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Abstract:

The influence of film orientation, strain relaxation, and flexoelectric fields on the stability of the spin
cycloid in (110)-oriented BiFeOs epitaxial films grown on LaAlOz substrates is investigated. By
means of advanced x-ray diffraction techniques, we show that thinner films have very large strain
gradients which give rise to high flexoelectric fields. Using low-energy Raman spectroscopy and
conversion electron Mdssbauer spectroscopy (CEMS) we show that films up to 53 nm thick possess
collinear antiferromagnetic order, with no cycloidal modulation. This suppression of the cycloid is
proposed to be from strain and strain-gradient-induced flexoelectric fields. On the other hand, films
thicker than 90 nm show a complex spin texture consistent with two separate cycloids, likely with
different propagation directions. Interestingly, CEMS analysis suggests that the two cycloids have
the same spin rotation plane. The multiple cycloids are suggested to arise from different ferroelastic
domains (in turn influenced by twinning in the substrate) with different strain relaxation behaviors.
These results offer insight into the factors that influence cycloid stability in the less common (110)

film orientation and have implications for future magnonic devices.
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1. Introduction

BiFeOs (BFO) is a room temperature multiferroic [1]. Intense research interest into BFO, and
other multiferroic materials, has been driven by the promise of devices in which energy consumption
can be reduced by virtue of such materials to, in principle, allow the writing of a magnetic bit by
electric field [2]. While progress is being made towards this goal, BFO has shown other qualities,
such as conductive domain walls [3] (valuable for paradigm-changing data storage devices [4]),
attractive optical [5-7] and photovoltaic [8] responses (good for optical and energy harvesting
devices) as well as highly strain-tunable magnetic [9], ferroelectric (FE)[10-12] and

multiferroic [13] characteristics.

From a magnetic point of view, bulk BFO has G-type antiferromagnetic (AFM) order [14]
with a Néel temperature of ~640 K. The exact spin structure is more complex, however, with a long-
period spin cycloid [15], typically confined to high-symmetry crystallographic directions [16], along
with a weak ferromagnetic (FM) moment when the cycloid is suppressed (by high magnetic (H)
field, strain, or otherwise). The spin cycloid in BFO gives rise to magnon (spin wave) modes [17]
which can be probed by optical spectroscopy techniques [18,19]. Evidence for cross coupling
between FE and magnetic orders has been evidenced by neutron diffraction [20] and low-energy
Raman spectroscopy [21].

The influence of external perturbations (such as electric field, magnetic field, strain, etc.) on
the cycloid in bulk BFO is well documented [20-25]. Furthermore, the modification of the unit cell
by chemical strain (doping) can destabilize the cycloid [26], and hydrostatic pressure modulates the
magnon modes through various structural phase transitions [27]. The influence of strain and external
fields (electric E, magnetic H) on the cycloid is thus well understood, at least in the ‘standard’ (001)
film orientation and under biaxial strain. On the other hand, and although the cycloid has been
evidenced in thick (~1 pm) (110) films on SrTiOs substrates [28], the influence of uniaxial-like
substrate-induced strain, and more importantly strain gradient (which can be accessed using strain

relaxation in typically 20-100 nm thick partially-strained films) has received less attention.

Flexoelectricity refers to the generation of an electric field by a strain gradient. Although the
magnitude of strain gradients in bulk materials is rather low (0.1 m™) [29], in nanoscale epitaxial
films strain gradients can be huge (up to 10° m™) [30] and thus generate enormous flexoelectric
fields. In ferroelectric (FE) materials, these fields can influence self-polarization [31] or induce
polarization rotation [32]. Using nanoscale mechanical pressure and the related localized strain

gradient has been shown to switch FE polarization [33]. While the influence of flexoelectricity on FE



properties is thus well documented, there are relatively few reports discussing the influence of strain
gradients on magnetic properties in multiferroics. Understanding the influence of strain, substrate
orientation, and strain relaxation on the cycloid’s existence has implications for the design of

magnonic devices [34] in the future.

In this paper, we consider such issues by studying a set of BFO films grown epitaxially on
(110)-oriented LaAlOs (LAO) substrates. This substrate is chosen since the misfit strain of 4.5 %
allows to induce large strain gradients through strain relaxation. We find that thinner films do not
exhibit a cycloid, likely due to strain levels that are too high, while thicker films show a complex
spin texture consistent with the existence of two cycloids, corresponding to different ferroelastic
domains in the films. At intermediate thicknesses, although strain levels are low enough to allow a

cycloid [9], the flexoelectric field destabilizes it.

