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Abstract:

Spin transport through magnetic insulators has been demonstrated in a variety of
materials and is an emerging pathway for next-generation spin-based computing. To
modulate spin transport in these systems, one typically applies a sufficiently strong
magnetic field to allow for deterministic control of magnetic order. Here, we make use of
the well-known multiferroic magnetoelectric, BiFeOs, to demonstrate non-volatile,
hysteretic, electric-field control of thermally excited magnon current in the absence of an
applied magnetic field. These findings are an important step toward magnon-based
devices, where electric-field-only control is highly desirable.

Main:

In the field of magnonics, spin waves, rather than electrons, form the fundamental
operating unit [1-4]. The field has experienced rapid growth over the last decade as
exciting progress has yielded a breadth of interesting physics as well as the potential for
low power dissipation in computing [5]. In lieu of an electronic current, insulating magnetic
materials can host magnon currents, which carry spin information and avoid Ohmic losses
associated with electron transport. Such materials are well-suited for wave-based
computing based on magnon logic [6-10]. Indeed, theoretical work has proposed
antiferromagnetic spin wave field-effect transistors [11] and realizations of all-magnon
transistors based on magnon-magnon scattering with resonant excitation have already
been experimentally demonstrated [9]. There are several ways to create
magnons [1,4,12-14], and spin transport via magnon currents have already been
reported in a variety of magnetic systems [5,15-19]. Though resonant excitations are
typically used to study spin waves [20,21], magnon currents can be excited incoherently
by a thermal gradient through the spin Seebeck effect (SSE) [22]. While other near-DC-
frequency incoherent excitation mechanisms exist [12,23], thermal excitation of magnons
is better suited to materials with complex domain structure since it does not require long-
range magnetic order [24]. Previous research has demonstrated non-local spin
transport [25] in insulating ferrimagnets [12,26,27] and



antiferromagnets [5,15,18,19,28,29], thermally excited spin-transport over exceptionally
long distances [30,31], and non-volatile magnetic field control [19]. Electric field control of
magnon spin transport, however, has been limited to concurrent application of high
magnetic fields [24]. For operational devices based on magnon transport, electric field
control in the absence of an applied magnetic field could be a crucial advance for the
field.

Here, we make use of the well-known multiferroic material, BiFeOs (BFO), to demonstrate
such electric field control of thermal magnons. BFO is a room-temperature
magnetoelectric with a large ferroelectric polarization (~90 uC/cm”2), G-type
antiferromagnetic ordering, and a weak ferromagnetic moment arising from the
Dzyaloshinskii-Moriya interaction [32-34]. The ferroelectric and antiferromagnetic
domain structures in BFO exhibit a one-to-one correspondence [35], and deterministic
control of magnetic order via manipulation of the ferroelectric state (with applied electric
fields) has already been demonstrated [36—38], making BFO an attractive option for high-
speed, low energy computing [39-42]. Previous work on BFO [43,44] has revealed
broad tunability of the magnon dispersion with applied electric field, and early theoretical
work predicted all electrical switching of magnon propagation [45].

In this letter, we demonstrate a novel manifestation of magnetoelectric coupling in BFO
to manipulate magnon current. Magnons are excited via the SSE and detected via the
inverse spin Hall effect (ISHE) [46,47]. We demonstrate non-volatile, hysteretic, bistable
states of magnon current and establish a robust means of switching between the two
states with an applied electric field. Via piezo-response force microscopy (PFM), we
reveal the switching pathway of the ferroelectric order, which is accompanied by the
switching of net canted magnetic moment, providing the mechanism for electric field
control of magnon current.

