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Magnonics concepts utilize spin-wave quanta (magnons) for
information transmission, processing and storage. To convert
information carried by magnons into an electric signal prom-
ises compatibility of magnonic devices with conventional
electronic devices, that is, magnon spintronics'. Magnons in
inorganic materials have been studied widely with respect to
their generation??, transport** and detection®. In contrast, res-
onant spin waves in the room-temperature organic-based fer-
rimagnet vanadium tetracyanoethylene (V(TCNE), (x~ 2)),
were detected only recently’. Herein we report room-temper-
ature coherent magnon generation, transport and detection
in films and devices based on V(TCNE), using three different
techniques, which include broadband ferromagnetic reso-
nance (FMR), Brillouin light scattering (BLS) and spin pump-
ing into a Pt adjacent layer. V(TCNE), can be grown as neat
films on a large variety of substrates, and it exhibits extremely
low Gilbert damping comparable to that in yttrium iron garnet.
Our studies establish an alternative use for organic-based
magnets, which, because of their synthetic versatility, may
substantially enrich the field of magnon spintronics.

As the limitations of electrical circuitry are reached, advanced
paradigms are needed to develop future generations of fast and
reduced energy dissipation (less lossy) miniature information-pro-
cessing devices. Nearly all existing electronic devices are based on
controlling the electric charge dynamics by electric fields. Electrons
also possess spin that gives them their magnetic properties. Spin-
density fluctuations in magnetically ordered materials, such as fer-
romagnets (FMs), can propagate in the form of spin waves, that is,
magnons. Magnon current may be generated by microwave (MW)
irradiation under FMR conditions’, on the application of a tempera-
ture gradient via the spin Seebeck effect (SSE)® or by an electric cur-
rent’. Magnons can be detected by various means, such as antenna’,
the time-resolved magneto-optical Kerr effect'’, BLS spectrosco-
pies’ and caloritronic methods''. In addition, magnons in an FM
layer can induce a pure-spin current in a Pt adjacent layer through
the process of spin pumping, which subsequently may be detected
electrically via the inverse spin Hall effect (ISHE)>">. This process is
the basis for the application avenue of magnon spintronics.

In the past few years, a widely used magnetic insulator for
magnon spintronics has been yttrium iron garnet (YIG (Y,Fe;O,,))
due to its low Gilbert damping'. For example, a coherent magnon
current has been efficiently converted into electric signal in a YIG/
Ptbilayer’. Also, SSE was observed in YIG/Pt that stems from a non-
coherent magnon current'. In addition, a magnon spintronics tran-
sistor has been successfully engineered based on YIG'. However,
the YIG films used for such magnon spintronics devices are diffi-
cult to grow and process, because they need be epitaxially grown as

single crystals at high temperature'®. Organic-based magnets may
be alternative magnetic insulator candidates, because of both the
reduced spin-orbit coupling and the lack of electron-lattice scat-
tering, which may drastically reduce the Gilbert damping (a). For
example, V(TCNE), with x~2 (Fig. 1a), which is ferrimagnetically
ordered, exhibits a very narrow FMR linewidth in either powder
or thin-film forms'®", and shows robust long-range magnetic order
even in the absence of long-range structural order'®. In addition,
uniform perpendicular standing spin-wave modes have been iden-
tified in V(TCNE), thin films; also, this magnet compound has
been incorporated into a MW circuit’. We measured the electrical
conductivity, o, in V(TCNE), films and found it to be ~10"°Scm™!
(Supplementary Fig. 1), and thus we consider this compound to be a
magnetic insulator that may replace YIG. The broad variation in the
reported conductivity value, as well as the transition temperature,
T., for V(TCNE), films is attributed to different growth conditions
in different laboratories'”"".

The magnetic order in V(TCNE), originates from a three-dimen-
sional antiferromagnetic exchange coupling between the V" and the
(TCNE) ion spins®. All of the spins in V" ions and (TCNE)~ anions
are collinearly antiferromagnetically aligned (Fig. 1a), which results
in a net magnetic moment of ~1 ;. V(TCNE), can be synthesized
from solution as powders, or films grown by chemical vapour depo-
sition (CVD); the latter method leads to a significant increase of
the structural order and to a less-prominent magnetic glassy behav-
iour'*. Moreover, unlike YIG, high-quality V(TCNE), thin films
have been grown successfully on various substrates'”?!, with CVD-
deposited thin films showing FMR responses with linewidths as
narrow as that in YIG'®". In addition, spin-aligned carrier injec-
tion from V(TCNE), films was detected in spin-valve spintronic
devices””>. However, the impedance mismatch between the mag-
netic electrodes and the non-magnetic spacer layer in spin-valve
devices limits the spin-injection efficiency****. In contrast, for spin
pumping under FMR conditions and subsequent ISHE detection,
the impedance mismatch is circumvented”~*. This was recently
shown for organic semiconductors by demonstrating the ISHE in
several organic films with various spin-orbit couplings, using both
NiFe and YIG magnetic spin-pumping substrates®>*.

