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Supplementary Figure 1. Low magnification plane-view HAADF images showing 
the morphology of the self-assembled BiFeO3 nanostructures. BiFeO3 has larger mean 
atomic number and shows higher intensity under HAADF imaging mode. Scale bar: 500 
nm. 
 

 
Supplementary Figure 2. Plane-view 2D element mappings of the self-assembled 
BiFeO3 nanostructures. The BiFeO3 nanostructures can be seen clearly by the EDX 
(Energy Dispersive X-Ray Spectroscopy) mappings here. Scale bars: 500 nm. 
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Supplementary Figure 3. A 2D growth of BiFeO3 film on LaAlO3 substrate under a 
low deposition flux mode. A filtered HAADF-STEM image is shown here. The inset is 
corresponding Fast Fourier Transform (FFT) pattern of the HAADF-STEM image. Note 
the famous strain-driven tetragonal BFO phase (T phase) is observed without any 
interfacial dislocations here. Scale bar: 2nm.  

 
Supplementary Figure 4. Plane-view HAADF-STEM imaging showing the misfit 
dislocation arrays. Dislocation lines were marked by yellow arrows. Scale bar: 100 nm. 
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Supplementary Figure 5. Identification of dislocation types via comparisons of 
in-plane and out-of-plane strain maps. (a), (b), εxx and εyy maps via GPA. The Burgers 
vector of a[010] dislocations possesses only in-plane component, while a[011] 
dislocations have both in-plane and out-of-plane components. Thus the dislocation cores 
which exhibit only out-of-plane strain contrast correspond to a[011] dislocations (marked 
by pink arrows), and the others are a[010] dislocations (marked by green arrows). Scale 
bars: 10 nm. 
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Supplementary Figure 6. A HAADF-STEM image of another BiFeO3 island. Pink 
and green arrows indicate two different types of interfacial dislocations as that in the 
main text. Four boxes labeled as 1, 2, 3 and 4 are four typical areas. Noise in the image 
was reduced by Wiener filter. Scale bar: 10 nm. 
 

 
Supplementary Figure 7. Magnified four typical areas in the BiFeO3 island. (a)-(d) 
correspond to 1, 2, 3 and 4 areas, respectively. Note the relative lattice rotation of (b) 
compared with (a), which indicates relative lattice rotations of the BiFeO3 island across 
the in-plane direction. Also note there are two types of interfacial dislocation, as shown in 
(c) and (d). The insets correspond to the unit-cell schematics of BiFeO3 and LaAlO3 
(yellow circles, Bi; red squares, Fe; blue circles, La; green squares, Al). Scale bars: 1 nm. 
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Supplementary Figure 8. Lattice rotation mapping of the BiFeO3 island. Note the 
continuous change of lattice rotation in BiFeO3 island across the in-plane direction. The 
blue boxed area labeled as A to B was chosen as a visualization line-profile. Note the 
obvious contrast at the dislocation cores. Scale bar: 10 nm. 

 

 
Supplementary Figure 9. Line-profile across A to B in the BiFeO3 island. The 
continuous decrease of lattice rotation in BiFeO3 island across the in-plane direction can 
be seen clearly, which changed from about 4.5° at the left to about 0° at the right. 
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Supplementary Figure 10. In-plane strain mapping (εxx) of the BiFeO3 island. The 
blue boxed area labeled as A to B was chosen as a visualization line-profile. The strain 
effects of different types of dislocations and the corresponding long rang strains are 
completely the same as shown in the main text. Scale bar: 10 nm. 
 

