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X-ray diffraction studies of stripelike ferroelectric domains in thin films of BiFeOj;
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We have used x-ray diffraction to study the structure of strained, epitaxial BiFeO; (BFO) films, which exhibit
ordered arrays of stripelike ferroelectric domains, in which the polarization vector P alternates by either 109° or
71°. Diffraction maps exhibit an intricate satellite structure that arises from coherent, gratinglike diffraction from
the domain structure. In the case of the 109° arrays, the domain structure was found to exert a strain modulation
on the DyScOj; substrate, with the same periodicity, indicating that domains in BFO can have an influence on
the substrate structure. In the case of the 71° arrays, in which there is no contrast between neighboring domains
and coherent scattering is not expected, weak scattering is nonetheless observed, which we interpret as evidence
for previously unobserved, internal strains in these domain walls. To understand the x-ray data, we introduce
a simple, single-scattering model that incorporates Gaussian disorder and fits the diffraction maps, providing
domain periods and surface “puckering” angles that are in good agreement with atomic force microscopy and
piezoresponse force microscopy measurements. Our study demonstrates a simple, computationally inexpensive
technique for semiquantitatively interpreting coherent domain scattering in ferroelectric films, and suggests that
tuning domain structures is a potential route to engineering the near-surface properties of perovskite oxides.
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I. INTRODUCTION

One of the defining properties of a ferroelectric material
is that it undergoes a reduction in crystal symmetry upon
cooling through its Curie temperature. Such a lowering of
symmetry allows for the possibility of forming domain walls,
i.e., between regions with different ferroelectric order. For
example, in BiFeO3; (BFO)—one of the most widely studied
ferroelectrics in recent years—the symmetry lowers from
cubic to rhombohedral, space group Rj3., allowing for the
possibility of domain walls across which the polarization
vector rotates by 71°, 109°, or 180° [1].

It is now widely established that modifying the degree of
substrate strain can be an effective strategy for tuning the
properties of ferroelectric thin films [2]. One possible influence
of strain can be to enforce the formation of domains: When
a ferroelectric film is grown on a substrate with an epitaxial,
lattice mismatch, the film may accommodate this strain by
forming domain structures, in which the mean in-plane lattice
parameter is fine tuned by subtle differences in bond lengths at
the domain boundaries. Using substrate strain and control of
electrostatic boundary conditions, it was recently shown that
it is possible to controllably create periodic domain structures
exhibiting monodisperse, 109° or 71° domain walls [3].

Such domain arrays are known to have important conse-
quences for material electronic properties. Such a domain
structure was shown, for example, to influence the size of
the exchange bias effect in BFO interfaced to a CoggFey |
ferromagnet [4]. Moreover, domain arrays have been observed
to exhibit anomalous conduction properties [5,6]. Broadly
speaking, the spontaneous lattice distortions inherent in
domain walls can influence band properties or, if strong

“jameslee @1bl.gov

1098-0121/2014/89(21)/214104(9)

214104-1

PACS number(s): 61.05.cf, 68.55.at

correlations are present, can cause small changes in Hubbard
parameters such as the hopping, on-site Coulomb repulsion,
and spin exchange, potentially giving rise to new ground states
that are not present in the bulk material. It is therefore crucial
to carry out detailed studies capable of characterizing the
structural properties of these domain arrays, with atomic-level
detail.

X-ray diffraction (XRD) is a widely used technique for
studying the structural properties of thin films, especially
lattice strain associated with spontaneous distortions, being
able to probe features with length scales on the order of the
lattice parameter or smaller. Several groups have previously
used XRD to probe the structure of BFO thin films exhibiting
ferroelectric domain structures. Folkman et al. [7,8] studied
the domain structures of films exhibiting 109° domain walls
(DWs) on a variety of substrates, to understand the influence
of epitaxial strain and substrate miscut on the domains and
domain walls. Daumont et al. [9] also used XRD to study the
domain structure and unit cell of 71° DW films on SrTiOj;
substrates.

