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Influence of the interface in quantum corrections to
low-temperature resistance of Laz3Sri3MnO:s trilayer
masking thin films

Yuan Jin,2 Xiao-Peng Cui, Wei-Hua Han,” Shi-Xun Cao,* Yu-Ze Gao,"and Jin-Cang
Zhang,*”

We  report the low-temperature  resistance upturn in  sandwiched  structures  of
Lay3SrysMnO3/ZrO,/LaysSrsMn0Os,  LaysSrysMnOs/LaMnOs/LaysSrsMnO5,  while it disappeared
when the interlayer was replaced by YBa,Cu30;. The experimental data have been analyzed qualitatively
and quantitatively. The results show that the low temperature resistance upturn is mainly due to the
quantum correction effects driven by the weak localization and the electron-electron interaction in such a
strongly correlated system, and the contribution of each factor varies with grain boundaries. Meanwhile,
the resistance upturns are suppressed by local magnetic field. These findings will help to further
understand the physical mechanism of low-temperature resistance upturn in colossal magnetoresistance
manganites. Furthermore, it is also helpful to reveal the intrinsic transport mechanism at the interfaces of

semiconductor/ferromagnetism and antiferromagnetism/ferromagnetism.

Introduction

In the past decade, extensive work both experimental and
theoretical has been performed, and several models have been
built to interpret the low-temperature resistivity minima
behavior in colossal magnetoresistance (CMR) manganites.'”
The observed phenomenon is similar to the Kondo effect,
which was first found in the crystalline noble-metal alloys with
low magnetic impurity concentration.® So far, in order to
explain these interesting and abnormal phenomena in
ferromagnetic (FM) metallic phase, various mechanisms have
been proposed, such as spin-polarized tunneling through grain
boundaries, Kondo-type effect due to spin disorder, and
quantum correction effects. However, the low-temperature
resistance minimum is still under debate due to the complexity
of the manganite system. Reviewing these existing
experimental results and theoretical explanations, Rozenberg et
al.® and Auslender et al.'® obtained a shallow minimum on
ceramic LagsPbosMnO; and LaggSry,MnO; sample at the
temperature of 25-30 K under zero magnetic field. The
temperature for resistivity minima of Kondo effect, T, shifts
towards lower temperatures under external magnetic fields and
disappears at a certain field. They interpreted these phenomena
with the quantum corrections to conductivity (QCC) model
including electron-electron interaction and weak localization
effect. The electron-electron interaction is the Coulomb
scattering from one electron wave to another 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.'"*? Weak localization and weak
anti-localization are quantum interference effects in a
disordered electron system. Weak anti-localization arises from
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spin-orbit interaction and enhances the conductivity while weak
localization suppresses the conductivity with decreasing
temperature at very low temperatures.'® weak localization and
weak anti-localization have attracted a lot of attention in recent
years.’* Although much effort had been devoted to explaining
the resistance upturn behavior in CMR manganites, but up to
date, clear conclusion has not been drawn yet since there are
too many different experimental phenomena and interpretations.
Xu et al. ** have investigated the behavior of the resistivity
upturn of polycrystalline La,3Ca;;sMnO; (LCMO) under
various magnetic fields at low temperature. They found that
such a behavior would be suppressed and then become
independent of the magnetic field when the magnetic field is
higher than 1 T. Jia et al.'” have grown single-crystal of
Lay/3Sry3sMnO; (LSMO) in oxygen-sufficient condition, and
showed that the low-temperature resistivity minima disappeared
in magnetically homogeneous LSMO single-crystal. It implies
that low-temperature resistivity upturn behavior should have
correlation with the contribution of grain boundary. Then, Jia et
al.®¥ investigated the effects of the ferroelectric poling-induced
strain on the sputtered Lag;Cag155rp1sMnO; films grown on
poled ferroelectric single-crystal substrates. The ferroelectric
poling will induce a reduction of the in-plane tensile strain and
thus the lattice distortion, which suppresses the resistivity
upturn. Previously,'® we have fabricated granular films, ZrO,
precipitated on LSMO films, and discovered that the low-
temperature resistivity upturn behaviors can be enhanced by
increasing the precipitate concentration of ZrO,. In other words,
the low-temperature resistivity upturn behaviors can be
modulated by the interfaces or grain boundaries between
LSMO and the second phase precipitates. We also investigated
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single layer LSMO thin films, it still exist the resistance upturn
at low temperature, while the resistance upturns are hardly
affected by the applied magnetic fields.®

