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  1.     Introduction 

 Over the last several years, complex oxide 
heterostructures and interfaces have 
become a topic of intense research activity 
due to the strong coupling between 
structural, electronic, and spin ordering 
resulting in a wide spectrum of emerging 
physical phenomena such as interfa-
cial superconductivity, metal–insulator 
transitions, strain-driven ferroelectricity, 
interfacial ferromagnetism, and colossal 
magnetoresistance. [ 1 ]  Among the recently 
discovered effects in complex oxides is the 
observation of a ferroelectric-like behavior 
of nominally nonferroelectric materials 
detected by means of piezoresponse 
force microscopy (PFM). These materials 
include SrTiO 3 , [ 2–6 ]  TiO 2,  [ 6 ]  amorphous 
LaAlO 3  thin fi lms, [ 7 ]  CaCu 3 Ti 4 O 12,  [ 8 ]  and 
manganites [ 9,10 ]  among others with a 
range of proposed mechanisms for the 
observed behavior. In the specifi c case 
of the LaAlO 3 /SrTiO 3  (LAO-STO) het-

erostructures, [ 11,12 ]  the switchable electromechanical response 
was attributed either to the fi eld-induced surface charging (as 
a result of dissociation of water molecules into H +  and OH −  
ions), [ 12 ]  reversible fi eld-driven redistribution of oxygen vacan-
cies, [ 11,12 ]  and/or structural distortions at the interface. [ 13,14 ]  It 
has been suggested that the switchable PFM response stems 
for the LAO, rather than the STO layer. [ 11 ]  Also, it has been 
recently reported that the polar state of the LAO layers in the 
LAO-STO heterostructures can be controlled not only by the 
electrical bias, but also by the tip-induced mechanical force. [ 15 ]  
It is suggested that the strain gradient developed in the LAO 
fi lm by the tip, pressed against the fi lm surface, generates 
an internal fi eld much like an applied external voltage, which 
is likely a result of the fl exoelectric effect. In this article, we 
explore the mechanism of the switchable electromechanical 
response in the LAO fi lms, and perform comparative studies 
of the effect of the electrical bias and mechanical pressure 
on their polar states. We show that the mechanically induced 
polarization reversal is much more spatially localized and 
occurs at the submillisecond (ms) timescale, which is compa-
rable with the switching rate of the electrically generated pro-
cess. The obtained results allow us to establish a correlation 
between the electrical bias and the tip-induced stress, which 
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may prove useful for investigation of the electromechanical 
coupling in other oxide perovskite materials. 

 For this study, single-crystalline LAO fi lms (with a thick-
ness of 20 unit cells (u.c.) or ≈7.5 nm) were grown epitaxi-
ally on a 10-nm-thick layer of the lattice-matched conducting 
oxide Sr 0.2 Ca 0.8 RuO 3  (SCRO) prepared on (001) (LaAlO 3 ) 0.3 –
(Sr 2 AlTaO 3 ) 0.7  (LSAT) substrate using pulsed laser deposi-
tion with in situ monitoring of high pressure refl ection high 
energy electron diffraction (see details in Section I in the Sup-
porting Information). The ferroelectric-like states of the LAO 
thin fi lms were characterized using a set of scanning probe 
microscope (SPM) techniques, namely, piezoresponse force 
microscopy (PFM), electrostatic force microscopy (EFM), and 
conducting-atomic force microscopy (C-AFM) (Section II, Sup-
porting Information). Pt top electrodes of various diameters 
(5–150 µm) were deposited using sputtering on the surface 
of LAO thin fi lms through a hard mask for measurements in 
capacitor geometry  