To explain their XRD data, both groups interpreted their
results in terms of incoherent scattering from independent
domains with symmetry-equivalent unit cells but different
crystallographic orientation. In doing so, they were able to
characterize the strain-induced changes to the point-group
symmetry of the BFO unit cell and its corresponding lattice
parameters. However, their approach fails to account for the
possibility of coherent scattering from the periodic domain
structure itself, which might produce gratinglike features in
XRD reciprocal space maps, residing at in-plane momenta
determined by the domain periodicity. Such effects have been
observed previously in manganite films [10], so there is a
great need for a simplified approach to interpreting XRD data
from ferroelectric films, which properly accounts for these
effects.

©2014 American Physical Society
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FIG. 1. (Color online) Real-space PFM data and Fourier transforms of the PFM phase data. From left to right: the first and second columns
show PFM data, the third column shows topographical maps of the films, and the last column shows Fourier transforms of the data in the
second column. Notice that the PFM scans in parts (e) and (f) are shifted with respect to each other by 0.5 um.

Here, we present an XRD study of BFO thin films that
exhibit periodic, monodisperse, stripelike arrays of 109° or
71° domain walls. We present a simple, single-scattering
model for interpreting reciprocal space maps that properly
accounts for both the crystallographic orientation of the
domains and coherent, gratinglike scattering from the periodic
domain structure itself. This approach allows, for example,
simultaneous determination of both the bond angles and the
periodicity of the domain structure, which is in good agreement
with piezoresponse force microscopy (PFM), from reciprocal
space maps around just a single Bragg peak.

II. PFM AND TOPOGRAPHY

We studied three thin-film arrays of 109° DWs, which we
refer to here as 109-1, 109-2, and 109-3, and one film with
71° DWs. The films were grown using pulsed laser deposition,
as described by Chu et al. [3], on (110)-oriented DyScO;
substrates with small miscut angles.

The arrays of stripelike ferroelectric domains in the films
were characterized using PEM [11]. A Cypher atomic force

microscope (Asylum Research), with Cr/Pt cantilever tips, was
used, which allowed both the amplitude and the phase response
to be resolved into “lateral” and “vertical” (normal to the film
surface) channels, allowing determination of both the in-plane
and out-of-plane components of the ferroelectric polarization
P. The spatial resolution of the instrument was 30-35 nm,
which cannot reveal atomic details but is adequate for probing
the coarse domain structure.

The real-space PFM data are shown in Fig. 1. For compari-
son to the underlying structure, topographic data is also shown.
These images exhibit stripelike features that correspond to
the periodic, ferroelectric domains. The lateral amplitude and
phase data from the 71° DW film are shown in Figs. 1(a)
and 1(b). Data from the vertical channels (not shown) are
featureless. The fact that only the lateral data show contrast is
consistent with previous studies of 71° DWs, in which only
the in-plane component of P was found to switch between
adjacent domains [3].

Both the in-plane and out-of-plane components of P
should switch directions across a 109° DW. This is most
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TABLE I. Characteristic domain structure parameters and lattice spacings of the BFO films. From top row to bottom row: the periods of
the ferroelectric domain structures of each film obtained from Fourier transforms of their PFM data, with errors set by the full width at half
maximum of the Fourier peak; the lattice parameters associated with the observed BFO (0, 0, 1) Bragg peaks; and, as obtained from fits of
the single-scattering model to the x-ray data, as described in Sec. III B, the c-axis tilt angles « of the domains, the domain d spacing, and the

Gaussian broadening o, used in the fits.

&) 109-1

Ferroelectric domain period 1140.2 + 283.9

Lattice parameter (c) 3.9675
o (°) 0.608
d (A) 849.0
o (1073 A 1.98

109-2 109-3 71°
1013.0 +349.9 1210.1 & 230.4 2971.1 £ 575.8
3.9849 3.9863 3.9641
0.611 0.560 n/a
763.2 1016.9 1654.5
2.25 1.98 0.44

clearly seen in the lateral [Figs. 1(e), 1(i), 1(m)] and vertical
[Figs. 1(f), 1(j), 1(n)] phase data, which both exhibit strong
contrast. Defects in the ferroelectric domain structure are also
visible: There are patches of film in which the direction of
P is reversed with respect to the surrounding film, such as
that on the right side of Figs. 1(e) and 1(f). If these scans are
representative of the whole film, then these defective patches
comprise 10-30% of the area of the 109° DW films.

