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Spin dynamicsin antiferromagnets has much shorter timescales thanin
ferromagnets, offering attractive properties for potential applications in ultrafast
devices' . However, spin-current generation via antiferromagnetic resonance and
simultaneous electrical detection by the inverse spin Hall effect in heavy metals have
notyet been explicitly demonstrated* 6. Here we report sub-terahertz spin pumping
in heterostructures of a uniaxial antiferromagnetic Cr,0, crystal and a heavy metal (Pt
or Tainits f phase). At 0.240 terahertz, the antiferromagnetic resonance in Cr,0,
occursatabout 2.7 tesla, which excites only right-handed magnons. In the spin-
canting state, another resonance occurs at10.5 tesla from the precession of induced
magnetic moments. Both resonances generate pure spin currentsin the
heterostructures, which are detected by the heavy metal as peaks or dips in the open-
circuit voltage. The pure-spin-current nature of the electrically detected signals is
unambiguously confirmed by the reversal of the voltage polarity observed under two
conditions: when switching the detector metal from Pt to Ta, reversing the sign of the

spin Hall angle’®, and when flipping the magnetic-field direction, reversing the
magnon chirality*®. The temperature dependence of the electrical signals at both
resonances suggests that the spin current contains both coherent and incoherent
magnon contributions, which s further confirmed by measurements of the spin
Seebeck effect and is well described by a phenomenological theory. These findings
reveal the unique characteristics of magnon excitations in antiferromagnets and their
distinctiverolesin spin—charge conversionin the high-frequency regime.

Owingtotheir terahertz spin dynamics and absence of net magnetiza-
tion, antiferromagnetic (AFM) materials offer unique advantages for
ultrafast and robust spin-based nanoscale device applications® ¢, A
prerequisite for practical AFM-based spintronics is the generation and
electrical detection of pure spin currents. Cheng et al.* and Johansen
etal.’proposed to generate coherent magnonspin currents by inducing
uniform spin precession at the antiferromagnetic resonance (AFMR)
with terahertz radiation. This mechanism works in the collinear AFM
phase atarbitrary magnetic fields (even zero field) below the spin-flop
transition. Ross et al.® detected d.c. voltages at the AFMR in MnF,, but
concluded that the main d.c. voltage was from the microwave rectifi-
cation effect or heating-related thermoelectric electromotive force
(EMF). Clear AFM spin pumping has yet to be experimentally estab-
lished. Here we demonstrate the generation and simultaneous electri-
cal detection of pure spin currents in a uniaxial AFM material, Cr,0;
The former is accomplished by driving the AFM spin precession into
resonance using linearly polarized sub-terahertz radiation. Through
the inverse spin Hall effect (ISHE), the resonantly generated spin cur-
rentis converted into ad.c. voltage.

Cr,0,is a uniaxial AFM insulator with the easy axis along the c axis
of the hexagonal lattice” (Extended Data Fig.1). Because of its relatively

simple spinstructure and accessible AFMR frequency (about 0.165 THz
at 0K) and spin-flop field (6.0 T at 0 K)'®'*, Cr,0, is chosen for this study.
Asshownin Fig. 1a, 0.240-THz continuous microwaves are generated
by asolid-state source and propagate into a corrugated waveguide at
the centre of a12.5-T superconducting magnet. The Cr,0; (1010) slab
ismounted on a piece of sapphire secured on a Teflon stage located at
the exit of the waveguide. Figure 1b depicts the sample structure and
measurement geometry. The sampleis oriented with the caxis parallel
to both the d.c. magnetic field, H,, and the microwave propagation
direction, k. The microwave magnetic-field componenthis keptinthe
sample plane and perpendicular to the caxis of Cr,0,. Similarly to con-
ventional ferromagnetic spin pumping, the AFM spins in Cr,0; are
drivenintoresonance at afixed, but much higher, microwave frequency
by sweeping the d.c. magnetic field. A pure spin currentis theninjected
into the adjacent heavy-metal layer, which in turn produces a charge
currentin Pt, Ta or the Pt-Ta hybrid channel (Methods) through the
ISHE and results in an open-circuit d.c. voltage, V s:. Microwaves
reflected by the sample are detected by a superheterodyne receiver
and recorded as electron magnetic resonance (EMR) signals (Meth-
ods)?**?, Both EMR and electrical voltage signals are simultaneously
measured using the standard lock-in technique.
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Fig.1|AFMspindynamics and pure spin currentinan AFM/heavy-metal
heterostructure. a, Continuous-wave (CW) EMR system (see Methods). A
0.240-THzCW is generated by asolid-state source and polarized by awire-grid
polarizer before entering the waveguide. Thesampleisloadedintoa
continuous-flow cryostat mounted in the room-temperature bore of the
magnet. CWEMR measurements are carried out using source-intensity
modulationwithafrequency of13.037 Hz. Thereflected CWs are measured by
asuperheterodyne detectionsystemusingalocal oscillator (LO) and a
Schottky subharmonic mixer to mix the 0.240-THz signal to10 GHz. Then, a
home-builtintermediate-frequency (IF) stage amplifies and mixes this signal

