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We present room-temperature measurements of magnon spin diffusion in
epitaxial ferrimagnetic insulator MgAlg sFe; sO, (MAFO) thin films near zero
applied magnetic field where the sample forms a multi-domain state. Due to a
weak uniaxial magnetic anisotropy, the domains are separated primarily by
180° domain walls. We find, surprisingly, that the presence of the domain walls
has very little effect on the spin diffusion - nonlocal spin transport signals in
the multi-domain state retain at least 95% of the maximum signal strength
measured for the spatially-uniform magnetic state, over distances at least five
times the typical domain size. This result is in conflict with simple models of
interactions between magnons and static domain walls, which predict that the
spin polarization carried by the magnons reverses upon passage through a
180° domain wall.

Magnons offer the intriguing potential to transport and process
information with low dissipation and in samples with non-volatility'~.
Diffusive flows of incoherent magnons can be measured in a nonlocal
geometry where spin injection into a magnetic insulator is driven by
the spin Hall effect and spin Seebeck effect at one heavy metal/mag-
netic insulator interface, and the resulting spin currents can then be
detected by the inverse spin Hall effect at a second distant heavy
metal/magnetic insulator interface®*. Propagation of magnon spin
currents over long distances in such structures is now routinely rea-
lized in ferrimagnetic>™* and antiferromagnetic insulators™,

If magnon spin transport experiments are performed with suffi-
ciently small magnetic fields that the magnetic material forms
domains, it is important to consider what happens to the flow of
angular momentum at magnetic domain walls'"**. Assuming non-

interacting magnons and in the limit that a magnon has a short
wavelength compared to the width of a domain wall, a magnon is
predicted to propagate through the domain wall without scattering,
while the angular momentum carried by the magnon rotates adiaba-
tically within the texture of the domain wall*?, The angular momen-
tum carried by a current of short-wavelength magnons should
therefore be reversed upon transiting a 180° domain wall. In a sample
with many domains, in which some paths between electrodes transit
an even number of domain walls and some an odd number, in this
picture the total spin current carried by magnons should decay to zero
on a length scale comparable to the domain size. For longer-
wavelength magnons, with wavelengths comparable to or greater
than the domain wall width, magnons should also partially backscatter
in addition to reversing their spin direction upon transmission through
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the domain wall”., In both limits, therefore, the presence of 180°
domain walls is expected to suppress the net flow of diffusive spin
currents compared to a uniform magnetic state without domain walls.
Nonlocal spin transport experiments performed in antiferromagnets
have confirmed that the effective spin diffusion length is much shorter
in samples with small domains having effectively randomly-oriented
Néel vectors compared to samples with large domain sizes'®.

Here we measure the diffusive flow of incoherent magnons at
room temperature in a ferrimagnetic insulator thin film which has
sufficient uniaxial anisotropy that the magnetic domains near zero
applied magnetic field are aligned primarily along this axis of uniaxial
anisotropy, producing a distribution of primarily 180° domain walls.
We find, quite surprisingly, that the presence of these domain walls
produces very little effect on the diffusion of spin angular momentum.
When the spin polarization associated with the spin Hall effect in a Pt
injector wire is aligned with the anisotropy axis, we measure nonlocal
spin transmission signals that are at least 95% as large as for a
completely-saturated magnetic sample, even when a typical path
between injector and detector electrodes must pass through at least 5
domain walls. This represents a striking conflict with the standard
models of interactions between magnons and static domain walls. We
present some speculative suggestions for how these models might be
generalized to explain this result.

Results

Specifically, we measure non-local magnon spin transport in a low-
damping spinel ferrite, MgAlo sFe; sO4 (MAFO), which is in the form of
an ultra-thin (6 nm) epitaxial film on a MgAl,O, substrate®*¢, We use
samples in which Pt injector and detector wires are separated by dis-
tances ranging from 0.4 to 4.2um. Previously, we have reported
magnon propagation over micrometer distances in such films and
observed larger propagation lengths (by >30%) along the four-fold <
110 > family of axes (easy axes) compared to the < 100 > axes (hard
axes)”. Those measurements were performed under an external
magnetic field that was high enough (75 mT) to always saturate the
magnetization of the film in plane. At very low magnetic fields these
same samples form magnetic domains, and in this domain structure we
observe a small additional anisotropy between the two easy axes [110]
and [110]. This can be seen clearly from differences in the magnetic
hysteresis loops measured with field applied along these two direc-
tions (Fig. 1a). (This measurement was performed on the same 6 nm
film which was used for the rest of the experimental results.) For the
harder axis between these two, i.e. along [110], the hysteresis curve
contains a plateau near zero magnetization in the applied-field range
between +0.2 mT, indicating a stable axis for the spins along [110]. For

