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Remanent polarization is a key parameter of a ferroelectric material. A large remanent polariza-
tion is favorable for various ferroelectric applications. Here, we report a large remanent polarization
of 116.8 μC cm−2 observed in BiMg2/3Nb1/3O3 (BMN)-modified BiFeO3 (BFO) thin films, epitaxially
deposited on (001)-oriented SrTiO3 substrates buffered with La2/3Sr1/3MnO3 electrodes. Combined exper-
imental analyses and first-principles calculations reveal that the incorporation of 10 mol % BMN into
BFO increases both the intrinsic and extrinsic contributions, resulting in doubled polarization. The intrin-
sic polarization calculated for BFO-BMN is larger than that of BFO due to enhanced ionic displacements.
Compared with epitaxial BFO films in a rhombohedral structure with an interaxial angle of α = 89.72° and
quasitetragonal c/a = 1.018, the epitaxial BFO-BMN films become more tetragonal-like, with α = 89.91°
and c/a = 1.037. Moreover, a unique rotated twinning-domain structure is developed in the BFO-BMN
thin films, further increasing the out-of-plane polarization by rotating the [111] direction toward the
film’s normal. These results provide additional opportunities to increase ferroelectric polarization through
composition engineering.
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I. INTRODUCTION

Ferroelectric materials exhibit a wide spectrum of phys-
ical properties in response to electrical, mechanical, ther-
mal, and optical stimuli, making them attractive for appli-
cations in nonvolatile random-access memories, piezoelec-
tric transducers and sensors, photovoltaic cells, etc. [1–7].
The remanent polarization (Pr), as a key ferroelectric
parameter, lies in the core of various ferroelectric appli-
cations due to its strong coupling to various structural and
functional parameters and external stimuli [2,8,9]. For this
reason, a larger Pr is highly desired in most applications
to achieve a stronger response. For example, ferroelec-
tric thin films with a large polarization are able to store
more charges [10], making it easier to distinguish the “0”
and “1” states in ferroelectric random-access memories
[11–13]. A large polarization also means stronger adsorp-
tion of polar molecules on the surface of ferroelectric par-
ticles, which is advantageous for achieving more effective
catalysis [14,15].

BiFeO3 (BFO) has been intensively studied as a well-
known room-temperature single-phase multiferroic mate-
rial [5,16–19]. In particular, the high spontaneous polar-
ization (Ps ∼ 100 μC cm−2) of BFO makes it a promising
candidate for memory applications [20,21]. Bulk BFO
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has a rhombohedrally distorted perovskite structure in
the R3c space group with lattice parameter a = 3.965 Å
and interaxial angle α = 89.45° [22]. The low symmetry
of the rhombohedral cell allows four possible structural
variants (r1, r2, r3, and r4) with their spontaneous polariza-
tion along the 〈111〉 direction of the pseudocubic lattice,
producing eight possible domain variants with different
polarization directions (P1

+, P1
−, P2

+, P2
−, P3

+, P3
−,

P4
+, and P4

−) [23], as schematically shown in Fig. 1. This
gives rise to complicated domain patterns and additional
opportunities to tailor Pr [24,25]. In the case of epitaxial
BFO thin films, engineering of the strain [26,27], elec-
trostatic boundary [28], and chemical composition [26,
29,30] is used to manipulate polarization. The chemical-
composition-engineering strategy, by doping ions or form-
ing solid solutions, is widely accepted as a simple but
effective way because it modulates physical properties
drastically by changing the local lattice structure.

Bi-based perovskitelike compounds BiM ′M ′′O3
(M ′ = Zn2+, Mg2+, . . . ; M ′′ = Ti4+, Nb5+, . . . ) are fre-
quently used as a component to form solid solutions
with a variety of ferroelectrics to promote crystalliza-
tion quality and to enhance relaxor behaviors. These
solid solutions include NaNbO3-BiZn1/2Ti1/2O3 [31],
BaTiO3-BiMg1/2Zr1/2O3 [32], BaTiO3-BiZn2/3Nb1/3O3
[33], BaTiO3-BiMg2/3Nb1/3O3 [34], BFO-SrTiO3-BiMg2/3
Nb1/3O3, etc [35]. However, the improvement of Pr in a
BiM ′M ′′O3-modified ferroelectric is rare in the literature.
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FIG. 1. Schematic illustration of the four structural variants
(r1, r2, r3, and r4) in rhombohedral BFO, where the arrows rep-
resent eight polarization directions along the 〈111〉 directions of
the pseudocubic lattice.