The CVD-deposited V(TCNE), thin films were grown from the
reaction of TCNE and V(CO); (ref. ') on glass templates that have
lithographically defined Cu electrodes, and a Pt stripe for ISHE
detection (Methods). The samples were investigated using super-
conducting quantum interference device (SQUID) magnetometry
to confirm their magnetic order above room temperature (Fig. 1b),
which reveals a transition temperature, T, of ~370K (Fig. 1b).
However, the reduction of the magnetic order at T, may be partially
due to the onset of a structure rearrangement in the V(TCNE),
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Fig. 1| FMR in V(TCNE), films. a, The magnetic structure of V(TCNE),. The V?* and (TCNE)- spins interact via direct coupling. b, The temperature
dependence of the saturation magnetization, My, in a ~220 nm thick V(TCNE), film measured with SQUID magnetometry with an in-plane magnetic field
of 100 mT (at saturation conditions). The transition temperature, T, is ~370K. ¢, FMR(B) derivative spectra measured at various MW frequencies at room
temperature. The inset shows the frequency dependence of the resonance field, B;. The line through the data points is a fit using the Kittel equation (see

text) from which M and the g-factor are obtained. d, FMR(B) spectra measu

red at v=6 GHz and various angles, 6, of the applied magnetic field with

respect to the film normal. The inset shows the angular dependence of B;. The experimental uncertainties originate from the resolution of the rotation
steps. The solid line through the data represents a fit using the values of M and g-factor in c. e, The FMR(B) spectra close to B=B; in pristine V(TCNE),
film and a V(TCNE),/Pt bilayer at v=11GHz. The linewidth in the bilayer structure is broadened. f, The MW-frequency dependence of the FMR linewidth
for pristine V(TCNE), and a V(TCNE),/Pt bilayer, from which the Gilbert damping factor, a, can be obtained (see text). Extrapolating the fitted straight
lines to v=0, we conclude that the smaller extrapolated linewidth for the V(TCNE),/Pt bilayer indicates a better inhomogeneity for the V(TCNE), films

grown on Pt, as compared with the films deposited on a glass substrate. The
which was calibrated by a Gauss meter. a.u., arbitrary units.

film", and thus the critical temperature for magnetic order may be
much higher, as obtained using the Bloch law fitting'”. Figure 1c
shows broadband FMR(B) derivative spectrum (B is the external
magnetic field strength) at various MW frequencies, v. The narrow
peak-to-peak width, AB of ~0.3mT at 11 GHz (Fig. le) indicates
good film homogeneity. We determined the Gilbert damping, o of
the V(TCNE), film from the slope of the FMR linewidth versus fre-
quency, which reads AB=AB, + % (Fig. 1f), where AB, denotes
a inhomogeneous broadening by structural imperfections and y is
the gyromagnetic factor. AB is ~0.1 mT larger for V(TCNE), grown
on glass than on Pt, which indicates a better homogeneity for the
V(TCNE), grown on Pt. From our broadband FMR measurements,
we obtained @=3.2x107*, which is close to a=2.3 X 10~* measured
in YIG thin films®. The small a value indicates that the generated
magnons in V(TCNE), have very low losses, which is a prerequisite
for magnon-based spintronic applications.

