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A concept of an electrically tunable resonance detector of THz-frequency signals based on antiferromagnetic/heavy
metal (AFM/HM) hetero-structure is proposed. The conversion of a THz-frequency input signal into DC voltage is
done using the inverse spin Hall effect in an (AFM/HM) bilayer. An additional bias DC current in the HM layer can be
used to vary the effective anisotropy of the AFM, and, therefore, to tune the AFMR frequency. The proposed AFM/HM
hetero-structure works as a resonance-type quadratic detector which can be tuned by the bias current in the range of
at least 10 percent of the AFMR frequency, and our estimations show that the sensitivity of this detector could be
comparable to that of modern detectors based on the Schottky, Gunn or graphene-based diodes.

There is a growing interest in the development of tun-
able oscillators and detectors operating in a terahertz (THz)
frequency range. Antiferromagnetic (AFM) materials have
natural resonance frequencies of spin excitations (antiferro-
magnetic resonance or AFMR) lying in this frequency range.
Some AFM materials can operate at room temperatures, they
do not require any bias magnetic field, and can be tuned by
changing their anisotropy. These properties make AFM ma-
terials very attractive for use in THz-frequency signal pro-
cessing devices.The resonance detectors of terahertz (THz)
frequency signals have a great potential for use in non-
destructive testing, security and telecommunication technolo-
gies1–4 since the THz-frequency radiation has a relatively
large penetration depth, being, at the same time, non-ionizing.
However, generation and resonance detection of signals with
frequencies lying in the so-called "THz-gap" (from 0.1 to 10
THz) is rather difficult due to the rarity of naturally existing
resonators operating in this frequency range. Vacuum elec-
tronic devices, semiconductor and graphene-based oscillators
with frequency multipliers can generate high-amplitude sig-
nals at frequencies of up to several hundred GHz5, whereas
light-based sources, such as quantum cascade lasers, provide
signals with frequencies higher than several THz at room tem-
perature6, so the THz-gap still exists. Some relief is provided
by the oscillators and detectors based on Josephson junc-
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tions7–10, but these devices require cryogenic temperatures for
their operation, which creates a significant difficuly in their
practical use. Thus, the development of a small and simple
room-temperature devices capable of generating and/or re-
ceiving resonantly signals in a "THz-gap" is still a significant
challenge.

It was suggested previously to use AFM materials as ac-
tive layers of THz-frequency oscillators, due to the fact that
the strong internal exchange magnetic field existing inside the
AFM crystals pushes the frequencies of signals that can be
generated in these crystals into the THz-frequency range 11.
Also, there are several theoretical papers 12–14 that suggested
the possibility of development of non-resonant continuously
tunable current-driven THz-frequency auto-oscillators based
on the effect of rotation of the AFM magnetic sublattices tilted
by an external DC spin current in the large internal exchange
magnetic field existing inside an AFM. It was predicted, that
the generation frequency of such AFM/HM - based auto-
oscillators, controlled by the DC bias electric current flow-
ing in the HM layer, would vary between 0.1–2.0 THz when
the bias DC current would be varied between 108 A/cm2 and
109 A/cm2.

Recently15,16, it has been theoretically proposed to use
active AFM generators for the detection of external THz-
frequency signals via the mechanism of injection-locking of
such a signal to the oscillations generated by a DC-current-
driven AFM/HM THz generator.

An alternative way to develop quasi-passive AFM/HM-
based detectors 17is to use the fact that resonance eigen-
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frequencies of the AFM dynamic modes (standing AFMR
modes) lie in the THz frequency range. It has been shown
theoretically in 17, that a dielectric AFM having bi-axial
anisotropy, such as NiO, can be used for the resonance
quadratic rectification of a linearly-polarized AC spin current
of THz-frequency, and could have a sensitivity in the range of
102−103 V/W.

The theoretical estimations of the AFM/HM detector pa-
rameters presented in17 are rather encouraging, but for the
practical use of such a detector it is highly desirable to be able
to continuously tune the resonance (AFMR) frequency of such
a device by electric means, which was the main motivation of
this work.

It should be noted, that in the GHz frequency range similar
quadratic detectors based on the spin-torque magnetic diode
(STMD) effect in ferromagnetic tunnel junctions has been in-
vestigated both theoretically and experimentally18,19. The op-
erating frequency of the ferromagnetic STMD is limited by
the maximum possible applied bias magnetic field, and it is
practically impossible to increase this frequency above sev-
eral tens of GHz.

