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We propose a design of a terahertz-frequency signal generator based on a layered structure consisting of
a current-driven platinum (Pt) layer and a layer of an antiferromagnet (AFM) with easy-plane anisotropy,
where the magnetization vectors of the AFM sublattices are canted inside the easy plane by the
Dzyaloshinskii-Moriya interaction (DMI). The dc electric current flowing in the Pt layer creates due to the
spin Hall effect, a perpendicular spin current that, being injected in the AFM layer, tilts the DMI-canted
AFM sublattices out of the easy plane, thus exposing them to the action of a strong internal exchange
magnetic field of the AFM. The sublattice magnetizations, along with the small net magnetization vector
mDMI of the canted AFM, start to rotate about the hard anisotropy axis of the AFM with the terahertz
frequency proportional to the injected spin current and the AFM exchange field. The rotation of the small
net magnetizationmDMI results in the terahertz-frequency dipolar radiation that can be directly received by
an adjacent (e.g., dielectric) resonator. We demonstrate theoretically that the radiation frequencies in the
range f ¼ 0.05–2 THz are possible at the experimentally reachable magnitudes of the driving current
density, and we evaluate the power of the signal radiated into different types of resonators. This power
increases with the increase of frequency f, and it can exceed 1 μW at f ∼ 0.5 THz for a typical dielectric
resonator of the electric permittivity ε ∼ 10 and a quality factor Q ∼ 750.
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I. INTRODUCTION

One of the fundamental technical problems of the
modern microwave and terahertz technology is the develop-
ment of compact and reliable generators and receivers of
coherent electromagnetic signals in the (0.1–10)-THz
frequency range [1–3]. The terahertz frequency range
has great potential for applications in medical imaging,
security, material characterization, communications, con-
trol of technological processes, etc. There are several
approaches to terahertz-frequency generation, including
the use of free-electron lasers [4,5], quantum cascade lasers
[6,7], superconductor Josephson junctions [8], backward-
wave oscillators [5,9], electro-optic rectification of laser
radiation [10], etc. However, all the abovementioned
sources of terahertz-frequency signals require rather com-
plex setups or low temperatures and/or cannot be made
sufficiently small, which greatly limits their usability in
many important practical applications.
Thus, there is a temptation to use alternative spin-

dependent technologies to generate high-frequency electro-
magnetic signals. Indeed, the spintronic technology based
on the dynamics of spin-polarized electric currents in thin
multilayered ferromagnetic structures resulted in the devel-
opment of spin-torque nano-oscillators (STNOs), which are
manufactured using e-beam lithography and can be tuned

by the variation of both the bias magnetic field and the bias
direct current [11–17]. Unfortunately, the frequencies of the
signals generated by STNOs are not very high and,
typically, are limited to the interval of 1–50 GHz by the
maximum bias magnetic field that can realistically be
achieved in a portable spintronic device that uses ferro-
magnetic (FM) materials [18].
It was suggested some time ago [19–21] that one of the

possible ways to substantially increase the frequency of the
signals generated in magnetic layered structures is to use in
them layers of an antiferromagnet (AFM) that possess a
very strong internal magnetic field of the exchange origin
which keeps the magnetization vectors of the AFM sub-
lattices antiparallel to each other. Although this idea has
been known for quite a while, a realistic theoretical
proposal for the development of terahertz-frequency
AFM-based spintronic nano-oscillators has been published
only recently [21,22], soon after the first experimental
observation of the switching of AFM sublattices under the
action of a dc spin current [23,24].
In this work, we propose and theoretically analyze

a terahertz-frequency signal generator based on the
concept of a ferromagnetic spin-Hall oscillator (SHO)
[11,15,25,26], but where the SHO free layer is made of
a canted AFM (e.g., hematite α-Fe2O3) that has a small net
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magnetization mDMI caused by the Dzyaloshinskii-Moriya
interaction (DMI). We calculate the electromagnetic power
emitted from the antiferromagnetic SHO due to the dipolar
radiation from the rotating magnetization mDMI into the
free space and into several types of transmission lines and
resonators. Our analysis demonstrates that the output power
Pac of the AFM-based SHO increases with the generation
frequency f, and it can exceed Pac ¼ 1 μW at f ∼ 0.5 THz
if a high-quality dielectric resonator is used to receive the
generated signal.

II. MAGNETIZATION DYNAMICS INDUCED IN
AFM BY AN EXTERNAL SPIN CURRENT

It was shown previously [19–21] that when a layer of an
AFM is subjected to an external spin current, e.g., coming
from an adjacent current-driven layer of a normal metal
(NM) with strong spin-orbital interaction and polarized
along a unit vector p, a corresponding spin-transfer torque
(STT) [27,28] is exerted on the sublattice magnetizations of
the AFM. This STT can slightly tilt the AFM sublattice
magnetizations M1 and M2, thus exposing them to the
action of a large internal AFM magnetic field of the
exchange origin, which starts to rotate the sublattice
magnetizations about the vector p with a high angular
frequency. For the experimentally achievable magnitudes
of the spin current, the frequencies of this current-induced
rotation lie the terahertz range. There is, however, a
fundamental problem of how to extract the ac signal
corresponding of that terahertz-frequency rotation from
the spin-current-driven AFM, as this extraction is necessary
to create a functioning source of a terahertz-frequency,
AFM-based SHO.
This ac signal can be, in principle, picked up using the

spin pumping produced by the rotating AFM magnetiza-
tions and inverse spin Hall effect (ISHE) in the adjacent
NM layer. The ISHE voltage, however, is proportional to
the instantaneous angular velocity of the AFM sublattice
rotation, and, if the anisotropy of the chosen AFM material
is uniaxial (i.e., isotropic in the magnetization rotation
plane), the AFM rotation is, obviously, uniform in time, and
the ISHE voltage is constant and does not contain any high-
frequency ac components.
To extract a high-frequency ac signal from a current-

driven AFM material containing rotating magnetic sub-
lattices, two different approaches have been suggested. In
the framework of a first approach, the feedback-induced
nonlinear damping was used [21] for this purpose.
However, there are serious practical problems with the
use of the first approach, as it strongly relies on the quality
of the NM-AFM interface and, also, requires rather high
values of the spin-Hall angle in the NM. In the framework
of the second approach, it was suggested to use a
bianisotropic AFM, like nickel oxide (NiO), that has a
relatively strong easy-plane anisotropy and a relatively
weak easy-axis anisotropy in the perpendicular direction

