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Abstract

Unusual electrical transport properties associated with weak or strong localization are sometimes found in disor-
dered electronic materials. Here, we report experimental observation of a crossover of electronic behavior from weak
localization to enhanced weak localization due to the spatial influence of disorder induced by ZrO, nanopillars

in (La,/35r;5MN0O3),_:(Zr0,), (x=0, 0.2, and 0.3) nanocomposite films. The spatial strain regions, identified by scan-
ning transmission electron microscopy and high-resolution x-ray diffraction, induce a coexistence of two-dimen-
tional (2D) and three-dimentional (3D) localization and switches to typical 2D localization with increasing density

of ZrO, pillars due to length scale confinement, which interestingly accords with enhancing vertically interfacial
strain. Based on the excellent agreement of our experimental results with one-parameter scaling theory of localiza-
tion, the enhanced weak localization exists in metal range close to the fixed point. These films provide a tunable
experimental model for studying localization in particular the transition regime by appropriate choice of the second
epitaxial phase.
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1 Introduction

The unusual transport properties that occur in dis-
ordered materials are among the most interesting
phenomena in condensed matter physics. Disorder
generally exists to varying degrees in crystalline mat-
ter, ranging from a few impurities or interstitials in an
otherwise perfect crystalline host to the strongly disor-
dered limit of alloys or glassy structures [1], depending
on the amount and type of disorder as well as dimen-
sionality [2, 3]. Anderson localization (AL) and weak
localization (WL) are two important phemomena
that occur in disordered electronic systems. Classical
Anderson localization, known as strong localization,
is multiple scattering interference of the waves due to
randomness in the potential, thus altering the nature
of the wave functions, [1, 4] usually occurring in one
dimentional (1D) and 2D semiconductors or 1D con-
ductors [5]. While, there are many examples of dis-
order-induced metal-insulator transitions (MIT),
unambiguous identification of these as due to classi-
cal Anderson localization in 3D remains a controver-
sial subject of discussion in condensed matter physics.
[6, 7] Weak localization, to be distinguished from AL,
is the precursor effect of AL, that occurs in disordered
electronic systems at low temperatures due to back
scattering. The effect manifests itself as a positive cor-
rection to the resistivity of a metal or semiconductor

[8]. Extensive electrical transport measurements show
low-temperature weak localization in samples of both
high-T, cuprates and manganites and are understood as
quantum interference effects [9-11].

La,/5Sr;,sMnO; (LSMO) when ferromagnetic is a
transport half-metal, meaning that its transport shows
metallic conduction in the majority spin channel, and
localized behavior due to strong localization, in the
minority channel [12-15]. This can be qualitatively
understood in terms of the low carrier density, low
Fermi energy minority spin electronic structure and
the contrasting large Fermi surface, metallic majority
spin. Importantly, the above-mentioned properties are
extremely sensitive to strain [16, 17]. The emergence of
novel electronic states and magnetic reconstructions at
the interface of LSMO and another perovskite oxide has
been intensively studied, including electronic, magnetic
and orbital reconstructions, and interfical magnetism
et al [18-22]. To achieve these fascinating properties,
the vertical interfical strain (VIS) plays an important
role through tunning the interfical orbital, lattice order
parameters and resulted film functionality [23] due to
its enhanced interfical coupling and tailored vertical 3D
strain [24—26]. However, to date, most of the studies on
VIS were performed on the materials with a pillar-to-
matrix ratio at 1:1 with nanopillars larger than 20 nm
[27-29]. To enhance the VIS, rational control over the
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pillar size and study on the corresponding modification
of the functional properties would be of great impor-
tance [30].

