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Magnon detection using a ferroic collinear
multilayer spin valve
Joel Cramer1,2, Felix Fuhrmann1, Ulrike Ritzmann1,3, Vanessa Gall3, Tomohiko Niizeki4, Rafael Ramos 4,

Zhiyong Qiu 4,8, Dazhi Hou4, Takashi Kikkawa 4,5, Jairo Sinova1, Ulrich Nowak3, Eiji Saitoh4,5,6,7

& Mathias Kläui 1,2

Information transport and processing by pure magnonic spin currents in insulators is a

promising alternative to conventional charge-current-driven spintronic devices. The absence

of Joule heating and reduced spin wave damping in insulating ferromagnets have been

suggested for implementing efficient logic devices. After the successful demonstration of a

majority gate based on the superposition of spin waves, further components are required to

perform complex logic operations. Here, we report on magnetization orientation-dependent

spin current detection signals in collinear magnetic multilayers inspired by the functionality of

a conventional spin valve. In Y3Fe5O12|CoO|Co, we find that the detection amplitude of spin

currents emitted by ferromagnetic resonance spin pumping depends on the relative align-

ment of the Y3Fe5O12 and Co magnetization. This yields a spin valve-like behavior with an

amplitude change of 120% in our systems. We demonstrate the reliability of the effect and

identify its origin by both temperature-dependent and power-dependent measurements.
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A lmost three decades ago, the discovery of the giant mag-
netoresistance effect (GMR)1,2 marked a key moment for
the research field of spintronics based on spin-polarized

charge currents. The inclusion of the spin degree of freedom in
information technology promises, among others, the imple-
mentation of logic devices with increased speed or capacity as
compared to conventional CMOS electronics3. This approach has
been driven to the next level by the field of magnon spintronics4.
Magnons are quasiparticles (quanta) of the collective excitation of
electron spins (spin waves) in magnetically ordered systems.
Because of being spin-1 particles, a great number of magnons
with equal propagation direction yields a pure spin current (SC)
carrying information in the form of angular momentum. One of
the advantages of spin wave-mediated information transport,
especially in the case of insulating magnetic oxides, is the absence
of electron motion and thus the absence of power dissipation due
to Joule heating during the transport.

Consequently, in view of not only new physical phenomena but
also considerable application potential, the investigation of gen-
eration and detection of pure magnonic SCs in insulators has
attracted significant attention in recent years. One of the most
prominent systems for such SCs is the insulating ferrimagnet
(FM) Y3Fe5O12 (YIG). Inherently, YIG exhibits the lowest mea-
sured Gilbert damping constant α∝ 10−5, enabling long-distance
spin propagation and thus efficient transport of spin informa-
tion5,6. In addition to other techniques, the detection of magnonic
SCs can be achieved most conveniently by means of the inverse
spin Hall effect (ISHE)7. Likewise, for the generation a number of
approaches have been developed: ferromagnetic resonance (FMR)
spin pumping8–11, thermal generation of SCs induced by the spin
Seebeck effect (SSE)12–14, and the electrical injection of magnons
by the spin Hall effect15,16.

In recent years, significant progress has been reported with
respect to the concepts and implementations of magnon-based
logic operations. It was shown, for instance, that by localized
Oersted fields spin wave propagation paths can be manipulated,
yielding a de-multiplexer like behavior17. The amplitude of pro-
pagating spin waves, then again, can be modified by employing
magnonic crystals that allow one to introduce attenuation effects
comparable to the functionality of a transistor18. Most recently, it
was shown that the superposition of coherent or incoherent
magnons in a spin wave bus or a non-local geometry, respectively,
enables the implementation of a fully functional logic majority
gate19–22. These concrete demonstrations of magnon logic high-
light the potential of this new information-processing scheme,
implying the necessity for further logic building blocks to
accomplish more complex operations. While the above-
mentioned approaches concentrate on the manipulation of SCs
in the propagation phase, an extremely advantageous function-
ality, especially with regard to scalability, would be the integration
of a switch-like device that enables a magnetization alignment-
dependent local SC detection signal amplitude.

In this work, we demonstrate the magnetization orientation-
dependent detection of magnonic SCs in YIG|CoO|Co spin valve
structures. By means of FMR spin pumping8–11, a pure magnonic
SC is emitted from the YIG into the CoO layer, which is even-
tually detected via the ISHE7 in Co as a voltage signal. A distinct
difference in the signal amplitude of up to 120% is observed for
different relative alignments of the YIG and Co magnetization,
which are either parallel or antiparallel. The comparison to ato-
mistic spin dynamics simulations shows that the results obtained
cannot be explained by a purely magnonic spin valve effect, but
that electronic effects, as, for instance, a spin-dependent ISHE,
have to be considered. In addition to the spin-pumping signal, a
further voltage signal is observed. Its sign depends on the mag-
netization direction of Co and, from temperature-dependent and

power-dependent measurements, it is concluded to be dominated
by anomalous Hall effect (AHE) induced spin rectification (SR)
23–26.