The MW-frequency dependence of the resonance field, By
(Fig. 1cinset), can be accurately described using the Kittel equation™,
v=y/2n[Bg(Bg + p1;M;)]"?, where M is the saturation magnetiza-
tion. From the fit to the experimental data, we obtain the param-
eters g=1.94 and My=6.9kA m™'. We also found that the FMR(B)
response changes with the field orientation, 8 (Fig. 1d), where 6
denotes the angle between the field direction and film normal. The
angular dependence of By (inset to Fig. 1d inset) can be also fit by
the Kittel equation (Supplementary equation (1)) with the same
g-factor and Mj values as in Fig. 1c, which confirms the magnetic
nature of the V(TCNE), film.

experimental uncertainties in ¢ and f stem from the magnet field strength,
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Fig. 2 | Magnon detection in a 520-nm-thick V(TCNE), film using BLS
spectroscopy at room temperature. a, Schematics of the BLS set-up to
measure magnons under FMR conditions. b, BLS spectra measured at
various magnetic fields and matched MW frequencies. The intensity of the
phonon band is multiplied by a factor of 0.1 for ease of comparison. Here,
res. stands for resonance. The arrows point to the magnon band frequency.
¢, The relation between the magnetic field and the obtained magnon

BLS frequency. The experimental uncertainties were estimated from the
magnetic field value and BLS interferometer resolutions. The line through
the data points is a fit using the M, and g-factor values in Fig. Tc.
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To observe FMR-generated magnons directly in the V(TCNE),
film, BLS spectroscopy was performed. The BLS excitation laser
beam was focused on the transmission line of a co-planar waveguide
that was prepared on a glass substrate prior to V(TCNE), film deposi-
tion (Fig. 2a), which guided the MW radiation close to the organic
film that induces a MW magnetic field B, into the layer. The BLS
spectrum was recorded under FMR conditions at various MW fre-
quencies and matched magnetic fields (Fig. 2b); the overall resolution
of the BLS set-up (including the spectrometer and laser bandwidth),
Ov,~0.5GHz. As seen, each BLS spectrum at resonance contains two
bands at high and low energies. The high energy band at ~33 GHz is
due to light scattering from acoustic phonons in the glass substrate;
this band does not shift with the magnetic field. In contrast, the low-
energy BLS band shifts with the field; thus, it is due to light scattering
by the MW-generated magnons, which correspond to the uniform
spin-wave mode (Supplementary equation (1)). As a control experi-
ment, we checked that the magnon BLS band disappears when the
MW frequency is off-resonance with B, which indicates that BLS from

the thermal magnons in the V(TCNE), film is below our noise level.
The obtained relation between the measured BLS magnon frequency
and the magnetic field is depicted in Fig. 2c, and is in agreement with
the FMR relation seen in the Fig. 1c inset. Thus, the BLS data are
direct proof for the presence of magnons in the V(TCNE), film.

The magnon linewidth, v, in the BLS spectrum may be used
to estimate a lower limit of the magnon lifetime in the V(TCNE),
film. As seen in Fig. 2b, we measure v, ~ 0.5 GHz for the magnon
BLS band, which is equal to the optical set-up resolution, dv,. This
indicates that the magnon intrinsic linewidth év; <év, (otherwise
we would have measured dv,,> dv,). From this dv; upper limit we
thus infer that the magnon lifetime is in the nanosecond time range.
The acoustic phonon linewidth, év,, in the glass substrate measured
with the same set-up is év,. ~ 26v, (which leads to a phonon lifetime
in the range of a few hundred picoseconds), which corroborates the
estimate for the 5v; value made above.

The FMR linewidth for the MW-frequency range used here is
broader in V(TCNE),/Pt bilayers compared with that of V(TCNE),
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Fig. 3 | Observation of a FMR-driven ISHE in V(TCNE),/Pt bilayers using pulsed and continuous MW excitation. a, Schematic illustration of the
conversion process of the magnon current in a V(TCNE) substrate into electric current in the Pt overlayer via the ISHE. b, The /,;,(B) response close to

B =By using cw MW excitation at FMR conditions and v =3 GHz measured in V(TCNE), (8 pm)/Pt (7 nm) bilayer. The resistance of the device is ~500 Q.
c,d, Colour plots of /g as a function of B and time before, during and after a 2 ps long MW pulse is applied. The upper panels and lower right/left panels
display the line profiles taken from the colour plot at the position of the horizontal and vertical dashed lines. The magnetic field polarity in ¢ is opposite to
that in d. The ISHE responses in panels b, ¢ and d were measured in the same device. e, The cw /,5,:(B) response in V(TCNE)/Pt devices based on various
V(TCNE), film thicknesses, d. For better comparison, the three data sets are plotted with arbitrary offsets. f, The /;.,«(B) peak current (/) and its FWHM
value plotted versus d. The thickness uncertainties were estimated from the average of three thickness measurements; whereas the ISHE uncertainties are
due to uncertainty in the sample position WITH respect to the MW waveguide. The spin-mixing conductance, g'}, is obtained from the fit (red line) to the

eff’

