange are terminated by
the Ni ion. On the other hand, the randomly distributed magnetic exchanges in a contracted
lattice reinforce the spin frustration and shorten the FM coherent length, thus, the local freezing
process of the FM clusters becomes easy with decreasing temperature.

We note that the analogous spin freezing behaviour at low temperatures has also been
observed in several rare earth site doped perovskite manganites, for instance, the compounds at
the crossover from FM state to spin glass state in (La1−xTbx)2/3Ca1/3MnO3 (0.046 x 6 0.15)
[23], and in other systems like the amorphous FexSn1−x alloy [24]. The spin freezing behaviour
in the former case can be ascribed to the bending Mn–O–Mn bond, which increases the
magnetic frustration arising from the competition between the AFM interaction and the FM
interaction [25]. In the latter case, however, the behaviour is due to the coexistence of direct
FM Fe–Fe interaction and indirect AFM Fe–Sn–Fe interaction, which are randomly mixed in
the amorphous state [24].

3.3. Zero field resistivity and magnetoresistance

Figure 5 shows the resistivity as a function of temperature (R–T ) at zero field and 60 kOe for
all samples. Undopedx = 0 is metallic in the whole measured temperature region. When the
Ni ion is doped in, the M–I transition occurring at aTP that is lower than the corresponding
TC (see table 1) shifts to low temperature and meanwhile, the resistivity increases accordingly.
Forx = 0.2, the sample has been an insulator at all temperatures. In addition, there are some
issues deserving more attention.
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Figure 5. The temperature dependence of the resistivity of all samples at zero field (solid data
points) and 60 kOe (open data points).

(a) As double exchange is an interaction mediating both the ferromagnetism and metallic
conduction, the decreased M–I transition temperature together with the insulating state of
x = 0.2 clearly reveal that there should be no charge transfer between the Ni and Mn ions
via the O 2p state. The ferromagnetic interaction in the Ni–O–Mn bonds is superexchange
rather than double exchange-like, as recently proposed in the Ni–O–Co bonds when the
spin glass behaviour and giant magnetoresistance effect in the perovskites ReCo0.7Ni0.3O3

(Re= La, Nd, Sm) were investigated [26].
(b) For the sample withx = 0.2, the resistivity aboveTC is found to follow the VRH

(variable range hopping) law:ρ ∝ exp(T0/T )
1/4 [27–29] with T0 = 3.65× 107 K

rather than the activated hopping law:ρ ∝ exp(E/kT ). For a clear demonstration, the
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Figure 6. The experimental resistivity and the VRH resistivity at zero field for the sample with
x = 0.2.

VRH conducting behaviour from 300 K to low temperatures is denoted by the dotted
curve in figure 6. It should be mentioned that there are some discrepancies concerning the
physical parameters, such as the electron localizing length deduced fromT0 [15], which
requires further investigation. However, one can note that the VRH resistivity starts to be
larger than the experimental resistivity just atTC . We believe this fact is important since
it shows that the set-in FM order belowTC indeed lowers the kinetic energy needed for
electron hopping in the Mn–O–Mn network, which supports the double exchange model
[7]. Due to the more and more Ni ions occupying the Mn site, the hopping electrons are
depopulated and the metallic Mn–O–Mn network has collapsed whenx reaches 0.2. In
other words, since the dosage ofx = 0.2 exceeds the threshold for metallic conduction,
we cannot observe a thermally induced M–I transition nearTC .

(c) At low temperatures, the sample withx = 0.1 has a weak insulating behaviour.
Interestingly, as the low temperature ZFC magnetization drop begins to appear in the
sample withx = 0.15, the insulating behaviour at low temperatures becomes more
pronounced. For the sample withx = 0.2, in accord with the ZFC magnetization drop, the
resistivity increases drastically below 25 K, showing a different conducting region. Such
a tight relationship between magnetism and transport strongly implies that the randomly
frozen spin cluster that is detected in the samples withx = 0.15 and 0.2, which may be
too low to be detected in the sample withx = 0.1, is another crucial factor for localizing
charge carriers. It is also interesting to note that the localized behaviour associated with the
spin freezing process in the aforementioned compounds (La1−xTbx)2/3Ca1/3MnO3, is not
apparent, in contrast to the behaviour observed here. The reason for this can be explained
as follows. For the latter case, due to the replacement of Mn by Ni, the Mn–O network
is not perfect. Thus first, the spin clusters may have a smaller size, and in some local
region the electron mean free length would be larger than the magnetic coherent length, so
additional magnetic scattering occurs. Second, the randomly frozen spin cluster is directly
coupled with a fluctuated Coulombic potential from the Mn–O network rather than the
rare earth site. As a consequence, the localized state could be more easily introduced in
the latter case than in the former case for which the Mn–O network is perfect [27, 30, 31].
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Figure 7. The temperature dependence of the MR ratio of the series at 60 kOe.
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Figure 8. The normalized resistivity as a function of the magnetic field at 5 K. The inset illustrates
the low field region of the samples withx = 0 and 0.2.

