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Abstract

The low temperature magnetotransport properties of manganite thin films are
characterized by the occurrence of resistivity minima, pmin, below 30K whose origin
and especially the role of disorder is not explored in detail, yet. In order to contribute
to the clarification of the physical mechanism giving rise to the resistivity minimum in
those systems, an appropriate concentration (3%, 6%, and 20%) of nano-scaled
non-magnetic ZrO; particles are introduced as a secondary phase into Lay/3Sr;3sMnO3
(LSMO) thin films. As the volume density of ZrO, precipitates increases, the films
show a more pronounced resistivity upturn for T < 7},;,. The measured temperature
and magnetic field dependence of the resistivity of our samples is in good agreement
with a combination of the theory of three-dimensional (3D) weak localization (WL)
and electron-electron interactions (EEI). We show that within that frame the observed
features of the scattering related resistivity minimum at low temperature in correlated
electron systems can be explained, including its spin dependence, its scattering
parameters and its variation with increasing non-magnetic disorder.
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I Introduction

The transport properties of strongly correlated electron systems depend
sensitively on disorder and its role in determining the physical properties of these
systems, especially the low temperature magnetoresistance, is not yet fully
understood.'® In the past decade, several papers have been published claiming the
presence of quantum interference effects in the low temperature region of the
magnetotransport properties which give rise to resistivity minim, pmin, below ~
40K.™"° These resistivity minima— appearing to be similar to those of Kondo systems
— were observed in manganite bulk ceramics,'' polycrystalline as well as high quality
epitaxially grown films and in single crystals.'””"> Extensive experimental and
theoretical work has been performed, and several mechanisms have been discussed to
interpret these resistivity minima. Amongst them are mechanisms based on
spin-polarized tunnelling via grain boundaries,'® Kondo-like effects ( magnetic- and

19 and quantum interference effects (QIE) arising from

charge-type),
electron-electron interactions and weak localiza‘[ion,l’12 just to name a few. However,
a clear picture has not yet emerged and is still under discussion” ** impeding our
understanding of the physics of correlated electron systems. Reviewing these existing
explanations, the question whether or not the scattering related minimum at low
temperature is a spin dependent effect emerged as a key issue in its understanding. In
previous experiments Maritato et. al.?' used epitaxially grown single phase
Lay7Sro3MnO; films and found an upturn of resistivity below 60 K. This effect was
studied as a function of film thickness and magnetic field and a thickness dependent
crossover from 3D to 2D behaviour was observed. They interpreted their results as an
interplay of EEI and localization effects, however, leaving all defect related
contributions to the magnetoresistance as an open question. Chen et al.!! analysed the
correlation of low temperature resistivity minima with magnetic properties for

optimally doped Lag¢7Cag33:MnOs bulk samples and related their results to e-e

interaction and spin-disorder scattering. Jia et al.* investigated effects of ferroelectric



poling-induced strain on the quantum corrections to low temperature resistivity of
sputtered Lag7Cag 15S19.1sMnO; films and interpreted the resistivity upturn in terms of
QIE effects originating from inelastic scattering and e-¢ interactions enhanced by

disorder.

In order to contribute to the clarification of the physical mechanism of the
resistivity minimum in magnetically ordered systems and to check the role of spin
dependent effects associated with p,,, some dedicated experiments applying a
systematic variation of one material related parameter will be necessary. We have
chosen thin films with a constant thickness (54 nm) of the ferromagnet
Lay;3Sr13Mn0O; and introduced nano-scaled non-magnetic ZrO, particles with an
appropriate concentration (0, 3%, 6%, and 20%) as a secondary phase. To prepare
such films pulsed laser deposition (PLD) was applied as preparation technique. The
magnetic field and temperature dependence of the transport properties were
systematically studied. LSMO was chosen because of its characteristic ferromagnetic
metallic phase with a temperature-induced metal-insulator transition and half-metallic
conductivity.”*** By controlling the concentration of non-magnetic ZrO,, one can
investigate the disorder effect of non-magnetic particles without changing the spin
condition of the matrix. By means of a detailed analysis of the resistivity as a function
of magnetic field, temperature and density of non-magnetic ZrO; particles, the origin
of resistivity minima is found to be in good agreement with a combination of the
theory of 3D weak localization and electron-electron interaction in the metallic LSMO
system with non-magnetic disorder. The relevance of the quantum nature of these

effects is justified by the closeness of the mean free path / (typically < 5.7 nm) to the

Fermi wavelength A, =27/k, (~ 0.35 nm) of the electrons where the simple kinetic

theory of conductivity is expected to break down. Non-magnetic ZrO, particles in the
metallic LSMO thin films modify the diffusion constant and increase the contribution
of weak localization at low temperatures. Our results provide experimental
confirmation of the weak localization and electron-electron interaction effect in

ferromagnetic oxide thin films with nonmagnetic disorder.



