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Abstract

The effect of Ho-doping and Ho-adding on the electronic transport and magnetic properties of melt-processed

La0.67Ca0.33MnO3 (LCMO) is investigated by resistivity and AC susceptibility measurement. For Ho-addition of

1mol% LCMO sample (Ho-LCM), its magnetic transition temperature Tc and metal–insulator (M–I) transition

temperature Tp are enhanced about 70K compared with Ho-free LCMO sample. However, for Ho-doping of 3mol%

LCMO sample (Ho-doping LCM), both Tc and Tp are reduced about 35K. We give a reasonable explanation in terms

of structural changes (bond distance and bond angle) gained from the XRD refinement. The nanoscale Ho distribution

is consistent with the magnetic inhomogeneity induced MR which is verified by the double peaks in AC susceptibility w00

and the drop of w0ðTÞ curve below Tc: The mechanism of transport of all the samples is discussed.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The discovery of colossal magnetoresistance
(CMR) in perovskite maganese oxides R1�xAxMnO3

(where R is a trivalent rare-earth element and A is a
divalent metal element such as Ca, Sr, Ba, Pb, etc.)
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has generated a considerable interest because of their
various electronic, magnetic and structural properties
and potential applications [1–7]. The spin structure
and structural properties has long been correlated via
the double exchange (DE) mechanism, i.e., the hoping
of eg electrons between Mn3+ and Mn4+ ions
mediated by oxygen anions. Except for DE mechan-
ism, Jahn–Teller electron–phonon coupling [8–10]
arising from the deformation of the Mn3+O6

octahedra due to Jahn–Teller effect and the phase
separation (PS) [11] also play an important role,
Despite the reason for the existence of the PS state is
d.
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not yet well understood, theoretical and experimental
results found that the competition between different
phases is very sensitive to the particular kind of
disorder in the compound such as A- or B-site
disorder, grain-size effect or intragranular strain
[11–14], which lead to different transport properties
and thus CMR effect.
Due to the difference in valence and size,

different ions doping in LaMnO3 could produce
different effects, In the system of La1�xCaxMnO3,
x ¼ 1=3 is the most favorable doping which have a
higher Curie temperature Tc and larger MR. At
the same time Tc varies sensitively with varied
chemical pressure, especially by introducing triva-
lent rare earth ions with different sizes into the
perovskite structure [15–18], without varying the
proportion of Mn3+ and Mn4+. The doping
changes the structural parameters which directly
influences the eg electrons hoping between Mn
ions. The connectivity between grains enhances
spin polarization between the adjacent grains
through perovskite grain boundary (GB) region
[19,20], because in ferromagnetic-metal mixture,
the negative magnetoresistance (MR) effect origi-
nates from the spin-dependent scattering at the
boundaries of the non-aligned magnetic grains.
However, for bulk ceramic material, nearly 100%
spin polarization remains an intriguing problem
both for technological and scientific point of view.
Therefore, the enhanced spin polarization is
significant to investigate the structural MR at
TcETIM (metal–insulator transition) in charge
transport across the interface of the GB [21].
The melt-processed La0.67Ca0.33MnO3 (Ho-free

LCMO) has improved GB. In this work, the
chemical pressure by doping Ho and adding Ho
was studied through XRD refinement (which
gives bond distance of Mn–O and bond angle of
Mn–O–Mn); electric transport (zero field and low
fields) and AC susceptibility measurements. We
observed that Tc was nearly 70K higher in Ho-
LCM than that in Ho-free LCMO, but was nearly
35K lower in Ho-doping LCM sample. Pradhan
et al. [21] attributed this phenomenon to the
opening of new conduction channels blocked at
GB. In this article, a reasonable explanation is
given based on the changes of structural para-
meters gained from Rietveld refinement of X-ray
powder diffraction. The nanoscale Ho distribution
is consistent with the magnetic inhomogeneity
induced MR and this inhomogeneity can be
verified from the double peaks appeared in the
AC susceptibility imaginary part curve w00ðTÞ in the
Ho-LCM sample and also the drop of w0 magni-
tude below Tc:
2. Experiment