The 71° sample also displays faintly visible vicinal steps
due to the substrate miscut [Fig. 1(c)]. More importantly,
the surfaces of all the 109° DW samples show stripelike
features in the scans [Figs. 1(g), 1(k), 1(0)], which signify a
“puckering” of the surface, as was observed in previous atomic
force microscopy (AFM) measurements [3]. This puckering is
required by symmetry for this particular domain structure to
meet the epitaxial condition with the substrate [1].

To reveal the characteristic length scales of the domain
structures in the BFO films, Fourier transforms (FTs) of the
phase response signal are also displayed in Fig. 1. Transforms
of the lateral phase data for the 71° DW film are plotted in
Fig. 1(d); transforms of the vertical phase data from the 109°
DW films are plotted in Figs. 1(h), 1(1), and 1(p). The blue-
violet colored features next to the central peaks are due to
the periodic ferroelectric domain structure; the momentum
position of these features reveals the average domain period.
Notice that the peaks lie along a line perpendicular to the
domains.

Determining the average ferroelectric domain period from
these FT's requires some prior knowledge of the domain-wall
geometry. In the 109° case, the DWs are oriented vertically, i.e.,
90° from the surface normal, while the 71° DWs are nominally
tilted by 45° [1,3]. The apparent ferroelectric domain period
in PFM scans, then, is longer than the true period by a factor
of /2. The average periods associated with the ferroelectric
domain arrays are listed in Table I, with the factor of V2
divided out for the 71° DW case.

III. X-RAY DIFFRACTION

In this paper, we confine our observations to reflections
near the (0, 0, 1) Bragg peak. While higher-order reflections
were accessible, the wealth of scattering features near this peak
provided sufficient information to study the domain structure.

To acquire atomic-scale information about the structure
of these arrays, we performed XRD measurements using an

X’Pert MRD system (PANalytical B. V.), using an incident
beam of Cu Ko; x rays (A = 1.5406 A) with bandwidth
AA/A=5x 107 and an angular divergence of 30 arc
seconds. A line detector with 255 pixels subtending 2.50°
recorded the scattered x rays. A primary beam mask shaped
the incident beam so that it was five pixels wide on the
line detector (or 1/32° across). To observe reflections from
the BFO film, we adjusted the detector angle 1 and the sample
tilt 6 of the diffractometer. In this paper, Z will denote the
direction normal to the film surface, and X will denote the
modulation direction of the domain structure. When 6 = 0, X
is parallel to the incident beam; when 6 = n/2, the momentum
transfer is parallel to Z.

The large size of the domains makes it important to consider
the shape of the momentum resolution of the instrument. We
will first describe the resolution function at (0, 0, 1). The
resolution function is determined by the bandwidth of the
incident beam, its angular divergence, the size of the detector
pixels, which sets the range of scattered wave vectors that
are detected, and the scattering geometry. The bandwidth
creates an approximately Gaussian broadening in the direction
parallel to the momentum transfer, Q, with a standard deviation
of 8.65 x 1075 A~'. The finite beam divergence broadens
the resolution function by 2.52 x 10~* Al along a line
tilted counterclockwise from Q in the Qx/Q; plane by
an angle n/2, where n is the scattering angle. The finite
pixel size broadens the resolution, by an amount 2.22 x 1073
AL, along a line tilted clockwise in the Qx/Qz plane by
angle n/2. Accounting for all of these effects, the resulting
resolution function is illustrated in Fig. 2(f), which displays
a contour representing the half maximum of the resolution
function.

This paper focuses on reflections from the domain ar-
rays near the (0, 0, 1) peak. For these reflections, 75
and 6 do not significantly deviate from the angles for
(0, 0, 1). Thus, the same resolution function can be
used to approximate the resolution at the domain array
reflections.

A. 109° DW samples

The diffraction data from the 109° DWSs is shown in
Figs. 2(a)-2(c). All data sets show a strong (1, 1, 0) Bragg
peak from the DyScOj; (DSO) substrate, seen at Q; ~
1.5936 A~!. A streaklike artifact intersects the DSO (1, 1,
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FIG. 2. (Color online) X-ray diffraction data and the resolution function near the (0, 0, 1) peak. The data is plotted in Qy, the component of
the momentum transfer perpendicular to the domain walls, and Q 7, the component perpendicular to the film surface. (a)—(c) Data from 109-1,
109-2, and 109-3, respectively. (d),(e) Data from the 71° DW film at azimuthal angles that differ by 180°. (f) A contour of constant value of the

resolution function.

