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In order to avoid the complicated influence of grain boundaries on the resistivity in the investigation of the

“intrinsic” magnetoresistance (MR) effect, the magnetic and magnetotransport properties of Lag.¢7Cap.33MnO3 and

Lag . 67Cag.33Mng 96Fep.0403 single crystals were investigated. Owing to the absence of grain boundaries in the single

crystals, MR ratio under 40X 10°A /m is about two orders of magnitude larger than that in polycrystalline counterparts.
A further enhancement of MR ratio from 3400% to 17600% was achieved by a few percent of Fe doping. On the basis

of the small polaron model, the activation energy derived from fitting the resistivity above T, was found to increase

upon introducing Fe. A connection between the strong localization of electrons arising from magnetic polarons and the

enhancement of MR was observed in the single crystals.
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1. Introduction

Recently colossal magnetoresistance (CMR) in
various perovskite manganese oxides R;_,A,.MnOgs
(where R is trivalent lanthanide and A is divalent al-
kali earth metal) has become a topic of considerable
research interest.l!=¢ The magnetic properties, mag-
netotransport, and CMR effect of these manganese
oxides have been extensively investigated. Although
a large number of papers have been published to in-
vestigate the effect of Fe doping on the magnetic and
magnetotransport properties of La; _,Ca,MnOj3 poly-
crystalline samples,”=12] no sufficient reports have
been published concerning the significant contribu-
tion of grain boundaries in polycrystalline samples
to the resistivity, which always results in an “extrin-
sic” magnetoresistance (MR) besides the “intrinsic”
MR effect. The resistive behaviour has been reported
as a function of the grain size, which can be tuned
by modifying the synthesis conditions. High-quality

single crystals can help us to better understand the

fundamental origin of CMR. effect.
high-quality single crystals of Lag g7Cagp.33MnO3 and

In this paper,

Lag.¢7Cag.33Mng 96 Feq 04O3 are grown for investigat-
ing the effect of Fe doping on the “intrinsic MR” ef-
fect when isolating the contribution of grain bound-
ary to the magnetotransport behaviour. Furthermore,
Lag.e7Cag.33Mng g6Feg 0403 sample is attractive for
investigating the magnetic polarons in the paramag-
netic insulating phase due to the identical ionic radii
of Mn3*t and Fe?* ions in six-fold octahedral coordina-
tion, which induces minimal distortion in the lattice.
On the basis of the small polaron model, the activation
energy can be derived from fitting resistivity above T..
The relationship between the intrinsic MR and local-
ization of electrons arising from magnetic polarons can

be achieved.

2.Experimental procedures

Single crystals with nominal composition of

Lag.67Cap.33MnO3 and Lag.e7Cag.33Mng.g96Feq.0403
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were successfully grown by the floating zone method
with four ellipsoidal mirrors (Crystal Systems Inc,
FZ-T-10000-H-VI-VP). Back-reflection Laue x-ray
diffraction (XRD) experiment was carried out to check
the single crystallinity and determine the crystallo-
graphic direction. Magnetization and resistivity mea-
surements were performed on a commercial phys-
ical property measurement system (Quantum De-
sign, PPMS-14). Both AC and DC magnetic fields
are parallel to the longitudinal axis of the sam-
ple. The compositions of LagpggCag.31MnO3 and
Lag.6sCag.32Mng geFeq.04 O3 for these two sample crys-
tals were determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES), which are

consistent well with the nominal ones.

3. Results and discussion

AC magnetic susceptibility for Lag gsCag.30Mng.gg
Fep.0403 single crystal was measured under an AC
field of 800A/m with various frequencies of 10, 100,
1000Hz without bias DC field (Fig.1(a)) and with
bias DC fields of 2.4x10°%, 4x10° and 8x10°A/m
(Fig.1(b)). Both AC magnetic susceptibility with-
out bias DC field and DC magnetization (inset of
Fig.1(a)) measured under 0.16x10°A/m exhibit the
same temperature dependence. With decreasing tem-
perature, the susceptibility and DC magnetization
increase rapidly around T, becoming nearly temper-
ature independent below T.. The transition temper-
ature for Lag gsCag.32Mng.96Feq.0403 is about 174K,
which is lower than that of Lagg9Cag.31MnO3 sin-
gle crystal (T. ~ 218K), as shown in the inset of
Fig.1(a).

vious frequency dependence.

