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ABSTRACT: Magnon-mediated spin flow in magnetically ordered ' ' ' ’
insulators enables long-distance spin-based information transport i 21“’ Z# 1.2
with low dissipation. In the materials studied to date, no anisotropy 0.81 2 92

has been observed in the magnon propagation length as a function __ .
of propagation direction. Here, we report measurements of magnon g_ 0.6r & 10-8 g_
spin transport in a spinel ferrite, magnesium aluminum ferrite =
MgAl, ;Fe, 0, (MAFO), which has a substantial in-plane 4-fold < 0-4f <
magnetic anisotropy. We observe spin diffusion lengths > 0.8 ym at 104
room temperature in 6 nm films, with spin diffusion lengths 30% 0.2r o

longer along the easy axes compared to the hard axes. The sign of E

this diﬁ.rerence is opposit§ to the effech just of anisotropy.in the 0.0[1(‘)0] [110] [010] [1TO]O'O
magnetic energy for a uniform magnetic state. We suggest instead Crystal axes

that accounting for anisotropy in exchange stiffness is necessary to

explain these results. These findings provide an approach for

controlling magnon transport via strain, which opens new opportunities for designing magnonic devices.

KEYWORDS: spintronics, magnon transport, spinel ferrite, thin films, exchange stiffness

B INTRODUCTION axes. We argue that this difference has the wrong sign to be

explained taking into account only the usual magnetic
anisotropy energy which applies to spatially uniform states,
but requires also a consideration of anisotropy in the exchange
stiffness for nonuniform states. Our results suggest that spin
transport measurements can be used as a sensitive probe of the
exchange stiffness and that manipulation of this stiffness (e.g.,
via strain) provides an alternative strategy for controlling
magnon spin diffusion.

Using magnons, the quanta of spin waves, for information
transmission offers the potential for low energy dissipation
compared to traditional electronic transport.” Magnon spin
transport has been demonstrated experimentally in both
insulating ferrimagnets” "> and antiferromagnets.'®™'® The
magnon spin diffusion length, the characteristic propagation
length, has been studied under various conditions of
temperature,'”'*~*>' magnon chemical potential,”*~** external
magnetic field,'"”"*> and magnon drift current.'” Previous B RESULTS
measurements on ferrimagnetic insulators have focused on
YIG, either with thick films (>100 nm) which are fully relaxed
relative to the substrate”>*" or with thinner films.'>*° In either
case, YIG has very weak magnetic anisotropy, and no
anisotropies have been observed in the spin transport.

Here, we report measurements of magnon transport in a
low-loss spinel material that has been recently stabilized in
epitaxial thin-film form, magnesium aluminum ferrite
MgAl sFe, O, (MAFO).””~*' When grown epitaxially on a
MgAlL, O, substrate, MAFO possesses a substantial in-plane
cubic anisotropy (~13 mT with easy axes in the <110>
directions), while maintaining low magnetic damping into the
regime of ultrathin films. We report that magnon spin transport
depends strongly on the propagation direction relative to the
anisotropy axes, with a spin diffusion length 30% greater for
magnon propagation along the easy axes compared to the hard

We employ a measurement geometry commonly used for
measuring magnon spin transport—parallel Pt wires with
different separation distances deposited on top of the magnetic
insulator to be investigated (Figure 1a).>>”'*'"'%'% The Pt
wires have widths of 200 nm, lengths of 10 ym, and spacings
that range from 0.4 to S ym. A charge current passing through
one of the Pt wires results in the excitation of magnons in the
magnetic film below the wire by the spin Hall effect (SHE)*
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Figure 1. Measurement geometry and magnetic anisotropy of MAFO. (a) Schematic layout of the experimental setup (not to scale). (b) False color
scanning electron microscope image of the device, in which blue indicates the Pt wires and yellow corresponds to contact leads. (c) Schematics for
measuring magnon transport along different directions relative to the crystal axes of the MAFO film. (d) FMR resonance field at 9 GHz as a
function of the angle (¢by) between applied in-plane magnetic field and the [100] crystal axis for a MAFO thin film of S nm thickness grown under
the same conditions as the 6 nm film. The solid line represents a cos(4¢y) fit to the measured data.
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Figure 2. () First-harmonic Rgyg and (c) second-harmonic Rgg; nonlocal signals as functions of the magnetic field angle ¢ for a field magnitude of
75 mT and samples with d = 0.6, 1, and 1.4 ym, with the Pt wires oriented along the [100] direction. Solid lines are the fits to cos*(¢b) and cos(¢)
dependence for first- and second-harmonic signals, respectively. Magnitude of (b) first-harmonic and (d) second-harmonic nonlocal signals as
functions of distance between the Pt wires oriented along the [100] and [110] directions. The solid lines are fits to eq 3.