We grow BFO samples via pulsed laser deposition (Supplementary Material, Methods)
and employ a non-local device geometry (Fig. 1la) consisting of two lithographically
defined (Supplementary Material, Methods) Pt wires separated by a distance d (< 1um)
on the BFO surface. In the channel between the Pt electrodes, we observe well-ordered
109° ferroelectric domains (Fig. 1a). This confirms the high quality of the BFO film and,
via the established correspondence between ferroelectric and magnetic order, allows us
access to the magnetic domain structure of the device [35,38,48]. Each of the four leads
(Fig. l1a) is wire-bonded for the non-local measurement, described next. In the
“‘measurement configuration,” low-frequency AC current, f = 7 Hz, driven through the
injector Pt wire (Fig. 1b) creates a thermal gradient in the film via Joule heating of the Pt
(heater) wire. This thermal gradient excites magnons via the SSE. The resulting magnon
current is detected at the detector Pt wire as a voltage along the length of the wire,
originating from ISHE and spin scattering at the Pt/BFO interface [12,47,49]. We use the
standard lock-in technique to measure the magnon current as a differential voltage along
the detector wire, V,,;. Since the thermal magnon current scales with the square of the
charge current in the injector wire, we measure the second harmonic of the detected



voltage, i.e. V,; 2w), (Supplementary Material, Methods, which includes reference to
data acquisition software [50]).
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Figure 1. Experimental Setup. a. Optical and PFM images of non-local device
structure. Out-of-plane (OOP) and in-plane (IP) PFM images reveal a well-ordered
109 ° domain structure. Arrows in inset (OOP) show IP projection of spontaneous
polarization, P. b. Measurement configuration. c. Pulsing configuration.

We confirm the efficacy of our device structure and non-local (“measurement
configuration”, Fig. 1a) testing protocol by fabricating identical devices on YsFesO12 (YIG)
(Supplementary Material) and performing the prototypical in-plane magnetic-field
dependent nonlocal measurement (Supplementary Material Fig. S1), which shows the
expected behavior [12]. To modulate the magnon current in BFO in the absence of an
applied magnetic field, we perform in-situ electric-field pulsing across the channel
(“pulsing configuration”, Fig. 1c) thereby switching the ferroelectric, and consequently
magnetic order parameters (see Supplementary Material for an explanation of magnetic
field dependent measurements in BFO, which includes Ref [51]).

We follow an experimental protocol (Fig. 2b) designed to both confirm the switching of
the ferroelectricity and monitor resulting changes in detected magnon current. Following
a unipolar (5ms, 350 kV/cm) voltage pulse in the pulsing configuration, we measure the



second harmonic voltage on the detector wire, V,;(2w), in the measurement
configuration. We then confirm the ferroelectric state by measuring a single bipolar
ferroelectric hysteresis (PE) loop. As observed, (Fig. 2b), the PE loop shows only one
switching event (e.g., only showing switching in the positive direction, following negative
poling) confirming that the ferroelectric state is both switched and remnant. We then
switch the pulse polarity and start again. By alternating positive and negative polarity
electric field pulses (Fig. 2c) one can clearly observe two non-volatile states of measured
magnon current.

Owing to the ISHE detection mechanism, the Pt detector wire acts as a directional
detector, sensitive to the component of incident magnon spin polarization orthogonal to
the length of the wire (Fig. 2a) [5,12,19]. The existence of two states of magnon current,
therefore, indicates that the electric field induced switching results in changes to the
magnon spin polarization pointing across the channel. Our results thus indicate that the
switching of the ferroelectricity induces switching of the net canted moment (M) adjacent
to the detector Pt wire. As a result, the spin polarization of thermally excited magnons
along M, also flips, resulting in the observed change in detected non-local voltage. To
better understand the mechanism of such switching, we turn to PFM to directly image the
ferroic order.
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Figure 2. Bi-stable states of thermal magnon current. a. Cross sectional device
schematic. As shown by the interfacial spin (black), the detected voltage along the
detector (left) wire is dependent on the magnon spin polarization component orthogonal
to the length of the Pt wires. b. Experimental protocol and results of “half” hysteresis



loops confirming the stability of the ferroelectric state after electric field poling. c.
Measured lock-in second harmonic voltage, V,;(2w), measuring magnon current, as a
function of time. 100 seconds of data are collected after each electric-field pulse. Data
reflects relative changes upon poling, i.e., a small (~10s of nV) DC offset is subtracted
from both positively and negatively poled signals. Histogram combining results from 10
trials confirms two distinct states of magnon current. Fits are to normal distributions. An
800 uA charge current was used to generate the thermal gradient for SSE.