2. Film Growth and Structural Characterization

Epitaxial films of BFO (19-144 nm in thickness) were grown by pulsed laser deposition
(PLD) on single-crystal LAO (110) substrates. A frequency-tripled Nd:YAG laser (A = 355 nm, f =
2.5 Hz, fluence ~1 J/cm?) was focused on a Bi1.1>’FeO3 ceramic target (10 % excess of Bi to account
for volatility of this element; ~100 % °’Fe substitution to facilitate CEMs measurements, as
described in Section 4). The oxygen pressure was 0.01 mbar, and the substrate temperature was ~580
°C. Subsequent to film growth, the samples were cooled slowly to room temperature in an oxygen

pressure of 300 mbar.

For films of thickness t up to ~50 nm, the thickness was measured by x-ray reflectometry
(XRR) (not shown). Using the calibration of the growth rate from thinner films, the thickness of the
films > 60 nm was extrapolated from the growth time. As such, the film thicknesses reported here

should be considered approximate.

X-ray diffraction (XRD) was performed to measure the structure of the films (Philips X pert
MRD diffractometer using Cu K,.1 radiation, equipped with a two-bounce Ge 220 monochromator).
XRD 260-® scans in the vicinity of the 110 and 220 LAO reflections are shown in Fig. 1(a). In this
manuscript we use monoclinic notation for BFO, for which the conversions to the LAO

rhombohedral (= pseudocubic) frame are presented in Table S1, Supplemental Material>. Upon

1 Unless denoted with ‘mc’, all crystallographic directions and reflections discussed in this paper are
considered in the pseudocubic frame.



increasing film thickness, the coexistence of several different peaks, with relative intensities varying
with thickness, becomes apparent. We denote with a star (*), what appears to be for the 144 nm film,
a tetragonal-like phase [13] BFO«wtra With a characteristic elongated out-of-plane lattice parameter.
The other three phases are, respectively, a ‘highly strained’ phase: BFOnstr (m); a phase with larger
out-of-plane lattice parameter: BFO. (®); and phase with slightly lower out-of-plane lattice
parameter: BFOy, (A). Such a phase mixture of various structures is typical in BFO films grown on
LAO (110) substrates [35], and is likely due to the large (~4.5 %) misfit strain between substrate and
film. Having seen the existence of multiple phases in thicker films we consider that the 19 nm film
comprises a mixture of the BFO, and BFOy, phases.

The out-of-plane lattice parameter agro for the three phases is plotted in Fig. 1(b). From the
XRD peak intensities (fit with Gaussian functions), we estimate the volume fraction of each phase,
see Fig. 1(c). In all the films the ‘tetragonal-like” and ‘highly strained’ phases comprise an extremely
low (0-2 %) volume fraction, therefore we neglect them for the remainder of the paper. For the other
two phases, their volume fraction is complementary and BFO. becomes the dominant phase for

thicknesses above ~90 nm.
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Figure 1. (Color online) (a) High angle 26-o scans for BFO//LAO (110) films 19-144 nm in thickness. Multiple phases
are identified (see text). Thickness dependence of (b) the out-of-plane lattice parameter, and (c) phase fraction of the

different phases. (d) Average strain 4 for the BFO, phase.



More detailed characterization was carried out by performing XRD reciprocal space mapping
(RSM) (Figs. S2 and S3, Supplemental Material). These analyses show that for the dominant phase
BFO. there are two possible ferroelastic domains. Using the RSMs and 26-® scans, we have
extracted the full lattice parameters of BFOa.. Here the average (homogeneous) strain &4 (in percent)
is calculated using the lattice parameter along the specific direction scaled down by the BFO unit cell
volume. The strain values calculated using this formulation are presented in Fig. 1(d). This plot
shows that the thinnest film (t = 19 nm) is under more than 2 % compressive strain along the in-plane
[001] direction and remarkably, experiences 1.2 % tensile strain in the other in-plane [110] direction.
Such an observation is rather counterintuitive since LAO nominally imposes 4.5 % compressive
strain. It is presumably the result of the strong uniaxial-type strain imposed by the LAO substrate
along the [001] direction.

As the film thickness is increased, the magnitude of the in-plane strain decreases almost
monotonically, as expected through strain relaxation [Fig. 1(d)]. It is interesting to note that the
strain in the out-of-plane [110] direction (which is typically derived from the peak position in
standard 20-m scans) is close to constant. This observation indicates that using 26-w scans alone to
understand the relaxation behavior of (110)-oriented films is not sufficient, since strain relaxation
occurs through the in-plane parameters, rather than manifesting as changes in the out-of-plane

parameter.

To gain further insight into the structure, particularly in regard to strain relaxation, we have
measured RSMs around a large number of peaks and performed a so-called Williamson-Hall (W-H)
analysis [36]. Williamson Hall analysis allows to estimate the inhomogeneous strain i (and therefore
the strain gradient) in the out-of-plane and in-plane directions. The process described in
Refs. [31,37,38] was followed, and a summary is outlined for a representative (t = 53 nm) sample in
Fig. 2(a). The in-plane &; along [001] was estimated by fitting the film peaks for the 220, 221, and
222 reflections, while & along [110] was estimated using the 110, 210, 220, and 320 reflections.
Finally, the value of &; in the out-of-plane [110] direction was derived from peak fitting to the 110,
220, and 330 peaks from the 20-® scan.