 
Supplementary Figure 11. Line-profiles of the in-plane strain (εxx) in the BiFeO3 
island. The strain gradient here is also well above 106m-1 order.  
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Supplementary Figure 12. Strain mappings of the 
BiFeO3/LaAlO3/BiFeO3/LaAlO3(001) nanostructure via GPA. (a) Out-of-plane strain 
mapping (εyy). (b) Shear strain mapping (εxy). Note the closely packed a[011] dislocations 
at the right panel of (a), since only the a[001] components of a[011] dislocations display 
obvious out-of-plane strain contrast at dislocation cores. Also note the negligible shear 
strains in the nanostructure in (b), which indicates that the lattice rotation here is 
rigid-body rotation with little shear strain. Scale bars: 20 nm. 
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Supplementary Figure 13. Schematics for the calculations of elastic energy of a 
BiFeO3 nanostructure under linear strain gradient. 
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Supplementary Figure 14. Comparisons between elastic energy evolutions for 
BiFeO3 nanostructures.  Linear strain gradient and fully 2D strained state were 
compared here. Curve 1 is the elastic energy distribution of a BiFeO3 nanostructure under 
linear strain gradient. Curve 2 is the interfacial dislocation energy of the BiFeO3 
nanostructure. Curve 3 is the whole energy of the BiFeO3 nanostructure calculated 
through 1+2, which represents the energy consumption for producing the experimentally 
observed disclinations in the BiFeO3 nanostructures. Curve 4 is the elastic energy of a 
same size BiFeO3 nanostructure under fully 2D strains on the assumption that the BiFeO3 
nanostructure is fully strained by the mismatch between BiFeO3 and LaAlO3 (4.5%). The 
black dotted line indicates the neutral plane where the BiFeO3 lattices are under free 
strain. The green arrow indicates the thickness termination of the present BiFeO3 
nanostructure. It can be seen that, actually, the elastic energy of a hypothetical BiFeO3 
nanostructure with thickness smaller than ~60nm is extremely low and can be completely 
neglected compared with the fully strained one; after ~60nm thickness, the elastic energy 
increases rapidly. Also note that, if the strain gradient and neutral plane is fixed, then a 
hypothetical BiFeO3 nanostructure exceeding ~130nm thickness will accumulate elastic 
energy exceeding the fully coherent one. Thus the ~24nm in present BiFeO3 
nanostructure reported here do involve negligible elastic energy.  
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Supplementary Note 1: 
PLD deposition details. BiFeO3 nanostructures were deposited by pulsed laser 
deposition (PLD), using a Lambda Physik LPX 305i KrF (λ=248 nm) excimer laser. A 
sintered BiFeO3 ceramic target (3mol% Bi-enriched) and a stoichiometric LaAlO3 
ceramic target were used. The target-substrate distance was 40 mm. The background 
pressure was 10-5 Pa. During the growth of the first layer BiFeO3 nanostructures 
(Supplementary Figure 1 and 2), the substrate temperature was kept at 680℃, with a laser 
energy density of ~2.0 Jcm-2, a laser repetition rate of 5 Hz and under an oxygen pressure 
of 11 Pa. The substrate was mechanically polished to expose a fresh substrate surface thus 
insure a high deposition flux.  

During the growth of LaAlO3 layer, the substrate temperature was kept at 680℃, 
with a laser energy density of ~1.7 Jcm-2, a laser repetition rate of 2 Hz and under an 
oxygen pressure of 20 Pa. The laser was focused on the ceramic target for 30 min 
pre-sputtering to stable the LaAlO3 target surface.  

During the growth of BiFeO3 layer on top of the LaAlO3/BiFeO3/LaAlO3(001) 
nanostructures, the substrate temperature was kept at 680℃, with a laser energy density 
of ~1.7 Jcm-2, a laser repetition rate of 2 Hz and under an oxygen pressure of 11 Pa. The 
laser was focused on the ceramic target for 30 min pre-sputtering to stable the BiFeO3 
target surface. The stabilized target allows a lower deposition flux.  

Before deposition, all substrates were pre-heated at 750℃ for 5 min to clean the 
substrate surface and then cooled down to the growth temperature (10℃min-1). After 
deposition, the samples were annealed at their growth temperature in an oxygen pressure 
of 5×104 Pa for 10 min, and then cooled down to room temperature at a cooling rate of 
about 5℃min-1. The morphologies of the as grown BiFeO3 nanostructures are shown in 
Supplementary Figure 1 and 2. The 2D growth of BFO film on LAO substrate under low 

deposition flux is displayed in Supplementary Figure 3. 
 