0) peak and forms a rod of intensity tilted from the (0, 0, L)
direction by an angle n/2 in momentum space. This feature
is a saturation effect caused by anomalous broadening of
the detector point spread function under conditions of high
intensity, and is not related to the sample structure.

A rod of scattering centered on Qx = 0 can be seen that
passes through the DSO (1, 1, 0) peak and exhibits an intensity
maximum at the expected location of the (0, 0, 1) BFO Bragg
peak. The BFO pseudocubic lattice parameter can be extracted
from the position of this maximum. Sample-specific lattice
parameters are given in the second data row of Table 1. This
rod itself arises from the finite thickness of the film, which in
the ideal case would exhibit Kiessig fringes whose periodicity
reflects the thickness of the film. However, in the present case,
the surface is corrugated by the puckering effect discussed
earlier, which washes out the fringes [3]. Though there is
no convenient way to infer film thickness for the 109° DW
samples by diffraction, the nominal thickness set during film
growth was 1000 A.

Beside the Qx = 0 rod of scattering, two broad peaks can
be seen, roughly centered on (£ 0.015 A~1, 0, 1.575 A1),
which are due to the domain structure, which causes the (0,
0, 1) planes of the domains to have alternating canting angles
from one domain to the next (i.e., “puckering”).

Some internal structure is visible in these broad
peaks. Weak, vertically elongated features are visible
[Figs. 2(a)-2(c)] at approximately Qx ~ £0.0056 A-!. The

origin of these features can be determined by comparing the
diffraction maps to the Fourier transforms of the PFM data, as
shown in Fig. 3. The inner diffraction sidebands and the peaks
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FIG. 3. (Color online) Diffraction data taken along line cuts at
Q7 = 1575 A-! from 109-1, 109-2, and 109-3 are compared to
line cuts taken from the PFM Fourier transforms that intersect both
Fourier peaks.
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due to the domain period seen in the Fourier transforms coin-
cide in momentum space. This indicates that these diffraction
features are due to coherent scattering from the ferroelectric
domain structure itself. We will show below that the average
domain period d can be deduced from these diffraction
sidebands.

Surprisingly, we also observed these features near the DSO
(1,1,0) peaks in the 109° DW samples. These satellites are
seen in all three of the 109° DW samples, though most
prominently in 109-3 (Fig. 2). In 109-3, the pronounced
satellite peaks appear at the same Q; as the substrate peak.
This observation and the Q x positions of the satellites indicate
that these features are due to the thin-film domain structure,
which is causing a modulation of the substrate structure. This
effect demonstrates that it is possible for domain structures
in ferroelectric films to exert influence on the structure of the
substrate.

B. Single-scattering model

We now show that it is possible to explain the essential
features of the data just discussed using a simple, single-
scattering model of the charge density, illustrated in Fig. 4(a).
In our model, the average charge density of the film is
the same for all domains. The contrast mechanism giving
rise to coherent scattering between the ferroelectric domain
structure and the Bragg peaks of the domains is the alter-
nating sign of the c-axis canting angles between adjacent
domains.

The only observable Bragg reflection from BFO in Fig. 2
is the (0,0,1). For this reason, we can replace the full
structure of the BFO unit cell with a sinusoidal function
whose amplitude represents a single Fourier component of the
electron density, and whose period is equal to the c-axis lattice
parameter.

The domains are treated as rectangular slabs of infinite
extent along the z axis, with widths along the x axis that are
half the ferroelectric domain period. Pairs of these slabs form
the motifs that repeat throughout the film [see Fig. 4(a)]. The
period of the resulting domain pattern is used as a parameter
that can be varied to fit the diffraction data of each 109° DW
film. The domain walls are not given any internal structure;
instead, they are treated as step functions that act as sharp
edges to the domains.

