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abstract

Oxide materials are gifted systems, providing defgrof physical properties, including
superconducting, ferroelectric, piezoelectric, megn CMR, optical, conducting and et
al. The combinations of these properties providev relutions of next-generation
electron devices. The goal of this project is tddoup a laser molecule beam epitaxy
(MBE) system to fabricate epitaxial oxide hetenostures. Because it has the advantages
of high quality epitaxial growth, fast optimizatioand good composition and interface
control, it has been a core technology on devetpmixide heterostructures for many
years. Such a platform will greatly promote theligbbf studying oxide electronics in
academia and industry. Such a system will helpausuild up a database for oxide
epitaxial growth and to understand the fundamepitgsics in behind. Such a platform
can be used to develop new functional oxide mdsegiad heterostructures. It can also be
used to provide high-quality epitaxial oxide filfftg research groups to do other detail
measurements. It can also be used as a platfornndlustry to develop new oxide
devices. It will be an efficient approach to int&tgr research energy in academia and
industry.

M 437 . laser MBE, epitaxial, superlattice, termination iwoh
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Magnetoelectric coupling in multiferroic materidias attracted much attention because
of both the intriguing fundamental science anddigmificant potential for applications of this
phenomenof’. Among the large number of materials systemseatly being exploretf,



the model ferroelectric, antiferromagnet BikgBFO) has captured a significant amount of
research attention, primarily as a consequendeeofetct that the two primary order parameters
are robust with respect to room temperature<B820°C, | ~ 350°Cj°. The original work
of Wang et al.” in 2003 identified several puzzling features ofstlsystem. First, the
ferroelectric polarization observed in epitaxiahthilms was significantly higher (~6@C/cn12)
than what was published for the bulk at that timalthough provocative at that time, these
large values of polarization are now well underdtoihrough several theoretical and
experimental studies which have confirmed that fdreoelectric polarization of the bulk is
indeed quite large and that the originally repotted values of ferroelectric polarization were
likely the consequence of leakage in the matehat prevented the application of a large
enough field to saturate the polarization State

The second provocative observation in that papes the existence of a relatively large
magnetic moment in thin films, which was considérdhrger than the expected value from
the canted antiferromagnetism (~8 emuf)ldm This led to a significant amount of discussion
and follow up work within the community in attemptsbetter understand the origins of this
enhanced moment. Eerensteiial.® proposed that the excess magnetism was assouitked
magnetic second phases (suchy#®0s); this was supported by the studies of Béal.*
who showed that BFO films, when grown under reduycoonditions (for example under
oxygen pressures lower than 1%I0orr) showed enhanced magnetism as a consequétie o
formation of magnetic second phases. It is howengortant to note that low oxygen
pressure during growth is not the cause for thexeodd moment in the 2003 regornthere
films were grown in oxygen pressures between 1@-@Jorr and cooled in 760 Torr —
rendering formation of such secondary magnetic ghaisermodynamically unlikely. More
recently, the work of Martiet al."* suggested the role of thin film processing (foaraple the
growth rate) as a possible parameter that influgtioe state of magnetism in the film through
control of the ferroelectric domain structure. d&fy the recent observation of enhanced
electrical conduction at specific types of ferrotlie domain walls (namely 109° and 180°
walls)™ provides another important context to exploreetai the connection between domain
wall structure, electronic structure, and magnefisthese complex materials.

In any system with two order parameters, e.g. paton and magnetization, the
coupling between them means that the suppressidtoragradient of one order parameter at
its domain wall must necessarily affect the otheln other words, the suppression of
polarization at the ferroelectric wall must nece$ggroduce a change in magnetization.
Thus, even if the magnetization is zero within doenains, it will be non-zero at the domain
walls. This general idea can be understood witienframework of a classical Landau theory.
Starting from the simplest thermodynamic potentiadorporating two order parameters
expanded up to quartic order (the minimum requi@da second order phase transition,
though we note here that the ferroelectric tramsith BFO is almost certainly first order) and
biquadratic coupling between the two order pararmse(biquadratic coupling is always
allowed by symmetry, and therefore always preseminy system with two order parameters).