Here, we report a large Pr of about 116.8 μC cm−2

in 10 mol % BiMg2/3Nb1/3O3-modified BFO (abbrevi-
ated hereafter as BFO-BMN) films, 540 nm in thickness,
and deposited epitaxially on La2/3Sr1/3MnO3 (LSMO)-
buffered (001)-oriented SrTiO3 (STO) substrates. The
origin of this large polarization is investigated by x-
ray diffraction (XRD), piezoelectric force microscopy
(PFM), transmission electron microscope (TEM), and first-
principles calculations.

II. EXPERIMENTAL METHODS

A. Film deposition

Both the BFO-BMN and BFO films are deposited
on (001)-oriented STO single-crystalline substrates by
pulsed-laser deposition, using a PLD20 KrF excimer laser
(λ = 248 nm, Excimer, China). Before deposition, com-
mercially available STO substrates are treated in NH4F-
buffered HF solution for 45 s, followed by annealing in
a flow of O2 at 950 °C for 75 min, to achieve a TiO2
single-terminated surface. LSMO, BFO, and BFO-BMN
thin films are all deposited under an oxygen pressure of
100 mTorr with a laser power density of 1.5 J cm−2. The
LSMO electrode is first deposited at 750 °C with a pulse-
repetition rate of 2 Hz. Then, the BFO or BFO-BMN films
are deposited at 650 °C with a pulse-repetition rate of 4 Hz
on the LSMO electrode. LSMO, BFO, and BFO-BMN
ceramic targets are prepared by conventional solid-state
reaction. 5% excess Bi is added to BFO and BFO-BMN
targets to compensate for Bi evaporation. Pt top elec-
trodes, 50 μm in diameter, are deposited through a shadow
mask at room temperature using an AJA Orion-8-UHV
sputtering system.

B. Characterization

The composition of the deposited BFO-BMN film is
analyzed by energy-dispersive x-ray spectroscopy (EDS)

coupled with a field-emission scanning electron micro-
scope (SEM, Zeiss Ultra 55). XRD measurements are
conducted with a Bruker D8 Discover high-resolution
diffractometer. The surface morphologies are imaged using
an Asylum Research Cypher-ES atomic force microscope
(AFM). The in-plane and out-of-plane domain configu-
rations are detected by PFM using the same AFM sys-
tem. The cross-section TEM samples are prepared with
a focused ion beam (Helios G4 UX, Thermo Fisher).
The dark-field TEM images and the selected-area elec-
tron diffraction (SAED) patterns are recorded on an
FEI TF20 microscope. The atomic resolution images
and EDS element-mapping results are acquired using
an aberration-corrected scanning transmission electron
microscope (STEM) equipped with a high-angle annular-
dark-field (HAADF) detector in an FEI Titan3 G2 60-300
microscope, operating at 300 kV. The polarization-electric
field (P-E) hysteresis loops and leakage-current charac-
teristics are measured using a standard ferroelectric tester
(Precision Multiferroic, Radiant Technologies).

C. First-principles calculations

The first-principles calculations are performed within
density-functional theory using projector-augmented-wave
(PAW) potentials, as implemented in the Vienna ab ini-
tio simulation package [36]. The generalized gradient
approximation of the Perdew-Burke-Ernzerhof function is
employed to describe the exchange-correlation interactions
[37]. For the PAW potentials, Bi 6s25d106p3, Mg 2s2,
Nb 4s24p65s14d4, Fe 4s23d6, and O 2s22p4 are treated as
valence electrons. A plane-wave cutoff energy of 550 eV
and 1 × 1 × 3 k-point grid mesh are used for integrations
within the Brillouin zone for the 4 × 4 × 2 (160-atom)
supercell. Total energies are converged within 10−7 eV for
structural optimization until the residual force convergence
on each atom is less than 1 meV Å−1. The VESTA package
is used to display the crystal structure [38]. Spontaneous
polarizations are calculated using Born effective charges
and atom displacements relative to the corresponding cen-
trosymmetric position with density-functional perturbation
theory [39].

