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ZrO, (x =0, 3%, 6%, and 9%) matrix composites under a weak applied magnetic field from 0 to 1 T. The

nanoscaled nonmagnetic ZrO, particles which are introduced as a secondary phase has been put into

ferromagnetic metal bulk ceramics La,;Sr;3MnQO;. As the density of ZrO, nanoparticles increases, the

ferromagnetic ordering of the system will enhance as well as the electric transport at low temperatures.

The temperature and weak magnetic field dependences of the resistivity upturns of our samples are in

good agreement with a combination of electron-electron interaction and weak localization.

Introduction

The Kondo effect, which arises from the exchange interaction
between itinerant conduction electrons and localized spin
impurities, leads to anomalous temperature dependences in
various physical parameters due to the Fermi-surface effect.' It
was discovered many years ago in metals with dilute magnetic
impurities and had been studied in many strongly correlated
systems, such as quantum dots and heavy electron
compounds.2'6 Meanwhile, the resistance minima in low
temperature, which attracted scientists wide attention due to the
intrinsic physical mechanism of the colossal magnetoresistance
system, are typical characteristics of the Kondo effect, have
been found in ABOj;-type both polycrystalline and single
crystalline  systems, especially the  wide-bandwidth
ferromagnetic metal with a high Fermi-level spin polarization
perovskite-type manganites.”” In the ferromagnetic region (T <
Tc) of perovskite-type manganites, it shows a metallic behavior
at low temperatures, but the resistivity does not show a residual
resistance behavior for T—0.'%!? So far, in order to explain
these interesting and abnormal Kondo-like phenomena in
perovskite-type manganites, various models have been
proposed in terms of several different mechanism, such as
quantum corrections to conductivity effect interaction, spin-
polarized tunneling through grain boundaries, and Kondo-like
mechanisms due to spin disorder.”*"> At low temperature, it is
well known that the coupling between localized spin and
conduction electrons serves as a fundamental model for
understanding correlated electron physics and it is said that the
research about the low-temperature resistivity minima is still
under debating. In the past decade, several papers have been
published claiming the presence of weak localization and
electron-electron (e-e) interaction in the low-temperature region
of the magnetotransport properties which give rise to resistivity
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minimum, p,;,, below nearly about 40 K.!62 The e-e
interaction mainly exists in the strongly correlated systems and
the weak localization is a quantum correction due to the finite
dimension of the system as quantum interference between
backscatter waves and propagating waves.'?> Rozenberg er al.'®
predicted the low-temperature resistivity minima occurs at low
temperatures shifts towards lower T upon applying a magnetic
field and disappears at some critical field H,. Xu et al'
investigated the behavior of the resistivity minimum with
various magnetic fields at low temperature for the optimal
doped La,;3Ca;sMnO; polycrystal and the experimental results
did not support the shift of low-temperature resistivity minima
and the field H,,, they found weak localization is suppressed by
high field (H > 1 T) and the electrical resistivity only follows
T"? dependence with a characteristics of enhanced e-e
interaction in 3D disorder systems under high field (H > 1 T).
Jia et al*® investigated the effects of the ferroelectric poling-
induced strain on the sputtered La,,Cag ;5Sry1sMnO3 films and
interpreted the resistivity upturn in terms of quantum
correlation originating enhanced by disorder. However, from
the experiments, most obtained results include various factors
above and strongly depend on the single experimental sample’s
form. Thus, it is very important to investigate intrinsically the
different and single factor such as disorder which is related to
the low-temperature resistivity minimum under weak magnetic
field.

Perovskite-type manganites have manifested a strong
coupling between the spin, charge, orbital and lattice degree of
freedom, which lead to a series of novel phenomena for the
electronic transport.>'?® La,;Sr;sMnO; (LSMO) is a wide-
bandwidth ferromagnetic metal with a high Fermi-level spin
polarization.”’*° In order to clarify the physical mechanism of
the resistivity minimum p,;, in magnetic ordered systems
LSMO and to find out the role of spin-dependent effects
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associated with p;,, we introduce ZrO, which is an insulator as
a secondary phase into the ferromagnetic metal ground state
LSMO. ZrO, is a versatile electron-doped semiconductor
material with a direct wide band gap of 5-7 eV.>!*? The goal of
this work is the experimental study and theoretical description
of the influence on disorder in bulk scattering portion of the
low-temperature resistivity measured at zero and low magnetic
field H (H < 1 T) on a series of (1-x) LSMO + x ZrO, (x =0,
3%, 6%, and 9%) matrix composites samples. As the density of
nonmagnetic disorder ZrO, increases, not only the
ferromagnetic ordering of the system increase, but a higher
quantum correlation to resistivity is also measured arising from
the increase of the number of ZrO,. Our results provide
experimental confirmation of the weak localization and e-e
interaction effect in ferromagnetic oxide materials with
nonmagnetic disorder.