Thus, in order to further investigate the effects of grain
boundaries on the low-temperature resistance upturn transports
in CMR manganites, we fabricated trilayer masking epitaxial
thin films along with different interfaces to simulate grain
boundaries which make defects in LSMO and induce scattering
and backscattering, there are two kinds of grain boundaries:
normal grain boundary and phase separation domain
boundary.?®?* We choose the FM metallic LSMO, which not
only shows the highest Curie temperature (T¢ ~ 370 K), but
also exhibits almost 100% spin polarization and the largest
single electron bandwidth,*% and the relation with electrical
transport which gives a bright future in the applications,?* as
both the cap and the bottom layers, along with three different
kinds of spacer layers for grain boundaries, the stabilized
nonmagnetic semiconductor Zirconia spacer for the normal
grain boundary,®® antiferromagnetic (AFM) insulator LaMnOj
(LMO) spacer for the FM/AFM phase separation domain
boundary of LSMO layers,*® and high-T, superconductor (SC)
YBa,CuzO; (YBCO) spacer for comparison, because the
YBCO is superconductive at low temperature, it will benefit the
resistance induced by bilayer LSMO at low temperature.®
Meanwhile, the magnetotransport properties were measured by
vertical resistance measurement with the applied magnetic
fields H perpendicular to the plane of the masking film. In this
work, the low-temperature resistance upturns were found in
LSMO/ZrO,/LSMO  and LSMO/LMO/LSMO, but it
disappeared in LSMO/YBCO/LSMO. The correlation of the
interfaces between LSMO and different intermediate spacer on
low-temperature resistance upturns was systemically analyzed
by qualitative and quantitative analysis method. The results
proved that the grain boundary will dominate the low-
temperature abnormal transport behaviors, and the electron-
electron interaction is hardly affected by the magnetic field or
the spacer, while weak localization is sensitive to the magnetic
field and the spacer.®®% It is remarkable that the interfaces will
tune the quantum corrections to resistance. Moreover, our
results proved that the grain boundary will induce the quantum
correction to resistance and lead to the low-temperature
resistance upturn.

Experimental

The manganite targets composite of LSMO were prepared by
the standard solid-state reaction method. It was prepared by
mixing the heat treating stoichiometric quantities of high purity
La,0;, SrCO;, and MnO,, 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 intimately intermediate grinding and
repelletizing. At the same time, the target of ZrO, was chosen
by nanoparticle ZrO, material then palletized and sintered at
1000 <C for 12 h. The target of LMO was prepared by mixing
the heat treating stoichiometric quantities of high purity La,O3
and MnO,, 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 intimately intermediate grinding and repelletizing.
The target of YBCO were prepared by heat treating
stoichiometric quantities of high purity Y,03, BaCO3, and CuO
powders at 950<C for 20 h in oxygen atmosphere. The heat
treatment was repeated twice after grinding and repelletizing
each time to ensure the homogeneity of the samples.

We have fabricated three kinds of trilayer masking film
samples, LSMO/ZrO,/LSMO, LSMO/LMO/LSMO, and
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LSMO/YBCO/LSMO. A standard pulsed laser deposited (PLD)
techniques equipped with multiple targets and KrF excimer
laser (A = 248 nm) was used to grow the trilayer masking films
on the substrates of 5 < 3 x 0.5 mm? single-crystal (100)-
oriented LaAlO; (LAO). Laser deposition process applying the
following parameters: repetition rate 2 Hz, pulsed laser energy
density was around 1.6 J /cm?, deposition temperature 770<C,
and oxygen pressure 0.4 mbar. During the deposition procedure,
a 50 nm LSMO epitaxial layer as the bottom layer was
deposited firstly on (100) LAO substrate and annealed for 30
minutes, then cooled down to room temperature in the chamber.
A mask was used to partially covered the surface and
selectively deposited the barrier materials, which represents 6
unit cell thick nonmagnetic ZrO, (c = 5.147 A; ~3 nm), AFM
LMO (c = 7.699 A; ~5 nm) the same 6 unit cell thick as ZrO,
layer, or 25 unit cell thick YBCO (~30 nm), were deposited on
the pre-deposited LSMO layers, respectively. A 30 nm-thick
spacer of YBCO was used to avoid the magnetic fluctuations
which occur within a correlation length of 12 unit cell = 14 nm
in the normal phase of YBCO in FM/SC bilayers.*® After that,
another 50 nm cap LSMO layer was deposited onto the
intermediate spacer. Barrier materials and cap LSMO were
prepared under the same conditions. After deposition, the
trilayer masking films were cooled to room temperature and
post-annealed under 1 atm of flowing O, at 630 <C for 30
minutes. The electrical resistance was measured using four
stripe contacts on unpatterned samples with evaporated
chromium/gold (20 nm/200 nm) pads as current and voltage
probes. In order to get the nice vertical transport across the
spacer layer and reduce/avoid the lateral transport across the
two central pads, the distance of the central pads were made
much close (0.5 mm).

