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Interfacial-Strain-Controlled Ferroelectricity  
in Self-Assembled BiFeO3 Nanostructures
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Dmitry Yarotski, Jiamian Hu, Aiping Chen, and Bryan D. Huey

Self-assembled BiFeO3-CoFe2O4 (BFO-CFO) vertically aligned nanocompos-
ites are promising for logic, memory, and multiferroic applications, primarily 
due to the tunability enabled by strain engineering at the prodigious epitaxial 
vertical interfaces. However, local investigations directly revealing functional 
properties in the vicinity of such critical interfaces are often hampered by 
the size, geometry, microstructure, and concomitant experimental artifacts. 
Ferroelectric switching in the presence of lateral distributions of vertical strain 
thus remains relatively unexplored, with broader implications for all strain-
engineered functional devices. By implementing tomographic atomic force 
microscopy, 3D domain orientation mapping, and spatially-resolved ferroelec-
tric switching movies, local tensile strain significantly impacts the ferroelec-
tric switching, principally by retarding domain nucleation in the BFO nearest 
to the vertically epitaxial tensile-strained interfaces. The relaxed centers of 
the BFO pillars become preferred domain nucleation and growth sites for low 
biases, with up to an order of magnitude change in the edge:center switching 
ratio for high biases. The new, multi-dimensional imaging approach—and 
its corresponding insights especially for directly strained interface effects on 
local properties—thereby advances the fundamental understanding of polari-
zation switching and provides design principles for optimizing functional 
response in confined nanoferroic systems.

DOI: 10.1002/adfm.202102311

Prof. J. Song, M. Martin, L. A. Ortiz-Flores, Prof. B. D. Huey
Department of Materials Science and Engineering
University of Connecticut
Storrs, CT 06269, USA
E-mail: jingfeng.song@uconn.edu
S. Zhuang, Prof. J. Hu
Department of Materials Science and Engineering
University of Wisconsin-Madison
Madison, WI 53706, USA
B. Paudel, Dr. D. Yarotski, Dr. A. Chen
Center for Integrated Nanotechnologies (CINT)
Los Alamos National Laboratory
Los Alamos, NM 87545, USA

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202102311.

past decade due to their tunable electric, 
magnetic and multiferroic properties.[1–13] 
Among the existing VAN systems, BiFeO3-
CoFe2O4 (BFO-CFO) nanocomposites 
with above room temperature ferromag-
netism and ferroelectricity are particularly 
interesting for their high magnetoelec-
tric response and tunable functionalities, 
with promising applications to logic and 
memories.[10–12] For instance, previous 
works have demonstrated tunable micro-
structure and ordering,[5,14–18] magnetic 
anisotropy,[2,4,6–8,18] local conduction,[9] 
ferroelectric properties,[2,4,19] as well as 
electric field control of magnetism[20,21] in 
self-assembled BFO-CFO nanocomposites. 
These functionalities have been effectively 
tuned by leveraging the epitaxial vertical 
lattice strain, a unique advantage of VANs 
controlled by the high fraction of interfa-
cial area.[11,22,23] The BFO-CFO VANs in 
previous studies have two typical configu-
rations. The most common type is com-
posed of CFO nanopillars embedded in a 
BFO matrix, typically fabricated to control 
the geometry and densities of the CFO 
nanopillars during self-assembly,[5,14,16,17] 

strain-mediated electric-field-induced magnetization switching 
in the CFO nanopillars,[20,24] and enhanced local conduction at 
the CFO-BFO interfaces.[9] The less common “inverse” type of 
VANs, with BFO nanopillars embedded in a CFO matrix, were 
prepared to study the growth conditions and kinetics of BFO-
CFO nanocomposites,[5] and the magnetoelectric coupling of 
the BFO-CFO bulk heterojunction.[25] For these BFO-CFO VANs 
and other similar functional VANs with a large vertical lattice 
mismatch, there are few experimental reports investigating 
how the mismatch strain at the vertical CFO/BFO interface and 
its possible relaxation affects the ferroelectric switching and 
associated functional properties in the laterally clamped BFO 
nanopillars.[13,26,27] Instead, research into strain effects on fer-
roelectricity for BFO has mostly been limited to the case of con-
tinuous thin films,[2,3,11,13,28–33] where the mismatch strain arises 
from the planar film/substrate interface. Since the dimension-
ality hinders most direct measurements of the resulting local 
materials properties, the nanoscale influence of strain effects is 
primarily surmised from macroscopic measurements or purely 
microstructural analysis.[30,31,33–35] Therefore, to overcome these 
limitations, we designed VANs with unique (001)-oriented BFO 

1. Introduction
Self-assembled vertically aligned nanocomposite (VAN) sys-
tems comprising epitaxial spinel pillars embedded in a single 
crystal perovskite matrix have been intensively studied over the 
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nanopillars of higher molar ratio embedded in a CFO matrix. 
This inverse design is distinct from previous investigations on 
CFO as isolated nanostructures embedded in a surrounding 
high molar ratio BFO matrix,[1,2,4,5,7–9,15–21,36] and also different 
from previous works on (111)-oriented, lower molar ratio BFO 
pillars in a CFO matrix.[37] Given recent demonstrations of 
topological polarization states and other unique functionali-
ties in geometrically-confined nanostructures,[38–42] direct evi-
dence for strain-induced interfacial effects on ferroelectricity 
is important both fundamentally, and for future applications of 
vertically aligned functional nanocomposites, and other strain 
engineered devices.