Figure lcsummarizes the magnetic resonance frequency asafunction
of H,when the magnetic field is applied along the c axis of Cr,05. Below
the spin-flop field of 6.0 T, there are two distinct branches correspond-
ingto the two eigenmodes of the AFM spin-wave excitations or magnons,
namely, right-hand (RH) and left-hand (LH) spin precessions with oppo-
site chiralities™*’®"°, At H, = 0, these two modes are degenerate at w,,/
(2m) =0.165 THz, as shown in Fig. 1d, e (w,, is the magnon angular fre-
quency at zero magnetic field). This is fundamentally different from
ferromagnetic materials, in which the sole magnon modeis RH. Because
these two modes carry equal but opposite angular momenta, +h (h,
reduced Planck constant; ref.*), the net spin angular momentumis zero
ifthey are equally populated. WhenH,is applied along the c axis of Cr,0;,
the degeneracy between RH and LH modes is lifted, and the frequencies
ofthetwobranchesaregivenby®w/y = .| 2HgH, + (Hyat/2)* +Ho(1- a/2),
where y=28 GHz T"is the gyromagnetic ratio, H; and H, are effective
fields of theinter-sublattice exchange interaction and the easy-axis ani-
sotropy, a=Yx,/x_ is the ratio of the magnetic susceptibilities in the paral-
leland perpendicular directions, and the + (-) signrefersto the RH (LH)
mode. At low temperatures, a =~ 0 and w/y = \|2H:H, + Hy, whichiis rep-
resented by the two straight lines in Fig. 1c. In our experiments, the
microwaves are linearly polarized, and the frequencyis held at 0.240 THz
(horizontal dashed line) while H, is swept; therefore, only the RH mode
canbe excited when the upper branchintercepts the horizontal dashed
line. For Cr,0,, the low-temperature resonance field of the RH mode is
estimated tobe about 2.7 T, whichis confirmed by our EMR experiment
(Supplementary Information Note).

2 | Nature | www.nature.com

downtobaseband. The resulting signal is measured in quadrature with a pair of
lock-inamplifiers. PIN, p-i-nswitch. b, Sample structure and spin-current
injection. Two sublattice magnetic moments, m,and m,, are excited into
resonance, and the spin currentJ, with spin polarization o generates the charge
current).inthe heavy-metal (HM) layer. c, Magnetic-resonance frequency asa
function of the magnetic field uoH, (1, magnetic permeability constant)
applied along the caxis of Cr,0;at 0K. Thelabelsd, eand fcorrespond to the
panelsatright.d-f, The eigenmodes of the RHAFMR (d), the LH AFMR (e), and
the QFMR (f), aslabelled in c. 6y and 6, are the spin polarizations associated
with RHand LH chirality, respectively.

