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Antiferromagnets that facilitate terahertz (THz) spin resonances have the potential to revolutionize high-
speed electronics at the nanoscale. The electrical control of THz spin resonances is the key to such THz
devices; however, experimental demonstration has remained elusive. In this work, we demonstrate elec-
trically tunable THz spin resonance in an antiferromagnetic NiO/Pt heterostructure by employing both
low-wavenumber Raman and continuous-wave THz spectroscopy techniques. A redshift of over 100 GHz
in the NiO spin resonance frequency of around 1 THz is observed by applying charge currents along the
adjacent Pt layer. A control experiment with NiO/Cu and temperature-dependent measurement confirm
that the dominant tuning mechanism is Joule heating. Finally, a prototype device is designed to achieve an
electrical control of THz transmission at dual channels of 0.96 and 1 THz, leading to a Q factor of 56. This
work opens up the possibility for the implementation of tunable THz devices utilizing antiferromagnetic
spin resonance.
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I. INTRODUCTION

Antiferromagnetism is a type of magnetism with oppos-
ing magnetic moments between neighboring sublattices.
It has recently gained much attention in the field of ter-
ahertz (THz) spintronics due to its unique electrical and
magnetic properties in the THz range [1]. For example, it
hosts intrinsic THz-speed spin dynamics such as collec-
tive spin resonances [2,3], and these dynamical properties
are highly susceptible to various external stimuli such as
magnetic field [4], strain [5], temperature [6], doping [7],
current [8,9], electric field [10], and light [11,12]. These
advantages make an antiferromagnet a key material for
realizing high-performance tunable THz devices such as
on-chip THz sources [13].

Nickel oxide (NiO) is a well-studied prototype anti-
ferromagnetic insulator with a rock-salt crystal structure
[2,14–18]. NiO is a charge-transfer insulator for which
both the long-range magnetic ordering and the insulating
behavior are mediated by local electron correlations via
the Anderson superexchange mechanism [17,19], leading
to antiferromagnetism and a wide band gap Eg of 4 eV
below the Néel temperature TN of 523 K [20]. In the anti-
ferromagnetic phase (below TN ), the Ni2+ electron spins
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are aligned in parallel within (111) planes and antiparal-
lel with neighboring (111) planes, resulting in a zero net
magnetic moment as illustrated in Fig. 1(a). NiO is cho-
sen in this work because it possesses high-frequency spin
resonances at 1 THz and its strongly correlated electrons
provide an additional tunability. In addition, the high TN of
NiO facilitates practical applications at room temperature.

Thus far, various approaches such as the use of pressure
[21], magnetic field [4], and cation substitution [7] have
been developed to control the spin resonance in NiO. The
limitations of previous approaches are that they are diffi-
cult to change or scale down once implemented. To satisfy
the demands of high-speed nanointegrated devices, it is
desired to control the THz spin resonance using a current
input. Although there are theoretical reports on electrically
tuning the spin resonance frequency in antiferromagnets
by using spin-orbit torques, an experimental demonstration
remains still elusive.

In this work, we demonstrate in an antiferromagnetic
NiO/Pt heterostructure in which the spin resonance fre-
quency (fr) of NiO is actively tuned by applying charge
currents along the adjacent metallic Pt layer at a fre-
quency of 1 THz. The result shows that fr in NiO
redshifts monotonically with the application of current
density (Jc) up to 5.6 × 107 A cm−2. We further distin-
guish that the dominant fr tuning mechanism is current-
induced Joule heating through NiO/Cu control devices and

2331-7019/23/20(1)/014023(7) 014023-1 © 2023 American Physical Society

https://orcid.org/0009-0009-2378-8295
https://orcid.org/0000-0003-0907-2898
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.20.014023&domain=pdf&date_stamp=2023-07-12
http://dx.doi.org/10.1103/PhysRevApplied.20.014023


DONGSHENG YANG et al. PHYS. REV. APPLIED 20, 014023 (2023)

(a)

(c) (d)

(b)

FIG. 1. (a) Illustration of NiO crystalline and magnetic structure. (b) Vibrating sample magnetometry results of NiO(111) sample.
The absence of a hysteresis loop confirms the compensated antiferromagnetic phase of NiO. (c) X-ray diffraction results of NiO
crystal. The single peak observed at 37.5° with a narrow linewidth indicates a good crystal quality of NiO(111) orientation. (d) 1 THz
(33 cm−1) spin resonance mode is observed in NiO by using low-wavenumber Raman spectroscopy.

temperature-dependent fr measurement. Finally, we uti-
lize this mechanism to construct a prototype device for
actively tuning the transmission of continuous-wave THz
(cw-THz) radiation around 1 THz.