The strain dependence of the electronic structure, in
particular in the minority spin channel for ferromagnetic
character, the study of localization and novel electronic
states at the interface of LSMO is attractive not only
because the effect of 3D vertical disorder on the localiza-
tion is rarely studied but also because new physics it may
bring due to the natural length scale confinement by the
nanopillars in the thick films [31]. As far as is known, the
study on the effect of small nanopillars on physical prop-
erties of matrix, especially the study of spatial nanopillar
effect on the electrical localization, has not been explored
yet. Here, we report a new approach for localization in
successfully grown (LSMO),_,:(ZrO,), (x=0, 0.2, and
0.3) nanocomposite film system which is based on the 3D
spatial disorder resulting from the vertical strain between
two different epitaxial structures of LSMO matrix and
embedded small ZrO, nanopillars. This specific pil-
lar structure in the matrix provides a natural length
scale confinement vertically, determined by the distance
between the pillars, which restrict the system approach-
ing low dimensional character with increasing density or
size of nanopillars in the film system. Our results demon-
strate that the nanopillar structure in the LSMO matrix
displays a shallow structural disorder region along the
circular interface between ZrO, nanopillar and LSMO
due to semi-coherent dislocalization with locally vertical
strain, which can be controlled by the size of ZrO, nano-
pillars. Interestingly, the vertical strain and the interface
strongly affect the electronic transport properties of the
LSMO matrix induced by the small nano-scale size pil-
lars with accordingly large strained interfical area. We
find a critical exponent behavior between 2 and 3D with
increasing size of ZrO, in the 3D thin film system and a
crossover to a new transition state, which lies between
weak localization and Anderson localization. We refer to
this enhanced weak localization state as “transition local-
ization” This induced transition localization is directly
related to an enhanced vertical strain at the interface with
increasing density and size of ZrO, pillars. Our study
paves a way for the functional application on the vertical
magnetic devices.

2 Experimental details

A. Thin films synthesis and STEM sample prep-
arations Epitaxial nanocomposite thin films of
(LSMO),_,:(Zr0O,), with x=0, 0.2, and 0.3 of non-mag-
netic ZrO, nanostructures were grown on LaAlO;(LAO)
(001) substrates using conventional pulsed laser deposi-
tion (PLD). Details of the deposition process are given in
Ref [32]. The thickness of the thin films was determined
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as 45 nm using both TEM and X-ray reflectivity (XRR)
measurement [33]. The films were characterized by XRD
and by transmission and high-resolution transmission
electron microscopy (TEM and HRTEM). Samples for
STEM analysis were prepared in cross-sections oriented
along the (001) cubic directions and top-view of the (001)
surface.

B. HRTEM and STEM imaging and GPA analysis The
plan-view HAADF study was performed on a Nion
UltraSTEM?200, equipped with a cold field-emission elec-
tron source and a corrector of third- and fifth-order aber-
rations, operating with an accelerating voltage of 200.
Displacement and rotation fields were calculated from
high resolution HAADF images using GPA software.
GPA is an image-processing routine that is sensitive to
small displacements of the lattice fringes in HRTEM/
STEM images relative to a reference lattice [34, 35]. The
strain tensor &; can be obtained by numerical differentia-

tion using the standard relations [34, 36]:
g = %(g—z]’ + Z—Z) In a similar way the local in-plane
rigid body rotation, w,, can be determined:
Wy = % g% - g%), where, the u(r) is the local displace-

ment field as a function of position with respect to the
reference lattice. For small rotations, the angle is in radi-
ans and anti-clock wise positive.

C. Transport and magnetic property measurements
Evaporated Cr/Au contacts were used for 4-probe resis-
tivity measurements using a Quantum Design PPMS. The
resistivity was performed with the magnetic field perpen-
dicular to the film. The magnetization (M) was measured
in a Vibrating Sample SQUID magnetometer (Quantum
Design). All the experimental results were reproducible.
No ageing effects were observed.