Because biquadratic free energy terms such?®E are scalars in any symmetry group, this
potential can be written thusly:

G, =G, +g(DP)2+%(DM)2+LMP(P,NI):GO +g(DP)2+%(DM)2+%P2+§P4+%M2+2M4+gP2M2 Whe

n one goes from R to P, it is energetically more favorable for the domaall energy
trajectory not to go through the centre of the kaghe P=0, M=0), but to take a diversion
through the saddle points sy # O, thus giving rise to a finite magnetization (Fig. The
absolute values of the magnetic moment at the domvall will depend on the values of the
Landau coefficients. The work of Goltset al. also identified the role of piezomagnetic
coupling between a ferroelectric and antiferroméignéomain wall, again leading to local
moments centered at the domain wall. Equally irgedrand relevant is the conclusion that
the antiferromagnetic domain wall width can be #igantly larger than the ferroelectric
domain wall width.

With this as the background, we set out to exptbee role of ferroelectric domain
formation on the magnetic properties of BFO thim&. The structure of domain walls in
ferroelectric perovskites and related materialsbeen the focus of several prior studés™
In tetragonal ferroelectrics such as Pbai@vo types of domain walls exist, namely 90° and
180° domain walls. In contrast, rhombohedral feleotrics (such as BFO) exhibit three
types of domain walls, namely those characterized 1° rotation of the polarization vector
(71° walls), a 109° rotation (109° walls), and tlassic 180° rotation. The first two are
both ferroelectric as well as ferroelastic, 71° lwdlorm on 101-type planes (which are
symmetry planes for this structure) while 109° wdtirm on 100-type planes (which are not
symmetry planes for the rhombohedral structiré) The orientation of the polarization
vector changes abruptly at the domain walls, whicgks already been confirmed by
transmission electron microscoPyThis can result in the symmetry inside the donvaitls
being different from that in the domains and, imtuhe properties at the walls can also be
different. Indeed, prior theoretical work has peéetl that the domain walls in multiferroics
can be ferromagnetic even if the domains themselaes antiferromagnetic or
paramagnetic*>?*  Conversely, spin rotation across the walls ofynedic insulators can
induce a polarization in the walls of otherwise +pmar materials”’. The interaction
between ferroelectric and antiferromagnetic domuialls has been studied in model
multiferroics such as YMn®and BiFeQ. In both cases it has been shown that the
antiferromagnetic domain walls are significantlydes (by ~1-2 orders of magnitude)
compared to the ferroelectric walls

In order to study the properties of domain watlss imperative that we are able to create
controlled arrays of 71° and 109° domain walls hintfilm form. We have been able to
achieve this using an epitaxial growth process émabled control over the electrostatic and
elastic boundary conditions. First, in order tonimiize the lattice mismatch strain, we chose
a single crystal, (116horhombic DYScQ (DSO) substrate (lattice mismatch with BFO is only
~0.2%); then, to manipulate the electrostatic bampdonditions, we used an epitaxial SrRuO



(SRO) layer of varying thickness as a bottom etefey all layers being grown by pulsed laser
depositior’® The ferroelectric domain structures of these kivals of domain wall samples
were characterized using atomic force microscopyMA (Digital Instruments, Nanoscope-IV
Multimode AFM) with the cantilever scanning alondl19>(where pc represents the
pseudo-cubic structure). Piezoresponse force suomy (PFM) is used to analyze the
ferroelectric domain structure of these films —agletd analysis allow us to determine the
individual polarization direction of each domain.We note that detailed structural
characterization studies on all of our samplesguginay diffraction, AFM, and low resolution
transmission electron microscopy show no evideocée formation of second phase material
in any samples.

