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Domain Control in Multiferroic BiFeO3; through Substrate

Vicinality**

By Ying-Hao Chu,* Maria P. Cruz, Chan-Ho Yang, Lane W. Martin, Pei-Ling Yang, Jing-Xian Zhang,
Kilho Lee, Pu Yu, Long-Qing Chen, and Ramamoorthy Ramesh

Control over ferroelectric polarization variants in BiFeOj;
films through the use of various vicinal SrTiO; substrates is
demonstrated. The ferroelectric polarization variants in these
films are characterized by piezoelectric force microscopy and
the corresponding structural variants are carefully analyzed
and confirmed by X-ray diffraction. Implementation of this
approach has given us the ability to create single domain
BiFeO; films on (001), (110), and (111) surfaces. The piezo/
ferroelectric properties of the BiFeO; films, in turn, can be
tailored through this approach. Such results are very promis-
ing for continued exploration of BiFeO; films and provide a
template for detailed multiferroic-coupling studies in the
magnetoelectric BiFeOj3 system.

Magnetoelectric coupling in multiferroic materials has
attracted much attention because of the intriguing science un-
derpinning this phenomenon. Additionally, there is an excit-
ing potential for applications and devices that take advantage
of these materials with multiple order parameters.[M] BiFeO;
(BFO) is a room temperature, single-phase magnetoelectric
multiferroic with a ferroelectric Curie temperature of
~1103 KP! and an antiferromagnetic Néel temperature of
~643 K.Y Recent studies of BFO thin films have shown the
existence of a large ferroelectric polarization, as well as a
small net magnetization of the Dzyaloshinskii-Moriya type re-
sulting from a canting of the antiferromagnetic sublattice.”*!
The ferroelectric polarization in BFO can have orientations
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along the four cube diagonals (<111>), and the direction of
the polarization can be changed by ferroelectric and ferroelas-
tic switching.["] Our previous studies have shown coupling be-
tween ferroelectricity and antiferromagnetism in BFO thin
films resulting from the coupling of both antiferromagnetic
and ferroelectric domains to the underlying ferroelastic do-
main switching events."! Such a study was a crucial first step
in the exploration of approaches to control and manipulate
magnetic properties using an electric field.

It was also noted, however, that these films exhibit a very
complicated domain structure, which complicates the inter-
pretation of the fundamental properties of this system as well
as the interactions across hetero-interfaces. The lack of large
single crystals of the desired crystallographic orientation pro-
vokes another motivation to explore approaches to create
“single crystalline” epitaxial films that are free of ferroelec-
tric/ferroelastic domains. Recent studies have explored the
ability to control the ferroelectric domain configuration,
which is formed after the phase transformation, through sub-
strate engineering.m’m In this study, we demonstrate an ap-
proach to control the ferroelectric domain structure in BFO
films through the use of vicinal SrTiO3 (STO) substrates. This
has enabled us to create thin films that “mimic” the primary
crystal facets of the pseudo-cubic unit cell, namely single
domain (100), (110), and (111) surfaces.

The ferroelectric domain structure of an epitaxial BFO film
on STO substrates with different orientations can be modeled
using the phase-field method!"™® in which the spatial distribu-
tion of the polarization field and its evolution is described by
the time dependent Ginzburg-Landau (TDGL) equations.!"
For a BFO film grown on a (001)-oriented perovskite sub-
strate, there are eight possible ferroelectric polarization direc-
tions corresponding to the four structural variants of the
rhombohedral phase (Fig. 1a). In this case, the individual do-
mains are energetically degenerate, and domain structures
with twinning are expected in order to relax the elastic energy
of the film."") Experimentally, however, only the downward
directed polarization variants are observed, indicating the ex-
istence of a self-poling effect (as a consequence of the bottom
electrode). Figure 1b shows an in-plane (IP) piezoforce
microscopy (PFM) image of a BFO film grown on (001) STO
substrate. The three contrast levels observed in the IP-PFM
images acquired along the two orthogonal <110> directions,
together with the uniform out-of-plane (OP) PFM contrast
(not shown), indicate that the domain structure of the BFO
films is characterized by four polarization variants."! The
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Figure 1. a) Schematic system of vicinal STO substrates and corresponding predicted
polarization variants on STO(001), (110), and (111) substrates. IP-PFM images of
c) (110), and d) (111) sub-

BFO ferroelectric domain structures on b) STO (001),
strates.

twin-wall orientations for stripe-like domains match well with
those predicted from the phase-field simulation.