As the H, strength reaches the spin-flop field, spins in both sublat-
tices switch abruptly to align nearly perpendicular to H, with a small
inclination?. We observe an EMR feature at the spin-flop transition
(Supplementary Information NoteI). A new resonance mode emerges
above the spin-flop field, as depicted in Fig. 1f. In this mode, the total
magnetic moment m=m, +m, precesses around H, with RH chirality".
This is essentially equivalent to the ferromagnetic resonance mode in
ferromagnets. We call it quasi-ferromagnetic resonance (QFMR) mode
to distinguish it from the ferromagnetic resonance mode of the fully
spin-aligned state, which could only be accessed at extremely high
magnetic fields. The QFMR frequency is given by w/y = .|H3 - 2H¢H, .
For w/(2m) = 0.240 THz, the QFMR is estimated to occur at ~-10.5 T in
Cr,0, (see Supplementary Information Note I for the EMR signal at the
QFMR). By sweeping H,up to 12 T, we can excite both the RH AFMR and
QFMR modesin Cr,0;.

At these resonances, uniformly precessing spins in Cr,0; form a
k=0 magnonreservoir. Similar to ferromagnetic spin pumping, when
themagnonreservoirisincontact with aheavy-metallayersuch asPt,
a pure spin current flows across the interface via magnon-electron
interactions and is consequently converted to an open-circuit d.c.
voltage in Pt due to the ISHE. We observed electrical voltage signals
at both resonance fields identified by EMR signals. To distinguish the
pure-spin-current effect fromother spurious effects, we use Ptand Taas
twoindependent detection channels (Extended DataFig. 2). Because of
the opposite signintheir spin Hallangles”®, the same pure spin current
must produce voltage signals with opposite polaritiesinthe Ptand Ta
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Fig.2|ISHE signals atthe AFMRand the QFMR. a, ¢, Electrical voltages from
the Pt channel (a) and the Ta channel (c) at the AFMR at 5K. b, d, Voltages from
the Pt channel (b) and the Tachannel (d) at the QFMR at 5K. e, f, Voltages
fromthe Pt-Tahybrid channel at the AFMR (e) and the QFMR (f) for both
positive and negative fieldsat 10 K. The ISHE voltage isdominated by the Ta
channel atlow temperatures.

channels. Onthe other hand, any spurious electrical signal generated
by microwave rectification or heating-related thermoelectric EMF may
maintain the same polarity in Pt and Ta. Indeed, sharp voltage features
are unmistakably resolved at 2.7 T in two independent Pt and Ta chan-
nels, asshowninFig.2a, c. Theresonance field corresponds well to the
AFMR field identified by EMR. More importantly, the Pt and Ta chan-
nelsregister opposite AFMR voltages at 5K. At10.5 T, where the QFMR
occurs, the same opposite polarity is observed, as shown in Fig. 2b, d.
The opposite voltage polarity between the Pt and Ta channels at both
the AFMR and the QFMR is a defining characteristic of the resonantly
generated pure spin current. Because the ISHE voltage is proportional
to the resistivity of the detecting channel, providing the same spin-
charge conversion efficiency, and Ta is much more resistive (by more
than a factor of 10) than Pt, we expect a larger voltage response in Ta
(Supplementary Information Note II).

After confirming the opposite voltage polaritiesin theindependent
Ta-only and Pt-only channels, we wire-bond the neighbouring Pt and
Tastrips in series (Extended Data Fig. 2c) to form a single long hybrid
channel. AllPtand Tastrips onthe chip are connected to further enhance
the total voltage signal output. In the following experiments, unless oth-
erwise specified, we adopt this hybrid detector geometry for electrical
detection. To corroborate the pure-spin-current nature of the d.c. volt-
agesignals, wereverse the direction of H, and therefore the spin polari-
zation of the pumped spin current. We observe a completely inverted
voltage signal on the negative-field side (Fig. 2e). The same complete
voltageinversionis observed for the QFMR despite the complicated line
shape (shown in Fig. 2f). We note that heating-related thermoelectric
EMF cannot produce voltage sign reversal when the magnetic field is
reversed. Hence, the observation of the two sign reversals leads us to
unambiguously concludethatthe d.c. voltage in heavy-metal detectors
stems exclusively from pure spin current generated by resonant mag-
non excitations. Furthermore, we confirm that the ISHE voltages have
alinear dependence on the microwave power (Extended Data Fig. 3).
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Fig.3|Temperature dependence of ISHE signals. a, ISHE voltage signal at the
AFMR.b, ISHE voltage signal at the QFMR. ¢, Temperature dependence of the
ISHE peak height AV g, (asindicated ina) at the AFMR (symbols) and the best fit
(line) using equation (S16) in Supplementary Information. d, Temperature
dependence of the ISHE peak height AV, (asindicated inb) and of S,
(symbols): the magnitude of the main symmetric Lorentzian function

