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ABSTRACT: A wealth of fascinating phenomena have be

discovered at the BiFeOdomain walls, examples such
domain wall conductivity, photovoltaicjects, and magneto
electric coupling. Thus, the ability to precisely control t
domain structures and accurately study their switch
behaviors is critical to realize the next generation of no
devices based on domain wall functionalities. In this work,
introduction of a dielectric layer leads to the tunability of t
depolarizationfield both in the multilayers and superlattic
which provides a novel approach to control the domain
patterns of BiFe@films. Moreover, we are able to study the switching behavior dirfidime obtained periodic 10%tripe
domains with a thick bottom electrode. Besides, the precise controlling of purn@1109 periodic stripe domain walls
enable us to make a clear demonstration that the exchange bias in the ferromagresiEtea®originates from 10@omain
walls. Ourfindings provide future directions to study the room temperature el&etdccontrol of exchange bias and open a

new pathway to explore the room temperature multiferroic vortices in the Bgys@zm.
KEYWORDS: BiFeQOz, multiferroic, depolarizatiofield, domain wall, exchange bias, superlattices

Introduce
a dielectric
layer

T ) ) ) structures with the increase of the superlattice period, strongly
he atomic-scale growth techniques of oxide heterostruc-turesdepending on the interfacejects of the depolarizatiofield.

provide a wealth of splendld possibilities for creating novel states Besides, extensive j@rts have recently been focused on the
at their interfaced 2 leading to a large number of emergent control of domain structures through the tuning of depolarization
physical phenomena and functionalities as a consequénce dield in BaTiG, PbTiGs, and Pb(Zr,Ti)@ thin films 11114 By
the complelx interplay of spin, charge, orbital, and lattice degreesjnserting a dielectric SrTi@layer under theferroelectric layer,
of freeidomh fIn ferroelecftrlc materials, interfaces playapr)]lvotal Lichtensteiger et a3 and Liu et al* showed that the domain
role in the formation of various domain structures, such as the ;i ration evolved from monodomain to polydomain as the
observation oflux-closure polar domains in the . . . . .
thickness of SrTi@ space layer increases, in Pb3iGnd

ferroelectric/paraelectric PbTHBrTiO3 multilayerfilms.9 i o ) .
Moreover, our recent stua?/ demonstrated that, dde the Pb(Zr,Tl)@_thln films, respectlve!y. Based on the prior work, here
interplay among strain, depolarizatifield, and gradient energies, we are motivated to explore the interface
topological ferroelectric vortices can be produced in
PbTiOs/SrTiO3 superlattices. Interestingly, the domain struc-tures

can be engineered from/a domains to vortekantivortex
ﬁtructures and then to classiflak-closure domain
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Figure 1. Domain3witch” by inserting a dielectric layer. (a) Schematics of the experimentalndésiqnduce the domain structure
evolution by introducing a dielectric layer. (b) Topography, (c)aftglane PFM image, and (d) in-plane PFM image demonstrate the
periodic 72 stripe domain structure in BFO/SRO/DSO. (e) Topography, (fpbptane PFM image, and (g) in-plane PFM image reveal
the periodic 109stripe domain structure in BFO/LBFO/SRO/DSO.

engineering of domain structure evolution in BiBeO domain wallsi’® providing the possibility of controlling
(BFO) thinfilms by introducing a dielectric layer. ferromagnetism with an electridield, which has exciting
BFO is a room-temperature multiferrdfowith a rhombohe- application potentials in the low-energy-consumption, non-
dral structure, giving rise to three possible domain walls volatile magnetoelectronic memory devices. Indeed, the precise
including 7F, 10%, and 180 types.l6 A large number of control of periodic 71 stripe domains on thick SRO bottom
fascinating phenomena and functionalities have been discovelectrode (these domains are reversible and controllable by
ered at the domain walls in BFO tHiflms, examples such as electricfield) has promoted several seminal works on elefitrlid
domain wall conductivit)},7’18photovoltaicqects,lgizzmag- control of magnetism in the ferromagnet/multiferroB~O

i 324,26 - . _
netoelectric coupling®'?® enhanced magnetishf,and mag- systent However, the periodic 109stripe domains can

netotransport propertiéS, enabling a wide variety of potential Oy exist without (or with ultrathin) SRO bottom electrode (these
device apglications for electronics, photonics, and spin- domains are typically unstable or unresponsive under an applied
2913

tronics: Therefore, the ability to precisely control the €lectric field).* inhibiting not only the study of switching

domain structures (especially for the periodic domain Pehavior of 109 domains, but the potential to control the

structures) in BFO thirfilms is critical to enable the study of exchange bias using an elecfiild.