  2.     Results and Discussion 

 LAO thin fi lm surfaces are atomically smooth with single 
unit-cell high steps clearly visible in atomic force microscopy 
(AFM) topography image ( Figure    1  a). Local spectroscopic PFM 
measurements performed at a fi xed tip location on a bare LAO 
surface (Figure  1 b) reveal a distinct butterfl y-shape nonlinear 
hysteretic loop for the PFM amplitude signal resembling that 
observed in classical ferroelectric materials, such as BaTiO 3  and 
Pb (Zr ,  Ti)O 3 . [ 16 ]  The PFM phase loop shows a phase change of 
≈180° indicative of reversed electromechanical activity. Further, 
a pattern consisting of a set of written-in 
squares was generated on the LAO fi lm sur-
face by scanning it with the electrically biased 
tip. Bright areas in the PFM phase image 
(Figure  1 d) represent “ in-phase ” electrome-
chanical response of the LAO fi lm to a small 
sensing ac fi eld (i.e., increase in sample thick-
ness for positive half of the applied ac bias, 
and decrease in sample thickness for nega-
tive half of the applied ac bias cycle) and cor-
respond to the induced polarization oriented 
downward with negative bound polarization 
charge on the surface of LAO. Similarly, the 
dark area in the PFM phase image represents 
the “ out-of-phase ” response of the upward 
polarization and corresponds to a positive 
bound charge on the surface of LAO. The 
EFM phase image (Figure S2 and Section 
III, Supporting Information) of the same 
pattern acquired with a dc read bias of +2 V 
establishes the presence of a positive sur-
face charge on the areas poled with positive 
bias, and a negative surface charge on the 
areas poled with negative bias, [ 11,17,18 ]  which 
is opposite to the sign of the bound charge 
detected in PFM. This confi rms that the sig-
nals detected in PFM and EFM are unrelated 
and represent different systems of charges. 

  To further investigate the surface/bulk nature of the 
observed electromechanical phenomenon, we deposited Pt top 
electrodes on the same LAO fi lms, and tested their properties 
by PFM. In this geometry, where the LAO layer is sandwiched 
between top and bottom electrodes ( Figure    2  a), the contribu-
tion from surface charging/electrostatic effect to the measured 
PFM signal should be negligible. [ 19 ]  Local PFM spectroscopic 
response acquired through the Pt electrode (Figure  2 b) again 
clearly shows the switchable hysteretic behavior, which is fur-
ther corroborated by the PFM imaging data acquired for the 
LAO thin fi lm capacitors. In Figure  2 c,d, it can be seen that the 
PFM phase signal of the area under the top electrode changes 
by ≈180° upon application of the voltage pulses of opposite 
polarity (±6 V, 1 s). These results rule out the surface charging 
effect and confi rm the bulk character of the observed ferroelec-
tric-like response in the LAO fi lms.  

 To probe the possible contribution of direct charge injec-
tion to the PFM signal, we measured local spectroscopic cur-
rent–voltage ( I–V ) curves on the LAO fi lms via C-AFM. It was 
found that (Figure S3 and Section IV, Supporting Information) 
the current injection is extremely low for biases below 7.5 V. The 
fact that the switchable hysteretic behavior is observed at biases 
below 6 V, where current injection is signifi cantly limited, rules 
out current injection as being the origin of switchable electrome-
chanical response. [ 7 ]  Bulk electrochemical processes, such as cat-
ionic demixing associated with irreversible material degradation, 
were not observed within the bias window of ±6 V over which the 
LAO fi lms exhibit a hysteretic PFM response. [ 12 ]  Moreover, the 
observed relaxation of the electrically written states (Figure S4 
and Section V, Supporting Information) indicates the absence of 
stable polarization as the equilibrium thermodynamic ground 
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 Figure 1.    Electromechanical behavior of the LAO (20 u.c.)/SCRO (10 nm)/LSAT heterostruc-
ture. a) Topography image of the LAO surface. b) Local spectroscopic PFM amplitude and 
phase hysteresis loops. c) PFM amplitude and d) the corresponding phase images of the LAO 
fi lm after electrical poling fi rst by −6 V (the outer square of 3 × 3 µm 2 ) and then by + 6 V (the 
inner square of 1 × 1 µm 2 ).
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state and shows a behavior reminiscent to that of electrets, 
where polarization is induced by a metastable separation of ionic 
charge/charged defects rather than by a stable long-range dipolar 
orientation. 

