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Evidence of weak localization 
in quantum interference effects 
observed in epitaxial La0.7Sr0.3MnO3 
ultrathin films
Wei Niu1, Ming Gao1, Xuefeng Wang1, Fengqi Song2, Jun Du2, Xinran Wang1, Yongbing Xu1 & 
Rong Zhang1

Quantum interference effects (QIEs) dominate the appearance of low-temperature resistivity minimum 
in colossal magnetoresistance manganites. The T1/2 dependent resistivity under high magnetic field 
has been evidenced as electron-electron (e-e) interaction. However, the evidence of the other source 
of QIEs, weak localization (WL), still remains insufficient in manganites. Here we report on the direct 
experimental evidence of WL in QIEs observed in the single-crystal La0.7Sr0.3MnO3 (LSMO) ultrathin 
films deposited by laser molecular beam epitaxy. The sharp cusps around zero magnetic field in 
magnetoresistance measurements is unambiguously observed, which corresponds to the WL effect. 
This convincingly leads to the solid conclusion that the resistivity minima at low temperatures in 
single-crystal manganites are attributed to both the e-e interaction and the WL effect. Moreover, the 
temperature-dependent phase-coherence length corroborates the WL effect of LSMO ultrathin films is 
within a two-dimensional localization theory.

The appearance of a low-temperature resistivity minimum has been observed in polycrystalline and 
single-crystalline colossal magnetoresistance (CMR) manganites1,2. Although great efforts were devoted to 
explaining the resistivity minima behavior in manganites, no convincing conclusions have yet been reached up 
to now. In the past few years, people have attributed the resistivity minima to different mechanisms, such as 
spin-polarized tunneling through grain boundaries1,3, Kondo-like effect due to spin disorder4, as well as quantum 
interference effects (QIEs)5. In polycrystalline samples, the resistivity minima at low temperatures shift towards 
the lower temperatures upon applying a magnetic field and disappear at certain critical fields, which is interpreted 
in terms of the spin-polarized tunneling via grain boundaries1,6–8. While Kondo effect dominates in intrinsi-
cally disordered samples9,10. Recently, QIEs in manganites have been intensively investigated to interpret the 
low-temperature resistivity minima2,6,9,11–14. Generally, QIEs lead to correction to the resistivity from two different 
sources5: (i) electron-electron (e-e) interaction and subsequent modification of the density of states at the Fermi 
energy; (ii) weak localization (WL) effect arising from the self-interference of the wave pockets as they are backs-
cattered coherently by the impurities or other defects. Both contributions lead to an enhancement of resistivity 
as the temperature decreases. Previously, Li et al.14 investigated the temperature and field dependence of the 
conductivity of a La1.2Sr1.8Mn2O7 single crystal in terms of QIEs. Maritato et al.2 investigated the low-temperature 
transport properties of La0.7Sr0.3MnO3 (LSMO) films as a function of the sample thickness, and interpreted their 
results as an interplay of e-e interaction and WL effect. Gao et al.12 studied the resistivity minimum of LSMO 
films integrated with nonmagnetic ZrO2 particles as a second phase to tune the contribution of an enhanced three 
dimensional WL effect.

The T1/2 dependent resistivity under high magnetic fields has been evidenced as e-e interaction. Xu et al.7 
investigated the behavior of the resistivity minima with various magnetic fields, and they found that the WL effect 
was suppressed by a high field (H >  1 T) and the electrical resistivity only followed the T1/2 dependence with the 
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characteristics of enhanced e-e interaction. However, to date the evidence of WL effect has still remained insuf-
ficient in manganites. Although vast phenomenological analyses have been fitted to prove the existence of the 
WL effect2,11,12, the typical WL effect in magnetoresistance (MR) measurements, i.e., the sharp cusps around zero 
magnetic field at low temperatures, has not been observed. Thus, the conclusion that low-temperature resistivity 
minima are attributed to QIEs with the combination of e-e interaction and WL effect requires the further direct 
experimental evidence.