[22]. This additional anisotropy in the perpendicular
direction creates an angular profile of the potential energy
for the magnetic sublattices. An angular motion of the
sublattice magnetizations M1 and M2 under the action of
STT in this case is analogous to a viscous motion of a
particle in a “washboard” potential under the action of a
constant external force: the rotation of the magnetization
vectors accelerates while moving towards the in-plane
energy minima, and it decelerates while moving away
from them. As a result, the rotational motion of the
magnetizations is not uniform in time anymore, and,
therefore, it can produce a high-frequency component in
the voltage signal received in the NM layer through the
ISHE. The ISHE voltage, which can be obtained by this
mechanism, is proportional to the anisotropy in the
perpendicular plane of the sublattice rotation [22], and
one therefore needs a sufficiently high value of the
anisotropy constant to produce a measurable resultant ac
power. At the same time, the potential profile caused by the
perpendicular anisotropy creates a barrier, which has to be
overcome by the STT to start the sublattice rotation. That
means that there will be a substantial threshold driving
current, proportional to the in-plane anisotropy constant,
needed to start the generation of the ac signal. In addition, it
turns out that the ac signal created by the ISHE in a NM
strongly decreases with the increase of the generation
frequency, and it reaches a substantial power (>1 μW)
only in the range of relatively low frequencies, near the
frequency of the in-plane antiferromagnetic resonance
(approximately 100–300 GHz for a NiO SHO [22]).
Thus, it is necessary to find a way to extract ac signals

from a current-driven AFM material that does not have a
considerable perpendicular anisotropy and is practically
uniaxial. One of the possible AFM materials of this kind is
hematite (α-Fe2O3), in which the perpendicular anisotropy
field is He ≃ 0.2 Oe, compared to He ≃ 600 Oe in the
strongly bianisotropic NiO.

III. AFM CANTED BY THE DMI

In this work, we propose a qualitatively different
approach to extract the generated ac signal from the
AFM layer. We propose using in the layered structure of
the SHO [22] a canted AFM (e.g., hematite) where
magnetic sublattices are canted inside the easy plane by
the DMI. This DMI-induced canting results in the for-
mation of a small intrinsic net magnetization vector mDMI
of the AFM. It can be shown that even the uniform rotation
of the net magnetization vector mDMI with angular fre-
quency ω ¼ 2πf (f ¼ 0.05–2 THz) leads to a substantial
dipolar radiation of a high-frequency signal that can be
received by different types of external resonators.
Therefore, we consider below a bilayered AFM-based

SHO structure (see Fig. 1) consisting of a Pt layer and a
hematite layer placed in an external resonator. For a
quantitative estimation of parameters of the proposed
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AFM-based SHO, we use the following typical parameters
of the layered structure: it is a circular disk with a radius
rSHO ¼ 10 μm and a thickness dAFM of 5 nm made of
hematite and covered by a 20-nm-thick platinum layer
(see Fig. 1).
The bulk DMI inside the AFM layer leads to the canting

of the magnetizations M1 and M2 of the AFM sublattices,
thus creating a small net magnetizationmDMI ¼ M1 þM2.
The spin dynamics of an AFM with biaxial anisotropy
under the influence of a STT created by an external spin
current is described by two coupled Landau-Lifshitz
equations for the vectors M1 and M2:

dMi

dt
¼ γμ0½Hi ×Mi� þ

αeff
Ms

�
Mi ×

dMi

dt

�

þ τ

Ms
½Mi × ½Mi × p��; ð1Þ

where i ¼ 1, 2 are the indices denoting the AFM
sublattices, γ is the modulus of the gyromagnetic ratio,
μ0 is the vacuum permeability, Ms is the magnitude of
saturation magnetization of the AFM sublattices, αeff is
the effective AFM Gilbert damping parameter, τ is the
amplitude of the STT caused by the spin current trans-
ferred from the current-driven Pt layer into the AFM
layer, p is a unit vector along the spin-current polariza-
tion, and Hi is the effective magnetic field acting on the
sublattice Mi:

H1;2 ¼ ½−HexM2;1 −Hhnhðnh ·M1;2Þ þHeneðne ·M1;2Þ
∓ HDMI½nDMI ×M2;1��=Ms: ð2Þ

Here, Hex is the exchange field, He and Hh are the in-
plane and perpendicular-to-plane anisotropy fields, respec-
tively, ne and nh are the unit vectors along the “easy” and
“hard” anisotropy axes, HDMI is the effective field caused
by the DMI, and nDMI is the DMI vector.
The STT amplitude expressed in the frequency units

[22,29] is

τ ¼ jdcg↑↓θSH
eγλPtρPt

2πMsdAFM
tanh

dPt
2λPt

; ð3Þ

where jdc is the density of the dc electric current in the
platinum layer, g↑↓ is the spin-mixing conductance at the
Pt-AFM interface, θSH is the spin-Hall angle in Pt, e is
the modulus of the electron charge, λPt is the spin-diffusion
length in the Pt layer, ρPt is the electric resistivity of Pt, and
dAFM and dPt are the thicknesses of the AFM and Pt layers,
respectively.
The effective damping parameter αeff of the layered

structure in Eq. (1) includes the additional magnetic losses
due to the spin pumping from the AFM layer into the
adjacent Pt layer:

αeff ¼ α0 þ αSP ¼ α0 þ g↑↓
γℏ

4πMsdAFM
; ð4Þ

where α0 is the intrinsic Gilbert damping constant and ℏ is
the reduced Planck constant.
As was shown in Ref. [22], the presence of the

anisotropy He in the plane perpendicular to the spin-
polarization direction p makes the current-driven magneti-
zation dynamics in AFM nonuniform in time and also
determines the threshold charge current at which the auto-
oscillatory dynamics starts. Thus, to minimize the threshold
of auto-oscillations, one should choose an almost purely
“easy-plane” AFM with nh∥p and a low value of the
perpendicular anisotropy (He ≪ Hh). The DMI vector
nDMI is commonly directed along one of the AFM
crystallographic axes. If nDMI∥nh, the DMI creates a
small net magnetization which lies in the easy plane of
the AFM, mDMI⊥nh. The above-described geometrical
relations are realized, for example, in α-Fe2O3 (hematite)
and FeBO3.
Below, we consider in detail the SHO based on a thin

film of hematite, which has almost purely easy-plane
anisotropy (He¼0.2Oe¼15.9A=m, while Hh ¼ 200Oe¼
15.9×103 A=m and Hex ¼ 9×106 Oe¼ 0.7×109 A=m)
and net magnetization moment mDMI ¼ MsHDMI=Hex ¼
2100 A=m caused by the HDMI ¼ 22 × 103 Oe ¼
1.75 × 106 A=m [30–33]. The intrinsic magnetic damping
of hematite is rather low, α0 ≃ 10−4, while the effective

(a) (b)