Piezoresponse force microscopy (PFM) is an essential tool 
for studying ferroelectric properties of such systems with 
nanoscale spatial variations.[1,2,4–9,14,16–21,38,39,43,44] For ferroelec-
tric switching of BFO-CFO VAN systems, however, only one or 
a few local hysteresis loops are typically measured, usually by 
“parking” a conductive atomic force microscopy (AFM) probe 
at single or arrayed points in BFO, sweeping the tip-sample 
bias, and recording the resulting changes in the piezore-
sponse.[2,4,11,15–18,28,38] Single-point hysteresis measurements 
can be challenging to interpret, though, due to the superpo-
sition of piezoelectric effects and electrostatics[45] or ionic 
motion.[46] Topographic crosstalk is another persistent concern 
due to sensitivities to the tip-sample contact area, especially 
when the surface morphology exhibits changes in slope or cur-
vature with length scales equivalent to the dimensions of the 
tip apex.[47] This can be exacerbated by the unique two-phase 
structure of the VAN systems, where the as-grown thin films 
normally exhibit a rough surface, including facets, interfacial 
grooving, and even apparent “extrusions” up to 40–100  nm 
above the surface for the matrix or pillar phases.[2,4–6,9,14–17,38,39] 
Finally, the prodigious interfacial area for VANs, along with cor-
responding strain gradient heterogeneities, essentially necessi-
tates a statistical analysis of high-fidelity maps of ferroelectric 
polarization and switching in order to thoroughly understand 
and hence improve engineered interfacial coupling.

Accordingly, we implement our unique tomographic atomic 
force microscopy (T-AFM) approach,[48–51] leveraging the in situ 
nanomachining and especially surface smoothing capability,[50] 
for high-resolution piezoresponse mapping with negligible 
topographic artifacts. This enables the first nanoscale 3D map 
of ferroelectric domains throughout a multifunctional nano-
composite thin film. For a fixed sample thickness, alternating 
conventional PFM scans with sequentially increasing DC biases 
separately provides movies of domain switching for spatially 
resolving hysteresis loops and nucleation events.[52] For highly 
ordered, ≈50 nm tall BFO nanopillars, epitaxially confined verti-
cally by a surrounding CFO matrix with a slightly higher lattice 
parameter, a tensile strain is imposed on the outer shell of BFO 
pillars. For pillars with sufficiently large lateral size, this tensile 
strain would relax away from the edges, such that their cores 
can exhibit properties that are similar to epitaxial BFO thin 
films. Correspondingly, through high fidelity imaging and sta-
tistical analysis with up to 9.44 million voxels and 2.16 million 
pixels, we found that coercive voltages and nucleation dynamics 
of BFO nanopillars are all significantly impacted by interface 
proximity—in this case, up to a radial separation of 30–50 nm. 
The acquisition and associated data mining of such nanoscale, 

3D resolved piezoresponse maps for VANs thereby contributes 
a new perspective on strain-engineered ferroelectricity, with 
fundamental and practical implications especially for future 
devices that leverage the independent as well as emergent ben-
efits of functional nanocomposites.

2. Results and Discussion

The self-assembled nanopillars of (001)-oriented rhombohedral 
BFO were grown epitaxially among a matrix of (001) spinel 
CFO, on a conducting Nb-doped SrTiO3 (STO) (Nb:STO) sub-
strate using pulsed laser deposition. Reciprocal space mapping 
and X-ray diffraction (XRD) spectra of the as-grown BFO-CFO 
nanocomposite (Figure 1a,b) indicate two regions of different 
strain status for the BFO nanopillars and uniform strain for 
the CFO matrix. By using multiple-peak-fitting approach on the 
experimental XRD spectra (gray curve in Figure 1b), we are able 
to resolve individual peaks for the strained CFO matrix (dark 
blue curve), strained BFO (red curve), and relaxed BFO (cyan 
curve).[53] Based on the lattice parameters calculated from these 
fitted curves, we extract an out-of-plane compressive strain of 
−2.67% for the CFO matrix, and an out-of-plane tensile strain of 
1.86% for the outer shells of the BFO nanopillars, and a slightly 
compressive out-of-plane strain of −0.12% for the cores of BFO 
nanopillars (Section S1, Supporting Information). Since the 
(001) Nb:STO substrate typically induces out-of-plane tensile 
strain on epitaxial (001) CFO, the measured out-of-plane com-
pressive strain of −2.67% in the CFO matrix is attributed to the 
lattice mismatch at the vertical CFO/BFO interface. This out-
of-plane compression in one phase and tension in another is 
consistent with previous results of many other VANs.[13] Note 
that the possible contribution of thermal stress to this −2.67% 
out-of-plane compressive strain in the CFO matrix is ruled out 
given the relatively small differences in the thermal expan-
sion coefficients of the BFO (6.83–12.8 × 10−6 K−1), CFO (11.8 × 
10−6 K−1) and STO (8.7 × 10−6 K−1).[54–58]

For high fidelity imaging of ferroelectric domains and 
switching characteristics with negligible topographically 
induced artifacts, it is crucial to minimize surface roughness.[47] 
We achieve this via nanomachining with the AFM probe 
itself,[50] as is illustrated in Figure 1c. Unlike conventional low-
load AFM studies with VANs,[2,4,16,17,19,38,39,59] this approach 
employs downforces as high as μNs with a diamond-coated 
probe during scanning, and effectively polish the as-grown 
rough surface. High-resolution topography and functional 
properties (piezoresponse, electrical conductivity, etc.) can then 
simultaneously or sequentially be mapped.[50,51] The as-received 
BFO-CFO nanocomposite surface exhibits a root-mean-square 
(RMS) roughness of 16.8 nm, up to 80 nm protrusions of the 
CFO, and growth-related grooving at the interfaces as deep as 
30  nm (Figure  1d). On the CFO matrix, there are also some 
rounded CFO nanostructures protruding as high as 200 nm at 
certain intersections of differently aligned CFO “walls” (marked 
with white dashed circles in Figure  1d) (see Section S2, Sup-
porting Information). Following nanomachining, however, the 
RMS roughness diminishes by more than an order of magni-
tude to 1.4 nm (Figure 1e). This is especially clear in the almost 
featureless corresponding deflection image which is principally 
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sensitive to edges (Figure  1f). Crucially, although the film has 
been mechanically eroded, the damage to the properties of the 
underlying material is negligible according to prior PFM and 
cross-sectional transmission electron microscopy for homoge-
neous BFO thin films thinned to lower than 10 nm.[48]

By extending this concept through repeated high-load 
nanomachining as well as simultaneous property mapping, 
the BFO-CFO VAN films are progressively milled and meas-
ured to enable T-AFM. In fact, two superimposed AC sinu-
soidal biases are applied to the tip, corresponding to the 1st 