(see Supplementary InformationsectionIll). Thered solid lineis the best fit
using equation (S17) in Supplementary Information. The error bars represent
therange of the off-resonance voltage signals. Error barsincand d are smaller
than the symbols.

Amorerigorous examination of the low-temperature behaviours of
the AFMR and QFMR shown in Fig. 2 reveals something counterintuitive.
With the same detecting heavy metal, the ISHE voltage feature at the
AFMR and the main feature at the QFMR have opposite signs, which
contradicts the simple picture of coherent spin pumping. As schemati-
cally illustrated in Fig.1d, f, the RH AFMR and the QFMR eigenmodes
exhibit the same spin polarization; hence, the resulting ISHE voltages
should also have the same polarity for a fixed heavy metal. The appar-
ent contradiction implies that coherent spin pumping is not the sole
mechanism. To better understand the origin of the sign discrepancy,
we perform ISHE voltage measurements over awide range of tempera-
tures. Figure 3ashows a plot of the ISHE voltage at the AFMR for positive
magnetic fields from 5K to 120 K. The voltage signal is negative at low
temperatures and becomes smaller as the temperature is raised. It
crosses zero at about 45 K and stays positive at higher temperatures,
until it finally diminishes ataround 120 K. A similar sign change is also
observed for negative magnetic fields (Extended Data Fig. 4). By con-
trast, the main ISHE peak at the QFMR (Fig. 3b) always stays positive,
and decreases monotonically with increasing temperature until it
finally vanishes above 100 K. We also confirmed the sign-change pat-
tern of the ISHE signals by comparing the Pt-only and Ta-only channels
(Extended DataFig. 5).

After carefully analysing the line shape of the d.c. voltage signals at
the QFMR at all temperatures (Supplementary Information Note ),
we plotted the magnitudes of both the AFMR voltage and the main
QFMR peak voltage (Fig. 3¢, d). The contrast ends at low tempera-
tures. Clearly, the ISHE voltage at both resonances disappears far
below the Néel temperature of the Cr,0; crystal (307 K)'®'°, We note
that the EMR signal at the AFMR is still observable up to 288 K (see
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Fig.4|SSEfromincoherent AFMmagnons. a, b, SSE measurementsin
Cr,0,(1010)/Ta (a) and Cr,0,(1010)/Pt (b) heterostructures. The vertical
temperature gradient VT isgenerated by an on-chip heater. The magnetic field
H,isappliedinplaneand along the caxis. ¢, d, Field dependence of the SSE
signal, normalized to the heating power, at4.6 K,100K,200K and 300K in
Cr,0,/Ta(c) and Cr,0,/Pt (d) heterostructures. e, f, Temperature dependence
ofthe SSE signal, normalized to the heating power, under magnetic fields of
2.7T,5.0T,10.5Tand 12 T in Cr,0,/Ta (e) and Cr,0,/Pt (f) heterostructures.

Supplementary Fig.4), indicating that microwave absorption remains
active at least up to room temperature. Because the ISHE voltage
dependsontheefficiency of the spin-charge conversion, we believe
that the quality of the interface may be responsible for the disappear-
ance of the ISHE signals at a lower temperature than the ordering
temperature of Cr,0;.

