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ABSTRACT: Nanocrystals (NCs) attract tremendous re-
search interests because of their unique properties to meet
the demands of functionalities. To date, hybrid NCs with
multiple components are developed to meet the rising
demands that could be very difficult, or even impossible to
be achieved by single-component NCs. Tuning properties by
strain via conjugation could be an alternative solution. Strain
engineering has been discovered and widely applied to many
thin-film materials for tuning physical properties. Then, there
is a further question to be addressed in this study: can we take
the advantages we have learned in heteroepitaxy of thin films and transfer that into the NC conjugation? In order to demonstrate
this possibility, we investigated NC conjugation of BiFeO; and LaAlO;. We found that change in either LaAlO;-NC or BiFeO;-
NC size would change the stability of rhombohedral-to-tetragonal phase transition. The present results show that strain
engineering is possible to be realized in not only thin film but also NC conjugation. The same concept should be applicable to
other complex oxide systems in order to broaden their practical applications for the rising demands of multifunctionalities.
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n order to tailor the unique properties of nanocrystals in complex oxide NC conjugation. Tuning properties of NCs

(NCs), the past decade has witnessed tremendous progress via strain engineering could be traced back to Stranski—
in the synthesis of NCs with controllable size, shape, and Krastanove (S-K) growth in 1938, known as “layer-plus-island
composition.”” However, these NCs would unlikely meet the growth”.'® S-K growth was the first mechanism about the
rising demands for the advanced breeds of building block for formation of NC (island) on film that resulted from the
functional materials and devices.® Tuning properties via mismatch-induced stress, reported by Ivan Stranski and
conjugation could be an alternative solution. For example, a Lyubomir Krastanov. When the deposited film is thinner than
demanding bandgap to a semiconductor device could be tuned the critical thickness, the layer/substrate mismatch stress can

via the conjugation of two materials with different bandgaps.*
Also, the enhancement in photoluminescence of optical
materials could be established by conjugating with noble
metals.®

Complex oxide is a material that covers a broad spectrum of
intriguing functionalities due to the interplays among degrees of
freedom.”” Recently, complex oxide NCs performed their
remarkable optical, electronic, mechanical, thermal, magnetic,
and quantum paraelectric properties.* ' Because of these

properties, they are extensively exploited in technological ) o F terial v £ ] d
applications like ferrofluid,"! biomed.icine,12 and recording engineering. tor many materials, especialiy for complex oxides,

media.’® For complex oxide thin films, the heteroepitaxy their properties can be effectively tuned via this mechanism.
o ) . . . . .
provides a powerful route to manipulate their lattice,"* The key question to be addressed in this study is the following:
charge," orbit,'® and spin'” degrees of freedom to enhance can we take the advantages we have learned in heteroepitaxy of
) ) . . . .
the functionalities. The key ingredient to drive these intriguing thin film and transfer that into the NC conjugation? In the
phenomena is the strain engineering, which is dominated by the

drive the continuous growth of local nucleation and
coalescence of adsorbate atoms into islands. This is the primary
mode of applying stress to transform the two-dimensional (2D)
thin film into OD nanocrystal. Afterward, many exciting
examples were studied to demonstrate the application of
internal stress enhancing the properties of nanomaterials.'”*
Continuously developing the idea of coupling internal stress
and properties, the further concept of applying epitaxial strain
to enhance the properties was proposed, known as strain

epitaxial strain at the interface between the film and the Received: February 26, 2014
substrate due to the difference in their lattice parameters. Revised: ~ May 19, 2014
However, such a concept has not yet been applied to or found Published: May 28, 2014
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Figure 1. RSM results show BFO film of 20 nm epitaxially deposited on STO (a ~ 3.905 A) and LAO (a = 3.787 A) exhibits (A) R-phase (a ~ b ~
3912 A, ¢ ~ 4.07 A, ¢/a = 1.04) by very small epitaxial strain and (B) T-phase (a ~ 3.81 A, b ~ 3.76 A, and ¢ ~ 4.656 A, ¢/a = 1.22) by a
compressive strain about 4%, as described by the above illustration, respectively. (C) The idea of the present work is when the conjugation of BFO/
LAO is transformed from 2D thin film to 0D NG, is it still possible to drive R — T phase transition in BFO-NC by the strain from the LAO-NC
confinement? How the change in NC size influences the phase stability of BFEO-NC2.

present work, we chose BiFeO; (BFO) as a model system to
seek out this possibility.