II Experiment details

Manganite targets with the nominal composition La,;Sr;3sMnO; were prepared
using standard solid state reaction methods. Appropriate ratios of La,O3;, SrCO3 and
MnO, powder were intimately mixed and ground using a semiplanetary ball mill. The
powder was sintered twice at 1300 °C for 12 h, with intermediate grindings. Pellets
with a diameter of 12 mm were uniaxially cold-pressed and sintered at 1300 °C for 12
h in air to be used as high density targets. Targets with different ZrO, content were
prepared using intimately mixed and ground stoichiometric amounts of LSMO and
71O, according to (1-x)Lay3Sr;sMnO3+xZrO,, with x = 0.03, 0.06, 0.2. Pellets with a
diameter of 12 mm were uniaxially cold-pressed and sintered at 800 °C for 12 h in air,

which can prevent Zr*" to enter the manganite matrix.

Thin films of (1-x)LSMO +xZrO, were grown on 5x5x0.5 mm’ single-crystal
substrates of (100)-oriented LaAlO; (LAO) using the standard PLD-techniques
applying the following parameters: KrF excimer laser (A = 248nm ), repetition rate 2

Hz, photon fluency 1.6 J/ecm? deposition temperature 770 °C, and oxygen pressure
0.4 mbar After deposition, the films were annealed 30 minutes 630 °C in 4.7%10?

mbar oxygen pressure to ensure full oxidation followed by a cooling process down to
room temperature in 1 atm oxygen. In each deposition run four substrates have been
used and the films were subsequently taken for the measurements. The thickness of
the thin films was determined by pulse counting during the PLD process and
measured to be 54 nm using a profilometer as well as during the preparation steps for
High-Resolution Transmission Electron Microscopy (HR-TEM). X-Ray diffraction
(XRD) was performed on all films using a Bruker AXS-D8 X-ray diffractometer with
Cug, radiation. The electrical resistance was measured using four stripe contacts on
unpatterned samples with evaporated chromium/gold (20nm/200nm) pads as current
and voltage probes. Resistivity measurements were carried out using a PPMS-9
(Quantum Design) system. The magnetization (M) has been measured in a SQUID

magnetometer (Quantum Design). Using different samples from each run and



measuring the resistance with different heating/cooling rates, all the experimental

results are nicely reproducible. Ageing effects could not be observed.

I11 Results and discussion

A.structural and magnetic characterization

In Fig. 1(a) the XRD patterns for samples deposited from targets with 0, 3%, 6%
and 20% ZrO, additions are depicted. The films with a nominal ZrO, volume fraction
of 6% and less show in addition to the (001) LAO substrate peaks only (001) peaks
from LSMO. The out-of-plane lattice parameter was determined to be ¢ = 3.924 A for
LSMO, with a slight decrease with increasing density of ZrO, precipitates (c = 3.902
A for the 6% ZrO, sample). This indicates a compressive strain of the films (agy =
3.79 A, arsmo= 3.86 A). In samples with 20% ZrO,, the c-axis lattice parameter
relaxes to the original value and additional diffraction peaks appear associated with
Z1rO,, they can be regarded as two phase materials. The presence of ZrO, precipitates
is confirmed by HR-TEM investigations. Fig. 1(b) shows the cross-sectional
HR-TEM image of a LSMO films with 6% ZrO, added. It clearly illustrates the cube
on cube epitaxial growth relation of the LSMO matrix in the interfacial region close to
the substrate and the appearance of nano-scaled ZrO, clusters. It can be seen that the
interface in general is perfectly coherent and no notable misfit dislocations were
detected. It is evident that the film has a uniform LSMO structure, additional
nano-scaled ZrO, clusters as indicated by the red circles in Fig 1(b). Fig. 1(c)
illustrates the statistical distribution of the ZrO, precipitates, schematically. The
temperature dependence of the magnetization M and the resistivity pgc of the
single-crystal thin films are presented in Fig. 2. The Curie temperature 7¢= 348 K of
pure LSMO film was determined by extrapolating the measured M-T data according
to the Curie-Weiss law at 1/M = 0 (as shown in the inset of Fig. 2(b)), indicating the
high quality of our thin films. With increasing density of ZrO, nanoparticles, T¢