The stark contrast between the temperature dependence of the
AFMR-and QFMR-induced spin currents indicates that coherent spin
pumping alone is inadequate to explain these behaviours. The rea-
sons include: (1) no sign change of the dependence of the spin Hall
angle of Pt or Ta on the temperature has ever been reported’®; (2) the
absence of sign change for the QFMR further confirms point (1); (3)
the spin-polarization direction of the resonant mode is fixed and can-
not change with temperature. We propose the following mechanism
to explain this unusual temperature dependence. As illustrated in
Fig. 1c, whereas the coherently driven AFMR selectively excites the
RH mode, thermal excitations of incoherent magnons prefer the LH
mode, which has alower energy. As aresult, thermally driven LH mag-
nons compete with coherent RH magnons. When the contribution
of the former exceeds that of the latter, it causes a sign change of the
total ISHE voltage. Therefore, the sign change strongly suggests rapid
thermalization of coherent magnons into incoherent magnons. This
processresultsinanincreased effective magnon temperature, which
inturnraises the lattice temperature viamagnon-phononscattering.
In fact, we observed a temperature rise at the AFMR by monitoring
theresistance of the Pt-Ta hybrid channel, which serves as a sensitive
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thermometer (Supplementary Information Note IV). A similar mecha-
nism has recently been proposed for ferromagnetic spin pumping,
which can result in resonance-induced heating??.

The increased incoherent magnon population at the resonances
must be accompanied by an additional spin current flowing across
the metal-Cr,0; interface, and consequently an additional ISHE volt-
age of opposite polarity. This process is essentially the same as the
spin Seebeck effect (SSE), inwhich the incoherent magnon diffusionis
drivenbyatemperature gradient. Tobetter understand theincoherent
magnon contribution, we performedindependent SSE measurements
in the same Cr,0,/Ta and Cr,0,/Pt heterostructures, where coherent
magnons were completely eliminated. As illustrated in Fig. 4a, b, we
measured the SSE-induced ISHE voltages by sweeping the magnetic
field along the c axis of the Cr,0; crystal under a vertical temperature
gradient generated by a heater on top of the crystal. Figure 4c, d dis-
plays the field dependence of the SSE signals in Cr,0,/Taand Cr,0,/Pt.
First, thereis alarge SSE signal at low fields. At 6 T-that s, the spin-flop
field—the SSE voltage undergoes an abrupt jump and switches sign. The
signswitchis exactly whatis expected fromthe magnon energy diagram
showninFig.1c. Below the spin-flop transition, the LH-magnon branch
has alower energy, and thus the total thermal magnon population
is dominated by LH magnons at low temperatures. Above the spin-
flop transition, however, the canted state supports only RH magnons;
therefore, the SSE must change sign across the spin-flop transition.
The same behaviour was also observed in heterostructures contain-
ing epitaxial Cr,0; thin films (Extended Data Fig. 6). The SSE signal
in Cr,0,/Ptis simply inverted compared to that in Cr,0,/Ta for the
samereasonasintheresonance data. Our SSE signal is quite different
from what was reported by Seki et al.”>, which might be caused by the
different Cr,0,/heavy-metalinterface properties (as demonstrated in
Extended DataFig.7). The temperature dependences of both samples
are summarized in Fig. 4e, f for magnetic fields below and above the
spin-flop transition and temperatures of up to 310 K. It isinteresting
to note that the incoherent magnon contribution to the ISHE volt-
agein Cr,0;alone does not cause any sign change, which is different
from the behaviours of some ferrimagnets®% (see discussion in Sup-
plementary Information Note V). As the temperature is decreased,
the magnitude of the SSE voltage below the spin-flop field increases
precipitously. This trend is the same as that of the AFMRISHE voltage.
Both can be explained by a decreased equilibrium population of RH
magnons. At the AFMR, as the temperature is lowered, the increased
LH-magnon contribution balances out that of the coherently excited
RH magnons at-45K. In fact, as the temperature is decreased further,
the net LH-magnon population should reach the maximum, and an SSE
voltage peak emerges®. The peak occurs approximately at temperature
T,when k; T, =~ hw,,, where kg is the Boltzmann constant. This overall SSE
characteristic hasbeen observed in other uniaxial AFM materials, such
as MnF,and FeF,”*°. Compared to these two materials, Cr,0, has alower
w,,; hence, the SSE peak should occur atan evenlower 7,,. We note that
the SSE peak was not captured in previous experiments because T, was
outside their temperature range®, but it appears at-2.3Kin our experi-
ment, asshowninFig.4e,f.Inprinciple, the AFMRISHE voltage would
also show a peak if the temperature range extended below T, in our
resonance experiments. The same proposed coherent-to-incoherent
magnon thermalization mechanism should also be applicable for the
QFMR, except that both magnons are RH. Inthe case of the QFMR, the
incoherent magnon contribution should be compared with the SSE
voltage above the spin-flop transition, as is also shown in Fig. 4e, f.