BFO is one of the most important multiferroics at room
temperature, that is, an oxide exhibits ferroelectricity and
antiferromagnetism simultaneously at room temperature.*" The
ground state of BFO is a thombohedrally distorted perovskite
(R3c) with a lattice parameter of a &~ 3.965 A, as abbreviated as
R-phase. The phase stability of R-phase BFO can be tuned if an
appropriate external constraint is imposed to it via epitaxial
strain.”*">* For example, when an epitaxial strain applied to
BFO reaches a critical value (4—5%) by confinement of LaAlO,
(LAO) substrate, BFO can transform from rhombohedral to
tetragonal phase. These strain-driven phases with different
crystal structures show different physical properties”* > from
the parent phase. From these results, one can find a strong
coupling between phase stability and properties of BFO thin
film. However, such an interesting feature found in thin film is
not yet demonstrated in free-standing NC. Therefore, we want
to demonstrate tuning the phase stability of BFO via
conjugation in order to deliver a concept that properties of
complex oxide could be tuned not only in thin film but also in
NC conjugation. The direct logic to the following experimental
and simulation work will be the following:

1. Demonstration of applying epitaxial strain for tuning BFO
phase stability via BFO/LAO heteroconjugation from which to
deliver the concept of present work.
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2. To demonstrate that synthesis of pure BFO-NC using
pulsed laser ablation of BFO target in an appropriate solution is
possible.

3. To demonstrate the possibility of tuning BFO phase
stability via BFO-NC/LAO-NC heteroconjugation.

4. To illustrate the boundaries for NC size effect of BFO and
LAO on BFO phase stability by simulation work and check it
by experimental data.

Figure 1 shows the demonstration of tuning BFO phase
stability in 2D thin film via epitaxial strain and the concept of
present work. Epitaxial BFO films were prepared using pulsed
laser deposition on LAO and SrTiO; (STO) substrates at
substrate temperature of 700 °C with oxygen pressure of 100
mTorr. The growth rate was kept at 3 nm/min. The final BFO
thickness was controlled by a combination of reflection high-
energy electron diffraction (RHEED) and deposition time.
Following growth, the films were cooled at oxygen pressure of
760 Torr to room temperature. The phase identification of
BFO films with thickness of 20 nm on perovskite STO (a =
3.905 A) and LAO (a ~ 3.787 A) substrates were carried out
using X-ray diffraction (XRD) reciprocal space map (RSM), as
shown in Figure 1 panels A and B, respectively. The white
dashed line marks the STO (102) peak and LAO (113) peak in
RSMs. Since BFO (102) peak vertically aligned to STO (102)
peak, as well as BFO (113) aligned to LAO (113), the BFO
films on STO and LAO are both fully strained by their
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Figure 2. (A) Photo of PLA in liquids. KrF laser (248 nm) penetrates the liquid to bombard the target in a rotating beaker, and the schematic of
BFO-NC fabricated from BFO single target into liquid. (B) Schematic of PLA of dual target (BFO and LAO) in liquid of rotating beaker in order to

fabricate the conjugation of BFO-NC and LAO-NC.

substrates. Owing to the relatively large strain, BFO (113) peak
in Figure 1B exhibits a much larger split than BFO (102) peak
in Figure 1A. This result gives the important information that
BFO structure has been elongated along c-axis due to
compressive strain from LAO confinement, as indicated by
the black arrows in the above illustration. Consequently, the
BFO film on STO exhibits a rhombohedral-like phase (R-
phase, a & b = 3912 A, ¢ ~ 4.07 A, ¢/a = 1.04); however, the
one on LAO exhibits tetragonal-like phase (T-phase, a ~ 3.81
A b~ 376 A, and ¢ = 4.656 A, ¢/a = 1.22). In other words,
because STO lattice parameter is very close to BFO, the
epitaxial strain between them is too small to drive R — T phase
transition and BFO still remains in R-phase. When BFO film is
confined on the LAO substrate with relatively small lattice
parameter, an epitaxial strain (>4%) is large enough to drive the
phase transition. Nevertheless, we also found in our previous
work that R — T phase transition will not happen if BFO film
thickness is larger than 50 nm.”® It could be interpreted by the
formation of interfacial defect to relax the strain.