Experimental

The matrix composites of (1-x)LSMO + xZrO, (x=0, 3%, 6%
and 9%) were prepared by the standard solid state reaction
method. Polycrystalline sample of LSMO was prepared by
mixing the heat treating stoichiometric quantities of high purity
La,0; (99.99%), SrCO; (99%), and MnO, (99%), the raw
materials were mixed, palletized and sintered at 1000°C for 12
h, 1200°C for 24 h and 1350°C for 24 h with intermediate
grinding and repelletizing. Finally, the obtained powders of
LSMO were mixed with volume density of 3%, 6%, and 9%
nanoparticle ZrO, precipitates respectively. To avoid reaction
of LSMO plus ZrO,, we choose the lower sintered temperature
and shorter sintered time. Therefore, the composite mixtures
were ultimately pressed into pellets and sintered at 1180 “C for
10 h to yield the final composites.

The phase of these samples was characteristic by powder X-
Ray diffraction experiments conducted on the Rigaku D/max-
2550 diffractometer (18 KW, Cu-Ka) at room temperature in
the 20 range of 10° - 80° with a step of 0.02°. The surface
morphology was observed by scanning electron microscopy
(SEM). The transport and magnetic properties were measured
by the Physical Property Measurement System (PPMS-9) made
by Quantum Design. Temperature dependence of resistivity
was using standard DC four-probe method under various DC
magnetic fields of 0 T, 0.05 T, 0.2 T and 1 T. Silver paint was
used to make electrical contacts on the samples and the
electrical leads were Copper wires.

Results and discussion
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Fig. 1 Room temperature X-ray diffraction patterns for LSMO doping with x = 0, 3%,
6%, and 9% ZrO,. The brown star symbols represent the peaks of ZrO, in X-ray
diffraction.
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Fig. 2 Scanning electron micrographs of LSMO/ZrO, composites with x = 0, 3%, 6%,
and 9%

The room temperature powder XRD patterns of experimental
samples for the series of (/-x)LSMO+xZrO, (x = 0, 3%, 6%,
and 9%) matrix composites are shown in Fig. 1. It shows that
the spectra are well characterized. It also can be seen that
LSMO and nonmagnetic oxides are compatible with each other,
indicating no observable chemical reaction between LSMO and
nonmagnetic oxides ZrO, during the final calcination.

The representative SEM micrographs of (7-x)LSMO+xZrO,
matrix composites with x = 0, 3%, 6%, and 9% are shown in
Fig. 2, respectively. SEM of all the composites was taken in
order to obtain an idea about the distribution of ZrO, in LSMO.
It is obvious that the smaller size grains of ZrO, are randomly
distributed in the surrounding of the larger size LSMO grains.

The temperature dependence of the magnetization M of the
matrix composites is presented in Fig. 3. The inset of Fig. 3
shows the Curie-Weiss fit for the 7. of LSMO, which
according to the Curie-Weiss law at //M = 0, the obtained Curie
temperature 7¢ = 371 K, while LSMO with 0, 3%, 6%, and 9%
ZrO, additions have the same 7.. However, with increasing
density of ZrO, nanoparticles, ferromagnetic moment increases.
We have calculated the full width at half maximum (FWHM) of
matrix composites peaks from XRD results, and found that the
FWHM value is getting smaller with increasing density of ZrO,
nanoparticles, which can be considered as a little ZrO,
nanoparticle will modulate the lattice of ferromagnetic LSMO
and make the LSMO grain quality better.
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Fig. 3 The temperature dependence of the magnetization for LSMO with x = 0, 3%, 6%,
and 9% ZrO,.