 With several possible mechanisms being 
ruled out, we suggest that the bistable dis-
tribution of ions/oxygen vacancies intro-
duced during the fi lm growth [ 20,21 ]  is the 
origin of the switchable PFM response. First-
principles calculations of the oxygen vacancy 
formation energy support such a mechanism 
in LaAlO 3 /SrRuO 3  (LAO/SRO) heterostruc-
tures ( Figure    3  a). Theoretical results (details 
are given in Section VI in the Supporting 
Information) predict a bistable distribution 
of oxygen vacancies (Figure  3 b). The uncom-
pensated electric fi eld in a polar LAO fi lm 
results in a linear reduction of the electro-
static potential creating a minimum in the 
oxygen vacancy formation energy at the LAO 
surface. On the other hand, the interfacial 
charge formed in metallic SRO to screen the 
polarization of LAO produces an electric fi eld 
in SRO leading to a decrease in the electro-
static potential and the oxygen vacancy for-
mation energy when moving from the LAO/
SRO interface to the bulk SRO. Application 
of a positive or negative external bias causes 
reversible movement of oxygen vacancies 
between the two energy minima across the 

potential barrier at the LAO/SRO interface 
producing the observed switchable and stable 
piezoresponse behavior. Additionally, appli-
cation of a relatively low bias to the AFM tip 
can generate suffi ciently high electric fi elds 
to inject or remove oxygen vacancies. [ 6,12 ]   

 To test the feasibility of the mecha-
nism based on fi eld-assisted ion dynamics, 
we studied the fi eld–time dependence of 
the written domains in LAO thin fi lms. A 
4 × 4 matrix (Figure  3 c,d) of locally poled 
areas (resembling ferroelectric domains) 
has been produced by application of voltage 
pulses of varying amplitude (from 4 V to 10 V) 
and duration (from 10 s to 120 s) using 
the conductive AFM tip. As can be seen 
(Figure  3 c,d; Figure S5, Supporting Informa-
tion), circular domains with reversed elec-
tromechanical response grow larger with 
stronger and longer pulses. Note that in the 
ferroelectric thin fi lms domains of similar or 
even bigger sizes can be created by applica-
tion of much shorter pulses at similar or even 
smaller tip-generated fi elds (e.g., domains of 
≈200 nm in diameter can be produced by 6 V, 
1 s pulse in 60 nm thick BaTiO 3  fi lms. [ 22 ]  This 
is indicative of the different switching mecha-
nisms in ferroelectric fi lms (mediated by nucle-
ation, forward growth, and sideways movement 

of the domain walls [ 23–25 ]  and LAO fi lms. Since the ionic species 
are usually characterized by rather large diffusion times, [ 26 ]  the 
much slower sideways expansion of the poled areas in the LAO 
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 Figure 2.    Electromechanical response through the top electrode. a) Topography image showing 
Pt top electrode on the LAO fi lm. b) Local spectroscopic PFM amplitude and phase hysteresis 
loops acquired through the top metal electrode. c) PFM phase images acquired after applica-
tion of (−6 V, 1s) pulse and d) after application of (+6 V, 1s) pulse, respectively, to the Pt top 
electrode.

 Figure 3.    First-principles calculations and scaling of the electromechanical response. a) Atomic 
structure of an LAO/SRO system used in fi rst-principles calculations. The oxygen vacancy ( V  O ) 
shown in black circle lies at distance  d  away from the LAO surface. b) Formation energy of 
oxygen vacancies as a function of distance  d  from the LAO surface (where  d  = 0) in the LAO/
SRO heterostructure. The black solid circles are actual calculated data, and the solid line is 
a guide to the eye. The dashed line indicates schematically the LAO/SRO interface. c) PFM 
amplitude and d) the corresponding PFM phase image, obtained in PFM mode after creation 
of the dot pattern by application of pulses of various amplitude and duration.
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fi lms is consistent with a model based upon fi eld-assisted ion 
dynamics as the origin of their ferroelectric-like behavior. 

 It is well established that the fi eld-induced ion migration 
can result in resistive switching effects. [ 27–30 ]  The resistive 
switching behavior reported for the LAO/STO interfaces [ 29 ]  
is attributed, among other mechanisms, to the external fi eld 
induced drift of oxygen vacancies. This mechanism is also 
consistent with the fi eld-assisted ion-migration model of the 
ferroelectric-like behavior of the LAO thin fi lms. To probe their 
resistive properties, we performed out-of-plane transport meas-
urements in the LAO thin fi lm capacitors (details are given in 
Section VIII in the Supporting Information). A rather small 
ON/OFF resistance ratio (≈3) allows us to rule out the forma-
tion of highly conducting channels (fi laments). [ 30 ]  It can be 
argued that the fi eld-assisted reorganization of oxygen vacan-
cies creates an asymmetric potential profi le across the LAO 
layer resulting in the resistive switching effect. We note that 
additional studies are necessary to further corroborate the 
mechanism of the resistive switching behavior (interface vs the 
bulk effect). 