a 1.0f b 10 . ] '§
i{ ELk
< L [200]
0.5} Es [
S~
. 2 PMaw
Z 0.0} =
~ . o 5 i
= =0 i
©
8 L
— d,) -
0.3 = W ."'!.i ! ;
' FUNNS
-1.0f ] Y B
) - ; L = = 500 nm
—0.50 —0.25 0.00 0.25 0.50 ) - os
HoH(mT) -10 L [ % %

Fig. 1| Magnetic hysteresis and imaging of magnetization with the scanning NV
magnetometry for MAFO thin films. a Magnetic hysteresis loops measured with a
SQUID magnetometer for a 6 nm MAFO film, which is the same film used for
nonlocal spin transport measurements. The magnetic field is swept along the in-

a field sweep along the [110] axis, the magnetization reverses in one
jump with no intermediate step, as expected for an easy axis.

We have measured the size scale of the magnetic domains near
zero applied magnetic field using scanning nitrogen-vacancy (NV)
center magnetometry®® in the multi-domain state. The sample was first
saturated with a 50 mT field along the [110] direction. Upon removing
the applied field, the stray magnetic field map from the sample was
measured, and the magnetization distribution along [110] (Fig. 1b) was
determined by a reverse propagation algorithm® (see the Supple-
mentary Note 1 for the measured stray magnetic field map and the
algorithm used to construct the magnetization map). We observe a
disordered stripe-like pattern aligned preferentially along the [110]
axis with typical lengths considerably <1 pum in the [110] direction.
(An autocorrelation analysis of Fig. 1b gives a correlation length of
200 nm along [110].) Given the easy-axis determination from Fig. 1a, we
assumed in the reverse propagation algorithm that the local magne-
tization is aligned along the [110] or [110] directions with 180° domain
walls in between. As a test, we also tried modeling the field map
assuming easy axes along [100], along [110], or along [010], but these
assumptions were not able to reproduce the measurement with the
same low error (see Supplementary Fig. 1). We speculate that the weak
uniaxial anisotropy favoring magnetization along the [110] axes might
result from anisotropic pinning sites generated during the growth
process of the MAFO films by asymmetry in the deposition plume at
the position of the sample or by step structure in the substrate (see
the discussion of micromagnetic simulations in the Supplemen-
tary Note 2).

To study the magnon transport, we employed the nonlocal geo-
metry shown schematically in Fig. 2a, where pairs of parallel Pt wires
are deposited on top of the MAFO thin films to act as magnon injector
and detector***7 A scanning electron microscope image of a
device is shown in Fig. 2b. A charge current/passing through the
injector wire produces magnons in the magnetic film due to the spin
Hall effect (SHE) in Pt, and also due to the spin Seebeck effect arising
from a thermal gradient due to Joule heating*. The magnons diffuse
through the film to the detector where they produce a voltage signal
via the inverse spin Hall effect (ISHE)*. By using a lock-in amplifier, we
distinguish between the signals from electrically and thermally injec-
ted magnons by detecting the first (Vy,) and second (V,,) harmonic
responses, from which the nonlocal resistances can be obtained as
Riw=Vio/l and Ry, = V5,/P. Figure 2c shows the nonlocal resistances
with the Pt wires perpendicular to the [100] axis, as a function of the
angle ¢ between the magnetization and Pt wires with a large enough
field magnitude (75 mT) that the magnetization remains fully saturated
in-plane. For Ry, both the injection (via SHE) and the detection (via

plane [110] and [110] axes. b Magnetization map obtained by reverse propagation of
a scanning NV center stray magnetic field map of the MAFO thin film in the mul-
tidomain state at zero field after saturation in the [110] direction.
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Fig. 2 | Nonlocal magnon transport measurement. a Schematic drawing of the
experimental setup for nonlocal measurements. b False-color scanning electron
microscope image of the device, in which green indicates the Pt wires and yellow

360

corresponds to the contact leads. ¢ First harmonic Ry, and second-harmonic R,
nonlocal signals as functions of the magnetic-field angle ¢ for a field magnitude of
75 mT and for Pt wires oriented along the [010] axis with a 1 um separation.