Figure 1.  Structural characterization and nanomachining of BFO-CFO nanocomposite thin film. a,b) RSM and XRD ω‒2θ scan of as-grown BFO-CFO 
VAN. The strained BFO (S-BFO, red curve), relaxed BFO (R-BFO, cyan curve), and strained CFO (S-CFO, blue curve) have been indicated, respectively. 
c) Schematic illustration of the three key experimental procedures in this study: nanomachining of as-received BFO-CFO thin film, PFM sequential 
switching, and imaging on the significantly polished interfaces, followed by T-AFM, and finally 3D reconstruction of the isolated BFO nanopillars. 
d) AFM topography of the as-received BFO-CFO surface with RMS roughness of 16.8 nm due to the CFO extrusions above the BFO-CFO interfaces. The 
white dashed circles mark some rounded CFO nanostructures protruding as high as 200 nm at certain intersections of differently aligned CFO “walls”. 
e,f) The AFM topography and deflection images of the BFO-CFO nanocomposite surface after nanomachining around 10 nm beneath the as-grown 
surface plane. The RMS roughness is reduced ten-fold to 1.4 nm. The deflection signal, which is particularly sensitive to small surface fluctuations, is 
reduced to less than 2 nm.
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normal and torsional cantilever resonances, over hundreds of 
images until the underlying Nb:STO substrate is reached. In 
this manner, independent image sequences for the vertical 
(z-axis) and lateral (y-axis) piezoresponse, amplitude × cos 
(phase), are calculated in post-processing for each of these 
spectrally distinct signals. Finally, in Figure 2, complemen-
tary normal and lateral tomograms with rectilinear voxels are 
reconstructed for 3D analysis and rendering. The vertical and 
lateral piezoresponse tomograms in Figures  2a,d, respectively, 
each comprise almost 10 million voxels. Figure  2b,c reveals 
the cross-section tomograms from locations indicated in 
Figure 2a, which indicate a strong vertical PFM response asso-
ciated with the BFO nanopillars, with negligible piezoresponse 
from the non-ferroelectric CFO matrix.[4] Moreover, the highly 
columnar microstructure and nanopillar shape of BFO is 
confirmed throughout the measured thickness, consistent with 
high-quality epitaxial growth (Figure  1) and additional tomo-
graphic analysis (Section S10, Supporting Information). These 
observations are well-supported in the lateral piezoresponse 
tomograms in Figures  2d–f, where the CFO phase has been 

computationally removed for visual clarity. The color contrast 
in Figures  2d–f thereby displays oppositely oriented in-plane 
polarization vectors within the BFO only (along the ±y axis as 
sketched in Figure 2d). It is clear that some nanopillars support 
multiple lateral domains, with primarily vertical domain walls 
as indicated within the overlain rectangles of Figure 2f. This is 
especially apparent for the magnified tomogram regions in the 
insets of Figures 2a,d.

According to the structural characterizations in Figure 1, the 
(001)-oriented epitaxial BFO nanopillars have a rhombohedral 
lattice symmetry. In combination with the fact that the out-of-
plane (z-axis) components of the polarization are all pointing 
upwards, as is shown in the inserts of Figures 2a,d, there are 
four possible polarization directions along the <111>pc  direc-
tions (“pc” means pseudocubic).[60] Because the polarizations 
are not perfectly aligned along the z-axis, multiple lateral 
domains corresponding to the in-plane polarization compo-
nents would typically form to minimize the free energy of the 
system.[61] Other factors, such as the lateral size of the BFO 
pillars (around 150–300  nm) are significantly larger than the 

Figure 2.  3D piezoresponse of BFO nanopillars epitaxially embedded in CFO matrix. a) Volumetric perspective of vertical piezoresponse of BFO-CFO 
nanocomposites, with strong contrast for BFO and a negligible signal (different color scheme) for CFO. b,c) Tomographic cross-sections of the vertical 
piezoresponse along dashed overlays from (a), respectively for the xz and yz planes. d) Volumetric perspective of lateral piezoresponse of BFO nano-
pillars only. CFO regions have been computationally removed to better distinguish domains aligned oppositely along ± y directions. e,f) Tomographic 
cross-sections of the lateral piezoresponse for the same xz and yz planes as in (b,c). Magnified vertical and lateral tomograms for a single polydomain 
nanopillar are displayed as insets (top) along with schematics clarifying the probe alignment and polarization vector sensitivity. The possible polariza-
tion orientations with respect to different color schemes in the tomograms are also listed next to each tomogram respectively. g) Depth-dependent 
normal piezoresponse profiles averaged over individual BFO nanopillars. The black (blue) curve corresponds to green solid (dashed) box marked in 
a. Three depth regions are identified (marked with I, II, and III respectively).
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VAN film thickness (≈50  nm), and the inhomogeneous strain 
distribution throughout the BFO pillars, could further facilitate 
the stabilization of multiple lateral domains.[62] From the volu-
metric tomograms, we are able to extract the depth-dependent 
of the piezoresponse of each BFO nanopillars. For instance, 
Figure  2g shows two typical normal piezoresponse amplitude 
profiles averaged over individual BFO nanopillars with respect 
to depth. According to the depth-dependent profiles, three 
regions (region I, 0–35  nm; region II, 35–52  nm; region III, 
52–56  nm) are identified. Region I exhibits a relatively stable 
piezoresponse amplitude, with fluctuations <  15% throughout 
the top 75% of the BFO thickness. In region II, the piezore-
sponse decrease sharply up to 80% due to the clamping effect 
from the substrate, which has been demonstrated to reduce the 
piezoelectric coefficient d33 up to 76% in PZT thin films.[63,64] 
Finally, there is almost negligible piezoresponse in the last 
3–5 nm of the film, region III, as the milling process reaches 
the non-piezoelectric Nb:STO conducting bottom electrode and 
substrate.