III. RESULTS AND DISCUSSION

A. Structural characterization

The EDS spectrum of the deposited BFO-BMN film
shows a film composition of Bi:Fe:Mg:Nb = 1:0.938:0.050:
0.039 (see Supplemental Material S1 [40]), in agreement
with the nominal value. Figure 2(a) shows the XRD θ -
2θ pattern of the BFO-BMN film deposited on (001)
LSMO/STO substrate. Only (00l) peaks from BFO-BMN,
LSMO, and STO are observed, indicating the formation
of a single-phase film. The (00l) peak positions of the
BFO-BMN film yield an out-of-plane lattice constant, c,
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FIG. 2. (a) XRD θ -2θ pattern of the BFO-BMN film deposited on (001) LSMO/STO; (b) ϕ scans of the {202} reflections of the
BFO-BMN film and STO substrate; (c) AFM image of the BFO-BMN film surface; (d) out-of-plane PFM phase image, and in-plane
PFM phase images measured with the cantilever aligned along (e) [100] and (f) [010] directions of the BFO-BMN film. Insets in
(e),(f) show possible directions of polarization for both yellow and purple contrasts; (g) magnified images of in-plane PFM phases,
and corresponding distribution of four structural variants for the regions marked with white squares in (e),(f).

of about 4.065 Å, which is larger than that of bulk BFO-
BMN (3.968 Å) due to the compressive in-plane strain
imposed by the substrate (see the Supplemental Material
S2 [40]). XRD ϕ scans of the {202} reflections of both
the BFO-BMN film and the STO substrate are performed
to analyze the in-plane structural relationships, as shown
in Fig. 2(b). The four peaks at 90° intervals in ϕ corre-
spond to the fourfold symmetry of the (202) plane. The
well-aligned {202} peaks of BFO-BMN and STO reveal
a high-quality epitaxy. As checked by AFM, the BFO-
BMN film surface exhibits a root-mean-square roughness
of 5.23 nm over an arbitrarily selected 3 × 3-μm2 area, as
shown in Fig. 2(c). After poling with −30 and +30 V
on the left and right halves of the central 2 × 2-μm2 area,
respectively, the out-of-plane PFM phase is imaged, as
shown in Fig. 2(d). The two domains with 180° phase con-
trast indicate electric-field-induced polarization switching,
which is a demonstration of the ferroelectric nature. The
domains written on the BFO-BMN film remain stable for
at least 24 h, indicating excellent polarization retention of
BFO-BMN, which is better than that of the pure BFO film
(see the Supplemental Material S3 [40]). The phase con-
trast of the as-deposited region is homogeneous and is the
same as that of the negative-voltage-poled area, indicat-
ing that the out-of-plane polarization of the as-deposited
BFO-BMN film is preferentially pointing upward. The in-
plane PFM phase images of the as-deposited BFO-BMN

film are recorded with the cantilever aligned along the
[100] and [010] directions, as shown in Figs. 2(e) and 2(f),
respectively. Note that, for both yellow and purple con-
trasts, there are two possible directions of polarization, as
shown in the insets. The results indicate that the in-plane
polarization of the BFO-BMN film points to four differ-
ent orientations [26]. Combining both out-of-plane and
in-plane PFM images, all four structural variants, r1–r4,
can be identified in the BFO-BMN film with preferen-
tial polarization P1

+, P2
+, P3

+, and P4
+ (Fig. 1). To be

more explicit, Fig. 2(g) shows magnified in-plane PFM
images of the areas marked with white squares in Figs. 2(e)
and 2(f), and the corresponding distribution of these four
structural variants is shown in the right panel.

Detailed structural information is collected from x-
ray reciprocal-space-mapping (RSM) measurements. Fig-
ures 3(a) and 3(b) show the RSM measurements around
the (002) reflections of STO for BFO-BMN/LSMO/STO
heterostructures at two different in-plane orientations with
ϕ = 0° and ϕ = 45°, respectively, where ϕ denotes the
angle between the [100] axis of STO and the projection
of the incident x-ray beam on the (00l) plane of STO. At
ϕ = 0°, the (002) reflection of BFO-BMN shows a horizon-
tal split into two peaks, as shown in Fig. 3(a), which can
be attributed to the existence of two sets of (002) planes
in the sample. The two peaks deviate slightly from H = 0,
indicating that the (002) plane of the BFO-BMN film is
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FIG. 3. RSM measurements around the (002) reflections of the STO substrate at ϕ = 0° and 45°, and RSM measurements around
the (103) and (013) reflections, respectively, for (a)–(d) BFO-BMN and (e)–(h) BFO films. Reciprocal lattice unit (r.l.u.) is normalized
to the STO substrate (1 r.l.u. = 2π /3.905 Å−1); (i) schematic illustration of rotation of the rhombohedral twinning structure for the
epitaxial BFO-based films on LSMO/STO substrates. Black arrows in different structural variants show the polarization direction
along 〈111〉.