The X-ray diffraction (XRD, 18kWD/max-2550 model, Cu
Ka radiation) was used to qualify the films at room temperature
in the 260 range of 20°-80“with a step of 0.02< The crystallinity
and texture were characterized by XRD spectra with the aid of
JADE 6.0 software. The surface topography is detected by an
Optical Microscope. All the measurements were performed on
the same samples. Electrical and magnetic measurements were
carried out using the Physical Property Measurement System
(PPMS-9) and Superconducting Quantum Interference Device
(SQUID) (Quantum Design). Electrical transport measurements
were carried out with Gold wires as electrical leads and using
the standard dc four-probe technique in the temperature range
from 3-380 K under dc magnetic fields between 0 and 6.0 T
perpendicular to the film plane.

Results and discussion

Fig. 1(a) depicts the XRD patterns for LSMO/ZrO,/LSMO and
LSMO/YBCO/LSMO. The heterostures with a ZrO, spacer and
YBCO spacer in addition to the (100) LAO substrate peaks
only (h00) peaks from LSMO. From the XRD patterns, we can
conclude that the peaks of our samples are very sharp and no
visible impurities peaks. Meanwhile, Fig. 1(b) presents the
Optical Microscope picture of the trilayer masking thin film.
The light-colored section in the right is the single layer LSMO,
and the dark part in the left is the trilayer heterostructure,
yellow and shining sheets in the pictures are the chromium/gold
pads. It is evident that the film has a smooth surface and the
boundary between single layer and trilayer heterostructure is
very clear. Fig. 1(c) illustrates the schematic sketch of
FM/spacer/FM heterostructure, the green blocks are LSMO and
the red block presents the spacer, yellow sheets in the figure are
the chromium/gold current and voltage probe pads.

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 (a) pattern for LSMO/ZrO,/LSMO and

X-ray diffractioin
LSMO/YBCO/LSMO. (b) Optical microscope image for the surface of the

LSMO/YBCO/LSMO. (c) Schematic sketch of FM/spacer/FM masking
heterostructure, the bottom black part presents the LAO substrate.

Fig. 2 shows the whole range of 3-380 K resistance under
zero and various applied magnetic fields for the three samples.
Samples were cooled from 380 K to 3 K, then the resistance
was measured from 3 to 380 K during the warming process; the
magnetic field was applied throughout the cooling and warming
processes. The temperature dependence of magnetotransport
properties for LSMO/ZrO,/LSMO film is presented in Fig. 2(a),
it can be seen that the metal-semiconductor transition occurs
slowly increase with the magnetic field increases, which means
double exchange of LSMO do work in the system. The double
exchange model of Zener and a strong electron-phonon
interaction arising from the Jahn-Teller splitting of Mn d levels
explained most of the electrical and magnetic properties of
LSMO manganites.? ! Moreover, it shows strong dependence
on the applied fields H which indicates the colossal