AC magnetic susceptibility shows no ob-
The evolution of the
temperature dependence of the AC susceptibility in
real component x’ (at 10Hz frequency) under different
bias DC magnetic fields demonstrates that only one
distinct peak appears around the transition tempera-
ture when the magnetic field is larger than 4x10°A /m.
With increasing bias DC field, the peak of x’ shifts to
the higher temperature, and decreases in amplitude,
which is a characteristic of ferromagnetic systems.?!
Although the substitution of Fe weakens the double-
exchange interaction between Mn3* and Mn*t ions
and decreases the Curie temperature, in contrast with
Lag.¢7Cag.33Mng.goFeg.1003,8 such a low concentra-
tion of Fe as dopant is not enough to destroy the
double-exchange significantly and result in the appear-

ance of spin-glass state in Lag.gsCag.320Mng.g6Feg.04 O3

single crystal.
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Fig.1l. Temperature dependence of AC susceptibility

for 800A/m and 10, 100, 1000Hz applied AC mag-

netic field without bias DC magnetic field (a), and

with various DC magnetic fields (b). Thermomagne-
tization curves and magnetization curves are plotted

in the insets.

Temperature dependences of the resistivity of the
two samples are shown in Figs.2(a) and 2(b). The cur-
rent runs parallel to the longitudinal axis of sample.
The data display a transition from a low-temperature
metallic state to a high-temperature insulating state
around T,.. Unlike polycrystalline samples, which ex-
hibit a broad resistivity peak around T, the zero-
field resistivity transition of the single crystals of
Lag.69Cag.31MnO3 and Lag gsCag,32Mng gsFeg.0403 is
observed to be very sharp, without any intermedi-
ate step around metal-insulator transition tempera-
ture T},. It was proven that the presence of a shoulder
below Tj, in the resistivity curve is the signature of the
effect of grain boundary in the double-grain sample, !4
the sharp transition in resistivity without any inflexion
point or shoulder (foot-like structure) confirms that
no grain boundary exists in the present single crys-
tal samples. Without scattering introduced by grain
boundaries, the resistivity in the low-temperature
regime (T < T.) in single crystals is at least two or-
ders of magnitude smaller than that in polycrystalline
counterparts. A few percent of Fe dopant results in
that the resistivity in Lag gsCag.30Mng ggFeq 0403 sin-
gle crystal is an order of magnitude larger than that in

Fe-free crystal. In the Fe-free single crystal, the con-
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duction mechanism can be explained by the e, elec-
trons hopping between Mn®t and Mn*t sites on the
basis of the double-exchange model.l'®l The electron
hopping between Mn3t and Fe3* sites is forbidden
because of the lack of available electronic states in
the Fe e, orbital. As Fe*™ replaces Mn3T, the ratio
Mn3*/Mn**, as well as the number of hopping elec-

trons, decreases, thus increasing the resistivity.
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Fig.2. p-T curves under various applied mag-

netic fields for Lag.¢sCao.32Mng.96Fe0.0403 (a) and
Lag.69Cag.31MnO3 (b). Insets: MR ratios under var-

ious applied field as a function of temperature.

