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Electron-mediated spin torque provides a fast and efficient method to manipulate magnetization; how-
ever, electron motion inevitably brings about the generation of Joule heat and corresponding power
consumption. Magnon-mediated spin torque, without involving moving electrons, could circumvent
the energy dissipation issue. In this work, we fabricate a sandwich structure of topological insula-
tor/antiferromagnetic insulator/ferromagnet with perpendicular magnetic anisotropy. We find that the
magnon current with spin angular momentum can traverse a 25-nm-thick antiferromagnetic NiO layer
and effectively switch the perpendicular magnetization of Co-Fe-B at room temperature with a critical
switching current density of 4.1 × 106 A/cm2. The magnon torque efficiency is characterized using spin-
torque ferromagnetic resonance measurements to be 0.33 with a magnon diffusion length of 26.6 nm. Our
work paves the way for manipulating perpendicular magnetization via magnon torques, facilitating the
exploration of magnon-based spintronics with low power consumption.
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I. INTRODUCTION

Spin-orbit torque (SOT) plays a pivotal role in spin-
tronic devices because it provides an efficient and fast
method to manipulate the magnetization of a ferromag-
net [1–4]. In a SOT structure, the charge current flows
in the spin source layer and generates a spin current due
to spin-orbit interaction [5,6]. The spin current exerts
torques on the adjacent ferromagnetic layer and enables
the switching of the magnetization. Spin-orbit-torque-
induced magnetization switching has been extensively
studied because of its potential application in memory,
logic, high-frequency devices, and neuromorphic com-
puting [7–13]. However, electron-mediated spin torque,
which involves moving charges, results in inevitable
Joule heating and corresponding energy dissipation [4].
The issue can be circumvented by magnon-mediated
spin torque involving magnon currents, where the spin
angular momentum is carried by spin waves instead of
moving electrons [14]. Therefore, magnon currents may
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enable Joule-heating-free transfer of spin angular momen-
tums [15]. Moreover, magnon currents have a number
of advantages compared with electron currents, such as
their long diffusion length [16–18] and ultrafast propaga-
tion velocity [19]. Previously, antiferromagnetic magnon-
driven switching was demonstrated based on a trilayer
of topological insulator Bi2Se3/antiferromagnetic insula-
tor NiO/ferromagnetic Ni-Fe [14]. However, Ni-Fe has a
small in-plane anisotropy and can be easily influenced by
external magnetic field disturbances, which significantly
reduces the magnetic immunity of the device. Moreover,
for high-density and fast-speed information storage, the
switching of perpendicular magnetic anisotropy (PMA) is
highly desirable, but technically challenging provided that
constructing a PMA layer on top of such a magnon source
layer is nontrivial. Very recently, magnon-mediated PMA
switching was reported in all-oxide SrRuO3/NiO/SrIrO3
heterostructures at 60 K [20]. For practical applica-
tion, room-temperature magnon-driven PMA switching is
highly desirable.

In this work, we demonstrate antiferromagnetic magnon
current-driven switching at room temperature in a sand-
wich heterostructure of Bi2Te3/NiO/Co-Fe-B, where the
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ferromagnet Co-Fe-B exhibits PMA. The critical current
density to switch the PMA is 4.1 × 106 A/cm2, lower than
or comparable to that for conventional electron-mediated
systems [3,4,21–26]. Moreover, the magnon torque effi-
ciency is determined to be 0.33 with a magnon diffu-
sion length of 26.6 nm from spin-torque ferromagnetic
resonance (ST-FMR) measurements.

II. RESULTS AND DISCUSSION

The experimental details are listed in the Sup-
plemental Material [27]. We first use the ST-FMR
technique [28,29] to quantify the magnon-mediated
torque of Bi2Te3(8)/NiO(d)/Ni81Fe19(6)/SiO2(2)/Ta(1.5)
[Bi2Te3(8 nm)/NiO(d)/Py, numbers in parentheses are in

nanometers] samples, where NiO/Ni81Fe19/SiO2/Ta is
deposited in a magnetron sputtering chamber. The thick-
ness of Bi2Te3 is chosen to be 8 nm, because Bi2Te3
exhibits the highest spin torque efficiency θST at this thick-
ness (Fig. S7 within the Supplemental Material [27]).
The Py layer shows in-plane magnetic anisotropy, which
is required for ST-FMR [28,29]. Figure 1(a) depicts a
schematic diagram of the ST-FMR setup with the film
stack structure. An in-plane radio-frequency current I rf
with frequencies f ranging from 7 to 12 GHz is applied
along the x axis using a signal generator. The oscillating
spin currents, which mainly originate from topological sur-
face states [30–32], are generated in the Bi2Te3 layer and
converted into a magnon current through the interfacial
exchange interaction between Bi2Te3/NiO. The magnon