This journal is © The Royal Society of Chemistry 2012
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magnetoresistance effect exists in our sample. In the inset of
Fig. 2(a), a normalized resistivity is used by AR = R (T) /R (T
= 60 K). It can be seen that all of distinct resistance minima
Rmin under various applied fields appear at 15 K. Meanwhile,
Fig. 2(b) presents the temperature dependence of the
magnetotransport properties for the LSMO/LMO/LSMO
heterostructure with the antiferromagnetic insulator LMO
spacer. Like LSMO/ZrO,/LSMO, the metal-semiconductor
transition slowly increases with the applied field increases and
the magnetoresistance effect also exists in our sample which all
can be ascribed to double exchange. Unlike Zirconia spacer
which presents normal grain boundary of cap and bottom
LSMO layers, the LMO spacer of the heterostructure can be
considered as the FM/AFM phase separation domain boundary
of cap and bottom LSMO layers. Meanwhile, the applied
magnetic fields always parallel to the spin of Mn ty; local
electrons and promote the double exchange motion of Mn e
electrons, and in LSMO/LMO/LSMO heterostructure, LMO
layer can provide Mn g4 itinerant electrons. The resistance
minimum R, also appears all nearly at 13 K under various
applied fields from O to 6 T at the low-temperature region from
3 to 25 K in the inset of Fig. 2(b). However, the resistance
upturns under various applied fields disappear in
LSMO/YBCO/LSMO heterostructure which is presented in Fig.
2(c). Comparing to our previous research,'® *2 we can conclude
that YBCO can compensate the contribution of electron-
electron interaction. That reveals the disappearance reason of
the resistance upturn in YBCO intermediate spacer system.

150 i
oo
N
B I
a\ 100 \ / 3
~ 2 —oT
N T~ 0.2T|
nd N R
50 —2T
—— 47
—6T
(a) LSMO/ZrO»/LSMO
200 1 1 1 1 1 1
10.825
520
a 150 F 2
N ";g
o N g —ot
100 | — = 0.2T]
—1T
—2T
50 —— 47
—6T
(b) LSMO/LMO/LSMO
0 N " L L L L L
15 4
~ — 1.00 OT
e 25 ——0.5T
—2T
—a7
(c) LSMO/YBCO/LSMO
0 . h L .

0 50 100 150 200 250 300 350

T (K)

Fig. 2 Temperature dependence of the electrical transport properties for (a)
LSMO/ZrO,/LSMO, (b) LSMO/LMO/LSMO, and (c) LSMO/YBCO/LSMO
measured under various magnetic fields. Inset presents the low-temperature
extended scale from 3 — 30 K.
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In order to investigate the influence of nonmagnetic ZrO,
spacer and AFM LMO spacer on the observed resistance upturn
in LSMO heterostructures, qualitative analysis is firstly used. It
is well known that, the contribution of weak localization would
be suppressed by a strong magnetic field.'® *® From this point, a
disentanglement of the contributions can be accomplished if we
make use of the effect that a strong magnetic field suppresses
the contribution of weak localization. Fig. 3 plots the depth of
resistance upturn data 4R = R (T) — Ryn for different applied
magnetic fields as a function of temperature. It turns out that
the values for R, do not depend on the temperature. The data
are separated into two parts. The first part 4R is the attribute in
the difference between resistance at 0 T and resistance under a
strong magnetic field 4R, (T) = Ror (T) — Rer (T) for the field-
dependent part which directly related to the contribution of
weak localization. The second part is the depth AR, (T) = Rer (T)
— Rgt min for the field-independent part which is induced by
electron-electron interaction and have no reference to the
applied magnetic fields. In Fig. 3(a) and Fig. 3(b), 4R; Lmo)
nearly equals to AR; zroz), but ARy @ mo) is much smaller than
ARy zroz, Which indicate that the contribution of weak
localization are suppressed more by the interface of
LSMO/ZrO, than LSMO/LMO. While compared with 54 nm
pure LSMO thin film data, the resistance upturns still exist at
low temperature, but they are hardly affected by the applied
magnetic fields, 4R; smoy) = 1.214 x 10® = 0, which has no
grain boundary or interface in the thin single-crystal film, so no
contribution to weak localization.®

0.08

(@) LSMO/ZrO,/LSMO

0.03 - (b) LSMO/LMO/LSMO
—a— 0T
— 0.2T|
C 002 T
~—~ —m— 2T
—=— 4T
o —m— 6T
<] 0.01

0.00

8 1 12 14 16

Fig. 3 AR = R (T) — Rmin @s a function of temperature for (a) LSMO/ZrO,/LSMO
and (b) LSMO/LMO/LSMO trilayer thin films. The first part (orange) AR; (T) =
Ror (T) — Rer (T) is the attribute for the field-dependent part; the second part
(grey) AR, (T) = Ret (T) — Ret min is the field-independent part.

