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Magnons, as key carriers of spin angular momentum, enable spin transport without charge movement in magnetic in-
sulators, thereby greatly reducing Joule heating in spintronic devices. Magnon-mediated spin torque (i.e., magnon torque)
provides an alternative approach for efficient magnetization manipulation. However, magnon transmission through anti-
ferromagnetic insulators still suffers from notable propagation losses, limiting the efficiency of magnon torque. Here, we
fabricate high-quality epitaxial a-Fe, O3 thin films by magnetron sputtering that exhibit strong antiferromagnetic ordering,
and successfully demonstrate highly efficient magnon transport and magnon torque in Pt/a-Fe;O3/NiFe devices at room
temperature. It is observed that magnons propagate through a 20-nm-thick ¢-Fe,O3 layer with a significantly enhanced
transmission efficiency of 75%, about 2.5 times higher than that in previously reported NiO-based magnonic devices.
Consequently, a pronounced magnon torque is exerted on the adjacent ferromagnetic layer. Our work demonstrates that
a-Fe; O3 is a promising antiferromagnetic material for efficient magnon channels, advancing the study of energy-efficient,

high-speed magnonic devices.

Keywords: o-Fe;03, spin-torque ferromagnetic resonance, magnon torque, efficient magnon transport
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1. Introduction

Magnons, the quanta of spin waves, exhibit the advan-
tages of dissipation-free and low-damping transfer of spin in-
formation over micrometer or even millimeter-long distances
in magnetic insulators without electron motion.!'* Moreover,
magnons exhibit an inherent dynamic frequency as high as
terahertz. !> Therefore, magnon-based devices have great po-
tential for low-power, high-speed signal processing and infor-
mation storage, overcoming the heating and low-frequency is-
sues in traditional electronic devices.!!37]

The realization of practical magnonic devices funda-
mentally requires efficient and controllable generation, trans-
mission, and detection (or storage) of magnon signals.>>7]
Recent theoretical advances have highlighted the profound
influence of symmetry and lattice structure on magnon
transport, as revealed in studies of antiferromagnetic topo-
logical insulators® and higher-order topological states in
altermagnets.!”) Additionally, magnon-magnon interactions
have been shown to significantly regulate topological phase

TThese authors contributed equally to this work.
fCorresponding author. E-mail: yiwang@dlut.edu.cn

CSTR: 32038.14.CPB.ae48c1

transitions./!'% Previous studies have extensively focused on

(11-15] and magnon transport in devices in-

magnon excitation
corporating polycrystalline thin films of antiferromagnetic in-
sulators, such as NiO, CoO, and Cr,05.[10-191 Meanwhile, the
magnon torque effect has been widely investigated based on

20-26] enabling energy-

the antiferromagnetic insulator NiO,!
efficient magnetization control and robust magnon informa-
tion readout in integrated magnonic circuits.

However, the efficiency of magnon transport in current
devices remains insufficient. NiO thin films generally pos-
sess a relatively low Néel temperature and often exhibit para-
magnetic behavior at room temperature. Even below the
Néel temperature, the presence of up to twelve magnetic do-
main types in NiO[?”l leads to complex multi-domain con-
figurations, which hinder efficient magnon transport. More-
over, NiO thin films are typically polycrystalline and contain
more defects and grain boundaries than single-crystal mate-
rials. These structural defects make magnons more suscepti-

ble to scattering during transport,[?8 thereby shortening their
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mean free path and further degrading magnon transmission ef-
ficiency.

In contrast, &-Fe,O3 (hematite) is a promising antiferro-
magnetic material with a Néel temperature well above room
temperature (848 K),!?°! allowing its thin films to maintain
antiferromagnetic order at room temperature. Furthermore, o-
Fe, 03 has simpler magnetic domain configurations than NiO,
with only three possible magnetic domain types*°! at room
temperature. High-quality epitaxial «-Fe,Os3 thin films are
also more readily achievable than their NiO counterparts. It is
therefore compelling to ask whether ¢-Fe,O3 thin films can
exhibit higher magnon transmission efficiency and stronger
magnon torque effect. These questions have remained unex-
plored to date.