It has been shown previously [52], that there is one-to-one correspondence between
ferroelectric domains and antiferromagnetic domains in BFO, so, via PFM we are able to
intuit the magnetic domain structure. Within a single domain, the ferroelectric polarization,
Néel vector and canted ferromagnetic moment are oriented orthogonal to one another
(Fig. 3a) with the in-plane projection of the canted moment pointing along the in-plane
projection of the ferroelectric polarization [36,53,54]. Owing to mechanical and
electrostatic boundary conditions [48], adjacent domains’ polarization vectors are
oriented 109° from each other and aligned head to tail (Fig. 3a). The existence of such
109° domains is confirmed via PFM in our films (Fig l1a.), and results in a net canted
moment (along <100>pc), which points orthogonal to the directionality (<010>pc) of the
stripe domains (Fig. 3). To study the switching of the ferroic state, we perform PFM
imaging after application of +350 kV/cm across the channel. We observe reversal of the
in-plane contrast (Fig. 3b), indicating in-plane reversal of the ferroelectric polarization.
Importantly, while the in-plane component of the polarization reverses, the underlying
ferroelastic domain structure is preserved, i.e., switching occurs within each ferroelastic
(stripe) domain. The persistence of the ferroelastic domains very likely contributes to the
reversibility of the magnonic signal observed upon bipolar electric field pulsing (Fig. 2c).
The IP PFM results, in combination with out-of-plane (OOP) PFM imaging after switching
(Supplementary Material Fig. S2), which does not show reversal, allow us to conclude
that polarization switching proceeds via a 71° IP switch, consistent with previous
research [36]. We show, schematically (Fig. 3c), the resulting reorientation of the
polarization, Néel vector, and canted moment after 71° switching. The ISHE detection
mechanism is sensitive to the magnon spin polarization, and therefore the magnetic
order, directly beneath the detector Pt wire. Furthermore, since the Pt wire spans several
domains, the detected voltage is a function of the adjacent net magnetic order (i.e. the
sum of twin domain contributions). While magnons have been shown to traverse both M
and L [12,15,19], from the schematic (Fig. 3c), one can observe that while the net canted
moment, M, does reverse, the net Néel vector, L, does not reverse following 71°
switching. This indicates that our data is sensitive to spin wave excitations carried along
(spin polarization antiparallel to) the net canted moment, M.

While we have so far discussed thermal magnons, it is important to address another
excitation mechanism, namely the spin accumulation mechanism (SAM) [5,12,19,49]
from the spin Hall effect (SHE) in the injector wire. This effect is dependent on the charge
current in the injector wire (as opposed to j2 in SSE) and therefore appears in the first
harmonic nonlocal voltage. Electric-field switching of BFO results in no change in the first



harmonic signal (Supplementary Material Fig. S3). It has been shown both
experimentally [28] and theoretically [55,56] that (anti-) ferromagnetic domain walls act
as scattering sites for incident magnons. To observe a first harmonic signal, magnons
excited via SAM at the injector must traverse the channel without (or with minimal)
scattering. Our PFM data reveal many domain walls between the injector and detector,
which scatter all SAM excited magnons, and result in no observed first harmonic signal.
Thermal magnons however, can be “re-excited” after a domain wall since the thermal
gradient, governed by phonon diffusion, for example, persists. As described in detalil in
Supplementary Material Section 1,2, similar physics can explain the lack of first
harmonic signal in multidomain NiO [14], and is corroborated by reports on YIG which
study the effects of nonlocal thermal gradients [31] and heat-transparent/spin-opaque
interfaces [57].
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Figure 3. Switching Mechanism. a. Schematic of twin 109° domains showing
ferroelectric polarization vector, P (red), Néel vector L (blue), and canted magnetization
vector M (green). b. In-plane phase PFM images after +350kV/cm and -350kV/cm
applied across the channel. The change in contrast indicates reversal of the net in-plane
polarization (and therefore canted magnetization). A (Green) circle marks an external
reference domain pattern for comparison. c. Schematic of 71°IP switch showing
reversal of the both the net ferroelectric polarization, P, and net canted moment, M.

