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Enhancement of polarization and related properties in heteroepitaxially con-
strained thin films of the ferroelectromagnet, BiFeO,, is reported. Structure analysis
indicates that the crystal structure of film is monoclinic in contrast to bulk, which
is rhombohedral. The films display a room-temperature spontaneous polarization
(50 to 60 microcoulombs per square centimeter) almost an order of magnitude
higher than that of the bulk (6.1 microcoulombs per square centimeter). The
observed enhancement is corroborated by first-principles calculations and found to
originate from a high sensitivity of the polarization to small changes in lattice
parameters. The films also exhibit enhanced thickness-dependent magnetism com-
pared with the bulk. These enhanced and combined functional responses in thin film
form present an opportunity to create and implement thin film devices that actively
couple the magnetic and ferroelectric order parameters.

Materials that have coupled electric, magnetic,
and structural order parameters that result in
simultaneous ferroelectricity, ferromagnetism,
and ferroelasticity are known as multiferroics (7,
2). These compounds present opportunities for
potential applications in information storage, the
emerging field of spintronics, and sensors.
There has been recent research interest in a
number of prototypical magnetic ferroelectrics,
including YMnO,, a hexagonal perovskite that
is antiferromagnetic [Neél temperature (7) be-
tween 70 and 130 K] and ferroelectric [Curie
temperature (7;.) between 570 and 990 K] in the
ground state (3, 4), and BiMnO,, a monoclinic
perovskite that is both ferromagnetic (7, ~ 100
K) and ferroelectric (7. ~ 450 K) (5— 7). The
perovskite BiFeO, is ferroelectric (7. ~ 1103
K) and antiferromagnetic (7, ~ 643 K), exhib-
iting weak magnetism at room temperature due
to a residual moment from a canted spin struc-
ture (2). The structure and properties of the bulk
single crystal form have been extensively stud-
ied (8—13), and it has been shown to possess a
rhombohedrally distorted perovskite structure
(@=b=c=563Aa=p=vy=594%at
room temperature. In single crystals, the spon-
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taneous polarization (P,) is 3.5 microcoulombs
per square centimeter (wC/cm?) along the (001)
direction, indicating a value of 6.1 wC/cm?
along the (111) direction at 77 K (0). Transport
measurements in the bulk have been hampered
by leakage problems, likely a result of defects
and nonstoichiometry, which have limited the
applications of this material. To overcome this
obstacle, recent work has focused on solid
solutions of BiFeO, with other ABO, (where
A is the cation at the vertices of the cube and
B is the cation at the body center) materials,
such as BaTiO,, which can prevent second-
phase formation and increase sample resistiv-
ity. For example, Ueda ef al. reported a rema-
nent polarization of 2.5 pC/cm? in a
(Bi, ,Ba, ;)(Fe, ,Ti, ;)05 film (14).

An important aspect that emerges upon
examination of the properties of bulk BiFeO,
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(single crystal or ceramic) is that the parent
compound has a spontaneous polarization
value that is significantly smaller than the
expected value for a ferroelectric with such a
high T (for example, lead titanate, with a T
of ~763 K, has a spontaneous polarization of
80 to 100 wC/cm?.) Indeed, this anomaly has
been noted in an earlier report (10). It is not
clear whether this is a result of intrinsic ma-
terial properties or of limitations imposed by
leakage and imperfect material quality in
bulk. The resolution of this issue was the
initial motivation of this study, which focuses
on creating a model thin-film BiFeO, system
by using oxide heteroepitaxy.

In our experiments, we grew phase-pure
BiFeO,; (BFO) thin films in the thickness
range of 50 to 500 nm by pulsed laser depo-
sition (PLD) onto single crystal SrTiO,(100)
(STO) substrates. To ensure heteroepitaxial
growth, we chose the conducting perovskite
oxide electrode, StRuO, (SRO) (I5) [see
supporting online material (SOM) text for
growth and characterization details].

