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Antiferromagnets have attracted significant attention in the field of magnonics, as promis-
ing candidates for ultralow-energy carriers for information transfer for future computing.
The role of crystalline orientation distribution on magnon transport has received very little
attention. In multiferroics such as BiFeO; the coupling between antiferromagnetic and polar
order imposes yet another boundary condition on spin transport. Thus, understanding the
fundamentals of spin transport in such systems requires a single domain, a single crystal.
We show that through Lanthanum(La) substitution, a single ferroelectric domain can be
engineered with a stable, single-variant spin cycloid, controllable by an electric field. The spin
transport in such a single domain displays a strong anisotropy, arising from the underlying
spin cycloid lattice. Our work shows a pathway to understand the fundamental origins of spin
transport in such a single domain multiferroic.

Lectromagnetic coupling offers a foundational frame-

work for transforming between magnetic and electric
fields, primarily facilitated by the principle of magnetic in-
duction through electric currents'2. For applications such
as manipulating the magnetization of nanoscale magnets
in integrated memory and logic, however, the conventional
Oersted field approach has been proven to be energy-
inefficient and impractical®. To address the imperative of
low-energy consumption in nonvolatile magnetic memory
and logic, a promising new avenue has emerged — di-
rect voltage control of magnetism*°. Recent proposals use
the magnetoelectric coupling inherent in some multiferroics,

which allows for direct electric field control of the magnetic
state in such a material”19. A notable example of this in-
novation is the magneto-electric spin-orbit (MESQO) device
structure, proposed as an inherently non-volatile substitute
for complementary metal-oxide—semiconductor (CMOS)
devices in integrated logic-in-memory applications!*'?. To
this end, BiFeOgs,possessing strong antiferromagnetic mag-
netoelectric coupling'®!314, is considered a desirable mate-
rial for MESO-type devices. Additionally, due to antiferro-
magnetic character, the materials is robust against external
magnetic fields and possesses potentially faster-switching
dynamics than ferromagnets. Recently, it has also been
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Figure 1. Ferroelectric and magnetic ground state of La substituted BiFeOs: Effective Hamiltonian calculated
a magnetic ground state energy of the spin cycloid and G-type antiferromagnetic phase in BiFeOs and Big.gsLag.15FeOs.
R3c represents uniform and M1 and M2 represent modulated polar configurations (Methods). A spin cycloid exists in the
ground state of BiFeO3; whereas a complex mixed state becomes increasingly stable in Big.gsLao.15FeOg3 thin films due to the
decreasing energy difference between the two magnetic configurations. b Schematic of the energy landscape of the BiFeOs
and Big.gsLag.15FeO3 where the ground state of magnetic textures such as G-type antiferromagnet and spin cycloid phases
in the two systems is described. Red arrows form the spin cycloid in the ground state of BiFeOs with the AU energy
barrier whereas the complex state is formed in Big.g5Lao.15FeO3 due to reduced energy barrier on La substitution. c,d High
angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images and polar vector mapping in
BiFeOs and Big.ssLag.15FeOs. Insets are the schematics of the estimated polarization direction in the unit cell of BiFeOs
and Big.gsLag.15FeOs. The average polarization is no longer along [111] after La-substitution. The scale bar is 1 nm. e-h
Ferroelectric domain and corresponding magnetic texture of BiFeOs/Big.s5Lao.15FeOs in the pristine state. In h, two types
of contrast are visible: the stripe-like contrast from the spin cycloid phase, and the more uniform contrast from a canted
antiferromagnetic phase.



shown to be an efficient system for demonstrating switch-
able magnon spin currents®16. This electric field switchable
electro-magnon coupling allows for a simplified version of
the MESO device i.e., the antiferromagnetic state is directly
read out using the spin-orbit metal in direct contact with the
AFM layer, i.e., without an interleaving ferromagnetic layer.
The open question remains: How can we uncover methods
to improve performance magnitude and deepen our under-
standing of spin transport in magnetoelectric multiferroics
such as BiFeO3? Addressing these questions has the poten-
tial to unlock the application-oriented significance of these
materials for broader future problems.