II. RESULTS AND DISCUSSION

We first characterize the crystalline and magnetic prop-
erties of NiO(111) crystal by using vibrating sample
magnetometry (VSM) and x-ray diffraction (XRD) tech-
niques. Figure 1 summarizes the characterization results. A
commercially available single-crystal NiO(111) slat with
dimensions of 5 mm long × 5 mm wide × 1 mm thick
is used in this work for both spin resonance characteri-
zation and THz device fabrication. We employ a 1-mm-
thick NiO sample due to the direct correlation between
THz absorption and sample thickness, making it an ideal
choice for prototypical demonstrations of the THz tuning
experiment. Furthermore, the thin-film-based NiO sample
exhibits magnetic domain sizes typically on the microme-
ter scale, rendering it unsuitable for achieving the desired
optimized signal [22]. The VSM results of the NiO crystal

along (in plane) and perpendicular to (out of plane) the
[111] direction are shown in Fig. 1(b). The absence of a
ferromagnetic hysteresis loop confirms the pure compen-
sated antiferromagnetic phase in our NiO sample. XRD
results in Fig. 1(c) show a single peak at 37.5°, indicating
a good crystalline quality of NiO(111).

To investigate the electrically tunable spin resonance in
NiO, Raman spectra are collected with a low-wavenumber
confocal microscopic Raman system (WeTec Alpha 300).
A 532-nm continuous-wave laser is harnessed to excite
the sample and Raman signals are collected with a 50×
objective lens (NA = 0.55). The estimated probing length
for NiO/Pt (5 nm) is approximately 25 μm. The cross-
polarization (XY) configuration is employed to maximize
the spin-origin signal component. The fr of antiferro-
magnets can be extracted from the two-sublattice cou-
pled Landau-Lifshitz-Gilbert equations based on the Kittel
theory [23]:

fr = γ

2π

√
2HEHA, (1)
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where γ = 1.76 × 1011 T−1 s−1 is the electron gyromag-
netic ratio and HE and HA indicate the effective exchange
field and magnetic anisotropy field, respectively. Since the
typical value of HE ∼ 1000 T is much larger than that of
HA ∼ 1 T in antiferromagnets, HE amplifies fr to THz fre-
quencies, which are 2 to 3 orders of magnitude higher than
those of their ferromagnetic counterparts. In NiO, there
is a three-fold symmetric easy-axis magnetic anisotropy
in the (111) plane and a hard-axis magnetic anisotropy
along the [111] direction, leading to two spin resonance
modes such as the low-frequency mode (fL = 0.13 THz)
and high-frequency mode (fH = 1 THz) [9,18]. A represen-
tative Raman spectrum peak of 1 THz in Fig. 1(d) shows a
good agreement with the high-frequency mode in NiO.

To prepare a device for applying Jc, a layer of negative
photoresist (PFI) is spin-coated and the patterning of the
device is completed using a mask-free photolithography
system (TTT-07-UVlitho, Tuotuo Tech. Ltd). Afterward,
a 5-nm-thick metal layer (Pt or Cu) and a 4-nm-thick cap-
ping layer (SiO2) are deposited using magnetron sputtering
with a base pressure of less than 2 × 10−9 Torr (ATC, AJA
Int. Ltd). The channel size of the device is 10 μm long and
5 μm wide. As illustrated in Fig. 2(a), the Raman measure-
ments are performed with a laser spot on the center of the
device channel. Direct currents are applied to tune fr of the
NiO spin resonance during the Raman measurement.

Figure 2(b) shows the Raman spectra of NiO(111)/
Pt(5 nm)/SiO2(4 nm) (for brevity, NiO/Pt is used in the
following text) under the various Jc along the adjacent Pt
channel. It is seen that fr is monotonically redshifted with
increasing Jc. As shown in Fig. 2(b), without the current,
fr of NiO is found to be around 1.04 THz. On the contrary,
at Jc = 5.1 × 107 A cm−2, fr decreases to 0.91 THz, lead-
ing to a frequency tunability (η) of 12.5%. We notice that
this η is comparable to previously reported values through
cation substitution [7] and pressure [21] but much easier to
implement for functional devices.

In addition, we note that the spin resonance mode is
split into two branches at high Jc, which is noticeable
when Jc ≥ 3.2 × 107 A cm−2 in Fig. 2(b). We attribute this
splitting to a result of the surface magnon mode [25] or
a combined effect among the superexchange interaction,
dipolar coupling, and small cubic anisotropy [26]. How-
ever, the broad branch (<0.9 THz) of the spin resonance
mode, on the other hand, is absent in the THz-wave trans-
mission measurements as discussed later. It shows that the
broad branch is insensitive to transmitted THz radiation,
thereby unsuitable for THz tuning applications.