Since adjacent domains are distinguished by the alter-
nating sign of their (0,0,1) plane canting angles, the basic
repeating unit is a pair of adjacent ferroelectric domains
with c-axis directions that are mirror reflected through the
Y-Z plane. This unit cell is illustrated in Fig. 4. The c-
axis modulation wave vectors for each canted domain lie
in the X-Z plane: kg = 27 [X sin(«) 4+ Z cos(«)]/c and kp =
27 [—Xsin() 4 Z cos(w)] /¢, where ¢ is the pseudocubic lattice
parameter and « is the domain canting angle. The subscripts
“L” and “R” denote the direction in which the c axis of each
domain points (Fig. 4). The canting angle was estimated to
be o ~ 0.34° from AFM measurements by Chu e al. [3].
Here, we treat « as a fit parameter to model the diffraction
data.
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FIG. 4. (Color online) (a) Model unit cell for the 109° DW
system. The blue and yellow pattern represents the modulation of
the average charge density due to the canted (001) planes. Reciprocal
space vectors ki and kg are associated with the c-axis planes, with
lattice spacing a; the canting angle is «. The unit cell width is d.
(b)—(d) Fits to 109° DW x-ray data using Gaussian broadened model
structure factors based on Eq. (2). The weight function used in the
fits is also shown.
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In terms of these parameters, the real-space charge density
for a single, repeating unit is

d
Peell = po[cos(kR . r)®(x)®<§ _ x)
d
+ cos(ky - r)O(—x)® (x + 5>:|
2 . d
= ,Oo[cos {T[x sin(e) + z COS((X)]}G(X)@(E _ x)

21 . d
+ cos {T[z cos(a) — x s1n(oz)]}®(—x)®<x + 5)}
(H

Here, pg is the amplitude of the (0,0,1) Fourier component
of a BFO unit cell, and d is the ferroelectric domain repeat
distance which, like o, will be used as a fit parameter to model
the diffraction data. In terms of this repeating unit, the charge
density for the complete system is p(x,z) = Z;.zo:—oo Peell(X —
nd,z), with the index n running over all pairs of ferroelectric
domains.

The structure factor for this ideal periodic struc-
ture, pg, is defined as p(r) = Y ; pge '¢T, where G =
2n[H/d,0, cos(xx)/c] is a reciprocal lattice vector defined
by integer Miller index H. The modulus squared of pg is
proportional to the scattered intensity and can be compared
to the diffraction patterns [12]. The effects of domain struc-
tural disorder, not accounted for in this expression, will be
incorporated when comparing to the data.

The structure factor associated with Miller index H can be
computed analytically and has the form

PO iy [y S0 {5 [€ sin(0) — H]}
B th (_l) w[d o;
Z[4sin(a) — H]
pSin{3[¢ sin(e) + H]}}
S[dsine) +H] ]

This result only holds true if the domain walls are oriented
normal to the substrate surface; different inclinations of the
walls will create different restrictions on where the diffraction
can appear, as will be seen in the 71° DW case.

The model structure factor, given by Eq. (2), was compared
to the diffraction data from the 109° DW films in order
to extract values of the (0,0,1) plane canting angle o and
the ferroelectric domain periods. For this comparison, we
examined line cuts through the data in the Qx direction
centered on Q7 = 1.576 A~', which are plotted in Fig. 4.
These line cuts intersect the centers of the broad peaks and the
sidebands, so they contain sufficient information to determine
the canting angles and ferroelectric domain periods.

To perform an accurate fit, disorder in the domain pattern—
which is clearly evident in real-space images in Fig. 2—must
be incorporated into our model. While sophisticated, statistical
disorder models exist for this purpose [10], for simplicity we
will assume that the structure exhibits uncorrelated, Gaussian
disorder [13]. In this case, the Bragg reflections are not &
functions, but have the form of Gaussian functions whose
integrated intensity is equal to |pg|, and whose width o is a
third fit parameter that describes the degree of roughness. The

PH

+i )
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fit results, optimizing all three parameters («, d, and o), are
shown in Fig. 4 and the fit parameters are listed in Table I.
The domain periods are within 25% of the PFM values, and
the average canting angle is 0.593°, as compared to ~0.34°
canting angle reported in Chu et al. [3]. One reason for the
difference may be that XRD measures the canting angle of the
bulk crystal structure, while AFM measures that of the surface,
which need not be exactly the same.