and, because of a thermal gradient arising from Joule heating, diffuse through the film to the other Pt wire where they are
also by the spin Seebeck effect (SSE).”* The excited magnons detected by means of a voltage signal generated by the inverse
1168 https://doi.org/10.1021/acs.nanolett.1c04332
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Figure 3. Spin diffusion lengths extracted from the decay of the (a) first- and (b) second-harmonic nonlocal signals for wires along corresponding

axes. Error bars represent the standard deviations of the fits.

spin Hall effect (ISHE).** Figure 1b shows the scanning
electron microscope image of a typical device with the middle
Pt wire as the spin injector and the wires on the sides as the
spin detectors. To measure magnon spin transport in different
directions relative to the underlying crystalline film, we
perform measurements on separate devices on the same chip
with different orientations of the Pt wires (Figure 1c).

The magnetic insulators we probe are (001)-oriented 6-nm-
thick MAFO thin films that are epitaxially grown on MgAL,O,
(MAO) substrates”” (see Supporting Information for sample
growth and fabrication). Tetragonal distortion due to epitaxial
strain acting on MAFO (3% lattice mismatch) induces an in-
plane 4-fold magnetic anisotropy with an effective field
strength of 13 mT as shown by ferromagnetic resonance
(FMR) measurements on a MAFO film of similar thickness (S
nm) grown under the same conditions (Figure 1d). The
angular dependence of the anisotropy field is consistent with
cubic symmetry, and the easy axes are along <110>. The
Gilbert damping in MAFO as measured by FMR remains small
and isotropic with respect to the angle of the in-plane magnetic
field relative to the crystal axes.”’

For the magnon spin-transport measurements, we pass a
low-frequency current (5.9 Hz) through one Pt wire, exciting
magnons in the MAFO film via both the SHE and SSE. All the
measurements are performed at room temperature, using
different angles and magnitudes of in-plane applied magnetic
field and different spacings between the injector and detector
Pt wires. The component of the nonlocal voltage (Vi)
detected in the distant Pt wire that originates from SHE (V)
has a linear dependence on the current (I), while the
component from SSE (Vgg), which arises due to a
temperature gradient from Joule heating, varies quadratically
with I (Figure S4, Supporting Information). These two kinds
of nonlocal voltages can therefore be distinguished by
detecting the first (Vy,, = R;,I) and second-harmonic (V,,
R,,I*) responses using lock-in amplifiers. Depending on their
origin, the nonlocal resistances can then be written as

Ry = Regg + Ry 10 (1)

)

where Rgyp and Rggp; represent the nonlocal resistances that we
wish to measure arising from the SHE and SSE, while R, and
Ry, are offset resistances due to inductive and capacitative
couplings in the sample and the measurement setup.

To subtract out the constant-impedance parts (R, and
Ry,,), we collect Vy, and V,,, as a function of the in-plane
magnetic angle ¢ for a field magnitude of 75 mT, as shown in

Ry, = Resg + Ro20
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Figure 2a. ¢ is defined as the complement of the angle between
the magnetization of MAFO and the applied current axis (see
Figure 1a). For the electrically generated nonlocal signal Vg,
both the injection and the detection of the magnons have a
cos(¢) dependence coming from SHE and ISHE, respectively,
resulting in a total dependence approximately o cos*(¢)
(Figure 2a). In the case of the thermally generated nonlocal
signal Vg, the magnon injection is generated by Joule heating,
which has no angular dependence, while the detection of the
magnons through ISHE varies with angle ¢, which gives rise to
an approximately cos(¢) angular dependence (Figure 2c).