Results
Experiment. Inspired by the magnetoresistive spin valve concept,
we investigate the magnetization alignment-dependent detection
of magnonic SCs in ferroic collinear YIG|CoO|Co structures, to
which in the following we refer as magnon spin valve effect. The
sample layout used in this work is illustrated in Fig. 1a. In this
system, YIG serves as a SC source driven by FMR. The coherent
rotation of the YIG magnetization emits a pure SC at the YIG|
CoO interface into the CoO layer. The Co layer is used as an
active switchable layer, as well as for the subsequent SC detection.
As previously shown, ferromagnets as well exhibit an ISHE
allowing for the efficient conversion of a SC into a charge cur-
rent27,28. The insulating antiferromagnet (AFM) CoO was chosen
as interlayer material as it decouples the ferromagnetic layers,
while simultaneously allowing for transport of the pumped SC29–
33 by diffusive AFM magnons34,35 or evanescent modes36. Fur-
thermore, in its antiferromagnetic phase CoO introduces
exchange biasing of the Co film. Besides a unidirectional aniso-
tropy that shifts the Co hysteresis loop, an additional uniaxial
anisotropy yields an enhanced coercive field at which the Co
magnetization switches37,38. The enhanced coercivity allows one
to perform spin pumping measurements with parallel and anti-
parallel alignment of YIG and Co at the FMR resonance field. For
a good signal-to-noise ratio HYIG

FMR ≳ 800 Oe is necessary, and such
a high switching field is unattainable for thin Co films without
exchange biasing. Both the CoO and the Co layer thickness were
varied and here we concentrate on the results of three typical
stacks. For reasons of simplification, in the following the inves-
tigated trilayers YIG (5 μm)|CoO (2 nm)|Co (4 nm), YIG (5 μm)|
CoO (3 nm)|Co (4 nm), and YIG (5 μm)|CoO (5 nm)|Co (6 nm)
will be referred to as sample A, B, and C, respectively.

Spin-thermoelectric measurements. To check if the magnetic
switching fields of Co are sufficiently high to carry out FMR spin
pumping with a good signal-to-noise ratio (HYIG

FMR ≳ 800 Oe),
these are determined by temperature-dependent magneto-galva-
nic measurements. The anomalous Nernst effect (ANE) occurring
in the Co layer, which is generated by an out-of-plane tempera-
ture gradient, yields a signal proportional to the in-plane mag-
netization component and thus we can detect the Co switching.
Common magnetometry (e.g., SQUID) yields the YIG switching
due to the much smaller volume of the Co film as compared to
the YIG layer. A typical ANE hysteresis curve for sample A
recorded at T= 120 K is shown in Fig. 1b. The graph reveals
coercive fields of Hþ

c ½H�
c � ≃ 1250 Oe [−970 Oe] and large

squareness with VH¼0
ANE =V

sat
ANE ≃ 0.95, implying that Co switches

without extensive formation of magnetic domains. Note that in
contrast to previous reports32, the thermal SC of the YIG film
generated by the SSE12,39 was not observed within the experi-
mental resolution. A potential explanation for this may be given
by different CoO thicknesses and structures grown on different
YIG films (polycrystalline vs. single crystalline)40, and the smaller
ISHE in Co compared to the previously used Pt. In addition, the
absence of a detected spin Seebeck signal rules out pinholes in the
CoO layer.

Spin signal in YIG|CoO|Co excited by spin pumping. Having
established the magnetization reversal properties of both YIG and
Co, we study the spin signal as a function of alignment of the YIG
and Co layer. Figure 1c–f shows field-dependent voltage signals
generated in sample A at T= 120 K induced by f= 4.5 GHz
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microwave irradiation (measurements at different resonance
frequencies did not yield any significant change of the qualitative
signal). In all cases the microwave power absorbed by the sample
accounts for Pabs ≈ 48 mW. By the application of specific field
sweep sequences, parallel (d, e), as well as antiparallel (c, f)
alignment of YIG and Co is realized. In the parallel state (Fig. 1d,
e) a multi-peak voltage signal appears. Considering possible
combinations of symmetric, as well as asymmetric terms, the
signal is fitted well by two overlapping Lorentzian line shapes of
opposite sign, slightly shifted peak field values, and different line
widths. The antiparallel state (Fig. 1c, f), on the other hand,
exhibits a voltage peak of one polarity but with a significant
asymmetry, which again can be fitted by two overlapping Lor-
entzian functions. The comparison of all four datasets allows us to
both separate and attribute the peaks to different effects.
Depending on the individual orientation of YIG and Co, the
peaks change sign separately and thus can be identified as (i) the
signal of the SC generated by spin pumping from the YIG,
transmitted across the CoO, and detected by the ISHE in the Co
(blue curves in Fig. 1c–f) and (ii) a second signal that depends
only on the Co layer direction and thus originates from the Co
(green curves in Fig. 1c–f). We start by exploring the latter, for
which possible explanations are a thermally induced ANE signal
due to dynamic microwave heating41 or an AHE-induced SR
signal23–26. The microwave driving current Irf partially flows
through the Co layer by means of capacitive coupling and,
together with the out-of-plane component of the Co magnetiza-
tion precession excited by dipolar-coupled YIG magnon modes26,
results in a rectified dc voltage. While both effects can contribute,