Films grown on a thick SRO electrode (i.e., > 10) rshow a ferroelectric domain
structure that is essentially comprised of periadiays of 71° domains (Fig. 2a). A detailed
description of the nature of polarization in eacmdin is shown in Fig. 2b. The out-of-plane
(OOP) PFM image (Fig. 2c) of such a 71° domain vgalnple shows a uniform contrast,
indicating a single OOP polarization component tkaiownward directed (toward the SRO
electrode); the in-plane (IP) PFM image (Fig. Z2a)wss a stripe pattern with bright and neutral
contrast, which shows that the IP component of gbkrization in the bright domains is
pointing in [-110}. direction while the domains with neutral contragioint in the [-1-10]c
direction. As a consequence of such a domain tsteicthe net IP component of the
polarization of the whole sample points along [{}00 When the SRO bottom electrode
thickness is reduced to below ~10 nm (for this gtwd have used 5 nm), however, the domain
structure changes to become predominantly compo$dd9° domains (Fig. 2e). Again, a
detailed description of the polarization directionseach domain in this structure is given in
Fig. 2f. In contrast to the 71° domain wall stwress, both the OOP and IP PFM images of
the 109° domain wall samples show stripe-like amsit(Fig. 2g and h, respectively). The
OOP PFM image shows two contrasts, dark and bfigigt 2g), corresponding to the OOP
component of the polarization pointing down and while the IP PFM image (Fig. 2h) has
three contrast levels, dark, neutral and brightarkDand bright contrast correspond to the IP
component of the polarization pointing in [1-J0]and [-110}. directions in different
ferroelectric domains as shown in Fig. 2e, whileutred contrast correspond to the IP
component of the polarization pointing either i-}0},c or [110]. directions. It is
noteworthy that bright and neutral (or dark andtre#gudomains are usually grouped together
to form a bright (dark) “domain bands”. Within $ubright and dark domain bands, the net
polarization is directed in opposite IP directioiie. confirm the true nature of these domain
walls, we have completed high resolution transmaisselectron microscopy (HRTEM).
Atomic resolution images of both types of walls &vebtained using the aberration-corrected
microscope (TEAM 0.5) at the National Center foedfton Microscopy. These images,
(Supplementary Fig. S2) show that the 109° domahsware ~2 nm (5 unit cells) wide and,
indeed, form on the 100-type planes while the 7afsywhich are 2 nm wide, form on the
101-type planes of the rhombohedral structure fd=estt with the pseudo-cubic notation).



Heterostructures of Pt (2nm)/géH e 1 (CoFe) or Co (2.5nm) were grown at room
temperature on BFO/DSO samples with both 71° ar®d #i@main wall arrays in an ion beam
sputtering system with a base pressure of ~3XT0rr. In traditional exchange bias systems,
the effect is only observed upon cooling the systarough the Néel temperature of the
antiferromagnet in the presence of an externalieghleld. In our system, heating to above
Tn=370°C resulted in interdiffusion of the layers amddation of the CoFe films. We have
therefore circumvented this issue by growing thé&€bims in an applied field of 200 Oe, so
as to induce a uniaxial anisotropy. The magnetgponse of the ferromagnetic layer was
measured by means of the surface magneto-optical &tect (SMOKE) technique. An
incident beam was focused onto the sample surfgcanboptical lens and polarized in the
plane of incidencep(polarization). The angle of the incidence of lilgat was 45° from the
sample normal. Upon reflection from the samplefagr, the light passed through an
analyzing polarizer set at 1° from extinction. THKerr intensity is then detected by a
photodiode and recorded as a function of the inglkapplied magnetic field to generate the
hysteresis loop.