InSupplementary Information Note VI, we describe the temperature
dependence of the ISHE voltages at both the AFMR and the QFMR on the
basis of a proposed coherent-to-incoherent thermalization mechanism
that converts energy from coherent Néel order precessioninto phase-
random thermal magnons. We capture the thermalization process
phenomenologically by atemperature dependent parameter n(7), as
shown in equations (S8) and (S9) in Supplementary Information. We



further assume that (7) scales as T%, with the exponent a obtained
fromfitting the experimental data. The higher the temperatureis, the
fasterincoherent magnons are generated by coherent magnons, which
leads to a reduction of coherent spin pumping. On the other hand,
the scattering between thermal magnons and phonons also becomes
stronger at higher temperatures, which destroys incoherent magnons
and eventually transfers energy into phonons. Meanwhile, the net
magnon spin-current polarization, characterized by §(T) in equation
(S15) in Supplementary Information, also decreases with increasing
T (Extended Data Fig. 8). The combination of these two mechanisms
resultsin a substantial reduction of incoherent spin current at higher
Tvalues. Whereas both coherent and incoherent contributions decay
withincreasing T, theincoherent contribution varies much faster than
the coherent contribution, which explains the crossover in the AFMR
ISHE voltage at about 45 K in our experiments. As shown in Fig. 3¢, d,
our theory fits the experimental data very well.

In the case of the QFMR, coherent and incoherent magnons have
the same chirality, so that they generate spin currents with the same
polarization; thus, there should be no sign change at any temperature.
Similarly to the AFMR case, both contributions decrease withincreasing
T; thus, the total spin current simply exhibits amonotonic decay with T,
which agrees with the experimental datain Fig. 3d. We also notice that
thesituation of the QFMR s similar to what happens in ferromagnetic
spin pumping, where the distinction between coherent and incoherent
contributionsis quite subtle (even controversial)**. In this regard, we
believe that AFM materials provide a unique playground for studying
theinterplay between coherent and incoherent magnons.

In summary, we have demonstrated the generation and electrical
detection of pure spin currents pumped by resonancesin uniaxial AFM
Cr,0; using sub-terahertz radiation, and have unequivocally confirmed
the ISHE nature of the voltage signals. The intriguing temperature
dependences of the ISHE voltages at both the AFMR and the QFMR
suggest that coherent and incoherent magnons contribute to the spin
current, with the latter dominating at low temperatures. Our experi-
mental findings set the stage for further exploring spin currentsin the
emerging field of AFM spintronics.
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Methods

Characterization of Cr,05(1010) crystal

Cr,0; is atypical uniaxial antiferromagnet with a hexagonal crystal
structure and with its magnetic easy axis along the c axis (Extended
Data Fig. 1a). A Cr,0, (1010) single-crystal slab with an in-plane easy
axis (c axis) and dimensions of 5 x 5 x1 mm?® was purchased from Sur-
faceNet GmbH. X-ray diffraction patterns are acquired with an Empy-
rean X-ray diffractometer with a Cu Ka radiation source. The clear
(3030) Bragg peak at a diffraction angle of 26 ~ 66° (Extended Data
Fig. 1b) confirms the (1010) orientation of the crystal. The absence of
other peaks over a broad range of 26 (inset of Extended Data Fig. 1b)
suggests the phase purity of the crystal. Tapping-mode atomic force
microscopy (Bruker Dimension, Model 5000) characterization
(Extended Data Fig. 1c) is performed on the polished surface of the
Cr,0,(1010)crystal. The root-mean-square roughness overalpmx1pum
areais less than 0.1 nm. A clean and smooth interface is crucial for
observing the spin-pumping signal in our experiments.