Then, an open question comes out in Figure 1C: what if the
heteroepitaxy of tetragonal-like BFO on LAO transfers from
thin film to NC? Is the T-phase still remaining in the BFO-NC?
The epitaxial strain relaxation is exclusively related to film
thickness (BFO thickness, tzro), while the substrate thickness
(LAO thickness, ;o) is theoretically regarded as infinite.
However, for the NC case both NC sizes of the
heteroconjugation structure are supposed to affect the epitaxial
strain relaxation. Another key question followed by this
suggestion is how to define the size ranges of BFO-NC and
LAO-NC, that is, Dgpo and Dj,o, which are able to induce a
sufficient strain for R — T phase transition. In order to
demonstrate this concept, the experimental and simulation
works on the conjugation of BFO/LAO NC have been
conducted as follows.

Figure 2 shows a photo of pulsed laser ablation (PLA) liquids
and schematics of BFO-NC and conjugation of BFO/LAO NC
by this process. The liquid is the mixture of distilled water and
ethylene glycol in a rotating beaker. After focused by the lens,
the KrF laser (4 = 248 nm, 10 Hz, 250 mJ/pulse) penetrates
the liquid to bombard the BFO single target in order to
synthesize BFO-NC into liquid, as shown in the schematics of
Figure 2A. These pure BFO-NCs have been systematically
identified using XRD, Raman spectrometery (Raman), X-ray
absorption spectrometery (XAS), and electron energy loss
spectrometery (EELS). These data are discussed in detail in the
Supporting Information (Figure S1 and S2) from which one
can realize that pure BFO-NC can be synthesized by this
process at room temperature. The heteroconjugation NCs of
BFO/LAO were fabricated by PLA of dual target in liquid, as
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shown in Figure 2B. Consequently, BFO-NC and LAO-NC can
be conjugated with each other in the liquid, where the brown
spheres represent BFO-NCs and the blue polyhedrons for
LAO-NCs. Because NCs were fabricated into liquid by ablation
of high-energy laser, the size range is from about 10 to 200 nm.
These NCs were dropped on a carbon-coated Cu grid and
investigated by high-resolution transmission electron micros-
copy (TEM) equipped with energy dispersive spectroscopy
(EDS). The following JEOL microscopes operating at 200 kV
were used: JEM-2010 with a LaB, thermo-gun and JEM-2100F
with a field emission gun. The EDS was used to semi-
quantitatively identify the elemental concentrations. Gatan
commercial software (DigitalMicrograph 3.6.4) was conducted
to run image processing of HRTEM image, including fast
Fourier transformation (FFT) to get diffraction pattern and
revised FFT for obtaining image with lower background noise.
These data are discussed from Figures 3 to S.

Microstructural and elemental examinations of BFO and
BFO/LAO NCs are shown in Figure 3 panels A and B,
respectively. According to Wulff construction theory, the
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Figure 3. TEM and EDS examinations of (A) BFO-NCs, and (B)
heteroconjugation NCs of BFO/LAO using pulsed laser ablation in
the solution of ethylene glycol diluted by 50% distilled water.
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difference in facet energy dominates the NC morphology. At
the early stage of NC growth, the close-packed facets remain
because they have the lowest energy and growth rate. Such a
growth behavior results in a polygonal NC, especially for cubic
materials. For 2D TEM images viewing from different
directions, it is possible to see a polygonal NC revealing
different morphology, as well as the BFO-NCs and LAO-NCs
with size smaller than 15—20 nm in Figure 3B. With increasing
size, the NC morphology becomes spherical in order to reduce
the surface energy, just like the BFO-NCs with size larger than
25—-30 nm, as shown in Figure 3A. Therefore, the NC
morphology is dominated by its size based on Wulff
construction.