After qualitative analysis, quantitative analysis needs to be
analyzed for the experimental data. At first, we considered the
magnetic based Kondo scattering which gives rise to a form of
R o InT and dominates the low-temperature resistance upturn
behavior, so we fitted our experimental data using Kondo
scattering form, but failed. Consequently, the possibility of
Kondo contribution to the upturn can be excluded. Meanwhile,
the data shows unchanged T, in a magnetic field also can rule
out Kondo scattering effect. Then, the analysis of the data
within the frame of the electron-electron interaction and weak

4| J. Name., 2012, 00, 1-3

localization are taken into account. In general, the total depth of
low-temperature resistance in the first-order correction can be
given by the following expression:

R = Ro + R(T, H) - Ro*/0ee(T, H) +0u(T, H)]+Rep(T), (1)
where the R, (T, H) is the magnetic resistance 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
ee(T, H) = 0¢ + 0.0309 — 2)
hLg

where Lyt = \JkzT/hD = BT 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,

2

ow(T, H) = oo + ﬁ(lﬂ +inLy), 3

where Ly = \/fic/eH is the magnetic length, and L, is the phase
relaxation length due to Coulomb interaction has been obtained
by E. Rozenberg et al.® and M. Auslender et al." given by L2

_ye?  _
=5l

Therefore, the total resistivity at these temperatures can be
represented can be expressed as,

R(T, H) = i - AT + 0T @

The first term corresponding to the weak localization is
considered together in 2D theory,*® ** and it will be suppressed
by high magnetic field, the parameter a(H) is field-dependent,*®
oy is the free fitting parameters.*® The second term describes the
contribution of electron-electron interaction in 3D theory for
LSMO which is a strong correlated system,®'% % and it is
hardly affected by the magnetic field. Considering the
temperature range discussed here is far below Debye
temperature, the third term is due to the electron-phonon
interaction which takes the form Ry, = pT® and independent
with magnetic field.*® The intermediate spacer (ZrO,/LMO)
contributes weak localization at low temperature.

oT (a) LSMO/zro,/LSMO
0.06 |- —— 0 T fitted line
I~ —— 2 T fitted line
G —— 4T fitted line
~ 004 | —— 6 T fitted line
% 6T -

0.02 I~ fitted line

0.00 |, L - ,
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Fig. 4 Fit of AR data under OT, 2T, 4T, and 6T applied fields using Eq. (4) for (a)
LSMO/ZrO,/LSMO and (b) LSMO/LMO/LSMO trilayer thin films, inset of (b)
shows the extended scale of fitted line for LSMO/LMO/LSMO.
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For Drude formula ¢ = ne?t/m* = ne?lig/h, with n =~ 102 m™3,
the Fermi wavelength of LSMO A=~ 0.35 nm,*” and depending
on our previous research,’® the ~50nm thickness pure LSMO
thin film experimental value of s is o~ 7.7 x10° Q@ 'mt at 2 K,
yielding the mean free path | to be | = 5.7 nm. The spacer is
insulating and the thickness is ~3 or 5 nm. The density of
carriers which depending on the tunneling current is very low,
the mean free path is far large the thickness of the intermediate.
So we fitted the weak localization in 2D theory (~InT).%® 44
While the contribution of electron-electron interaction induces
by LSMO which is a strong correlated system. As the pure
LSMO mean free path is | = 5.7 nm, and the thickness of
LSMO is 50 nm which is much larger than the mean free path.
This system should belong to 3D in electron-electron
interaction. We fitted the electron-electron interaction using the
3D theory (~TY?).%10.43

We fitted our experimental data using Eq. (4), the fitted

results of AR under 0T, 2 T, 4 T, and 6 T field are shown in Fig.