In this work, we address the aforementioned questions by
investigating magnon transport and the magnon torque effect
in high-quality epitaxial a-Fe,O3 thin films. We, for the first
time, demonstrate magnon torque in -Fe,Osz-ferromagnetic
heterostructures and observe a significant enhancement of
magnon transmission efficiency. The value is quantitatively
determined to be 75%, substantially exceeding the typical effi-
ciency of ~ 30% reported for commonly used NiO. Our find-
ings establish a-Fe, O3 as a superior material platform for ex-
ploring room-temperature magnonic devices.

2. Experimental details

2.1. Preparation and characterization of «-Fe;O3 thin
films

The a-Fe, O3 thin films are epitaxially grown on sapphire
(a-Al,O3) substrates using a radio-frequency magnetron sput-
tering technique. A high-purity (99.99%) Fe, O3 target (3 mm
thick, 50.8 mm in diameter) is used for deposition. Before
sputtering, the vacuum chamber is evacuated to a base pres-
sure below 5x10~° Pa. During deposition, the substrate tem-
perature is maintained at 600 °C, and the sputtering power is
fixed at 120 W. The chamber is filled with a mixture of Ar and
O, at a constant working pressure of 2 mTorr, with the Ar/O,
flow ratio systematically varied from 19.4:0.6 to 17:3.

The structural properties of the films are characterized us-
ing x-ray diffraction (XRD). Surface morphology and rough-
ness are analyzed by atomic force microscopy (AFM), while
transmission electron microscopy (TEM) is employed to ex-
amine the microstructure. Magnetic properties are measured
using a vibrating sample magnetometer (VSM) within the
physical property measurement system (PPMS).

2.2. Preparation and characterization of Pt/a-Fe;O3 het-
erostructures
A Ptlayer is first deposited on the sapphire substrate using
radio-frequency magnetron sputtering at 600 °C. The working
pressure is kept at 2 mTorr, and the applied power on the target

is fixed at 40 W. Subsequently, an o-Fe,Os thin film is grown
on the Pt layer with an optimized Ar/O, flow ratio of 19.2:0.8.
The crystal structure and film quality of the heterostructures
are analyzed by XRD and Raman spectroscopy. TEM is also
used to examine the epitaxial properties and atomic-scale in-
terface.

2.3. ST-FMR measurements

Spin-torque ferromagnetic resonance (ST-FMR) mea-
surement is a common method used to measure spin—orbit
torque (SOT) in heavy-metal/ferromagnet bilayer structures.
Pt (6 nm)/ot-Fe> O3 (f¢—Fe,04)/NiFe (6 nm)/SiO; devices with
different a-Fe,O3 thicknesses (0—50 nm) are fabricated us-
ing photolithography and Ar-ion etching techniques. A radio-
frequency current is applied to generate spin currents at the
Pt/a-Fe O3 interface, which subsequently induce magnon
currents in the a-Fe;O3 layer. The resulting ST-FMR signals
are detected using a lock-in amplifier to quantify the magnon
torque.

3. Results and discussion

By optimizing the deposition conditions, the optimal gas
flow ratio for a-Fe,O3 film growth was determined to be
Ar:0; =19.2:0.8. Detailed growth optimization and TEM
image of an a-Fe,0j3 film are provided in the supplemental
material S1. The surface morphology of the film was char-
acterized using AFM. As shown in Fig. 1(a), the measured
root-mean-square (RMS) roughness is ~ 0.467 nm, indicating
a smooth and uniform surface. Such low roughness benefits
heterostructure construction and magnon transport measure-
ments.