temperature-dependent measurements support the SR mechan-
ism as discussed below. Note that in metallic ferromagnets
directly driven by FMR, the SR effect yields both a symmetric and
an asymmetric signal shape around the resonance field, of which
the latter is due to a phase shift between the rf current flow and
the magnetization dynamics induced25. In this work, we find a
dominating symmetric contribution to the signal, while only a
negligible asymmetric contribution to the Co signal is seen, which
can thus be neglected in the analysis. A potential explanation is
the cobalt being driven off-resonance and coupling toward mul-
tiple YIG magnon modes, which may result in a weak field
dependence of the phase between the coupled rf current and the
Co magnetization rotation. Regardless of its origin, as this signal
depends only on the Co layer direction, it can be easily dis-
tinguished from the SC transport signal, which is the main thrust
of this work. In the following we denote the signal that depends
on the Co orientation as Vsr (green), while the signal that depends
on the relative orientation of the two layers is denoted as Vsc

(blue).
While the Co layer-dependent effect is based on known

mechanisms, the actually intriguing discovery in this work is the
alignment-dependent amplitude of Vsc. Whereas Vsr does not
depend on the relative alignment of the layers, the amplitude of
Vsc is nearly twice as large in the antiparallel alignment state as
compared to the parallel state (V"#

sc >V
""
sc ). Qualitatively the same

behavior is observed for sample B and C (see Supplementary
Note 1). Furthermore, we find that changing the polarity of the
external field while field-cooling the sample (Hext= ±90 kOe)
yields no significant difference in both the microwave absorption
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ANE ≃ 0.95 are observed. c–f Field-dependent voltage signals detected in

sample A induced by microwave irradiation (f= 4.5 GHz Pabs≈ 48mW, and T= 120 K). The total signal is given by a superposition of two distinct signals
Vsc and Vsr; the sign of Vsc (Vsr) depends on the magnetization orientation of YIG (Co). While Vsc is the spin transport signal of the spin current Js induced
in the YIG film, Vsr inherently originates from the Co layer, potentially due to heating or spin rectification effects. The amplitude of Vsc depends on the
relative alignment of YIG and Co. Microwave absorption spectra (see Supplementary Note 1) show that FMR of YIG is excited at this frequency at
HYIG
FMR ¼ ± 788Oe
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spectrum and the detected voltage signal. This implies a negligible
impact of any exchange bias effect at the CoO|Co interface, as
well as of any potential exchange spring formed at the YIG|CoO
interface on the observed effects.

Origin of the spin signals in the YIG|CoO|Co magnon spin
valve. To investigate the origin of both signals, temperature-
dependent spin pumping measurements were performed, see

Fig. 2a–c. The SC signal Vsc can be measured up to a critical
temperature for both the parallel and the antiparallel state, while
for temperatures above this temperature only the parallel align-
ment can be established. This critical temperature depends on the
investigated stack and is due to the fact that above a certain
temperature HYIG

FMR exceeds the coercive field of the Co layer,
preventing FMR for antiparallel alignment of the layers (for
details, see Supplementary Note 2). For the accessible temperature
range with antiparallel alignment, we always find V"#

sc >V
""
sc .

In general, the amplitude of Vsc increases with increasing
temperature. Furthermore, in the case of samples A and B a signal
maximum is seen at temperatures between 250 and 300 K. This
behavior can be explained by an enhanced spin conductivity of
the CoO layer near its antiferromagnetic-paramagnetic phase
transition33. It was previously shown that in thin CoO films TNéel
is below its bulk value Tbulk

Neel ¼ 290 K, due to finite size effects and
decreases with decreasing film thickness42,43. Here, temperature-
dependent ANE measurements for sample A (see Supplementary
Note 2) reveal an exchange bias blocking temperature of TB ≈ 250
K, suggesting 250 K ≤ TNéel ≤ 290 K43 for this specific stack. In the
other multilayers with thicker CoO, TNéel is higher, which
explains the monotonic increase of Vsc for dCoO= 5 nm up to
300 K.