Although generally magnon conductance decreases with
decreasing thickness in magnetic insulator films due to
increased damping,35 nevertheless, even in 6-nm-thick
MAFO films we observe long-range magnon transport across
S um gaps. The spin diffusion length can be extracted from the
decay of Rgyp and Rggp as a function of the separation (d)
between the Pt wires (injector and detector). This decay can
be well fitted to a magnon diffusion model:’

C

C exp(d/4)

NET 0T = exp(2d/2)

()

where Ry could be either Rgyp or Rggp, C is a distance-
independent constant, and A is an effective spin diffusion
length in the direction perpendicular to the Pt wires.

We have investigated the effects of anisotropy by comparing
spin diffusion lengths for the orientation of the wires along
[100], [110], [010], and [110] axes. Figure 2b shows the first-
harmonic nonlocal resistances for the [100] and [110] wire
orientations plotted as a function of the wire spacing. The dots
in the plots correspond to the experimental data, while the
solid lines show the fits to eq 3. A similar decay of the nonlocal
resistance vs spacing is also observed for the second-harmonic
signal as shown in Figure 2d. The spin diffusion lengths, 4,,
and A,,, extracted from the fits for first- and second-harmonic
signals are shown in Figure 3 for the different crystal-axis
orientations.

For both A,,, and ,,, we observe significantly larger (>30%)
spin diffusion lengths along the <110> axes (easy axes)
compared to the <100> axes (hard axes). We also find that the
extracted values of 4,,, are slightly larger than 4,,, which has
also been observed previously for YIG thin films.”' This
difference can be explained as due to the different mechanisms
by which the nonequilibrium magnon distributions are
generated for the two signals. Furthermore, due to a lateral
thermal gradient near the Pt injector bar, the second-harmonic
voltage can have contributions from both local and nonlocal

https://doi.org/10.1021/acs.nanolett.1c04332
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SSE signals, while for the first-harmonic signal the SHE excites
the magnons only locally.” The angular dependencies of 4,,
and 4,, correspond to the same 4-fold symmetry as the in-
plane magnetic anisotropy, consistent with the cubic symmetry
of MAFO (Figure 1d).

B DISCUSSION

If one assumes that the primary cause of anisotropic magnon
transport in MAFO is simply the anisotropy in the magnetic
energy for a uniform magnetic state, it is surprising that the
spin diffusion length is longer in the direction of the magnetic
easy axis, rather than the reverse. The magnetic anisotropy
energy for a uniform magnetic state should cause the same
qualitative behavior as an increased applied magnetic field
along the easy axis. Both previous measurements on YIG*"*
and our own measurements on MAFO (Figure 4a and b) show
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Figure 4. Ratio of the first harmonic nonlocal signal to its maximum
value as a function of applied magnetic field at ¢p = 0 for samples with
d =1 ym and Pt wires oriented along (a) the hard axis and (b) the
easy axis. The inset in each plot shows the orientation of the Pt wires
and applied magnetic field with respect to the crystal axes. (c,d)
Dispersion relations (c) and group velocities (d) in MAFO for
magnons propagating (blue curves) along the [100] direction,
(orange curves) along the [110] direction with the same exchange
stiffness as for the blue curves, and (green curves) along the [110]
direction with an exchange stiffness increased by 10%.

that the magnitude of the nonlocal spin signal decreases as a
function of the increasing magnitude of an applied magnetic
field, corresponding to a decreased spin diffusion length with
increasing magnetic field. This behavior has been ascribed
within the context of the SSE to the influence of the magnetic
field increasing the energy of long-wavelength magnons.”
Quantitatively, the effect of a magnetic field is also far too weak
to explain the scale of the effect that we measure. Figure 4a and
b both show that a 140 mT magnetic field decreases the spin
signal by only 18%, indicating that an in-plane cubic anisotropy
of 13 mT could not generate the 30% difference we observe.