 Next, we investigated the effect of mechanical pressure on 
the electromechanical response of the LAO 
thin fi lms. In this experiment, a grounded 
AFM tip is pressed against the sample sur-
face exerting a mechanical force, which 
affects the polar state of the LAO fi lm. To 
visualize the effect of tip-induced mechanical 
pressure, fi rst a bidomain state was created 
by an electrical prepoling of the LAO surface. 
Then, a 1 × 1 µm 2  area within this electrically 
prepatterned region (shown by the dashed-
line frame in  Figure    4  a,b) was scanned with 
an incrementally increasing tip-induced 
loading force (in the bottom up direction). 
The subsequent PFM maps (Figure  4 a,b) 
acquired under a low loading force (≈50 nN) 
show a transition from the upward to the 
downward polarization state occurring at a 
threshold load of ≈950 nN. This transition is 
marked by a phase shift of ≈180° and nearly 
a zero amplitude in the PFM phase and 
amplitude images, respectively. (Note that 
topographic imaging performed after applica-
tion of the mechanical force shows no visible 
damage to the surface of LAO fi lm; Figure S7 
and Section IX in the Supporting Informa-
tion). In other words, application of mechan-
ical pressure via the SPM tip fl ips the polar 
state of the LAO fi lm in the same way as the 
application of the positive bias to the tip. This 
behavior is similar to that observed in ferro-
electric thin fi lms and LAO-STO heterostruc-
tures. [ 15,31 ]  The electric fi eld caused by the 
SPM tip pressure could arise from the fl exo-
electric effect present in all crystalline mate-
rials. As shown recently, a strain gradient 
generated in thin fi lms can be huge [ 31,32 ]  and 
can cause internal electric fi elds large enough 
to drive polarization reversal.  

 We have calibrated the mechanical force in terms of a bias 
voltage that generates an electric fi eld of equivalent strength. 
We adopted an approach, in which the tip is electrically biased 
with a small positive DC offset as it is scanned exerting incre-
mentally increasing loading force over an electrically pre-
poled region (using −6 V bias) of the LAO surface. Thereafter, 
PFM images were acquired and were used to determine the 
threshold loading force value for different DC bias offsets. A 
positive DC bias applied to the tip results in an electric fi eld 
aligned in the same direction as the fl exoelectric fi eld gener-
ated by the loading force, and therefore, the threshold load 
needed to mechanically switch the PFM signal decreases 
(Figure  4 c). A linear fi t to the obtained data establishes a 
bias–load conversion factor of ≈2.3 V µN −1  (Figure  4 d). The 
obtained value is in good agreement with the value of 2.1 V 
µN −1  estimated from the direct comparison of local coercive 
bias of ≈2 V (found from the PFM loop in Figure  1 b), and the 
threshold loading force of ≈950 nN determined from the PFM 
maps in Figure  4 a,b. The mechanically written states are still 
responsive to an electrical stimulus (Figure S8 and Section X, 
Supporting Information). 
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 Figure 4.    Mechanical reversal of the polar states. a) PFM amplitude and b) the corresponding 
phase image, after a 1 × 1 µm 2  area in the center (denoted by a dashed-line frame) has been 
scanned with the tip under an incrementally increasing loading force. c) PFM phase images 
obtained after scanning with an incrementally increasing loading force (scale shown on left 
of images) within the dotted green lines, while the tip was maintained at a certain variable dc 
bias (indicated on the respective image). d) Plot of thresold loading force versus positive DC 
offset on the tip during scanning with the increasing mechanical force. Dashed-line frame in 
a,b) marks the area where incrementally increasing loading force (from 67 nN to 1.3 µN) was 
applied. Dotted line in d) indicates the linear fi t to the data.
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 To compare the rate at which the ferroelectric-like response 
of the LAO fi lms can be reversed using electrical or mechanical 
means, two patterns consisting of linear polar regions were 
written at various tip scanning velocities (from several nm s −1  
to µm s −1 ) ( Figure    5  a,b). The fi rst pattern consists of the lines 
written in the contact mode at a nominally low loading force 
(≈50 nN) with the tip at a DC bias of +3.5 V, which is above the 
coercive voltage. The second pattern is comprised of lines written 
with the electrically grounded tip, which scanned the surface 
under a mechanical load equivalent to the 3.5 V bias as deter-
mined from Figure  4 d (about 1.5 µN). Depending upon the scan-
ning rate, the tip dwell time at each pixel (with the size of about 
4 × 4 nm 2 ) ranged from ≈4 s (1 nm s −1 ) to 0.2 ms (20 µm s −1 ). 
From the PFM images in Figure  5 a,b (see also Figures S9 and 
S10 in Section XI in the Supporting Information), it is evident 
that both the electrical and mechanical stimulus can be used to 
effectively control the polar state of the LAO fi lms at the submilli-
second timescale. Notably, the switching speed in the mechanical 
mode is limited by our experimental setup and the intrinsic speed 
for the mechanically induced switching could be much higher. [ 32 ]   