Features reminiscent of the broad diffraction maxima at
QOx ~ +0.015 A~! are obtained. Making an analogy with
diffraction gratings, this shows that the broad peaks arise
because the (0, 0, 1) Bragg peaks “blaze” several lower order
structure factor components. Features corresponding to the
domain structure sidebands seen in the data are also reproduced
at approximately the same in-plane momentum positions. To
ensure that the fits would account for the sidebands, which
are much smaller than the broad peaks, increased weight was
placed on the sidebands, as illustrated in Fig. 4. The weight on
the data points of the sharp peak centered on Qx = 0 was set
to zero as the peak likely arises from a feature other than the
ferroelectric domain structure.

C. 71° DW sample

Unlike the 109° DW samples, the 71° DW sample has
a smooth surface, due to a lack of domain puckering [3].
Without this puckering, the c-axis planes of the domains are
parallel to each other, with no canting angle contrast between
them. Hence, one expects to see a single (0, 0, 1) peak in
the diffraction map, without domain satellites of the visible
sort discussed in Secs. III A and III B. Nonetheless, we will
see below that a subtle diffraction effect can be seen that is
associated with the domain structure.

XRD data from the 71° DW sample are shown in Figs. 2(d)
and 2(e). The data shown in Fig. 2(d) are taken with the sample
in a reference 0° position and the data in Fig. 2(e) are taken
with the sample rotated about its surface normal by 180°. Just
as for the 109° DW samples, a DSO (1, 1, 0) Bragg peak is
seenat Q7 ~ 1.5936 A1,

Since the surface of the 71° DW sample is smooth, Kiessig
fringes are visible in the diffraction along the (0, 0, L) rod of
scattering, running through the BFO and DSO Bragg peaks,
as is shown in Figs. 2(d) and 2(e). The BFO pseudocubic
lattice parameter extracted from the intensity maximum was
c=3.9641A. Afitto the Kiessig fringes yields a film thickness
of 727 £ 26 A.

While off-specular scattering is not expected, we neverthe-
less observed diffuse scattering centered on the (0, 0, 1) Bragg
peak of BFO [Figs. 2(d) and 2(e)]. This diffuse scattering was
observed to reverse direction when the sample is rotated by
180° [Figs. 2(d) and 2(e)], which demonstrates that it is not
a resolution effect. As illustrated in Fig. 5, which shows cuts
through the (0,0, 1) reflection for two orthogonal directions, the
diffuse scattering was found to be maximal along a line tilted
45° away from the surface normal. This angle is significant,
since the domain walls are known to be tilted 45° from the
normal direction. This suggests, surprisingly, that the diffuse
scattering arises from the domain structure, similar to the
109° case.
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FIG. 5. (Color online) Line cuts from the 0° diffraction data of
the 71° sample. The line cut through the diffuse scattering around
the (0, 0, 1) Bragg peak (orange) is plotted against a line cut going
in a perpendicular direction (black). The orange line cut shows fine
structure at Qx ~ 0.003 AT that is not seen in the black line cut.
Peaks at Qx =~ —0.003 and —0.0015 A" are from detector artifacts.

As mentioned earlier, unlike the 109° DW samples, there
is no canting angle contrast between the domains in the 71°
DW film, since the (001) planes of neighboring ferroelectric
domains are parallel. This constraint on the (0,0,1) planes
is necessary in order for coherent interfaces to form along
the {110} crystallographic planes [1]. Hence, we are led
to conclude that there exists some kind of charge density
modulation—perhaps a distortion in the unit cell volume or
c-axis lattice parameter—associated with the domain walls
with a period of d/2, i.e., half the ferroelectric domain
period.