not parallel to that of the STO substrate, but rotated oppo-
sitely with respect to the [100] direction at an angle of
ω = ±0.33°. In contrast, the (002) reflection of the BFO-
BMN film splits horizontally into three peaks at ϕ = 45°,
as shown in Fig. 3(b), suggesting that there are three sets of
(002) planes observed from this direction. Referring to the
structural variants of rhombohedral ferroelectrics proposed
by Streiffer et al. (Fig. 1) [23], at ϕ = 0°, the (002) plane
of r1 overlaps with that of r4, and the (002) plane of r2
overlaps with that of r3, giving rise to the two (002) peaks
observed in Fig. 3(a). At ϕ = 45°, the (002) plane of r2
overlaps with that of r4, parallel to the (00l) plane of STO,
whereas r1 and r3 are rotated oppositely with respect to the
[110] direction at an angle of ω = ±0.52°, leading to three
peaks, with the middle one having stronger intensity than
the other two, as observed in Fig. 3(b). Therefore, there are
four rotated twinning-domain variants in the BFO-BMN
film, as proposed previously [23]. Figure 3(i) schemati-
cally shows these four rotated domain variants on the (001)
LSMO/STO substrate, viewed along the [010] direction.
The asymmetric (103), (013), (1̄03), and (01̄3) reflections
of the BFO-BMN film also exhibit two peaks with almost
the same L but different H and K values, as shown in
Figs. 3(c) and 3(d) and Fig. S4 within the Supplemen-
tal Material [40]. Peak splitting in both (H0L) and (0KL)
further confirms the coexistence of four rotated twinning
domains, which typically occurs for epitaxial BFO-based
films [41,42]. The splitting along the [100] and [010] direc-
tions also suggests the predominant 109° domains in the
film [43,44].

As a reference, RSM measurements around the (002)
and {103} reflections for the BFO film are shown in
Figs. 3(e)–3(h) and Fig. S5 within the Supplemental

Material [40]. A broad reciprocal lattice point is observed
for the (002) reflection at both ϕ = 0° and 45°, whereas
slight splitting along H (K) and L directions is detected
for all {103} diffraction peaks of BFO. The weak inten-
sities of the structural variants indicate that the in-plane
twinning structure is initiated, but the out-of-plane twin-
ning rotation is not fully developed in the BFO film. A
similar phenomenon for the formation and rotation of the
twinning structure was reported previously. For example,
Daumont et al. reported the structural evolution from a
fully coherent lattice to a partially relaxed one with the
formation of in-plane twins in BFO films on STO sub-
strates as the film thickness increases from 12 to 18 nm
[45]. Liu et al. studied a 720-nm-thick epitaxial BFO
film deposited on SrRuO3/STO, showing rhombohedral
twins with out-of-plane twinning rotation [46]. Panch-
wanee et al. observed the rotated orthorhombic twins in
the epitaxial SmFeO3 film on the LaAlO3 substrate [47].
Previous research pointed out that lattice rotations and
modulations in epitaxial films could be induced by misfit
strain [48]. During epitaxial deposition, lattice mismatch
and symmetry mismatch results in normal strain and shear
strain, respectively, causing a complex lattice-relaxation
process as the elastic energy accumulates with increas-
ing film thickness. The rotation of the twinning domain
provides a possible way to alleviate the constraint of the
underlying substrate and thereby partially relaxing the
strain [49–51]. As schematically shown in Fig. 3(i), the
twinning domains may be coherent with the substrate in the
initial stage and the lattice rotates gradually to achieve an
unconstrained configuration, reducing the elastic energy.
By comparing the RSM measurements of the BFO-BMN
and BFO films, the BFO film is closer to the constrained
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structure coherent with the substrate lattice, while the
BFO-BMN film is closer to the unconstrained one with
rotated twins. A comparison of the (103) reflections for 60-
nm-thick BFO-BMN and BFO films are shown in Fig. S6
within the Supplemental Material [40]. The thin BFO film
exhibits only a single peak. However, horizontal peak split-
ting, demonstrating the rotated twinning domains, can still
be observed clearly in the 60-nm-thick BFO-BMN film.
These results suggest that the introduction of BMN into
BFO facilitates the formation of rotated twinning domains.