Large angle x-ray scans (20° to 80°)
showed only diffraction peaks from the sub-
strate and (001) pseudocubic reflections from
the heterostructure. We did not observe any
reflections that would be indicative of second
phases. A small section of the x-ray diffrac-
tion spectra from films of varying thickness
(Fig. 1A) demonstrates the dependence of the
BFO out-of-plane lattice parameter on film
thickness (Fig. 2D). Selected area electron
diffraction (SAED) patterns (Fig. 1B), as well
as low-magnification bright field images, ob-
tained from a (100) cross section confirm the
single crystalline quality of the BFO layer.
Analysis of the SAED pattern from a 200-nm
sample reveals that the (010) and (001) re-
flections have different spacings, yielding a
ratio of 1.016. Indexing of this SAED pattern
with pseudocubic indices yields an in-plane
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Fig. 1. (A) (003) peaks from x-ray 6-26 scans showing the effect of film thickness on heteroepitaxial
strain. As the film thickness is increased from 70 to 400 nm, the peak position progressively
increases (black line, 70 nm; red line, 100 nm; blue line, 200 nm; and green line, 400 nm), indicating
a decrease of the out-of-plane lattice parameter. (B) The SAED pattern confirms the structure

distortion.
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parameter of 3.935 A and an out-of-plane
parameter of 4.0 A. Careful analysis of the
crystal structure using four-circle x-ray dif-
fraction suggests a tetragonal-like crystal
structure with the ¢ axis normal to the sub-
strate surface, with a small monoclinic dis-
tortion of about 0.5°. These experimental ob-
servations can be interpreted as a conse-
quence of a compressive stress imposed by
the SRO electrode, which has an in-plane
lattice parameter smaller than that of BFO.
These results lead to two key observations: (i)
heteroepitaxial, in-plane compressive stress
imposed by the epitaxial bottom electrode
allows growth of a monoclinic crystal struc-
ture in BFO, and (ii) the degree of compres-
sive stress progressively decreases with in-
creasing BFO thickness (as expected).

We investigated the effect of this constrained
crystallographic state in the BFO layer on its
physical properties. Ferroelectric properties
were characterized using polarization hysteresis
and pulsed polarization measurements. In the
hysteresis loop that we measured at a frequency
of 15 kHz for the 200-nm-thick film (Fig. 2A),
the observed remanent polarization (P, 50 to 60
wC/em?) is an order of magnitude higher than
the highest reported value of 6.1 wC/cm? from
bulk BFO. To confirm this result, we mea-
sured the polarization characteristics under a
pulsed probe condition, which is less likely to
be convoluted by leakage and nonlinear di-
electric effects. The pulsed remanent polariza-
tion (defined as AP = P* — P" ~ 2P, where
P* is the switched polarization and P" is the
nonswitched polarization) [measured using
10-ps wide pulses (Fig. 2B)] shows a sharp
increase of AP about 15 megavolts (MV) per
meter, reaching a value of about 100 wC/cm?
at 55 MV/m. The films display resistivity
values of ~10° ohm:cm, which is comparable
to values obtained for epitaxial Ti-rich lead
zirconate titanate (PZT) films. This polar state
was found to be stable, as evidenced by po-
larization retention experiments conducted
over several days. Additional support for the
spontaneous polar state comes from piezo-
electric measurements. The piezoelectric hys-
teresis loop (Fig. 2C), measured using a scan-
ning force microscope (see SOM text for tech-
nique details), shows a remanent out-of-plane
piezoelectric coefficient (d,;) value of 70 pm/
V, representing the piezoresponse of the film
in the fully clamped state, which is compara-
ble to the value obtained from Ti-rich PZT
films (Zr/Ti ratio of 20/80) (16). Figure 2D
summarizes the thickness dependence of the
polarization and piezoelectric coefficient. The
polarization increases and the d,, value de-
creases as the film thickness is decreased. The
small signal out-of-plane dielectric constant
(g,5) follows the same trend as the d,; mea-
surements. In the case of epitaxial PbTiO, and
BaTiO; films, in-plane compressive stresses

lead to a decrease of €,, along with an en-

hancement of the spontaneous polarization
(17). The thickness dependence observed
(Fig. 2D) can be similarly understood as a
direct consequence of the induced compres-
sive stress imposed by heteroepitaxy.