In the applied field of 60 kOe, the M–I transitions move to high temperatures, and the
resistivity of all the samples falls significantly. For the samples withx = 0.1 and 0.15, the
insulating behaviour at low temperatures become weak. For the sample withx = 0.2, its
low temperature resistivity follows the same trend. Nevertheless, the insulating nature at all
temperatures is retained. Figure 7 shows the temperature dependence of the MR ratio, defined
here as1ρ/ρ(0) = [ρ(0)− ρ(H)]/ρ(0), whereρ(0) is the resistivity at zero field. One can
see that, with decreasing temperature, the MR ratio increases and there is a broad cusp for Ni
doped samples near their correspondingTC . With the suppression of ferromagnetism, the MR
effect shows at lower temperatures, but becomes more enhanced compared with the value of
the parent oxide La0.67Sr0.33MnO3.

Figure 8 shows the normalized resistivity as a function of magnetic field (ρ–H ) up to
65 kOe at 5 K, while the inset illustrates the low field region of the samples withx = 0
and 0.2. The compositions withx 6 0.15 show two regions in theρ–H curve. One is the
low field region whereρ decreases quite rapidly withH and has a close connection with the
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sharp rise in magnetization, as shown in figure 4. The other is the high field region where
ρ changes gradually. As for the insulating sample withx = 0.2, instead of showing an
upturn at low field, the resistivity decreases smoothly, ranging from 0 Oe to 65 kOe, and MR
increases extensively, being consistent with the measured temperature dependent MR ratio. Up
to now, many of the explorations of the field dependent MR have been undertaken in metallic
perovskite manganites and far fewer studies have touched the magnetotransport at given low
temperatures in insulating samples. In the present work, the whole magnetic field dependence
of MR obtained from metallicx = 0 to insulatingx = 0.2, provides not only an insight into
the evolution of the low temperature magnetism, but also a unique opportunity to examine the
micro-origin of the enhanced MR at low temperatures with increasing Ni content.

Based on the investigation of MR properties for single crystals and polycrystals, Hwang
et al pointed out that the low field MR in polycrystalline samples is attributed to the spin
polarized intergrain tunnelling (SPIT), and the high field MR arises from the suppression of
the intra-grain spin fluctuation [32]. Their argument was later supported by the work led by
Mathuret al [33]. In our case ofρ–H at 5 K, the SPIT effect is clear for the samples with
x 6 0.15, and the increasing slope forρ againstH in the high field region, as well as the
distinct MR behaviour of the sample withx = 0.2, indicates that the series has an increasing
intra-grain spin fluctuation. Obviously, such spin fluctuation is not temperature related, which
is the case for the metallic samples at higher temperatures, closer toTC [34, 35], but is spatial
and more static. This observation is not surprising since the spin fluctuation is consistent with
our suggestion that, with the Mn ion replaced by the Ni ion, the randomly frozen spin clusters
grow larger at this low temperature (5 K). With the external field orienting these spin clusters,
the magnetic disorder is reduced, which in turn suppresses the spatial spin fluctuation and
favours the charge delocalization. We propose that the enhancement of low temperature MR
in the series is due to the more enhanced spatial spin fluctuation introduced with increasing Ni
content. It is noteworthy that a very similar low temperature MR behaviour, compared with
the sample withx = 0.2 studied here, has more recently been observed by Ogaleet al in the
epitaxial thin film, with metallic composition La0.67Ca0.33MnO3, where the irradiation of the
high energy oxygen ions induced a growth of FM spin clusters [36].

Finally, we would like to note that the applied magnetic field can align the spin but
obviously cannot alter the non-perfect nature of the Mn–O network, where randomly distributed
Ni ions prevents electron hopping. Therefore, the magnetic field has not induced a M–I
transition in the sample withx = 0.2. And, due to the unchanged fluctuated Coulombic
potential and the residual spin canting which has a memory of the spin freezing process and
holds the short magnetic coherent length, the low temperature insulating behaviour is still seen
in the samples withx = 0.15 and 0.2, even when the magnetic field of 60 kOe is applied, as
shown in figure 5.

4. Conclusion

The structure, magnetic and electrical transport behaviour of Ni ion doped La0.67Sr0.33MnO3

have been investigated. Summarizing the experimental results, the following conclusions
can be drawn: (a) replacement of Mn by Ni weakens the ferromagnetism and gives rise to
the insulating behaviour; (b) randomly distributed superexchange FM Ni–O–Mn bonds are
attributed to the appearance of the cluster glass-like state that has a PM to FM phase transition
at relatively high temperatures and a spin cluster freezing process at low temperatures, as the
Ni content in the Mn–O network increases; (c) besides the depletion of hopping electrons
and the destroyed metallic paths owing to the foreign Ni ion terminating the double exchange
between Mn3+ and Mn4+, the frozen spin cluster at low temperatures is another crucial factor
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for the charge localization; (d) the magnetic field reducing the increased magnetic disorder
which results in a suppression of the spatial spin fluctuation in the Mn sublattice, is the reason
for the considerably enhanced low temperature MR of the series La0.67Sr0.33(Mn1−xNix)O3.
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