Another effect of the incorporation of BMN into the
BFO film is reflected by the changes in the crystal struc-
ture. From the RSM measurements shown in Fig. 3
and Figs. S4 and S5 within the Supplemental Material
[40], the in-plane and out-of-plane lattice constants of
the BFO-BMN film are calculated to be a ≈ b ≈ 3.919 Å
and c ≈ 4.065 Å, resulting in a large tetragonality with
c/a = 1.037. The lattice parameters correspond to a dis-
torted rhombohedral cell with α = 89.91°. In contrast, the
lattice constants of the BFO film can be extracted as
a ≈ b ≈ 3.935 Å, c ≈ 4.004 Å, and α = 89.72°, yielding
a quasitetragonal c/a of 1.018. Bulk BFO is rhombohe-
dral, with α = 89.45° and pseudocubic c/a = 1.000 [22].
Epitaxial BFO-based films can be tetragonal-like due to

epitaxial strain from the substrates. For example, the BFO
film deposited on SrRuO3/STO is tetragonal-like, with
α = 89.50° and c/a = 1.016 [17]. This indicates that the
BFO film lattice here is not fully relaxed to the bulk
rhombohedral unit cell but is close to that of the reported
tetragonal-like epitaxial film. The crystal structure of the
BFO-BMN film is even closer to tetragonal than our BFO
film and the reported BFO film deposited on SrRuO3/STO
[17]. It should be noted that the monoclinic phase is widely
considered as a structural bridge at the rhombohedral-
to-tetragonal transition. Distinguished by RSM measure-
ments, the so-called “tetragonal-like” structure here is
indeed a MA-type monoclinic phase [30,52,53]. But for
simplicity here, we focus on the structural comparison
of BFO-BMN and BFO thin films. It can be concluded
that the incorporation of BMN into the BFO film gives
rise to a more tetragonal-like structure with an increased
tetragonality, c/a, than that of the pure BFO film.

The domain structure of the BFO-BMN film is fur-
ther verified by TEM. Figure 4(a) shows the cross-section
dark-field TEM image of the BFO-BMN/LSMO/STO het-
erostructure recorded along the [010] zone axis of the STO
substrate. Domains with bright and dark contrasts are sep-
arated by vertical (100)-type domain walls, indicating the

(d)

(a) (b) (c)

FIG. 4. (a) Cross-section dark-field TEM image of BFO-BMN/LSMO/STO heterostructure taken along the [010] zone axis of STO;
(b) SAED pattern captured from a region including 109° domain walls close to the BFO-BMN film surface. Inset in the upper-right
corner shows a magnified image of the diffraction spots indicated by the green square. Green arrows indicate splitting of the high-
order diffraction spots; (c) HAADF STEM image with a map of B-site-cation displacement vectors overlaid across a vertical domain
boundary in the BFO-BMN film. Yellow arrows denote the displacement vectors of B-site Fe3+, Mg2+, or Nb5+. Red dashed line
indicates the 109° domain wall. Red and blue circles at both sides of the domain wall denote the Bi and Fe, Mg, or Nb columns,
respectively; (d) cross-section HAADF STEM image of BFO-BMN/LSMO/STO and corresponding EDS mapping for Ti, Mn, Fe, Bi,
Mg, Nb, and Pt.
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(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 5. (a)–(h) Possible atomic configurations of the BFO-BMN supercells viewed from the [001] direction.