The ground state of bulk BiFeO3 has a large polarization
(~90 uC/cm?) along [111],. (pc: pseudocubic) and ex-
hibits a canted G-type antiferromagnetism modulated by a
spin cycloid (period ~65 nm due to the inverse spin current
effect'”) below the Néel temperature (640K). BiFeOj3 fea-
tures two principal DMI-like interactions, linked to the polar-
ization and the antiferrodistortive octahedral tilts'®, where
the tilts and polarization are strongly coupled'®2!. The
octahedral tilt induces a weak magnetic perturbation, and
corresponding spin density wave, on top of the antiferromag-
netic cycloid of BiFeO3'82%. This can be imaged directly us-
ing scanning Nitrogen-vacancy (NV) magnetometry?>. To
introduce tunability in multiferroic properties, rare earth
substitution has shown great potential. Often, in these sys-
tems, the ferroelectric polarization moves away from [111],,.
(hereafter all directions are used in the pseudocubic notation
unless otherwise specified)?>2* intoducing competition be-
tween ferroelectric and antiferroelectric phases®*28. This
may allow for additional switching pathways compared to
the parent compound BiFeQOs, leading to the possibility for
new ferroelectric domain configrations. Understanding the
formation of a single-domain multiferroic and its potential
as a model system for efficient spin magnon transport is the
focus of this work.

Theoretical calculations predict a cycloidal magnetic
ground state in BiFeQOs, illustrated in Figure la. La-
substitution modifies the structure and impacts both the
magnitude and direction of the spontaneous polarization
significantly, which is observed to be along [112] and is
~50% smaller than BiFeO3 . This agrees with experimen-
tal values and is supported by high-resolution polar maps
(Figure la,b, Supplementary Note 2). The reduction in
spontaneous polarization is accompanied by a correspond-
ing reduction in the polarization dependent DMI interaction
strength?® and thus the cycloid becomes less energetically
stable. In other words, reducing P enhances the tilting, and
consequently, the tilt-induced-canting of the magnetization
becomes larger. These findings confirm that La-substitution
modifies the energy landscape for both the ferroelectric and
antiferromagnetic states in BiFeOs3 (Figure 1 b). In the
case of pure BiFeOgs, the polar structure is R3c and the
cycloid is a stable magnetic state. Interestingly, with the
15% lanthanum substitution (Methods), the uniform canted
moment state (M1 and M2, Methods) becomes closer in
energy to the cycloid state (Figure 1a).

In this spirit, Big.g5Lag.15FeOg3 films have been deposited

on (110)p (O: orthorhombic) DyScOjs substrates (Meth-
ods)(Extended Data Fig. 1, and Supplementary Note
1, 2). Using piezo-force microscopy (PFM) and NV
magnetometry, as predicted (Figure 1 a-b), the pure cy-
cloid (within 71° ferroelectric BiFeO3) and mixed state of
cycloid+G-type antiferromagnet (in blocky-mixed ferroelec-
tric Big.gsLag.15FeO3) are both observed in a mixed equi-
librium state (Figure 1 e-h). To then understand the effect
of electric field on the as-grown ferroelectric domain struc-
ture, and therefore the ferroelectric polarization, in-plane
capacitors were fabricated by optical lithography (ex-situ
sputtered platinum (Pt) wires 120pum x 1.3pm x 15nm,
with ~2um spacing and resistivity of ~20 2 cm). The
devices were patterned along four different angles in which
the long-axis of Pt electrode pairs are parallel to the sub-
strate [100], [010], [110], and [110] pseudocubic directions
(Figure 2 a). To visualize the ferroelectric domain reversal
across the in-plane devices (Figure 2 b, P vs E hysteresis),
PFM images were recorded after poling in two opposite elec-
tric field directions (Fig. 2(c) and (d) and Fig. 3). For a
field applied along the [100] direction, in-plane poling leads
to the formation of a single ferroelectric domain, which is
the novel feature of Big.gsLag.15FeO3. This has a power-
ful impact on the magnetic cycloid, which is particularly
important for spin transport (discussed later). The forma-
tion of a single ferroelectric domain is further verified by
rotating the device and performing PFM imaging (Supple-
mentary Note 3), which shows the uniform domain contrast
indicative of a single ferroelectric domain. Previously, mon-
odomain features were realized through a non-trivial ap-
proach in BiFeOgs using a scanning probe-tip-based method
in slow scan mode to physically write a monodomain using
a localized in-plane electric field from the tip®?3?, requiring
time and an extremely careful experimental protocol33:34,
compared to the direct voltage pulse induced switching of
La substituted BiFeOg3 single domain that we have adopted
in this work.