This journal is © The Royal Society of Chemistry 2012

Page 2 of 6



Page 3 of 6

In order to reveal the origin of the resistivity minimum and
clarify the influence of nonmagnetic ZrO, disorders in the
system, the electrical transport properties at low temperature
were studied in detail. For better and clearly comparison to
reveal the abnormal low-temperature transport behavior, a
normalized resistivity by dividing the raw resistivity at
temperature of 50 K is showed in Fig. 4. Insets of Fig. 4 plot
the raw electrical resistivity behaviour at low temperature on an
enlarged scale, from 3 K to 50 K under various fields. As the
density of ZrO, increases, a higher resistivity is measured. For
all the samples, we found the electrical resistivity minimum
phenomenon appearing below 30 K and the minimum of
electrical resistivity at low temperatures are the typical
characteristics of the Kondo-like effect. Moreover, it is worth
noting that, the resistivity upturn is strongly enhanced by the
applied magnetic field and T, shifts to a lower temperature.
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Fig. 4 The temperature dependence of the normalized resistivity p(7) / p(50 K) under
various applied fields between 0 T and 1 T at a low-temperature enlarge scale for LSMO
with x = 0, 3%, 6%, and 9% ZrO,. Insets show the raw resistivity p(7) of the composites
under various magnetic fields below 50 K.

We analyze these abnormal phenomena by theoretical
methods. Firstly, the total resistivity of the system in the first-
order correction can be given by the following expression:

P =po+ pul(T. H) - pi’loe(T, H) +o,(T. H)J. (1)
where the p,, (T, H) is the magnetic resistivity contributed from
the anisotropic MR and magnon scattering.

Based on the strong correlated effect in manganites, the
conductivity of the e-e interaction which insensitive to the
applied magnetic field can be described as,'® 2!

2
Oe(T, H) = 05+ 0.0309-—, )
T
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where Ly’ = JkgT/AD = B~T is the diffusion length of
thermally excited carriers and D is the carrier diffusion
constant.

Then, according to the theory of Ziese'> and Lee?!, the
formula for conductivity correction due to contribution of weak
localization is,

EZ
ou(T, H) = 0y + W(LH +1InLy), 3)
where Ly = \/hc/eH is the magnetic length, and L, is the phase
relaxation length due to CI has been obtained by M. Auslender
2

etal.’ y: L73.
Therefore, we can easily find out that the resistivity will drop
down and the p,,;, of resistivity will decrease with the external
magnetic field increase via Eq. (2) and (3), so the total

resistivity at these temperatures can be represented can be
expressed as,

and E. Rozenberg et al.'® given by L;Z

p=po+al’-pNT + AnT. 4)
In this equation, the first term is the residual resistivity, the
second term is the inelastic scattering which is independent
with the external fields H, the third term is due to the e-e
interaction, and the fourth term is due to the weak localization.
Using Eq. (4), the fitted temperature dependence of the
normalized resistivity under magnetic fields 0 and 0.2 T is
shown in Fig. 5 (a) — (d). The results agree well with the

experimental data and the corresponding coefficients values are
shown in Table 1 as well.
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Fig. 5 The resistivity as a function of temperature at the range of 3 K — 50 K under 0,
0.05, 0.2, and 1 T field for LSMO with x = 0, 3%, 6%, and 9% ZrO,. The symbols are
LSMO experimental data and the red dashed line fits to Eq. (4).

Table I. The fitting parameters of Eq. (4) for LSMO with x = 0, 3%, 6%, and 9% nanoscaled nonmagnetic ZrO, particles.

H=0 H=02T
Po B A D N(EF) Po B A D N(ER)
(10°Qcm) (10°Qem K'?) (10°Qem K'?) (107 em?s) | (10" JF'em™) | (10°Qcm) (10°Qem K™'?) (10°Qem K™'?) (102 em?s) | (10* J'em™)
0 1.10 0.13 0.16 2.35 7.84 1.09 0.16 0.13 1.39 13.81
3% 1.09 0.16 0.15 2.42 6.62 1.09 0.15 0.11 2.33 6.85
6% 1.10 0.16 0.13 431 2.58 1.08 0.13 0.09 5.33 2.26
9% 1.08 0.15 0.12 9.68 0.80 1.08 0.12 0.08 15.72 0.48