For the amplitude of Vsr, the observed temperature dependence
is qualitatively different. Initially, with increasing temperature Vsr

remains constant until it starts to increase significantly above a
specific temperature, which is characteristic for each stack. Based
on comparison with the Co switching we see that for sample A
this temperature coincides with the blocking temperature TB,
above which the anisotropy introduced by exchange biasing
vanishes. With regard to the possible mechanism of generat-
ing Vsr, the disappearance of this additional anisotropy entails a
weakened cobalt magnetization precession damping. The mag-
netization consequently precesses at a larger cone angle44,
yielding a larger AHE voltage. The temperature above which
the amplitude of Vsr starts to increase is higher for thicker CoO,
as expected for a thickness-dependent phase transition tempera-
ture. Finally, the observed temperature dependence supports the
conclusion that Vsr is not dominated by a magneto-galvanic effect
as one would not expect a sudden onset of the signal above 250 K
for the ANE.

Beyond the temperature-dependent data, further information
about the signal origin can be obtained from the applied
microwave power dependence. In Fig. 3a–c, we show the voltage
amplitudes of Vsc and Vsr as a function of the absorbed
microwave power. The SC transport amplitude exhibits a
nonlinear power dependence, regardless of the alignment state.
The onset of a saturation effect is indicated at elevated microwave
powers, a behavior that was observed before for spin pumping in
YIG/Pt structures45, showing that this signal scales with the
generated SC strength in the YIG. The power dependence of Vsr,
on the other hand, does not allow for an equally simple
interpretation. According to Azevedo et al.24 one expects a linear
power dependence for Vsr due to its proportionality to the
dynamic field driving the Co precession. While the power
dependence observed is in line with this explanation, other
possible mechanisms that yield a linear power dependence cannot
be excluded.

Finally, we note that the fact that the peak fields for the two
effects are slightly different is expected from their different
origins. The peak of the SR signal will be at the field of the
maximum of the excited magnon modes in the 5 μm thick YIG
crystal that couples to the Co magnetization via dipolar
exchange26. The peak of the SC transmission signal, however,
will be at the field that corresponds to the maximum generation
of SC pumped into the CoO at the YIG–CoO interface. Since the
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Fig. 2 Temperature dependence of voltage signal amplitudes. a–c
Amplitudes of Vsc for parallel and antiparallel alignment and Vsr normalized
by the absorbed microwave power as a function of temperature for a
sample A, b sample B, and c sample C. Antiparallel alignment of Y3Fe5O12

(YIG) and Co is observed until a critical, sample-dependent temperature.
The temperature range from 100 to 300 K was chosen as below 100 K a
decreased signal-to-noise ratio impedes straightforward data analysis,
whereas higher temperatures were avoided to prevent possible undesirable
degradation of the multilayer stack. The error bars are calculated by error
propagation including errors of the spin signal amplitude and absorbed
power amplitude, as well as a systematic error estimated by the
measurement device accuracy
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latter depends on the resonance at the interface while the former
covers more of the bulk volume, the observed slight difference is
not surprising.

Magnon spin valve effect. The alignment-dependent signal
amplitude of SC detection now naturally lends itself to the
implementation of a magnon spin valve effect. Comparing the
amplitude of Vsc for parallel and antiparallel alignment in Fig. 1,
we find an effect amplitude of V"#

sc � V""
sc

� �
=V""

sc ¼ 120% for
sample A at T= 120 K. To check the reliability of the magnon
spin valve effect, the magnetization direction of the Co top layer is
switched several times in a row by driving the external field above
(below) the Co coercive field Hþ

c ¼ 1250Oe (H�
c ¼ �970Oe).

Subsequent to every switching event, the voltage response toward
the applied microwave is recorded at the FMR resonance field of
YIG at FMR HYIG

FMR ¼ 788Oe, see Fig. 4. Since in typical appli-
cation schemes the external field is fixed instead of being swept
and, thus, one voltage level is probed instead of acquiring the
whole absorption spectrum, we choose a single fixed field value at
which we acquire the signal amplitude. We find a large difference
in the signal difference of the total voltage for parallel and anti-
parallel alignment. For sample A, at H � HYIG

FMR an absolute vol-
tage difference of 408 nV and a spin valve effect amplitude of
V"#
scþsr � V""

scþsr

� �
=V""

scþsr ¼ 290% is found. The presented data
clearly demonstrate that switching the Co layer yields reliably
different and reproducible voltage levels with little scatter. No
distinguishable reduction of the voltage difference was observed
for days of measurements of switching, which signifies reliable
long term operation without having to reset the magnetization.
Furthermore, the size of the signal change is only weakly tem-
perature dependent so that it will readily also be visible at room
temperature for appropriately designed samples with both parallel
and antiparallel alignment at the desired resonance field.