In this work, the low-temperature resistivity minima and transport properties of LSMO ultrathin films are 
investigated. The films are deposited by laser molecular beam epitaxy (LMBE) on SrTiO3 (STO) substrates. We 
give direct experimental evidences of e-e interaction and WL effect. The T1/2 dependent resistivity under high 
magnetic field is evidenced as e-e interaction. In particular, the sharp cusps around zero magnetic field in MR 
measurements is evidenced as the typical WL effect. This leads to the solid conclusion that the low-temperature 
resistivity minima in single-crystal manganites are the result of QIEs from the combination of e-e interaction and 
WL effect. Moreover, the power law fit of phase-coherent length versus temperature further confirms the WL 
effect of our ultrathin films is within a two-dimensional (2D) localization theory.

Results
High-quality LSMO ultrathin films. In order to explore the QIEs and localization theory in ultrathin 
films, we choose LSMO films with a thickness ranging from 20 to 30 unit cell (u.c.). Figure 1(a) shows the in-situ 
reflection high-energy electron diffraction (RHEED) intensity oscillations of the grown film, indicating that the 
growth proceeds in an ideal 2D layer-by-layer mode15. The peaks of the RHEED oscillations represent the growth 
of exact u.c.-control thickness. The left inset of Fig. 1(a) is the typical RHEED pattern of STO (001) substrate prior 
to deposition at 750 °C, while the sharp streaky line in the right inset is characteristic of LSMO RHEED pattern 
after deposition. An atomically smooth surface with clear steps is evidenced in a typical atomic force microscope 
(AFM) image (1 ×  1 μ m2) [Fig. 1(b)]. An AFM line profile [Fig. 1(c)] across the terraces shows that the average 
terrace height is about 0.4 nm. The step height corresponds to the lattice constant of LSMO, indicating a well-de-
fined, atomically flat surface. Figure 1(d) presents the x-ray diffraction (XRD) pattern of the LSMO film. Though 
the film is ultrathin, the peak of LSMO can still be clearly seen, which further proves the single-crystal structure 
of our high-quality LSMO films.

Figure 1. Structural analysis of epitaxial LSMO ultrathin films grown on STO. (a) Typical RHEED intensity 
oscillations for the growth. The inset shows the RHEED patterns of STO prior to the growth (left) and LSMO 
film after the growth on STO (right). (b) The typical AFM image. (c) An AFM line profile across the terraces 
that is marked with a line in the Fig. 1(b). (d) XRD θ-2θ scan taken around the (002) peaks of STO and LSMO.
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Low-temperature resistivity minimum. Figure 2(a) shows the resistivity versus temperature curves 
in the range of 2–400 K for the sample (25 u.c.). As the temperature decreases from 400 K in the paramagnetic 
phase, the resistivity gradually increases and reaches a maximum, indicative of a metal-insulator transition (Tp) 
at 340 K. The Tp value is consistent with its Curie temperature (TC) as determined by extrapolating the measured 
temperature-dependent magnetization curve. Here Tp is close to the TC of the bulk LSMO (TC ~ 369 K16), further 
showing the high quality of our LSMO films. In ferromagnetic phase (T <  TC), the LSMO ultrathin film exhib-
its a typical metallic behavior down to low temperatures. Interestingly, the resistivity does not show a residual 
resistance behavior for T→ 0, but reaches a minimum at temperature (Tmin) around 25 K and increases until the 
temperature decreases to 2 K, as shown in the inset of Fig. 2(a). The total resistivity in first order correction terms 
is given by11:

ρ ρ ρ ρ σ σ= + − +H T H T H T H T( , ) ( , ) [ ( , ) ( , )] (1)0 m 0
2

ee WL

where ρ0 is the residual resistivity, ρm is the magnetic resistivity contribution from anisotropic MR and magnon 
scattering, and the σee and σWL are the conductivity from the contribution of e-e interaction and WL effect, 
respectively. According to the localization theory and the insensitivity of e-e interaction in strong-correlated 
manganites, the eq. (1) can be simplified as follows7:

ρ ρ α β λ= + − +T T Tln (2)0
5 1

2

In this equation, ρ0 is the residual resistivity, αT5 is the contribution from the inelastic scattering, which is 
independent of the external fields, βT1/2 is due to the e-e interaction, and the last term comes from the WL effect. 
We fit the temperature-dependent resistivity under low temperatures using eq. (2) very well, as shown in Fig. 2(b), 
indicating that it is the QIEs that give rise to the resistivity minima.