In the case of Big.g5Lag.15FeO3, the polarization is deter-
ministically switched by an electric field at the macroscopic
scale of hundreds of microns (see Extended Data Figure 3).
A key result of this study is the fact that switching the po-
larization state with a single, in-plane pulse leads to the de-
terministic switching and formation of a single multiferroic
domain (details in Supplementary Notes 3-5). However, for
a field applied along the [010] direction, that is, Pt wires par-
allel to [100], a blocky multidomain case persists even in the
poled region (Supplementary Figure 6-8). In this multido-
main case, upon poling, the domains are locally switched
(Supplementary Figure 8), where the domain wall bound-
aries (or antiphase boundaries, Supplementary Figure 9) do
not move. This asymmetric behavior can be attributed to
the anisotropic strain from the substrate (Supplementary
Note 1), preventing the formation of a macroscopic do-
main in the device [100]. In devices with electrodes parallel
to [110] and [110], a single ferroelectric domain is formed
which can be expected since a component of the electric
field points along [100], allowing the antiphase boundaries
to nucleate and move with the field. We can now use such a
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Figure 2. Electric field control of magnons in Big ssLag.15FeOs: a Nonlocal magnon-transport measurement scheme

in Big.gsLao.15sFeO3 with Pt as a source/detector for spin-charge interconversion via magnon-transport. A resistive circuit
schematic of in-plane devices where Rp; is the resistance of Pt electrodes, and C is the capacitance of Big.ssLao.15FeOs, where
the electric field is mainly distributed. The spin cycloid propagation vector k is set by the BLFO polarization, which is controlled
by an external in-plane electric field (E). The coordinate system uses pseudocubic notations. b Polarization and quasi-static
magnon hysteresis as a function of external electric field. The blue line represents the polarization as measured by a Radiant
Technologies ferroelectric test system (right axis) and the red circles correspond to the non-local ISHE voltage raw data (left
axis). Error bars in ISHE voltage represent the standard statistical variation of lock-in voltages from the least-squares analysis
measured over 150s. ¢,d The corresponding PFM images after electrical poling in two opposite directions (labeled by ‘1’ and
‘2 in b). PFM images were recorded in the same area, as marked by the rectangles. The scale bar is 2um. e, Differential
voltage (AVrsur) recorded in [010] devices as a function of the power injected into the source. Each data point is presented
after averaging out to 150s. The Big.gsLag.15FeO3 data presented were recorded in several devices with the same orientation
and compared with the non-local voltage data belonging to the BiFeO3s (100 nm)/Pt(6nm) with the spacing of 1-2um. In the
case of BiFeOs, the domains were stripes whereas Big.g5Lag.15FeO3s data was recorded in a single domain state. Lines are linear
fit to the data.

single domain multiferroic as a model system to understand angular momentum into the adjacent Pt. The resulting

the stability of the spin cycloid and the corresponding spin
transport.

To probe the spin transport, first, an in-plane electric
field was applied between the source and detector wires, as
indicated in Figure 2a. Following each electrical pulse, a
low-frequency (7Hz) alternating current is introduced into
the source wire, generating a magnon spin current through
the spin Seebeck effect. Subsequently, a non-equilibrium
magnon spin accumulation at the Big.gsLag.15FeO3 inter-
face underneath the Pt detector initiates the flow of spin

spin current is then converted into a measurable voltage
through the Inverse Spin Hall Effect (ISHE) of Pt (Sup-
plementary Note 6), and the signal is lock-in detected at
2w. Each data point is averaged over a duration of 150 sec-
onds. The ferroelectric polarization hysteresis was measured
at 5kHz (Methods) and the corresponding ISHE hystere-
sis was recorded in a remnant state where an electric field
was applied only to set the polarization state and removed
during the nonlocal voltage (V;spr) measurement. The
nonlocal voltage hysteresis precisely reflects the ferroelec-
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Figure 3. Electric field control of magnonics based on the controllable magnetic and polar texture: a-f, g-1, and
m-s SHG-Linear dichroism maps, NV magnetometry images, and corresponding schematic for devices [010],[100] and [110].
SHG (for in-plane polarization) and NV (for spin magnetic texture) are recorded for two opposite poling directions. Dark
arrows represent the direction of the electric field and gray arrows show the polarization direction in specific domains. The gray
pads are used for the application of an in-plane electric field. The arrow indicates the direction of the applied electric field.
The stripe patterns in NV images are indicative of the canonical spin cycloid as observed in previous studies?®33!. Schematics
highlight the polarization P and spin cycloid propagation direction k deduced from NV measurements. The scale bar in NV

images is 500nm.

tric polarization response (Figure 2b, red data), indicating
the existence of polarization-controlled magnon transport.
Notably, in the [010] devices, the electric field and therefore
the polarization P has the capacity to control the sign of the
magnon spin current flowing through the Big g5Lag.15FeOs.
This nonvolatile electric field magnon switching is illustrated
in the extended data Figure 4, where the ferroelectric po-
larization deterministically controls non-reciprocal magnon
transport in the Big.gsLag.15FeOs.