Heterostructures created on BFO films with a 7dthdin structure showed no exchange
bias (Fig. 3a) with applied magnetic field eitharadlel or perpendicular to the domain walls.
On the other hand, samples created from BFO filntls #09° domain walls exhibited strong
exchange bias behavior. In order to fully underdtdre details of the origins of the exchange
bias, we have applied the growth field of CoFe bodinallel and perpendicular to the 109°
domain wall surface and negative exchange biasolasrved in both cases (Fig. 3b and 3c,
respectively). For samples with the growth figighleed along the domain wall direction (Fig.
3b), a strong, negative shift of the magnetic hestis loop (typical exchange bias field ~40 Oe)
is observed while applying the measurement fialtharallel to the growth field of the CoFe
(red curve, Fig. 3b). When the measurement felapiplied perpendicular to the growth field
of CoFe layer, the magnetic response exhibitedrd &sis behavior, which shows negligible
shift of the hysteresis loop (blue curve, Fig. 3b)Ve also note that we observe the opposite
shift of the hysteresis loop when measured pardbetthe growth field of CoFe, thus
confirming the behavior to be a classical exchab@es interaction. Similar effects were
observed in samples where the growth field wasieggberpendicular to the domain wall
direction (Fig. 3c).  Additionally, the magnitudé¢ the exchange bias is observed to scale
directly with the density of 109° domain walls heetsample (Fig. 3d). It is also interesting to
note that the domain wall density dependence ishnmsimonger for films grown on [100]
SrTiO; substrate's; this clearly suggests a strong contribution friie domain wall topology
(i.e., the 109° domain walls in films grown on S¥Qbstrates have a tortuous topology while
the walls in films grown on DSO substrates are tatiegraphic in nature, Fig. S2), and
possibly from a difference in the strain statehi@ BFO layer on these two substrétes.

The correlation between exchange bias and domdinaviaosity is also geometrically
consistent. Recent studies of irregular domairisaial BFO films” show that these can be
characterized by a fractal Hausdorff dimension érgban two, meaning that the domain walls



occupy a much larger volume fraction than mighekpected from flat or smooth walls. The
larger volume ratio occupied by the fractal wallsuhd account for their bigger contribution to
the average macroscopic magnetization. Moreovergular domain walls are necessarily
non-equilibrium uncompensated structures wherergetafraction of uncompensated spins
may be expected.

From these exchange coupling studies two major tpoocan be made: 1) the
ferromagnetic CoFe layer experiences a directierahange biaenly when deposited on a
BFO layer that has a large density of 109° domaatisysuggesting the existence of pinned,
uncompensated spins in the BFO layer at such domalis as the direct origin of this
exchange bias; 2) that the direction of the exchdarigs shift if dictated by the application of
an external magnetic field (the growth field of 208).

These exchange bias studies suggest some intrigliffeyences in the magnetic
behavior between the two types of domain structuré® better understand this, it is
important to understand the nature of couplinghese exchange coupled systems. In the
classical picture of exchange bias, a ferromagitéyl) is in contact with a fully
uncompensated antiferromagnet (AFM) surface thasents pinned, uncompensated spins
that interact with the spins in the FM, leadingatoanisotropic exchange coupling. It has
been proposed that these pinned, uncompensatesl spam arise from a multitude of sources,
such as the surface termination of crystallograpgilanes in the AFM, roughness of the
interface between the FM and AFM, structural defeend grain boundaries or domain
structures in the AFM®?"?*Thus, we first discuss this various possibilitiefore presenting
photoemission experiments that will help unravel dhigin of these pinned spins in the present
BFO-based system.

A perfectly ordered, atomically-abrupt (001) suddor a single domain of the G-type
antiferromagnet such as BFO is a fully compensatgthce (i.e., possessing equal number of
antiparallel spins); thus such a surface terminaigonot expected to lead to an exchange bias
effect. Therefore, to first order, we can elimeahe domain surface as the source of
uncompensated spins. It is also possible thagréiffices in surface morphology between the
109° domain wall samples (which have a twinnedasa@fwith alternating tilts arising from the
structural distortion of the rhombohedral strucjuend the 71° domain wall samples, which
have flat surfaces with roughness on the ordetarh& steps, could play a role in the different
exchange bias properties. Fig. 4a illustratesstiméace topography of the film containing
109° domain walls schematically. From x-ray di¢tian and HRTEM studies, the surface
planes on the two sides of a 109° domain wall itegltby an angle ofnly 0.3%°, However,
the domain surface itself is still a fully competeshsurface and as such is not expected to give
rise to uncompensated spins or exchange bias. h¥#vefore focus on the magnetic structure
of the domain walls, (i.e., at the ridges or troaigf the corrugated surfaces). Fig. 4b
illustrates the four possible polarization variatitat can come together at this interface to
create the 109° domain wall. Also shown in thggife are the antiferromagnetic vectdrs,
and the corresponding canted momeMit, In epitaxial films of BFO, previous work has