Discussion
To understand our findings of a sizable magnon spin valve effect
in our system, we have to consider both alignment-dependent SC
transport, as well as spin-to-charge conversion effects. Focusing
first on the magnonic SC transport, we note that the induced
resonant precession of the YIG film emits a magnonic SC tra-
veling across the insulating AFM34,35. In very thin AFMs this is
even possible for evanescent modes36 (see Supplementary Note 3,
where spin model simulations of FM/AFM bilayers and FM/
AFM/FM trilayers are presented). The SC emitted by the YIG

layer enters the CoO for both orientations of the YIG with equal
probability (note that the CoO does not change its orientation in
our experiments as confirmed by probing opposite field-cooling
directions). The dispersion relation of the AFM has two branches.
Magnons in each branch carry opposite spin angular momentum
and have opposite polarization, which means that the magnetic
moments in the AFM precess in opposite directions. This allows
for an equal transmission of magnons through the AFM for both
orientations of the YIG. In ferromagnets, however, magnons have
a unique polarization such that only in the configuration where
the two ferromagnets are parallel magnons from one can enter
the other. For antiparallel orientation, they are reflected at the
second interface (see Supplementary Note 3 for details). This
effect alone can produce a purely magnonic spin valve effect.
However, for the rather simple models simulated here, we find a
larger SC transmissivity for parallel alignment of the ferro-
magnets. In contrast to this, we observe a stronger SC transport
signal amplitude for the antiparallel orientation of the two fer-
romagnets. Though more realistic spin models might yield dif-
ferent results, we note that we cannot model the real system due
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to the complexity of YIG and the unknown YIG|CoO interface
properties. Consequently, we cannot check the potential impacts
of the complex SC spectrum and interface transmissivity.

For a better understanding of our experimental observations,
electronic effects, such as a spin-dependent ISHE in the Co layer
or a spin-dependent effective spin transmissivity at the CoO|Co
interface, should be discussed in addition to the magnonic effects
in our sample. The magnonic SC flowing across the CoO-layer
generates a spin accumulation in the Co-layer that results in a
pure SC flow of spin-up and spin-down electrons moving in
opposite directions. Due to the ISHE, electrons of both spin
polarization are scattered toward the same direction, generating
an electrical voltage measured in the experiments. Non-magnetic
metals like Pt are spin-unpolarized and regarding their properties
electrons of both polarizations are equal. A sign change of the SC
realized by switching the YIG magnetization yields a sign change
of the electrical voltage, but the amplitudes are similar, as shown
in YIG|CoO|Pt multilayers by Qiu et al.33. Ferromagnetic metals
like Co, however, are spin-polarized and exhibit significant dif-
ferences in the intrinsic properties of spin-up and spin-down
electrons. The measured ISHE voltage thus results from magnons
coupling to two distinct electron channels, which can be descri-
bed by a two-fluid model in the case of negligible spin-
intermixing processes. Eventually, reversing the relative align-
ment of the YIG and Co magnetization manifests in a reversal of
the SC polarization or, likewise an interchange of the roles of
spin-up and spin-down electrons in the Co.

Electronic effects thus may explain the observation of asym-
metric SC transmission voltages for the different alignments
between YIG and Co with V"#

sc >V
""
sc . Since the intrinsic properties

of spin-up and spin-down electrons are material specific, higher
voltages for the parallel alignment of the ferromagnets could also
be observed. Note that our observations for magnonic SCs are
distinct from previous work, where when investigating thermal
SC propagation in YIG|Cu|Co, which includes a non-magnetic
metal as spin-conduit and thus electronic instead of magnonic
spin injection in the Co layer, no significant change in the signal
was reported46. Moreover, the concept of the presented experi-
ment differs from previous reports on FMR spin pumping in
YIG|Au|Py structures, in which a SC detection scheme compar-
able to that of non-local spin valves is implemented47.

In conclusion, we demonstrated the magnon spin valve effect
in YIG|CoO|Co multilayers by showing that the detected SC
signal amplitudes depend on the relative alignment of YIG and
Co. The total voltage signal measured includes two contributions,
whose signs depend individually on the YIG and Co magnetiza-
tion directions and thus yield different signal amplitudes and
signs. This enables one to encode even two bits of information in
the magnetic configuration of the spin valve. The presented setup
gives an insight into spin-dependent effects in magnetic multi-
layers and provides a switch component at the SC detection site,
thus making the work a key step toward further magnon-based
logic gate operation.