It is worth pointing out that the T-AFM approach is based 
on sequential PFM imaging of exposed surfaces with respect 
to discrete depths of the BFO-CFO nanocomposite during 
the AFM-tip serial sectioning procedure.[48,51] In this sense, 
T-AFM is different from previous non-invasive volumetric 
imaging methods, such as sending thermal waves from sample 
surface to collect signals from the interior, then use compre-
hensive mathematical deconvolution approach to extract depth-
dependent properties, including polarization, pyroelectric 
coefficient, etc.[65] However, T-AFM is uniquely advantageous 
by acquiring volumetric properties with unit-cell level depth 
resolution[48] and a smallest volumetric resolution of around 
120 nm3 (this work) comparing with the micron-level lateral 
and depth resolution with the thermal wave method through 
comprehensive deconvolution procedure.[65,66] Overall, such 3D 
tomograms correlating multiple information channels, such as 
vertical as well as lateral domain polarizations, are invaluable 
for future efforts to precisely tune the microstructure and local 
properties throughout multifunctional VAN’s and other 3D 
heterogeneous functional materials.

Perhaps eclipsing the importance of domain polarization 
configurations within multiferroic VAN’s, however, is the 
value in optimizing domain stability or conversely polariza-
tion switching within the epitaxial ferroelectric phase. This 
can be directly investigated by conducting low-load (and hence 
non-machining) dual AC resonance tracking PFM (DART-
PFM),[67,68] especially at a region previously nanomachined to 
enable artifact-free, high fidelity property mapping. By inter-
leaving such piezoresponse images with equivalent area scans 
during pure DC tip-biasing, specifically increasing sequentially 
from 0 V to ±4 V by 25 mV steps (between tip and grounded 
Nb:STO back electrode), ferroelectric switching can be mapped 
for numerous BFO nanopillars in parallel.[69] The montage of 
Figure 3a–j depicts a subset of the resulting piezoresponse 
images (following biasing as noted), revealing the normalized 
vertical domain magnitude and orientation during switching in 
both directions.

Clearly, one complete polarization switching cycle is 
achieved in all ≈15 BFO nanopillars within the field of view. 
This is confirmed both visually (Figures 3a,e,j) and statistically 

based on overlapping histograms (Figure 3k–l) of the piezore-
sponse for the initial and final switching states during positive 
and negative tip biasing. More importantly, the sequential PFM 
switching images in Figures  3a–j can be considered as a 2D 
illustration of the hysteretic behavior of the BFO nanopillars, 
which comprise more than 35  000 simultaneously acquired 
PFM hysteresis loops at each image pixel (same location on a 
BFO nanopillar) with respect to biases in the range of ±4 V. To 
further illustrate this point, Figure  3m shows two typical hys-
teresis loops extracted from central (red curve) and edge (blue 
curve) locations in one of the BFO nanopillars (marked with 
red and blue dots in both e and j) during the PFM switching 
sequences with bias sequences of 0 V → +4 V → 0 V → −4 V. 
Such complete and generally symmetric switching behavior 
confirms the quality and robust ferroelectric properties of the 
BFO despite the epitaxial constraint within the CFO matrix. 
Moreover, it is noteworthy that there is scarce evidence of such 
a wide coercive bias window from previous studies of VANs, 
likely resulting from the combination of our nanomachining 
approach as well as our image-based (parallel) switching 
studies. Compared to (serially) “parking” AFM tips at individual 
or comprehensive arrays of locations on as-received BFO thin 
films and nanostructures,[2,4,5,14,16,19,38,59] here in our case the 
domain switching and concomitant strain evolution progresses 
together—an important consideration for potentially hetero-
geneously strained structures such as VANs, micropatterned 
devices or other 3D architectures.

To further investigate the impact of interfacial strain on fer-
roelectricity for VANs, domain switching is spatially analyzed 
in Figure 4 based on the full dataset from Figure 3 comprising 
over 2.16 million data points. From the zero-phase-crossings 
on the local hysteresis (e.g., Figure  3m) at each pixel of BFO 
nanopillars during positive tip biasing, in Figure 4a we extract 
and map out the 2D distributions of coercive voltages over all 
the BFO nanopillars in the same image region.[69] Addition-
ally, the images of switched domains recorded after each posi-
tive bias step, which were utilized to construct Figure  4a, are 
shown in Figure S3, Supporting Information. Black regions of 
non-ferroelectric CFO are not considered here or in any other 
analysis herein. All domain walls within the BFO are compu-
tationally identified for every image frame and superimposed 
in Figure 4b with each assigned a different color according to 
the associated image frame (and hence tip bias) as indicated. 
The various switching events are summarized for all measured 
biases by the dual histogram of Figure 4d, based on the sums 
of subsumed areas for newly switched domains following every 
25 mV step across the coercive voltage range. Notably, nucleated 
domains within approximately 50  nm of a strained BFO-CFO 
interface (“Edge”) are distinguished from those further away 
which are more likely to behave like a bulk BFO film (“Center”) 
(see Figure S2, Supporting Information). Figure 4e recasts these 
results for the newly switched area per bias, presenting the edge 
to center switching ratio after area-normalization according to 
the proportion of Edge:Center BFO pixels (1:1.3) radially within 
or beyond a 50 nm threshold from any epitaxial interface avail-
able for switching (Figure  4c). The clear conclusions from 
Figure 4d,e is that domain nucleation and switching at low bias 
occurs mostly in the relaxed “Centers” of BFO. Switching at the 
“Edges” of BFO is dramatically suppressed at low biases due to 
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the BFO/CFO interfacial strain and becomes dominant when 
the applied biases are sufficiently large (>2.5 V). Analyzing the 
negative switching sequence (See Figure S3, Supporting Infor-
mation) leads to the equivalent conclusion, that the polariza-
tion switching at the edge of the BFO nanopillars mostly occurs 
when the applied electric field is high enough. Moreover, with 
more comprehensive switching statistics, the color contrast 
in Figure  4f represents the log of the switched proportion of 
BFO with respect to the coercive voltages (abscissa) as well as 
the local distance to the nearest CFO interface (ordinate). Like 
Figures 4d,e, this confirms that domain nucleation and growth 
tend to be localized near strained interfaces for higher voltage 
magnitudes (±3.5  V for 30  nm separations according to the 
overlays included to guide the eye). It is noteworthy that the 
regions near the periphery of the analyzed area could conceiv-
ably be close to an interface that is just outside the field of view. 
These therefore unavoidably lead to an uncertain interfacial 
separation, and are ignored consequently (black in Figure  4c 
as compared to Figure 4a) for all analyses herein (Figure 4d–f). 
As a consequence of such careful, thoroughly analyzed, and 