FIG. 1. (a) Schematics of an auto-oscillator based on a layered
structure containing a Pt layer with a thickness dPt and an AFM
layer with a thickness dAFM. The AFM is shown in a ground state,
where the sublattice magnetizations M1 and M2 lay in the easy
plane of the AFM (M1;M2⊥nh) and are canted by the DMI, thus
producing a small net magnetization mDMI. The direction of the
STT polarization p, required for the oscillations, is perpendicular
to the easy plane (p∥nh), which, in turn, defines the direction of
the dc: jdc⊥nh. (b) The STT with polarization p creates a
magnetic moment mSTT∥p. The sublattices M1 and M2, as well
as the net magnetic momentm ¼ mSTT þmDMI, start to rotate on
a cone with a base in the AFM easy plane. The rotation
trajectories are indicated by dotted arcs.
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damping that takes into account the spin pumping into the
adjacent Pt layer [see Eq. (4)] is αeff ¼ 2 × 10−3.
We solve Eq. (1) numerically for the case where the spin-

current polarization p∥nh, with the main material and
geometric parameters taken from Ref. [22]. In this case,
the STT [i.e., the last term in Eq. (1)] tilts the AFM
sublattice magnetizationsM1 andM2 out of the easy plane
of the AFM and creates the net magnetic moment

mSTT ¼ τMs

αeffγHex
ð5Þ

in the out-of-plane directionmSTT∥p∥nh. Now, the total net
magnetization reads as m ¼ mDMI þmSTT [see Fig. 1(b)]
and mDMI⊥mSTT.
The M1 and M2 magnetizations and, consequently,

mDMI, which are now exposed to the action of the internal
exchange field, start to rotate around p with the angular
velocity ω ¼ 2πf ¼ τ=αeff. This rotation is almost uniform
in time due to the low value of the in-plane anisotropy in
hematite.
The rotation frequency f and the net magnetizationmSTT

are shown as functions of the electric current density
flowing in the Pt layer in Fig. 2. To obtain these curves,
it is necessary to know the value of the spin-mixing
conductance g↑↓ at the Pt-hematite interface. Although
there exist several studies of the electronic structure of
hematite [34–36], we have not found a reliable value of g↑↓
in literature. For numerical simulations, we choose a value
g↑↓ ¼ 6.9 × 1014 cm−2, which was previously obtained for
the Pt-NiO interface [37] and is in a good agreement with
the rough estimations made by the method developed in
Ref. [38]. The assumption for the g↑↓ magnitude also
allows us to make a direct comparison of both the general

properties and the intrinsic spin dynamics for the SHO
based on hematite and a similar auto-oscillator based on the
NiO one [22].
As one can see in Fig. 2, the generation frequency f can

be controlled by the density jdc of the electric current
injected into the Pt layer. For instance, the current density
jdc that is required to get the generation at the frequency of
f ¼ 0.5 THz is jdc ¼ 3.5 × 108 A=cm2, which was pre-
viously achieved in an experiment [15].

IV. DIPOLAR ELECTROMAGNETIC
RADIATION OF A ROTATING NET

MAGNETIZATION IN A CANTED AFM

To investigate the possibility of power extraction from a
SHO based on a Pt/AFM layered structure, let us first
consider the electric current in a Pt layer produced by the
ISHE caused by a current-driven rotation of the AFM
sublattice magnetizations. The density of the spin current
flowing back from the AFM layer to the adjacent Pt layer
jouts can be written as

jouts ¼ ℏg↑↓
4πM2

s

X
i¼1;2

ðMi × _MiÞ: ð6Þ

In our case involving easy-plane AFM with DMI,
the total net magnetization caused by the DMI is precess-
ing along a cone of the height mSTT and cone base radius
mDMI (see Fig. 1). Therefore, the ac component of the
current jouts [see Eq. (6)] is proportional to the product
of two small quantities—mDMImSTT and, consequently,
in the considered frequency range it is negligibly small
(see Fig. 2). Specifically, we obtain a maximum output
power of less than 100 pW at f ¼ 1 THz for a square
hematite sample having a 200-μm2 surface area. Such a
low value of the output power makes the ISHE practically
useless as a method of the signal extraction in the
frequency range 2πf ≪ γμ0Hex, and it is necessary
to find other ways to extract an output ac signal from
a SHO based on a canted AFM with negligible in-plane
anisotropy.
Fortunately, in a canted AFM crystal, having a small net

magnetization, the current-induced precession of this mag-
netization can be detected not only through the ISHE but
also directly through the dipolar radiation produced by this
precessing magnetization. The rotating magnetization of
the AFM-based SHO mDMI creates an oscillating dipolar
magnetic field that can be received, channeled, and then
utilized if the generating SHO is coupled to an appropriate
resonator.
The problem involving direct dipolar emission of an

ac signal generated by a precessing magnetization was
considered in Ref. [39] for the case of a conventional
microwave-frequency STNO. It was shown in Ref. [39] that
the dipolar emission mechanism might become preferable
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for a case of magnetic devices operating at frequencies
above 0.1 THz, which makes this mechanism promising for
application in the terahertz-frequency AFM-based SHOs.
To calculate the ac power Pac that can be emitted by the

SHO into a free space, different transmission lines (rec-
tangular waveguide, parallel-plate waveguide, dielectric
waveguide) and different resonators (rectangular, parallel
plate, dielectric) we use the simple model of a direct
dipolar emission from a system of two effective magnetic
dipoles developed in Refs. [39,40]. In the framework of
this approach, we use the expressions for the fields of a
magnetic dipole obtained in Refs. [40,41] and the standard
expressions for the electromagnetic fields of fundamental
modes in the considered transmission lines and resonators
presented in Ref. [41]. Also, to simplify the theoretical
analysis of the electromagnetic-field excitation in a rec-
tangular dielectric waveguide and resonator by a net ac
magnetization mDMI, we use the approximate magnetic-
wall boundary conditions [41]. Unfortunately, the exact
analytical solution for this problem has not yet been found.
In our approximate calculation, we assume that the

rotating net magnetization of the AFM-based SHO mDMI
is spatially uniform (macrospin approximation), and that
the sizes of the effective magnetic dipoles (defined by the
in-plane dimensions of the SHO) are substantially smaller
than the wavelength λ of the ac signal. To evaluate the
maximum magnitude of the emitted ac power, we take the
magnitude of the ac magnetization mDMI from the numeri-
cal solution of Eq. (1).
Using the above-described model, we perform full

electrodynamic calculations of the power emitted by an
AFM-based SHO into different microwave- and terahertz-
frequency resonators and transmission lines (see the
Appendix for details), and we find that, in all cases,
the maximum emitted ac power can be expressed by the
following generalized expression:

Pac ¼ Pm
V
Veff

Q: ð7Þ

Here, Pm ¼ μ0m2
DMIVf is the characteristic ac power

generated in the SHO by the rotating magnetization
mDMI, f is the frequency of the generated ac signal, V ¼
πr2SHOdAFM is the volume of the AFM layer, Q is the
quality factor of a particular resonance system, and
Veff is the frequency-dependent effective volume of a
particular resonance system coupled to the AFM-based
SHO. Basically, the expressions for Veff obtained for the
electromagnetic-energy emission into free space (far-field
zone)—a nanoloop (near-field zone), rectangular and
dielectric waveguides, a parallel-plate line, and rectangu-
lar, parallel-plate, and dielectric resonators—represent the
results of electrodynamic calculation, and they can be used
to compare the efficiency of AFM-based signal generators
coupled to different resonance systems (see Table I).
It follows from Eq. (7) that a significant output ac power

Pac can be obtained only when the resonator coupled to the
AFM-based SHO has a reasonably high quality factor
(Q ≫ 1), and the SHO is operating at a sufficiently high
frequency, as Pm increases with the increase of the
generation frequency f. This generation frequency can
be controlled by the magnitude of the driving current
density (see Fig. 2). It is also important to have a
sufficiently small “effective volume” Veff of the SHO
resonator, which, in the ideal case, should be comparable
to the volume V of the AFM layer.
The extracted ac power should be substantially smaller in

the case of radiation into a transmission line where Q ¼ 1
and/or the effective volume Veff is, typically, substantially
larger than the volume of the AFM layer.
To decrease the effective volume of the resonance

system, one can fill it with a dielectric having a large
dielectric permittivity ε. This approach is well known in the
field of microwave- and terahertz-frequency technology
[41]. A simple qualitative analysis shows that a high-Q
terahertz-frequency dielectric resonator can be an effective
system for the extraction of the generated ac power from an
AFM-based SHO. It is also obvious that the intrinsic ac
power Pm ∼ fV and the efficiency of the ac power

TABLE I. Expressions for Veff and values for the ac power emitted by a SHO at f ¼ 0.5 THz calculated using Eq. (7).

Case Expression for Veff Parameters Maximum power, W

Free space 3c3=8π3f3 f ¼ 0.5 THz, c ¼ 3 × 108 m=s, Q ¼ 1 2.6 × 10−12

Nanoloop r2SHORL=2μ0π2f RL ¼ 6030 Ω, Q ¼ 1 1.4 × 10−10

Rectangular waveguide 2a2bχ=π2 a ¼ 0.47 mm, b ¼ 50 nm, χ ¼ η=
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − η2

p
,

η ¼ c=2af ≈ 0.64, Q ¼ 1

2.3 × 10−8

Dielectric waveguide 2a2bχε=π2 a ¼ 0.47 mm, b ¼ 50 nm, χε ¼ ηε=
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − η2ε

p
,

ηε ¼ c=2af
ffiffiffi
ε

p
≈ 0.2, ε ¼ 10, Q ¼ 1

2.9 × 10−8

Parallel-plate line 8abc=π2f a ¼ 0.47 mm, b ¼ 50 nm, Q ¼ 1 1.2 × 10−9

Rectangular resonator 8a4bχ3f2=c2 a ¼ 0.47 mm, b ¼ 50 nm, Q ¼ 10 2.26 × 10−9

Parallel-plate resonator 2abc=f a ¼ 0.47 mm, b ¼ 50 nm, Q ¼ 2 9.7 × 10−10

Dielectric resonator 2a2bχε a ¼ 0.47 mm, b ¼ 50 nm, ε ¼ 10, Q ¼ 750 1.1 × 10−6
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extraction using the dipolar radiation mechanism are
higher for the AFM-based SHOs than for the conventional
ferromagnetic STNO. The reasons for that are, first of all,
the much higher frequencies f generated by AFM-based
SHOs (f ∼ 1 THz in a SHO, while it is f ∼ 10 GHz in a
typical STNO; see Fig. 2), and a substantially larger active
magnetic layer volume V in an AFM-based SHO than
found in a STNO (typical radius of a conventional circular
STNO is about 100 nm, while the radius of an antiferro-
magnetic SHO can be 100 or more times larger).
Despite a relatively small magnitude of the net mag-

netization mDMI rotating inside a canted AFM and,
consequently, a relatively small magnitude of the intrinsic
power Pm, one can obtain a substantial output power
Pac of the total autogenerator based on a layer of a canted
AFM in the case of a sufficiently high generation
frequency f.
Using Eq. (7), we calculate the maximum ac power Pac

radiated by a hematite-based SHO into different resonance
structures (free space, rectangular and dielectric resonator)
as functions of the generated frequency. These curves are
shown in Fig. 3. In Fig. 3, the blue line shows the
dependence PacðfÞ for a hematite SHO (dAFM ¼ 5 nm)
radiating into free space, while the green and red lines show
the dependence PacðfÞ for the hematite-based SHO
coupled to a rectangular cavity and a high-Q dielectric
resonator, respectively. For comparison, a similar curve (the
black line) is presented for a SHO based on a layer of a
bianisotropic AFM (NiO) (dAFM ¼ 5 nm), where the gen-
erated ac signal is extracted through the ISHE in the
adjacent Pt layer. It is clear that the signal-extraction
method based on the ISHE has an advantage at relatively

low frequencies, but the method based on the dipolar
radiation from a canted AFM wins in the limit of high
terahertz frequencies.
The dependencies of the power and frequency of a signal