In the case of a film on an STO(110) substrate the relatively
smaller substrate lattice parameter compressively strains the
BFO film and causes the structure to favor four of the eight
polarization variants. Since they have exactly the same spon-
taneous deformation on the (110) plane, the twin-structure
formed by those variant pairs does not
change the magnitude of the elastic en-
ergy; therefore, these twin boundaries
are thermodynamically unstable and
are not expected to exist in films grown
on STO (110) substrates. However, as
the growth temperature is lower than
the Curie temperature and the self-pol-
ing effect, there is no selection for a par-
ticular polarization variant. Figure lc
shows the ferroelectric domain struc-
ture of BFO films grown on STO (110)
substrates, (imaged with the cantilever
along [1-10]), exhibiting only two
ferroelectric variants with net polariza-
tion pointing down over large areas.
Finally for growth on an STO(111) sub-

(a)
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compressive strain. The stable domain structure in
this case, therefore, is a single domain with a down-
ward directed polarization. We have verified the
domain structure of the BFO films grown on STO
(111) substrates and, as anticipated, these films ex-
hibited only one contrast in the out-of-plane (OP)
(not shown) PFM image and no contrast for IP
PFM image (Fig. 1d), suggesting the polarization
direction of the films on STO (111) is perpendicu-
lar to the substrate. The key question then is how
does one control the domain structures in Fig-
ure 1b and c such that they evolve into a single
domain state as in Figure 1d?

In order to further control the domain structure
of the BFO films, a break in symmetry of the ferro-
electric variants is necessary. This is accomplished
through the use of vicinal STO substrates, which
effectively tilt and break the surface symmetry of
the polarization variants. This is illustrated in
Figure 1a for the case of the nominally (100) sub-
strate. We use two parameters, a and f3, to repre-
sent the vicinal angle and direction respectively.
Figure 2a-c shows atomic force microscopy
(AFM) images of typical vicinal STO substrates
with different miscut angles. From the AFM im-
ages, the terrace width is observed to decrease with
increasing vicinal angle. The corresponding PFM
images of the subsequently grown BFO films are
shown in Figure 2e—g. With only a 0.5° vicinal an-
gle along the [010], the domain structure of the BFO films ex-
hibit mainly two polarization variants which confirms that the
ferroelectric symmetry can be broken through the use of vic-
inal substrates (Fig. 2f). Moreover, stripe patterns, created by
two polarization variants 71° apart with polarization vectors
pointing into the substrate, can also be observed (Fig. 2f). The
width of these stripe domains has been measured over a

02pm l!'

02um

strate, the polarization variants perpen-
dicular to the film surface have the low-
est energy for films grown under
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Figure 2. AFM images of typical vicinal STO substrates with different miscut angle [ a) a=0° and
p=0° b) a=0.5°and f=0° c) a=1° and f=0° and d) a=3° and f=45°], and the corresponding
IP-PFM images of BFO films [ e) a=0° and f=0°, f) a=0.5° and f=0°, g) a=1° and =0°, and
h) a=3°and f=45°].
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number of samples to be ~200 nm; it is controlled, in part, by
the film thickness. The long-axis of the stripe domains is paral-
lel to the long direction of the terrace, suggesting the crucial
role of the terrace width in determining the final domain
structure. Our studies show that when the vicinal angle is
small (i.e., less than 0.5°), with the corresponding terrace
spacing >1 um, the film exhibits essentially equal fractions of
the two sets of domains, suggesting that the domain formation
is insensitive to such small vicinal angles. As the vicinal angle
is increased to about 0.5°, Figure 2b, the fraction of domains
that are perpendicular to the steps diminishes dramatically,
Figure 2f, and at vicinal angles above 1°, Figure 2c, the film
consists of essentially one set of domains, Figure 2g. Further
changes in the vicinal angle do not change the domain archi-
tecture. Electrostatic forces and the minimization of elastic
energy of the local stresses at step edges cause a break in sym-
metry from two sets of stripe domains to one set of stripe
domains. Therefore, when the vicinal angle is increased, one
set of stripe domains is more energetically favorable.

In order to apply the same approach to further simplify the
domain structure in this orientation, we employ the second

vicinal angle, with the miscut along the <110> (=45°) to in-
duce the formation of one dominant ferroelectric variant. For
example, on an STO (001) substrate with miscut angles of
a=3° and f=45° (Fig. 2d), we observe a uniform contrast in
the PFM image of the BFO layer, indicating the formation of
a monodomain architecture (Fig. 2h). Careful piezoforce im-
aging studies of this sample along various in-plane directions
as well as with electrical poling further confirm the single
domain nature.