(a)

(b) (c)

FIG. 1. ST-FMR spectra from Bi2Te3/NiO(d)/Py. (a) Schematic diagram of the layer structure (left) and the measurement circuit
connected to a ST-FMR device (right). (b) Typical ST-FMR signal of the Bi2Te3(8 nm)/NiO(25 nm)/Py device measured at 9 GHz.
The solid lines are fits that show the symmetry (VSFS) (purple) and antisymmetry (VAFA) (green) Lorentzian contributions. (c) The
spin torque efficiency θST, the terahertz emission amplitude, and the coercivity μ0Hc of Py (inset) versus NiO thickness d. The red line
is an exponential decay fitting of θST.
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currents pass through the NiO layer and exert oscillating
magnon torques on the top Py layer including both the
dampinglike torque γ τDL (m × σ × m) and the fieldlike
torque γ τ FL (m × σ ), where m and σ are the unit vec-
tors of the magnetization of Py and the induced magnon
spin polarization from the NiO layer, respectively, and τDL
and τ FL are the dampinglike and fieldlike effective field
induced by magnon or spin currents. Current I rf also exerts
an Oersted field torque −γ (m × HOe) on the Py layer.
These torques, which can be decomposed into the out-of-
plane oriented torque τ⊥ and in-plane oriented torque τ ‖,
drive the magnetization of the Py layer away from equilib-
rium and into precession, thereby changing the anisotropic
magnetoresistance of the Py layer. Consequently, the mix-
ing of the change of the device resistance with I rf gives rise
to a dc voltage, which is measured as the ST-FMR signal
Vmix by a lock-in amplifier (see Supplemental Material [27]
for derivation of the ST-FMR mixing voltage). It is note-
worthy that the propagation of I rf along the Py layer has no
impact on the results of the ST-FMR due to the absence of
net torques in Py itself [28].

Figure 1(b) shows the typical ST-FMR signals from the
Bi2Te3(8 nm)/NiO(25 nm)/Py sample measured at 9 GHz.
The ST-FMR signal Vmix can be decomposed into two
parts, Vmix= VSFS + VAFA, where VSFS is the symmet-
ric component contributed by the dampinglike torque and
VAFA is the antisymmetric component originating from the
fieldlike torque as well as the Oersted-field-induced torque.
The symmetric component indicates that the Py magnetiza-
tion experiences a sizable dampinglike torque induced by
magnon currents. It is noted that the amplitude of the sym-
metric component is not identical when the external field
reverses. This is because the small out-of-plane component
of the external field generates in-plane torque that con-
tributes to the symmetric signal. This contribution can be
excluded by averaging the amplitude of symmetric signals.
Because the topological surface state may also contribute
to the antisymmetric component of the ST-FMR signal,
the ratio method for deriving the spin torque efficiency,
which assumes that the antisymmetric component arises
only from the Oersted-field-induced torque, might not be
accurate for our system [14,30–32]. Therefore, we use only
the symmetric component to evaluate the magnon torque
efficiency θST based on

VSFS = − Irfγ cos ϕ

4
dR
dϕ

τDL
1
�

FS, (1)

σs = 2e
�

τDLMstPy

E
, (2)

θST = σs

σ
, (3)

where γ is the gyromagnetic ratio, ϕ = 40° is the exter-
nal field direction with respect to the current I rf direc-
tion, dR/dϕ is the angle-dependent magnetoresistance at

ϕ, �= 0.5γα(2μ0H ext+ μ0M eff) is the linewidth of the
ST-FMR signal in the frequency spectrum, where α and
M eff are the damping constant and effective magnetiza-
tion of Py, respectively, μ0 is the vacuum permeability,
σ s is the spin Hall conductivity of spin source, Ms is the
saturation magnetization of Py, which is determined to
be 6.8 × 105 A/m using vibrating sample magnetometry
(VSM), tPy= 6 nm is the thickness of Py, σ is the electric
conductivity of the spin source, and E is the microwave
field applied to the device. From Eq. (1), we can obtain the
dampinglike effective field τDL exerted on the Py magne-
tization, which is 7.6 × 10−3 mT. The microwave field E
can be calculated by E = jss/σ , where jss is the microwave
current density in the spin source (see Supplemental Mate-
rial [27] for calculation of the microwave current density in
Bi2Te3 and Py layers). Based on the calculated E and τDL,
we determine θST of the Bi2Te3(8 nm)/NiO(25 nm)/Py
sample to be 0.33, comparable to or larger than that of
electron-mediated spin torques [3,4,21–26].