demonstrated that the easy plane antiferromagsgticture of BF®is broken by epitaxial
strain imposed by the substrate; in the case df BAO and DSO substrates, this leads to the
formation of a <112z easy axis foL; the correspondiniyl lies along <1-10x or <-110>.
With a canting angle of +1°the canted momem gives us two possible configurations for
theM in adjacent domains across a 109° domain wall @&gnd d, respectively).

As an illustrative example, if we fix the ferroeiec polarizationP along [-111}, then
L is along [1-12])., andM points along [11Q}, as shown by the arrows in the yellow block
(Fig. 4c and d). On the other side of the walb(gh as the green blocky,is along [-1-1-1],

L along [-1-12]., andM can point along either [1-1Q](Fig. 4c) or [-110Q]. (Fig. 4d). The
transition area (i.e, the 109° domain wall) carthmught of as a Néel wall that rotates Me
vector with an enhanced magnitude, which gives nstanagnetic momeni,e, within the
wall lying either perpendicular (Fig. 4c) or paehlto the domain wall (Fig. 4d). Upon
application of an applied magnetic field during tirewth of the CoFe layer, we effectively
break any degeneracy between the two configuratimsselect one over the other. Thus,
application of a growth field perpendicular to th@main walls gives rise to the configuration
in Fig. 4c and exchange bias in that direction glaibplication of the growth field parallel to
the domain wall gives rise to the configuratiorfFig. 4d and exchange bias in that direction as
is indeed observed experimentally (Fig. 3). Witstas the fundamental framework, we
proceeded to probe the state of magnetism in timples, with a specific focus on the samples
with 109° domain walls.

Magnetic measurements of nanoscale features is allecbing undertaking.
Macroscopic measurements of the magnetic momeranoéntire film (for example using
SQUID magnetometry) is difficult because of thegéarelative volume and paramagnetic
background of the DSO substrates. Therefore, geroto obtain insight into the local
magnetic properties, we have turned to elementHispeeray spectromicroscopic techniques.
Specifically, we have obtained x-ray absorption csee (XAS) at the Fel-edge using
circularly polarized soft x-rays, at a grazing ohemce § = 16°), while rotating the sample
about the surface normal (here we show data feethngles,’ = 0°, 90°, 180°) of the 109°
domain wall sample (Fig. 5a). Additionally, spdiialresolved photoemission electron
microscopy (PEEM) images were obtained using befh land right-circularly polarized
x-rays. In order to enhance the difference in thege contrast between left- and
right-ciruclarly polarized (LCP and RCP) light, \mave taken the ratio of the two images and
report those hefé@ The image contrast is an effective map of tlallonagnetization vector;
regions that have their magnetic moment alignedlighto the light wave vector show bright
contrast, while those that are antiparallel appeadark contrast. Further details of the
experimental procedures are given in the Methodsose

Angle-dependent XMCD-PEEM images were taken witle incident x-rays at
various angles to the 109° domain walls; paratethe domain wallsi( = 0°, Fig. 5b), 180°
from this configuration( = 180°, Fig. 5c¢), and perpendicular to the donveatls (1 = 90°,
Fig. 5d). For reference, Fig.5e is the correspagdn-plane PFM image of the same region,



in which the image contrast can be understood basdte analysis presented in Fig. 2. We
begin by discussing the PEEM images taken at 18@tions from one another (Fig. 5b, c).
The first, and possibly most striking, featurehs bbservation of dark and bright “bands” of
contrast in the image in Fig. 5a; the same featteesrse their contrast upon rotation of the
sample by 180° (Fig. 5b), clearly identifying thegin of the contrast to be magnetic in nature
(pyromagnetic and/or ferromagnetic).