Using the relation

p cos O =%+4sisin0 2

where f = Brim — Binstr IS the linewidth of the diffraction peak [Sinstr is the instrument resolution and is

estimated from the line width of a nearby substrate peak], Aw is the x-ray wavelength (1.5406 A), D



is the coherence length along scattering vector, and K is a geometrical constant (taken here as 1), the

value of &; is estimated separately for the three directions as described above.

Next, we use the value of ¢ in a formulation to extract the value of strain gradient in the
films. To simplify the analysis, we assume an exponential strain profile, and that relaxation occurs
predominantly through misfit dislocations. These assumptions allow us to define the film strain as a
function of distance z from the substrate-film interface, and film thickness t, as [36]

e(z,t) = gyexp [cosh% — tanh%sinh %] 3)

where ¢ is the strain at the substrate-film interface, and o is the ‘strain penetration depth’; both of
which are sample-specific. To incorporate the inhomogeneous strain, we use the treatment presented
in Ref. [36], namely the relation

t £}

28 (e7+¢3) = tanh (%) 4

where en is the value of homogeneous (average) strain, as defined above. Numerically solving Eq.

(4) allows determination of the value of 3, and then substituting this into Eq. (3) yields the strain
profile. Carrying out this analysis for the three directions ([001], [110], and [110]) allows to obtain
the strain profile and thus the lattice constant as a function of z. The strain gradient is then calculated
from the strain at the film surface and substrate-film interface (crudely as it approximates the strain
profile as linear) by

Ograq = 2750 (5)

The results of such analysis for the 53 nm film are shown in Fig. 2(b). Also plotted are the
lattice parameters for the 19 nm thick BFO film, considered as an approximation to the expected
lattice parameter near the interface for the 53 nm film. The agreement here is reasonable; however,
the W-H analysis appears to overestimate (underestimate) the lattice parameter in the [001] direction
([110] and [110]) directions). This implies that the value of strain gradient for this film may in fact

be larger than suggested by the present treatment.
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Figure 2. Williamson-Hall plot analysis for strain gradients. (a) Williamson-Hall plot along the three
cartesian directions. (b) predicted lattice constant (solid lines) according to Eq. (3). The average strain in each direction
is shown as a dashed line. Data points are the average lattice parameter for the 19 nm thick film. (c) inhomogeneous
strain in three directions as a function of thickness. (d) estimated flexoelectric field as a function of thickness (the dotted

line is a guide to the eye).

Applying the same treatment to the other films yields the value of inhomogeneous strain
given in Fig. 2(c). Generally speaking, the inhomogeneous strain &i decreases with thickness in the
out-of-plane [110] and in-plane [110] directions, while the & for the other in-plane [001] direction
generally tends to increase upon increasing thickness. The 93 nm film, however, does not follow the
trend as it has a very low value of &; along the [001] direction. The origin for this is unclear; it may
be related to some extrinsic effect related to film growth or substrate quality. Further, the 19 nm film
has values of &; that do not follow the trend; i.e., they seem to be too low. One can understand this
when considering the lattice parameters and homogeneous strain ey [Fig. 1(d)]. This film is under
considerably higher average strain than the thicker films, thus implying that less strain relaxation has

occurred; in turn meaning that the inhomogeneous strain is expected to be lower in magnitude.

Finally, the magnitude of the flexoelectric field estimated [31] from all the components of
inhomogeneous strain is plotted in Fig. 2(d). The value of flexoelectric field estimated to be as high
as 11 MV/m for the 19 nm film, and upon increasing thickness its value reaches a minimum for the
93 nm film, and then slightly increases to ~2 MV/m for the thicker films [Fig. 2(d)]. These very high
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values of flexoelectric field almost certainly play a role in the self-polarization of the film (as
discussed in Ref. [31]), and they become important later in Section 5 when we consider the magnetic

structure of the films.