The redshift of the spin resonance can be attributed
either to the current-induced spin-orbit torque [24] or,
indirectly, to the effects of current-induced heating and
strain. Specifically, in the case of NiO, both spin-orbit
torque and heating contribute to a redshift in the spin res-
onance frequency. To investigate the fr tuning mechanism

in NiO/Pt in Fig. 2(c), we also measure the spin resonance
in NiO(111)/Cu(5 nm)/SiO2(4 nm) (referred as NiO/Cu in
the following text) as shown in Fig. 2(d). This is because
while Pt has strong spin-orbit coupling and a correspond-
ing large spin-orbit torque on an adjacent magnetic layer,
Cu is known to have negligible spin-orbit coupling as well
as small spin-orbit torques [27]. Therefore, a comparative
study of Pt and Cu with currents enables one to distin-
guish the spin current effect from heating effects. The fr of
NiO/Cu presents the same decreasing trend with increas-
ing Jc similar to the NiO/Pt case in Fig. 2(c). Therefore,
we can exclude the spin current or spin-orbit torque as
the dominant fr tuning mechanism for both the Pt and Cu
cases. The frequency changes of fr at Jc = 5 × 107 A cm−2

compared with that without currents for NiO/Pt and
NiO/Cu devices are 0.11 and 0.12 THz, respectively.
We note that the ratio of fr change, 0.11/0.12 = 0.917, is
close to the ratio of device resistance (R), 0.934 using
RNiO/Pt= 496 � and RNiO/Cu= 531 �. This result follows
from the dissipated Joule heating being proportional to
the resistance and therefore strongly supports the fact that
current-induced Joule heating plays a major role in tuning
fr. To further confirm, temperature-dependent measure-
ments of the NiO/Pt device are performed. Monotonically
decreasing fr with increasing temperature T is observed
between 300 and 380 K as shown in Fig. 2(e). The current-
induced local temperature rise �T is evaluated from the
Pt resistance [28]. �T ∼ 40 K at Jc = 5.6 × 107 A cm−2

matches well with the temperature-dependent fr trend in
Fig. 2(e), confirming that the current-induced Joule heat-
ing is the dominant fr tuning mechanism in this work.
While the thermal-induced redshift of the spin resonance
is present, it is unable to completely compensate for the
magnetic damping, thereby preventing the attainment of
self-oscillation, in contrast to the effects of spin-orbit
torques. Moreover, at the Curie temperature, the spin res-
onance frequency is expected to approach zero due to the
disappearance of long-range magnetic ordering.

Furthermore, we calculate the frequency change induced
by the spin-orbit torque effect [24] with reported NiO
parameters: sublattice magnetization Ms = 380 kA/m,
exchange field H ex= 1000 T, and anisotropy field
H ani = 0.61 T [6]. As shown by the gray line of
Fig. 2(c), the frequency change is within 5 GHz under
Jc = 6 × 107 A cm−2. This is due to the large H ani of NiO
that reduces the tuning efficiency of spin-orbit torques,
confirming that the dominant tuning mechanism of our
observation is the current-induced Joule heating effect.
Besides, Fig. 3(a) shows the linewidth of spin reso-
nance with Jc extracted from Fig. 2(b). The monotoni-
cally increasing linewidth with increasing Jc is distinct
from the theoretically predicted trend due to spin-orbit
torques, in which the linewidth should be independent of
the current.
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FIG. 2. (a) Measurement scheme of electrically tunable THz resonance in NiO/Pt(5 nm) heterostructure. Charge currents are applied
along the adjacent Pt layer to interplay with adjacent NiO, thus affecting the THz resonance frequency in NiO. (b) Raman spectra of
NiO(111)/Pt(5 nm)/SiO2(4 nm) with increasing the current density (Jc). Vertical offsets are applied for clarity. (c) Spin resonance
frequency (fr) versus Jc for NiO(111)/Pt(5 nm)/SiO2(4 nm). The gray line indicates the calculated frequency change due to the
spin-orbit torque effect according to Ref. [24]. (d) fr vs Jc in NiO(111)/Cu(5 nm)/SiO2(4 nm). (e) The temperature-dependent fr in
NiO(111)/Pt(5 nm)/SiO2(4 nm) device.