The sign of the effect we observe is also surprising within the
usual theoretical framework for modeling the energies and
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group velocities of long-wavelength magnons. The only type of
anisotropy that is ordinarily considered is the anisotropy
energy for a uniform magnetic state, accounted for in terms of
an anisotropy field of 2 yyH,,. For a 4-fold in-plane magnetic
anisotropy, the dispersion curve for long-wavelength magnons
(taking into account both exchange and magnetic dipole
contributions) takes the form®®~**

w(k, b, b,,) = %\/3132

(4)
with
B, = B + uM(1 — B,) + Dk’

1
+ Z'“oHan(3 + cos(4¢,)) )

B, = B + u,MgP, sin®(¢,) + Dk* + p H,, cos(4h,,)

(6)
and where k = |kl is the magnitude of the wavevector, ¢, is the
angle of the wavevector relative to an easy axis, ¢y is the angle
of the average magnetization relative to the [100] direction, B
= 0.075 T in our angle-dependent measurements, M. is the

€
saturation magnetization, D is the exchange stiffness, and P, =

1 — [(1 = e ™)/(kd)] with d as the film thickness. For our
MAFO samples, yoMeg = 1.5 T, 2lpoH, | = 13 mT, and d = 6
nm. For oxide ferrimagnets, a typical value of the exchange
stiffness is D = 5 X 1077 T m? The effect of the anisotropy
field is to increase the energy of magnons with small values of k
for ¢, near the easy axis but to cause little change in the energy
of magnons with larger k due to the increasing importance of
the exchange and dipole terms. As a result, the group velocity,
v, = do(k, ¢y, ¢yy)/dk is always decreased by an increase in the
magnetic anisotropy energy.

This is illustrated in Figure 4c and d, where we plot models
of dispersion relations and group velocities for k up to § X 10°
m™" (a range of k smaller than the full Brillouin zone to make
visible the changes in this lower-k regime). The blue line in
each panel corresponds to the reasonable parameter values
mentioned above, for magnons propagating along the [100]
direction of a MAFO film. The orange curve in each panel
shows how the dispersion relation and group velocity would
change for magnons propagating along the [110] direction,
assuming that the only source of anisotropy is the magnetic
anisotropy for a uniform magnetic state (associated with the
anisotropy field 2lugH,| = 13 mT). From the difference
between blue and orange curves, it can be seen that the group
velocity is slightly larger along the hard axis ([100]), although
the difference is visible only in a very small portion of the
Brillouin zone near k = 0, where the group velocity is already
very low. In addition to these small changes in group velocity, a
larger value of H,, will also decrease the thermal magnon
population. Both effects should decrease the spin diffusion
length in the direction of a magnetic easy axis.

We therefore draw the conclusion, based on both the sign
and magnitude of the effect we observe, that the anisotropic
nonlocal spin signal must be caused by crystalline anisotropies
which are different from simply the magnetic anisotropy
energy for a uniform magnetic state. We considered whether
the scattering time for spin relaxation might depend on the
orientation of k with respect to the anisotropy axes. But if this
were the case, we would expect the scattering to also depend
on the orientation of k with respect to the applied magnetic

https://doi.org/10.1021/acs.nanolett.1c04332
Nano Lett. 2022, 22, 1167-1173


https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04332?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04332?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04332?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04332?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c04332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

field. We do not observe deviations from the behavior Vg o
cos(¢p) and Vg o cos*(¢p) (Figure S1, Supporting
Information) and therefore conclude that scattering time is
not k orientation dependent.