decreases and the transition width widens. Accordingly, as the temperature is



decreased in the paramagnetic phase, the resistivity increases and reaches a maximum
around T¢, which can be attributed to a small polaron hopping mechanism.” In the
ferromagnetic region (T<7¢), the samples show a metallic behavior at low
temperatures. However, the resistivity doesn’t show a residual resistance behavior for
T—0, but reaches a doping dependent minimum around 10 K to 30 K followed by a
slow increase as the temperature is lowered down to 2 K. Enhancing the density of
7Zr0O; nanoparticles affects the ferromagnetic ordering as well as the transport
properties at low temperatures. In order to reveal the origin of the resistivity minimum
and clarify the influence of non-magnetic ZrO, nanoparticles in the system, the

electrical transport properties were studied in detail.

B. Electrical transport measurements

The temperature dependence of the resistivity of the ZrO,-doped thin films is
shown in an expanded scale in Fig. 3 for temperatures below 40K. The resistivity of
films without ZrO, particles behaves like a typical metal at low temperature, however,
with a faint indication of a resistance anomaly. The ZrO,-doped thin films show a
distinct resistivity upturn for T < Tuin. The pure metallic behaviour is expected in

films where the mean free path / of the carriers is much larger than the Fermi

wavelength A.. In that case, the low temperature transport properties should be

consistent with the semiclassical Boltzman approach. However, as the density of
non-magnetic ZrO, nanoparticles increases, a higher resistivity is measured arising
from the increase of the number of ZrO, nano-precipitates and thus yielding a shorter
mean free path. In the following we consider several mechanisms which can be
accounted for the resistivity upturn below 30K. (a) Kondo-like mechanisms that are
arising from the exchange interaction of conduction electrons with localized spin
impurities, (b) weak localization®® as a contribution due to quantum interference
between two waves propagating by multiple scatters along the same path but in

opposite directions and (c) electron-electron interaction as the diffraction of one



electron wave by the oscillation in the electrostatic potential generated by other
electrons.

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. 4 represents the data Ap(T) = p(T) - pmin for the different applied
magnetic fields (0T < H < 9T) indicating the resistivity upturn. This approach
ensures that conventional magnetoresistance effects (see Fig. 3) do not enter our
analysis of the data for the resistance anomaly. We separate the data into two parts, a
field dependent part (Part A) and a field independent part (Part B). To separate the
field dependent part, we used the following approach: First, we determine (for each
sample) the resistivity minimum ppmin for the different magnetic fields using the
minimum value of p of the raw data and calculate the corresponding values for the
resistivity upturn according to Apu(T) = pu(T) - pumin- It turns out that the values for
pumin do not depend on the temperature. These data are plotted in Fig. 4 as dotted lines.
With increasing magnetic field the contribution [Apy(T)] decreases and our conjecture
— which is proven experimentally by plotting Apy - Apor vs. T fore.g. T=2 K and 4.2
K —is that at 9 T this contribution vanishes. This result is qualitatively consistent
with the data of Chen et. al. revealed from measurements of polycrystalline
Lay3Ca;3MnOs3 samples.11 The physics behind this empirical finding is the vanishing
of effects due to weak localization in strong magnetic fields as already stated by
Ziese.'? Consequently, the field dependent part of the resistivity upturn is Apa(T) =
Apor(T) — Apor(T). For pure LSMO, Apsa= 0, this nicely coincides with our
explanation because there is no impurity (ZrO>) in the thin film, so no contribution to

weak localization, consequently no suppressed upturn region, and part A collapses.