To distinguish the current-induced strain effect and heat-
ing effect in NiO/Pt, we measure the spin resonance fre-
quency using a cross-shaped NiO/Pt(5 nm) device with
Jc along two perpendicular lattice crystal directions [see
the inset of Fig. 3(b)]. In contrast to the heating effect,
the current-induced strain effect on spin resonance is quite
sensitive to the crystal orientation. This sensitivity arises
from the deformation of the lattice structure, leading to
distinct responses expected for different Jc directions [5].
However, as depicted in Fig. 3(b), it is evident that the

spin resonance frequency decreases uniformly when Jc
is applied along either direction. This observation indi-
cates that our tuning mechanism is independent of the
crystalline direction, thus ruling out the possibility of a
strain effect. This outcome is reasonable, considering that
the maximum applied current density (6.4 × 107 A cm−2)
in our study is less than half of the critical current den-
sity (1.95 × 108 A cm−2) required to observe a notice-
able strain effect, as reported in Ref. [16]. Hence, in our
NiO sample, the current-induced heating effect proves to
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(a) (b) FIG. 3. (a) The linewidth of spin
resonance as a function of Jc
for NiO(111)/Pt(5 nm)/SiO2(4 nm)
device. (b) The spin resonance
frequency with Jc applied along
two perpendicular crystal direc-
tions. The inset is an image of the
cross-shaped NiO/Pt(5 nm) device
with a channel width of W = 6 μm.

be the more dominant factor in tuning the spin reso-
nance.

Finally, we construct a prototype device with a channel
size of 2 mm in width, 5 mm in length, and 3 nm in thick-
ness of Pt, aiming at a proof-of-concept demonstration of
tunable cw-THz transmission using antiferromagnetic spin
resonances. As shown in Fig. 4(a), a photomixer-based
cw-THz system (TeraScan 1550, Toptica Ltd) is used for

(a)

(b)

FIG. 4. (a) Tunable THz transmission measurement of NiO/Pt
device by using a cw-THz system. The experimental design of
cw-THz measurement based on a THz photomixer setup. The
cw-THz beam is generated at a photomixer by a heterodyne tech-
nique with two distributed feedback (DFB) lasers and detected
by a home-made field-effect transistor (FET) THz detector. (b)
Frequency-dependent THz transmission of NiO/Pt device. The
transmission dip indicates enhanced THz absorption at the NiO
spin resonance frequency. The background of multiple reflections
(the Fabry-Perot effect) is subtracted in the time domain by using
the inverse Fourier transform.

both single-frequency cw-THz generation and detection.
We define 0.96 and 1 THz as two independent THz infor-
mation channel 1 and channel 2, respectively. As shown by
the blue line in Fig. 4(b), channel 2 (1 THz) is blocked in
the absence of Jc due to the enhanced absorption of NiO
spin resonance, which is defined as the “off” state. The
baseline of the Fabry-Perot effect is subtracted by using the
inverse Fourier transform in the time domain for clarity.
By applying Jc = 1.7 × 107 A cm−2, fr is redshifted to the
frequency of channel 1 (0.96 THz) and thereby the trans-
mitted THz signal in channel 2 is enhanced from below
10 to 50 μV, switching channel 2 to the “on” state. Con-
versely, channel 1 is turned “off” accordingly. Figure 5
illustrates the electrical tunability of THz waves at both
0.96 and 1 THz with currents. We note that the thermal-
effect-based control technique is not inherently slow. For
example, ultrafast heating can be achieved on picosecond
timescales using ultrafast optical techniques [29].

To evaluate the device performance, the quality factor
(Q factor) of our prototype NiO device is extracted from
the resonance linewidth �f :

Q = fr
�f

. (2)

The Q factor of our prototype device is 56. Although this
is a prototype device without much optimization, the per-
formance is comparable with the recently reported high Q
of 68 in a THz metasurface [30]. This is due to the inherent
low magnetic dissipation in NiO. Another advantage is that
this scheme does not require any complex artificial struc-
tures, allowing the scaling of the device to the nanoscale.
For example, the dimensions of other terahertz devices
such as photonic crystals, metasurfaces and THz waveg-
uides are typically limited to tens of micrometers [31,32].
Notably, our device size (5 × 10 μm2) used for the electri-
cally tuned THz resonance in Raman measurements is 1–2
orders smaller than that of other approaches. These results
suggest that the method of tunable THz spin resonance is
well suited for developing tunable THz filters, despite the
simplicity of the underlying concept. Recent experimental
reports [33,34] have further demonstrated that robust THz
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FIG. 5. Tunable THz transmission of the NiO/Pt device at
0.96 THz (black symbols) and 1 THz (red symbols).

spin resonances occur on sub-100-nm-thick NiO films,
showing the tantalizing promise of nanosize on-chip THz
communication with this novel scheme.

III. CONCLUSION

We demonstrate electrically tunable THz spin reso-
nance in NiO/Pt antiferromagnetic heterostructures using
Raman and continuous-wave THz techniques. We observe
a significant redshift of 100 GHz in the NiO spin res-
onance frequency around 1 THz when a current density
of 5.1 × 107 A cm−2 is applied along the adjacent Pt
layer, with Joule heating being the dominant frequency
tuning mechanism. We also design a prototype device
that demonstrates electrical tuning of cw-THz transmis-
sion with a high Q factor of 56. We believe that our work
provides additional possibilities for electrical control of
THz transmission, thereby facilitating antiferromagnets for
applications in THz communication.
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