Similar experiments on BiFeO3 with a stripe domain
structure were performed and a comparison is presented in
Fig. 2e. The data corresponding to BiFeOj is also repro-
duced from Parsonnet et a/®®. The data from the differ-
ent devices corresponds to the 71° BiFeO3 and reported
data from Parsonnet et a/®® belongs to the 109° BiFeOs;.
We find that the Big g5Lag.15FeO3 has a consistently higher
voltage output than the BiFeOs (by ~400% at the equiva-
lent spacing). Furthermore, we find that the magnitude of
the electric field required to switch the magnon spin cur-
rent is indeed significantly smaller (Supplementary Figure
23), consistent with prior studies?®. This doubly confirms
the key advantages of single-domain Big g5Lag.15FeO3 over
its parent compound.

The strong enhancement in the inverse spin Hall voltage
for the Big.g5Lag.15FeO3 compared to BiFeO3 prompts us
to explore the microscopic differences, if any, in the mag-

netic structure, particularly the spin cycloid. We used a
combination of imaging techniques (PFM and SHG-linear
dichroism to probe the ferroelectric state and NV magne-
tometry to probe the spin cycloid, details in Methods). A
comparison of the ferroelectric domain structure and cor-
responding magnetic (spin cycloid) is presented in Figure
3. To determine the local directions of the polarization in
each domain (discussed in Figure 2 c,d), optical SHG is used
to map the ferroelectric domains in oppositely poled states
(Figure 3 a,b). The red and blue areas correspond to do-
mains with orthogonal in-plane polarization, and it is clear
that in the device [010], the in-plane polarization is switched
by 90° upon poling with oppositely directed fields. NV mi-
croscopy (Fig. 3c,d) reveals the presence of uniform spin
cycloids in oppositely poled domain. It is noteworthy that
the sense of the cycloid stripes has rotated by 90 degrees,
between these two switched states. This observation reveals
that the ferroelectric single domains prefer to form a single
variant cycloid, consistent with previous results?>. We can
conclude that the polarization is parallel to the spin cycloid
stripes, which leads us to conclude that P is orthogonal
to the propagation vector k (drawn schematically in Figure
3e,f ), a result that is consistent with previous works?230:31.
It is also validated by poling the Big.gsLag.15FeO3 devices
at different angles with respect to the direction of the spin
cycloid and the ferroelectric polarization. The multi-domain
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a Magnon-generated nonlocal ISHE voltage hysteresis measured as a function

of the external in-plane electric field in devices with four different orientations labeled by the pseudocubic direction of the Pt
wires. The power in the source electrode was fixed to 2mW (I,.=1.7mA). A depiction of the response of the Big.gssLao.15FeO3
unit cell to different poling fields is given in b-d for device orientations [010], [110], and [110] respectively. k, E, Ppe: represent
the propagation vector of the spin cycloid, in-plane electric field, and net in-plane ferroelectric polarization. The relation
between P and k is drawn based on the experiment performed in Figure 3 where P and k are mapped out, and are consistent
with prior studies of the cycloid in BiFeO3?*%%3! The schematics are only considered here for single-domain devices, and for
the multidomain device [100] where the ISHE voltage change as a function of the electric field is found to be negligible (green
data in a), more discussion can be found in Supplementary Note 6.

device [100] has two variants of cycloid corresponding to the
two ferroelectric domains (Figure 3g-l1), whereas the same
contrast in [110] (in opposite poling) indicates 180° switch-
ing (Figure 3 m-s). Despite the same k cycloid in 180°
switch, P switching will change the handedness in the oppo-
site poled state3®. With these insights, we conclude that the
magnetic and ferroelectric order parameters are intimately
tied in Big.gsLag.15FeO3 in a similar fashion to BiFeO3%2:30,
and we show how the polarization and cycloid behave under
electric fields pointing in different directions.

To probe the effect of such a single variant spin cycloid
in the single-domain ferroelectric state, we proceeded to
measure the non-local spin transport through the same test
structures described in Figure 3 a-s, electric field dependent
inverse spin Hall voltage hystereses were measured along
these crystallographic directions under the same protocol as
discussed in Figure 2a,b. The single-domain devices [010]
show ISHE voltage hysteresis (in BLACK) that corresponds
to their ferroelectric hysteresis (Figure 2b). Strikingly how-
ever, the multi-domain [100] oriented device does not show
any appreciable ISHE hysteresis (in GREEN) despite exhibit-
ing a clear ferroelectric hysteresis (Supplementary Figure 7).

