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Long-distance transport of magnon spin
information in a magnetic insulator at

room temperature

L. J. Cornelissen, J. Liu', R. A. Duine?, J. Ben Youssef® and B. J. van Wees'

The transport of spin information has been studied in various
materials, such as metals', semiconductors? and graphene®.
In these materials, spin is transported by the diffusion
of conduction electrons*. Here we study the diffusion and
relaxation of spin in a magnetic insulator, where the large
bandgap prohibits the motion of electrons. Spin can still be
transported, however, through the diffusion of non-equilibrium
magnons, the quanta of spin-wave excitations in magnetically
ordered materials. Here we show experimentally that these
magnons can be excited and detected fully electrically®” in a
linear response, and can transport spin angular momentum
through the magnetic insulator yttrium iron garnet (YIG)
over distances as large as 40 um. We identify two transport
regimes: the diffusion-limited regime for distances shorter
than the magnon spin diffusion length, and the relaxation-
limited regime for larger distances. With a model similar
to the diffusion-relaxation model for electron spin transport
in (semi)conducting materials, we extract the magnon spin
diffusion length 1=9.4 £+ 0.6 um in a thin 200 nm YIG film at
room temperature.

Recently, a great deal of attention is devoted to the investigation
of thermally excited magnons, particularly in studies of the spin
Seebeck effect in YIG (refs 8-12), for which the relaxation length
of magnons was investigated in a local longitudinal spin Seebeck
geometry". Long-distance transport of thermally excited magnons
was demonstrated very recently at T = 23K, using a non-local
geometry*. However, thermal excitation is a nonlinear and
relatively slow process and does not allow high-fidelity transport
and conversion of information. To facilitate magnonic devices
operating with a linear response at room temperature, the ideal
signal pathway would be: input electronic charge signal — electron
spins — magnons — electron  spins — output charge signal.
Information processing and transport can then be done in the
magnon part of the pathway".

Kajiwara et al.'® reported long-distance transmission of signals
in YIG by spin-wave interconversion. However, in their experiment
spin waves are excited by exerting a spin transfer torque'”'® (STT)
on the magnetization large enough to overcome the intrinsic and
interfacial Gilbert damping, driving the sample into ferromagnetic
resonance (FMR). The STT was generated by the spin Hall effect
(SHE) in a platinum layer, deposited on the YIG. Spin waves
generated in this type of experiment typically have frequencies
f <10 GHz (refs 16,19,20), much smaller than the thermal energy
(hf > kg T), and are hence in the classical regime. Excitation of this

type of spin waves by the STT is a highly nonlinear process, where
a threshold current density has to be overcome to compensate the
damping of the specific spin-wave modes. Their experiments proved
difficult to reproduce, but recently Collet et al. have shown that YIG
nanostructures can be driven into FMR through the STT (ref. 21).
Chumak et al.** demonstrated long-range low-frequency spin-wave
spin transport using radiofrequency magnetic fields to excite spin
waves, which were detected by making use of the inverse spin Hall
effect (ISHE) in platinum.

Here, we demonstrate for the first time the excitation and
detection of high-frequency magnons (that is, quantized spin waves
with hf ~ kT) through a spin accumulation in a paramagnetic
normal metal layer, and their long-distance transport in YIG.
Because the spin accumulation can be induced (through
the SHE) and detected (through the ISHE) electrically, this
method allows full electrical excitation and detection of magnon
spin signals in the linear regime and provides a new route
towards the development of low-power electronic devices, using
magnons rather than electrons for the transport and processing
of information.

We study the transport of magnons in a non-local geometry,
shown schematically in Fig. la. The devices consist of platinum
(Pt) strips, deposited on a thin YIG film (see Methods for
fabrication details). One Pt strip functions as injector, another
as detector (Fig. 1c). When a charge current I is sent through
the injector, the SHE generates a transverse spin current. A spin
accumulation p, then builds up at the Pt|YIG interface, pointing
in the film plane. When the spin orientation of j, is parallel
(antiparallel) to the average magnetization M, magnons are
annihilated (excited), resulting in a non-equilibrium magnon
population n,, in the YIG (refs 5-7; shown schematically in
Fig. 1a,b). The non-equilibrium magnons diffuse in the YIG, giving
a magnon current j,, from injector to detector. At the detector,
the reciprocal process occurs: magnons interact at the interface,
flipping the spins of electrons and creating a spin imbalance in
the platinum (Fig. 1b). Owing to the ISHE, the induced spin
current is converted into charge current, which under open-circuit
conditions generates a voltage V. The non-local resistance is
then R, =V/I.