these exotic properties and the design of next generation of In this work, we demonstrate a depolarizatiaid induced

novel devices based on the domain wall functionalities. domain structure evolution in BFOABI1ixFeQs (BFO/
Periodically ordered 71 109, and 180 stripe domains have | BFO) multilayers and extend this discovery to BFO/LBFO

been obtained through tuning of the electrostatic bou“darysuperlattices. L@izsBio.797eQs (LBFO), unlike the pure BFO

conditions>>1*° chu et a* showed that periodic 109stripe with ferroelectric rhombohedral phase, possesses an equili-

domains can be produced in BFO tfilms without or with avery  brium nonferroelectric orthorhombic structdfe>> We in-

thin (<5 nm) SrRu@ (SRO) bottom electrode layer, while troduce LBFO as a dielectric layer between the bottom
periodic 72 domain structures would form on thicker SRO (>25 €lectrode (SRO) and the ferroelectric BFO layer to investigate
nm), due to the screening ects from metal (SRQ¥erroelectric the interface gects of depolarizatiorfield driven domain
(BFO) interfaces. It has been shown that exchange couplingStructure evolution. Thehomoepitaxial growth of BFO on
between a ferromagnetic layer and multi-ferroic BFO layer LBFO enables us to grow high-quality multilayers and
enables an exchange enhancement of the ferromagnet with BFcSUperlattices, which is another reason we use LBFO as the
71° domain walls or both an exchange enhancement and gehan dielectric layer. We show that periodic®74tripe domains can
bias of the ferromagnet with mosaic domain structures (including be obtained in BFJilm on DySc@ (DSO) substrate with

a large fraction of 109 SRO as the bottom electrode. In the BFO/LBFO/SRO
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Figure 2.In-plane and oubf-plane (insets in the top right) PFM images present the domain s&rumtolution, with the increasing
thickness of the LBFO layer, in BFO/LBFO/SRO/DSO. (a) Puredtimains without LBFO layer. (o) Mixed 72 and 109 domains
exist with 1i4 nm thicknesses of the LBFO layer, and the fraction of Hifnains gradually increases according to theobpiane
contrast. (e) Pure 10@omains with 10xm-thick LBFO.

multilayer heterostructures, the depolarizafiefd induced by ~ Wwhich is consistent with previous work by Chu etaWe
the LBFO layer (with thickness of i10 nm) can gradually introduced a thin layer (0 nm) of LBFO between BFO and
drive 72 stripe domains to mixed 7iand 109 domains and  SRO, i.e., the multilayer BFO/LBFO/SRO/DSO was estab-
then to pure periodic 10%tripe domains, which has also been lished. The topographyF{gure %) also suggests the high
corfirmed in the BFO/LBFO superlattices with increasing quality of the film. Interestingly, the periodic 71stripe
superlattice period. Furthermore, we demonstrate the origin ofdomains, as shown ifrigure £ and d, are%witched to
exchange bias in the GoFen.1(CoFe)/BFO system through  periodic 109 domains Eigure X,g), which show stripe-like
the magnetic interaction study between CoFe and BRG contrast both oubf-plane Figure ¥) and in-plane Kigure 1)
with the pure 71 domain walls and pure 10@omain walls, ~ PFM images, by inserting the LBFO layer. The key question
respectively. The newly realized ability to obtain periodic109 arising here is to explore th&witching” mechanism of this
stripe domains with a thick SRO bottom electrode enables usphenomenon. Previous work has demonstrated that the SrTiO
to study its switching behavior and the possibility to realize dielectric layer can be used to increase the depolarizhioh
electricfield control of exchange bias at room temperature. and hence induce the monodomain to polydomain evolution in
We grew a series of epitaxial 100a-thick BFOfilms, without PbTiO3 and Pb(Zr,Ti)(Q.lg’14 Here, wefirst time report a
or with 1110 nm dielectric LBFO layer on DSO(110) substrates dielectric layer can be introduced to drive the periodi€¢ 71
with 30 nm SRO as the bottom electrode by pulsed laser stripe domains to 10%tripe domains in BF@Ims. We infer
deposition. The heterostructure stacks are displayed as thehat the depolarizatiofield arising from the LBFO layer plays
schematics inFigure J. Here, the domain structure evolution a key role in the domain structure evolution fronf Btripe
from 71° domains to 109 domains by introducing a dielectric  domain to periodic 109domain in BFO.
layer is predicted based on previous studies. A combination of To further understand how the LBFO layes exts the
piezoresponse force microscopy (PFM) and transmission electronformation of domain structures in the BFO layer, a series of
microscopy (TEM) was used for the structure and ferroelectricity LBFO films with various thickness (@0 nm) were grown
characterization. Magnetic properties were measured using abetween the BFO layer {00 nm) and SRO layer 80 nm) on
superconducting quantum interference device (SQUID) and theDSO (110) substrate, stacking as BFO/LBFO/SRO/DSO