Insight into this is readily obtained from the NV magnetom-
etry images shown in Figure 3 i,j which shows no change
in the topology of the spin cycloid; this is also schemati-
cally captured in Figure 3 k,I. This reveals that not only
is magneto-electric coupling important but also the uniform
magnetic texture is required for effective magnon spin flow.
The behavior exhibited by the [010] device serves as a key
to understanding the [100] device's behavior. A spin cy-
cloid propagation vector of k = [110] results in a positive
ISHE signal, and k = [110] yields a negative ISHE signal, as
shown in Fig. 4a; it follows that a combination of domains
with k& = [110] and k = [110], as observed in the [100] de-
vice, leads to a null signal without any discernible magnon
spin hysteresis. Although the precise correlation between
the direction of k and the spin carried by a magnon current
would be interesting, the present observations affirm that
the direction of k£ holds greater significance than the net
polarization in determining the non-local magnon signal.

Within the [110] device, illustrated in Figure 4, we note
that the [110] ([110]) devices have a lower magnitude with a
positive (or negative) offset. The sign of the offset is consis-
tent from device to device (5 devices for each orientation),



as discussed in Extended Data Figure 5. This can be under-
stood from the symmetry of P and k, if we consider that
La-substitution can allow for different symmetry operations
when switching the polarization3®3!. With an electric field
along [110], in the parent BiFeOs, this would result in a Co
rotation about [001], or two successive 71° switches within
the (001) 4b. Here, k is also rotated about the [001], to
which it is orthogonal, resulting in & — —k. In the case of
La-substituted BFO, however, the polarization along [112]
may allow for this rotation to happen about the [110] or
[110] direction, rather than about the film normal (Figure
4c,d). This operation, for example from [112] to [112] is
only a ~70degree rotation of P, rather than the two 71°
events to rotate around [001]. Additionally, the rotation axis
in this scheme is parallel to k&, which then does not change
sense after the operation. We would expect this to result
into a small magnon signal, as observed. This elucidates the
anisotropic nature of magnon transport as it is intricately
linked to the spin cycloid and thus the polarization of the
Big.s5La0.15FeOs.

In summary, our study demonstrates the effective trans-
mission of magnons in lanthanum-substituted BiFeOs, re-
sulting in a multiferroic material that can be polarized into a
stable non-volatile uniform ferroelectric domain with a sin-
gle variant of the spin cycloid. This stands in contrast to
pure BiFeO3, where the coexistence of two variants in both
spin cycloids and stripe-like ferroelectric domains leads to
a diminishing magnon signal. We observe that — by suit-
ably choosing the direction of the applied electric field — it
is possible to maximize or cancel the effect of ferroelectric
switching on magnon transport. This research provides a
means to customize ferroelectric domains and complex an-
tiferromagnetic spin cycloids, as well as to understand the
resulting spin transport, offering a pathway to design the
single domain multiferroics for efficient magnon transport
for future applications.

Methods

Thin film deposition

BiFeO; and Lanthanum (La) substituted BiFeOs3
(Big.ssLag.15Fe03) thin films were prepared by pulsed
laser deposition (PLD) in an on-axis geometry with a
target-to-substrate distance of ~50 mm using a KrF ex-
cimer laser (wavelength 248 nm, COMPex-Pro, Coherent)
on DyScO3 (110)substrates. Film thickness was fixed to
90 nm unless otherwise specified. Before the deposition,
the substrates were cleaned with IPA and Acetone for
5 min each. The substrates were attached to a heater
using silver paint for good thermal contact. BiFeO3 and
Big.g5Lag.15FeO3 layers were deposited with a laser fluence
of 1.8 Jcm~2 under a dynamic oxygen pressure of 140
mTorr at 710 °C with a 15 Hz laser pulse repetition rate.
The samples were cooled down to room temperature at 30
°C/min at a static Oy atmospheric pressure. The prepared
samples were immediately transferred to a high vacuum DC
magnetron sputtering chamber for Pt deposition. 15 nm of
Pt was sputtered at 15W power at room temperature in a 7
mTorr dynamic Ar atmosphere. The thicknesses were cal-

ibrated using X-ray reflectivity and atomic force microscopy.

Crystal Structure Determination

The crystal structures of both BiFeO3 and La-substituted
BiFeO3 were determined through X-ray diffraction, utiliz-
ing a high-resolution X-ray diffractometer (PANalytical,
X'Pert MRD). The symmetric line scan (6-26) employed
a fixed-incident-optics slit set at 1/2°, while the reciprocal
space mapping (RSM) involved an asymmetric 2D scan
with a slit of 1/32°. The X-ray source was used the Cu Ko
transition (wavelength: 1.5401 A), and detection employed
a PIXcel?P-Medipix3 detector with a fixed receiving slit of
0.275 mm.