Part B represents the part which is not sensitive to the field Ap, =0y — Pormin-

From this figure we can obviously observe that for pure LSMO the contribution of the
field dependent part is nearly zero. With increasing density of ZrO, nanoparticles,
both contributions (- the magnetic field dependent as well the independent part-)

increase, indicatinga substantial contribution due to the presence of nonmagnetic ZrO,



nanoparticles.
a.) Kondo-like mechanisms

At first, we consider magnetic as well as charge based Kondo scattering as the

dominant mechanism yielding the resistance upturn. The magnetic Kondo scattering

would give rise to a p «< log T behaviour. In Fig. 5 the experimental resistivity in zero

magnetic fieldis depicted together with a fit of the p o< log (T/T) curve for a sample

with 3% ZrO; at low temperatures. It is obvious that the log-7 dependence is not
compatible with our results for the resistivity. An additional argument to rule out the
Kondo-effect comes from the magnetic field dependence of resistivity associated with
the Kondo effect. Comparing the energy scale set by the Kondo temperature kgTx and
that of a magnetic field pgB, resistivity contributions are expected to decrease in an
applied magnetic field and collapse at an upper limit at B = (kg/ug) T2 Taking the
temperature of the resistivity minimum as Kondo temperature (e.g. 9K for the
undoped film) this field would be ~13T. The data shown in Fig. 3 clearly demonstrate
the existence of an upturn of p for T < Tpi, and no magnetic field dependence neither
of Tmin nor of Ap/pmin, consequently the possibility of magnetic Kondo contribution to
the upturn can be excluded as a relevant mechanism. However, this nearly unchanged
Tin in @ magnetic field maybe point towards the possibility of charge Kondo effect.
The charge Kondo effect — proposed for the negative U Anderson model - requires
dilute impurities with two degenerate charge states and arises from quantum
fluctuations.'® This effect can be ruled out based on the following arguments: First,
zirconium is not a mixed valence element and only Zr'" is observed in ionic
compounds, so there is no possibility to drive a negative effective U" and thus a
charge Kondo phenomenon. Second, Zr*" ions exist only in ZrO, nanoparticles in the
films and do not enter the lattice as a dopant. Theresults from XRD and TEM analysis

rule out this possibility.

b.) 3D weak localization



Taking a Fermi wavelength of LSMO of 4, =0.35 nm,”’ the mean free path / of

the analyzed LSMO thin film (t=54 nm) can be estimated from the Drude
relation o =ne* v/ m*=ne*lA, /h, with n=10* m>. For our LSMO thin films, the

experimental value of 6 is 0=7.7x10°Q'm™ at 2 K, yielding / to be /=57 nm.

Since the Fermi wavelength A. and the mean free path are much smaller than our

sample thickness of 54 nm, the three-dimensional models of weak localization and e-e
interaction are applicable.

To reveal the physical mechanism for the resistivity upturn, we first discuss the
contribution of WL. The standard formula for the conductivity correction due to WL
for a sample with a square cross section of width w in the 3D regime

(Wherew >> 7L ) is 12930

e (1 1
Oy =— e 1
" 27:2;‘1[1 LJ ®

¢

where [ denotes a temperature-independent cut-off length on the order of the electron

mean free path and L, is the inelastic scattering length L, = (D 7, )”2 with the

diffusion constant D = o, /[e’N(E,)] and the inelastic lifetime 7, . If we

2
take 7, = %T 7 where p is an index depending on scattering mechanism and

. . . _ -pl2
dimensionality, we get L, = aT .

In order to quantitatively analyse the contribution of WL to the resistivity upturn
further, we argue that a magnetic field of 9 T will be enough to suppress WL'? and the

difference between the zero field data and the 9T data can be attributed to the weak
localization contribution g,,, = Aoy, —Ag,,. The fit of the low-temperature (T < 30 K)
conductivity data o,, =Ao,, —Aog,, according to Eq. (1), is shown in Fig. 6. Here,

the symbols are the experimental data and the solid lines are the fitting curves. We see

clearly that an increase of the concentration of ZrO; precipitates causes a continuous
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increase of the contribution attributed to weak localization. Furthermore, we observe a
tendency that, corresponding to the resistivity minimum, shifts to higher values with
increasing density of nonmagnetic ZrO, particles. The temperature region where the
data can nicely be described by Eq. (1) increases with increasing ZrO, particle density
from nearly 10 K for 3%, 6% ZrO; to more than 16 K for 20% ZrO,. This shows an
enhancement of the contribution of weak localization due to ZrO, nanoparticles. The
weak localization arises from quantum interference between electronic paths and thus
modifies the diffusion constant. The fit parameters /, a and p for samples with
different ZrO, particle densities as displayed in Table I give further information

concerning the precipitate dependence of the scattering parameters of our samples.