magneto-optic Kerr gect (MOKE). heterostructures. Using PFM, we investigate the domain
The topography of the BFO/SRO/DSO sample is obtained corfigurations of BFO in these heterostructures, focusing on

by atomic force microscope (AFM) and is showrfigure b. the eject of the LBFO thickness in the domain structure

The atomicallyflat terraces, one unit cell in height, §aom the evolution, which are displayed ifgure 2 Detailed analyses,

high-quality growth of thefilm, with a root-mean-square combining of bothin-plane Figure Zie) and ouwf-plane
(RMS) roughness only of 0.2 nm. The uniform contrast of the (insets in the top right oFigure ZAie) PFM images of the
out-of-plane PFM image Higure k) and the stripe-like  samples with djerent thicknesses 00 nm) of LBFO layer,
contrast of the in-plane imageFigure M) corfirm the enable us to identify the types of ferroelectric domain walls.
formation of periodic 71stripe domains in BFO/SRO/DSO, Here, as shown iRigure Zie, all of the in-plane PFM images



Figure 3. Switching behavior of 7land 109 domain structures. (a) Topography, (b) ofiplane, and (c) in-plane PFM images of
BFO/SRO/ DSO with 72 stripe domains aftef6 V DC field poling. (d) Topography, (e) oof-plane, and (f) in-plane PFM images of
BFO/LBFO/SRO/ DSO with 109stripe domains aftef6 and 6 V DCfield poling.

show stripe-like contrast; thus the uniform af{plane contrast ~ demonstrated the formation of T0%tripe domains with
presents the pure 7domain walls while the existence of black insertion of a ultrathin SRO bottom electrode; however, it is
contrast in the oubf-plane images implies the presence of°109 very di¥cult to switch due to the high room temperature
domain walls. It is revealed that pure®&tripe domains without  resistivity of SRO, 3 m cm at a thickness of 4 nift.In this
LBFO layer Figure &) gradually evolve to mixed 7land 109 study, periodic 109stripe domains were obtained by inserting
domain structures, where the fraction of 1@®mains (which can  a LBFO layer with the presence of 8&+thick SRO bottom

be identiied from the oubf-plane image contrast) gradually electrode, enabling us to study the switching behavior for the
increases with the increasing thickness of LBFO from 1 to 4 nm first time.Figure 3showsthe topography, outf-plane, and in-
(Figure 2 id) andfinally turns into pure 109stripe domain walls plane PFM images of the samples after applying a DC electric
with 10-nm+-thick LBFO (Figure Z). We also studied theject of field. Distinct switching behaviors are observed in filas
thicker LBFO layer (as thick as 50 nm) on the domain structure with di j erent domain structures. As shownFigure &fc, it

evolution which is still a periodit09° stripe domain structure. is revealed that periodic 75tripe domains in the BFO/SRO/
_ _ DSO heterostructure can be switched back and forth after the
Based on the PFM data Figure 1andFigure 2 we can i6 V field poling, which is in agreement with earlier stiidy.

now better understand the role played by LBFO layer in The reversible switching of 7ldomains has stimulated the

controlling the domain structures in the BFO layer. In the study of electridield control of magnetism in the ferromagnet/
BFO/SRO/ DSO stack (W|th0ut LBFO), the SCreenir‘@aS mutiferroic BFO heterostructurég_