To understand the experimental data at the
atomic level, we turned to first-principles
calculations of total energy and polarization.
These calculations were carried out within a
local spin-density approximation (LSDA)
with a plane wave basis set and projector-
augmented wave pseudopotentials using the
Vienna  Ab-initio  Simulation Package
(VASP) (18-20). [All calculations have been
verified with another plane wave-pseudopo-
tential package, ABINIT (27).] For a number
of ferroelectric oxides, the spontaneous po-
larization has been accurately computed from
first principles (22) using the Berry-phase
formalism (23, 24). For a given structure, this
determines a discrete set of allowed values
for the electronic contribution to the polariza-
tion P, + 2eR/(), where R is a lattice vector,
() is the unit cell volume, and e is the charge
of the electron. The possible values for the
change in total polarization with switching
(equal to twice the spontaneous polarization)
P are therefore 2P, + 2eR/). Here, we
report a single value for spontaneous polar-
ization, Pg, parallel to a given direction.

We first investigated the bulk rhombohe-
dral phase by optimizing the structural pa-
rameters of BiFeO, in a 10-atom unit cell
with space group R3c (Fig. 3A). The struc-
ture can be described as a distorted perovs-
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kite. The ground state was found to be an
antiferromagnetic insulator with a lattice con-
stant of 5.459 A and a rhombohedral angle of
60.36°, as compared with the experimental
values 5.6343 A and 59.348° (13), which are
within the deviations typical of the LSDA.
The absence of centrosymmetry in R3c per-
mits the relative displacements of the atomic
sublattices along (111), most notably those of
Bi with respect to the distorted FeO, cages.
The minimum energy structure has values of
these displacements in excellent agreement
with the experimental structural determina-
tions. The Berry-phase calculation yields a
spontaneous polarization of +6.61 wC/cm?
along (111), in excellent agreement with the
reported bulk value of 6.1 pC/cm?.

For the thin-film phase, we considered a
tetragonal structure based on the cubic per-
ovskite structure with symmetry lowered to
P4mm (i.e., we neglected the small monoclin-
ic distortion). The lattice parameters were
fixed to the pseudotetragonal parameters
measured for the 200-nm film (a = 3.935A
and c/a = 1.016). Computations were per-
formed with a body-centered tetragonal unit
cell, which was necessary to accommodate
the G-type antiferromagnetic ordering. The
key results of our calculations for the thin
film are shown in Fig. 3, C and D. The
magnitudes of the ionic displacements rela-
tive to the centrosymmetric strained perovs-
kite structure were found to be extremely
large: relative to the Bi ion, the Fe (Wyckoff
position 4b) and apical O (4b) are displaced

N
o
T

AP (uC/cm?)
3 3
\

20

) N .

0 10 20 30 40 50 60
Electric Field (MV/m)

s
4.05

% g

4.04 e

80 3

4.03 S

70 =

4.02 5

&

4.01 60 ¢

50 &

4.00 g

3.99 40 o

<

50 100 150 200 250 300 350 400
Film Thickness (nm)

Fig. 2. (A) A ferroelectric hysteresis loop measured at a frequency of 15 kHz, which shows that the
film is ferroelectric with P_ ~ 55 p.C/cm?. (B) Pulsed polarization AP versus electric field measured
with electrical pulses of 10-ps width. (C) A small signal d; for a 50-pm capacitor. (D) A summary
of the thickness dependence of out-of-plane lattice parameter, polarization, and d,;. The small
signal dielectric constant (27) follows the same trend as the d,.
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by about 9% (of the ¢ axis parameter) and
13%, respectively, and the equatorial O at-
oms (8c) by nearly 18%. (Figure 3B is a

schematic tetragonal BiFeO, unit cell.) The
Fe displacement along the Fe-O(4b) chain is
negligible, whereas the oxygen octahedron is