generated in a SHO based on a canted AFM (hematite) on
the AFM layer thickness are presented in Fig. 4. The power
is calculated for the generated frequency f ¼ 1 THz, while
the frequency is calculated at the driving dc current
jdc ¼ 8.9 × 108 A=cm2. As mentioned above, the gener-
ation frequency f depends on the ratio of the STT τ to the
effective damping constant αeff as 2πf ¼ τ=αeff . The
damping constant αeff [see Eq. (4)] includes the contribu-
tion of the intrinsic AFM damping α0, which we assume
does not depend on the AFM thickness, and the loss of the
spin angular momentum due to the spin pumping, αSP.
Since the STT and the spin pumping share the same origin
and are, for practical purposes, the interfacial effects
because of the small spin-diffusion length in the AFM
insulators, both the STT τ and the spin-pumping-induced
damping αSP are inversely proportional to the AFM thick-
ness dAFM [see Eqs. (3) and (4)]. Therefore, in the limiting
case where α0 ¼ 0, the generation frequency does not
depend on the AFM thickness at all. For most AFM
insulators, α0 is relatively small and, for sufficiently thin
AFM films, the ratio α0 ≪ αSP holds. In this case, as one
can see in Fig. 4, the increase of the AFM layer thickness
leads to a moderate decrease of the generated frequency,
but, at the same time, to a substantial increase of the
generated power—which, in turn, is proportional to dAFM.
Obviously, in the opposite case, when αSP ≪ α0, which is
realized for a thick AFM layer (dAFM > 100 nm for
hematite), the frequency of the oscillations decreases as
1=dAFM. Interestingly, the last case is common for STT
oscillators based on FM metals, even those having rather
thin FM layers, due to the large Gilbert damping constant
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FIG. 3. Generated power vs frequency for a SHO based on a
layer (thickness, dAFM ¼ 5 nm) of a canted AFM providing
dipolar radiation into different types of resonance systems:
dielectric resonator (the red line), rectangular cavity (the green
line), and free space (the blue line). For comparison, a similar
curve is presented for a SHO based on a layer of bianisotropic
AFM (NiO) where the generated ac signal is extracted through
the ISHE in the adjacent Pt layer (the black line demonstrating a
decrease of the generated power with frequency).
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α0 ≃ 0.01 in the FM metals. It should also be noted that the
calculation results presented in Fig. 4 are obtained in the
macrospin approximation, which is quantitatively correct
only for sufficiently thin AFM layers (probably thinner
than 20–30 nm). However, the relatively weak dependence
of the generation frequency and a substantially stronger
dependence of the generated power on the thickness of the
AFM layer is practically important, and a more accurate
micromagnetic calculation should be used in the future to
optimize the AFM thickness in the practical AFM-based
signal generators.
The general expressions for the effective volume Veff ,

along with the system’s parameters and the values of Pac
(calculated at a generation frequency of f ¼ 0.5 THz),
are presented in Table I (see the Appendix for details).
The results presented in Table I and Fig. 3 (the blue line)

demonstrate that the power emitted from an AFM-based
SHO operating at a frequency f ¼ 0.5 THz into free space
is very low. If we place a SHO in the center of a gold-wire
nanoloop of a round shape (with a radius rL ¼ 100 μm, a
square cross section of the wire SL ¼ 50 × 50 nm2, and
a characteristic resistance RL ¼ 2πρAurL=SL ¼ 6030 Ω,
where ρAu ¼ 24 nΩm is the resistivity of gold), we can
increase the emitted power by approximately 102 times
because the power can be collected by the loop in a near-
field zone (see Table I) [39].
To increase the generated power, we can also place an

AFM-based SHO in a waveguide (rectangular, parallel
plate, or dielectric). In this case, the electromagnetic field
generated by a SHO can excite fundamental propagating
modes in these transmission lines, but, as can be seen in
Table I, this approach is not very effective because, for
the considered waveguides, Q ¼ 1 and Veff ≫ V, which,
in accordance with Eq. (7), leads to rather small values
of Pac.
In order to substantially enhance the emitted power, a

SHO should be placed in a microwave- or terahertz-
frequency resonator with a sufficiently high Q factor,
which allows one to increase the emitted power Q times
[see Eq. (7)]. Our calculations performed for rectangular,
parallel-plate, and dielectric resonators having sizes a ×
b × l and reasonably high frequency-dependent quality
factors Q≡QðfÞ [42] demonstrate that the power
emitted into rectangular or parallel-plate resonators hav-
ing metal walls is comparable to the power that can be
extracted from a SHO placed in a transmission line,
mainly due to the increase of the Ohmic losses in the
resonator walls (both resonators) and radiation losses (a
parallel-plate resonator).
The power emitted into a resonator can be increased if

the effective volume Veff of the resonator is reduced, while
its quality factor remains sufficiently large. To achieve this
effect, it is possible to, e.g., place a SHO inside a dielectric
resonator having a resonance frequency f ¼ 0.5 THz
(mode TM101), reasonable size (470μm×50nm×97μm),

the dielectric permittivity ε ¼ 10, and the Q factor
Q ¼ 750. In such a case, the power emitted by the
AFM-based SHO into a dielectric resonator can reach
Pac ¼ 1.1 μW (see Table I and the red line in Fig. 3).
It is clear from Fig. 3 and Table I that the design of an
AFM-based SHO involving a high-Q dielectric resonator
could be promising for the development of practical
terahertz-frequency ac signal sources based on the anti-
ferromagnetic SHOs.
At the same time, at frequencies higher than 1 THz,

the use of quasioptical resonators might turn out to be
preferable. Also, as is clear from Fig. 4, an additional
enhancement of the ac power Pac emitted from an AFM-
based SHO can be achieved by increasing the thickness
dAFM of the AFM layer. This change will lead to an increase
of the AFM layer volume V ∼ dAFM and, therefore, to an
increase in the power of the magnetization oscillations Pm
[see Eq. (7)].
Finally, it is interesting, for comparison, to consider a

bianisotropic AFM crystal with no DMI (e.g., NiO) where
the ac component of the output spin current can reach a
substantial magnitude if the AFM sublattice rotation is
nonuniform in time [22]. In this case, the ac component
of the current jouts is proportional to the acceleration
in the rotation of the sublattice magnetizations. The
SHO based on this effect was proposed in Ref. [22], where
the small in-plane anisotropy of NiO makes the sublattice
rotation nonuniform in time. The calculated output power
of such a NiO SHO is shown in Fig. 3 by a black solid line.
To make a direct comparison with the case of an easy-plane
hematite SHO, we assume that both types of AFM-based
SHOs have the same surface area. As one can see in Fig. 3,
the output power of the NiO SHO decreases with the
increase of the generation frequency, and this device and
this method of ac signal extraction become noncompetitive
for generation frequencies above 0.5 THz.
To understand what the area of possible practical

applications of the proposed terahertz-frequency generators
based on the AFM SHO is, it is very useful to compare
their characteristics (frequency range, ac power, specific
features, and experimental requirements) with the charac-
teristics of existing terahertz-frequency generators and
gigahertz-frequency generators based on FM materials.
The results of this comparison are summarized in
Table II. As one can see, in contrast to many of the
considered generator systems, the proposed AFM-based
generators integrated with high-Q dielectric resonators do
not require complex setups, can be easily fabricated, and
have sizes less than 1 mm. Although the operation
frequency of these generators is limited by the AFM
resonance frequency fAFMR and, for typical materials,
is below 1 THz [25], the ac power extracted from such
a device can substantially exceed 1 μW, which is a
characteristic maximum value of the ac power that can
be obtained from FM-based STNOs at frequencies of
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about 1 GHz. Also, the frequency and power values of the
above-considered AFM-based SHO greatly exceed
the corresponding characteristics of the FM-based SHOs.
The above-proposed oscillator based on the canted AFM
materials has substantial advantages over other AFM-based
SHOs that were recently investigated in Refs. [21,22].
In contrast to the previously considered AFM-based
SHOs [21,22], where the SHO’s output power is reduced
at frequencies f > fAFMR, our SHO has an important
advantage—its output power increases with an increase
of the generation frequency f, which makes this genera-
tor promising for applications at the high end of the
terahertz frequency range. We believe that the abovemen-
tioned interesting and useful properties of the proposed
terahertz-frequency AFM-based generator could be
employed in the development of low- and medium-power
sources of terahertz-frequency signals for practical appli-
cations in terahertz spectroscopy, medical imaging, etc.