c. electron-electron interaction

The analysis of the data within the frame of the WL theory shows that additional
reasons for the resistivity upturn must be at work. This can be seen in the ©-T curves
of Fig. 3 at high magnetic field where the resistivity at B = 9 T definitely shows a
pronounced upturn with decreasing temperature. Since the WL can be suppressed by a
magnetic field, the resistivity upturn at 9 T originates from the EEI correction to the
conductivity. Fig. 7 gives the temperature dependence of conductivity in an applied
field of 9 T for the low temperature region of 2-12 K for different ZrO, content with 0,
3%, 6% and 20%, respectively. It can be seen that as the density of ZrO,
nano-precipitates in the LSMO thin film increases, the resistivity upturn strengthens.
In the following we apply the theory of EEI to the data for the resistivity upturn at 9T
for the samples with different density of precipitates. The contributions to the

functional dependence of the conductivity due to the EEI is similar to that due to WL

but with the inelastic diffusion length L, replaced by the thermal diffusion

length L, =(hD/kT)"?, and a modified prefactor. In the 3D regime Ac. is given by,”!

- 2
Ao, =—04g 2 3ol e [1_ 1] )
32 )27l L

where the interaction constant F  is related to the screening factor F as




F, =(32/3F)[(1+F/2)** -1-(3F/4)]." the resulting fits according to Eq. (2) are

presented in Fig. 7 (solid lines). It is found that the experimental data of pure LSMO
can be excellently described by Eq. (2) for the temperature range below 6 K. With
increasing concentration of ZrO, precipitates, the regions with a good fit increase,
indicating that the region up to 10 K for 3% and 6% ZrO; can be nicely described by
EEI effect. However, for 20% ZrO,, the well fitted region shrinks again. From these
results, it can be concluded that the conductivity below T,;, is sensitive to both,
electron-electron correlation and the degree of disorder. The reduction of the regime
where Eq. (2) holds for the 20% ZrO, sample may be due to contributions arising

from the electron-phonon interaction (Ac,_,,) in strongly disordered systems. The
Ao, ,, contribution cannot be suppressed by magnetic field and is difficult to

separate it from the Ao, contribution. The results for the samples with 0, 3% and 6%

ZrO; can be described well by Eq. (2) indicating that the weak disorder introduced
didn’t affect the dominating role of EEI at the upturn region of the resistivity. For the
strong disorder as in 20% ZrO, sample, the enhanced electron-phonon interaction

cannot be neglected compared to the EEIL. To confirm this, we fitted the conductivity

with Ao

data for 9 T according to o,, =0, +A0, +AC,, ._» =BT as shown in Fig.

h
8. From this figure, it can be seen that the experimental data agree well for the
temperature region up to 25 K which confirms the important role of both

electron-phonon interaction and electron-electron interaction.

A check for the quality of the fit can be accomplished by comparing the
measured values of the increase in AG.. in the temperature range 3 K < T < 10 K with
those calculated from the Altshuler-Aronov theory according to Eq.(2) using the fit

parameters D, F and | as given in Table I. For LSMO the Fermi wavelength is

k7' =0.056 nm and Thomas-Fermi screening length is &' =1/,/87p,e’ =0.047 nm

(where p, is the density of states per spin channel). According to Thomas-Fermi

12,32

approximation, the screening factor F is given by F =(x/2k,)* In[l+ 2k, / ©)°],
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therefore we obtain F~0.46 and accordingly 1?6 =0.44, a value that can be compared

with the fit parameter }N«“G in Tab I. Using our fit parameter for the diffusion constant

D, we can calculate Lt at 3 K and Lt at 10K. Let us take the sample with 3% ZrO, as
an example; the calculated conductivity difference between 10 K and 3K due to the
EEI is 689.0 (Qm)'. Together with the contribution due to weak localization
(‘according to Eq.(1) ) we get a sum of the calculated contributions to Ao between
10 K and 3 K of 712.5( Q2 m)"'. The magnitude of the EEI contribution to
magnetoresistance exceeds the WL contribution by an order of magnitude.
Experimentally the increase of conductivity for the 9T data between 10 K and 3 K is
694.3(Qm)". Taking into account the measurement uncertainties and the fact that the
Altshuler-Aronov theory was developed for a free electron gas and we deal with a
strongly correlated electron system this agreement is surprising. Therefore, we believe
that the combined 3D theory for disordered nonmagnetic conductors is in excellent

agreement with our data.