at the ferroeIeCtriC(BFO)/metaI(SRO) interface enable the Recently, strong exchange bias has been reported in the
formation of 72 domains, while the introduction of the LBFO ferromagnet/mutiferroic  BFO system with mosaic domain
dielectric space Iaye.r enables the increase of the distance,ctures (comprising a large fraction of 1afbmain Wa”SfG
between the screening charges from the SRO and BFO,nening a new possibility to realize the elecfied control of
leading to the reduction of the screeningeets and hence the . . 2
. o exchange bias. However, Allibe et élreported that the exchange
increase of the depolarizatidiield. Consequently, the 71 bias cannot be reversibly manioulated by the eledigid in a
stripe domain is destabilized, and the ‘ZLQﬁripe domain OFeB/BFO  (with mosz;/ic dor$1ains) bgsed spin_ valvée
structurg fo.rmtc, to decrease the energy CO.St owing Fo the stron witching behavior study of 109stripe domains may help to
depolarizatiorfield. Thereforg, thrgugh tuning the FhICkneSS of understand the reason why the exchange bias is not reversibly
:jhe _LBFOI(;ayer, thle gert)jolarlz_at:ﬁtheld can t}eBr;l(z;r)llpulated to switched using the electrifield. According to the topography,
esign an. .contro the domain ¢grration o tim. . outof-plane, and in-plane PFM images Figure 3d if, we find
The ability to accurately control the 7and 109 stripe that the periodic 109stripe domains arpredominately switched
domains, demonstrated in this Letter, enables us to studyy 71° or single domain after applyingé and 6 V DCfield.
the SWi_tChing behayi_or of these d(_)main structu_res, _WhiCh IS Therefore, the 109stripe domaingannot be switched back and
essential for exploiting the domain wall functionality and forth, leading to the decline of exchange bias in the previous
magnetoelectric device applications. A previous study has study. A detailed study of the



Figure 4. Topography, owtfplane, and in-plane PFM images (from left to rightt)lO x 10 BFO/LBFO superlattices: (a) Periodic 1@®bmain
walls in the as-grown 18 10 BFO/LBFO superlattices. (b) Switching behawérl0¥ domains poled with @6 V DC field. STEM images of
BFO/LBFO superlattices: (c) A low-madigiation cross-sectional image of theX@0 BFO/LBFO superlattices. (d) High-resolution $TEnage
of SRO/DSO and BFO/SRO interfaces. (e) HAADF STEMdmahows the 109domain walls in 1& 10 BFO/LBFO superlattices.

switching behavior of 109domain structure with the increasing
poling DCfield from 1 to 9 V is shown ifrigure SL1 It further
corfirms that, by applying a DC voltage on tfien, we can
ejectively ®ras€ areas of 109 domain walls. 109 stripe
domains have a common in-plane polarization (100 or

10) but oscillate oubf-plane polarization. Thus, a
singular outef-plane polarization will be created with an
applied voltage, making it 71domains or even single
domain. The important topic of how to switch 208ripe
domains back and forth is still under further study, which is
critical for achieving the room temperature elecfield

reversible control of exchange biz.

After successfully realizing the depolarizatiéield driven
domain structure evolution in BF@ims, we next try to extend
this interface engineering ject to BFO/LBFO superlattices.
Symmetric (BFO)n/(LBFO)n superlattices with n = 3, 10, and

4a,b, and Figure S3the topography, outf-plane, and in-
plane PFM images of the % 3, 10x 10, and 20x 20
BFO/LBFO samples are displayed from left to right. It is
found that the PFM images of 8 3 (Figure S2a
BFO/LBFO superlattices show mixed°7dnd 109 domain
structures, while 1& 10 (Figure 4) and 20x 20 (Figure
S39 superlattices possess periodic 108ripe domains,
implying the interface engineer-ing of domain structure
evolution in the BFO/LBFO superlattices with increasing
superlattice period, as a thicker LBFO layer can produce a
larger depolarizatiofield. The switching behaviors of these
superlattices are also studied (displayedFigure S2b
Figure 4, andFigure S3b, it further cofirms that the 109
domains are switched to 7@lomains or single domain.

A typical low-magniication cross-sectional image of the
BFO/LBFO superlattices is shown Figure & taken by high-

20 were synthesized on DSO (110) substrates via pulsed-lasexngle annular darkeld (HAADF) scanning transmission electron

deposition. Here, superlattices are referred to usinghthkxen”

microscopy (STEM). The image ciirms the BFO/ LBFO

shorthand wherein n corresponds to the thickness of the BFGsuperlattices have high quality epitaxial growth, revealing the

and LBFO layers in unit cells. As shownhkigure S2 Figure

layer uniformity with sharp BFO/LBFO interfaces. A high-



Figure 5. Schematics of the applied magnetic grdigtd (200 Oe) orientation during CoFe growth anddinection of the magnetifield during
the SQUID measurement of (a) Pt/CoFe/DSO and ()ofe/BFO/DSO or Pt/CoFe/BFO/LBFO/DSO. (c) Magneticperties of Pt/CoFe (black
loop) and CoFe/BFO (pure 7Homain wall) demonstrate the exchange enhanceduento the exchange coupling between CoFe and BHO.
Magnetic interactions in CoFe/BFO/LBFO (pure 1@@main wall) reveal both the exchange enhancearahthe exchange bias.