high-resolution switching studies, it is clear that engineering 
the BFO-CFO interface proportions and interfacial strains 
can significantly enhance (or diminish) the mean ferroelectric 
switching field strength and typically the corresponding polari-
zation stability. Furthermore, the coercive field breadth and 
spatial homogeneity can equivalently be tuned. Summarizing 
the high fidelity PFM switching sequence and statistical anal-
yses in Figures 3 and 4, it is concluded that: i) When the voltage 
bias is relatively low, polarization switching occurs only in the 
center region of the BFO nanopillars which possess a moder-
ately compressive out-of-plane strain of −0.12%; ii) Only when 
the applied bias is sufficiently high (>2.5 V) does the polariza-
tion switching becomes appreciable and dominant at the edge 
near the BFO-CFO interfaces, which exhibit a large out-of-plane 
tensile strain of 1.86%.

Comparing our results with previous thin-film studies based 
on substrate-induced in-plane strain alone, the vertical tensile 
strain (εz) on the BFO nanopillars, from a strain conversion 
perspective, can be converted to an in-plane compressive strain 
εx based on εz  = νzxεx, where the Poison ratio νzx of epitaxial 

Figure 3.  2D sequential mapping of ferroelectric switching in BFO nanopillars within a 1  µm × 1  µm nanomachined region. a–e) Piezoresponse 
montages for biases of 0, 2.25, 2.5, 2.75, and 4 V respectively. f–j) Piezoresponse montages for biases of 0, −1.75, −2, −2.25, and −4 V respectively. 
k) Histograms of the overall piezoresponse for initial and final polarization states bracketing each switching sequence (a and e, f and j). l) Histogram 
of BFO switched area with respect to applied bias. m) Typical PFM hysteresis loops extracted from central (red curve) and edge (blue curve) locations 
from one of the BFO nanopillars (marked with red and blue dots in e and j) through the PFM switching sequences bias of 0 V → +4 V → 0 V → −4 V.
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BFO is around 0.3.[70] Although it has been well-established that 
homogenous in-plane compressive epitaxial strain can enhance 
the global coercive voltage of (001) ferroelectric thin films such 
as BFO[30,33] and BaTiO3

[34,71] due to the strain-enhanced poten-
tial barrier between the two energetically equivalent polariza-
tion states, the influence of spatially inhomogeneous mismatch 
strains (Figure  1b) on local polarization switching (Figure  4a) 
in ferroelectric nanopillars embedded in an elastic matrix has 
hitherto remained virtually unexplored. In this sense, our result 
could also be essential for expanding the current observation 
and understanding of strain-engineered functional material sys-
tems, which are otherwise based primarily on laterally homoge-
neous and strain-mediated epitaxial thin film heterostructures.

Furthermore, to establish a more quantitative understanding 
of the influence of spatially inhomogeneous mismatch strains 
on polarization switching of BFO nanopillars within an elastic 
matrix (CFO), phase-field simulations (see Experimental Section)  
were performed, and the results are summarized in Figure 5.  

The polarization domain structure in a single BFO nano-
pillar after positive out-of-plane electric field poling is shown 
in Figure  5a, which primarily comprises three different 
rhombohedral domain variants ([111]pc, [111]pc, and [111]pc) 
separated by two 71° domain walls. The out-of-plane polariza-
tion Pz is positive in the entire BFO, which is consistent with 
the map of vertical piezoresponse shown in Figures 2a. The in-
plane polarization Px contains both positive and negative vari-
ants, which is consistent with the map of lateral piezoresponse 
shown in Figure 2d. Figure 5b,c shows the corresponding dis-
tribution of out-of-plane strain < εzz > (i.e., averaging the εzz in 
all voxels along z) over the xy plane of the BFO and the line pro-
file along its central transect. As shown in Figure 5b the < εzz > 
in the edge of the BFO nanopillar is generally larger than that 
in the center, although < εzz > decreases sharply near the BFO/
CFO interface due to the mechanical clamping by CFO matrix. 
The areal average of the < εzz > (hence the volumetric average 
of εzz) over the entire edge region is 1.87%, which agrees well 

Figure 4.  Spatially resolved domain switching statistics with respect to strained BFO-CFO interfaces. a) 2D mapping of BFO nanopillar positive coer-
cive voltages per 15 nm2 pixel during collective polarization across the field of view from Figure 3. b) Ensemble of all evolving domain wall positions 
throughout the switching experiment, colored by image frame. c) Certain distance to strained interfaces used for all analyses in Figure 4. In order to 
properly account for possible CFO interfaces beyond the field of view, compared to the raw data (a,b) several regions around the periphery are ignored 
(black) and hence not considered in any analysis. d) Histograms for area of newly nucleated domains as a function of increasing poling voltage, distin-
guished by certain radial separation from BFO-CFO interfaces (“Edge” < 50 nm < “Center”). e) Ratio of switched area for tensile-strained edges versus 
relaxed nanopillar centers, normalized by the relative BFO area in proximity to (within 50 nm) the nearest epitaxial CFO interface (1:1.3). f) Combined 
statistical analyses of the BFO coercive voltages (abscissa, Vdc) and switched area percentages (color scale) with respect to the distance to the nearest 
interface (ordinate). (a–c) share the same scale bar in (c). The error bars in (d,e) represent the uncertainties associated with categorizing switched 
domains located at the transition regions between “Edge” and “Center” boundaries (marked with Roman numbers in Figure S2, Supporting Informa-
tion), where they may be considered as either “Edge” or “Center”, and thereby are used to calculate the experimental error contributions.