FWHM versus d data points, using Supplementary equation (5). The black line through the /..., versus d data points is a theoretical model based on the

obtained ggflf value using Supplementary equation (2).
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films grown on glass substrates (Fig. 1le), which indicates an excess
magnon loss at the V(TCNE),/Pt interface. However, the excess loss
is underestimated because the inhomogeneity-related AB, is smaller
in V(TCNE),/Pt bilayers than in V(TCNE),/glass films. To eliminate
the contribution of inhomogeneity broadening, the Gilbert damp-
ing factor a values obtained from the broadband FMR measure-
ments are compared in Fig. 1f. The larger o value observed for FMR
in V(TCNE),/Pt could originate from excess magnon loss compared
with a values in V(TCNE), films grown on glass, due to an enhanced
scattering at the organic/Pt interface”. This suggests that the FMR-
generated magnon current in the V(TCNE), films efficiently transfers
spin angular momentum at the interface to the Pt adjacent layer via
spin pumping, which, in turn induces a spin current in the Pt adjacent
layer. This assumption can be tested by generating a spin current in the
Pt adjacent layer. This enables spin-current detection by conversion
into charge current via the ISHE, as schematically displayed in Fig. 3a.
For this experiment, the film normal to the magnetic field direction
and the generated electric current must be perpendicular to each other.

To validate this scenario experimentally, we have conducted
FMR-driven ISHE measurements using both continuous wave (cw)
at v=3 GHz and pulsed at v =9.63 GHz MW frequency, as shown in
Fig. 3b-d. As seen in Fig. 3b, the cw ISHE electric current response,
Iisue(B), in the Pt adjacent layer shows a narrow band around the
resonance field, By =104 mT; this reverses polarity when the field
direction is reversed. These are the two crucial signatures of the
ISHE in the non-magnetic adjacent layer. As a control experiment,
we compared the cw ISHE response in bilayers of V(TCNE),/Pt and
YIG/Pt using the same set-up and conditions, and found that the
ISHE(B) response in the former bilayer is much narrower without
compromising the strength (Supplementary Fig. 4c).

For the pulsed ISHE experiments in the V(TCNE),/Pt bilayer,
short, homogeneous, high-power, low-duty cycle MW radiation
was applied, and ILg;; was monitored as function of time. This
procedure excludes that continuous heating and gradient heating
artefacts could affect the sample current”. Figure 3c,d shows colour
plots of I, as a function of time and B for two geometrically oppo-
site magnetic field orientations, 6, when a 2 ps long high-power MW
pulse at frequency of 9.63 GHz is applied about 2 s after the begin-
ning of the pulse sequence. A significant Iy occurs only during
the MW pulse and for B~ By, where By corresponds to the FMR
field of the V(TCNE), substrate. Slice projections along the dashed
lines are displayed in the plots above and between the colour plots.
These show that I,y also reverses polarity on reversing the field
direction. In addition, we also see that the ISHE vanishes when
the magnetic field is oriented perpendicular to the V(TCNE), film
(Supplementary Fig. 6). These are clear indications of spin-pump-
ing-induced pure-spin current in the Pt adjacent layer.

Figure 3e displays three plots of I y,;;(B) spectra of V(TCNE),/Pt
devices of various organic film thicknesses, d, under a cw FMR
drive. There is a substantial increase of I;g;; with d. Figure 3f shows
a plot of the current maximum, I,,, of I;s;:(B) under cw FMR as
a function of d. As seen, I, increases with d; whereas the I;g:(B)
linewidth, as determined by the full-width at half-maximum
(FWHM), decreases with d. To describe the thickness dependence
of I,., and FWHM, we employ a phenomenological model adopted
from ISHE experiments in YIG/Pt bilayers”. The IISHE(B) line-
width, AB in this model, depends on d via: AB~a,+ Aa, ( g“)

AnMgd® eff
(Supplementary equation (2)), where g” is the spin-mixing ‘con”
ductance at the V(TCNE), /Pt 1nterface, and a, of the pristine
V(TCNE), film is taken from Fig. 1f. From the flt of AB with d we
thus obtain g” =(0.9520.12) x10'® m™2 This g value is compa-
rable to that in YIG™. Moreover, using the obtameéf L ! and the rela-
tion Igy, ~ 00544 B,g Htanh zj"‘ (Supplementary equations (3)-(5))
we can fit the Imax(d) dependence Here A¢"' and g, are the Pt
spin-diffusion length and spin Hall angle, respectively, and B,
(=0.01mT) is the radiofrequency field. From the fit (Fig. 3f) and

NATURE MATERIALS

taking A¢'=1.5nm (ref »), we obtain 6z =0.033+0.003, which
is w1th1n the range of O&; values in the literature”. This agreement
validates the spin-pumping process in the V(TCNE),/Pt bilayer.