Cross-section Sample Preparation and High-angle An-
nular Dark Field Scanning Transmission electron mi-
croscopy (HAADF-STEM):

The cross-section samples were prepared using a He-
lios660 scanning electron microscope/focused ion beam
(SEM/FIB) with a gallium (Ga) ion beam source. After
sample preparation, the cross-section samples were ana-
lyzed using an FEI Titan Themis G3 scanning transmis-
sion electron microscope (STEM) equipped with double cor-
rectors and a monochromator. High-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) imaging was performed at 300 kV accelerating volt-
age. Fourier-filtered HAADF-STEM images were analyzed
using CalAtom software to extract the atomic position of
Bi/La and Fe ions by multiple-ellipse fitting. The Fe dis-
placement vector in each unit cell was calculated by confirm-
ing the center of mass of its four closest Bi/La neighbors.
The displacement vector D of the Fe column is represented
as follows:

D=rp, — W’ (1)
where rp. is the position vector of the Fe column.
ri,ro, r3, ry are the position vectors of the four closest Bi/La
neighbors in each unit cell. The color of the displacement
vectors was represented by the vector magnitude. The vi-
sualization of the two-dimensional atomic displacement was
carried out using Python. Calculation of the net displace-
ment according within the unit cell projection is discussed
in the supplementary.

Ferroelectric Domain Characteristics

Piezoresponse force microscopy (PFM) imaging was
conducted employing the MFP-3D system from Asylum
Research, featuring Dual AC Resonance Tracking (DART)
mode. Throughout the imaging process, the system oper-
ated in lateral mode, ensuring accurate lateral resolution
in the acquired images. For these measurements, a silicon
cantilever coated with platinum (Pt) was utilized, serving
as a conducting electrode for the precise and localized
application of an electric field. See Supplementary Note 2
for further information.

Optical second harmonic generation for
polarization mapping (SHG)

in-plane



These measurements were conducted in a normal-incidence
reflection geometry on poled devices. Light excitation
was achieved using a Ti/sapphire oscillator with ~ 100
fs pulses, a center wavelength of 900 nm, and a 78 MHz
repetition rate. To manipulate the incoming light's polar-
ization, a Glan—Thompson polarizer was employed, followed
by passage through a half-wave plate. The polarized
light then traversed a short-pass dichroic mirror and was
focused onto the sample using a 100x objective lens with
a numerical aperture (NA) of 0.95. The back-reflected
SHG signal passed through a short-pass filter and was
detected using a spectrometer (SpectraPro 500i, Princeton
Instruments) equipped with a charge-coupled device camera
(Peltier-cooled CCD, ProEM+:1600 eXcelon®, Princeton
Instruments).  Diffraction-limited confocal scanning mi-
croscopy was employed to generate SHG intensity maps.
At the sample location, a commercial Thorlabs polarimeter
verified the incoming light's polarization incident on the
sample and the light polarization entering the detector.
Linear dichroism maps were constructed through the
subtraction of SHG intensity maps with incident light
polarization along [110],. or [110],. directions.  The
poling process was performed ex-situ for all devices. See
Supplementary Note 3 for further information.

Scanning Nitrogen-Vacancy (NV) microscopy

The magnetic texture in the samples was imaged at
room temperature utilizing a commercial scanning NV
magnetometer (Qnami ProteusQ). Scanning NV magne-
tometry has been described extensively elsewhere; briefly
a parabolically-tapered diamond cantilever (Quantilevel
MX+) was used to detect the stray fields from the sam-
ple by probing the frequency shift of the NV center spin as
the tip was scanned across the surface. To facilitate wide-
area scans, data was collected in the "iso-B" mode, where
the peak shift is estimated from the microwave response at
two frequencies rather than the full spectrum (e.g., Ref.3").
Iso-B measurements were validated against select measure-
ments of the full spectrum to ensure the magnetic texture
is reported faithfully (See Supplementary Note 5)

Device Fabrication

The sample fabrication started with sonication in acetone
and isopropyl alcohol. Subsequently, a positive photoresist
(MIR 701), approximately 500 nm thick, was uniformly
coated at 7000 RPM for 60 seconds using a spin coater.
The coated sample was then baked at 100 °C for 60 sec-
onds. Photolithography was executed through a Karl Suss
MAG6 Mask Aligner, with i-line exposure at 10 mW/cm?
for 5 seconds. Following exposure, the resist underwent
wet-etching using MEGAPOSIT MF-26A photoresist
developer for 20 seconds. Subsequently, the Pt layer was
ion-milled down to the multiferroic film surface (Intlvac
Nanoquest, with a Hiden Analytical SIMS), resulting in
the formation of rectangular stripes measuring 120 pm
x 1.3 um. This process was conducted at the Marvell
Nanofabrication laboratory at UC Berkeley.