Supplementary Note 2. 
HAADF-STEM experiment and strain analysis. The samples for the STEM 
experiments were prepared by slicing, gluing, grinding, dimpling, and finally ion milling. 
A Gatan PIPS was used for the final ion milling. Before ion milling, the samples were 
dimpled down to less than 20 μm. The final ion milling voltage was less than 1kV to 
reduce ion beam damage. HAADF-STEM images were recorded using 
aberration-corrected scanning transmission electron microscopes (Titan Cubed 60-300kV 
microscope (FEI) fitted with a high-brightness field-emission gun (X-FEG) and double 
Cs corrector from CEOS, and a monochromator operating at 300 kV). The beam 
convergence angle is 25 mrad, and thus yields a probe size of less than 0.10 nm. The 
diffraction contrast image was recorded using a conventional TEM (Tecnai G2 F30 (FEI) 
working at 300 kV). 
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Large scale strain fields were deduced by using custom plugins of GPA under the 
framework of Gatan DigitalMicrograph software1. The GPA is an effective approach to 
determine strain variations in an atomic HAADF-STEM image1,2,3. The visualization of 
the strains and lattice rotations was carried out using Gatan DigitalMicrograph software.  

 

Supplementary Note 3 
Interfacial dislocation arrays as a routine to introduce lattice rotation. The 
configuration of the interfacial dislocation arrays at the BiFeO3/LaAlO3(001) interface 
can be glanced in Supplementary Figure 4 and 5. Another BiFeO3 nanostructure showing 
the same strain behaviors as in the main text (Fig. 1-2) was given here, as shown in 
Supplementary Figure 6-11. The above observed linear strain gradient persevered in lead 
free perovskite is common phenomenon in the present fast grown BiFeO3 nanostructures 
on LAO(001) substrate.  

The out-of-plane strain (εyy) and shear strain (εxy) for the 
BiFeO3/LaAlO3/BiFeO3/LaAlO3(001) nanostructure (Fig. 3 in the main text) were shown 
in Supplementary Figure 12. Note the closely packed a[011] dislocations at the right 
panel of Supplementary Figure 12(a), since only the a[001] components of a[011] 
dislocations display obvious out-of-plane strain contrast at dislocation cores. 
 
Supplementary Note 4 
Elastic energy consideration of perovskite under linear strain gradient. The elastic 
energy consumption for producing present observed strain gradients is unexpectedly low 
(Fig. 5 in the main text). Two types of energies are involved here: 1) the elastic energy 
consumption and 2) energies of the interfacial dislocation arrays. We consider a BiFeO3 
nanoisland with dimension as l × t × h, where l and t are the in-plane dimensions vertical 
to and along the imaging direction, respectively (Fig. 1(A) in the main text), h is the 
out-of-plane thickness. The elastic energy density of such linear strained BiFeO3 island 
are not affected by the in-plane dimensions, thus we arbitrarily set l = t = 100nm. Since 
the bending deformation of the BiFeO3 island only occurs along a single in-plane [100] 
direction (l direction, Fig. 1(A) in the main text), thus we infer that along [010] direction 
(t direction, perpendicular to the observing direction (t) of Fig. 1(A) in the main text), 
there is no a[101] type dislocation and the mismatch along [100] was relaxed by only 
a[100] dislocations. Thus the elastic energy of the bending BiFeO3 island can be 
calculated as follow, based on an integration for the infinitesimal elastic energy 
expression ∆Uu: 

First we consider a BiFeO3 island with dimension as l × t × x, where x is a variable 
corresponding to out-of-plane direction (dimension h) here. The elastic energy of a 
BiFeO3 island under uniaxial deformation ∆l along l can be written as4:  
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where E is the elastic modulus. A linear strain gradient deformation is schematically 
shown in Supplementary Figure 13(a). The linear strain gradient is defined as ∆S, thus for 
an infinitesimal ∆x BiFeO3 at x (from the neutral plane), the relationship between ∆S and 
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thus the elastic energy of the whole linear strained BiFeO3 is the integration of ∆Uu along 
the x direction: 
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note here the elastic energy are calculated from the neutral plane, where the thickness x 
equals 0 (Supplementary Figure 13(a)). Since the neutral plane lies in the (neutral plane at 
~17.6nm) BiFeO3 island (Fig. 2(D) in the main text), the function of the elastic energy 
must be write separately as a piecewise function (Supplementary Figure 13(b)):  
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using the experimentally observed strain gradient ∆S ≈ 1.24×106m-1, an averaged E ≈ 90 
GPa and Poisson ratio ν ≈ 0.3 (refs. 5-7), all the units being normalized to corresponding 
international unit, the plot of the linear strain energy versus thickness h can be drawn as 
curve 1 in Fig. 5(A) in the main text, or curve 1 in Supplementary Figure 14.  