Without specifying its precise origin, we can model this
modulation by superposing a sinusoidal function on top of
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the underlying crystal structure, as illustrated in Fig. 6(a).
The 71° DWs run parallel to the (101) planes so, using
the same coordinate system as earlier, the modulation wave
vector is k. = 2mwZ/c and the domain-wall wave vector
is kpw = w(X — 2)/d. Using step functions to define the
domains, the charge density of a single domain is given in real
space by

Pcetl =p[1 + A cos(kpw - r)] cos(k, - r)
x O(x — 2)Od/V2 —x +2)
=p{l+ A cos[2v/ 27 (x — z)/d]}cosRmz/c)

x O(x — 2)O(d/V2 — x +2), 3)
where d = 2974.1 A is the average ferroelectric domain period
seen in PFM scans, and A is a dimensionless parameter that
characterizes the amplitude of the modulation. It is assumed
that the modulation is small, i.e., A < 1.

As before, the total density of the complete, periodic struc-
ture is p(x,z) = fo:_oo Peell.n(x — nd/«/i,z). The reciprocal
lattice vectors for this structure are G = 27 (v/2H /d,0,1/c —
V2H/d), where H again is an integer Miller index. The
structure factor then has the form

0 mH(sin(rrH) A { sin[7r(1 — H)]
o = —e _— =
2 TH 2 w(l — H)
sin[ (1 —I—H)]})‘ @
7(l+ H)

Equation (4) implies the existence of a series of satellite peaks
around the (0, 0, 1) Bragg peak of BFO. The first term in Eq. (4)
creates a peak at Qy = 21 /cZ, which s the (0, 0, 1) Bragg peak
itself. The second and third terms create the satellites, which
reside at Qu = 2w[£+/28/d + (1/c F +/2/d)Z), i.e., on lines
tilted 45° away from the (0,0, L) direction; the sign of the line’s

— Data
— Fit

(b)

-0.006 -0.003 0.000 0.003 0.006 0.009

Q A"

FIG. 6. (Color online) (a) Diagram of the 71° DW system model unit cell. The blue and yellow pattern represents a modulation of the
average charge density in the unit cell due to the (001) planes, with lattice spacing a. The associated reciprocal space vector is k.. The vector
kpw is the wave vector associated with the domain-wall spacing. The red pattern represents a charge density modulation parallel to the domain
walls. (b) Simulated 71° DW scattering in the Qx/ Q7 plane based on Eq. (4).
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slope will change if kpw points in the other possible direction,
kpw = 2v/27n (X + 2)/d.

While the features are not as pronounced as in the
109° DW case, this framework permits a qualitative compar-
ison that provides some understanding of Figs. 2(d) and 2(e).
Figure 6 shows a simulated diffraction profile created using
a model based on Eq. (4). Parameters for the model were
obtained by fits to data such as shown in Fig. (6). Both the
shoulderlike peak in the diffuse scattering and the (0, 0, 1)
peak were modeled as pseudo-Voigt functions. Just as for the
109° DW case, we assume that the 71° DW structure exhibits
uncorrelated, Gaussian disorder causing broadening of the
peaks along the direction of kpw. The detector point spread
function streak (i.e., the sharp peak near Qx ~ —0.003 A)
obscures some of the diffuse scattering. In our fits, therefore,
we left out that region of the scan and took into account only
the central peak, the shoulderlike feature, and the background
far away from the central peak.

The fit yielded a central peak that is nearly resolution
limited, which is expected for a system of domains with
very-well-aligned ¢ axes, and a much smaller and broader
harmonic peak near the location of the shoulderlike features.
The fit yields a d spacing of 1654.5 A, as listed in Table 1.
This places the harmonic peaks seen in the charge density
model nearly the same distance away from the BFO (0, 0, 1)
in reciprocal space as the shoulderlike features seen in the line
scan. The d spacing is also similar to the domain-wall period:
d/2 =1487.0 A, as deduced from the PFM data and nominal
domain structure.

Comparing the integrated intensities of the (0, 0, 1) peak to
the intensity of the shoulder at Qx ~ 0.003 A’l, the ratio of
which is ~523, we estimate that |A| = 0.087. This suggests
that the strain or atomic displacements giving rise to the diffuse
scattering are at the ~8.7% level.

IV. DISCUSSION

The success of these domain structure models indicates that
one does not necessarily need to resort to detailed analyses of
unit cells and atomic positions to capture many of the salient
structure features of the system.