V. CONCLUSIONS

In this work, we demonstrate theoretically that a SHO
based on a canted antiferromagnet (e.g., hematite) can be
used for the development of terahertz-frequency ac signal
sources, where the power of a generated ac signal can be
extracted from a SHO through the dipolar oscillating
magnetic field created by the current-driven rotating net
magnetization of the canted AFM. We show that the
efficiency of this mechanism of the ac power extraction
increases with an increase of signal frequency, and that it

depends on the Q factor and the effective volume of the
attached microwave- or terahertz-frequency resonance
system. Our analysis also shows that the output ac power
of such a terahertz-frequency signal source could exceed
1 μW at the frequency f ∼ 0.5 THz for the hematite or Pt
SHO coupled to a dielectric resonator with reasonable
experimental parameters (size 470 μm × 50 nm × 97 μm,
dielectric permittivity ε ¼ 10, and Q factor Q ¼ 750). The
above-proposed SHO based on a current-driven layered
structure of a canted AFM and Pt and incorporating an
external dielectric resonator has a practically interesting
level of the output power, and its efficiency increases with
the increase of the generation frequency, in contrast to the
NiO SHO proposed in Ref. [22], which relies on the ISHE
mechanism for the extraction of the ac power. The obtained
results could become critically important for the develop-
ment and optimization of practical terahertz-frequency
nano- and microscale electromagnetic signal sources.
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Type of generator
Typical

frequency range
Typical
ac power Comments References

Proposed AFM-based SHO 0.1–10 THz 0.1–500 μW Pac increases with frequency f � � �
Other AFM-based SHOs 0.1–1.5 THz 0.1 − 1μW Pac reaches maximum at frequencies

f ∼ 0.1 THz
[21,22]

Gyrotron 0.1–0.5 THz 1 kW–5 MW Large complex setup, high voltage,
strong dc magnetic field are required

[5]

Backward-wave oscillator 0.03–1.5 THz 1 mW–1 W Sizes ≳1 cm, high voltage is required [5,9]
Free-electron laser 1–4 THz 1 W–10 kW

(peak power)
Large complex setup, high voltage,
strong dc magnetic field are required

[4,5,10]

Quantum cascade laser 0.5–3 THz 0.1–1 μW Complex setup, works at low
temperatures (≲100 K)

[6,7]

Semiconductor-
heterostructure laser

4.4 THz ⪆2 μW Complex setup, works at low
temperatures (≲10 K)

[43]

Electro-optic rectification
of laser radiation

0.1–1 THz 1 μW − 1 mW An external terahertz-frequency
pumping source is required

[10]

Unitraveling-carrier
photodiode

0.1–1 THz 10 μW–10 mW ac power greatly reduces with
an increase of frequency f

[10]

Josephson oscillator 0.1–1 THz 1 nW–1 μW Complex setup, works
at cryogenic temperatures

[8]

FM-based SHO 10−3 − 10−2 THz 1–10 pW ac power has been too low thus far [11,15,25,26,44]
FM-based STNO 10−3–5 × 10−2 THz 100 pW–1 μW ac power typically reduces

with an increase of frequency f
[11–18]
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APPENDIX: Veff AND Pac FOR DIFFERENT
SYSTEMS

Generalized expression (7) for the maximum ac power
Pac that is emitted by an AFM-based SHO contains the
effective frequency-dependent volume Veff of a particular
microwave- or terahertz-frequency system coupled to the
SHO. In this appendix, we consider the method of Veff
calculation for the systems considered in the article. The
method is based on an evaluation of the output ac power
Pac, which can be extracted from a SHO coupled to a
particular microwave- or terahertz-frequency system, using
different techniques that depend on the type of considered
system, then an estimation of Veff as

Veff ¼ V
Pm

Pac
Q; ðA1Þ

where Pm ¼ fμ0m2
DMIV is the characteristic ac power

generated in SHO by the rotating net magnetization
mDMI, f is the frequency of the generated signal, V ¼
πr2SHOdAFM is the volume of the AFM layer having radius
rSHO and thickness dAFM, Q is the Q factor of the system
coupled to the generating SHO, and μ0 is the vacuum
permeability. The final expressions for Veff calculated in
the scope of this approach for all considered microwave- or
terahertz-frequency systems are presented in Table I.

1. Free space

The total power radiated in a far-field zone by a system
of two almost identical magnetic dipoles can be presented
as a double power radiated by one dipole. The components
of the field generated by a magnetic dipole in free space
(relative permittivity ε ¼ 1, relative permeability μ ¼ 1)
are [41]

Eϕ ¼ −
iωμ0M

4π
e−ikr

�
ik
r
þ 1

r2

�
sin θeiωt;

Hr ¼
iωμ0M

2π
e−ikr

�
1

Z0r2
þ 1

iωμ0r3

�
cos θeiωt;

Hθ ¼
iωμ0M

4π
e−ikr

�
iωε0
r

þ 1

Z0r2
þ 1

iωμ0r3

�
sin θeiωt;

ðA2Þ

where M ¼ mDMIV is the magnetic moment of the SHO’s
AFM layer, ω ¼ 2πf, k ¼ ω=c, c is the speed of light,
Z0 ¼

ffiffiffiffiffiffiffiffiffiffiffi
μ0=ε0

p
is the vacuum impedance, ε0 is the vacuum

permittivity, and i ¼ ffiffiffiffiffiffi
−1

p
. In the far-field zone, at dis-

tances r > λ (here, λ is the wavelength of the generated
signal), one can keep in Eq. (A2) only terms approximately
equal to 1=r and can obtain a simplified form of the
generated electromagnetic field:

Eϕ ¼ ω2μ0M
4πcr

e−ikr sin θeiωt;

Hr ¼ 0;

Hθ ¼ −
ω2M
4πc2r

e−ikr sin θeiωt:

The energy transfer from the dipoles into the free space is
described by the time-averaged value of the Poynting vector
P ¼ fPr; 0; 0g having only one nonzero r component:

Pr ¼
1

2
jRefEϕH�

θgj ¼
ω4μ0M2

32c3r2π2
sin2θ:

The total power emitted by two magnetic dipoles can be
written as

Pac ¼ 2

I
S
PdS ¼ ω4μ0M2

6c3π
;

which, using Eq. (A1), gives, in the case Q ¼ 1, an
expression for the effective volume: Veff ¼ 3c3=8π3f3.