The low-magnification TEM image in Figure 3A shows that
BFO-NCs essentially have spherical morphology when their
size is larger than 20 nm, as seen in the size distribution (27—66
nm). This is due to that the viscosity of solution has been
enhanced by adding ethylene glycol, driving a cluster of
randomly distributed atoms to shrink or condense into a
spherical NC. EDS spectra including Bi, Fe, O were acquired
overall from these sphericall NCs and their elemental
concentration ratio in atomic percent is semiquantitatively
measured as Bi/Fe/O = 1:1:3. A systematic analysis of these
BFO-NCs using XRD, Raman, XAS, and EELS are discussed in
the supporting material. An individual BFO-NC was further
investigated using high-resolution TEM (HRTEM), which is
capable of proving lattice image of single crystal structure, as
enlarged from the local area of the NC. The lattice image
includes periodic fringes corresponding to the lattice planes.
Using image processing, that is, FFT, these periodic fringes in
real space can be transformed into diffraction spots in
reciprocal space, as shown in the inset image of diffraction
pattern. The incident beam of diffraction pattern is parallel to
the [010] direction of rhombohedrally distorted pervoskite
structure (R-phase, a = 3.96 A, a = 89.5°), and the diffraction
spots are corresponding to the (100), (001), and (101) facets
of this structure, respectively.

HRTEM image and corresponding EDS spectra of
conjugation NC of BFO/LAO are shown in Figure 3B. After
identifying the lattice images of these hybrids, we know that the
polygonal NCs are LAOs, and the smaller NCs grown on LAOs
are BFOs. EDS spectra of La, Al, Bi, Fe, and O elements are
contributed by the sum of these hybrids. It can be interpreted
that due to the quenching effect and confinement of liquid,
BFO, and LAO species nucleate and grow into NC very fast.
However, owing to their different physical properties, such as
melting point, the LAO-NC attempts to nucleate and grow
earlier and faster than BFO-NC. Therefore, the following BFO
species have the opportunity to nucleate on LAO facets to form
hybrid structure. Enlarging one of BFO/LAO-NCs in the black
frame, the lattice image reveals that BFO-NC the size of 8.6 nm
is coherently conjugated with a LAO-NC facet the size of 11.8
nm. The width of coherent interface was measured to be 1.04
nm, containing several unit cells. The lattice image taken along
with [001] direction of tetragonal-like BFO phase (T-phase, a
= 3.68 A, ¢ = 466 A) are composed of interference fringes
belonging to the (100), (010), and (110) facets, as described by
the red-dotted line. The lattice spacing of them was measured
to be 3.68, 3.66, and 2.58 A, respectively. These examinations
clearly indicate that BFO-NC transformed from R-phase to T-
phase only if an appropriate constraint is applied on it via
conjugating with LAO-NC. Meanwhile, LAO-NCs with
different sizes in BFO/LAO hybrids have been examined by
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HRTEM, which showed that the lattice constant of LAO does
not change with increasing size. Instead, the BFO lattice
constant changes due to the LAO conjugation. In this case, it
could be considered that the NC size is the control parameter
for phase transition of BFEO/LAO hybrid.

The heterostructural NCs of BFO/LAO have been
investigated in more detail using HRTEM. Two typical hybrid
NCs of tetragonal-like BFO/LAO (T-BFO/LAO) were
identified and discussed in Figures 4 and S, respectively. The

Figure 4. (A) TEM image showing the heteroconjugation of
tetragonal-like BFO/perovskite LAO (T-BFO/LAO) and HRTEM
images of (B) LAO-NC and (C) T-BFO NC. The pseudocubic
models of LAO and T-BFO are shown in (D).

Figure S. (A) TEM image showing a conjugation of three NCs, in
which the spherical BFO at the middle conjugating with polygonal
LAO-NCs on two sides, (B) HRTEM image taken along with the
[111]ys//[111], direction of T-BFO and LAO showing the interface
containing stacking faults, and (C) enlarged HRTEM image showing
an interfacial dislocation with a Burger’s vector of [011] resulted from
the stacking faults in more than 10 atomic layers.

category we considered is the effect of BFO-NC and LAO-NC
size on strain relaxation. When the BFO-NC is fully strained by
LAO-NC with suitable size, as shown in Figure 4, the strain
from LAO-NC confinement drives the phase transition of
BFO-NC. The interfacial defects might be introduced to release
the strain as the NC size is increased. The only proof to the
strain relaxation in NC is to find the interfacial defects at
heteroconjugated interface, as shown in Figure 5. This concept
has been widely provided for the evidence of eliminating
epitaxial strain in thin film case.