Methods
Sample preparation. Single crystalline YIG (d ≈ 5 μm) was grown by liquid-phase
epitaxy and cut into samples of size 2 mm × 3mm to ensure equal bulk properties.
To promote the growth of the CoO layer, the YIG surface was optimized by means
of a rapid thermal annealing process (see Supplementary Note 4). In an infrared
furnace, YIG samples were pairwise arranged face-to-face and heated up to 1173 K
at a heating rate of 50 K s−1. The final temperature was kept for 30 min, before the
samples were cooled down quickly to room temperature again. As a result, terrace
like, smooth YIG surfaces of ≈1.11 Å roughness were obtained. Subsequent to the
annealing procedure, CoO was deposited by reactive magnetron sputtering from a
Co target in an Ar/O atmosphere employing a QAM-4-STSCP (ULVAC Inc.)
system. During the deposition process, the substrate temperature was kept at 723 K.
X-ray spectroscopy revealed a CoO growth along the [111] direction on top of
annealed YIG samples (see Supplementary Note 4). Eventually, Co top layers were

grown in-situ at room temperature by non-reactive sputtering from the same Co
target. Here, thickness combinations of dCoO/dCo= 2 nm/4 nm, 3 nm/4 nm, and 5
nm/6 nm were realized.

Experimental setup. Thermoelectric as well as FMR spin pumping measurements
were performed in a physical property measurement (PPMS) Dynacool system,
quantum design, Inc., which allows for temperature-dependent measurements
from 10 to 400 K. High temperatures were avoided to prevent undesired degra-
dation of the sample stack. For the ANE measurements the samples were clamped
in between two aluminum nitride plates with high thermal conductivity. The top
plate is heated by means of a resistive chip heater, whereas the bottom plate serves
as a heat sink. The resultant out-of-plane temperature gradient induces, in the
presence of an external magnetic field, the ANE thermovoltage, which is detected
by a nanovoltmeter.

For the spin pumping experiments the samples were attached to a copper-based
coplanar waveguide (CPW) with the Co layer facing the CPW. The sample fixation,
as well as the electrical insulation of the Co from the copper is given by a 10 μm
thick double-sided tape. FMR of the YIG layer was achieved by feeding pulsed
microwaves in the CPW while an external magnetic field is applied. The frequency
of applied microwaves is f= 4.5 GHz with a typical applied microwave power of P
= 23 dBm. The respective spin-pumping signal was detected using a lock-in
amplifier, which was triggered by the microwave source.

Data availability. All relevant data are available from the corresponding author on
request.

Received: 15 September 2017 Accepted: 15 February 2018

References
1. Baibich, M. et al. Giant magnetoresistance of (001) Fe/(001) Cr magnetic

superlattices. Phys. Rev. Lett. 61, 2472 (1988).
2. Binasch, G., Grünberg, P., Saurenbach, F. & Zinn, W. Enhanced

magnetoresistance in layered magnetic structures with antiferromagnetic
interlayer exchange. Phys. Rev. B 39, 4828(R) (1989).

3. Wolf, S. A. et al. Spintronics: a spin-based electronics vision for the future.
Science 294, 1488–1495 (2001).

4. Chumak, A. V., Vasyuchka, V., Serga, A. & Hillebrands, B. Magnon
spintronics. Nat. Phys. 11, 453–461 (2015).

5. Cornelissen, L. J., Shan, J. & van Wees, B. J. Temperature dependence of the
magnon spin diffusion length and magnon spin conductivity in the magnetic
insulator yttrium iron garnet. Phys. Rev. B 94, 180402(R) (2016).

6. Guo, E. et al. Influence of thickness and interface on the low-temperature
enhancement of the spin seebeck effect in YIG films. Phys. Rev. X 6, 031012
(2016).

7. Sinova, J., Valenzuela, S. O., Wunderlich, J., Back, C. H. & Jungwirth, T. Spin
hall effects. Rev. Mod. Phys. 87, 1213 (2015).

8. Tserkovnyak, Y., Brataas, A. & Bauer, G. E. W. Spin pumping and
magnetization dynamics in metallic multilayers. Phys. Rev. B 66, 224403
(2002).

9. Mizukami, S., Ando, Y. & Miyazaki, T. Effect of spin diffusion on Gilbert
damping for a very thin permalloy layer in Cu/permalloy/Cu/Pt films. Phys.
Rev. B 66, 104413 (2002).

10. Azevedo, A., Vilela Leão, L. H., Rodriguez-Suarez, R. L., Oliveira, A. B. &
Rezende, S. M. DC effect in ferromagnetic resonance: evidence of the spin-
pumping effect? J. Appl. Phys. 97, 10C715 (2005).

11. Saitoh, E., Ueda, M., Miyajima, H. & Tatara, G. Conversion of spin current
into charge current at room temperature: inverse spin-hall effect. Appl. Phys.
Lett. 88, 182509 (2006).