X-ray scattering studies have been used to verify the
domain architecture in these samples. In case of films grown
on STO(001), the isotropic in-plane compressive strain from
the STO substrate reduces the rhombohedral symmetry (R3c)
of bulk BFO to monoclinic, which has been used as our
structural model."*®! In this monoclinic structure (tilted
along [-1-10]), the peak positions of the (203) and (023) recip-
rocal lattice reflections are shifted upward along the L-direc-
tion and by contrast the positions of (-203) and (0-23) are
shifted downward. We symbolize the four possible monoclini-
cally distorted structures as M1}, M{_110), M[1-10}» M[-1-10),
respectively, Figure 3a. Based on this model, we measured
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Figure 3. Schematic of the structure variants with a) four polarization variants, d) two polarization variants, and g) one polarization variant. The de-
tails for the {203} line scan and RSM results of BFO/SRO film grown on STO substrates with b)—c) four polarization variants, e)-f) two polarization

variants, and (h—i) one polarization variant.
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line scans along the L-direction in (HKL) reciprocal space
mapping (RSM) for the (203), (023), (-203), and (0-23) reflec-
tions. These were selected to be a fingerprint for the four
structural variants. All reciprocal space units are normalized
to those of STO(1/0.3905 nm™). Figure 3a, d, and g are struc-
ture schematics for BFO films with different polarization var-
iants. The films with four polarization variants show peak
splitting for all {203} diffraction peaks (Fig. 3b and c), con-
firming the structure model. For the films with two polariza-
tion variants, peak-splitting was seen on the (203), while no
peak splitting was observed on (023) (Fig. 3e and f), suggest-
ing only two structural variants. Finally, the films with only
one polarization variant displayed no peak-splitting (Fig. 3h
and i). These findings are consistent with the results from the
PFM images. Moreover, by calculating the splitting distance
between two peaks, we can identify the monoclinic distortion
angle to be ~0.7° along the [110].

The same approach can be applied to BFO films grown on
STO(110). The two-domain architecture in the BFO(110) films
(Fig. 4a) can likewise be controlled and evolve into a singledo-
main film on the STO(110) surface (Fig. 4b). The similar mono-
clinic structure model is also introduced in this orientation"!
(Fig. 4c and d). Therefore, RSMs have been used to further con-
firm the domain architecture in these samples. In this orienta-
tion, the peak positions of the (221) reciprocal lattice reflections
were used as a fingerprint for the structural variants. For the
films with two polarization variants, peak-splitting was seen on
the (221) (Fig. 4e), suggesting only two structural variants. By
contrast, the films with only one polarization variant displayed
no peak-splitting (Fig. 4f). These findings are consistent with
the results from the PFM images.

(c)
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Quantitative OP piezoelectric response measurements
(Fig. 5) reflect the systematic changes in domain populations;
the remnant d3; value for the fully clamped BFO films in-
creases from 30 pm V™! to 60 pm V™! as the number of ferro-
electric polarization variants is increased. Such an enhance-
ment is attributed to an extrinsic contribution from domain
wall motion, which is evident if we compare the domain struc-
ture of the BFO films. Furthermore, the single domain films
in the three orientations show essentially the same piezoelec-
tric response (within the limits of the experimental obser-
vations).

In summary, we have demonstrated an elegant and system-
atic approach to control the domain variants in BFO thin
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Figure 5. Piezoelectric hystersis loops, d33-V, of BFO/SRO films on differ-
ent vicinal STO substrates.
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Figure 4. IP-PFM images of BFO ferroelectric domain structures on STO(110): a) two polarization variants and b) one polarization variant. Schematic
of the structure variants with c) two polarization variants, and d) one polarization variants on STO(110). The RSM results of BFO/SRO film grown on
STO(110) substrates with (c) two polarization variants, and (d) one polarization variant.
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films using substrate vicinality as the critical control param-
eter. Implementation of this approach on (100) and (110)
STO substrates has given us the ability to create single
domain BFO films on such surfaces. This, in conjunction with
the fact that epitaxial films on (111) STO with an SRO bottom
electrode also exhibit a single domain behavior, provides us
with set of model thin film systems to further explore the
magnetoelectric properties of this system as well as its inter-
actions with other layers (such as a ferromagnet).

Experimental

Commercially available STO (001) substrates with vicinal miscut of
varying degrees along <010> and <110> were used for this study. For
each growth the substrates were etched by buffered HF and annealed
in air at 1000 °C for 2 h to achieve an optimum terraced morphology
[20,21]. A thin (~40 nm), pseudomorphic layer of SRO deposited by
pulsed laser deposition (PLD) was used as a bottom electrode for the
BFO films. Films of 100-120 nm thick BFO were deposited over the
SRO layer by PLD at 700 °C and 100 mTorr of oxygen. The crystallin-
ity of the BFO/SRO/STO films was studied by x-ray diffraction.
Reciprocal space mapping (RSM) was performed using a Philips
X’Pert PRO X-ray Diffraction System. Pt/SRO top electrodes (32 pm
in diameter) were patterned in order to measure the piezoelectric
properties. Morphology and local piezoelectric properties were inves-
tigated using an atomic force microscope (AFM)-based setup [16].
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