EMR measurement

Continuous-wave (CW) EMR measurements are performed onahome-
built CW EMR spectrometer at the Institute for Terahertz Science and
Technology of the University of California, Santa Barbara. Asolid-state
source, which multiplies the frequency of a15-GHz synthesizer by a
factor of 16 to achieve an output frequency of 0.240 THz, produces a
CW power of 55mW (Virginia Diodes). The incident microwave power
is controlled by voltage-controlled attenuation of the sourceand by a
pair of wire-grid polarizers. The sample is secured on asapphire piece
and mounted on a Teflon stage located at the exit of an overmoded
waveguide (Thomas Keating). The reflected EMR signal is measured in
induction mode, where superheterodyne detectionis achieved using
aSchottky subharmonic mixer (Virginia Diodes) to mix the 0.240-THz
signal down to 10 GHz. A home-made intermediate-frequency stage
then amplifies and mixes this 10-GHz signal down to baseband. We
modulate the CW source intensity with a frequency of 13.037 Hz, and
the reflected signal is measured in quadrature with a pair of lock-in
amplifiers (Stanford Research System SR830).

Measurement geometry of AFM spin pumping

In our AFM spin-pumping experiments, the sample is secured on a
sapphire piece and mounted on a Teflon stage at the exit of the wave-
guide. The caxis of the Cr,0,(1010) crystal, the propagation direction
0f 0.240-THz microwaves and the external magnetic fields are all along
the same direction.

Forelectrical detection, we pattern eight Pt strips and eight Ta strips
alternately on the polished surface of the Cr,0,(1010) crystal perpen-
dicular to the c axis of Cr,0,. All parallel strips have the same lateral
dimensions of 50 um x 3.5 mm and a thickness of 5 nm. Each of the
independent strips produces an EMF like a battery owing to the ISHE
during the spin-pumping experiments, but the ISHE voltages from the
Pt and Ta strips have opposite polarities owing to their opposite spin
Hallangles. To maximize the ISHE signals, we connect these individual
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‘batteries’ in series—that is, positive terminal to negative terminal—to
produce a large sum signal. As depicted in Extended Data Fig. 2, we
have three detection geometries to probe the ISHE signals, from Pt-
only, Ta-only and Pt-Ta hybrid channels. By using multiple strips in
eachgeometry, the ISHE voltage can be effectively multiplied. In addi-
tion, asignal preamplifier (SR560) is used to amplify the voltage signals,
and the gainis set to 5,000 in all voltage measurements.

SSE measurements

To form the Cr,0,/Pt(Ta) heterostructures for the SSE measurements,
5-nm-thick Pt(Ta) is directly deposited on top of the Cr,0,(1010)crys-
tal by magnetron sputtering and patterned into a Hall bar with dimen-
sions of 200 pm x 2,740 pum perpendicular to the c axis. Then, an
80-nm-thick Al,O;insulating layer is deposited by atomic layer depo-
sition, followed by Cr(45 nm)/Au(5 nm) films covering the Hall bar
channel area as a heater. In the SSE experiment, an a.c. current is
applied to the Cr/Au heater to generate a vertical temperature gradi-
entacross theinterface, and the double-frequency voltage response
along the Pt(Ta) Hall bar channel is recorded as the spin Seebeck sig-
nal V¢ using the standard lock-in technique. The frequency of the a.c.
current is set at 13 Hz. An external magnetic field is applied in plane
along the easy axis of the Cr,0; (that is, [0001]) or the c axis during
the SSE measurements. We normalize the SSE voltages by the heating
power to draw meaningful comparisons among different measurement
conditions.