Adv. Funct. Mater. 2021, 31, 2102311



www.afm-journal.dewww.advancedsciencenews.com

2102311  (8 of 12) © 2021 Wiley-VCH GmbH

with the value (1.86%) extracted from the XRD analysis. As 
shown in Figure 5d,e, the thickness-averaged <Pz> is also larger 
in the edge region and displays a line profile resembling that 
of < εzz >. This is because larger tensile εzz in the edge of BFO 
tends to stabilize the polarization along the z-axis and enhance 
the Pz (since the electrostriction coefficient Q11 of BFO is posi-
tive, see Experimental Section). As a result, the coercive voltage 
in the edge region should also increase. For demonstration, dif-
ferent bias voltages were applied across the VAN film to switch 
the polarization domain pattern shown in Figure 5a. Figure 5f 
shows the simulated statistics of spatially resolved polarization 
switching at the surface of the BFO nanopillar, which was pre-
sented in a similar way to Figure  4d. As shown in Figure  5f, 
the polarization switching only occurs in the center when the 
voltage is relatively small (<1.1  V), and all polarizations in the 
center are switched down when voltage exceeds 1.3 V. This can 
be seen more clearly in the distributions of Pz at the top BFO 
surface at 1.05 and 1.3  V in Figure  5g. Moreover, the newly 

switched area in the edge region first increases with voltage 
(1.1–1.25  V), and then decreases under higher voltages once 
a majority of the polarization in the edge has been flipped. 
Furthermore, according to coercive voltage maps of the BFO 
surface (in Figure 5h), the coercive voltage in the edge region 
is up to 1.5 times higher than that in the center. This finding 
also agrees well with experiments, where up to 2 times higher 
coercive voltage in the edge region is observed based on the 
PFM switching sequences (Figure  3m) and statistical analysis 
(Figure 4d,e).

It is worth pointing out that the defects in the vertical inter-
facial sites of BFO nanopillars could also facilitate the switching 
domain nucleation, as has been demonstrated in previous 
reports of low-strain or relaxed epitaxial ferroelectric PZT thin 
films,[72–74] where the defects such as weak random-bonds could 
promote nucleation by lowering the potential barrier between 
equivalent polarization states.[73] However, in this work, the 
effect of the large out-of-plane tensile strain in the edge region 

Figure 5.  Phase-field simulations of polarization switching in the BFO nanopillar of the BFO-CFO VAN film. a) Polarization domain structure (lower) 
and distribution of in-plane component Px (upper) at 0 V after being poled by a large electric field applied along +z. Color codes for rhombohedral 
variants: blue for [111]pc, dark green for [111]pc, and red for [111]pc. b) Distribution of thickness-averaged out-of-plane strain <εzz> over the film plane and 
c) the line profile of <εzz> along the central transect (dashed line in (b)). d) Distribution of thickness-averaged out-of-plane polarization <Pz> over the 
film plane and e) the line profile of <Pz> along the same central transect (dashed line in (d)). f) Histogram for area of newly switched polarizations in 
center region (yellow) and edge region (cyan) as the bias voltage increases. g) Distribution of Pz on the top surface of the BFO nanopillar under a bias 
voltage of 1.05 V (upper) and 1.3 V (lower), respectively. h) Map of coercive voltage for polarization switching on the top surface of the BFO nanopillar. 
In (g,h), the scale bar is 10 nm.
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of BFO nanopillars—which raises the potential barrier of 
polarization switching and hence the coercive voltage—out-
weighs the potential-barrier-lowering effect of the interfacial 
defects.[71] Additionally, although previous studies by Han et al., 
of geometrically-confined BFO nanoislands have demonstrated 
stable polar topological states with exotic center-type domains 
and resistive switching behavior,[41,42] no clear center-type 
domains, resistive switching, or charged domain walls were 
observed in our BFO nanopillars according to the PFM tomo-
grams (Figure  2) and C-AFM results (Figure S1, Supporting 
Information). This could be due to the completely different 
BFO-CFO composite sample structure and epitaxial growth 
conditions from the previous self-assembled BFO nanoislands 
grown directly on BFO thin film matrices.[39,41,42] Also, the 
semiconducting characteristics of the CFO matrix (Figure S1, 
Supporting Information), and/or the interfacial strain, could 
destabilize the polar topological states for our VANs. More gen-
erally, given the capability to directly map polarization orienta-
tions in 3D as demonstrated in this work, T-AFM can be a pow-
erful tool to visualize polar topological states and their corre-
sponding exotic properties. Especially, investigating 3D conduc-
tive domain walls for ferroelectric thin films, nanocomposites, 
or isolated nanostructures are recommended as the next steps 
given the already-demonstrated ability to map local conductivity 
in three dimensions.[50]

Finally, our approach and findings may also provide useful 
guidance for optimizing the functional properties of VAN and 
other heterogeneous strain systems. For instance, according to 
the T-AFM result in Figure  2g, for BFO-CFO nanocomposite 
thin films, an overall thickness above 20  nm is beneficial for 
optimizing the piezoresponse of BFO pillars by reducing the 
substrate clamping effect. In terms of the lateral size of BFO 
pillars, the statistical analysis in Figure  4f suggests that a 
30–50 nm lateral shell (edge region) near the BFO-CFO inter-
face can be significantly impacted by the interfacial strain. 
Moreover, from the size-dependent phase-field simulation  
results on ferroelectric switching in BFO nanopillars 
(Section S9, Supporting Information), reducing the BFO lateral 
size enables an overall more uniform strain distribution and 
polarization switching behavior at the expense of higher local 
coercive voltages (Figure S8e–h, Supporting Information).