The Morin phase transition is clearly observed in our o-
Fe,;O3 films. First, we cool the film from 300 K to 150 K
without applying a magnetic field. Then, a constant external
magnetic field of 5 kOe is applied in the film plane during the
magnetization measurement as the temperature increases from
150 K to 350 K with an increment of 5 K. The temperature-
dependent magnetization curve is shown in Fig. 1(b). The
magnetization begins to rise around ~ 235 K, followed by an
abrupt increase as the film continues to heat up. The maximum
slope of the change in magnetization is identified as a peak in
the temperature-dependent dM/dT curve, located at ~ 250 K.
This sudden change in magnetization corresponds to the Morin

[31-33] Therefore, this result

phase transition of ¢-Fe,O3 film.
reveals that the Morin temperature (Tyr) of our 50-nm ¢-Fe, O3
film is approximately 250 K, which is close to the Ty value of
the bulk a-Fe,O3 (~ 260 K).[3*! This confirms that our sput-
tered a-Fe,O3 film possesses the expected antiferromagnetic
properties. The slight reduction in the Morin temperature is

attributed to the low dimensionality of thin films. [33-30]
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To further identify the film quality, we perform Raman
spectroscopy and XRD measurements. Figure 1(c) shows the
Raman spectrum of the Pt/a-Fe, O3 heterostructure grown on
the Al,O3 (0006) substrate at room temperature. The sample
exhibits Raman peaks at approximately 227 cm™', 245 cm ™!,
296 cm™!, 409 cm™!, 496 cm~!, 610 cm~!, 656 cm™!,
815 cm~!, and 1311 cm™! (denoted by the red solid boxes),
which align well with the characteristic peaks of single-crystal
a-Fe, 03 film.[37-#11 The peak at 1311 cm™! is associated with
two-magnon scattering, further confirming the antiferromag-
netic order of our film.[*!) The absence of impurity-related Ra-
man peaks consolidates high phase purity of the a-Fe,O3 and
Pt/a-Fe, O3 heterostructure.
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Figure 1(d) shows the XRD pattern for the same Al,O3
(0006) sub./Pt (10 nm)/a-Fe, O3 (50 nm) heterostructure. Two
characteristic diffraction peaks are observed at 39.68° and
41.76°, respectively. The peak at 41.76° corresponds to the
Al>,O3 (0006) plane. According to previous reports, the XRD
peak for the Pt (111) plane is at 39.6°, while the epitaxial a-
Fe,> 03 (0006) thin film is at 38.83°.I!] Since these two peaks
are very close to each other, the peak at 39.68° in our sam-
ple cannot unambiguously be assigned solely to the epitax-
ial o-Fe, 03 (0006) layer. We attribute this peak to the com-
bined diffraction contribution from the epitaxial Pt (111) and
a-Fe, 03 (0006) bilayer.
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Fig. 1. (a) The AFM image of the o--Fe;O3 (50 nm) epitaxial film prepared under the optimized condition of Ar: O, = 19.2:0.8. (b) The
temperature dependence of the magnetization M and dM/dT of a 50-nm o-Fe,O3 film while heating from 150 K to 350 K under a 5 kOe
magnetic field. (c¢) Raman spectra and (d) XRD pattern of Al,O3 sub./Pt/ca-Fe, O3 heterostructure, the thickness of a-Fe, O3 is 50 nm, and the

thickness of Pt is 10 nm.

Fig. 2. High-resolution TEM images of Al,O3 sub./Pt/a-Fe;03.

To clarify the epitaxial growth of the Pt/c-Fe,Os het-
erostructure, high-resolution TEM measurements are per-
formed. Figure 2 shows the TEM image of the Al,O3 (0006)
sub./Pt (10 nm)/a-Fe;O3 (50 nm) heterostructure. The inter-
face between Pt and «-Fe,Os is clearly defined. Both the Pt

and «-Fe,O3 lattices align neatly along the c-axis and match
the substrate’s crystal phase. Our highresolution TEM results
further confirm the high epitaxial quality of the Pt/ct-Fe,O3
heterostructure.