D. The correction method for magnetoresistance We
ruled out magnetic effects, i.e. magnetoresistance effects
and the electron—electron correlation effects, leaving dis-
order induced weak localization as an explanation. We
corrected the data of MR by shifting the finite field resist-
ance curves by constant values such that the minimum
resistivities coincided. This was done because localiza-
tion is sensitive to the magnetic field, as is the colossal
MR effect in La,;3Sr;,sMnOs. In this case, it is neces-
sary to separate out the MR effect in the fitting process.
We take the resistivity at the MIT at low temperatures
Pt under various magnetic fields as the basic ref-
erence value of p for the experimental data to calculate
the corresponding values of the resistivity according to
pr(T) = pr—mir + Dpp(T) = po + AMRy + Apy (T)
(0 TKH<Z9T). pg is the value of py_pur at H=0 T, and
AMRp is the contribution of magnetoresistivity under
various magnetic fields at the T, point at low tempera-
tures. App (T') is the upturn of the resistivity below Ty
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At the T\ transiton point, the contributions from weak
localization and EEI to the upturn are very weak, so the
contribution of AMRy, is the only intrinsic quantity of
LSMO at the temperature of Ty;r. Then oy (T) will be
pH(T) = po + Apr (T) without AMRy. In this way, the
data which we get from the experimental ones with the
magnetoresistivity was ruled out, and the conductivities
were obtained from these data.

3 Results and discussion

Plane-view high resolution high angle annular dark field
(HAADF) image of an LSMO thin film with x=0.3 pre-
cipitated ZrO, is shown in Fig. 1a, which displays that
ZrO, grows in a circular shape with uniformly spatial dis-
tribution in the LSMO matrix. Low magnification scan-
ning transmission electron microscopy (STEM) image of
cross-sectioning view (Fig. 1b) reveals that the circular
ZrO, pillars penetrates all the way through the LSMO
film and distributes uniformly in the LSMO matrix. A
representative single pillar was chosen and the perfect
pillar structure was observed by the high magnifica-
tion image (Fig. 1c) and the corresponding false-colored
image based on the Fast Fourier Transform (FFT) dif-
fractogram (Fig. 1d). The mean pillar diameters are
4.0+0.6 nm for x=0.2 and 5.1+0.6 nm for x=0.3. The
interface between a pillar and the matrix is semi-coherent

Fig. 1 a Plane-view high resolution high angle annular dark field
(HAADF) image of LSMO thin film with x=0.3 ZrO, precipitatedon
LaAlO; (001) substrate. b Low mag STEM image of cross-sectioning
view of x=0.3 thin film; c a relatively high magnification image

of a representative single pillar in LSMO; d the corresponding
false-colored image for the representative single pillar based

on the FFT diffractogram
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with misfit dislocations distributed around and along the
cylindrical interface. This implies the local strain at the
interface, which likely impacts local electronic proper-
ties. Figure 2a shows an atomic resolution plane-view
STEM image of the (LSMO),_,:(ZrO,), structure, which
shows the clear sharp interface and tiny transformation
of structure between the inner and interfical region of the
ZrO, pillar between. In order to establish high-resolution
electron microscopy as a metrological tool for strain
analysis at the atomic level, the displacement field map-
ping and strain analysis are performed using geometric
phase analysis (GPA) [34, 37]. The maps of strain com-
ponents ¢,,, ¢,, and ¢, for the area shown in Fig. 2a are
displayed in Fig. 2b—d, respectively. The tensile strain in
matrix, compressive strain in ZrO, pillars and similar
strain in ¢, and ¢, are clearly seen. ¢,, and ¢, show the
biggest change, specifical the interfical region, identified
as a highly strained area (g, >20%). While, the observed
shear-strain ¢,, is weaker (Fig. 2c). The rotation field
mapping of the sample shows rotation between the two
structures. The observed phenomena are consistent with
the x-ray diffraction (XRD) analysis as explained below,
which origins from the mismatch and strain in the epi-
taxial interface between ZrO, pillars and LSMO matrix.
A typical wide range out-of-plane scan of XRD for
x=0.3 thin films (Fig. 2g) indicates the epitaxial nature of
both LSMO and ZrO, on the LAO (001) substrate. The
epitaxial relationship of (001);g\ioll(001)7,0,11(001) 0
are confirmed by the ¢ scan measurements around ZrO,
(111) (cubic), ZrO, (202) (cubic), ZrO, (101) (tetrago-
nal) and ZrO, (103) (tetragonal) (Fig. 3). The area ratio
fitting was performed according to cubic and tetragonal
phase of ZrO, as shown in the inset of Fig. 2g. 62.37% of
tetragonal phase and 37.63% of cubic phase for ZrO, are
obtained. Combined with the simulated STEM images,
this observation of compositional cubic and tetrago-
nal phase displays the interfical reconstruction between
ZrO, pillars and LSMO matrix due to cylindrical strain
tunning. Hence, the center of pillars is cubic structure
while the surface of pillar is tetragonal structure, which
is consistent with the out-of-plane compression of ZrO,
pillars expected from the mismatch with the LSMO
matrix as well. As for strain analysis, with increasing
ZrO,, the LSMO (002) peak in the (LSMO),_,:(ZrO,),
nanocomposites gradually shifts towards lower angles
and becomes sharper compared with the pure LSMO
as shown in Fig. 2h, indicating the enhanced strain with
increasing x. The rocking curves of the (002) peak display
a FWHM =0.26 for x=0.2 and FWHM =0.22 for x=0.3,
illustrating enhanced strain and good sample quality. To
understand how this vertical strain is manifested in the
(LSMO),_,:(ZrO,), nanocomposites, the vertical lattice
matching (the periodic crystallographic registry) is given
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Fig. 2 a Selected STEM image showing the atomic resoluation lattice of the circular pillars, matrix and the interface; b strain component parallel