3. Conclusions

In summary, by applying the T-AFM approach to a BFO-CFO 
epitaxial nanocomposite with BFO nanopillars embedded in 
a CFO matrix, we have reached the following conclusions: 1) 
the T-AFM approach, which visualizes the 3D piezoresponse 
of BFO nanopillars volumetrically at nanoscale, is a unique 
and powerful tool for revealing the volumetric and depth-
dependent properties underneath the as-grown surface such 
as piezoresponse and substrate clamping effect. Especially for 
multi-phase functional composites, the T-AFM can be utilized 
to reconstruct the volumetric distribution and properties of 
discrete nanophase based on their different properties (e.g., 
polarization, electrical conductivity, photoconductivity, etc.). 2) 
The AFM-tip-based nanopolishing during T-AFM has proved to 
be an effective process for preparing smooth surfaces essential 

for acquiring high-fidelity scanning probe microscopy property 
maps by minimizing topographical artifacts. 3) The nonconven-
tional VAN with BFO nanopillars embedded in a CFO matrix 
permits microscopic investigation of the individual or collective 
polarization nucleation, switching, and associated functional 
responses in a ferroelectric nanostructure embedded in an 
elastic matrix, notably the effects of spatially inhomogeneous 
epitaxial strains from the vertical BFO/CFO interface. There-
fore, the result of this study, such as the depth-dependent prop-
erties and lateral-size-dependent effect, can provide practical 
design recommendations to optimize ferroelectricity in future 
VAN or other 3D heterogeneous strain-engineered functional 
devices. Finally, ongoing and future studies, such as inspecting 
the application of magnetic field to further tune the ferroelec-
tricity of BFO nanostructures via the strain-mediated magne-
toelectric coupling[75] could provide even further insight and 
optimization to the BFO-CFO VAN systems and related 3D 
structured materials.

4. Experimental Section
Epitaxial BFO-CFO VAN films with a thickness of 50 nm were grown on 
conducting single-crystal Nb-doped SrTiO3 (Nb:STO) (001) substrates at 
650 °C in 50 mTorr of oxygen by pulse laser deposition. The system used 
a KrF excimer laser with a uniform laser energy density of 2.0 Jcm−2. 
The film growth target comprised uniformly mixed BFO:CFO with a 
molar ratio of 67:33, fixed 6.0 cm from the target. The films were in situ 
annealed at 400 °C in 500 Torr oxygen for 30 min, before cooling down to 
room temperature at 5 °C min−1.

All AFM measurements were performed in an Asylum Research 
Cypher system. To nanomachine a smooth surface (Figure 1) or for full 
T-AFM (Figures  2), conductive-diamond-coated probes (Nanosensors 
CDT-NCHR) were employed during scanning with a typical setpoint of 
2.8 µN. The downward forces utilized with the diamond-coated probe 
did not alter the inherent or original states of the BFO nanopillars 
(Section S11, Supporting Information) For Figure  2, 821 consecutive 
images with 512 × 512  pixel resolution were acquired over a 4  µm × 
4  µm area, gradually machining the surface to continually expose the 
underlying VAN film through to the substrate (material removal as thin 
as single unit cells have been demonstrated in some cases[48]). These 
results, comprising 215  million total pixels, were reconstructed into 
9.44 million rectilinear voxels of 7.8 nm × 7.8 nm × 2 nm (x,y,z) which 
together encompass 1.12 µm3 of excavated film. Any nonlinear serial 
sectioning during T-AFM was accommodated by interpolation into 
gridded voxels.[50] As shown in Figure S4, Supporting Information, more 
than 88% of all voxels were based on one or more real data points that 
were radially within 1 nearest neighbor voxel distance (11 nm) and 99.8% 
were within only 3 nearest neighbor voxels (33 nm).

Domain polarization vectors were mapped using a dual-frequency 
external lock-in amplifier (Zurich Instruments HF2LI) to apply AC biases 
between a conducting probe and a grounded substrate, thereby causing 
local piezoactuation at the bare film surface beneath the scanning 
AFM tip via piezo force microscopy. The dual-lock-in setup enables 
pixel-by-pixel detection of the vibratory amplitude and phase for both 
the normal piezoresponse (to resolve the out-of-plane component of 
converse piezoelectricity), and in some cases also the simultaneous 
in-plane piezoresponse based on spectrally distinct torsional cantilever 
resonances (Figure 2). The normal and lateral driving amplitudes were 
each 1 V and the frequencies were 2 MHz and 2.7 MHz respectively.

Sequentially increasing DC voltages (±25 mV  per image) were 
additionally added to the AC tip bias for spatially resolved ferroelectric 
switching studies according to the normal piezoresponse (Figures 3,4). 
Such ferroelectric switching movie measurements were performed with 
a lower, non-machining setpoint force of 25 nN, using a Ti/Ir coated 
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probe (Bruker SCM-PIT) with 75 kHz resonant frequency and 2.8 Nm−1 
spring constant under vertical DART-PFM mode to repeatedly scan a 
single 1 µm2 area (256 × 256 pixels) at a fixed film thickness.

Phase Field Modeling: Phase-field modeling was used to simulate 
the polarization domains and their switching kinetics in (001) BFO 
nanopillars that were embedded in CFO matrix and grown on Nb-doped 
STO (Nb:STO) substrate. In the phase-field model of ferroelectrics, 
temporal evolution of spontaneous polarization P  = (Px,Py,Pz) was 
governed by time-dependent Ginzburg-Landau (TDGL) equation, 

δ
δ

∂
∂ = −PP

PPt
FL , where L is kinetic coefficient; F = ∫ dtot

3
V
f x  is total free energy, 

where the total free energy density ftot = fLandau + fgradient + felastic + felectro  
was contributed by following energy densities. The same as in 
Ref. [76], the expression of the Landau energy density was given  
as α α α= + + + + + + + +( ) ( ) ( )Landau 1

2 2 2
11

4 4 4
12

2 2 2 2 2 2f P P P P P P P P P P P Px y z x y z x y y z x z , 
where α1, α11 and α12 are Landau-Devonshire coefficients; the gradient energy 

density = ∇PP1
2

( )gradient 11
2f G , where G11 is the isotropic gradient energy 

coefficient; the elastic energy density ε ε ε ε= − −1
2

( )( )elastic
0 0f c ijkl ij ij kl kl , 

where cijkl (i, j, k, l = 1,2,3) are phase-dependent elastic stiffness coefficients, 
and the spatially variant total strain ε is obtained by solving mechanical 
equilibrium equation σ  = 0 with stress σ ε ε= −( )i