2. Nanoloop

By using a nanoloop, one can extract the power
generated by an AFM-based SHO in the near-field zone.
In this case, the output signal in a nanoloop can be received
via ac voltage induced in the loop due to the oscillations of
the magnetic field (magnetic flux) inside the loop. This ac
magnetic field is created by the oscillating magnetic dipoles
and can be described by expressions (A2), where one
should keep only terms proportional to 1=r3 and then
neglect the others, which is the usual approach to such
problems [41]. The ac voltage induced in the nanoloop by
one oscillating magnetic dipole can be estimated as

jVdipj ¼ 2πμ0ω

����
Z

rL

rSHO

HðrÞrdr
���� ∼ μ0πfM

����
Z

rL

rSHO

dr
r2

����;
where HðrÞ ∼mDMIr2SHOdAFM=4r

3 is the component of the
dipole’s magnetic field which is perpendicular to the loop’s
cross section. Taking into account that rSHO ≪ rL and
assuming that the total ac voltage induced in loop jVLj can
be twice as large as jVdipj (both voltages generated by the
dipoles are in phase), the voltage jVLj can be written as
jVLj ≈ 2π2μ0fmDMIrSHOdAFM. Then the power of extracted
ac signal can be estimated as
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Pac ≈
jVLj2
2RL

¼ PmV
2π2μ0f
RLr2SHO

;

where RL is the resistance of the nanoloop. It follows from
the written equation and Eq. (A1), where one can letQ ¼ 1,
that the effective volume Veff is given by the expres-
sion Veff ¼ RLr2SHO=2π

2μ0f.

3. SHO in transmission lines

In order to estimate the power of the ac signal generated
in the AFM-based SHO and emitted into the transmission
line, it is convenient to introduce the magnetic current
density jm ¼ i2πfmDMIðxþ zÞ, which depends on the
magnetization of the AFM layer and describes the source
of the electromagnetic ac field (here, x and z are the unit
vectors of the x and z axes, respectively). Then, using the
Lorentz lemma for electromagnetic fields in the trans-
mission line [41], one can obtain the amplitude of the
excited sth mode in the line:

Cs ¼
R
V j

mH−sdVR
S⊥ f½Es ×H−s� − ½E−s ×Hs�gzdS

: ðA3Þ

Here, index s corresponds to the wave propagating in the
direction þz, and index −s corresponds to the wave
propagating in the direction −z; S⊥ is the cross-section
surface of the transmission line. The ac power delivered
from a SHO to the sth mode of a transmission line can be
evaluated as

Pac;s ¼
1

2
Re

�Z
S⊥

½Es ×H�
s �zdS

	

¼ 1

2
Re

�Z
S⊥

ðEsxH�
sy − EsyH�

sxÞdS
	
; ðA4Þ

where the field components are proportional to the
Cs value.

4. Rectangular waveguide

The field components of the TE10 mode having a unit
amplitude in a hollow rectangular waveguide of cross
section a × b (with a being its wide wall size and b its
narrow wall size) can be written as [41]

H�z ¼ cos

�
π

a
x

�
e∓iβz;

E�y ¼ −iωμ0
a
π
sin

�
π

a
x

�
e∓iβz;

H�x ¼ �iβ
a
π
sin

�
π

a
x

�
e∓iβz;

where β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðω2=c2Þ − ðπ2=a2Þ

p
is a propagation constant.

Using these expressions for the field components of the
TE10 mode, one can obtain from Eq. (A4)

Pac ¼ Z0

a3b
λ2

C2
s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
λ

2a

�
2

s
:

By using the field components of the TE10 mode and
calculating Cs from Eq. (A3), one can obtain the final
expression for maximum ac power emitted from a gen-
erating SHO in the TE10 mode of a rectangular metal
waveguide:

Pac ¼
f2μ0π2M2

abc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
c

2af

�
2

s
;

which also allows one to write the expression for Veff

assuming Q ¼ 1: Veff ¼ 2a2bχ=π2, where χ ¼ η=
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − η2

p
and η ¼ c=2af.
Using the same approach, one can obtain expressions for

Pac in any other transmission lines.

5. Dielectric waveguide

The analysis procedure for the TM10 mode in a dielectric
waveguide, excited by the rotating net magnetization in the
AFM layer of a SHO, is identical to the algorithm used for
the analysis of wave excitation in a rectangular waveguide.
Using the magnetic-wall boundary condition [41], one can
write the field components of the TM10 mode in the
waveguide having the cross section a × b and made of a
dielectric with the relative permittivity ε:

E�z ¼ cos

�
π

a
x

�
e∓iβz;

E�x ¼ −iβ
a
π
sin

�
π

a
x

�
e∓iβz;

H�y ¼ ∓iωε0ε
a
π
sin

�
π

a
x

�
e∓iβz:

Substituting these expressions into Eqs. (A3) and (A4), one
can obtain the final expression for Pac,

Pac ¼
μ0f2π2M2

abc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
c

2af
ffiffiffi
ε

p
�

2

s
;

and can write the expression for Veff assuming
Q ¼ 1: Veff ¼ 2a2bχε=π2, where χε ¼ ηε=

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − η2ε

p
and

ηε ¼ c=2af
ffiffiffi
ε

p
.

6. Parallel-plate line

The parallel-plate transmission line consists of two
parallel metallic plates of width a, with a dielectric layer
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of permittivity ε ≈ 1 located between the plates (its thick-
ness is b). We analyze the excitation of a fundamental T
wave in the line only and assume that there is no
electromagnetic field out of the line’s cross section.
Using Eq. (A3), the amplitude of an excited T wave can
be obtained in the form

jCsj ¼
πfμ0
2ab

M:

The power transmitted into a parallel-plate line is given by
Eq. (A4):

Pac ¼ jCsj2
ab
2Z0

¼ π2μ0
2M2f2

8abZ0

;

which also allows one to write the expression for Veff while
assuming Q ¼ 1: Veff ¼ 8abc=π2f.