IV Conclusion

In conclusion, low temperature transport properties of LSMO thin films with
appropriate concentration (0, 3%, 6%, and 20%) nano-scaled non-magnetic ZrO2
particles were systemically studied for applied magnetic fields ranging from 0-9T.
The temperature dependence of resistivity shows generally a minimum at low
temperatures and a resistivity upturn that appears to be increasingly stronger with
increasing ZrO, precipitate concentration. The temperature and magnetic field
dependences of the resistivity of our samples are in good agreement with a
combination of the theory of 3D weak localization and electron-electron interactions
in the metallic system with non-magnetic disorder. In particular, the presence of
non-magnetic ZrO, nanoparticles in the samples enhances contributions to resistivity
from weak localization and electron-electron interaction. Non-magnetic ZrO,; particles
in the metallic LSMO thin films modify the diffusion constant and increase the weak

localization at low temperature. The enhanced EEI in this 3D system is induced by the
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modification of the density of states due to the introduction of ZrO, particle. In
addition, we show that our results explain the essential features of the so-called
scattering related “resistivity minimum” phenomenon at low temperature in the
correlated electron systems including its spin independent effect, its scattering

parameters and variation with increasing disorder.
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TABLE I. The fitting parameters of WL and EEI for LSMO thin film with 0, 3%, 6%,

and 20% nano-scaled non-magnetic ZrO, particle, respectively.

0 3% 6% 20%
I(nm) N/A 191.07 76.42 14.49
weak
a N/A 3.62*%10°° 6.14*107 5.59%10®
localization
p N/A 1.99 1.76 0.74
e-e D (m?/s) 5.14*10°° 4.47%10° 3.79%10°° 1.85%1077
interaction | F., 0.15 0.55 0.76 0.87
L(nm) 233 1.76 1.73 0.27

Figure Captions:

Figure 1. (Color online)(a)X-Ray diffraction pattern for the (#00) reflections of
LSMO, LAO and ZrO; nano-clusters. The red asterisks mark the ZrO; reflections. (b)
High-resolution TEM image of the cross-sectional specimen of LSMO with 6% ZrO,
cluster thin film on LAO in [001] zone. The interface is marked with arrows. (c)
Schematic sketch of the introduced non-magnetic ZrO, nanoparticles in the LSMO
matrix. The bottom part presents LAO substrate.

Figure 2. (Color online)Temperature dependence of (a) the magnetization and (b) the
resistivity of the single-crystal LSMO thin films with 0, 3%, 6% and 20% ZrO,,
respectively. Inset (a) : the Curie-Weiss fit for the determination of 7¢ for pure LSMO
thin film.

Figure 3. (Color online)Temperature dependence of resistivity measured in with
various magnetic field applied parallel to the thin film plane for 54nm thick LSMO
with 0, 3%, 6% and 20% ZrO,, respectively. To compare the data of 0, 3%, 6%
samples, the same scale in the y-axis was used in the figures, while for 20% sample,

the scale was enlarged.

Figure 4. (Color online) Ap =p —p, ;. as a function of temperature for LSMO

samples with 0, 3%, 6%, and 20% ZrO,, respectively. Part A (brown) represents the



16

magnetic field dependent Ap,=Ap,, —Ap,;, Part B ( blue dashed lines ) is not

sensitive to the field Ap, =, — Poriin-

Figure 5. (Color online) Temperature dependence of the resistivity of the single crystal

LSMO thin films with 3%ZrO, at low temperature and the attempt to fit the data according to

the Kondo effect with p o log T .
Figure 6. (Color online) Fit of the Ao =Ao,, —Ac, data to the weak localization

theory according to equ. (1) for LSMO samples with 0, 3%, 6%, and 20% ZrO,,
respectively.

Figure 7. (Color online) Experimental data (symbols) for the temperature dependence
of conductivity at 9 T for LSMO samples with 0, 3%, 6%, and 20% ZrO,, respectively.

The solid lines are the fitting results according to eq. (4), the expression for

electron-electron interaction o,, =0, +0,,.

Figure 8. (Color online) Temperature dependence of conductivity in 9 T for samples

with 20% ZrO; and fir to o,, =0, +0,, +0, ,. The solid lines are the fitting results

and the symbols are the corresponding experimental data.
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