to the surface g,,, ¢ shear-strain map €,, d perpendicular to the surface ¢,,, and e the rotation map w,, gives the internal rigid-body rotation

of the crystallographic lattice obtained by GPA from the HRTEM image of a. The scale bar is 5 nm and the colour scale indicates— 28° to+28° strain
and rotation. f The magnified view of part of image. The scale bar is 2 A. g XRD 6-26 scans of x=0.3 nanocomposite thin film on LAO (001) substrate.
Inset shows the overlap (002) peak and the area ratio fitting for cubic and tetragonal phase of ZrO, nanopillars. Here, T represents tetragonal and C
represents cubic. h The shift of the LSMO (002) peak downward on 26-scale for (LSMO),_,:(ZrO,), films with x=0, 0.2 and 0.3, indicating the increase
of the c-lattice parameter with increasing x. i Crystallographic model of interface matching

(presented in Fig. 2i). The out-of-plane lattice matching
is 5 LSMO (001) planes to 4 ZrO, (001) planes. Using
our measured lattice parameters (d(go;) sm0 =393 A and
d(001)2:02=5-12 A for the tetragonal phase), the calcu-
lated domain widths for the 5:4 matching in the absence
of strain coupling are 19.65 A and 20.48 A, respectively,
induced by the classic domain matching epitaxy mecha-
nism [38, 39]. This indicates that LSMO is in tension
out-of-plane from the vertical ZrO, nanopillars due to
smaller dy9;)1 500X 5. The vertical strain as calculated

form XRD results is 0.77% for x=0.2 and 1.16% for
x=0.3, respectively.

To elucidate structure—property correlation, the tem-
perature-dependent electrical resistivity p(7) under vari-
ous external H for (LSMO),_,:(ZrO,), is investigated
(Fig. 4), where the magnetoresistance (MR) contribu-
tion for the resistivity from LSMO here was ruled out
by using the way descripted in the Sect. 2. The difference
of p(T) between pure LSMO and LSMO with ZrO, pil-
lars are striking. The pure LSMO data displays metallic
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Fig. 3 aThe texture measurements of a (202) reflex for cubic ZrO,
phase at Chi=45 and Phi=0. b The texture measurements of a (101)
reflex for tetragonal ZrO, phase at Chi=50.46 and Phi=1.3