7. SHO in resonators

When an AFM-based SHO is coupled to the resonator
system, one can use Maxwell’s equations for the electro-
magnetic-field componentsE andH, excited by a magnetic
current density jm [41]:

rotEþ iωμ0μH ¼ −jm; rotH − iωε0εE ¼ 0: ðA5Þ
The field components can be presented as a series expan-
sion by eigenfields of the resonator [45]:

E ¼
X
n

AnEn; H ¼
X
n

BnHn; ðA6Þ

where, for simplicity, we neglect the terms dependent on
gradient functions (gradΨe;h). The eigenfields En and Hn

are the solutions of the uniform equations

rotEn þ iωnμ0μHn ¼ 0; rotHn − iωnε0εEn ¼ 0:

ðA7Þ
They satisfy the following orthogonality conditions [45]:Z
V
E�

nε0εEn0dV ¼ Ne
nΔnn0 ;

Z
V
H�

nμ0μHn0dV ¼ Nh
nΔnn0 ;

Δnn0 ¼
�
1; n ¼ n0

0; n ≠ n0
: ðA8Þ

By substituting Eq. (A6) into Eq. (A5), multiplying H�
n

by the first obtained equation and E�
n by the second one,

integrating the newly obtained equations over the resonator
volume Vr, and taking Eq. (A8) into account, one can get

X
n

An

Z
V
H�

nrotEndV þ iωBnNh
n ¼ −

Z
V
H�

nμ0μjmdV;

X
n

Bn

Z
V
E�

nrotHndV − iωAnNe
n ¼ 0: ðA9Þ

Using Eq. (A7), one can write Eq. (A9) in the form

−iωnAnNh
n þ iωBnNh

n ¼ −iωGn;

iωnBnNe
n − iωAnNe

n ¼ 0;

where Gn ¼
R
V H

�
nμ0μmDMIdV. This system of equation

has the solution

An ¼
ωωn

ω2
n − ω2

Gn

Nh
n
; Bn ¼

ω2

ω2
n − ω2

Gn

Nh
n
: ðA10Þ

To analyze the resonator excitation at the frequency
ω ≈ ωn, one can introduce the Q factor of the resonator
Qn ¼ ωn=jωn − ωj and assume that Qn ≫ 1. In this case,
Eq. (A10) transforms to An ≈ Bn ≈QnGn=2Nh

n.
The ac power pumped in the nth resonance mode by the

SHO can be calculated as

Pac;n ¼
1

2
ðA2

nNe
n þ B2

nNh
nÞ: ðA11Þ

8. Rectangular resonator

Field components of the TE101 mode of a hollow
rectangular resonator having the volume a × b × l can
be written in the form [41]

Ey ¼ An sin

�
π

a
x

�
sin

�
π

l
z

�
;

Hx ¼ −i
An

Z0

λ

2l
sin

�
π

a
x

�
cos

�
π

l
z

�
;

Hz ¼ i
An

Z0

λ

2a
cos

�
π

a
x

�
sin

�
π

l
z

�
:

The ac power pumped in the resonator by the SHO can
be calculated using the maximum value of the electric field:

Pac ¼
f
Q
ε0
2

Z
a

0

dx
Z

b

0

dy
Z

l

0

dzjEymaxj2 ¼
ε0fA2

n

8Q
abl;

where l ¼ λa=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4a2 − λ2

p
.

Assuming that the SHO can be considered a “point”
object with magnetic moment M, located in the point
ðx0; y0; z0Þ inside the cavity, one can do the following
estimations:

Gn¼ iμ0mDMI
1

Z0

λ

2

×

�
1

l
sin

�
π

a
x0

�
cos

�
π

l
z0

�
−
1

a
cos

�
π

a
x0

�
sin

�
π

l
z0

��
;

Nh
n¼μ0ablλ2ð1=l2þ1=a2Þ=16Z2

0;

An≈
4QmDMIZ0al
bλða2þ l2Þ

×

�
1

l
sin

�
π

a
x0

�
cos

�
π

l
z0

�
−
1

a
cos

�
π

a
x0

�
sin

�
π

l
z0

��
:
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In a typical case where x0 ¼ a=2 and z0 ¼ 0 (the SHO is
attached to the center bottom of the resonator’s front wall),
we can obtain

Pac ¼ 2
ε0QfM2Z2

0a
2

b2λ2ða2 þ l2Þ2 abl;

which also gives Veff ¼ 8a4bχ3f2=c2.

9. Parallel-plate resonator

Here, we analyze the excitation of the T001 mode in a
parallel-plate resonator of cross section a × b and length
l ¼ λ=2. The electromagnetic field of the T mode has the
form

Ey ¼ An sin

�
π

l
z

�
; Hx ¼ −

An

Z0

cos

�
π

l
z

�
:

Microwave power Pac pumped into the resonator’s mode
from an AFM-based SHO can be calculated using the
maximum value of the electric field:

Pac ¼
ε0f
2Q

Z
a

0

dx
Z

b

0

dy
Z

l

0

dzjEymaxj2 ¼
ε0fA2

n

4Q
abl;

where An ≈ ðQMZ0=ablÞ cos ½ðπ=lÞz0�. In a typical case
where z0 ¼ 0 (the SHO is attached to the front side of the
resonator), one can obtain

Pac ¼
ε0fQM2Z2

0

4abl
:

It then follows that Veff ¼ 2abc=f.

10. Dielectric resonator

We assume that the dielectric resonator has the size
a × b × l, where l ¼ aλ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4a2ε − λ2

p
, and is made of a

dielectric with permittivity ε. Using the same approach as
for a rectangular resonator and magnetic-wall boundary
conditions [41], one can write the field components of the
TM101 mode:

Ex ¼
iAn

ωεε0
sin

�
π

a
x

�
sin

�
π

l
z

�
;

Ez ¼ −
iAn

ωεε0
cos

�
π

a
x

�
sin

�
π

l
z

�
;

Hy ¼ An sin

�
π

a
x

�
sin

�
π

l
z

�
:

Then the ac power pumped in the resonator from the SHO
can be evaluated as

Pac ¼
f
Q
μ0
2

Z
a

0

dx
Z

b

0

dy
Z

l

0

dzjHymaxj2 ¼
μ0fA2

n

8Q
abl:

Assuming that the SHO can be considered a point object
with magnetic momentM, located in the point ðx0; y0; z0Þ,
we obtain An ≈ ð2QM=ablÞ sin ½ðπ=aÞx0� sin ½ðπ=lÞz0�. In
a typical case where x0 ¼ a=2 and z0 ¼ 0 (the SHO is
attached to the center bottom of the resonator’s front wall),
an expression for the output power transforms to its final
form:

Pac ¼
μ0fQM2

2abl
:

Thus, Veff ¼ 2a2bχε, where χε ¼ ηε=
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − η2ε

p
and

ηε ¼ c=2af
ffiffiffi
ε

p
.
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