ISHE) of the magnons have a sin(¢) dependence (because the magnon
modes can be most effectively excited or annihilated when the spin
polarization associated with the spin Hall effect is collinear with the
magnetization), producing a total dependence of approximately
sin?(¢). On the other hand, R,,, shows an approximately sin(¢) angular
dependence, because the injection of the magnons (via SSE) has no
angular dependence, while the detection of the magnons through ISHE
varies as sin(¢).

With the dependence of nonlocal resistances on uniform mag-
netization established, we systematically investigated magnon trans-
port in the multi-domain state at low field, with magnons propagating
along different crystal axes. Figure 3 shows the magnetic field depen-
dence of normalized nonlocal resistances for the first and second
harmonic signals, Ry, and R, with the Pt wires along [010], [110], and
[110] axes. During the measurements, the magnetic field He, was swept
either parallel (¢p = 0°) or perpendicular (¢ = 90°) to the Pt wires.

For all configurations, at fields strong enough to align the mag-
netic moment in the MAFO, Ry, is at maximum (zero) when ¢ =90°
(¢ =0°), following the sin*(¢) dependence, consistent with that
shown in Fig. 2c. However, there are strong differences among the
different device geometries in the low field regime, depending on the
relative orientation between the magnon propagation and the crystal
axes. As shown in Fig. 3a, when magnons propagate along the [100]
axis, i.e. with Pt wires along the [010] (or [100]) axis, R, decreases
near zero field for ¢ = 90° while increasing for ¢ = 0°, with a hysteresis
behavior corresponding to the magnetization reversal. At the coer-
cive fields, the signals for both orientations approach about half of the
maximum signal. This behavior appears to be similar to some pre-
vious observations reported in nickel ferrite® and in YIG**, which could
be attributed to a mixture of the reduced magnon injection and the
magnon scattering at domain walls. Due just to the efficiency
of magnon injection and detection for a magnetization easy axis
oriented 45° from the propagation direction, we would indeed expect

R1/Rimax = Sin*(45°) =1/2. In contrast, when magnons propagate
along the [110] direction, i.e. with Pt wires along the [110] axis, Ry, for
@ =90° decreases almost all the way to zero near the coercive fields,
and Ry, for ¢=0° stays constant near zero, indicating a full sup-
pression of magnon transport (Fig. 3b). In this case, the magnetic
moment orientations within the domains are perpendicular to the
direction of spin polarization that is generated by the SHE and
detected by the ISHE, therefore no spin transport signal is observed.
Both of the geometries shown in Fig. 3a, b are therefore reasonably
consistent with standard models of magnon propagation.

The results shown in Fig. 3¢ are unexpected, however. Remark-
ably, when magnons propagate along ([110]), i.e. with Pt wires along
the [110] axis, Ry, reaches fully 95% of the saturated-state maximum for
¢ =0°. This angle corresponds to a magnetic sweep along the [110]
direction, where a demagnetized domain-filled state exists at low field,
with many 180° domain walls. Since the typical size of domains is
smaller than the separation between the Pt wires (1 um), this is a direct
demonstration that the net spin polarization being transmitted does
not reverse when the magnons pass through the 180° domain walls,
because if that were the case the spin current would decrease drasti-
cally upon traversing even a single domain wall, on average. To verify
the stability of magnon transport near zero field, we conducted mea-
surements with He, sweeping along different angles (0°< ¢ <90°).
The results from these measurements (see Supplementary Note 3)
show that regardless of the angle of the sweeping field, Ry, always
converges near zero field to the same value corresponding to nearly
the maximum value for a saturated magnetic state.

We also measured the second harmonic signal for these different
Pt wire orientations (lower panels of Fig. 3), which are expected to have
a sin(¢) dependence and are thus proportional to the average pro-
jection of the magnetization perpendicular to the Pt wires. This mea-
surement should thus be analogous to a magnetization hysteresis
curve for in-plane magnetic-field sweeps perpendicular to the Pt wires

Nature Communications | (2023)14:2393
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Fig. 3 | Magnetic field dependence of nonlocal measurements. Normalized

nonlocal resistances for the Pt wires along a [010], b [110], and ¢ [110] axes for a wire
separation of 1 um. In each panel, the blue line corresponds to a magnetic-field scan
perpendicular to the Pt wires and the red line corresponds to a field scan parallel to
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the Pt wires. For each of these cases, the upper (lower) panel shows the first (sec-
ond) harmonic nonlocal resistance. We plot the second-harmonic curves only for
@ =90° because the second-harmonic signals for ¢ = 0° through the film to the
detector where remain near zero in all cases.