We note that due to the resolution limits of theEREtechnique (PEEM at the SLS has
a spatial resolution of ~70nm under ideal condg)prwe do not resolve the magnetic
information from each of the domains individuallyWhat is noteworthy, however, is the fact
that bands of 109° domains (consisting of an agdeedf individual 109° domains, all with the
same net in-plane polarization component, Fig. 2c) diewve the same net magnetization
direction. This is evident by comparing the imagatrast in Fig. 5b and the corresponding
PFM image in Fig. 5e. Finally, upon rotation by 9(Fig. 5d), i.e., incident x-rays
perpendicular to the direction of 109° domain wallee PEEM image also shows contrast
between these 109° domain bands. This suggedtshira is a component of the magnetic
moment at 109° domain walls that is perpendicutathte domain wall direction; this is
qualitatively consistent with the model in Fig.ri&dahe exchange bias measurements.

To further validate the conclusions from the PEENages in Fig. 4, we carried out
detailed spectroscopic measurements a differemtgtiroughout the studied area. First, we
switched rectangular portions of the film using #€M; one such region is outlined with a
blue box in Fig.5b and is also evident in Fig. 5&lpon electrical switching, the 109° domains
disappear and are replaced with either a singleattostate or with 71° domain walls. Thus,
it can be hypothesized that electrical switchinghef 109° domains into arrays of 71° domains
should lead to a change in the overall magnetite std that region. Using circularly
polarized light, x-ray absorption spectra (XAS) eebtained from within the switched area as
well as from outside; a typical spectrum is showrrig. 6. The normalized difference spectra
(i.e., the asymmetry between two XAS spectra) betwte switched and unswitched regions
gives us a qualitative measure of the differencéerromagnetic moment between these two
areas. The difference spectrum (Fig. 6) for oneoSédcations (plot in black in Fig. 6) shows
an asymmetry of ~1% at the Fe-edge (the inset slaopart of the difference spectrum at the
edge). When the polarization of the incident xdsaghanged from RCP to LCP, the shape of
XMCD curve obtained from these red and blue boxedsis reversed (inset). In contrast,
when we obtained the difference spectrum from witihie switched area, (orange and pink
boxes) the asymmetry of the spectra is below theenlevel, indicating very little remanent
moment. We note that samples with an as-grown ddrain structure (Fig. 2a, b)
consistently show the same behavior as the switdbedtion, namely no measurable
asymmetry in the spectra.

In summary, we have systematically studied the mefig nature of 109° and 71°
ferroelectric domain walls in BFO multiferroic thiims and observed enhanced magnetic
moments along 109° domain walls, while 71° domaallssshow no such enhanced magnetic



moment. Such enhancement is attributed to the gtmnthange at 109° domain walls
leading to an increase of canted angle betweerhbeitng Fe spinS. The nature of the
antiferromagnetic domain wall (i.e., its width, theagnitude of the local magnetic moment
within the wall) as well as the strength of the glmg between the ferroelectric and
antiferromagnetic walls in BFO are issues thak sékd resolution, both from a theoretical and
experimental perspective. BFO films grown on STOssates (which have a larger in-plane
compressive strain of ~2%) compared to DSO (0.3%wsa much more complicated 109°
domain structure as well as a higher degree oinsinaluced tetragonality for the same film
thickness”. It is quite likely that the enhanced strain aslvas the more complex domain
wall topology is likely to further enhance the pbggy of obtaining larger moments at the
domain walls. However this very complexity is aldely to give a large variability in the
observed magnetic moments as has been observedke iaise of films grown on STO
substrates (~30 emu/cc to ~60 emu/cc). This isequaiinsistent with the experimental
observation of a significantly higher exchange bias the case of films grown on STO
substrates compared to those on DSO, Fig. 3d. eThesults also conclusively show that if
the primary domain structure is comprised of 71hdm walls, enhanced moments should not
be expected; indeed such samples consistently iexéhgaturation moment in the 6-8 emul/cc
(which is the magnitude of the canted moment). aljin we believe that such broken
symmetries at domain walls and structural intedaeee good candidates to look for the
emergence of behavior that is deviated from Hulk
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Figure Captions