Data availability

The datathat support the plots within this paper and other findings of
this study are available from the corresponding author upon reason-
able request.
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Extended DataFig.1|Crystal structure and surface morphology single crystal. The inset shows the X-ray diffraction results of Cr,0,(1010)overa
characterization. a, Crystal structure of Cr,0,. The symbols and arrows wide 20 range. ¢, Atomic-force microscopy image of the polished surface of the
indicate the Cratoms and the spins associated with them, respectively. The Cr,0,(1010)single crystal.

coloured planeis the (1010) plane. b, X-ray diffraction results of the Cr,0, (1010)
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Extended DataFig.2|Measurement geometry of sub-terahertzspin- ends of the strips. Hy is an external magnetic field; hand k are the magnetic
pumping experiments. a, Pt channel only: only Pt strips are wire-bonded in componentand wavevector of the 0.240-THz microwaves, respectively. Vg is
series.b, Tachannelonly: only Tastrips are wire-bonded inseries. c, Pt-Ta the open-circuit voltage. The white arrows denote the c axis of Cr,0, (1010).

hybrid channel.Ina-c, blacklinesindicate conductive wires that connect the
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Extended DataFig. 4 | ISHE signal at the AFMR under negative external
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b, Temperature dependence of the magnitude of the ISHE signal under positive
and negative magnetic fields. Inset, ISHE signal above 30 K.
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Extended DataFig. 5| ISHE signal from Pt- and Ta-only channels at 60 K.
a,ISHE signal at the AFMR for Pt (top) and Ta (bottom) channels. b, ISHE signal
atthe QFMR for Pt (top) and Ta (bottom) channels. The red curves are
smoothed ISHE signals. At the AFMR, the ISHE signals of the Pt and Ta channels
at 60 Khave opposite signs to thatat SK (Fig.2a for Ptand Fig. 2c for Ta). By
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contrast, the ISHE signal for Pt and Ta at the QFMR maintains the same sign
between 60K and 5K (Fig. 2b for Pt and Fig. 2d for Ta), whichisexpected
because both coherentand incoherent magnons have the same chirality in the
QFMR mode. Atand above 60K, the QFMR voltage signal shows asingle
Lorentzian peak with aslightly larger linewidth than that of the AFMR peak.
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Extended DataFig. 6 | SSEsignal at 9.9 K in Cr,0, (100 nm)/Ptand
Cr,0,(100 nm)/Taheterostructures. a, Cr,0, (100 nm)/Pt heterostructure.
b, Cr,05(100 nm)/Ta heterostructure. The Cr,0,is a (1120)-oriented epitaxial
thin film deposited on an Al,0, (1120) substrate. The magnetic field is applied
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along the caxis of Cr,0,. The SSE signal changes sign across the spin-flop
transition, which further confirms that LH magnons (dominating the SSE below
thespin-flop transition) and RH magnons (dominating the SSE above the spin-
flop transition) carry opposite angular momenta.
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Extended DataFig.7|SSE signalin bulk Cr,0,(1010)/Pt.a, b, Resultsare
shown for bulk Cr,0,(1010)/Pt with untreated (a) and etched (b) interfaces. For
the untreated sample, we anneal the crystalinairat 600 °C for 2 husing a tube
furnace before the deposition of the Pt layer. For the etched sample, we first
bombard the surface of the Cr,0; crystal withargonionsusinginductively
coupled plasma, and thenannealitinairat 600 °C for 2 husinga tube furnace
before we deposit the Pt layer. The etching process does not affect the sign of
the SSE signal above the spin-flop transition; however, it changesits sign below
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the spin-flop transition. A possible reasonis that the etching process may
produce some uncompensated magnetic moments at the interface owing to
thedifferent sputteringyields of Crand O atoms, and these uncompensated
magnetic moments also contribute to the SSE signal by modifying the
interfacial spin-mixing conductance or directly generating additional spin
current.Inaddition, the etched sample generates amuch lower SSE signal than
the untreated sample under the same measurement conditions.
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Extended DataFig. 8 | Schematicillustration of device used for theoretical
modelling and numerical results of (7). a, Schematic device geometry used
tosolve the spindiffusion equation of non-equilibriumincoherent magnons
(equation (S9) in Supplementary Information). The bilayer structure is
represented by an AFM layer and anon-magnetic (NM) metal layer of thickness
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dand dy, respectively. b, Numerical plot and fittings of £(T). Black dots are
numerical calculations based on equation (S13) in Supplementary Information.
Red and blue dashed lines are power-law fittings for 7>2.3Kand T<2.3K,
respectively.
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