(similar to Fig. 1a). This is what we observe. In particular, the second-
harmonic data in Fig. 3b are consistent with the magnetization curve
for the [110] sweep in Fig. 1a, with a plateau around zero field indicating
areorientation of the magnetization into the stripe domains along the
[110] easy axis. The second harmonic data in Fig. 3c also shows the
same abrupt transition as the [110] sweep in Fig. 1a. The fact that similar
hysteresis loops are obtained for the SQUID measurements as well as
the nonlocal second-harmonic spin transport measurements confirms
the results from the NV center imaging, that domain formation is
present throughout the MAFO film and is not just a local effect near the
Pt electrodes.

For the case of Pt wires along [110] axis, where we have shown that
spin angular momentum may diffuse through multiple domain walls
without being suppressed, we investigated the dependence of the first-
harmonic signal on the distance between the injector and detector Pt
wires. Figure 4 shows the ratio of Ry, around zero field to the maximum
signal in the magnetically-saturated, spatially-uniform magnetic state,
Ry1»,max as a function of this distance. We observe that the ratio stays
close to 1, with no apparent distance dependence, at least up to the
signal detection limit at around 4 um. The first harmonic nonlocal
resistance scans demonstrating this behavior for different wire
separations are shown in the Supplementary Note 3. Based on the
scanning NV center measurements, the average length of the domains
along [110] axis is smaller than 1pum, so these measurements involve
the traversal of more than 5 domain walls, on average.

Discussion
As we have noted in the introduction of this paper, within conventional
models for the interactions of a magnon with a magnetic domain wall it
is very surprising that the presence of 180° domain walls produces a
negligible effect on the nonlocal spin transport signals. Incoherently-
excited magnons at room temperature should generally have short
wavelengths compared to typical domain wall widths in MAFO. We
would therefore expect the polarization of the spin carried by a mag-
non to reverse upon transmission through a 180° domain wall, and the
net spin current carried by an incoherent population of magnons to
decay quickly to zero in samples containing multiple domains®. (see
Supplementary Note 7)

It is true that the room-temperature experiments we have per-
formed differ in several aspects from simple independent-magnon
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Fig. 4 | Distance dependence of normalized nonlocal resistances in the multi-
domain state. The ratio of the first harmonic nonlocal resistance in the multi-
domain state to the maximum nonlocal resistance in the spatially-uniform
saturated magnetic state, plotted as a function of the distance between the Pt
injector and detector wires. The Pt wires are oriented parallel to the [110] axis. The
error bars indicate fitting uncertainties. Some of them are smaller than the size of
the symbols. The gray bar indicates the range of typical domain sizes estimated
from the magnetization map (Fig. 1b).

models. At room temperature, there is a substantial background of
thermally-excited magnons, and magnon-magnon interactions cause
the typical magnon mean free path to be quite short, <150 nm*>*,
Therefore, assumptions of adiabatic passage through a domain wall
without scattering are likely unrealistic. Unlike zero-temperature
models, magnons in room-temperature magnets can also carry a net
spin current with spin-moment direction parallel to the background
magnetization direction as well as antiparallel, because magnon
populations can be reduced below the room-temperature equilibrium
value as well as enhanced above. Therefore, passage through a domain
wall does not absolutely require that the direction of spin flow carried
by diffusive magnons must be reversed. Nevertheless, given the strong
exchange interaction between magnons and domain walls***°*, we
expect that no matter the value of the magnon mean free path a static
180° domain wall will exert substantial torque to rotate the spin
direction of an incident diffusive spin current and should therefore
suppress measurements of nonlocal spin currents. This is not what we
observe.
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We therefore suggest that a more exotic departure from the
standard models of interactions between magnons and static domain
walls is likely required in order to explain our experimental results. We
have considered whether spin angular momentum might be carried by
an overall motion of domain walls driven by interactions with the
magnon currents, rather than entirely by magnons themselves. How-
ever, we do not observe any current-driven motion of domain walls in
our NV center imaging (see Supplementary Note 4). We also are not
aware of any process by which a net translation of domain walls could
couple to the Pt detector wire to give an inverse spin Hall effect read-
out signal (see Supplementary Note 4). Nevertheless, our results might
still be explained by taking into account the dynamics of domain walls,
rather than assuming they are static. An assumption of static domain
walls requires that angular momentum transferred from a spin current
during adiabatic passage through a domain wall is immediately lost to
the lattice. We speculate, instead, that even a domain wall that is pin-
ned on average might not be completely static, but might undergo
fluctuations that allow it to dynamically absorb angular momentum
from an incident spin current and then reradiate most of that angular
momentum back into the magnon population***°, rather than causing
to be lost to the lattice. In this scenario, a domain wall would not be
required to attenuate diffusive spin currents, but might absorb a spin
current incident from one magnetic domain and re-emit it into a
reversed domain without reversing the direction of spin polarization.