existence of 109° domains in the film [43,44]. Figure 4(b)
shows the SAED pattern captured from the region, includ-
ing the vertical domain boundary. The diffraction ring is
from the top Pt protective layer. The (001) and (100) planes
have different spacings, with d(001)/d(100)= 1.032, which is
comparable to the value of c/a = 1.037 obtained by XRD.
The split along the [100] direction in the high-order diffrac-
tion spots, as indicated by green arrows in the magnified
image in the inset of the SAED pattern, again reveals the
presence of 109° domain walls. Figure 4(c) shows the
atomically resolved HAADF STEM image with a super-
position of B-site-cation displacement vectors, which is
taken across a vertical domain boundary (red dashed line).
Since the contrast of a HAADF STEM image is propor-
tional to the atomic number of the columns by Z2, one can
identify the atoms directly from the contrast. Here, the Bi
columns appear as the brightest dots, and the Fe (Mg or
Nb) columns show weaker contrast, as depicted by red and
blue circles in the image. Based on the HAADF STEM
image, the domain structure can be identified according to
the displacement vectors of B-site Fe3+ (Mg2+ or Nb5+)
relative to the center of mass of the four-nearest A-site
Bi3+ neighbors [54–56]. The yellow arrows denote the
displacement vectors of B-site cations, which indicate the
presence of two domains in a 109° orientation relation.

The corresponding domain wall is marked with a red
dashed line. The cross-section HAADF STEM image of
BFO-BMN/LSMO/STO and corresponding EDS elemen-
tal mapping results are shown in Fig. 4(d). As expected,
target elements of Ti, Mn, Fe, Bi, Mg, Nb, and Pt are
distributed uniformly in the designed layers without obvi-
ous interfacial diffusion. The thicknesses of the BFO-BMN
film and LSMO layer are identified to be 540 and 11 nm,
respectively.

B. First-principles calculations

First-principles calculations are performed to explore
the energetically stable structure and corresponding polar-
ization after the incorporation of BMN into BFO. A
4 × 4 × 2 supercell with 29 Fe, 2 Mg, and 1 Nb atoms
on the B site is used. The space groups assumed for the
supercells of bulk BFO-BMN and BFO are P1 and R3c,
respectively. Here, 9.375-mol % BMN-substituted BFO is
selected for simplicity, which is close to the composi-
tion in experiments. Possible configurations with different
B-site atomic distributions are considered and shown in
Figs. 5(a)–5(h) and Table S1 within the Supplemental
Material [40]. It is found that the configuration with MgO6
and NbO6 octahedra connected end to end along the [010]

TABLE I. Comparison of the calculated structural parameters of BFO and BFO-BMN supercells.

Material Strain Lattice parameters Ion displacement (Å)

a (Å) b (Å) c (Å) α (°) β (°) γ (°) c/a A site B site

BFO Relaxed 3.936 3.936 3.936 89.602 89.602 89.602 1.000 0.551 0.184
Strained 3.905 3.905 3.954 89.634 89.634 89.602 1.013 0.546 0.177

BFO-BMN Relaxed 3.942 3.944 3.945 89.575 89.574 89.579 1.001 0.574 0.205
Strained 3.905 3.905 3.990 89.715 89.711 89.579 1.022 0.547 0.186
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TABLE II. Calculated polarization of BFO and BFO-BMN supercells.

Material Strain Polarization (μC cm−2)

Px//[100] Py //[010] Pz//[001] Ps

BFO Relaxed 52.5 52.5 52.5 90.9
Strained 49.5 49.5 55.8 89.4

BFO-BMN Relaxed 53.5 54.1 51.9 92.1
Strained 50.4 51.4 59.0 93.1

direction is the most stable structure [Fig. 5(a)]. The lin-
ear arrangement of doped atoms is reasonable, taking into
account the coulomb interactions between Mg′

Fe and Nb..
Fe.

Both epitaxial BFO-BMN and BFO films exhibit some
degrees of distortion from the bulk rhombohedral phase
to a tetragonal-like structure due to in-plane compres-
sive strains (Fig. 3). For comparison, structural parameters
and ferroelectric polarizations are calculated for the fully
relaxed (bulk) and fully strained states, as listed in Tables I
and II, respectively. Bulk BFO-BMN has a larger lattice
constant and stronger rhombohedral distortion than that of
bulk BFO (Table I), causing a larger misfit strain than BFO
during epitaxial deposition on LSMO/STO, and hence,
higher elastic energy than BFO. In that case, a rotated

twinning structure tends to form in the BFO-BMN film
to alleviate the constraints of the substrate, and thereby,
partially relax the strain. Under the fully strained states,
both BFO-BMN and BFO exhibit a structural change from
a rhombohedral cell to a tetragonal-like one. The lattice
of BFO-BMN is even closer to being tetragonal, with a
smaller rhombohedral distortion and an increased c/a than
BFO. These results are in agreement with those obtained
from Fig. 3. As listed in Table II, the spontaneous polar-
ization, Ps, along the [111] direction of bulk BFO-BMN
is increased by about 1.3% compared with that of bulk
BFO. The increase in intrinsic polarization is associated
with the increase of A- and B-site ionic displacements.
When compressive epitaxial strain is taken into account,