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 (a)-(d) presents the fitting results of the low-
temperature resistivity of our system under various magnetic
fields. The fitted values under 0 and 0.2 T are presented in
Table I, meanwhile, using the Einstein formula o, = &’N(Ep)D,
the values of electron diffusion constant D and density of Fermi
energy state N(Ey) are calculated and shown in Table 1.>*3° We
now discuss the fitting parameters in Table I. It is worth to note
that under zero fields, fitting data reveal an independence of
normalized p, with ZrO, mixing increase, which implies p, is
irrelevant to the low-temperature resistivity upturn. However,
the increase of parameter f represents the e-e interaction means
the e-e interaction is enhanced by disorder. The value of D for
LSMO is much smaller than normal metals [e.g., Cu (D¢, =
2.2x10%> cm?s)], which indicates that LSMO has a lower
diffusivity than metals. Meanwhile, the value of electron
diffusion constant D increase while density of electronic state
N(Eg) decrease with increasing of ZrO,-mixing under zero and
an applied magnetic field, which indicates that nonmagnetic
disorder can lead to a change in the density of state near the
Fermi energy due to e-e interaction. Therefore, the e-e
interaction enhanced by disorder is an intrinsic characteristic
and verifies the strong correlated interaction between electrons
in LSMO system. It determines the resistivity upturn at low
temperature.
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Fig. 6 The resistivity as a function of applied magnetic fields at 3 K for LSMO-9%ZrO,
on an enlarge scale for the case of low fields.

Then, we pay our attention on the role of intergrain tunneling
effect in LSMO-9%Zr0O,. It will affect the N(Ey) under a low
magnetic field of the system. Nonmagnetic disorder ZrO, acts
as a barrier for spin-polarized tunneling between adjacent
LSMO grains. Since the double exchange mechanism
responsible for metallic conduction in LSMO and nonmagnetic
disorder ZrO, will enhance ferromagnetic ordering of
ferromagnetic ground state system, grain boundary induced by
ZrO, disorder-introduced will rebuild the original Mn-O-Mn
bond angle under H = 0 T, namely, disorder will weaken the
double exchange and lead to an increase in resistivity. Our
experimental results show in Fig. 6 gives the low field R-H
curve of LSMO-9%ZrO, to illustrate the magnetoresistance
hysteretic for the intergrain tunneling effect. In weak magnetic
fields, the spins of LSMO magnetic domain will align and spin
polarized carriers will increase which will lead to the inelastic
scatter and weak localization decrease. Thus, at low fields, the
e-e¢ interaction and weak localization decrease can be
considered as intergrain tunneling effects which will make the
resistivity upturn weaken. Therefore, the abnormal transport
behavior in manganites at low temperatures can be understood
taking account both e-e interaction and weak localization
affected by the grain boundary effect.

This journal is © The Royal Society of Chemistry 2013

Conclusions

In summary, the low-temperature transport properties and its
dependence on weak magnetic fields of LSMO introduced by
different concentration (0, 3%, 6%, and 9%) nonmagnetic ZrO,
nanoparticle disorders were systemically studied. The results
show that with increasing the density of ZrO, nanoparticles, the
ferromagnetic ordering of the system will enhance as well as
the resistivity at low temperatures. The temperature and weak
magnetic field dependence of the resistivity of our samples are
in good agreement with a combination of e-e interaction and
weak localization. In particular, the fitting results present the e-
e interaction enhanced by disorder. While at low fields, the e-e
interaction and weak localization decrease can be considered as
intergrain tunneling effects. Our results prove that the existence
of Kondo-like transport where ferromagnetic ground state
manganites mixing with nonmagnetic disorder at low
temperature is depending on both weak localization and e-e
Also, to

behavior, more experiments on heterostructure samples and

interaction. thoroughly understand this unique

theoretical works are needed.
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Quantum correction to low-temperature resistivity induced
by disorder in Lay;SrisMnO3; —ZrO, matrix composites

Yuan Jin,® Xiao-Long Qian,® Bo Lu,” Shi-Xun Cao,? and Jin-Cang Zhang,***"

Low-temperature transport properties were systemically studied for the series of (1-x)
Lay3Sri3MnOsz + x ZrO, (X = 0, 3%, 6%, and 9%) matrix composites under a weak
applied magnetic field from 0 to 1 T. The nanoscaled nonmagnetic ZrO, particles
which are introduced as a secondary phase has been put into ferromagnetic ground
state metal Lay;3Sr13MnQO3. The temperature and weak magnetic field dependences of
the resistivity upturns of our samples are in good agreement with a combination of
electron-electron interaction and weak localization.
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