The influence of the applied field ranging from
0 to 40x10°A/m on the electrical resistivity was in-
With the increase of the ap-

plied field, the resistivity peaks decrease in magni-

vestigated as well.

tude and shift towards higher temperatures. The in-
sets of Figs.2(a) and 2(b) show the MR ratio (defined
as (Rg — Ro)/Ru) as a function of temperature for
Lag 68 Cag.32Mng 96 Fe.04O3 and Lag 9Cag.31 MnOs,
respectively. At low temperatures, negligible MR is re-
lated to the high order of spin arrangement. With in-
creasing temperature around T, a significant enhance-
ment of negative MR ratio is concentrated within a
narrow temperature range owing to the suppression of
spin fluctuation.'®! In contrast to the polycrystalline
sample, which exhibits a large MR at low fields, the
MR of single crystal is not easily saturated at low mag-
netic field. Decreasing the grain boundary is in favour
of enhancing MR, but a high magnetic field is required.
Up to 3400% of MR is achieved under 40x10°A/m

for Lag.goCag.31MnOj3 single crystal, which is two or-
ders of magnitude larger than that of polycrystalline
sample.l”"12] The sizeable negative MR of the single
crystal is mainly due to the suppression of spin fluc-
tuation in magnetic fields, as expected in a double-
exchange ferromagnet. With a few percent of Fe
dopant, a further enhancement of MR from 3400%
to 17600% is achieved under 40x105A/m.

the relative variation in the magnetization between

Since

Lag.69Cap.31MnO3 and Lag.gsCag.32Mng g6Fe.0403 is
the same once the magnetic domain rotation is com-
pleted, further enhancement of MR by the substitu-
tion of 4% Fe cannot be explained only by the sup-
pression of spin fluctuation. Therefore, the localiza-
tion mechanism should also be taken into account for
the mechanism of enhancement of MR of the single
crystal.

It is proven that the conducting mechanism of
perovskite manganite compounds in a paramagnetic
state can be well described by the thermally activated

[17-20] The resis-

hopping of the small polaron model.
tivity in the paramagnetic state can be fitted by the
expression p(T) o« Texp(Ea/ksT) (inset of Fig.3),
where kg is the Boltzmann constant and FE, is the
activation energy. The value of Ep (~100.7meV) for
Lag.e9Cag.31MnO3 single crystal under a zero mag-
netic field is in good agreement with the typical val-
ues of 100.0meV for polycrystalline sample reported
by other authors.!'® Although the presence of grain
boundaries in polycrystalline materials increases sig-
nificantly the resistivity and influences the electronic
transport in low-temperature regime, the same values

of the activation energy of magnetic polarons have
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Fig.3. The magnetic field dependence of the

activation energy Lap.egCagp.32Mng.96Fep.0403 and
Lag.69Cap.31MnO3 single crystal samples, respec-
tively. The inset shows the small polaron model fit-
ting of the resistivity of Lag.68Cap.32Mng.96Fep.0403

above T..
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been obtained in the paramagnetic state between sin-
gle crystal and polycrystalline materials, suggesting
that the activation energy reflects an intrinsic prop-
erty. The fitting results of the experimental curves
(inset of Fig.3) reveal that the doping of Fe increases
the activation energy, implying a stronger localization
of electrons. This is consistent with the results of MR.
The carrier localization may be another important fac-
tor for the sizeable negative MR of the single crystal
sample.

An applied magnetic field aligns the spins of
Mn?t and Mn**t ions, which increases the kinetic
energy, and hence decreases the effective electron-
phonon coupling. Therefore, the activation energy
decreases significantly with increasing magnetic field
(as shown in Fig.3). In the case of magnetic po-
larons, there is a magnetic exchange contribution to
the activation energy. In the presence of a mag-

netic field, the activation energy is replaced by E4 =

2

M

E% 11— <M> , where M and M are magneti-
El

zation and saturation magnetization, respectively.[20]

This is the origin of the decrease of the resistivity as

well as the shift of the resistivity peaks to higher tem-

peratures with increasing magnetic field.
4. Conclusion

In summary, the effect of Fe doping on mag-
netic properties and the “intrinsic MR” for single
crystal Lag.g7Cag.33MnOg3 has been investigated. Ab-
sence of grain boundary increases the MR ratio up
to 3400% and 17600% for the Fe-free and the Fe-
doping single crystal samples, respectively. Further
enhancement of MR by a few percent of Fe dopant
results from the increase in the activation energy in
Lag.esCag.32Mng g6Feq 0403 single crystal sample, be-

sides the suppression of spin fluctuations.
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