According to Supplementary Equation (5), if the location of neutral plane is a 
variable (y), then the elastic energy consumption distribution versus thickness (h) and the 
location of neutral plane (y) of the BiFeO3 nanostructure under linear strain gradient can 
be write as: 
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here y < h. For a given h, the partial derivative of function Uu for y is: 

)2(
2

)(E)(
2

)(E
2

)(E 2
2

2
2

2

hySlthyhSltySlt
y

Uu −
∆

=−
∆

−
∆

=∂
∂         (7) 



12 
 

thus for a given h, the minimum Uu occurs when y = h/2: 
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According to Supplementary Equation (6), the elastic energy consumption 
distribution versus thickness (h) and the location of neutral plane (y) of the BiFeO3 
nanostructure under linear strain gradient is shown in Fig. 5(c) in the main text. By 
considering the maximum elastic limit of nanomaterials (~10%, ref. 8), the possible 
maximum hm is about 160 nm (hm = 2×10% / (1.2 × 106m-1) ≈ 160 nm, when the neutral 
plane y is in the middle of hm). Note that the minimum elastic energy consumption occurs 
when y = h/2, i.e., pure bending. 

The interfacial dislocation energy of the dislocation arrays at the 
BiFeO3/LaAlO3(001) interface can be estimated by the energy density (energy per unit 
length of dislocations) of edge dislocation9: 

2GbUd ≈∆                              (9) 

it is known4                
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=                             (10) 

where G is shear modulus, b is the magnitude of a Burgers vector. For determining 
the Burgers vectors here, an averaged lattice parameter is needed, since the lattice 
parameters above the misfit dislocation arrays (BiFeO3 lattice) are different from the 
lattice below (LaAlO3 lattice). Thus the averaged lattice parameter aa = (0.3789nm + 
0.396nm)/2 = 0.38745nm was used. Thus the Burgers vector for a<100> type dislocations 
is:  
b1 = aa= (0.3789nm + 0.396nm)/2 = 0.38745nm, and the Burgers vector for a<110> type 

dislocations is b2 = 2 aa = 0.5479375nm. 

As above mentioned, along [010] line direction, there is no a[101] type dislocation 
and the mismatch along [100] was relaxed by only a[100] dislocations. We consider the 
mismatch along [100] being fully relaxed by a[100] dislocations, thus the a[100] 
dislocation spacing can be calculated as S1= b1/f ≈ 8.6nm, where f is the mismatch 
between BiFeO3 and LaAlO3(4.5%). Along [100] line direction, the numbers of a[011] 
type dislocations are about twice as the a[010] ones (Supplementary Figure 12). The 
dislocation spacing for these a[011] or a[010] dislocations are measured as S2 ≈ 6.1nm 
(Supplementary Figure 12). Thus the dislocation energy of the 2D dislocation arrays is: 
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note the dislocation energy is a constant here since the misfit dislocation arrays only exist 
at the interface. Using Supplementary Equation (11), the plot of the dislocation energy 
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can be drawn as curve 2 in Fig. 5(A) in the main text, or curve 2 in Supplementary Figure 
14. The whole energy consumption for producing present observed strain gradients can 
thus be determined as 3=1+2 , which was drawn as curve 3 in Fig. 5(A) in the main text, 
or curve 3 in Supplementary Figure 14. 

The elastic energy of a fully 2D strain BiFeO3 island with the same in-plane size (l × 
t × x, 100nm×100nm × x) and can be calculated as10: 

xfltU f )
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the elastic energy of a fully strained BiFeO3 nanoisland is straightforward, which 
increases linearly from zero with thickness h. Using Supplementary Equation (12), the 
plot of the energy of the fully strain BiFeO3 island versus thickness h can be drawn as 
curve 4 in Fig. 5(A) in the main text, or curve 4 in Supplementary Figure 14. 
     Under a mismatch of f = 4.5%, the energy consumption for a fully 2D strained 
BiFeO3 nanoisland increases extremely rapidly. It is thus obvious that the elastic energy 
cost for the linear strain is extremely low, especially when the thickness of the BiFeO3 

island is small. Thus the observed giant strain gradients here are elastically feasible.  
The situation for other perovskite oxides, even other types of functional oxides 

under such linear strain gradient should exhibit the same negligible elastic energy when 
compared with a fully 2D strain state with big mismatches, since the elastic constants 
(elastic modulus E, shear modulus G and Poisson ratio ν) for a specific material do not 
affect the results obtained in the above formulations. 
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