A B a=3.935 A
* )
C D
Rhombohedral R3c (P, || [111]) Tetragonal P4mm (P || [001])
LSDA  Expt LSDA  Expt
Bi (2a) x 0 0 Bi (la) z (0]
Fe (2a)x  0.2308 0.22077 Fe(lbyz 041
O (6b)x 05423 0.5279 0,(1b)z -0.101
y 09428 0.9333 0,(2c)z  0.367
z 03980 0.3948
a(A) 5.4590 5.6343 a(A) 3.935" 3.935
a () 60.36  59.348 cla 1.016" 1.016
V (A?) 115.98 124.601 V (A3) 61.91" 61.91
Ps(uClcm?) 6.61 6.1 P,(MC/cm?) 63.2  50-60

Fig. 3. Schematic of the prototypical rhombohedral (A) and tetragonal (B) BiFeO unit cells. (Note
that computations were performed with a 10-atom body-centered tetragonal unit cell, which was
doubled to accommodate the G-type antiferromagnetic ordering.) The corresponding atomic
positions and spontaneous polarizations from first-principles calculations are shown in (C) and (D),
respectively. Structural parameters for the rhombohedral R3c phases were taken from (73). The
asterisks in (D) indicate that lattice parameters were fixed to the experimental values of the
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Fig. 4. Magnetic hysteresis loops measured by vibrating sample magnetometry for a 70-nm-thick
BFO film, showing an appreciable saturation magnetization of ~150 emu/cm?® and a coercive field
of ~200 Oe. The in-plane loop is shown in blue, and the out-of-plane loop is in red. Inset (a) shows
the thickness dependence of saturation magnetization, illustrating the effect of heteroepitaxial
constraint. Inset (b) is a preliminary ME measurement result showing a maximum value of ~3

V/cm-Oe and hysteresis about 200 Oe.
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distorted by relative displacement of the
equatorial and apical oxygens. The Berry-
phase calculation yields a spontaneous polar-
ization of +63.2 wC/cm? along (001), which
is consistent with the experimentally ob-
served large values of polarization of our
(001)-oriented films. Although there may be
other tetragonal structures that are lower in
energy (the energy per unit cell is about 0.4
eV per formula unit greater than the opti-
mized rhombohedral structure), this result
shows that a dramatically different polar-
ization can be obtained with a relatively
small change in the lattice parameters.

The results demonstrate the influence of
heteroepitaxial constraint on the crystal struc-
ture and ferroelectric responses in the BFO thin
film. We now turn our attention to the magnetic
response. The field-dependent magnetization is
shown for a 70-nm-thick film (Fig. 4). The Fig.
4 inset (a) shows the thickness dependence of
the magnetization. For the thinnest film that we
measured (70 nm), the saturation magnetization
was ~150 electromagnetic unit (emu)/cm?
(corresponding to ~1 g per unit cell); as film
thickness increases to 400 nm, magnetization
decreases to ~5 emu/cm?. The films exhibit
enhanced magnetization values as compared to
the bulk ceramic (25), although the lack of any
published data on single crystals precludes any
detailed comparative evaluation. The observa-
tion of a thickness dependence of the magneti-
zation points to the effect of the mismatch strain
on the magnetic response. The coupling of elec-
tric and magnetic orders in BFO gives rise to a
magnetoelectric (ME) effect. A quasistatic set-
up (26) was used to determine the ME dE/dH
coefficient (where £ is the electric field and H
is the magnetic field) of the epitaxial films.
The preliminary result, shown in the Fig. 4
inset (b), indicates a dE/dH coefficient as
high as 3 V/cm:Oe at zero field.

Our work presents direct experimental evi-
dence for the heteroepitaxial stabilization of a
monoclinic phase with large spontaneous polar-
ization in the ferroelectromagnet system,
BiFeO,. These films also show a significant
enhancement of magnetization compared with
the bulk. A strong piezoelectric response of
~70 pm/V provides the basis for creating lead-
free piezoelectrics for sensors and actuators.
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Taming Winfree Turbulence of
Scroll Waves in Excitable Media

Sergio Alonso,” Francesc Sagués,’ Alexander S. Mikhailov?*

Winfree turbulence of scroll waves is a special kind of spatiotemporal chaos that
exists exclusively in three-dimensional excitable media and is currently considered
one of the principal mechanisms of cardiac fibrillation. A chaotic wave pattern
develops through the negative-tension instability of vortex filaments, which tend
to spontaneously stretch, bend, loop, and produce an expanding tangle that fills up
the volume. We demonstrate that such turbulence can readily be controlled by
weak nonresonant modulation of the medium excitability. Depending on the
forcing frequency, either suppression or induction of turbulence can be achieved.