3. Low-Energy Raman Spectroscopy

To understand how the previously described strain relaxation, strain gradients (and related
flexoelectric fields), and ferroelectric/ferroelastic domain structure influence the cycloidal magnetic
order in the films, we used low-energy Raman spectroscopy. This technique probes the spin wave
modes corresponding to in-cycloidal-plane (‘cyclon’) and out-of-cycloidal-plane (‘extracyclon’)
excitations. These different modes are selected by Raman spectroscopy using crossed and parallel
polarizers respectively. Remember that Raman scattering probes excitations with a total wave-vector
close to zero. For a first-order Raman process with only one excitation involved, the Raman
spectrum represents the excitations of the compound at the center of the Brillouin zone (BZ). In a
simple antiferromagnet, there are two magnon branches and two magnons are expected at the center
of the BZ, the phase and the amplitude modes. The phason mode is gapped due to the magnetic
anisotropy in the plane. The anisotropy out of the cycloidal plane induces ‘folding’ of the two
branches at the center of the BZ and the higher energy modes (cyclon and extra-cyclon modes)
observed in the Raman spectra. Several peaks are even split by higher harmonics of the spin cycloid.
As first predicted by de Sousa and Moore [17] and then observed by Cazayous et al. [18], in the
bulk, the cyclon mode energy follows a geometric progression with mode number with a slope given
by the cyclon energy. On the other hand, the extracyclon modes follow a slightly different
progression, due to the opening of a gap attributed to the pinning of the cycloid plane to the
ferroelectric polarization. The spin excitations of BFO are fully described by a microscopic model
including easy-axis anisotropy, and Dzyaloshinskii-Moriya interactions [40-42].

Low-energy Raman spectra (collected at room temperature using the 532 nm laser
line [9,43]) are presented in Fig. 3. Note that the 19 nm film was not measured as the average strain
was considered to be too large to sustain the cycloid; an assumption that is justified as we will see
later when CEMs data are presented. The Raman spectrum for the 53 nm film [Fig. 3(a)] shows a
single peak for both configurations. Such an observation is consistent with the presence of standard
G-type antiferromagnetic order [44]; i.e. no cycloid. Moving to the 93 nm film [Fig. 3(b)], a series of
peaks for each configuration is observed. Using the scaling laws from Refs. [17,18] we estimate the

period of this cycloid to be about A = 72 nm. This is larger than the bulk value of 62 nm, but is



comparable to previously-reported values for films [24,43,45]. The lengthening of the cycloid period

is consistent with a strain-induced anisotropy [46].
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For the thicker films (t > 120 nm), the picture becomes rather intriguing. The Raman spectra for the
126 nm film [Fig. 3(c)] and the 144 nm film show a larger number of peaks. In each spectrum, one
can distinguish two sets of peaks. This could reflect the presence of two separate cycloids in these
samples, each set of peaks being associated to a cycloid. The period of both cycloids, estimated from
the peak separation for each series, is close to 76 nm. In the bulk, the position of the peaks is a
function of easy axis anisotropy K along the polarization axis. The shift between the two set of peaks
(=2 cm™) might be induced by the fact that the both cycloids do not experience the same magnetic
anisotropy due to different propagation directions. In BFO bulk, this constant has been evaluated to
0.0035 meV (Ref. [41]). The shift of 2 cm™ is roughly proportional to an additional variation of K of
0.0005 meV.

Regardless of the presence of one (t = 93 nm) or two (t = 126 nm and 144 nm) cycloids, the
Raman data clearly show that the structural changes induced by increasing thickness influences the
magnetic structure in these films. To try to understand if the two cycloids observed in the Raman
spectra for the thicker films arise from two cycloids with different propagation directions (and thus
two different cycloidal planes), we next used conversion electron Mdssbauer spectroscopy (CEMS).

An advantage of this technique is that it is sensitive to the average spin direction (i.e. the plane in
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which the spins rotate), and supplementary measurements with the sample tilted in various

orientations allows unambiguous determination of the cycloid plane.

4. Conversion Electron Mdssbauer Spectroscopy (CEMS)

The ~100 % °’Fe enrichment in the films allows conversion electron Mdssbauer spectroscopy
measurements to be performed even on the thinnest film of 19 nm with good signal-to-noise ratio. In
the case of a magnetic cycloidal modulation of spins, the Fe nuclear energy levels are perturbed by
combined electric quadrupolar and anisotropic magnetic hyperfine interactions, resulting in line
broadening and asymmetry of the Mdssbauer spectrum of BFO [47]. Therefore, the CEMS technique

can be used to probe the existence or absence of a magnetic cycloid in BFO thin films [9,48,49].

We begin with CEMS data taken with the gamma ray incident normal to the film surface, as
shown in Fig. 4(a). The CEMS spectrum taken at 295 K in this geometry for the 144 nm film is
shown in Fig. 4(b). The spectrum exhibits a six-line Zeeman-split magnetic hyperfine pattern with
isomer shift (8 = 0.41 mm.s™) and hyperfine field values (Bns =~ 48.8 T) typical for octahedrally-
coordinated Fe**. The first salient feature is that the spectrum shows a clear asymmetry, as evidenced
by the difference in height of peaks 1 and 6 (and peaks 2 and 5). Such asymmetry of the
experimental spectral data can, in principle, be reproduced in the calculated spectrum by a

distribution of both orientations and hyperfine field values, correlated to quadrupole shift values [9].