resolution Z-contrast image of the SRO/DSO and BFO/SRO strong exchange bias (typicklgs| 50 Oe) and sigficant
interfaces is shown iffigure 4, illustrating the atomic-scale  enhancement of &l (Hc 50 Oe). Cofirmation of such
epitaxy between the SRO and DSO substrate and (L)BFO/exchange bias interaction is obtained upon®X8€ation of the
SRO layers. As shown iRigure £, the bright layers are the  samples, where one can observe the opposite shift of the

BFO layer, and the dark layers are LBFO; the sharp BFO/ nysteresis loop when measured antiparallel tobith (the blue
LBFO interface can be idefied. However, the interface of M {H loop inFigure ). The exchange bias in CoFe/BFO/
BFO/LBFO cannot be ideffigd in this high-resolution STEM | BFO has also been cfinmed via MOKE measurement
image Eigure 4l) because the compositions of the two layers (Figure S5. In the BFO mosaic domain structures, a
are not siciently distinguished. The HAADF STEM image  previous study has demonstrated that°186main walls
displayed inFigure 4 and the darkield cross-sectional TEM  can play an important role in determining the exchange bias

image shown inFigure S4further cofirms that the 109 iy coFe/BFO systeri>® Here, the precise controlling of
domain walls are obtained in BFO/LBFO superlattices, which pure 72 and 109 periodic stripe domain walls enable us to

is consistent with the PFM datafiigure 4. o make a clear demonstration that the exchange bias in the
We next turn to the study of magnetic interactions in the P/ ~ore/BFO system originates from the pinned

CoFe/BFO heterostructures. CoFe (2.5 nm) and Pt (2.5 nm)uncompensated spins at 2amain walls in BFO.

Ia)(/)ers were deposited on BFO/SRO/DSO (with pure periodic | symmary, our studies have revealed the ability to precisely
71° domain walls) and BFO/LBFO/SRO/DSO samples (With control the domain structure by tuning the depolarizaiefd
pure periodic 109 domain walls) via DC magnetron i o dielectric layer in multilayer BFO/LBFO/SRO/DSO
sputtering, respectively. CoFe and Pt were also deposited, oo rogiryciures. This interfacq ect has also been successfully

gir/%ctlg t/ODtShg DSO lfubstra:les tg fngpE/‘éeth/esgeor}%vsioor of tr:jeextended to the BFO/LBFO superlattices. Furthermore, thé 109
UCoFe stack to the PtCoFe an stripe domain structures with SRO bottom electrode enable us to

Pt/COFE/BFO/LBFO/SRO/D.SO staclfs. The .growth of the study the switching behavior for tliiest time. We also report that
CoFe layer was_completeq !n ar? applleq magﬁ@d of 200 a clear demonstration of the origin of exchange bias in CoFe/BFO
ggé?er?é"?g)stt&g;grue? ll:]n;ﬁi'gegtt&%r;a[[ﬁ:'sgm%(')rf‘ éhongoFe/ system is from the 109domain walls. Theséndings provide
was applied perpendicular to the°,7<1r 109 domain walls. future directions to study an electfield control of exchange bias
Figure @b provides a schematic illustration to explain the and open a new pathway texplore the room temperature
orientation of applied magnetic growtield and the direction multiferroic vortlces. in multi-ferroic BFO system such as
of the magnetidield during the SQUID measurement. It is BFO/LBFO superlattices.
important to note that two distinctly gerent types of

behavior are found. IrfFigure &, a SQUID measurement \/A\SSOCIATED CONTENT
parallel to

HaGrowth shows very small Hc (L0i15 Oe) with almost no
shift of the MiH loop in the Pt/CoFe/DSO stack. Only the
exchange enhancementdH50 Oe) is observedrigure &) in Experimental details and Figures &b PDF)
the CoFe/BFO system with 7tlomain walls (consistent with the

previous Worﬁg), while the CoFe/BFO/LBFO sample with 09

domain walls, as shown Figure H, exhibits both a
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