We suggest, instead, that the anisotropy of our signal is
dominated by anisotropies in the exchange energies associated
with the MAFO crystal structure. Instead of assuming an
isotropic exchange stiffness as in eqs 4—6, we can model the
exchange stiffness D as a function of the orientation k relative
to the crystal axes; more specifically, D is larger for k along the
magnetic easy axis so as to increase group velocity in those
directions. The results of a change in exchange stiffness on the
magnon dispersion relation and group velocity are shown by
the green curves in Figure 4c and d, which correspond to a
10% increase in exchange stiffness compared to the orange
curves. In contrast to changes in magnetic anisotropy, a change
in exchange stiffness has a significant impact throughout the
Brillouin zone and not just in the immediate vicinity of k = 0.
Since magnons throughout the Brillouin zone will be thermally
excited at room temperature, we expect variations in exchange
stiffness to have a larger impact on magnon propagation than
changes in magnetic anisotropy for a uniform magnetic state.

The possibility of an anisotropic exchange stiffness has been
considered theoretically.”™*" For nonrelativistic exchange
processes, the spin stiffness should not depend on the
orientation of the magnetization with respect to the crystal
axes (¢by), but it can depend on the orientation of the
wavevector relative to the crystal axes (¢;). This is the
symmetry required to explain our results without significant
deviations from the observed dependence on the angle of
magnetic field (Vgyp o cos(¢p) and Vg o cos’(¢)).

The existence of anisotropy in exchange stiffness can also
help to explain the differences in the magnitude of the spin
transport signal extrapolated to small spacings d between
source and detector wires—the fact that the spin signals in the
limit of small d become larger for transport along the hard axis
compared to the easy axis. The anisotropies in both the
exchange stiffness and the energy of the uniform magnetic state
have the sign_to increase the energies of long-wavelength
magnons with k along the easy axes, so the population of those
magnons will be decreased relative to magnons with k along
the hard axes.

Anisotropy in the exchange stiffness of bulk magnetic
crystals has been measured previously by inelastic neutron
scattering (e.g,, ref 42), but we are not aware of previous
studies sensitive to this type of anisotropy within epitaxial thin
films. This is likely because the techniques most commonly
used for measuring exchange stiffness in thin films, broadband
ferromagnetic resonance """ and Brillouin light scattering,“s’46
are sensitive primarily to exchange stiffness for wave vectors
perpendicular to the film plane (through measurements of
perpendicular standing spin wave modes), while the anisotropy
we probe corresponds to different directions of in-plane wave
vector.

B CONCLUSION

In summary, we have measured magnon-mediated spin
transport in epitaxially grown ultrathin (6 nm) MgAl, ;Fe, ;O,
thin films. The small isotropic Gilbert damping parameter
(~0.0015) of these films, their soft magnetism (in-plane
coercive field <0.5 mT), and low processing temperature
(~450 °C) make MAFO a particularly attractive platform for
the study of magnon transport and integrated magnonic
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devices. Unlike previous studies of YIG samples, tetragonally
strained epitaxial MAFO possesses substantial in-plane cubic
magnetic anisotropy. We find also a strong anisotropy as a
function of propagation direction in magnon-mediated spin
transport, with spin diffusion lengths 30% larger along the easy
axes as compared to that along the hard axes. The sign of this
effect is opposite to what would be expected due simply to the
magnetic anisotropy energy of a uniform magnetic state, so we
suggest that the anisotropy in spin transport is dominated
instead by anisotropy in_ exchange stiffness. An exchange
stiffness that is larger for k along the magnetic easy axis can
explain not only the longer spin diffusion lengths for transport
along the easy axes but also larger nonlocal spin signals in the
limit of small spacing that we observe for transport along the
hard axes. Nonlocal spin wave transport measurements might
therefore serve as a sensitive probe of exchange-stiffness
anisotropy in thin-film samples. Since crystalline anisotropies
can be tuned by strain, we also suggest that strain-mediated
manipulation of exchange stiffness might provide a strategy for
modulating spin transport in magnetic thin films.

Note Added: Following our paper, the Klaui group also
found evidence of anisotropic exchange stiffness in the canted
antiferromagnet YFeOs."”
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