(a)

(c) (d)

(b)

FIG. 6. (a) Schematic illustration of the BFO-based film capacitors for electrical measurements. (b) P-E hysteresis loops; (c) coer-
cive field, Ec, and remanent polarization, Pr; and (d) leakage current density as a function of electric field for epitaxial BFO-BMN and
BFO films.
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Ps usually shifts from the [111] direction toward the [001]
direction, as a result of increased tetragonality, c/a, lead-
ing to an increase of out-of-plane polarization, Pz [57]. For
both BFO and BFO-BMN, although the overall Ps remains
almost the same, the in-plane compressive strain decreases
the in-plane polarization, Px and Py , but increases the out-
of-plane polarization, Pz. In particular, Pz is increased by
about 13.7% in BFO-BMN, which is greater than 6.3% in
BFO fully strained to the STO substrate. The introduction
of BMN into BFO also leads to a 5.7% increase in Pz.
Therefore, forming solid solutions with BMN is an effec-
tive way to enhance the remanent polarization of epitaxial
(001) BFO films.

C. Electrical characterization

Electrical measurements are performed on the Pt/BFO-
BMN/LSMO and Pt/BFO/LSMO capacitors, as schemati-
cally shown in Fig. 6(a). The P-E hysteresis loops of the
epitaxial BFO-BMN and BFO films are shown in Fig. 6(b)
and Fig. S7 within the Supplemental Material [40]. Cor-
responding coercive field, Ec, and remanent polarization,
Pr, values of BFO-BMN and BFO as functions of electric
field are shown in Fig. 6(c). Both films exhibit squarelike
hysteresis loops. Ec and Pr increase with an increase of
the applied external field until they saturate, as a result
of more complete domain switching under a higher elec-
tric field. The larger Ec observed in the BFO-BMN film
may be ascribed to disorder induced by substitution that
is detrimental to domain-wall mobility [58,59]. The BFO-
BMN film shows quite a large Pr of 116.8 μC cm−2, with
a significant enhancement from that of the undoped BFO
film (Pr = 79.6 μC cm−2). The Pr value of the BFO-BMN
film is comparable to that of supertetragonal (c/a > 1.2)
BFO films (Pr ∼ 130–150 μC cm−2) [30,60], much larger
than those of previously reported tetragonal-like epitax-
ial BFO (Pr ∼ 55 μC cm−2) [17] and Mn-doped BFO
films (Pr ∼ 75 μC cm−2) [26]. This remarkably enhanced
polarization in the BFO-BMN film can be attributed to
the following three aspects: (i) first-principles calculations
suggest that the introduction of BMN into BFO leads to
a 5.7% increase in Pz under compressive strain; (ii) from
the lattice parameters determined by the RSM measure-
ments, the structure becomes more tetragonal-like with an
increased tetragonality, c/a, after the addition of BMN;
and (iii) the polarization extracted from in P-E measure-
ments is actually the spontaneous polarization projected
along the out-of-plane direction. The rotated twinning-
domain structure results in an elongated projection onto the
[001] direction, contributing to an increased Pr. In addi-
tion, the BFO-BMN film shows a leakage current density
of 7.6 × 10−4 A cm−2, which is about 3 orders of mag-
nitude lower than that of the pure BFO film, as shown
in Fig. 6(d). The relatively low leakage current density is
favorable for device applications.

IV. CONCLUSION

Epitaxial BFO-BMN and BFO films are deposited
on (001)-oriented STO substrates with a LSMO buffer
layer. Structural analyses show a unique rotated twinning-
domain structure that develops in the BMN-modified BFO
film, serving to partially relax epitaxial strain. By incor-
porating BMN, the lattice of the film becomes closer to
a tetragonal structure, with an increased α from 89.72° to
89.91°, together with an increased tetragonality, c/a, from
1.018 to 1.037. The BFO-BMN film exhibits a large Pr of
116.8 μC cm−2, as a synergic effect of the increased intrin-
sic polarization, the increased tetragonality, and the rotated
twinning domains upon incorporating BMN. These results
demonstrate an effective composition-engineering strategy
to optimize ferroelectric polarization.
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