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Larger lattice for films 
fabricated with smaller 

oxygen pressure

More oxygen vacancies in 
films grown at smaller 

oxygen pressure

SXRD patterns for LaMnO3 thin 
films on SNTO Aberation-correlated annular bright field 

image and the line profiles of the MnO2 layers



Small 8, 1279–1284 (2012)

Larger loop for the resistance 
switching induced by more 

oxygen vacancies

LaMnO3 resistive switching memories
None obvious decay was observed within 10000 cycles  
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Theoretical modelling



different states for Pt/LMO/SNTO at the Pt/LMO Schottky interface. When 
negative voltage applied on the TE, the oxygen vacancies will 
accumulate at the Pt/LMO interface, making the doping density at the 
Pt/LMO increase, while the oxygen vacancies will migrate away from the 
Pt/LMO interface, giving rise to the decrease of doping density under the 
forward bias. 

Oxygen                  –
Oxygen vacancy   +
Forward bias         + moving away from interface S3
Negative bias        + moving to the interface S2
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Stronger double 

exchange interaction 

with more OV in LMO  

From XAFS measurement, we found 
+3=>+2 valence transition occurs for Mn ions



2 Insulate phase at low temperature in ultrathin La0.8Sr0.2MnO3 films

(a) RHEED oscillations recorded during the growth of the 10 u.c. LSMO film and (b) AFM 
image of the 10 u.c. film. (c) HAADF micrograph of the 10 u.c. LSMO thin film taken by an 
aberration-corrected STEM. (d) Zoomed and filtered image of the rectangular part in (c) 
with the red arrow of numbered peaks. The yellow arrows indicate where the STO/LSMO 
interface locates. (e) Intensity line profile of the region marked by the red arrow in (d). 
The different contrast of La and Sr provides localization of the interface indicated by the 
yellow dashed line in (e).

Films with thickness 
5-50 unit cells were 
grown on STO at
the same oxygen 
pressure of 30 Pa



The red solid lines in (a) and (b) show the fitting results of the low temperature insulating 
behaviors of the films with resistivity upturn by the 3D Mott VRH mechanism. Log plot of 
resistivity as a function of T-1/2 for the 5 u.c. LSMO film (c). Thickness dependent Tmin
and the localization lengths of the ultrathin films with resistivity upturn (d).

Metal-Insulator transition observed in the LSMO thin films 
thicker than than 5 unit cells. Insulating phase at lower 

temperature appeared in 6-10 unit cells thick films

With the thickness being 50 
u.c. or 30 u.c, no insulator 
phase appears below the 
metal-insulator temperature 
TMI, which is very close to 
that of the bulk LSMO



Magnetic properties of films with different thickness
(a) The hysteresis loops (10 K) of the LSMO films and (b) the temperature 
dependence of magnetization (200 Oe, field cooling) of the LSMO films.
(c) The thickness-dependent saturation magnetization Ms and Curie 
temperature Tc of the LSMO films.

The suppression of the magnetic properties in 
thinner films indicates stronger disorder of 
magnetic moments, while the existence of 
oxygen vacancies can be another reason.
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Comparative study of oxygen 
content in the 50 u.c. and 8 u.c. 
LSMO films

Comparison of EEL spectra of the 
O-K edge

A deficiency of oxygen content and a resulted decrease 
of the Mn valence have been observed in the ultrathin 
films with thickness smaller than or equal to 10 unit cells. 

The cross sectional ABF micrographs 
of the 8 u.c. and 50 u.c., and the line 
profiles of the three MnO2 layers

peak A is very weak in the 8 
u.c. film, indicating the 

decrease of the Mn valence



X-ray photoelectron spectra of the 8 and 50 u.c. films

Mn valence 3.12 for the 8 u.c. films
3.2 for the 50 u.c. thick films
Lower Mn+4/Mn+3 in 8 u.c. thick films than 
that in  50 u.c. films

eV

E
V s

Mn
327.1

67.9
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Beyreuther, Phys. Rev. B 73, 155425 (2006).



Iwasa, Kawasaki et al.
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~10 μF/cm2

>1014 cm-2

Yuan, Cui et al.
Acc. Chem. Res. 48, 81 (2015)

3. Metal–Insulator Transition Induced by Oxygen Vacancies from 
Electrochemical Reaction in Ionic Liquid-Gated Manganite Films

Strong electric field induce great 
variation of carrier density, and 

then change the electronic property



STO

LSMO 0.2  27 u. c.

IL: DEME-TFSI

3. Metal–Insulator Transition Induced by Oxygen Vacancies from 

Electrochemical Reaction in Ionic Liquid-Gated La0.8Sr0.2MnO3 films



LSMO/LAO

Metal-insulator transition by IL gating in LSMO films

The resistance can be changed in 4 orders with 
increased gating time, metal-insulator transition occurs 
with enough gating time, and Tc moves towards lower T



TL oxygen vacancies?
Lower Tc  

Longger gating time                  more oxygen vacancies?

A similar insulator to metal transition was also 
found at low temperature in films with more oxygen 

vacancies . A lower magnetic and electronic 
transition temperature T c is also found in LSMO 

films with more oxygen vacancies due to the 
suppression of the double exchange interaction.



Sample Gated with 2.5V for 90 min
Pristine Sample

HADDF ABF Line profile HADDF ABF Line profile

The oxygen vacancies emerge in the gated LSMO, 
reaching a dozen nm thickness at the interface of LSMO/IL



Lower energy Mn+3 Mn+2 or Mn+4               Mn+3

More oxygen vacancies

The valence state of Mn moves lower in XAS measurements 
further convincing the appearance of Oxygen vacancies
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Why longer gating time induce more oxygen vacancies? Water? 

The trace water inside ionic liquid plays an important role
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More and more oxygen vacancies 

x  Mn+3 Mn+2 and  2δ-x Mn+4 Mn+3

Adv. Mater. Interfaces 2, 1500407 (2015)

Iwasa, Kawasaki et al.
J. Phys. Soc. Jpn 83, 032001 (2014)



Trace water in IL

IL gated MIT in transitional metal oxide has been reported
Mechanism behind is controversial

Strong field

Oxygen vacancy

Chemical reaction

Carrier doping Chemical doping

La0.8Sr0.2MnO3
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Stronger double 

exchange interaction 

with more OV in LMO  

Weaker double exchange 
interaction with more OV in LSMO

Adv. Mater. Interfaces 2, 
1500407 (2015)

Sci. Rep. 6, 22382 (2016)
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Larger lattice and resistant switch ratio in 
LMO films with more oxygen vacancies

Mn+3=>Mn+2 in LMO induced by OV, 
increasing double exchange interaction

Tc decreases with more OV , 
decreasing double exchange 
interaction in La0.7Sr0.3MnO3

Oxygen vacancy effect in the properties for Manganite thin films

Some Mn+4=>Mn+3 Mn+3=>Mn+2

in La0.8Sr0.2MnO3 with more OV
Variation of 4 orders resistance

Adv. Mater. Inter. 3, 1500753 (2016)

Adv. Mater. Interfaces 2, 1500407 (2015)

Mn+4/Mn+3 decreased caused by OV, suppress 
double exchange interaction in La0.8Sr0.2MnO3

Sci. Rep. 6, 22382 (2016)
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