behavior with negligible field dependence (Fig. 4a).
While as temperature decreas, the LSMO with nanopil-
lars display a metal—insulator transition (MIT) at low
temperature with a resistivity minimum at the minimum
temperature T, =27 K for x=0.2 (Fig. 3b) and 36 K for
x=0.3 (Fig. 4c), whereas, T, is slightly dependent of the
applied field. The residual resistivity pp shows two order
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(6.48 mQ cm for x=0.2) and three order (27.17 mQ cm
for x=0.3) larger than that of the pure LSMO film
(0.13 mQ cm for x=0). At temperatures below T, the
applied magnetic field suppress the increase of p indicat-
ing a negative effect, with increasing field dependence
of 35.30% for x=0.2 and 56.75% for x=0.3, respectively.
The mechanism of low-T MIT here differs from the
recently supposed phenomenological model [24] consid-
ering the large vertical strain effect as mentioned above
from the small ZrO, pillars, which significantly alter the
FM behavior of the LSMO matrix [40]. The temperature
dependence of T, ,, and the negative magnetoresistance
below T,,, display the dominant localization origin. As
we evidenced in films containing lower ZrO, previously
[32], both weak localization and electron—electron inter-
action (EEI) contribute the low-T MIT. Furthermore, the
effect of localization becomes dominant with increasing
ZrO, density, this somewhat attenuates the low-T EEI
contribution sharply as calculated for x=0.03 and 0.06
as comparison [32]. The low-T upturn in resistivity from
localization is still found even under a 9 T magnetic field
at high ZrO, fractions. As discussed by Bergmann [41],
the application of a strong magnetic field (>8 T) nor-
maly suppresses WL effect in resistivity, which leaves
a temperature dependent resistivity only due to the EEI
contribution [41]. In this case, the contributions of WL
and EEI can thus be distinguished by using a strong mag-
netic field to suppress the WL contribution [9], as shown
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Fig. 4 Temperature dependence of resistivity under various magnetic fields applied parallel to the thin film plane for LSMO with x=0 (a) 0.2 (b)
and 0.3 (c) respectively. All the data were corrected for the magnetoresistance effect
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in our previous report [32] for low-density nano-scale
ZrO, impurities (where 4 T-6 T is enough to suppress
the WL contribution). However, in our present films
with high density of second phase of nanopillars (x=0.2
and x=0.3), an even 14 T field is not high enough to
suppress the contribution of localization with very high
T, 1t should be noted that the individual contributions
from WL and EEI exclude the possibility that the low-T
MIT comes from Mott localization. Considering that the
localization is tightly correlated with external magnetic
field: 2%, [42] low-dimensional localization is more sensi-
tive to field and has relative larger contribution than EEI
at low-T region compared with 3D localization. This may
be reflected from enhanced field effect with increasing
ZrO, content, which gives suppressed resitivity under 9 T
field of 35.30% for x=0.2 and 56.75% for x=0.3, respec-
tively as shown in Fig. 4. This enhanced localization we
observed in high concentration of the ZrO, nano-pillars.
Though 2D localization always exists with any amount
of disorder according to scaling theory of localization,
[2, 43, 44] 3D localization occurs only above critical level
of disorder. To quantify the dimensionality of WL in our
present system and reveal the electronic behavior with
different strain induced by ZrO, pillars, we analyze our
measured electrical conductance according to the scaling
theory of localization. In the scalling theory, the behavior
of the dimensionless conductance, g=G/(e*/%) is a func-
tion of system size L. Here G is conductance of the films
[1, 45]. The scaling functionp (g) = d(lng)/d(ln L)is for
various regimes: (1) g >> g for large conductance regime
(2) g << g, for small conductance regime, and (3) pertur-
bative regime: g = g.. g. is a characteristic dimensionless
conductance that turns out to be of order 72 & 0.1. We
calculated and obtained dimensionless conductance g for
(LSMO),_,:(Zr0O,),: 1707 to 1710 for LSMO, 6.15 to 6.72
for x=0.2, and 1.33 to 1.69 for x=0.3, respectively, from
2 Kto T,,,. Here, gis substantially greater than g, in the
whole system even for the x=0.3 compound, indicating
that our samples lie in the large conductance regime.
Moreover, g rapidly decreases with increasing density of
disorder and reaches~1.3 for x=0.3, indicating a ten-
dency to be close to the perturbative limit and near the
mobility edge in higher disorder region [43]. Based on
one parameter scaling theory [43], G, ~ €*// is an unsta-
ble fixed point in a 3D system, which signals the mobility
edge. To study critical behavior near the mobility edge,
one considers predictions of scaling theory for g, close to
g .~ 1. For g,>¢’,, the distance to the mobility edge is
measured by e=1In(gy/s’,) ~ (g,-¢ )¢ » where ¢’ . =G,/
(¢*/h), and g, near g’,. Accoring to our experimental data,
an estimation of g, in the range of 0.28 to 0.52 for x=0.3
was obtained. This broad range of g, value may reflect the
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enhanced WL behavior over a broad temperature range
in our present system as seen in Figs. 4 and 5.