However, Kondo effect should be taken into account as an optional mechanism yielding the resistance upturn. 
It arises from the exchange interaction between itinerant conduction electrons and localized spin impurities, 
leading to anomalous temperature dependences in various physical parameters4. Kondo effect should contribute 
to a ρ ∝  lg(T/T0) behavior, where T0 is the Kondo temperature12. We then fit the same resistivity versus tempera-
ture curve according to ρ ρ α= − T Tlg( / )0 0 , as shown in Fig. 2(c). Apparently, this fitting is not compatible with 
our experimental data, thus ruling out the Kondo effect as an origin. In addition, another mechanism of 
spin-polarized tunneling through grain boundaries can be also excluded by the above structural verification of 
the single-crystal nature (Fig. 1). Moreover, a strong peak of temperature-dependent resistivity is observed near 
TC in single crystals [Fig. 2(a)]. Otherwise, the resistivity of a polycrystalline samples should exhibit a wide max-
imum at temperature well below TC, which further rules out the mechanism of tunneling via grain boundaries.

Electron-electron interaction. The single-crystal LSMO ultrathin film (30 u.c.) is measured at tempera-
tures ranging from 2 to 50 K by applying different magnetic fields to confirm the contribution of e-e interaction to 
the resistivity minima. Figure 3(a) shows the temperature-dependent resistivity at different magnetic fields. It is 
seen that the resistivity minima (Tmin) still exist under different magnetic fields. Tmin shifts to the lower tempera-
ture with increasing magnetic field, in agreement with the previous results1,7. Such a field-dependent behavior can 
further rule out the contribution from the Kondo effect and spin-polarized tunneling. Also, the e-e interaction 
in QIEs is independent of the magnetic field, whereas the WL effect is magnetic-sensitive and can be suppressed 
under a magnetic field since the field destroys the wave coherence and the self-interference effects are reduced. 
The low-temperature resistivity upturn under high magnetic fields still exists and can be fitted by T1/2, where the 

Figure 2. Low-temperature resistivity minima. (a) Temperature-dependent resistivity of epitaxial LSMO 
ultrathin film. The inset is the enlarged low-temperature region in order to visualize the resistivity minimum. 
(b,c) Temperature dependence of resistivity at low temperatures. The solid lines are the fitting results using 
eq. (2) and Kondo effect, respectively.
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minimum comes from the e-e interaction alone. Therefore, the experimental data obtained from the high mag-
netic field (5 T) can be fitted using the following equation without the contribution of the WL effect:

ρ ρ α β= + −T T (3)0
5 1

2

Figure 3(b) shows the comparison of fitting results using eqs. (2) and (3), respectively. It is found that the data 
without field are better fitted by eq. (2), while the data under 5 T are better fitted by eq. (3). This clearly demon-
strates that the resistivity upturn is the result of the combination of the e-e interaction and the WL effect. Table 1 
summarizes the fitting results under different magnetic fields. It is seen that even under field of 0.1 T the WL effect 
is totally suppressed and can be ignored. The presence of e-e interaction in QIEs has been fingerprinted by the 
T1/2 dependent resistivity under magnetic fields. At the same time, the existence of e-e interaction under different 
fields reflects a general characteristic of the strong correlated interaction in the mixed-valent manganites.

Weak localization effect. The WL effect is revealed by an increase in resistivity at low temperatures and 
by a peculiar MR behavior related to the phase shift induced by the magnetic field. Although many previous 
reports2,11–14 attributed the resistivity minima to the combination of e-e interaction and WL effect, the direct evi-
dence of the WL effect in MR measurements remains lacking. Figure 4(a) shows the MR or magnetoconductance 
results at 2 K, where the presence of sharp cusps near zero magnetic field is clearly seen. The similar phenomena 
have already been evidenced in magnetic topological insulators as well as In2O3/ZnO thin films17–19. According 
to Maritato et al.2, a crossover from three-dimensional to 2D behavior of the WL effect takes place when the 
thickness is below 20 nm. The WL effect in our LSMO ultrathin films is expected to be 2D. Hence, the localization 
model is given as follows20:
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Figure 3. Temperature dependent resistivity under different applied magnetic fields at low temperatures. 
(a) The resistivity upturn is suppressed by the applied magnetic fields, and Tmin shifts towards the lower 
temperature (see arrow). (b) Temperature-dependent resistivity without magnetic field and with high magnetic 
field (5T), which are fitted using eqs. (2) and (3), respectively. The solid lines are the fitting results. Note that the 
magnetic field is applied perpendicular to the plane of the film.