12. Uchida, K. et al. Thermoelectric generation based on spin Seebeck effects.
Proc. IEEE 104, 1946–1973 (2016).

13. Bauer, G. E. W., Saitoh, E. & van Wees, B. J. Spin caloritronics. Nat. Mater. 11,
391–399 (2012).

14. Kehlberger, A. et al. Length scale of the spin Seebeck effect. Phys. Rev. Lett.
115, 096602 (2015).

15. Cornelissen, L. J., Liu, J., Duine, R. A., Youssef, J. B. & Van Wees, B. J. Long
distance transport of magnon spin information in a magnetic insulator at
room temperature. Nat. Phys. 11, 1022–1026 (2015).

16. Goennenwein, S. T. B. et al. Non-local magnetoresistance in YIG/Pt
nanostructures. Appl. Phys. Lett. 107, 172405 (2015).

17. Vogt, K. et al. Realization of a spin-wave multiplexer. Nat. Commun. 5, 3727
(2014).

18. Chumak, A. V., Serga, A. A. & Hillebrands, B. Magnon transistor for all-
magnon data processing. Nat. Commun. 5, 4700 (2014).

19. Klingler, S. et al. Design of a spin-wave majority gate employing mode
selection. Appl. Phys. Lett. 105, 152410 (2014).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03485-5

6 NATURE COMMUNICATIONS |  (2018) 9:1089 | DOI: 10.1038/s41467-018-03485-5 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


20. Klingler, S. et al. Spin-wave logic devices based on isotropic forward volume
magnetostatic waves. Appl. Phys. Lett. 106, 212406 (2015).

21. Fischer, T. et al. Experimental prototype of a spin-wave majority gate. Appl.
Phys. Lett. 110, 152401 (2017).

22. Ganzhorn, K. et al. Magnon-based logic in a multi-terminal YIG/Pt
nanostructure. Appl. Phys. Lett. 109, 022405 (2016).

23. Gui, Y. S., Mecking, N., Zhou, X., Williams, G. & Hu, C. M. Realization of a
room-temperature spin dynamo: the spin rectification effect. Phys. Rev. Lett.
98, 107602 (2007).

24. Azevedo, A., Vilela-Leão, L. H., Rodríguez-Suárez, R. L., Lacerda Santos, A. F.
& Rezende, S. M. Spin pumping and anisotropic magnetoresistance voltages in
magnetic bilayers: theory and experiment. Phys. Rev. B 83, 144402 (2011).

25. Chen, H. et al. Spin rectification enabled by anomalous Hall effect. J. Appl.
Phys. 113, 17C732 (2013).

26. Tee, W., Tay, Z. J., Yakovlev, N. L., Peng, B. & Ong, C. K. Influence of static
and dynamic dipolar fields in bulk YIG/thin film NiFe systems probed via spin
rectification effect. J. Magn. Magn. Mater. 426, 563–568 (2017).

27. Miao, B. F., Huang, S. Y., Qu, D. & Chien, C. L. Inverse spin hall effect in a
ferromagnetic metal. Phys. Rev. Lett. 111, 066602 (2013).

28. Tian, D., Li, Y., Qu, D., Jin, X. & Chien, C. L. Separation of spin Seebeck effect
and anomalous Nernst effect in Co/Cu/YIG. Appl. Phys. Lett. 106, 212407
(2015).

29. Wang, H., Du, C., Hammel, P. C. & Yang, F. Antiferromagnonic spin
transport from Y3Fe5O12 into NiO. Phys. Rev. Lett. 113, 097202 (2014).

30. Hahn, C. et al. Conduction of spin currents through insulating
antiferromagnetic oxides. Europhys. Lett. 108, 57005 (2014).

31. Moriyama, T. et al. Anti-damping spin transfer torque through epitaxial nickel
oxide. Appl. Phys. Lett. 106, 162406 (2015).

32. Lin, W., Chen, K., Zhang, S. & Chien, C. Enhancement of thermally injected
spin current through an antiferromagnetic insulator. Phys. Rev. Lett. 116,
186601 (2016).

33. Qiu, Z. et al. Spin-current probe for phase transition in an insulator. Nat.
Commun. 7, 12670 (2016).

34. Rezende, S. M., Rodríguez-Suárez, R. L. SpringerAmpamp; Azevedo, A.
Diffusive magnonic spin transport in antiferromagnetic insulators. Phys. Rev.
B 93, 054412 (2016).

35. Chen, K., Lin, W., Chien, C. L. & Zhang, S. Temperature dependence of
angular momentum transport across interfaces. Phys. Rev. B 94, 054413 (2016).