The logarithmic temperature dependence of electrical
conductance o(7T) is plotted in semi-logarithmic scale for
x=0.2 (Fig. 5a) and 0.3 (Fig. 5b). We can see that the log-
arithmic T dependence of ¢ below T,,, under various
magnetic fields is linear, similar for both compounds. The
positive magnetoconductivity shown here illustrates the
dominant localization origin. To examine the effective
dimensionality of localization, the o(T) under y,H=0 are
fitted with the perturbation theory of the singular back

e

scattering [1], which is given by o3p = 0o + 7 é TP/2 for

3D localization and oyp = og + %% In (Tlo) for 2D

localization, respectively [1, 9]. Here, 0, and T, are con-
stants and p is an index depending on scattering mecha-
nism and dimensionality. The fitting results and fitted
parameters (4 and p) according to 3D and 2D scaling the-
ory are shown in Fig. 5c for x=0.2 and Fig. 5d for x=0.3,
respectively. It can be seen that the strict one-parameter
fitting data both in 2D and 3D cases have a well agree-
ment with the experiment in x=0.2, which suggests that
the x=0.2 compound is under the critical condition in
dimensionality of WL, i.e., 2D and 3D weak localization
are not distinguishable in this system. While for x=0.3,
the result shows an excellent agreement with the 2D sce-
nario over a wide 7 range of more than 20K but can only
be fitted over a smaller T range of around 10K when
using the 3D form (Fig. 5d). Thus the electronic behavior
in x=0.3 reflects a 2D localization characteristic. To
obtain a quantitative understanding to the dimenisional
change of electrical behavior in this two compounds, we
compare the system size d and L, = /D1y, [1] Here Ly
represents inelastic scattering length with the diffusion
constant D = oy /[e*?N (Er)] and the inelastic lifetime Ty
In the above scale-dependent conductivity o3p(Ly) and

o2p(Lg) equations, we have taken r;, = % T7P,80 Ly =aT P2

Using the well fitted a and p paramters for both x=0.2
and 0.3 shown in Fig. 5¢ and d, the characteristic length
at T=2 Kiis Ly, =3.04 nm and L,,_,3=12.46 nm. It
is important to mention that the vertical pillars confine
the length scale in present system, so d is determined by
the average shortest distance between pillars, which was
obtained as 9.0+£0.3 nm for x=0.2 and 6.7+0.3 nm for
x=0.3 according to the statistic from the HAADF images
(see Fig. 1a). The L, =3.04 nm is comparable to the
average pillar distances of d,_y,=9.0£0.3 nm, in good
agreement with the critical condition of 2D and 3D WL
coexistence; While Ly, _3=12.46 nm is larger than
dy—03=6.7+0.3 nm, reflecting the 2D character and
robustness of the WL in x=0.3. These delicate fitting
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Fig. 5 a, b: Logarithmic temperature dependence of conductivity under various applied magnetic fields parallel to the thin film plane for LSMO
with x=0.2 and 0.3, respectively. ¢, d: Localization fitting to logarithmic temperature dependence of the oot corresponding to fittings to Eq. (1-3D)
and Eq. (1-2D) for x=0.2 and 0.3 thin films, respectively. The fitting parameters are displayed in the inset of the figures

results indicate the competitive 2D and 3D WL in pre-
sent length scale confinement system, while the 2D WL is
more sensitive than 3D WL to the external parameters
explaining why low dimensional WL was usually to be
experimentally observed as widely studied before.