Having established the mechanism behind magnetization reversal and the observed
magnon current, we now demonstrate its hysteretic nature. We perform a quasi-static
measurement (Fig. 4a), varying the magnitude of the electric field pulse across the
channel from negative to positive and back again, while measuring (over 100 seconds)
the non-local signal after each applied electric field pulse. We observe a hysteretic
response in the magnon current (Fig. 4b) which closely matches the ferroelectric
hysteresis loop of the same device. To confirm that the observed data does not stem from



capacitive charging or other extrinsic circuit effects [58], we perform the identical
measurement on YIG (Fig. 4b). As expected, we observe no ferroelectric hysteresis, and
importantly no hysteretic magnon current. Next, to confirm that the signal does not come
from the remanent state of the ferroelectric polarization alone, we use a non-magnetic,
in-plane ferroelectric Pbo.7Sro.3TiO3 (PSTO) (Supplementary Material, Methods) sample
with a similar value of switchable charge and again perform the identical experiment (Fig.
4b). Here, we observe a strong ferroelectric hysteresis response, as expected, but do not
observe any hysteresis in the nonlocal voltage. The YIG and PSTO control samples
together, therefore, allow us to conclude that the BFO signal is magnetic in nature. Finally,
as the SSE signal scales with the square of the charge current in the injector wire, we
expect a linear dependence on injector (heater) power (IR) in the differential nonlocal
voltage, defined as the difference between measured nonlocal second harmonic voltage
when poled with a positive vs. negative electric field. We show (Fig. 4c) the expected
linear dependence as a function of heater power.
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Figure 4. Hysteretic Response. a. Hysteretic magnon current measurement protocol.
b. Observation of hysteresis in nonlocal second harmonic signal in BFO showing
excellent agreement with the associated ferroelectric hysteresis loop. Identical
measurements on PSTO and YIG are also shown. c. Magnitude of differential nonlocal
voltage as a function of injector (heater) current, as measured through several different
means.

In conclusion, we have demonstrated a novel manifestation of intrinsic magnetoelectric
coupling in BFO, establishing electric field control of non-volatile, hysteretic, bi-stable
states of magnon current in the absence of an applied magnetic field. This represents a
crucial step towards operational magnon-based devices. On-going work focuses on
several pathways for increasing the magnitude of the non-local voltage for practical
applications [41]. By varying the domain structure with choice of substrate [48], one can



vary the number and type of magnon scattering sites present between the injector and
detector. Advanced lithography techniques can also be utilized to minimize the injector-
detector distance, with previous research indicating highly favorable scaling laws for
reduced channel widths [12,30]. In fact, with improved magnon coherence and/or
decreased channel spacing, domain walls can be written using an out-of-plane electric
field (rather than in-plane as demonstrated here), thereby enabling a non-volatile three
terminal transistor which operates on magnon scattering at domain walls at the gate.
Perhaps most importantly, however, is the inclusion of alternate spin-orbit (SO) metals
(replacing Pt). The spin Hall angle sets an intrinsic limit on the detected voltage, while the
interface between the SO metal and the BFO can limit spin conductance and introduce
variability in the fabrication process. Oxide SO metals, such as SrlrOs, have recently
shown high spin hall angles [59], and most importantly can be grown epitaxially, in-situ,
via PLD on BFO, likely allowing for improved spin conductance, higher non-local voltages,
and lower operating current, while maintaining BFO quality. The results shown here, offer
an initial verification, highlighting an important synergy between multiferroics and
magnonic spintronics, and demonstrating a novel pathway toward functional magnonic
devices.
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