Applied magnetic field (T)

R2

eq. (2) eq. (3)

0 0.99986 0.97476

0.1 0.9869 0.99162

0.5 0.98822 0.99811

5 0.97738 0.99127

Table 1.  The R2 fitting results under different magnetic fields by eqs. (2) and (3), respectively.
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where ψ is the digamma function, Bφ, BSO and Be are the phase coherence characteristic field, the spin-orbit char-
acteristic field, and elastic characteristic field, respectively. The corresponding characteristic lengths are deduced 
from =B eL/4i i

2 (with i =  φ, SO, and e), where Lφ is the distance traveled by an electron before it loses its phase 
coherence, LSO is the length of electron undergoes the effect of the spin-orbit interaction, and Le is the mean free 
path. In the limit of strong spin-orbit coupling in correlated materials, the eq. (4) can be reduced to5,21:

α π ψ∆ =  −



 − + 

φ φG e B B B B( )/(2 ) ln( / ) (1/2 / ) (5)
2 2

where =φ φB eL/4 2. Lφ is the phase-coherence length, which describes the quantum correction to the conduc-
tivity in the 2D systems. We fit the sheet magnetoconductance change (Δ G) by eq. (5) near zero magnetic field 
where 2D WL effect dominates, yielding Lφ ≈  200 nm at 2 K. Temperature-dependent Δ G of the LSMO ultrathin 
film is shown in the inset of Fig. 4(b), indicating the suppressed WL effect with increasing temperatures.

Discussion
In order to explore the localization theory in LSMO ultrathin films, and further verify the 2D character of weak 
localization, the temperature-dependent Lφ is depicted. The solid circles in Fig. 4 (b) show the extracted value of 
Lφ and the line is the power law fit of Lφ versus temperature. The power law fit gives Lφ ∝  T−1/2, corresponding to 
the exact 2D localization theory22.

In the localization model, Bφ is the phase coherence characteristic field. When the magnetic field is larger than 
Bφ, the WL effect is suppressed since the field destroys the wave coherence and hence the self-interference effects 
are reduced. We deduce the Bφ =  0.0508 T at 30 K by =φ φB eL/4 2 . It is suggested that the critical magnetic field 
should be around 0.05 T under low temperature range, above which the contribution of the WL effect can be 
ignored. This assumption is consistent with the above fitting results (Table 1), in which when the magnetic field is 
above 0.1 T, the WL effect is suppressed and the e-e interaction is prevalent in QIEs.

Single-crystal LSMO ultrathin films with atomically flat surface have been epitaxially grown by LMBE. The 
temperature dependence of resistivity shows generally minima at low temperatures and the Tmin shifts towards 
the lower temperature with increasing magnetic fields. We give the direct experimental evidences of the e-e 
interaction and the WL effect responsible for the resistivity minima, thus reaching a solid conclusion that the 
low-temperature resistivity minima in single-crystal manganites are the result of QIEs due to the combination of 
the WL effect and the e-e interaction. Moreover, the power law fit of Lφ versus temperature further confirms that 
the WL effect is 2D, which can help to understand the localization theory in strong correlated manganites. Our 
study may deepen the fundamental understanding of the physical mechanism of the resistivity minimum behav-
ior observed in single-crystal manganites. The high-quality LSMO ultrathin films can serve as a platform for the 
fabrication of electronic devices for applications in spintronics and energy.

Methods
Epitaxial Growth. The LSMO ultrathin films were grown by LMBE technique (KrF excimer laser with 
λ =  248 nm and E =  100 mJ). The repetition rate of the laser was 2 Hz with a pulse duration of 20 ns. During the 
growth in-situ RHEED monitor was employed to achieve high-quality epitaxial growth and the thickness was 
well controlled. Prior to growth, the STO (001) substrates (5 ×  5 mm2) were chemically etched with HF and then 
annealed in high-purity oxygen atmosphere for about four hours at 950 °C23,24. TiO2-terminated STO substrates 
with atomic terraces were hence achieved, as verified by AFM. STO substrates were then ultrasound cleaned 
in acetone and in-situ annealed in 10−6 mbar ozone atmosphere at 800 °C for 1 h. With this modified substrate 
treatment25, the RHEED intensity oscillations were readily obtained. The temperature during film growth was 
maintained at 750 °C. The chamber was firstly evacuated down to 7 ×  10−8 mbar and then a mixture of oxygen 