 From comparison of the width of the mechanically and electri-
cally written linear polar regions (Figure  5 c), it can be concluded 
that the mechanically written regions are more localized than 

the electrically induced ones for the tip scanning velocities below 
200 nm s −1 . Above this value the difference between the electri-
cally and mechanically written lines becomes indistinguishable 
within the PFM imaging resolution. From Figure  5 c, it can also 
be deduced that mechanical switching occurs at a lower rate in 
comparison with the electrical switching, which is again a mani-
festation of the localized nature of the elastic fi elds generated by 
the tip pressure. This localization arises from a much smaller 
volume over which a mechanical stress is exerted by the tip, in 
contrast to the volume affected by the electric fi eld, which extends 
over distances well beyond the tip-sample contact area, which is 
of the order of 10 nm. In turn, the fl exoelectric fi eld associated 
with the tip-induced strain gradient decays much faster with the 
distance from the tip. This results in slower mechanical switching 
at distances much larger than 10 nm. Hence, the data presented 
in Figure  5 c, fi rst, indirectly support the fl exoelectric mechanism 
of the mechanical switching, and, second, indicate essentially dif-
ferent length scales of the electrical and elastic fi elds.  

  3.     Conclusions 

 In summary, electrically and mechanically induced ferroelec-
tric-like polar states of the LAO fi lms were characterized using 
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 Figure 5.    Comparison of electrical and mechanical writing. a) PFM amplitude (top) and phase images (bottom), respectively, obtained after writing 
lines electrically by scanning in contact mode at different speeds (as indicated) using an AFM tip held at a DC bias of +3.5 V. b) PFM amplitude (top) 
and phase images (bottom), respectively, obtained after writing lines mechanically by scanning in contact mode at different speeds (as indicated) 
using an AFM tip exerting a loading force of ≈1.5 µN. c) Plot of the width of the lines written electrically and mechanically as a function of tip velocity 
(or the dwelling time).
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a combination of SPM techniques. Comparative analysis of the 
effect of electrical and mechanical stimuli on the polar states in 
LaAlO 3  along with the transport measurements allowed us to 
establish a correlation between the electrical bias and the tip-
induced stress and attribute the ferroelectric-like response of 
the LaAlO 3  thin fi lms to the ion migration in the bulk of the 
fi lm. This mechanism is presumably associated with the reor-
ganization of oxygen vacancies between the two stable states, 
which can be controlled at the sub-millisecond timescale using 
either the electrical or the mechanical stimulus. The mechan-
ical control of the polar states was found to be more localized 
than the one by electrical means. 

 The obtained results demonstrate an exciting possibility of 
replication of the ferroelectric functionality in nominally non-
ferroelectric materials. In addition, this outcome may prove 
useful for investigation of the mechanism of electromechanical 
coupling in other complex oxide materials. Further studies of 
ion dynamics in oxide heterostructures/interfaces will open 
new opportunities for tuning the physical properties of oxide-
based electronic devices via a combined electromechanical 
approach thereby facilitating novel memory and logic appli-
cations, in which the data is written mechanically and read 
electrically.  
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