The first type of hybrid T-BFO/LAO is revealed in the TEM
images of Figure 4A. It is showing a T-BFO of 12.8 nm
coherently conjugated with a perovskite LAO of 21.9 nm. The
coherent interface of T-BFO/LAO was identified to be
(101)1.gpo//(011) po. One can find the HRTEM image of

dx.doi.org/10.1021/nl500744h | Nano Lett. 2014, 14, 3314—3320
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this coherent interface in the Supporting Information (Figure
S$3). The lattice image and corresponding diffraction pattern
taken along with direction [111] of perovskite LAO-NC is
shown in Figure 4B. The lattice spacing of (011) 5o is
measured to be 2.68 A. In the diffraction pattern, Miller’s
indices of all diffraction spots are provided. These diffraction
spots are contributed by the lattice planes of LAO structure,
whose atomic model is given in Figure 4D. Figure 4C shows
the lattice images and corresponding diffraction pattern taken
along with direction [010] of T-BFO structure, whose atomic
model is shown in Figure 4D as well. From the image, the
lattice spacing of (001) and (100) was measured to be 4.66 and
3.68 A, respectively. The c/a ratio was calculated to be 1.26,
approximately the value we measured in Figure 1 for R - T
phase transition of BFO thin film by epitaxial confinement of
LAO substrate. Back to Figure 3, the lattice spacing of
(T01)g gro in rhomohedral BFO-NC (R-BFO) is measured to
be 2.8 A, which is larger than 2.68 A of (011);,¢ in perovskite
LAO. Owing to the difference between lattice spacings, 4.47%
of compressive strain is induced at the interface between R-
BFO and LAO NCs. Such a strain is capable of driving R — T
phase transition in BFO-NC. This result is in a good agreement
with the case of BFO thin film reported by Zeches et al.** They
also found that the out-of-plane lattice parameter (¢ along z-
axis) changes from 4.06 A in the R-BFO to 4.65 A in the T-
BFO when the BFO thin film was epitaxially deposited on a
perovskite LAO (a = 3.79 A) substrate. Meanwhile, the in-plane
lattice parameter (either a component along x-axis or b
component along y-axis) is constrained by the substrate and
changed slightly from ~3.8 A in the R-BFO to ~3.7 A in the T-
BFO. The c/a ratio then can be changed from 1.07 in R-BFO
to 1.27 in T-BFO.

The lattice images and corresponding diffraction pattern of
the other type of T-BFO/LAO is shown in Figure S. The
conjugation of three NCs has been investigated by TEM, as
shown in Figure SA. It can be seen that the middle one has
spherical shape, and the NCs on two sides are in polygonal
shape. These two polygonal NCs both exhibit two facets with
different contrast. When the facet normal has larger angle-to-
electron beam, the facet image is revealed in stronger contrast.
To enlarge the interface between left and middle NC, an
interfacial lattice image was acquired and shown in Figure SB.
The diffraction pattern taken from the lattice image of Figure
SB by FFT processing and enlarged image of interface is shown
in Figure 5C. According to the identification via measuring the
lattice spacings and angles of lattice planes in diffraction
pattern, it gives the information that the NC described by red-
dotted line is T-BFO (20.3 nm) conjugated with perovskite
LAO-NC (26.8 nm) by the blue-dotted line. Their crystal facets
contributed diffraction spots to the pattern, as denoted by TB
and L, respectively. The zone axis of diffraction pattern is
parallel to [111]15//[111], direction of T-BFO and LAO-NC.
The facets of LAO-NC at left were identified as {211}, group
in Figure SA. The T-BFO is conjugated on (211), of LAO-NC,
and its size is obviously larger than the facet width. Accordingly,
interfacial defects are supposed to be introduced in order to
accommodate the interfacial strain, as well as three parallel
Moiré fringes contributed by stacking-faults structure shown in
Figure SB. More detailed interfacial investigation is shown in
Figure SC. The diffraction spot of (110)g is superimposed on
the one of (110);. It means that these two facets are coherent
to each other. However, there is a rotating angle of 8° between
facet (011)rg and (011);. It implies that a miss-conjugation
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happens between these two facets, and the stacking faults are
introduced to the interface between them. Ultimately, it gives
rise to a complete dislocation with a Burger’s vector of b =
[011] in more than 10 atomic layers of stacking-faults structure
to partially release the interfacial strain. The second interface
with the LAO at right also exhibits interfacial defects. The
exhibition of interfacial defect is the direct evidence of strain
relaxation due to the increase in NC size.