Figure 1(c) summarizes the d dependence of θST in
Bi2Te3(8 nm)/NiO(d)/Py samples. The curve shows a typ-
ical antiferromagnetic-magnon-related behavior: a sharp
decrease up to 3 nm, followed by a gradual increase,
reaching a peak value as the NiO layer becomes thicker
(d ∼ 25 nm) [14,19]. The sudden decrease of θST is
ascribed to the blocking of the electron-mediated spin cur-
rents by the nonmagnetic NiO layer. This is evidenced by
the lack of visible enhancement in the coercivity of the Py
layer, as shown in the inset of Fig. 1(c) (see Fig. S9 within
the Supplemental Material [27] for the hysteresis loops of
Bi2Te3/NiO(d)/Py samples). With further increase of d,
the coercivity of the Py layer gradually increases, indi-
cating the formation of the antiferromagnetic ordering in
the NiO layer [33], which is important for magnon trans-
ports in NiO [34,35]. Consequently, θST increases due to
the enhanced contribution of antiferromagnetic magnons
and reaches a peak value at d = 25 nm. The exponential
decay of θST for d > 25 nm is due to the dominant spin
angular momentum loss of antiferromagnetic magnons due
to magnon-phonon relaxation [35]. By fitting the ST-FMR
results of d ≥ 25 nm using an exponential decay function
θST= θ0 exp(−(d − d0)/lm), where lm indicates the magnon
diffusion length, the magnon diffusion length is determined
to be 26.6 nm, which is comparable to a previous result
with the Bi2Se3 underlayer [14]. In order to confirm the
NiO thickness d dependence, we perform terahertz emis-
sion measurements, where the spin-to-charge conversion
is characterized by the terahertz emission amplitude [36]
on Bi2Te3(6 nm)/NiO(d)/Ni81Fe19(3 nm)/SiO2(3 nm) sam-
ples. The terahertz emission amplitude reveals a trend
similar to that of θST, which verifies the observation of
magnon torques.

We subsequently utilize magnon torques for efficient
switching of a ferromagnetic layer with PMA. A film
of Ti(2 nm)/Co20Fe60B20(0.9 nm)/MgO(2 nm)/Ta(1.5 nm)
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(a) (b)

FIG. 2. Schematic of magnon-mediated spin-torque switching and sample characterization. (a) Schematic of magnon-induced
switching of Co-Fe-B layer. The Co-Fe-B layer exhibits PMA. (b) High-resolution cross-sectional transmission electron microscopy
image of Bi2Te3(8 nm)/NiO(25 nm)/Co-Fe-B, where the interfaces are indicated by the white dashed lines.

(Co-Fe-B) is deposited on top of Bi2Te3(8 nm)/NiO(25 nm)
using magnetron sputtering. Here, we choose Ti as a buffer
layer for the following two reasons. First, it has a negligi-
ble spin Hall angle and long spin diffusion length [23,37].

Second, the Ti buffer layer can promote the formation
of Co20Fe60B20 perpendicular magnetization [37]. The
saturation magnetization of Co20Fe60B20 is measured to
be 5.7 × 105 A/m by VSM. In the Bi2Te3/NiO/Co-Fe-B

(a)

(c)

(b)

FIG. 3. Magnon-induced magnetization switching in the Bi2Te3(8 nm)/NiO(25 nm)/Co-Fe-B sample. (a) Anomalous Hall curve
measured by sweeping the magnetic field (µ0H ) along the z direction. (b) Magnon-induced spin-torque switching under in-plane
magnetic fields µ0Hx of −10, 0, and 10 mT. (c) µ0Hx dependence of critical switching current density JC.
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structure, an electric current in the surface of Bi2Te3 is
spin polarized and generates nonequilibrium spin accumu-
lation, whose direction is perpendicular to the electric cur-
rent and parallel to the surface due to the spin-momentum
locking effect. The nonequilibrium electron spin current
in Bi2Te3 can convert into a magnon current in NiO
through the interfacial exchange interaction. The magnon
current then subsequently diffuses inside the NiO layer
and exerts magnon torques on the top Co-Fe-B layer. The
magnon torques drive the switching of the Co-Fe-B layer,
as schematically shown in Fig. 2(a). Figure 2(b) shows
a high-resolution transmission electron microscopy image
of a typical Bi2Te3(8 nm)/NiO(25 nm)/Co-Fe-B sample.
Clear and well-defined interfaces (marked by a dotted line)
are observed not only at the Bi2Te3/NiO interface but also
at the NiO/Co-Fe-B interface. The high-quality interfaces
play an important role in the generation and propagation of
magnon currents [38].

The film of Bi2Te3(8 nm)/NiO(25 nm)/Co-Fe-B is pat-
terned into Hall bar devices with a width of 10 μm and
a length of 20 μm. The PMA of the Co-Fe-B layer is

confirmed by the square-shaped anomalous Hall loop in
Fig. 3(a). We note that no exchange bias is observed, which
may result from the isolation of NiO and Co-Fe-B layer
using Ti. To measure the magnon-induced magnetization
switching, we inject a dc current pulse with 100-μs pulse
width and different amplitudes to the Hall bar devices and
probe the Hall voltage using a small dc current of 0.1 mA
after each current pulse, under varying in-plane magnetic
fields.