About 10 years ago, Winfree suggested that
three-dimensional (3D) excitable media may
possess a special mechanism of wave turbu-
lence, different in principle from the breakup
of spiral waves in two dimensions. Spatio-
temporal chaos emerges via the disorderly
dynamics shown by the vortex filaments of
scroll waves, which “snake about, fragment,
and close in rings” (/). In his view, this
process could provide an explanation for the
development of fibrillation and the occur-
rence of sudden cardiac death in healthy peo-
ple. In subsequent discussion, his analysis of
cardiological data was criticized (2) and it
was also pointed out that sometimes breakup
of waves occurs more easily in large volumes
than in thin slabs (3). Nonetheless, the turbu-
lence described by Winfree has indeed been
found in general models of excitable media.
Its origin lies in the effect of negative tension
of vortex filaments (4-7). Such filaments,
which represent the cores of rotating scroll
waves, tend to stretch themselves and to form
loops and complex tangles. This behavior is
characteristic for media with relatively low
excitability, where the rotation period of
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spiral waves is large and the medium com-
pletely recovers after each propagating
wave. In recent realistic simulations of car-
diac arrhythmias, this form of fibrillation
has been seen under ischemic conditions, in
cardiac tissue deprived of oxygen (§).
Scroll waves are also possible in other
excitable media, such as the chemical
Belousov-Zhabotinsky reaction (9) or the
slime mold Dictyostelium discoideum (10).
Experiments on taming excitation waves
(11-13), oscillatory patterns (/4—15), and

Fig. 1. Parameter space of the Bar- 0.3
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chemical turbulence (/6) in thin aqueous
layers and surface chemical reactions have
recently attracted much attention. In excit-
able 3D media, only the effects of spatial
gradients (/7-18), resonant periodic forc-
ing (19), and noise (20) on scroll waves
have previously been discussed. Here, we
show that the Winfree turbulence of scroll
waves is amenable to control by uniform
periodic forcing. Both suppression and in-
duction of such turbulence, depending on
the forcing period, are demonstrated.

In its transverse cross section, a scroll wave
looks like a spiral. Such spirals are stacked one
upon another to form a scroll-shaped pattern.
The scroll rotates around a central filament char-
acterized by zero excitation amplitude. This fil-
ament can be straight or curved; it may also
form loops and close into contracting or expand-
ing rings. Our analysis is based on the general
Barkley model (27), whose parameter space is
shown in Fig. 1. Inside a broad region, charac-
terized by decreased excitability, expanding
scroll rings that give rise to Winfree turbulence
were observed. An example of turbulence de-
velopment is presented in Fig. 2, A to E, where
thick yellow lines show the filaments around
which scroll waves are rotating. The inhibitor

kley model. Evolution of the activa-

tor u and inhibitor v variables is gov-

erned in this model by two equa-

tions: qu/ot = & (1 —u)ju— (v +

b)/a)] + V?u and v/t = u — v,

where € is the ratio of the charac- 0.2
teristic activator and inhibitor time

scales, € is fixed at 0.02 hereand a o
and b are parameters of the model,
b determining the excitation thresh-
old. Stable 2D spiral waves are
found in numerical simulations in-
side the entire white region, and
meandering of spiral waves takes
place in region MS. The 2D medium
does not support excitation waves
in region NW, is subexcitable (wave
fragments shrink) in region SE, and “0.3
is bistable in region BI. A line divides

0.1

0.5 0.7 0.9 1.1 1.3
a

the white region into the domains where collapsing (CS) and expanding (ES) scroll rings are observed. This
boundary was determined by numerical 3D simulations that assume axial symmetry of the rings. The
symbols (open and solid dots and squares) indicate the points at which numerical simulations were
performed. NW, no waves; SE, subexcitable; MS, meandering spirals; Bl, bistable.
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