Figure 6 emphasizes the good agreement between the
conductivity and the strict one-parameter 2D scaling in
a wide T range of 25 K for x=0.3. Moreover, the field
effect on conductivity clearly displays the suppression of
WL as indicated by the decreasing T, with increasing
applied field from 1 to 9 T (inset of Fig. 6). In spite of the
sensitivity of 2D localization to magnetic field, the WL
contribution still dominates under 9 T field applied along
in-plane direction, indicating the robust character. Spe-
cifically, the pillar-like nanostructures in the films could
enhance the multiple scattering quantum interference
between waves propagating along the same path but in
opposite directions and restrain the amplitude of waves
simultaneously, which is the origin of the 2D localization
behavior as observed in x=0.3 film. This would suggest
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Fig. 6 2D Localization theory fitting for the logarithmic temperature
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strong amplitude fluctuations near the mobility edge
corresponding to the lower dimension. The observed
enhanced weak localization here, deviating from tradi-
tional weak localization, belongs to a new “transition
localization” state, which is between weak localization
and Anderson localization.

Further support to the existing 2D localization in
x=0.3 is obtained by T'dependence of p under various H
and H dependence of p at various T as shown in Fig. 6a,
b, respectively. The fitting of o(T) to the scaling theory of
localization under various magnetic field from 0 to 9 T
display good 2D character (Fig. 7a). When apply mag-
netic field, the cyclotron orbit shrinks until the Landau
orbit size Ly << L the fredicted 2D formula

Ao =0(H, T) = 0(0,T) = 55z { [} + L] + i}

2m2h
becomes a /nH behavior. Here, y is the digamma func-
tion and x = Lé4eH /hc. In this case, the critical mini-
mum field can be determinded. The good agreement of
Ao versus H under different T (below T,,,) with InH
behavior as expected illustrates the 2D electrical charac-
ter in x=0.3 compound (see Fig. 7b). The critical mag-
netic field H, varies with T as displayed in Fig. 6b. We
take 4.4 T (at 2K) as H,, Ly = (eH./hc)~1/? = 12.32nm
can be obtained. This value is comparable to
L y(x—03=12.46 nm, further evidenced the good 2D elec-
trical character in x=0.3. To trace the effect of tensile
strain on LSMO thin film at the interface, we have done

virtual crystal calculations with the linearized
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H/fab
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Fig. 8 Calculated electronic density of states for cubic perovskite

virtual crystal La, ,Ba,sMnO; at different lattice parameters

as indicated. Note the strong strain dependence of the minority spin

band edge with respect to the Fermi level at 0 eV

augmented planewave method using the WIEN2k code
and the PBE generalized gradient approximation (Fig. 8).
We find that less than 1% tensile strain of La,,Bay sMnO4
converts the transport half metal to a true half metal
with no minority carriers, while compressive strain
strongly increases the density of localized minority car-
rier and the effective Fermi level. Thus strains surround-
ing the ZrO, pillars at the level of 0.77% for x=0.2 and
1.16% for x=0.3 are expected to affect the electronic
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structure and therefore the electronic scattering of the
nano-inclusions, consistent with our experimental
results.

4 Conclusion

In summary, we have succsusfully synthesized the
(LSMO),_,:(ZrO,), nanocomposite thin films with epi-
taxial ZrO, pillar structure in the LSMO matrix and
investigated the atomic-scale structural, electrical and
magnetic properties under the affect of the strained
ZrO,/LSMO interfaces as spatial disorder. A crosscover
from the coexistence of 2D and 3D localization to the
typical 2D localization with increasing density and size
of ZrO, pillars was experimentally observed, which is
interestingly correlated with length scale confinement
vertically from the epitaxial pillar-matrix structures.
Moreover, the enhanced localization in present systems is
identified due to its robustness and enhanced field effect,
which is supported by theoretical analysis showing good
agreement with one-parameter scaling theory of localiza-
tion and virtual crystal calculations. Interestingly, based
on the excellent agreement of our experimental results
with one-parameter scaling theory of localization, the
enhanced weak localization exists in metal range close to
the fixed point. These films provide a tunable experimen-
tal model for studying localization in particular the tran-
sition regime by appropriate choice of the second phase.
Moreover, our results will facilitate the design of perpen-
dicular magnetic devices.
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