As shown in Fig. 3(b), a clear switching window is
observed with an external field applied along the dc current
pulse direction to break the symmetry, which indicates that
the Co-Fe-B layer can be switched by magnon-mediated
spin torques. The critical switching current density JC
in Bi2Te3 is 4.1 × 106 A/cm2 (calculated by considering
the parallel resistance model; see the Supplemental Mate-
rial [27] for calculation of the current density in Bi2Te3
and PMA layers), smaller than or comparable to those of
electron-mediated spin torques [3,4,21–26]. The switch-
ing is clockwise for a positive in-plane external field of
10 mT and anticlockwise for a negative external field of

(a)
(b)

(c)

(d)

FIG. 4. Magnon-mediated spin-torque switching captured by MOKE. (a) Schematic of Co-Fe-B magnetic dot on top of Bi2Te3/NiO.
(b) Hysteresis loop (µ0H–M ) measured by applying the magnetic field along the z direction. (c) MOKE images of switching the
magnetization of Co-Fe-B magnetic dot by applying a pulse current along the x axis and with an external field of µ0Hx = 10 mT along
the x direction. (d) MOKE images of Co-Fe-B magnetization switching with a current pulse along the x axis and µ0Hx =−10 mT.
Black and white contrasts indicate the magnetization pointing up (+M ) and down (−M ), respectively.
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−10 mT, which is similar to typical spin-torque-induced
PMA switching behavior [2]. The switching loop is absent
without the assisted external field, which indicates that
magnon-torque-induced switching also requires an exter-
nal magnetic field to break the symmetry [1,2]. Figure 3(c)
shows the switching phase diagram, in which the critical
current density slightly decreases with increasing external
field. This behavior is similar to the case of electron-
mediated switching [2]. We also carry out SOT switching
measurements on Bi2Te3/Co-Fe-B samples, which show
behavior similar to that of Bi2Te3/NiO/Co-Fe-B (Fig. S10
within the Supplemental Material [27]).

In order to further demonstrate the magnon-torque-
induced switching and exclude the possible influence from
current shunting into Ti/Co-Fe-B layers, the Co-Fe-B
layer is patterned into magnetic dots with a radius of 5 μm
in the center of a Hall bar cross as shown in Fig. 4(a).
Polar magneto-optical Kerr effect (MOKE) microscopy is
utilized to measure the Co-Fe-B switching. Before carry-
ing out the switching measurement, we first measure the
magnetic field µ0H dependence of the magnetization M to
verify the PMA of the Co-Fe-B dot. As shown in Fig. 4(b),
the square-shaped hysteresis loop demonstrates the reten-
tion of PMA after dot patterning. Figures 4(c) and 4(d)
show the switching measurement results. We first initialize
the magnetization of Co-Fe-B in the +z direction and sub-
tract the background. Next, when a fixed magnetic field of
10 mT is applied along the +x direction to break the sym-
metry, the contrast of the Co-Fe-B dot turns white upon
injecting an electrical current pulse with a current density
of 5.7 × 106 A/cm2 and a pulse width of 100 μs along the
same direction, consistent with the switching of Co-Fe-B
magnetization from the +z to −z direction. To enhance the
contrast, we then subtract the background again and apply
a current pulse of 6.2 × 106 A/cm2 to the −x direction.
This results in the contrast of the Co-Fe-B dot changing
from white to black, indicating the down to up switching
of the Co-Fe-B magnetization. The switching polarity is
inverted on reversing the direction of the in-plane magnetic
field, as shown in Fig. 4(d), and the Co-Fe-B magnetization
favors pointing up (down) for positive (negative) current,
which is consistent with the switching measurement results
in Fig. 3(b). The imaged switching of the Co-Fe-B mag-
netic dots unambiguously demonstrates that the magnon-
mediated spin torque can switch the electrically isolated
Co-Fe-B dot with PMA.

III. CONCLUSION

We experimentally realize magnon-torque-driven
switching of a ferromagnetic layer with PMA at room
temperature. The critical switching current density using
magnon torque is found to be as low as 4.1 × 106 A/cm2

and the corresponding magnon torque efficiency is deter-
mined to be 0.33 with a magnon diffusion length of

26.6 nm. Finally, MOKE measurements exclude the possi-
bility of artifacts contributed from buffer layers and show
the magnon current can switch Co-Fe-B with PMA. We
note that the magnon torques are excited by injecting elec-
tric current into the Bi2Te3 layer. However, we expect that
our work will trigger pure magnon-driven magnetization
switching without involving electric currents in the future.
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