Another speculative scenario that may be worth considering is
that angular momentum in nonlocal spin transport experiments might
not be carried exclusively by magnons. Phonons can also transport
angular momentum®. If they can do so with low damping, then
phonons might be able to transport angular momentum through a
magnetic domain wall without strong interaction. In this case, a
magnon population excited near the source Pt electrode might
transfer angular momentum to phonons, the phonons might ferry that
angular momentum past a domain wall without reversing the angular
momentum direction, and then the phonons might re-equilibrate
with magnons on the far side before reaching the detector Pt elec-
trode. To our knowledge, there is no evidence in the existing literature
that angular momentum transport in magnetic insulators is carried
exclusively by magnons and not phonons.

In summary, we have measured diffusive spin transport along
different crystal axes in ultra-thin MAFO ferrimagnetic insulator films,
for a multi-domain state within which a uniaxial magnetic anisotropy
causes the sample to contain many 180° domain walls. We observed
that the nonlocal spin transport signal in the multi-domain state can
maintain at least 95% of the full value measured in the spatially uniform
magnetically saturated state. The ratio of the signal in the multidomain
state to the spatially-uniform state remains constant near 1 as a func-
tion of distance between the injector and detector electrodes, up to
more than 5 times the average domain size. We argue that this result is
incompatible with standard models for magnons interacting with sta-
tic domain walls, in which the spin polarization carried by the magnon
reverses upon passage through the domain wall. Instead, we suggest
that to model these results one must consider the possibility of
ingredients beyond magnons interacting with static domain walls -
either that dynamic domain walls might absorb and re-emit magnons,
or that phonons might carry angular momentum through 180° domain
walls without inverting the angular momentum during passage.

Methods

Sample growth and fabrication

Epitaxial thin films of MAFO 6 and 10 nm thick were grown on MgAl,O,
(001) single crystal substrates by pulsed laser deposition using a
stoichiometric MgAlgsFe;sO,4 target. The details of the deposition
conditions and the thin-film structural characterizations can be found
in ref. 32. The Pt wires with dimensions 200 nm in width, 10 um in
length were defined using electron-beam lithography followed by a

30 W plasma cleaning and sputter-deposition of 10 nm Pt in an Ar
atmosphere, and then lift-off. We patterned these Pt wires to be par-
allel and perpendicular to the magnetic easy axes of MAFO with var-
ious wire separations ranging from 0.4 to 4.2 um. Electrical contacts to
the Pt wires were made by the sputter-deposited Ti (5 nm)/Pt (100 nm)
electrodes patterned using electron-beam lithography. The electrical
resistance of each Pt wire is in the order of 5kQ.

Nonlocal magnon transport measurements

The nonlocal spin transport measurements were performed at room
temperature by using a lock-in amplifier with a low excitation fre-
quency (f=5.939 Hz) to minimize the inductive coupling between the
wires. The current in the injector was applied with root mean squared
(rms) amplitude ranging from 100 to 300 pA. With the presence of an
applied in-plane magnetic field with desired strength and direction,
the first and second harmonic voltage signals were detected simulta-
neously in the detector. This in-plane magnetic field were applied
using a projected-field electromagnet which can be rotated 360°.

Scanning NV center magnetometry measurements

The magnetic imaging is performed with a commercial scanning
nitrogen-vacancy magnetometer (ProteusQ, Qnami AG) operating
under ambient conditions. A commercial diamond tip hosting a single
NV defect at its apex (Quantilever MX, Qnami AG) is integrated on a
quartz tuning fork-based frequency modulation atomic force micro-
scope (FM-AFM) and scanned above the MAFO sample surface with an
NV flying distance of about ~60 nm, cf. Supplementary Fig. 9. The NV
center orientation is characterized by the polar angle 6y, =57.1° + 2.5°
and the azimuthal angle @y, =270.3°+0.9°, respectively in the
laboratory coordinates defined in Supplementary Fig. S9, and the NV
depth is calibrated to be dyy=59.7 +1.8 nm, following the method
described in ref. 51.

Data availability

The datasets supporting the conclusions are available in the article and
the Supplementary Information, and also available from the corre-
sponding authors on reasonable request.
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