As only the component of u, collinear to M contributes to
magnon injection/detection, we expect to see a dependence of
R, on the angle o (Fig. 1c) between the sample and an in-
plane external magnetic field B that orients M (see Methods). We
perform non-local measurements as a function of « by rotating
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Figure 1| Non-local measurement geometry. a, Schematic representation
of the experimental geometry. A charge current [ through the left platinum
strip (the injector) generates a spin accumulation at the Pt|YIG interface
through the spin Hall effect. Through the exchange interaction at the
interface, angular momentum is transferred to the YIG, exciting or
annihilating magnons. The magnons then diffuse towards the right
platinum strip (the detector), where they are absorbed and a spin
accumulation is generated. Through the inverse spin Hall effect the spin
accumulation is converted to a charge voltage V, which is then measured.
b, Schematic of the magnon creation and absorption process. A conduction
electron in the platinum scattering off the Pt|YIG interface transfers spin
angular momentum to the YIG. This will flip its spin and create a magnon.
The reciprocal process occurs for magnon absorption. ¢, Optical
microscope image of a typical device. The parallel vertical lines are the
platinum injector and detector, which are contacted by gold leads. Current
and voltage connections are indicated schematically. An external magnetic
field Bis applied at an angle «. The scale bar represents 20 um.

the sample in a fixed external field. Using lock-in amplifiers, we
separate higher-order contributions in the voltage by measuring
higher harmonics, using: V =R,I + R,I* + ---, where R; is the
ith harmonic response®. Because magnon spin injection/detection
scales linearly with I, its magnitude is obtained from the first
harmonic signal. Any thermal effects due to Joule heating (for
which AT o« I?) will be detected in the second harmonic signal.
The result of such a measurement is shown in Fig. 2a (2¢) for the
first (second) harmonic, and the observed angular dependence is
explained schematically in Fig. 2b (2d).

We fabricated two series of devices with different
injector—detector separation distances d. Series A is tailored
to the short-distance regime (d < 5um), whereas series B explores
the long-distance regime (3 < d < 50 um). For each device, a
non-local measurement as shown in Fig. 2 was performed.
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The magnitudes of the non-local resistances were extracted for
every d, by fitting the data with

R'”=R}"+ R cos’* (@) (1)
1
R =R+ ERi‘l" cos(a) (2)

where R)” and RZ” are offset resistances (see Methods) and R (R%’
are the magnitudes of the first (second) harmonic signal. Figure 3a
and ¢ (3band d) show the results on linear and logarithmic scales, for
the first (second) harmonic non-local resistance, respectively. Both
R and R are normalized to device length, to compare devices
having different lengths.

From Fig. 3 we can clearly observe two regimes, which we
interpret as follows: at large distances, signal decay is dominated
by magnon relaxation and is characterized by exponential decay.
For distances shorter than the magnon spin diffusion length we
observe diffusive transport, and the signal follows a 1/d behaviour
(inset Fig. 3a). Both regimes are described well with a single model,

using the one-dimensional spin diffusion equation**, adapted for
magnon transport:

&, ny ]

7dx2 = F’ with /lz\/a (3)

where n,, is the non-equilibrium magnon density, A is the magnon
spin diffusion length in YIG, D is the magnon diffusion constant
and t is the magnon relaxation time. The one-dimensional approach
is valid because the YIG thickness (200 nm) is much smaller than
the injector—detector distance d, whereas the device length is much
larger than d. We assume strong spin-magnon coupling between
YIG and platinum, given the large spin-mixing conductance at
the Pt|YIG interface’®” and the strong spin-orbit interaction in
platinum. We therefore impose the boundary conditions #,,(0) =,
and n,,(d) =0, where n, is the injected magnon density, which is
proportional to the applied current and is determined by various
material and interface parameters. These conditions imply that the
injector acts as a low-impedance magnon source, and all magnon
current is absorbed when it arrives at the detector. The solution to
equation (3) is of the form n,,(x) =aexp(—x/1) +bexp(x/1), and
from the boundary conditions we find for the magnon diffusion
current density j,, = —D(dn,,/dx) at the detector:

o oot exp(d/d)
=)= 2D/11—exp(2d//l) )

The non-local resistance is proportional to j,(d)/n, and from
equation (4) we adopt a two-parameter fitting function for the non-
local resistances, capturing the distance-independent prefactors in a
single parameter C:

C exp(d/d)