36. Khymyn, R., Lisenkov, I., Tiberkevich, V. S., Slavin, A. N. & Ivanov, B. A.
Transformation of spin current by antiferromagnetic insulators. Phys. Rev. B
93, 224421 (2016).

37. Ambrose, T., Sommer, R. & Chien, C. L. Angular dependence of exchange
coupling in ferromagnet/antiferromagnet bilayers. Phys. Rev. B 56, 83 (1997).

38. Stiles, M. & McMichael, R. Model for exchange bias in polycrystalline
ferromagnet-antiferromagnet bilayers. Phys. Rev. B 59, 3722 (1999).

39. Hou, D. et al. Observation of temperature-gradient-induced magnetization.
Nat. Commun. 7, 12265 (2016).

40. Prakash, A., Brangham, J., Yang, F. & Heremans, J. P. Spin Seebeck effect
through antiferromagnetic NiO. Phys. Rev. B 94, 014427 (2016).

41. Schultheiss, H., Pearson, J. E., Bader, S. D. & Hoffmann, A. Thermoelectric
detection of spin waves. Phys. Rev. Lett. 109, 237204 (2012).

42. Ambrose, T. & Chien, C. L. Finite-size effects and uncompensated
magnetization in thin antiferromagnetic CoO layers. Phys. Rev. Lett. 76, 1743
(1996).

43. Nogués, J. & Schuller, I. K. Exchange bias. J. Magn. Magn. Mater. 192,
203–232 (1999).

44. Guan, Y., Bailey, W. E., Vescovo, E., Kao, C. C. & Arena, D. A. Phase and
amplitude of element-specific moment precession in Ni81Fe19. J. Magn. Magn.
Mater. 312, 374–378 (2007).

45. Jungfleisch, M. B. et al. Thickness and power dependence of the spin-pumping
effect in Y3Fe5O12/Pt heterostructures measured by the inverse spin Hall
effect. Phys. Rev. B 91, 134407 (2015).

46. Tian, D. et al. Manipulation of pure spin current in ferromagnetic metals
independent of magnetization. Phys. Rev. B 94, 020403(R) (2016).

47. Vlietstra, N., Van Wees, B. J. & Dejene, F. K. Detection of spin pumping from
YIG by spin-charge conversion in a Au/Ni80Fe20 spin-valve structure. Phys.
Rev. B 94, 035407 (2016).

Acknowledgements
This work was supported by the Deutsche Forschungsgemeinschaft (DFG) (SPP 1538
Spin Caloric Transport, SFB767 in Konstanz, and SFB TRR173 SPIN+X in Mainz), the
Graduate School of Excellence Materials Science in Mainz (DFG/GSC 266), the EU
project INSPIN (FP7-ICT-2013-X 612759), the ERATO Spin Quantum Rectification
Project (No. JPMJER1402) from JST, Japan, Grant-in-Aid for Scientific Research on
Innovative Area Nano Spin Conversion Science (No. JP26103005), the Grant-in-Aid for
young scientists (B) (No. JP17K14331) from JSPS KAKENHI, Japan, and the Center of
Excellence QuSpin (project number 262633) funded by the Research Council of Norway.
We thank the DAAD SpinNet and MaHoJeRo projects for supporting the Tohoku-Mainz
collaboration and M.K. thanks ICC-IMR at Tohoku University for their hospitality
during a visiting researcher stay at the Institute for Materials Research. T.K. is supported
by JSPS through a research fellowship for young scientists (No. JP15J08026). Z.Q.
acknowledges support from the Fundamental Research Funds for the Central Uni-
versities (DUT17RC(3)073).

Author contributions
M.K. and U.N. proposed the study, which was refined and supervised additionally by E.S.
The samples were fabricated by Z.Q., T.N., J.C. and F.F. with the help of M.K. The
measurements were carried out by J.C., F.F. and M.K. with the help of D.H. and R.R. The
data were analyzed by F.F. and J.C. The theoretical work was performed by U.R. and V.G.
with supervision from U.N. and J.S. All authors participated in the discussion and
interpreted results. J.C. drafted the manuscript with the help of M.K. and all authors
commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-03485-5.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03485-5 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:1089 | DOI: 10.1038/s41467-018-03485-5 |www.nature.com/naturecommunications 7

https://doi.org/10.1038/s41467-018-03485-5
https://doi.org/10.1038/s41467-018-03485-5
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Magnon detection using a ferroic collinear multilayer spin valve
	Results
	Experiment
	Spin-thermoelectric measurements
	Spin signal in YIG|CoO|Co excited by spin pumping
	Origin of the spin signals in the YIG|CoO|Co magnon spin valve
	Magnon spin valve effect

	Discussion
	Methods
	Sample preparation
	Experimental setup
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