We deposit a 6-nm NigjFej9 (Py) layer on top of the
epitaxial Pt (6 nm)/a-Fe, O3 (0006) bilayer and fabricate ST-
FMR devices. Magnon transport and magnon torque can be
characterized through ST-FMR measurement, which is an ef-
fective method for quantifying spin-torque efficiency. Fig-
ure 3(a) illustrates the ST-FMR measurement configuration. A
radio-frequency current I is applied to the ST-FMR device,
generating spin accumulations at the Pt/a-Fe,O3 interface,
with the spin polarization indicated by the red arrow. These
spins interact with the nearby magnetic moments in the antifer-
romagnetic insulator a-Fe;O3 through s—d exchange coupling
and induce a magnon current (Jy) (421 in the o-Fe, 03 layer. As
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magnons transmit through the o-Fe, O3 layer, they can exert a
magnon torque on the adjacent Py layer. Consequently, the
precession of Py magnetization can give rise to the ST-FMR
signal. Figure 3(b) shows the measured ST-FMR signals at dif-
ferent frequencies f ranging from 6 GHz to 11 GHz for the de-
vice with 20-nm a-Fe,03. The ST-FMR data of some samples
with different thicknesses of a-Fe,O3 are shown in Fig. S4.
As shown in Fig. 3(c), the f as a function of the resonant mag-
netic field Hy for different ¢t-Fe, O3 thicknesses matches well

(a)
M
Bias tee
Lo ___
H
NiFe
a-FesOg t Im
r ~—
=
Pt Jc
() 10
8t
o 3 nm
—~ 4 nm
EN 6 15 nm
g al 16 nm
S 18 nm
20 nm
2r 30 nm
35 nm
or o 50 nm
0 400 800 1200
H() (Oe)

with the Kittel formula. A representative Vi signal (open
symbols in Fig. 3(d)) from a device with t4_pe,0, 0f 20 nm is
fitted by Vinix = VsFs + VaFa, where VsFs and VaoFy are the
symmetric Lorentzian and antisymmetric Lorentzian compo-
nents, respectively. By employing the well-established anal-
ysis methods, > we successfully evaluated the values of
spin torque efficiency 6; (i.e., electrical spin torque or magnon
torque) for devices with varying o-Fe, O3 thicknesses from the
symmetric components.

——8 GHz
——9 GHz

(b) —6 GHz
——7 GHz

tre,0, = 20 nm

R E— 1 2
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(d) 40 o Data
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| s F
201 \vir
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Fig. 3. (a) A schematic diagram of the ST-FMR measurements, illustrating the magnetization precession driven by the magnon torque. The
black arrow denotes the Irp with a current density Jc. The red and blue arrows indicate the spin polarizations and magnon current Jyy,
respectively. (b) The ST-FMR signals of Pt/a-Fe; O3 (20 nm)/Py (6 nm) device at different frequencies. (c) Resonance frequency f against the
resonant field H for Pt (6 nm)/ct-Fe;O3 (t nm)/Py (6 nm) devices with fits (solid lines). (d) A typical ST-FMR signal (open symbols) from a Pt
(6 nm)/ot-Fe;O3 (20 nm)/Py (6 nm) device at 6 GHz and 300 K with fits (solid lines).

Figure 4(a) illustrates the dependence of spin torque ef-
ficiency 6; on the o-Fe,Os3 thickness for various devices at
room temperature. It is important to note that 6; originates
either from the electrical spin torque associated with electron
spins (i = S) or from the magnon torque linked to the magnons
(i = M), depending on the thickness of the a-Fe,O3 layer, as
will be discussed later. For devices without an ¢t-Fe,O3 layer
(i.e., Pt/Py bilayers), ; is evaluated to be ~ 0.06. This is con-
sistent with the previously reported value for the heavy metal
Pt.[%] When a 2-nm o-Fe,03 layer is inserted between the
Pt and Py layers, 6; abruptly drops to ~ 0.018. As shown in
the left panel of Fig. 4(b), this spin torque can be attributed to
the purely electron spins from the Pt layer (i.e., spin—orbital
torque), which tunnel through the thin insulating a-Fe;O3
layer. This process is similar to electron tunneling through
typical insulators, such as MgO or SiO; layers.[*7#3] As the
thickness of the a-Fe, O3 layer increases, 6; further decreases
and eventually approaches nearly zero at 74 _fe,0, of 10 nm.

At this point, electron spins are almost completely blocked by
the insulating -Fe;Os3. In this regime, the antiferromagnetic
order of the a-Fe,O3 layer has not yet been established, and
the contribution from magnon torque remains negligible.

