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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 & B. J. van Wees

A. Comparison with local spin Hall magnetoresistance measurements

To study the limiting case d - 0, we do a local spin Hall magnetoresistance (SMR)
measurement' on the injector. In such a measurement, a current is sent through a platinum strip
on a YIG film while simultaneously measuring the first harmonic voltage over that same strip.
The resistance that is measured will depend on the orientation of the YIG magnetization M with
respect to the spin orientation of the spin accumulation pg in the platinum. When M L1 ug,
electron spins arriving at the Pt|YIG interface are absorbed. When M || ug, the spins are (mostly)
reflected. This leads to a higher resistance for the perpendicular case than for the parallel case,

and the difference in resistance RSMR = R, — R, is the SMR response.

We do an SMR measurement on the injector strip of our devices. The sample is then rotated in
an external field to extract the magnitude of the SMR response. We find R;MR = (6.8 + 0.2) X
10* Q/m (averaged over 5 devices), approximately 57 times larger than the maximum non-local
signal (RL® = 1.2 x 10% Q/m, for d = 200 nm). Note that with an SMR measurement we
measure the difference between the number of absorbed spins and reflected spins, while in the
non-local geometry we are sensitive only to the number of spins that are transferred across the
interface when M || pg. The magnitude of the SMR signal is governed by the spin conductance
of the platinum strip” gp,, while the number of transferred spins for the collinear case is
governed by the effective mixing conductance® gg = 0.16g,, as well as the Pt spin conductance.

In terms of spin resistances and in the diffusive regime, we can calculate the ratio of the non-
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local signal and the SMR signal to be R,;/RSMR = . Here, R3, is the spin

resistance of the platinum, R} the spin resistance due to the Pt|YIG interface and Ry, the spin
resistance of the YIG channel. The platinum spin conductance (limited by the spin diffusion
length) is* gp, = 10 Q~'m~2, while the effective mixing conductance of the Pt|YIG interface
is gg¢ = 1030 'm™2. Using the Pt|YIG interface area of A = 1.9 X 10712 m? and the ratio
R, /RSMR = 1/57, we find for the spin resistance of the YIG channel in the shortest distance
non-local measurement Ry;; = 0.2 Q. Given the channel dimensions of L, =d = 200 nm,
we = 12.5 um and t, = 200 nm, this yields a YIG spin conductivity of a3, ~ 4 X 10° S/m.
Interestingly, this spin conductivity is only one order of magnitude lower than the electrical
conductivity of some common metals, for instance the platinum that we use, op; = (2.1 *
0.2) X 10° S/m. This underscores the fact that YIG is indeed an excellent conductor for magnon

spin currents.

The symmetry of the SMR signal as a function of angle « is the same as that of the non-local
resistance, since the SMR response also involves both the spin Hall effect and the inverse spin
Hall effect, leading to the cos? a dependence. Furthermore, the signs of the local and non-local
signal agree, which is required since both effects involve the square of the spin Hall angle in
platinum. Note that the sign of the non-local signal as described theoretically by Zhang & Zhang®
is opposite from the sign we observe. This is still consistent with our observations however,
since the parallel layer geometry (Pt|YIG|Pt) described in their paper yields an opposite direction

for the spin current entering the platinum detector compared to our planar non-local geometry.
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B. Sign of the second harmonic response

As shown in the inset of figure 3b of the main text, the second harmonic signal changes sign for
very short distances (d = 200 nm), while the signal is maximum for d = 600 nm. To investigate
this sign change, we performed local measurements of the spin Seebeck voltage in the current
heating configuration™®. In this configuration, a charge current is applied to the injector and the
second harmonic voltage over the injector is measured simultaneously. Figure S1 shows a
comparison for the local (S1a), short distance non-local (Slc) and longer distance non-local
(S1b, d) signals. It can be seen that the signal sign for the shortest distance matches that of the
local spin Seebeck signal. We can understand this as when we move the detector closer and
closer to the injector, we approach the limit of a local measurement. While it would be of great
interest to develop a quantitative picture, this is outside the scope of this paper. Instead, we
provide a qualitative explanation, guided by the fact that the change in sign occurs at a distance

d =~ 200 nm which is comparable to the YIG film thickness ty;; = 200 nm.

The second harmonic signal is due to thermally generated magnons, excited by the heat
generated by Joule heating due to the current flowing in the injector strip. Since the heat
conductivity of the GGG substrate is close to that of the YIG film, most of the heat generated in

the injector will flow towards the substrate, normal to the plane of the film.

The spin Seebeck effect in Pt|YIG bilayers is well described as being driven by temperature
differences at the Pt|YIG interface’. Additionally, a bulk spin Seebeck effect has been proposed
where the driving force is the temperature gradient in the bulk of the YIG*’. Following the bulk
theory, an applied temperature gradient VT in a YIG film generates a magnon spin current

parallel to VT. Since the YIG film thickness is much smaller than the magnon spin relaxation
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length a magnon spin accumulation will build up at the interfaces, having opposite sign at the

YIG|GGG compared to the Pt|YIG interface.
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Figure S1: Comparison of the sign of the second harmonic signal. The spin Seebeck voltage
Vssg 1s measured as a function of the external field, for a fixed sample position. Due to the cos a
symmetry of Vsgp, we observe a difference in signal for positive (¢ = 0) and negative (a =
—180°) fields. From figure a and c it is clear that sign of the local Vs agrees with that of the
shortest non-local distance (d = 200 nm), while for longer distances (figures b and d) the sign is
reversed. This can also be seen from the inset in figure 3b in the main text. In the local
measurement in figure a, a large offset voltage is present which we believe is caused by the
conventional Seebeck effect at the Pt|(Ti/Au) interfaces in the device. The small offset in the
non-local measurements in figures b, ¢ and d has the same origin, but is much smaller since only
a fraction of the heat generated in the injector reaches the detector. For distances larger than a
few microns, the offset vanishes completely.
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For the situation where d is comparable to ty,;, the magnon accumulation at the Pt|YIG interface
dominates the signal, giving rise to an agreement in sign for the local and 200 nm non-local
signal. For distances further away, diffusion of the YIG|GGG magnon accumulation across the
film thickness compensates the Pt|YIG accumulation and becomes dominant for d > ty,

causing the sign reversal as a function of distance.

As a consequence, for distances d < 500 nm, the assumption that the injector is an ideal
localized magnon source is no longer valid for the thermal generation case. Therefore, signal
decay in this regime is no longer well described by equation 7 in the main text and we omitted
the devices with d < 500 nm when fitting the second harmonic signal. Obtaining a quantitative
picture of this behavior will require detailed modelling of the heat and spin currents in the

sample.
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