In conclusion, we demonstrate resonantly generated magnons
in thin films of the organic-based ferrimagnet insulator V(TCNE),,
and subsequent efficient spin pumping by magnon scattering at the
V(TCNE),/Pt interface. The FMR-generated magnons are observed
directly by BLS, from which we estimate the magnon lifetime to
be in the nanosecond time domain. Our experiments show that
V(TCNE), is a technologically easy-to-process organic-based mag-
netic thin-film insulator with an extremely low Gilbert damping,
as needed for the development of magnonic devices. Combining
V(TCNE), magnon-current generation with ISHE-based organic
spin-current detection could eventually lead to a class of all organic
magnonic spintronics devices. This is significant, because the syn-
thetic versatility and stability of organic magnetic compounds
means our work opens a substantive avenue for their applications.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41563-018-0035-3.
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Methods

The V(TCNE), thin films were prepared by CVD through the reaction between
two precursors, namely TCNE and V(CO),. Optimized film deposition was
achieved by keeping the TCNE and V(CO), at 55°C and 15 °C, respectively. Under
these conditions, the obtained films showed a high magnetic order temperature,

T. (~370K), relatively small saturation field and narrow FMR linewidth. The film
thickness was determined by profilometry measurements (KLA Tencor). For the
V(TCNE),/Pt bilayer device, prior to the V(TCNE), film deposition, a 7nm thick
0.7 %X 3mm Pt stripe was deposited on a glass substrate to detect the ISHE voltage.
The resistance of the Pt layer was measured as ~500 Q for all the ISHE devices.
The electrodes were prepared by photolithographic means. The metal depositions
were done by electron-beam evaporation at a base pressure of 10~ mbar. As the
V(TCNE), film may degrade in air within ~2h, it was necessary to encapsulate the
films with an ultraviolet-cured epoxy (type E131 (Ossila Inc.)), which significantly
increases the film lifetime to more than one month (Supplementary Fig. 9) if
stored at low temperature*. The magnetic order temperature of the V(TCNE),
films was determined from measurements of the magnetization, M, as a function
of temperature, T, at 100 mT using a Quantum Design MPMS-5 5T SQUID
magnetometer. The BLS experiments were performed using a Sandercock-type six-
pass tandem Fabry-Perot interferometer in the backscattering geometry. The laser
beam of 3 mW power was derived from a single-mode solid-state laser operated at
532 nm. The light beam was p-polarized and subsequently focused on the sample
by JRS CM-1 microscopy. To enhance the magnon detection we measured the BLS
spectrum under FMR conditions, in which the MW radiation was guided onto

the V(TCNE), film via a suitable co-planar waveguide, in which the excitation
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beam was focused in between the metal stripes. We measured both the Stokes and
anti-Stokes light scattering from magnons and phonons, respectively. However,
only the magnon BLS band shifted with the magnetic field. The broadband FMR
measurements were performed at room temperature with a co-planar waveguide
design. The MW radiation was generated using an Agilent N5173B generator
operated in the frequency range of 9-20 GHz. For the FMR detection, we used a
phase-sensitive scheme in which a weak magnetic field of 2 mT was modulated at
86 Hz in a Helmholtz coil between the poles of the d.c. magnet. For the cw ISHE
measurements, the MW frequency was fixed at 3 GHz and the power was amplified
using an amplifier (MINI-CIRCUITIS LAB Model ZHL-42). We used a phase-
sensitive detection scheme to measure the induced electrical voltage on the Pt
stripe, in which the excitation MW beam was amplitude modulated at 17 kHz. The
pulsed ISHE was measured in a commercial EPR spectrometer (Bruker ElexSys
E580). The transient ISHE response during the high-power MW excitation was
amplified by a pre-amplifier (SR570 (Stanford Research Systems)) with the filter
setting of the 100 Hz high-pass filter and a sensitivity of 20uA V', and recorded
using the built-in digitizer of the spectrometer.

Data availability. The data that support the findings of this study are available
from the corresponding author on reasonable request.
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