Magnon torque is observed in devices with a thicker o-
Fe, O3 layer. In such cases, the insulating a-Fe,O3 layer be-
comes too thick to allow electron spins to tunnel through;
therefore, magnons are the only carriers of spin-angular mo-
mentum, as shown in the right panel of Fig. 4(b). It is found
that 9; starts to increase when the a-Fe,O3 thickness exceeds
15 nm, peaks at 20 nm with a value of ~ 0.047, and then grad-
ually decreases as the thickness of the ¢¢-Fe, O3 layer further
increases up to 50 nm. The observed increase in 6; clearly
evidences the contribution of magnon torque.

This non-monotonic behavior of 6;, with a distinct peak
at tq_Fe,0, = 20 nm, suggests that the magnon transport ef-
ficiency depends critically on the evolution of antiferromag-
netic order and crystallinity within the ¢-Fe,O3 layer. To ver-

047505-4



Chin. Phys. B 35, 047505 (2026)

ify this hypothesis, we performed complementary character-
izations of representative ST-FMR devices. The long-range
antiferromagnetic order can be indicated by the interfacial ex-
change bias field (Hgp), which increases as the antiferromag-
netic order improves.[*”! Exchange bias measurements (sup-
plemental materialS3, Fig. S5) show that Hgg is negligible for
thicknesses < 16 nm, but emerges and increases for #4_Fe,0,
= 18 nm and 20 nm. This indicates that the antiferromagnetic
order of a-Fe,O3 progressively strengthens with increasing
thickness. Furthermore, we provide a high-resolution cross-
sectional TEM image of the device with a 20-nm-thick «-
Fe,O3 layer (Fig. S6). The image reveals a highly ordered
epitaxial structure, directly confirming the high crystal qual-
ity of the a-Fe, O3 film at this thickness. These findings pro-
vide direct evidence that the concurrent enhancement of anti-
ferromagnetic order and crystal quality establishes an efficient,
low-scattering channel for magnon diffusion, thereby leading
to the observed peak in torque efficiency in devices with 20-
nm o-Fe,O3.

(a)
0.06 F

0.04

0.02 -

0 10 20 30 40 50
tFe,0, (nm)

Magnon

) ©®
Spin current

Fig. 4. (a) The a-Fe,03 thickness-dependent spin torque 6; at 300 K.
(b) Schematic diagram showing magnon-only torque (right panel) and
spin-dominated torques (left panel). When the thickness of ¢-Fe; O3 is
thin, electron spin transmission through a-Fe; O3 is dominant, but when
a-Fe, 03 is thick, only magnons can be transmitted through it.

The nonzero torque efficiency observed at large thick-
nesses (e.g., 50 nm) raises the question of whether contri-
butions beyond magnon transport, such as those from the
a-Fe,O3/NiFe interface, are present. To address this, we
performed control experiments on devices without Pt layer
[i.e., a-Fe;O3 (50 nm)/NiFe].

such a control device yield a small spin torque efficiency of

ST-FMR measurements on

~ 0.005. This value represents the intrinsic interfacial con-
tribution (6;y) at the ¢¢-Fe,O3/NiFe interface. Through a de-
tailed analysis (supplemental material S4), we extracted the

pure magnon torque contribution transmitted through a 50-
nm-thick o-Fe,O3 bulk (Byy1x), which is negligible at approx-
imately 0.0043. This result confirms the existence of a weak
interfacial contribution that is largely independent of ¢-Fe,O3
thickness.

The distinct magnon torque effect observed in devices
with an antiferromagnetic insulator a-Fe, O3 is attributed to an
enhanced magnon transmission efficiency. The magnon trans-
mission efficiency, 1, is defined as the ratio of 6; (1q—Fe,0, =
20 nm)/6; (tq—re,0, = 0 nm). Notably, the magnon transmis-
sion efficiency in our devices reaches ~ 75%, which is 2.5
times higher than that previously reported for the antiferro-
magnetic insulator NiO.[?% We attribute this enhancement
of 1 to the better antiferromagnetic ordering at room temper-
ature and the higher epitaxial quality of o-Fe,Os3 film. The
lower density of crystal defects and grain boundaries in the
film reduces the probability of magnon scattering, thereby en-
abling more efficient magnon transport through the a-Fe,O3
layer.