4, the symbols are the experimental data and the solid lines are
the fitting result. It is seen that the data are fitted perfectly and
the values of the fitting parameters obtained are shown in Table
1. The error estimates »* values of the fitting parameters are less
than 0.01%, which indicates a good fitting using Eq. (4). Good
fit represent weak localization and electron-electron interaction
as the dominant mechanism yielding the resistance upturn in
LSMO/ZrO,/LSMO and LSMO/LMO/LSMO trilayer masking
film, respectively. In LSMO/ZrO,/LSMO, it is shown that the
weak localization parameter o is positive, meanwhile, it
increases with the increase of field represent that the
contribution of weak localization is suppressed by the applied
field. For LSMO/ZrO, interfaces, large lattice mismatch
between LSMO and ZrO, which will induce a potential barrier
or large normal grain boundary to the carriers. The grain
boundaries can cause defects and distortions of LSMO, the
defects and distortions will induce scattering and backscattering
which make weak localization happen, hence, the resistance
upturns behavior becomes more apparent. Consequently, it
reflects that the weak localization in LSMO/ZrO,/LSMO exists
and dominates the resistance upturn, while it is suppressed by
the applied magnetic fields.

Table 1 The fitting results of the parameters of Eq. (4) for LSMO/ZrO,/LSMO and
LSMO/LMO/LSMO trilayer thin films.

H (T) o0 B a px108
o 0.0 5.37219 0.03478 1.05999 1.78299
3
3 2.0 5.64878 0.03327 1.10851 1.76445
o
N
g 4.0 6.14083 0.03063 1.23253 1.74732
[%p]
.
6.0 6.51673 0.02848 1.37432 1.67453
o 0.0 12.61956 0.02465 -0.07472 2.24669
>
[%p]
5' 2.0 12.50542 0.02448 -0.00104 2.21098
2
o) 4.0 12.94058 0.02428 -0.1339 2.18232
6.0 13.3173 0.02368 -0.14928 2.14474

This journal is © The Royal Society of Chemistry 2012
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However, in LSMO/LMO/LSMO, all of the weak
localization parameters o are negative and small, which means
that the weak anti-localization in the LSMO/LMO interfaces is
operative and enhances the conductivity. While most of the
magnetic field dependent phenomena arise for the magnetic
nature of LSMO and any signatures of localization effects and
anti-localization effects are small contributions. Moreover, the
interfaces between LSMO/LMO can be considered as FM/AFM
phase separation domain boundaries, the AFM domain will
scatter the tunneling of the spin-polarized carriers in FM
domain of LSMO and consequently decrease the electron
diffusion constant D which is directly related to the electron-
electron interaction. Meanwhile, LMO and LSMO are parts of
the strongly correlated electron system, so that the electron-
electron interaction cannot be ignored. And from Table 1, the
slight change of electron-electron interaction parameter g for
LSMO/LMO/LSMO under the increase of magnetic fields is
due to the small variation of the electron density of state at the
Fermi surface N(Er) in the system. Thus, it reveals that the
electron-electron interaction in LSMO/LMO/LSMO dominates
the resistance upturn behaviors.

Therefore, our results clarified that the weak localization
enhanced by ZrO, spacer is a crucial factor for the low-
temperature resistance upturn in LSMO/ZrO,/LSMO trilayer
masking film, while the electron-electron interaction dominant
this behavior in LSMO/LMO/LSMO trilayer masking film.
Certainly, the quantitative analysis in Fig. 4 is in agreement
with qualitative analysis in Fig. 3 as well.

Conclusions

In summary, the behavior of the resistance minimum and its
dependence on magnetic fields at low temperatures is studied
on the LSMO/ZrO,/LSMO, LSMO/LMO/LSMO, and
LSMO/YBCO/LSMO trilayer masking thin films. The
resistance upturns take place on LSMO/ZrO,/LSMO and
LSMO/LMO/LSMO trilayer thin films. Accordingly, the
experimental data have been analyzed by qualitative analysis
and quantitative analysis to understand the influence of normal
grain boundary ZrO, spacer and phase separation domain
boundary LMO spacer on the FM metallic state LSMO thin
films. In qualitative analysis, by observing the depth of
resistance upturn data 4R for different applied magnetic fields
as a function of temperature, the contribution of weak
localization which is field-dependent in LSMO/ZrO,/LSMO is
much stronger than LSMO/LMO/LSMO. Then, in quantitative
analysis, by fitting the experimental data with theory combined
with two factors: weak localization and electron-electron
interaction. Our results prove that the weak localization is a
crucial factor for the resistance upturn in LSMO/ZrO,/LSMO at
low temperature, while electron-electron interaction dominates
this abnormal electrical transport upturn in LSMO/LMO/LSMO.
The superconductor YBCO spacer will compensate the
contribution of weak localization and electron-electron
interaction.
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