Neutron diffraction experiments have shown that in (110)-oriented BFO films, the cycloid
propagation direction is modified from the ‘bulk-like’ <110> family of directions, to a unique [112]
direction [28,50]. In such a cycloid, the spins rotate in, and are confined to, the (110) plane. Based
on these observations, we have attempted to fit [9] the CEMS spectrum for the 144 nm film using a
cycloidal modulation of Fe spins inside such a (110) plane; however, as shown in Fig. 4(b), the fit is
not satisfactory. Notably, the intensity of peaks 2 and 5 is too low. If the direction of the Fe spins
makes an angle g with the direction of the incoming gamma ray, the line intensity ratio R23 between

lines 2 and 3 (or lines 5 and 4) of a magnetic hyperfine sextet can be expressed as

_ 4sin?p
Ras = (1+cos2 B)’ ©)

In normal incidence geometry, this expression implies that if all the spins lie in the plane of the film,
£ =90° and thus R,; = 4. On the other hand, if all the spins are oriented out of the film plane, then
B — 0° and R,3 — 0. The fact that in our fit of the spectrum shown in Fig. 4(b) gives a ratio R23 that

10



is too low indicates that the magnetic structure of the film is more complex than a simple harmonic
cycloid, and that it comprises, according to Eq. (6), a greater proportion of spins aligned
perpendicular to the direction of the incident gamma ray beam, i.e. in the film plane. This could be
due either to i) a mixed spin arrangement comprised of a cycloidal order and collinear
antiferromagnetic (AFM) order (with the spins confined to the film plane), or ii) a strong
anharmonicity [51] of the cycloid, preferentially aligning the spins in a direction close to f = 90°,

i.e. along the [001] direction of the film plane.

To test this first hypothesis, we next fit the CEMS spectrum using a model based on a mixed
cycloidal / collinear antiferromagnetic (AFM) order. In this model, the cycloid is assumed to have a
[112] propagation direction and (110) plane, while the collinear AFM phase is confined to be in the
film plane, as illustrated schematically in Fig. 4(c). Using this model, the fit is substantially
improved as shown in Fig. 4(d). For the 144 nm film, the fit yields approximately 68 % cycloid and
32 % collinear AFM order. This demonstrates that about 1/3 of the Fe spins lie in the film plane and

that a perfectly harmonic cycloid alone cannot reproduce the data.
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Figure 4. (Color online) Mdssbauer spectroscopy in normal incidence on BFO//LAO (110) films. (a) Geometry of
the measurement with the gamma ray incident along k1, that s, along the [110] direction. (b) Normal incidence

spectrum fit with a cycloid with (110) cycloid plane. (c) Adding a collinear component improves the fit considerably. (e)

Spectra and fits for the full set of samples.
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Applying the same analysis to the CEMS data recorded for the other films yields the fits
presented in Fig. 4(e). For all films the fits are very good, attesting to the appropriateness of the
analysis presented here. Note that the line intensities of peaks 2 and 5 progressively increase upon
decreasing film thickness, and that the asymmetry in the spectra disappears for the thinnest films.
This trend reflects a progressive change in the spin structure with the film thickness. In the thickest
film (t = 144 nm), the cycloid is most prevalent and the R»3 value is close to 2 (as for a random
orientation of Fe spins), but for the 52 and 19 nm films, the line intensity ratio R2s is close to 4
indicating that strain- and/or shape-induced anisotropy appears to force the spins in the plane of the

film, and the cycloid is no longer present.

Further insight on the true spin direction and cycloid plane was gained by conducting CEMS
measurements with the sample tilted relative to the incoming y-rays. In the first tilted experiment [the
geometry for which is shown in Fig. 5(a)], the y-ray is incident along the [010] direction, which is
tilted 45° from the [110] direction and 45° from the (110) plane. The second tilted experiment [Fig.
5(b)] has the y-ray incident 45° from the [110] direction, in the (110) plane. This choice of tilted
geometries allows better characterization of the Fe spin orientation, and simultaneous fitting of the

spectra for the three geometries allows to considerably reduce the uncertainty.
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Figure 5. (Color online) Méssbauer spectroscopy in inclined geometry. (a) geometry of the 1% tilted experiment
where the y-ray is incident along the [010] direction, i.e. tilted 45° to the (110) plane. (b) geometry of the 2 tilted
experiment where the y-ray is incident at an angle 45° from the [110] direction in the (110) plane. (c) M&ssbauer spectra
for the 1% tilted experiment for the five films. Note that for the thickest film, the spectrum resembles the standard type-1
cycloid, while for the thinnest film, the spectrum is consistent with spins orthogonal to the y-ray direction (see text). (d)
the spectra for 2™ tilted geometry show minimal dependence on thickness. The thickest film shows a spectrum very
similar to that observed in normal incidence, while the thinnest film shows a symmetric spectrum, consistent with spins
tilted ~45° from the y-ray direction (see text). (e) geometry of the tilted Mdssbauer experiments and the relevant angles.
(f) angles g for the collinear AFM phase, obtained from the fits of the data shown in (c-d). For a pseudo-collinear phase

with spins aligned collinear along [001], the expected values of these angles are shown as dashed lines.