Figure 4. The WL effect in MR measurements of single-crystal LSMO ultrathin films. (a) The Δ G versus 
magnetic field curve at 2 K. The solid curve is fitted to the conductance change using eq. (5). The inset is the raw 
MR. (b) Temperature dependence of phase-coherence length. The solid line is the power law fit, which gives 
Lφ ∝  T−1/2. The inset is the Δ G versus magnetic field curves at different temperatures.
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and 20% ozone atmosphere at a pressure of 2 ×  10−3 mbar was used for the growth to obtain a strongly oxidizing 
atmosphere. At the end of deposition, the film was cooled down at the growth pressure without further annealing. 
With the help of ozone26, the epitaxial thin films have good quality with no need for post-annealing27.

Structural Characterization. The surface morphology was examined by a high-resolution AFM system 
(Asylum Cypher under ambient conditions). The crystal structure was examined by a θ-2θ XRD (Bruker D8 
Discover).

Transport Measurements. The transport properties were measured in a standard four-probe technique by 
a Quantum Design physical property measurement system (PPMS-9T).

References
1. Rozenberg, E., Auslender, M., Felner, I. & Gorodetsky, G. Low-temperature resistivity minimum in ceramic manganites. J. Appl. 

Phys. 88, 2578 (2000).
2. Maritato, L. et al. Low-temperature resistivity of La0.7Sr0.3MnO3 ultra thin films: Role of quantum interference effects. Phys. Rev. B 

73, 094456 (2006).
3. Hwang, H. Y., Cheong, S.-W., Ong, N. P. & Batlogg, B. Spin-Polarized Intergrain Tunneling in La2/3Sr1/3MnO3. Phys. Rev. Lett. 77, 

2041 (1996).
4. Kondo, J. Resistance Minimum in Dilute Magnetic Alloys. Prog. Theor. Phys. 32, 37–49 (1964).
5. Lee, P. A. & Ramakrishnan, T. V. Disordered electronic systems. Rev. Mod. Phys. 57, 287–337 (1985).
6. Auslender, M., Kar’kin, A. E., Rozenberg, E. & Gorodetsky, G. Low-temperature resistivity minima in single-crystalline and ceramic 

La0.8Sr0.2MnO3: Mesoscopic transport and intergranular tunneling. J. Appl. Phys. 89, 6639 (2001).
7. Xu, Y., Zhang, J., Cao, G., Jing, C. & Cao, S. Low-temperature resistivity minimum and weak spin disorder of polycrystalline 

La2∕3Ca1∕3MnO3 in a magnetic field. Phys. Rev. B 73, 224410 (2006).
8. Venkataiah, G., Huang, J. C. A. & Venugopal Reddy, P. Low temperature resistivity minimum and its correlation with 

magnetoresistance in La0.67Ba0.33MnO3 nanomanganites. J. Magn. Magn, Mater. 322, 417–423 (2010).
9. Jia, R. R. et al. Effects of ferroelectric-poling-induced strain on the quantum correction to low-temperature resistivity of manganite 

thin films. Phys. Rev. B 82, 104418 (2010).
10. Kumar, D., Sankar, J., Narayan, J., Singh, R. K. & Majumdar, A. K. Low-temperature resistivity minima in colossal magnetoresistive 

La0.7Ca0.3MnO3 thin films. Phys. Rev. B 65, 094407 (2002).
11. Ziese, M. Searching for quantum interference effects in La0.7Ca0.3MnO3 films on SrTiO3. Phys. Rev. B 68, 132411 (2003).
12. Gao, Y., Cao, G., Zhang, J. & Habermeier, H.-U. Intrinsic and precipitate-induced quantum corrections to conductivity in 

La2/3Sr1/3MnO3 thin films. Phys. Rev. B 85, 195128 (2012).
13. Wang, C. et al. Magnetoelectric transport and quantum interference effect in ultrathin manganite films. Appl. Phys. Lett. 104, 162405 

(2014).
14. Li, Q. A., Gray, K. E. & Mitchell, J. F. Metallic conductance below Tc inferred by quantum interference effects in layered 