La0.67Ca0.33MnO3 (LCMO); La0.64Ho0.03Ca0.33
MnO3 (Ho-doping LCM) and 1mol% Ho addition
to LCMO (Ho-LCM) samples were prepared by
melt processing technique [22]. The samples were
fully melt processed at B1600–1620�C and an-
nealed in O2. The X-ray powder diffraction was
performed using a Philips PW 1700 X-ray dif-
fractometer with Cu Ka radiation and was refined
using a standard Rietveld technique [23]. Tem-
perature dependence of resistivity for all the
samples was measured by a standard four-probe
method from 20 to 350K. The AC susceptibility
measurement was carried out by means of a sensitive
mutual-inductance method operating at 1kHz and a
driven field of 0.15G. The MR ratio is defined as
MR ¼ ðr0 � rHÞ=rH�100%: r0 and rH are the
resistivity at zero field and applied field, respectively.
3. Results and discussion

X-ray powder diffraction at room temperature
displayed in Fig. 1 indicates that all the samples
are of single phase and the diffraction pattern can
be indexed by orthorhombic lattice with space
group Pbnm. The structural parameters were
refined by the standard Rietvelt technique [23].
The results were listed in Table 1 where the lattice
constants (a, b and c) of the doped samples are all
larger than that of the Ho-free LCMO. However,
the average Mn–O bond length of Ho-LCM is
much smaller (except one Mn–O2) and the bond
angle of Mn–O–Mn is much larger than that of
LCMO. For Ho doping sample, it is of different
case, the average Mn–O bond distance is longer
(with only one Mn–O2 shorter) but the angle of
Mn–O–Mn is smaller (except for one of the angles)
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Fig. 1. XRD refinement of LCMO, Ho doping and Ho addition samples. Crosses indicate the experimental data and the calculated

profile is the continuous line overlying them. The lowest curve shows the difference between experimental and calculated pattern. The

vertical bars indicated the expected reflection positions.
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Table 1

The structural parameters of all the samples from XRD refinement

Parameters LCMO Ho doping LCMO Ho addition LCMO

a ( (A) 5.4690 5.4692 5.5869

b ( (A) 5.4568 5.4569 5.5574

c ( (A) 7.7044 7.7057 7.8979

v ( (A3) 229.92 229.98 245.22

Mn–O1 ( (A) 1.9470 1.9640 1.8650

Mn–O2 ( (A) 1.9310 2.1360 1.6280

Mn–O2 ( (A) 1.9770 1.8780 1.9780

Mn–O1–Mn (�) 163.16 164.61 167.79

Mn–O2–Mn (�) 162.56 157.50 170.83
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than that of Ho-free sample. These changes in
structure can be used to explain the transport
proprieties mentioned below. It is well known that
the tolerance factor t ðt ¼ ðrA þ rOÞ=

ffiffiffi
2

p
ðrB þ rOÞ

(where ri (i ¼ A; B, or O) represents the average
ionic size of each element). As t is close to 1, the
cubic perovskite structure is realized. As rA
decreases, t also does, the lattice structure trans-
forms to the rhombohedral (0:96oto1) and then
to the orthorhombic structure (to0:96), in which
the bending of B–O–B bond and the deviation of
the bond angle from 180� increase. Such structural
transition has been confirmed by Sr- and Ba-
doping system [24,25]. For our experiment, the
ionic radii of La3+ and Ho3+ is 1.15 and 0.97 (A,
respectively, and the substitution of smaller Ho3+

ions for larger La3+ leads to the tolerance factor
to be 0:96oto1 and the structure to be orthor-
hombic. From Table 1, one may notice that the
lattice parameters change a lot for Ho-add sample
which indicates that Ho goes into the lattice (Ho is
in the bulk). The extra Ho will cause Mn and
oxygen vacancies in the crystal, which could be
verified by the increase in cell volume for Ho-add
sample compared with Ho-free sample.
Fig. 2 shows the temperature dependence of

resistivity of LCMO, Ho doping and Ho-LCM
samples at zero field and an applied field. All
samples undergo a sharp transition at TIM