Spin Transport Measurements

Transport measurements were conducted employing 4-
terminal devices, wherein two terminals were dedicated
to source current injection, and the remaining two served
as output terminals for inverse spin Hall effect (ISHE)
voltage measurement.  One source terminal and one
detection terminal were also used to apply an electric
field for ferroelectric polarization control.  The entire
experimental setup and procedures were orchestrated
using an in-house developed Python code and a Keithley
7001 switch box, maximizing repeatability. To measure
the nonlocal ISHE voltage (Visgg), an SR830 lock-in
amplifier was synchronized to the second harmonic of the
7THz source current, isolating responses to the thermal
gradients. This comprehensive setup allowed us to perform
accurate and controlled transport measurements (using
all automated codes), facilitating the investigation of
electric field-controlled nonlocal voltage measurements.
See Supplementary Note 6 for more information.

Computational Methods (Effective Hamiltonian):

In the case of BiFeO3, the magnetic ground state is a G-
type antiferromagnetic configuration, which is modulated
by the complex magnetic arrangement called a spin cycloid.
The BiFeO3; doped with rare-earth leads to further mod-
ulation in the magnetic texture or relaxed into a G-type
configuration without the cycloid. To understand this com-
plex state in BiFeO3 and doped BiFeO3 compounds, we
performed Monte Carlo simulations governed by the first
principle-based effective Hamiltonian. This effective Hamil-
tonian is expressed as follows for BiFeO3 and doped BFO:

Eiotal = Ere-arp({wi}, {wi}, {nn}, {vi})
+Emag({m }, {u; }, {wi}, {nn}) (2)
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where the first term in equation (2) Erearp (FE: ferro-
electric, AFD: antiferrodistortion octahedral tilts) contains
energy terms arising from the nonmagnetic variables (local
mode (u;) being the parameter corresponding to the electric
dipole (or the electrical polarization), global homogeneous
(nu) and Fe-centred inhomogeneous strain tensor (v;). w;
is the oxygen octahedral tilt representing the axis of rota-
tion) and their couplings. The second term represents the
magnetic mode of the BiFeO3 (m; represents the magnetic
moment at site 7 centered at the Fe ion with its magni-
tude fixed (4up)) and its couplings with other modes. The



expansion of this term is as follows:

Emag({my}, {ui}, {wi}, {n:})
= Z Qija'ymiamj'y"' Z Dija'ymi(xmj'y
1,5,00,Y 43,0,y
+ Z EijoryusMiaMjy Uiy Uis
i,J,0,77,0,8
+ Z Fija’yuémiamj'ywiuwié
1,5,0,7Y,V,0 (3)
+ Z Gijary M (1) Miamjy
7,000,y

+Y Kij(wi —wy) - (my x my)
i

+ZCZJ(111 X é@j) . (m1 X mj).

2%}

Here the 15! term represents the magnetic dipolar interac-
tion. The 11"? term corresponds to the magnetic exchange
coupling up to the third nearest neighbor. The 1",
IVt and V*" terms describe the change in the magnetic
exchange interaction induced by the local polar mode,

AFD tilt, and strain. An important point to note is that
the first five energy terms lead to the collinear magnetism
in BiFeO3. The VI term involving octahedral or AFD
tilting represents the Dzyaloshinskii—-Moriya interaction
(DMI) and is responsible for the weak magnetization in
the AFM state of BiFeOs. The last term of Eq. (4) is
responsible for the cycloid (via the inverse spin-current
effect which is a DMI effect), and it is the only term
related to electric polarization. This energy allows the
stable spin cycloid with k being the propagation vector
along [110] (within (111) plane) (with P | [111]) in
BiFeOs. All the coupling coefficients were calculated using
Density Functional Theory for both pure BiFeOs as well as
lanthanum-doped BiFeO3. All the calculations were done
for bulk stress-free supercells of 12 x 12 x 12 unit-cells,
both for pure and doped BiFeO3. The complex modulated
phases M1, M2 are phases found as a result of temperature
cooling of rare-earth-doped BiFeOgs, further relaxed for
(15%) La-substituted BiFeO3 and represent modulated po-
lar arrangements of periods of 6 and 4 unit cells respectively.