La1.2Sr1.8Mn2O7 single crystals. Phys. Rev. B 63, 024417 (2000).
15. Guo, H. et al. Growth diagram of La0.7Sr0.3MnO3 thin films using pulsed laser deposition. J. Appl. Phys. 113, 234301 (2013).
16. Huijben, M. et al. Critical thickness and orbital ordering in ultrathin La0.7Sr0.3MnO3 films. Phys. Rev. B 78, 094413 (2008).
17. Ge, J. et al. Evidence of layered transport of bulk carriers in Fe-doped Bi2Se3 topological insulators. Solid State Commun. 211, 29–33 

(2015).
18. Shinozaki, B. et al. Weak localization and percolation effects in annealed In2O3-ZnO thin films. AIP Advances 1, 032149 (2011).
19. Cha, J. J. et al. Effects of Magnetic Doping on Weak Antilocalization in Narrow Bi2Se3 Nanoribbons. Nano Lett. 12, 4355–4359 

(2012).
20. Hikami, S., Larkin, A. I. & Nagaoka, Y. Spin-Orbit Interaction and Magnetoresistance in the Two Dimensional Random System. 

Prog. Theor. Phys. 63, 707–710 (1980).
21. Barone, C. et al. Universal origin of unconventional1/f noise in the weak-localization regime. Phys. Rev. B 87, 245113 (2013).
22. Altshuleri, B. L., Aronovf, A. G. & Khmelnitsky, D. E. Effects of electron-electron collisions with small energy transfers on quantum 

localisation. J. Phys. C: Solid State Phys 15, 7367–7386 (1982).
23. Kawasaki, M. et al. Atomic Control of the SrTiO3 Crystal Surface. Science 266, 1540–1542 (1994).
24. Shi, Y. J. et al. Exchange bias coupling of Co with ultrathin La2/3Sr1/3MnO3 films. Appl. Phys. Lett. 101, 122409 (2012).
25. Ma, J. et al. Interface ferromagnetism in (110)-oriented La0.7Sr0.3MnO3/SrTiO3 ultrathin superlattices. Phys. Rev. B 79, 174424 

(2009).
26. Peng, R. et al. Tuning the dead-layer behavior of La0.67Sr0.33MnO3/SrTiO3 via interfacial engineering. Appl. Phys. Lett. 104, 081606 

(2014).
27. Yuan, W. et al. Epitaxial growth and properties of La0.7Sr0.3MnO3 thin films with micrometer wide atomic terraces. Appl. Phys. Lett. 

107, 022404 (2015).

Acknowledgements
This work was jointly supported by the National Key Projects for Basic Research of China (Nos 2014CB921100 
and 2013CB922103), the National Natural Science Foundation of China (Nos 11274003 and 61176088), the PAPD 
project, and the Fundamental Research Funds for the Central Universities. The assistance of XRD measurements 
from Prof. Jian Shen at Fudan University is acknowledged.

Author Contributions
X.F.W. and W.N. designed the research and co-wrote the paper. W.N. and M.G. fabricated and characterized the 
films. F.S., J.D. and X.R.W. assisted with interpretation of the data. Y.X. and R.Z. had valuable discussions and 
edited the manuscript. All authors commented on the final paper.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Niu, W. et al. Evidence of weak localization in quantum interference effects observed in 
epitaxial La0.7Sr0.3MnO3 ultrathin films. Sci. Rep. 6, 26081; doi: 10.1038/srep26081 (2016).



www.nature.com/scientificreports/

7Scientific RepoRts | 6:26081 | DOI: 10.1038/srep26081

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Evidence of weak localization in quantum interference effects observed in epitaxial La0.7Sr0.3MnO3 ultrathin films
	Introduction
	Results
	High-quality LSMO ultrathin films
	Low-temperature resistivity minimum
	Electron-electron interaction
	Weak localization effect

	Discussion
	Methods
	Epitaxial Growth
	Structural Characterization
	Transport Measurements

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Evidence of weak localization in quantum interference effects observed in epitaxial La0.7Sr0.3MnO3 ultrathin films
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26081
            
         
          
             
                Wei Niu
                Ming Gao
                Xuefeng Wang
                Fengqi Song
                Jun Du
                Xinran Wang
                Yongbing Xu
                Rong Zhang
            
         
          doi:10.1038/srep26081
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep26081
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep26081
            
         
      
       
          
          
          
             
                doi:10.1038/srep26081
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26081
            
         
          
          
      
       
       
          True
      
   