However, there are some aspects of the data that these
models did not replicate. One such feature is the strong central
peak seen in the 109° DW data. Though there is a central
peak in the model for H = 0, the intensity and sharpness of
the observed peak are not accounted for by the canting angle
contrast model. This is in part because the substrate peak
and its truncation rod are not accounted for in the structure
factor, which will run through Qx = 0 and give a small peak
such as the one seen in Fig. 4(d). Defects in the sample
could also contribute. Having only surveyed 4 and 25 pm?
patches of film, the possibility that there are regions of the
sample that do not exhibit domains, which could contribute
to a sharp central peak, cannot be ruled out. Such regions
are known to exist in other (0, 0, 1)-oriented BFO films: the
nanodiffraction experiments by Hruszkewycz et al. [14], on
thin films exhibiting 109° DW arrays deposited on TbScOs3
substrates, showed many areas of the film that displayed no
canting of the c-axis planes.

PHYSICAL REVIEW B 89, 214104 (2014)

The data also exhibit asymmetric sidebands, whereas the
model yields symmetric scattering. This is not an absorption
effect as the asymmetry changes direction if the sample is
rotated 180°. One plausible explanation is the change in
orientation of the resolution function with sample rotations
away from Bragg geometry. The clockwise tilt of the resolution
function shown in Fig. 2(f) is that expected when aligned to
(0, 0, L). Rotations of the sample away from the Bragg angle
cause the resolution function to tilt away from the Qx =0
line by the sample offset angle. Tilting the sample to either
side of the Bragg angle then causes the resolution function
to exhibit slightly different tilts for each case, causing it
to integrate the intensity from the sidebands in an uneven
manner.

There is also a phase ambiguity in the 71° DW charge
density model. The density fluctuations were spatially assigned
to domain walls in the real-space model. The same result
for intensities will be obtained if the sinusoidal modulation
of the average charge density is shifted by some phase so
that its crests no longer lie on domain walls. The same holds
true if charge density modulation amplitude A is positive or
negative, as either value gives the same scattered intensity.
These ambiguities are examples of the classic “phase problem”
of XRD. Intuition can help clear up some of the ambiguity: if
the charge densities at each domain wall are to be treated
as identical, it seems natural to assume that the density
modulation in a domain will be symmetric about the center
of the domain, though one cannot say for sure if it is the
crest or the trough of the modulation that is centered on the
wall.

What might be the physical origin of the average charge
density modulation in the 71° DW system? One possibility
is strain associated with the domain walls. Regions of the
film with compressive strain should have a higher average
density than bulklike regions, while regions with tensile strain
should have a lower-than-bulk average density. For the 71°
DW case, a model with an average density modulation parallel
to the domain wall successfully reproduces the fine structure
seen in the diffuse scattering. It is tempting to connect the
average charge density modulation to the modulations of
strain normal to the domain walls. This is a reasonable
connection to make, as others [15] have calculated in Landau
free-energy models film strains at domain walls that vary
significantly from bulk values for realistic treatments of several
materials.

V. CONCLUSION

In summary, we have shown that a simple charge density
model of the domain structure compares in a satisfactory
way to data collected around the (0, 0, 1) Bragg peak of
BFO. The canting angle contrast model, which accounts for
coherent scattering between the canted c-axis planes and the
domain structure, successfully captures the essential features
of the diffraction data from the 109° DW samples. Values of
the canting angles of the (0, 0, 1) planes obtained from fits to the
diffraction data compare favorably to the AFM result reported
by Chu et al. [3]. The domain array periods extracted from
the data using the model are also within the error bars of the
PFM values of the domain array periods of the samples. For
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the 71° DW system, charge density modulations associated
with the domain walls successfully reproduce many of the
features of the diffuse scattering around (0, 0, 1). Using 45°
inclined domain walls in the model, harmonic peaks arise
that coincide with faint shoulderlike features seen in line
cuts through the diffuse scattering: the d spacing associ-
ated with the shoulders is nearly equal to the domain-wall
period.

The diffraction data also contains signatures of the substrate
strain being modulated due to the formation of a coherent

PHYSICAL REVIEW B 89, 214104 (2014)

interface between the DyScOj lattice and the BFO film. This
indicates that domain structures might be used to influence the
near-surface properties of bulk materials.
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