The CEMS spectra for the 1% tilted experiment and 2" tilted experiment are presented in Fig. 5(c-d)
respectively. Upon inspection of these spectra it is apparent that the thickness-dependent changes in
the intensity of peaks 5 and 6 is much smaller than was observed for normal incidence, as shown in
Fig. 5. Analysis of these spectra (once again considering a mixed cycloidal and collinear phase)
indicates that the spins are indeed confined to the (110) plane (for the thicker films) and that for
thinner films the spins are directed almost completely along the [001] in-plane direction. Indeed, for
the three used experimental geometries (normal incidence, and the two tilted experiments), the

13



orientation of the hyperfine field Bnr of the collinear phase with respect to the incident gamma ray (as
shown in Fig. 5(e)) was deduced from the fit of the Mdssbauer spectra, with corresponding spin
angles f1, f2, and p3 of the collinear phase presented in Fig. 5(f). Here for all films, we find that the
p1 and g fitted values are close to 90° and that fs is close to 45°, evidencing that the spins of the
collinear phase are, approximately, confined to the in-plane [001] direction. The latter result is
consistent with the fact that the unit cell of BFO is in an Mg monoclinic phase under about 1 %

biaxial strain in the ab plane, thus causing the spins to point close to the [001] direction [48].

Using the analysis of mixed collinear / purely harmonic cycloid, fitting for all films gives a
fraction of collinear phase that increases upon decreasing thickness. For the 19 nm and 53 nm films,
the collinear phase constitutes 100 % of the CEMS spectrum fit, thus implying that there is no
cycloid in these samples. For the 93 nm, 126 nm, and 144 nm films the collinear phase fraction

decreases upon increasing film thickness.

Such an observation can be understood by considering the phase coexistence as shown in Fig.
1(c). Recall that the BFOy phase constitutes close to 50 % of the film volume for thinner films (t = 19
and 53 nm), while as thickness is increased the fraction of BFOy decreases. Also recall that the
structure of this phase has a strain of ~0.5 %, but, more importantly, it has a strongly distorted unit
cell which prohibits the presence of the cycloid [52]. Such a strain value implies that the average
direction of the Fe spins should be along [001], that is, in the plane of the film. Therefore, the
observation of increased collinear AFM fraction with decreasing thickness is consistent with the

increasing fraction of the BFOyp phase.

5. Discussion

The Raman and Mdssbauer data show that the cycloid is destroyed in films with thickness
t < 53 nm, while for films with ¢t > 93 nm, the cycloid survives. Here we summarize our data and
suggest, based on the detailed structural and strain gradient analysis of Section 2, the origin for the
observed cycloidal order as a function of film thickness. A summary of the observations presented in

this paper is given in Fig. 6.

For the thinnest film (t = 19 nm), the average biaxial strain in the ab monoclinic plane is
above +1 % [Fig. 6(a)(i)], and the flexoelectric field is very large at ~11 MV/m. CEMS evidences

antiferromagnetic order with no cycloidal modulation, consistent with the large strain value,
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implying that the film is under too much strain and/or strain gradient to allow a cycloid. The strain-

induced anisotropy forces the spins to lie in the in-plane [001] direction.
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Figure 6. (Color online) (a) Dependence on thickness of (i) homogeneous strain g, (ii) flexoelectric field Efiexo, (iii)
fraction of BFOy, phase, and (iv) fraction of pseudo-collinear phase. Regions where the cycloid is stable are shown in
orange, while blue denotes non-cycloidal (pseudo-collinear) states. (b) Dependence of collinear phase fraction on the
phase fraction of BFOy, phase, showing a monotonic trend. Note that extrapolation to 0 % of BFOy suggests that the

cycloidal phase has a prominent anharmonicity (see text).