S AT epd /D) ®

The signal decay described by equation (5) is equivalent to that
of spin signals in metallic spin valves with transparent contacts®.
The dashed lines shown in Fig. 3a,c are best fits to this function,
where we find from the first harmonic data A'* =9.4 4 0.6 um.
From the second harmonic signal (Fig. 3b,d), originating from
magnons generated by heat produced in the injector strip, we find
A**=8.71+0.8um. For distances larger than 40 um, the non-local
voltage is smaller than the noise level of our set-up (approximately
3nV, ;). We compare the magnitude and sign of the signal
in the short-distance measurements to a local measurement in
Supplementary Section A. From this, we obtain a value for the spin
conductivity of YIG, o,~4 x 10° Sm™"', which is comparable to that
of metals.
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Figure 2 | Non-local resistance as a function of angle «. a, First harmonic signal. The red line is a cos2« fit through the data. b, Schematic top-view of the
experiment. A charge current | through the injector generates a spin accumulation p; at the Pt|YIG interface. The component 1 parallel to the net YIG
magnetization My, generates non-equilibrium magnons in the YIG, which gives rise to a cosa dependence of the injected magnon density. The magnons
then diffuse to the detector. At the detector, a spin accumulation ju) parallel to Myg is generated. Owing to the inverse spin Hall effect, i generates a
charge voltage, of which we detect the component generated by 4. This gives rise to a cosa dependence of the detected magnon current. The total signal
is a product of the effects at the injector and detector, leading to the cos?« dependence shown in a. ¢, Second harmonic signal. The red line is a cos« fit
through the data. d, Schematic illustration of the angular dependence of the second harmonic: Joule heating at the injector excites magnons thermally,
which diffuse to the detector. This process is independent of «. At the detector, the excited magnons generate a spin accumulation antiparallel to the YIG
magnetization, which is detected in the same way as for the first harmonic, giving rise to a total cos« dependence. The data shown ina and ¢ are from a
device with an injector-detector separation distance of 200 nm and a device length of 12.5 um, measured at a lock-in frequency f=9 Hz.

The first and second harmonic signals can be characterized by
similar values of A, indicating that thermally excited magnons are
also generated in the close vicinity of the injector. This supports
the conclusions drawn in ref. 14—namely, for thermal magnon
excitation, the magnon signal reaches far beyond the thermal
gradient generated by the applied heating. Note, however, that the
sign change for the second harmonic signal (Fig. 3b inset) illustrates
that the physics for electrical and thermal magnon generation is very
different. This is discussed further in Supplementary Section B.

We verify our assumption of magnon excitation and detection
in the linear regime by performing measurements where we
reversed the role of injector and detector. The results are shown
in Fig. 4a (4b) for the first (second) harmonic. For the first
harmonic non-local resistance we find R}, =13.284+0.02mQ
and R, =13.26 + 0.03m®Q. As we find Ry_;(B) = R,—y(—B)
(ref. 29), we conclude that Onsager reciprocity holds within
the experimental uncertainty, despite the asymmetry in the
injector—detector geometry. Reciprocity does not hold for the
second harmonic (Fig. 4b), as expected for nonlinear processes.

1024

Finally, we verify that V) scales linearly with applied
current (Fig. 4c). The linearity and reciprocity of the first
harmonic non-local signal demonstrate that it is due to linear
processes only.

Remarkably, the observed magnon transport is described well by
the familiar spin diffusion model, despite the completely different
character of the carriers of spins in magnetic insulators (bosons)
compared to metals and semiconductors (fermions). Our results
are consistent with spin injection/detection by invasive contacts,
indicating that by optimizing contact properties the signals could be
enhanced further. Our observation that the YIG spin conductivity
is comparable to that of metals, combined with the long magnon
spin diffusion length in YIG, provides new opportunities from a
technological point of view to enable novel magnonic devices based
on microstructured YIG. The observed similarity between electron
and magnon transport begs the question how far this analogy can
be extended, and calls for the investigation of effects such as the
magnon Hall effect and, possibly, ballistic magnon transport at
lower temperatures.
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Figure 3 | Amplitude of the non-local signals as a function of injector-detector separation distance. Every data point represents a device with a different
injector-detector separation and results from an angle-dependent measurement as shown in Fig. 2. The magnitude of the signal is extracted by fitting the
angle-dependent non-local resistance to equation (1) (2) for the first (second) harmonic. The error bars represent the standard error in the fits. The signal
is scaled by device length for both first and second harmonic. a,c, First harmonic data on linear and logarithmic scales, respectively. The dashed line is a fit
to equation (5), resulting in Ale =9.4+0.6um. For d < A, the data is described well by a A/d fit, shown in the inset of a. b,d, Second harmonic data on linear
and logarithmic scales, respectively. The dashed line is again a fit to equation (5), and we find 1%© =8.7 4 0.8 um. The inset to b shows the short-distance
behaviour of the second harmonic signal. For very short distances, the signal changes sign. For this reason, data points with d < 0.5um were omitted from