Figure 1 Evolution of polarization and magnetizatiom at domain walls in BiFeG.
Calculations reveal that (a) the polarization isoza the center of a 109° domain wall, but has
a finite value in the domains themselves, whiletfl®) magnetization is finite in the center of
domain walls, but zero in the domains (Figures wmyr of Ref. X). (c)M(x) and P(x) are
constrained on an ellipse; (d) The free energy shtovo minima afP=xP,. The system will
move from one of those minima to the other notugiothe centre of the diagram but through
its saddle points. This will give an increasévbin the center of the ferroelectric domain walls.
X-Axes in (a), (b) and (d) are in arbitrary units.

Figure 2 Understanding domain structures in rhombokedral ferroelectrics. (a) Schematic
of 71° domain pattern. Domain colors are followingm IP-PFM image as shown in (d).
Green arrow shows the net ferroelectric polarizatio(b) Schematic of detailed 71° domain
structure with blue arrows showing the ferroelecpolarization components in [0@d]Jand
[010],c planes. (c)(d) OP and IP-PFM images of 71° dorpaitern. (e) Schematic of 109°
domain pattern with different domain clusters. [Ramcolors are following the contrast of
IP-PFM image as shown in (h). Green arrow showsnigt ferroelectric polarization within
each domain cluster. (f) Schematic of detailed°1@8main structure within one domain
cluster. Blue arrows show the ferroelectric palation components in [0Qk]and [010§c
planes. (g)(h) OP and IP-PFM images of 109° dorpattern.

Figure 3 Exchange bias on 109° and 71° domain waamples.(a) Hysteresis loop of CoFe
on 71° domain wall sample. Red (blue) curve cpoess to the applied magnetic field
antiparallel (perpendicular) to the grown magnéétd of CoFe. (b) Hysteresis loop of CoFe
on 109° domain wall sample with growth field alahg direction of 109° domain walls. (c)
Hysteresis loop of CoFe on 109° domain wall samyite growth field perpendicular to the
direction of 109° domain walls. (d) Dependenceexthange bias field on density of 109°
domain walls for CoFe/BFO heterostructures growd@@° domain wall samples.

Figure 4 Magnetism model of 109° domain walls in BiFe@ (a) Domain structure separated
by 109° domain walls shown in crystal unit cellsBlocks with different colors are
corresponding to the unit cells with different teetectric polarization and Fe spins as shown in
(b). (b) Yellow arrows show the ferroelectric patation P; purple arrows show the Fe spins
in every unit cell. (c) Configuration of 109° domawall with a net magnetic moment
pointing out of the wall plane. Red arrows in thret cells show the direction of the canted
moment. (d) Configuration of 109° domain wall wahnet magnetic moment laying in the
wall plane.



Figure 5 Photoemission electron microscopy studies of BiFgO(a) Schematic illustrating
the experimental geometries used to take PEEM imafd09° domain walls with circular
polarized x-ray. (b) PEEM image obtained from L@Rge divided by RCP image at the first
incident angle of the x-ray (shown as yellow arrow(a)). (c) PEEM image at the second
incident angle of the x-ray, which is 180° awaynfrdhe first angle respect to the sample
normal (shown as green arrow in (a)). (d) PEEMgenat the second incident angle of the
x-ray, which is 90° away from the first angle redp® the sample normal (shown as purple
arrow in (a)). (d) IP-PFM image of the area timaaged by PEEM.

Figure 6 XMCD of the selected pair of boxed areas in PEEM iege. XAS curves are
obtained with LCP incident x-ray. XMCD is calcddtfrom the asymmetry of XAS curves
between each pair of boxed areas.
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