0cij jkl kl kl . Here the 
eigenstrain Q P Pij ijkl k lε =0   + εmis

ij  was contributed by electrostrictive 
strain with Qijkl (i, j, k, l  = 1,2,3) being the electrostrictive coefficient, 
and by lattice mismatch strain ε imis

j  arising from both the BFO-CFO 
vertical interface and the BFO-Nb:STO horizontal interface. Based on 
the XRD analysis (Figure  1b), the εmis

zz  was set to be positive (out-of-
plane tensile normal strain) on the side of BFO and negative (out-of-
plane compressive normal strain) on the side of CFO across the BFO/
CFO interface. The specific initial distribution of εmis

zz  (see Section S7, 
Supporting Information) was tuned to ensure that the spatial profile 
of the <εzz> at equilibrium, which was contributed by both the lattice 
mismatch at the BFO/CFO interface and the lattice deformation 
associated with the spontaneous polarization in the BFO, agrees with 
the values extracted from XRD. When solving ∇ · σ = 0, stress continuity 
condition ( σA = σB, A and B denotes different materials) was used at all 
interfaces between dissimilar materials. By setting the cijkl of the air phase 
(above the VAN film) to be 0, the stress-free surface was automatically 

considered. The electrostatic energy density ε ε= − + ⋅EE PP EE
1
2
[ ]electro 0 rf , 

where E = Ed + Eext is the total electric field, Ed is the depolarization field, 
and Eext is the externally applied electric field. Ed was obtained by solving 
the electrostatic equilibrium equation ∇ · D = ∇ · (ε0εrEd + P)= 0 where 
D is the electric displacement field, ε0 is vacuum permittivity and εr 
is phase-dependent relative permittivity. For simplicity, polarization 
charges on all surfaces of the BFO nanopillar were assumed to be fully 
compensated because 1) Nb-doped STO substrate was electronically 
conductive; 2) the electronic conductivity of the CFO matrix was at the 
level of typical semiconductors; 3) the scanning tip during PFM imaging 
was in effect placing a metallic electrode on the top surface of the BFO. 
In this regard, when modeling polarization switching under positive 
bias voltage, a spatially uniform electric potential ϕ  = ϕ0 was applied 
on the top surface of VAN film while the Nb-doped STO substrate 
was grounded (ϕ  = 0  V). As a result, the applied electric field can be 
approximated as Eext= (0, 0, -φ0/d) with d being the thickness of the VAN 
film. The negative sign indicates that Eext was opposite to the direction 
of polarization at electrical remanence.

3D discretized cells of 80Δx × 80Δy × 40Δz was employed to describe 
a multi-phase system (including the Nb:STO substrate, the BFO-CFO 
nanocomposite thin film, and the free space), where Δx = Δy = Δz = 1 nm  
are cell size along x, y and z axes, respectively. Along the z-axis, the 
bottom 20 layers of cells (20Δz) were designated as the Nb:STO 
substrate, the middle 10 layers (10Δz) as the nanocomposite thin 
film, and the top 10 layers (10Δz) as the free space. The profile of 
strain distribution in BFO nanopillar was largely same as that 
obtained from the simulations with the thickness of the Nb:STO 
substrate being 40Δz. In the layers of BFO-CFO nanocomposite film, 
a cuboid-shaped BFO with a lateral size of 40Δx  × 40Δy was placed 

in the center of the film plane and embedded in the CFO matrix. 
For accelerating the computation, the size of the BFO nanopillar  
(40 nm × 40 nm ×10 nm) was scaled down by 5 times in simulation from 
the typical size of the BFO film in practice (200 nm × 200 nm × 50 nm).  
Since the aspect ratio remains unchanged, the profile of strain 
distribution remains unaffected (see Section S7, Supporting 
Information). Meanwhile, the isotropic gradient energy coefficient 
G11 was reduced (the energy penalty associated with the domain 
wall would then be reduced) to enable the formation of multiple 
ferroelectric domains in the BFO island as observed by PFM imaging 
(e.g., Figure 2d).

The material parameters that were used in the simulations were 
listed: for BFO, α1(T) = 4.9 × 105 × (T-1103) C−2 m2 N, α11  = 6.5 ×  
108 C−4 m6 N, α12  = 1 × 108 C−4 m6 N, and temperature T is in Kelvin. 
Q11  = 0.032 C−2 m4, Q12  =  −0.016 C−2 m4, and Q44  = 0.06 C−2 m4. The 
elastic stiffness coefficients c11 = 3 × 1011 Nm−2, c12 = 1.62 × 1011 Nm−2, 
and c44  = 0.69 × 1011 Nm−2. The relative permittivity εr  = 100. The 
isotropic gradient energy coefficient G11/G110 = 0.03 was chosen, where 
Δx = G /110 0α  and α0 =  |α1|T = 298 K.[76] For CFO, c11 = 2.57 × 1011 Nm−2, 
c12 = 1.5 × 1011 Nm−2, and c44 = 0.85 × 1011 Nm−2.[77] The elastic stiffness 
of STO was used for Nb:STO substrate, c11  = 3.17 × 1011 Nm−2, c12  = 
1.03 × 1011 Nm−2, and c44 = 1.24 × 1011 Nm−2.[78]

When numerically solving TDGL equation δ
δ

∂
∂ = −PP

PPt
FL , forward Euler 

method was used for time-marching with a reduced time step Δt*  = 
α0LΔt  = 0.04 and Δt is real-time step. Central finite difference was 
used for calculating spatial derivatives. The mechanical equilibrium 
equation ∇ · σ = 0 and electrostatic equilibrium equation ∇ · D = 0 were 
numerically solved using the Fourier spectral iterative method (FSIM),[79] 
where the Fourier transformation was performed using the recently 
developed Parallel 3D Fast Fourier Transforms (P3DFFT) library[80] for 
obtaining high scaling performance in parallelization. This FSIM method, 
which was being used in the commercial phase-field-based simulation 
package µ-Pro (mupro.co), permits a fast and accurate solution of the 
aforementioned two equilibrium equations. The numerical accuracy 
of the in-house FSIM-based solvers was demonstrated through 
benchmarking test against the static electrostatic and elasticity solvers 
in COMSOL Multiphysics (see results in Section  S8, Supporting 
Information).
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