the fitinb and d.
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Figure 4 | Demonstration of reciprocity and linearity of the non-local resistance. a, First harmonic signal as a function of angle for the I-V and V-/
configurations. We extract the amplitude of the signal using a fit to equation (1), finding R]/“’_, =13.284+0.024 mQ and R}i”v=13.26:|: 0.033 mQ. We thus
conclude that reciprocity holds. b, Second harmonic signal as a function of angle. We extract the amplitude of the signal using a fit to equation (2), finding
R\z/“_’, =76.3+0.5V A2 and R,Z_‘"V =132.84+0.5V A~2. We conclude that reciprocity does not hold for the second harmonic. ¢, Non-local voltage as a
function of injected charge current. The data is obtained from angle-dependent measurements. A data point represents the amplitude of the
angle-dependent voltage, obtained by a fit to equation (1). The error bars, representing the standard error in the fit, are also plotted but are smaller than the
data points. The red dashed line is a linear fit through the data, showing the linearity of the first harmonic signal. The data shown here is obtained from a
device with an injector-detector separation distance of 200 nm and a device length of 12.5 um, measured at a lock-in frequency f=5.939 Hz.

Methods

Methods and any associated references are available in the online

version of the paper.
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Methods

Fabrication. The YIG samples of series A consist of a 200 nm (111) single-crystal
YIG film grown on a 500 um (111) Gd;Ga;O;, (GGG) substrate by liquid-phase
epitaxy (LPE), provided by the Université de Bretagne Occidentale in Brest, France.
YIG samples of series B were obtained commercially from the company Matesy
GmbH, and consist of a 210 nm single-crystal (111) Y;Fe;O,, film grown by LPE,
also on a GGG substrate. The saturation magnetization Mg and Gilbert damping
parameter « are comparable for the YIG samples of series A and B, with
ME~140kAm™, o* ~2x 10" and M ~144kAm™, a® ~ 1.4 x 10~*. Values of
M were obtained from superconducting quantum inteference device (SQUID)
magnetometry measurements, whereas the value for @ was determined by means of
FMR linewidth measurements (data obtained from N. Vlietstra and J.B.Y. for series
A, and from Matesy GmbH for series B). The device pattern was defined using
three e-beam lithography steps, each followed by a standard deposition and lift-off
procedure. The first step produces a Ti/Au marker pattern, used to align the
subsequent steps. The second step defines the platinum injector and detector strips,
which were deposited by d.c. sputtering in an Ar* plasma at an argon pressure of
3.3 x 10 mbar. The deposited Pt thickness was approximately 13 nm for series A
devices and 7 nm for series B devices, measured by atomic force microscopy. The
third step defines 5/75 nm Ti/Au leads and bonding pads, deposited by e-beam
evaporation. Before Ti evaporation, argon ion milling was used to remove any
polymer residues from the platinum strips, ensuring electrical contact between the
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platinum and the leads. Devices of series A have an injector/detector length of
L,=7.5to 12.5um and a strip width W, of approximately 100-150 nm. Devices of
series B have an injector/detector length of Ly =100 wm and a strip width Wy of
approximately 300 nm.

Measurements. All measurements were carried out by means of three SR830
lock-in amplifiers using excitation frequencies ranging from 3 to 40 Hz. The lock-in
amplifiers are set up to measure the first, second and third harmonic responses of
the sample. Current was sent to the sample using a custom built current source,
galvanically isolated from the rest of the measurement equipment. Voltage
measurements were made using a custom-built pre-amplifier (gain 10°~10°) and
amplified further using the lock-in systems. The current applied to the sample
ranged from 10 to 200 nA (root mean squared). The typical excitation current used
is I =80uA, which results in a charge current density of j.~10'" A m~2, depending
on the specific device geometry. The in-plane coercive field of the YIG is B, < 1 mT
for both YIG samples, and we apply an external field to orient the magnetization
(typically B, =5 mT) using a GMW electromagnet. The sample was rotated with
respect to the magnet poles using a rotatable sample holder with stepper motor.
The offset resistances R)” and Rz described in equations (1) and (2) depend

on the capacitive and inductive coupling between the measurement wires to and
from the sample, and vanish for low excitation frequencies (typically when

Floain < 5 Hz).
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