For the 53 nm film, although the average strain is +0.65 %, i.e. low enough to allow the
cycloid [9], no evidence for this is shown in Raman and CEMS measurements. In addition, the
CEMS spectra from measurements with the sample tilted suggest that the spins, just as for the 19 nm
film, are oriented close to the [001] in-plane direction. Recall that the W-H analysis presented in
Section 2 suggests that the flexoelectric field in this film is quite high at ~4 MV/m (see Fig. 6(a)(ii)].
Recently, it was predicted that external electric field of 6 MV/m applied to bulk BFO is sufficient to
switch the cycloid rotation plane, while higher fields can create a ‘plane cycloid’ [25]. The influence
of electric field on the cycloid has indeed been demonstrated experimentally, where the domain
populations and cycloid period were changed with applied electric field in films of BFO (Ref. [53]).
In the context of these predictions and experimental observations, we argue that in the 53 nm film,
the relatively large flexoelectric field destabilizes the cycloid. Although the field of 6 MV/m appears
to be rather modest to be able to exert such a strong influence (when compared to the theoretical
predictions), one should keep in mind that generally theoretical approaches overestimate coercive
fields in ferroelectrics and multiferroics by orders of magnitude [54,55].
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For the 93 nm film, Raman data show the existence of a cycloid with a period A = 72 nm
while CEMS analysis suggests about 24 % cycloid and 76 % collinear order. Once again, the average

strain and strain gradient are both low enough to expect the cycloid to be present.

For the thickest films (t = 126 nm and 144 nm), the existence of a cycloidal modulation from
Raman data, with a decrease of the cycloid proportion from CEMS, is consistent with the reduced
average strain, and reduced Esiexo. The detection of two separate cycloids by Raman spectroscopy can

be explained by existence of two ferroelastic domains as found using XRD.

This discussion is summarized in Fig. 6(a), where the average strain En, flexoelectric field
Efiexo, phase fraction of BFOy, and the fraction of collinear phase (from Madssbauer analysis), are
plotted as a function of thickness. In these plots, blue zones correspond to condition where the
cycloid is destabilized, while orange regions indicate phase space where the type-2 cycloid [9,28] is

stable.

Finally, to understand the decreasing fraction of collinear order upon increasing thickness, we
have plotted the collinear phase fraction (deduced from Mdssbauer) against the fraction of BFOy, see
Fig. 6(b). A linear trend is observed, and, notably, extrapolation to the y-axis (i.e. if there was 0 %
BFOy phase), suggests that the Mdssbauer could indicate a small fraction of the collinear phase. Note
that if error bars from the regression analysis are considered, the intercept could lie between the
values of 2.5 and 15 %, the lower limit thereof being within the experimental uncertainty of our
CEMS technique. If we consider that the collinear phase is attributed to the BFOy, phase, this could
suggest that the cycloid in these films has a prominent anharmonicity, i.e., in a phase pure film, a fit
with mixed cycloid / AFM character could also be interpreted as cycloid with strong anharmonicity.

6. Conclusion

In summary, we have presented a comprehensive study of the structure, strain relaxation, and
magnetic order of (110)-oriented BFO thin films on LAO substrates. Despite the large (~4.5 %)
misfit strain, the films crystallize in the R-like phase, under levels of strain that are dependent on the
thickness. For the thinnest films of 19 nm and 53 nm, Raman and CEMS data clearly show the
absence of the cycloidal modulation, which we explain by the presence of large strain and high
flexoelectric fields in these samples. For the thicker films of 93, 126, 144 nm, CEMS data show a
cycloid fraction that increases with thickness, related to two factors: the first is that the average strain

16



is reducing, and secondly the fraction of BFOy phase (which is too distorted to allow the cycloid)
decreases upon increasing thickness. On the other hand, Raman spectroscopy measurements reveal
the existence of a single cycloid for the 93 nm film, while for the 126 nm and 144 nm films two
separate cycloids, as shown by two sets of magnon peaks, are observed. These results show that
strain gradients and flexoelectric fields in multiferroic films can be used to engineer magnetic order.
The work presented here has implications for the design of magnonic devices, and bring insight to
the rich interplay between strain, strain gradients, ferroelectric domain structure, and the magnetic

order in multiferroic thin films.
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Supplemental Material
Conversion between monoclinic Mg and pseudocubic frames

Since we use the monoclinic Mg unit cell when considering the BFO structure [56], we have

provided a table converting between the monoclinic and pseudocubic axes in Table S1.

Monoclinic Me | LAO rhombohedral
BFO = pseudocubic
aero = [100] [110]
AXes; =
] ) bero = [010] [110]
directions
Cero = [001] [001]
200 110
400 220
600 330
401 221
Reflections
402 222
310 210
420 310
510 320

Table ST1. Conversion of the axes for monoclinic Mg BFO and the rhombohedral LAO lattice (=

pseudocubic lattice), and reflections used for the RSMs.