As we found in the present work, these two types of T-BFO/
LAO hybrid NCs are basically controlled by their size. When
the size, either BFO or LAO, is below the critical value, type 1
is formed. But when the size is larger than critical value, type 2
is formed owing to the introduction of interfacial defects in
order to release the strain. The critical size boundaries for the
formation of types 1 and 2 hybrid NCs are described in Figure
6 in which the phase-field approach has been employed to
model the phase transition of BFO NCs as a function of BFO/
LAO conjugation size.
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Figure 6. Effect of NC sizes, Dgro and Dysp, on rhombohedral-to-
tetragonal (R — T) phase transition of BFO-NC. Two calculated
boundary lines, green and purple, divide the phase transition area into
three different zones, that is, R — T phase transition, stacking faults
for tuning, and no R — T phase transition. The black-dotted line is the
boundary for phase transition, that is, either BFO or LAO size locating
out of line represents no phase transition taking place. Circular points
represent the experimental NC sizes measured by TEM, while the
solid points are the data with detailed microstructural analysis, such as
the data shown from Figures 3 to S.

Equations for Constructing NC Critical Size Bounda-
ries. First of all, the green line in Figure 6, related to the
formation of dislocation purely, was computed analytically by
the following equation that determines the critical NC sizes for
the dislocation emergence

Self—energy of dislocation array

[(b%+b§)(1+1*) _ He(l_V)b:-Z)] In [

2n 41

2nDproDrao | _ MproMraoDsroDrao
ro(Dero+Drac)] ~ MeroDero+MiaoDLa0

mY1

Interaction energy between
dislocation and misfit strain

in which the stored energy due to misfit strain reaches the self-
energy of dislocation formation. If assuming Dgpo << Dy, ©
1 reduces to the classic Matthews—Blakeslee (MB) criterion.”
Further, as the NC size ratio (Dppo/Diao) is increased
beyond the critical value and more dislocations enter, the misfit
strain decreases, accompanied by the retained strain partially
driving the R — T phase transformation. When the dislocation
space (assuming uniform distribution) is small enough
(dislocation density is large enough accordingly), the relaxed
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misfit strain is unable to drive the R — T phase transformation,
which corresponds to the purple line in Figure 6.

Phase-field simulations integrating interfacial dislocation
were performed to construct the NC size diagram (Figure 6)
using the time-dependent Ginzburg—Landau (TDGL) equa-
tion

JF
OP(x, t)

OP(x, t) _
ot

@)

where L is a kinetic relaxation coefficient related to the domain
wall mobility, the total free energy is F, and a function of the
polarization is P, which includes all the important energetic
contributions

F= /1: (fbulk +fgrad +felas +felec)dv (3)
where the bulk, gradient, and electrostatic contributions are the
same as those described in our previous studies.’" In particular,
the dislocations are viewed as one kind of lattice distortion and
thus treated as an eigenstrain €%, thus the elastic energy can be
written in the form of

1
felas

1 0 0
= —Cyejey = Ecijkl(gij —&)(ey — &)

2 )

where Cyy is the elastic modulus tensor, which is, in general,
spatially dependent, or inhomogeneous, and &y, is the total local
strain.

0 __ 0P 0,d
&g =¢& té&y

0P _ A

& = Qiubh
where 8]81’{1 is described as a function of a BFO/LAO
conjugation size,”” as

0,d __

1 d
g = — (b + b )S(x — x%)
1l 2, K+ oy s)