In addition, we discuss other possible contributions of
temperature, interfacial spin transparency, and magnon coher-
ence to magnon transport through a-Fe;O3 in our system. It
is known that in antiferromagnetic insulators such as NiO,
magnon-transport efficiency peaks near the Néel temperature
(Tx).514 However, this mechanism is not the primary driver
of the high room-temperature efficiency observed here. Bulk
a-Fe;O3 possesses a high Ty of ~ 950 K, and even in thin-
film form its magnetic order remains robust well above room
temperature. Therefore, our experiments at 300 K operate in
a regime far below Ty, where the magnon-transport efficiency
is less susceptible to thermal fluctuations.

We next address the possible influence of interfacial spin
transparency. The spin transparency T for Pt/a-Fe,03(15, 20,
25, 50 nm)/NiFe was analyzed. First, based on the measured
ST-FMR data, the Gilbert damping constant o was extracted

using the following relation: !

A =0+ 22, M)

Y
where 7 is the gyromagnetic ratio, f is the frequency of the
radio-frequency (RF) current, and A is the extrinsic contribu-
tion to the linewidth. The T was subsequently obtained using

the following equations:3>-7]
1) _ 4nMstem
Belt = o (& OEM); )
. guB ( )
N )
8.frtanh ﬁ)t
r= t th 2t opch 3)
8eir €O 75+ 2522

where g.¢ represents the absorption of transverse spin current
at the Pt/NiFe interface. o denotes the damping constant for
the Pt/a-Fe,O3/NiFe heterostructure, and oy represents the
damping constant for the reference ferromagnetic film. The
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resulting T values are T ~ 0.5783 (t4_Fe,0, = 15 nm), 0.6078
(fa—Fe,0; = 20 nm), 0.5264 (f¢Fe,0, = 25 nm), and 0.5814
(fa—Fe,0; = 50 nm). These values all lie within a narrow range
and show no strong correlation with thickness. Therefore, our
observed thickness dependence of magnon torque cannot be
attributed to the variations in interfacial spin transparency.

In our system, magnons are generated via the electrical
injection of spin-polarized currents into the antiferromagnetic
layer. Such electrically excited magnon populations are in-
herently incoherent, as they are created in a non-equilibrium
state with random phases.[**%-%01 Consequently, the transport
of these magnons is well described by a diffusive, rather than
coherent, propagation model. In the diffusive regime, trans-
mission efficiency is not governed by phase interference but is
fundamentally limited by scattering processes. Therefore, the
mean free path and relaxation time of magnons — and ulti-
mately the overall transmission efficiency — critically depend
on the crystal quality (which minimizes defect scattering)>%!
This is
consistent with our conclusion that the enhanced magnon-

and the robustness of the antiferromagnetic order.

transport efficiency originates from the superior crystal qual-
ity and antiferromagnetic order of the epitaxial @-Fe,O3 thin
films. Therefore, the primary determinant of the observed high
magnon-transport efficiency is the combination of antiferro-
magnetic order and high crystallinity achieved in our epitaxial
a-Fe, O3 films at room temperature.

4. Conclusion

In summary, we successfully grow an epitaxial o-Fe;O3
thin film and Pt/a-Fe, O3 heterostructures using high-vacuum
magnetron sputtering, which is compatible with semiconduc-
tor manufacturing. The a-Fe,Oj3 thin films show strong anti-
ferromagnetic order with a Morin temperature of 250 K. We
observe efficient magnon transport and magnon torque in the
Pt/0-Fe,O3/Py devices. The magnon transmission efficiency
is ~ 75% through the epitaxial a-Fe,Oj3 layer, surpassing pre-
viously reported NiO-based magnon torque devices by a fac-
tor of 2.5. This work demonstrates that the antiferromag-
netic insulator a-Fe, O3, with a higher Néel temperature and
improved crystallization, is a promising material for magnon
transfer and enables larger magnon torque.
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