Characterization of strain state and ferroelastic domain structure

Information about the in-plane lattice parameters of the films was obtained using XRD
reciprocal space mapping (RSM). Symmetric and asymmetric reflections were measured to see the
full picture of the film structure. In Fig. S1, RSMs of reflections for which the x-ray plane of
diffraction is parallel with the [110] direction are presented. With this azimuthal (¢) angle, we access
the symmetric 220 LAO reflection, as well as the asymmetric 310 LAO reflection?. The symmetric
RSMs [Fig. S1(a-e)] reveal the existence of BFO, and BFOy, for all film thicknesses, consistent with
the results of standard 20-w scans of Fig. 1(a). Note that we do not observe peaks corresponding to
BFOnstr phases in these RSMs. The maps in the vicinity of the asymmetric 310 LAO (420 BFO)
reflection reveal two peaks, corresponding to BFO. and BFOy; however, from these maps, neither of

2 These reflections are thus called because for the symmetric reflections the XRD diffractometer angle o = 26/2, while
for the asymmetric reflections the scattering vector is required to be tilted such that o = 26/2.
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these phases appears to be ‘fully-strained’, since the in-plane reciprocal lattice component for film
and substrate are not equal. This reflects strain relaxation of the film layer. The lattice parameter

bero is obtained for the two phases using these maps.

19 nm 53 nm 93 nm 144 nm
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058 - ?
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Figure S1. Reciprocal space mapping with ¢ = 0, scattering plane parallel with the [110] direction. (a-€) RSMs
around the symmetric (220) reflection reveal the existence of a strained (BFO,) and relaxed (BFOy) phase for all films;

(f-j) around the asymmetric (310) reflection show that all films are relaxed along the [110] in plane direction.

Changing the azimuthal angle to ¢ = 90° in the XRD experiment gives us access once again
to the symmetric 220 LAO reflection, and to the 221 LAO reflection. The symmetric reflection [Fig.
S2(a-e)] once again reveals the presence of the BFO, and BFOy, phases for all thicknesses, but also
shows the ‘highly strained” BFOnstr phases in the 93, 126 and 144 nm films. A salient feature of the
symmetric maps is the splitting of the BFO, peak for the 126 nm film. This splitting implies that
there are ‘tilted domains’ in this BFO phase. Such a behavior has been observed for thick films in the

(110) orientation, and was attributed to strain relaxation [56].

The asymmetric maps [Fig. S2(f-j)] reveal the presence of two monoclinic ferroelastic
domains, evidenced by the characteristic splitting [39] of the BFOa. peak. One peak corresponds to
the 401mc reflection of BFO,, while the other corresponds to the 401mc reflection. Interestingly, the
‘relaxed’ phase BFOy is not visible in these maps: this may be due to the peak being obscured by the
peaks of the monoclinically-split BFO.. The domain population for BFOa. appears not to follow a
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particular trend; that is, for the 53 nm [Fig. S2(g)], 126 nm [Fig. S2(i)] and 144 nm [Fig. S2(j)]
films, the lower peak (401mc) is stronger, while for the 93 nm [Fig. S2(h)] film it is the upper peak
(401mc) that is more intense. The origin for this phenomenon is not entirely clear, it may be related to
slight differences in growth conditions, differences in the miscut angle of the substrates, or variations

in the proportion of the ferroelastic twins in the LAO substrate.
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Figure S2. Reciprocal space mapping with ¢ = 90°, scattering plane parallel with the (001) direction. (a-e¢) RSMs
around the symmetric (220) reflection reveal the existence of BFO, and BFOy phases for all films, and some tilted
domains for the 126 nm thick film; (f-j) Maps around the asymmetric (221) reflection show that all films comprise two

ferroelastic domains with proportions that vary with thickness.

It is convenient to define an average homogeneous strain in the ab plane en ab piane (that is, the
ab plane of the monoclinic BFO unit cell), calculated using the asro and bsro parameters using

/aBFobBFo 3
2 ~VVpe
- [ T X 100 %, @)

EH ab plane

where the lattice parameters for BFO are defined in the monoclinic Mg frame (Table ST1), and Vpc

is the volume of the pseudocubic unit cell given by V,. = aBF"XbBZFOXCBFO. Using this strain value

allows to compare the strain experienced by the present films with the more conventional (001)
orientation. In Fig. 5(a) are plotted the values of &n ab plane @S a function of film thickness. The
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thinnest film is under an average of +1 % strain, while in the thickest film the average strain reduces
to +0.4 %. Note that this is tensile strain in the monoclinic cell, making these films comparable in
symmetry (monoclinic Mg), and in lattice parameter, as (001) films grown for example on SmScOs3
or NdScOs (Refs. [5,9]).

Experimental details for conversion electron Mdssbauer spectrometry (CEMS)

The CEMS experiments were performed at room temperature using a ~50 mCi source of >’Co in Rh
matrix in constant acceleration mode. The conversion electrons were collected with a home-made
gas flow proportional counter operating with a (He-5% CHi) gas mixture [57]. A collimator
consisting of a lead screen with a 3 mm diameter hole was placed in front of the detector window.
The data were fitted using the MoSFIT code using the histogram method [58]. Isomer shift values are

given with respect to a-Fe at 300 K.
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