DATA AVAILABILITY

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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EXTENDED DATA

Extended data for " Efficient magnon transport in a single domain multiferroic”
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Extended Data Figure 1. Reciprocal mapping of Big.gsLag.15FeOs3: a Schematic of Ferroelectric domain variant ry, ra,
r3, r4. Asymmetric reciprocal space maps were recorded on Big ssLao.15FeOs thin films of 90 nm. Reciprocal space mapping of
(332)0 planes in DSO shows the (103) planes in Big.ssLao.15FeOs, suggesting that the Big.gsLag.15FeO3 is epitaxially strained
to the DSO substrate. Using RSM, the in-plane (out-of-plane) lattice parameters of BLFO were found to be 3.960 (3.965
A). The peak splitting occurs in the h0l-diffraction condition along (103), but not in the Okl-diffraction condition (013). This
indicates that only two structural variants are present in these films grown on (220) DyScOs substrates, consistent with the
PFM results in previous studies®. The two peaks in 103 reflections represent the R-like phase with the M4 structure, which is
in agreement with previous reports®. A schematic illustration of the two-domain motif, as viewed along the [110]o and [001]c.
Because the substrate has a monoclinic distortion along the [011] ([010]o), only two structural variants 73 and r4, which have a
spontaneous shear distortion along [111] and [11], respectively give rise to a net shear distortion along the monoclinic distortion
of the substrate. Therefore, these two variants r3 and r4 are energetically favorable when the rhombohedral films are grown on

[110]o substrates, in order to follow the substrate monoclinic distortion.
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Extended Data Figure 2. Emerging magnon transmitted voltage signal in pristine and poled Big ssLag.15FeOs:
a-d and e-f are the results on [100] and [010] devices, respectively. a, Nonlocal inverse spin Hall voltage (Visg ) measured in a
pristine state of Big.g5Lag.15FeOs and corresponding PFM shown in b. P with a yellow arrow in a, e indicates the direction of
polarization fixed by the ferroelectric domain (strain state of the substrate) in two orientations of devices. No external electric
field was applied during the experiment in a, b, e, f. The experimental protocol for pristine state magnon measurement
is by changing the direction of the thermal gradient (or the magnon-propagation direction) by swapping the current/voltage
electrode (schematic Figure 2, main text). g represents the direction of the thermal gradient shown by the black arrow. Data
in a, e and c, g is recorded under the same protocol, respectively. ¢, g is recorded under an external electric field where ¢
remains same only the direction of P reverses. The corresponding PFM images after poling are shown in d and h for devices
[100] and [010]. Single domain favors magnon propagation and hence the large inverse spin Hall voltage whereas multidomain

does not allow magnon transmission. The power at the source electrode is fixed to 2mW corresponding to the I, = 1.7mA.
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Extended Data Figure 3. Single ferroelectric domain: Full device piezo force microscopy image to show a robust single
domain formation after poling by the in-plane single electrical pulse (+150 kV/cm). The insets are the zoomed PFM scans to
magnify the ferroelectric single domains in the two extreme edges of the 100um long stripe of a nonlocal device. This PFM

image belongs to one of [010] devices as depicted in Fig.2a.
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Extended Data Figure 4. Polarization-driven non-reciprocal magnon transport: a Magnon-electric field hysteresis,
(1) and (2) represent the polarization state and source (S) and drain (D) correspond to the current source and voltage detector.
b, the initial state is set by the electric field (in red), followed by the swapping of the electrode LEFT/RIGHT, changing
the detector and source. This is done by automatically using the Keithley switch box, no physical movement of contact is
involved therefore any non-reciprocity from the artifacts can be ignored. The circuit of states (1) and (2) are shown at the
top and the bottom of the figure. Similarly, in the opposite polar situation in ¢, where the P direction is set by the electric
field and followed by the LEFT/RIGHT S and D swapping. The difference (reversed polarity and magnitude) between the
two states (b, c) is due to the non-reciprocity in BLFO imposed by the polarization state as drawn in d. P, polarization, w
and q represent the magnons’ energy and propagation vector. Electrically, the change of the polar direction also reverses the
DMI*3° which imposes the non-reciprocity in the system and hence the magnon signals are different in two opposite P states,

thus the polarization dependence is caused by the DMI.
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Extended Data Figure 5. Magnon spin transport anisotropy: a Optical image of patterned devices for spin transport
measurements. 4-orientations were designed marked as 0°, 45°, 90° and 135° corresponding to pseudocubic directions [100],
[110], [010], and [110], respectively. Electro-magnon hysteresis recorded in devices b, [010], ¢, [110] and d, [110]. P, and k
represent the polarization and the propagation vector of the cycloid, respectively. Magnon hysteresis was recorded in different
sets of devices on large-area samples. The schematics were drawn to represent the angle between the electrodes and the spin
cycloid propagation vector. Irrespective of the magnitude of the nonlocal ISHE voltage (due to the different current injection)
the hysteresis symmetry is preserved in three different device orientations. Device [010] is symmetric around zero whereas the

ISHE voltage in [110] and [110] all the way shows positive and negative minor loops, respectively.
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