(metal–insulator transition temperature), which
coincides well with the Curie transition temperature
Tc (Tc can be defined from the AC susceptibility
measurement). The paramagnetic–ferromagnetic
(PM–FM) transition can be clearly seen in the
temperature dependence of AC susceptibility
plotted in the inset (a) of Fig. 2. In the r–T curve,
the melt-processed LCMO exhibits a sharp Tc at
B261K which is enhanced compared with that of
sintered LCMO. It was explained due to the
opening of new conduction channels blocked at
GB with improved grain boundaries for the melt-
processed sample [19,20]. Compared with Ho-free
LCMO, Tc of Ho-LCM (1mol% Ho addition to
LCMO) is increased B70K and Tc of Ho-doping
LCM is decreased B35K. This kind of variation
of Tc can be explained reasonably by the results of
XRD refinement shown in Fig. 1 and Table 1. The
smaller Mn–O distance and larger Mn–O–Mn
angle in Ho adding LCMO lead to the enhance-
ment of the bandwidth and the mobility of eg
electrons, the DE interaction is improved and the
Curie temperature Tc increased in terms of DE
model. However, for Ho doping sample, it is of the
different case. The average length of Mn–O is
larger and one of the angles of the Mn–O–Mn is
larger too. These contrast cases compete with each
other, which finally makes the longer bond
distance and the smaller Mn–O–Mn angle to be
prior, leading to the decreased DE interaction.
Hence, both TIM and Tc decreased in terms of DE
model. It is clear that the Ho added material is
much more metallic because of the increased bond
angles and decreased bond distance. Therefore, it
is suggested that the introduction of the second
metallic phase with nanoscale (such as Ho here) to
the CMR parent phase may be a valuable method
enhancing the IM transition temperature and MR
value.
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Fig. 2. Temperature dependence of the resistivity for all the samples in zero field and an applied field of 0.32T. The inset (a) is the

temperature dependence of AC susceptibility w0: Inset (b) is the temperature dependence of AC susceptibility imaginary part w00 of
Ho-LCM sample.
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Fig. 3 shows the temperature dependence of MR
at a magnetic field of 0.32 T. It shows that the
highest MR value of all the samples is achieved
near TIM. The CMR effect that occurs near Tc is
associated with bulk and it occurs as the spins
align and so the mobility of carriers increases. For
the LCMO sample, the MR collapses rapidly
below Tc indicating that the sample has a sharp
phase boundary between ferromagnetic metallic
(FMM) and charge ordering (CO) state [21].
However, a substantial MR remains at the low
temperature for Ho-LCM. The field dependence of
resistance (R2H) curve at room temperature
(310K) of Ho-LCM is plotted in the inset of Fig.
3, in which it displays a remarkable MR at room
temperature. The low temperature MR is asso-
ciated with grain boundaries and is caused by spin-
dependent tunneling between grains, which indi-
cates the FM and CO state remains coexistent
almost all over the measured temperature region
exhibiting the percolative conduction through
metallic regions embedded in the insulating matric
[21]. These results have been verified by the STM
image shown in Ref. [21].
In order to verify the magnetic inhomogeneity

caused by Ho addition, the temperature depen-
dence of AC susceptibility imaginary part w00ðTÞ of
Ho addition sample is measured as shown in the
inset (b) of Fig. 2. It displays that Ho addition
sample exhibits double peaks. For homogeneous
samples, the temperature of the peak observed in
w00ðTÞ is in agreement with the temperature of
resistivity peak (Tp). However, for inhomogeneous
samples, w00ðTÞ always shows multiple peaks [26].
Hence, the double peaks of w00ðTÞ in Ho-LCM
sample indicates that the magnetic inhomogeneity
is formed by Ho addition. Furthermore, the
feature of w0ðTÞ curve also illustrates that it is
not uniform FM in the Ho doping and Ho
addition samples at the temperature region of
ToTc; but it is uniform FM in LCM sample.
Therefore, the high temperature MR is considered
to originate from the magnetic scattering due to
the Ho addition, because magnetic inhomogeneity
induces local strain, which will be discussed
elsewhere in detail.
To understand the electric transport mechanism,