Self—energy of dislocation array

inh(-2FPBFOPLAO )
nh(i
lie(l—V)bg] In N\orro+Prac)/ | _
an smh("_ro)
P

MproMLaoPBroDLao emby (6
mb1
MproDprotMLaoDLao

[lidoer

2n

Interaction energy between

dislocation and misfit strain

where #; is the component of unit vector normal to the slip
plane, b; denotes the component of Burgers vector, d, is the
interplanar distance of slip planes, p is the dislocation space, the
radius of the dislocation core is taken as r, = b/4, and & (x—x*)
is the Dirac delta function with x¢ being a point inside
dislocation loop on the slip plane. The bimaterial constants J
and J* the effective shear modulus y,, as well as the biaxial
modulus Mppy and M;,o, can be deduced from the shear
modulus (p;, and ), and Poisson’s ratio v of BFO and LAO
NCs. From eq 6, with given material properties the dislocation
density at interface (and its resulting eigenstrain) can be tuned
by varying the size of the BFO/LAO conjugation and thereby
controls the R — T transition of BFO-NC. In the phase-field
simulation, the shear modulus values associated with BFO and
LAO NCs were used to be y;, = 31—49 GPa and y; = 115.33
GPa, respectively, which stems from the first principle
calculations.® Poisson’s ratio was assumed to be the same for
both NCs and set within the range of v = 0.2—0.3. The misfit
strain due to mismatch of lattice constant was employed as €,,, =
0.0447 directly obtained from our experiment. The computa-
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tional approach is the same as described in our previous work
on diagrams of domain stability.>"

Figure 6 shows the results of simulation work mentioned
above and experimental data of TEM investigation about the
effect of NC sizes, Dy and Dy o, on R — T phase transition
of BFO-NC. Two calculated boundary lines, purple and green,
divide the phase transition area into three different zones, that
is, R = T phase transition, stacking faults for tuning, and no R
— T phase transition. The black dotted line is the boundary for
phase transition, that is, as long as either BFO or LAO size
locating out of the boundary no phase transition takes place.

From Figure 6, when the NC sizes (either BFO or LAO-NC
size) locate at the zone beneath green line, the interfacial strain
between LAO-NC and BFO-NC is able to drive the R = T
transition happening. As the sizes fall at the zone between green
and purple lines, the hybrid NCs are becoming larger so that
the stacking faults or misfit dislocations are introduced for
decreasing epitaxial strain. However, the retained strain may be
able to partially drive the phase transition. In other words, NC
size in this zone would lead to formation of tetragonal BFO
accompanying with stacking faults. Once the NC size increases
beyond the threshold value above the purple line, the
dislocation density will exceed the critical value, thereby
eliminating the R — T transition occurrence. Lattice image
of R-BFO in a heteroconjugation NC of BFO/LAO with size
out of the purple line is given in the Supporting Information
(Figure S4). The experimental results with different NC sizes
are also plotted in the figure, where the circular points
represent the experimental NC sizes measured by TEM, and
the solid points stand for the data with detailed microstructural
analysis. The excellent agreement between simulation and
experimental results further confirms a strong relationship of
hybrid size and phase transition of BFO.

To sum up, so far the design concept on the conjugation of
NCs is still based on charge interaction or band engineering.
Since the discovery of strain engineering, it has been widely
applied to thin film for tuning physical properties of many
materials, especially for complex oxides to manipulate lattice,
charge, orbital, and spin degrees of freedom. A strike example
for showing application of strain engineering to tune properties
is the well-studied BFO system. When the applied strain
reaches critical value (4—5%) by confinement of LAO
substrate, BFO transforms from rhombohedral to tetragonal-
like phase, and the strain leads to change in not only properties,
that is, ferroelectricity and magnetism, but also phase. Owing to
this feature, various potential applications such as magneto-
electric effects, photovoltaic, and photocatalyst have been
demonstrated. We believe that BFO-NC should be applicable
to these applications. On the basis of the knowledge built up in
2D thin film, an interesting question arises: Does epitaxial strain
engineering of NC possibly exist? Or more specifically, can one
apply epitaxial strain to 0D NC for tuning or changing their
properties? In order to demonstrate this concept, we
investigated the conjugation of BFO-NC/LAO-NC since
LAO is able to fully confine BFO at critical strain with suitable
size. The present results show that this concept is possible to be
demonstrated in NC level and to change either LAO or BFO
NC size would possibly lead to tuning stability of R — T phase
transition of BFO-NC. The same concept should be possibly
applied in other complex oxide systems. This observation
delivers a new generic approach and opens a new avenue to
tailor the properties of complex oxide NCs via strain
engineering or lattice interaction. This study can stimulate
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further research in this direction to meet different expertise
from complex oxide thin film community and NC synthesis
community. More desirable functionalities of NCs can be
developed based on this finding for practical applications.*®
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