the temperature dependences of the electrical
resistivity data under zero field and applied field
are fitted according to the small polaron hopping
model, rðTÞpTexp ðE0=kTÞ [27], thermally acti-
vated model, rðTÞpexp ðE0=kTÞ and variable
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range hopping model, rðTÞpexp ½ðT0=TÞa	 [28],
respectively. From the fitted results shown in
Fig. 4, it is found that the resistivity data of
LCMO and Ho-doping LCM can be well de-
scribed by Mott’s three-dimensional variable range
hopping expression: rðTÞ ¼ r0exp ½ðT0=TÞ1=4	 at
the high temperature region above Tp where T0 is
a characteristic temperature related to the density
of states in the vicinity of the Fermi energy NðEFÞ
and the localization length z; i.e., kBT0E21=
½z3NðEFÞ	: For Ho-LCM sample, the experimental
data can be fitted according to the small polaron
model as shown in the inset of Fig. 4. That is to
say, the electronic transport mechanism is changed
when Ho is added into the LCMO sample. On the
other hand, the transport mechanism transferred
from variable range hopping in Ho-free sample to
small polaron model in Ho-add samples perhaps
indicates the better crystal quality of the latter
caused by the lattice expansion and increase of the
bond angles.
The same work is done for the temperature

dependence of resistivity at the temperature region
of ToTp using rðTÞ ¼ r0 þ ATa [29]. The results
are shown in Fig. 5, we can see rðTÞ lined well with
T2:7 for Ho-free LCM under zero field and an
applied field. Here r0 is the resistivity due to the
domain boundaries and other temperature-inde-
pendent scattering mechanisms and the AT2:7 term
is an empirical fitting to the data which represents
a combination of electron–electron, electron–
phonon and electron–magnon scattering, all of
these are expected to be significant in this system.
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The temperature dependence of Ho-doping LCM
is fit well by AT3:6 as shown in the inset (a) of
Fig. 5, which is near the AT4:5 as suggested by
Kubo and Ohata [30] based on calculation of
electron–magnon scattering. However, the resis-
tivity data of Ho addition sample was fit well by
AT2:2 (see inset b of the Fig. 5), which can also be
thought to be the combination of electron–
electron, electron–phonon and electron–magnon
scattering. The doped samples have different
transport mechanism from that of the LCMO
and the lower a-value of Ho-LCM than that of
LCMO also indicates the magnetic inhomogeneity
induced by Ho adding, which is another proof of
inhomogenety-induced MR at low temperatures.
4. Conclusions

In summary, the crystal structure, electric
transport, magnetic properties and MR effect of
melt-processing LCMO, Ho-doping LCM and
Ho-LCM are investigated systematically and a
reasonable explanation is suggested based on
the viewpoint of structural changes. The average
(Mn–O) bond length decreases and average
/Mn–O–MnS bond angle increases for Ho-LCM
sample. In contrasted to Ho-LCM sample, the
average (Mn–O) bond length increases and
average /Mn–O–MnS bond angle decreases for
Ho-doping LCMO sample compared with the
free-Ho LCMO sample. The enhanced Tc for
Ho-LCM is ascribed to the enhanced double-
exchange interaction due to the reduced (Mn–O)
bond length and the increased /Mn–O–MnS
bond angle induced by nanoscale Ho distribution
within LCMO. From the discussion, the introduc-
tion of Ho into LCMO drastically enhanced MR
and increased Tc; which seems to be a common
feature for CMR materials. It will be helpful
method to search for CMR material with higher
Tc and larger MR. The magnetic inhomogeneity
induced by Ho addition was also verified by
double peaks of the AC susceptibility w00ðTÞ
measurement, w0ðTÞ curve and the fitting of
rðTÞ curve. This inhomogeneity may induce
additional MR and open conduction channels at
the same time.
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