For the detector devices based on an AFM/HM hetero-
structure the resonance (AFMR) frequencies are proportional
to the square root of the product of the internal exchange
and anisotropy magnetic fields (see Eq.(4) below). While
the internal exchange magnetic field is very large (it reaches
hundreds of Tesla) and fixed by the strong homogeneous ex-
change interaction, the AFM anisotropy field can be relatively
easily controlled by various external means. In this work, we
demonstrate a possibility to control the AFM anisotropy field,
and, therefore, the AFMR frequency, by changing a DC bias
current in the HM layer of the AFM/HM hetero-structure. To
confirm our analytical results on the current-induced AFMR
frequency tuning, we performed micromagnetic simulations
by solving numerically the Landau-Lifthitz-Gilbert equation
with a current-induced term (for more details see our previous
work20).

In this work we consider a THz detector, schematically
shown in Fig.1, which consists of an uniaxial AFM driven by
both DC (bias) and AC (signal) spin currents flowing from the
bottom Pt-layer. A spin current of the density jSH , produced
due to the spin-orbit interaction in the bottom Pt layer, flows
into the AFM, and creates DC and AC spin torques with polar-
izations nDC and nAC, respectively. These torques are acting
on the magnetic sublattices. The precession of the magnetic
sublattices due to the spin-pumping mechanism creates a spin
current jSP. This spin current via the inverse spin-Hall effect
induces in the top Pt layer (see Fig.1) an electric field in the
direction ez perpendicular to the DC charge current flowing in
the ex-direction. We are interested in the DC part of the elec-
tric voltage VOUT induced in the top Pt layer between the out-
put contacts which are separated by the distance L = 10µm.
Note, that for the practical implementation of the proposed
detector one needs to measure a relatively small rectified DC
voltage, proportional to the amplitude of the input AC signal,
in the case when the bias DC current could be rather large.
Therefore, it is very important, to guarantee that the source

FIG. 1. Schematic view of the THz-frequency resonance detector
based on the AFM-Pt structure, where l is the Néel vector oriented
along the easy axis ne = ex and VOUT is the output DC electric volt-
age. Due to the spin Hall effect input electric current in Pt creates a
spin current jSH , which has both DC and AC components. The po-
larization of the AC spin current is directed perpendicular to the in-
terface, while the polarization of the DC current pDC = ez is oriented
in the interface plane and perpendicular to the easy axis. Oscillations
of the Néel vector cause a spin current jSP due to the spin-pumping
mechanism. Both AC and DC spin-pumping signals are transformed
into electric field signals via the inverse spin-Hall effect in the second
Pt layer placed on top of the AFM21,22.

.

supplying the bias DC current is highly stable.
Here, we consider a case when the polarization vector of

nDC = ez of the DC current is oriented perpendicular to the
easy axis ee of the AFM anisotropy, and the input AC spin
current has a circular polarization described by the vector
nAC = (ey ± iez)/

√
2, where two signs correspond to the

clockwise and anti-clockwise rotation of the AC spin current
polarization in the plane perpendicular to the easy axis ee of
the AFM anisotropy. In should be mentioned, that, as it was
was shown in17, a linearly polarized AC spin current induces
a zero output DC voltage in an uniaxial AFM, so the circular
polarization of the input AC current is critical. An input AC
current having circular polarization could, for example, orig-
inate from a THz-frequency signal source placed in an EM
resonator with a circular polarized magnetic field 23, or could
be obtained using an additional magnetic layer, which cre-
ates spin current with circular polarization in the z-y plane,
or could be supplied by any other AFM-based THz-frequency
oscillator12,24.

We describe the AFM magnetization dynamics using the
Néel vector l = (M1−M2)/2Ms, whereM1,2 are the mag-
netization vectors of the AFM sublattices, and Ms is the sat-
uration magnetization of the sublattices (in particular, Ms =
350 kA/m for IrMn at room temperature). The dynamics of
the Néel vector l(t) is governed by the well-known equation
of the so-called "sigma-model" 17,25–27

l×
[

1
ωex

d2l

dt2 +αeff
dl
dt

+ Ω̂ · l+[τ × l]
]
= 0. (1)

Here αeff is the effective Gilbert damping constant ,ee = ex
is the easy axis of the AFM anisotropy, Ω̂ = − ωe ee ⊗ ee,
τ = (ωDCnDC + ωACnACeiωt + c.c.) is the DC and AC
spin-transfer torque intensity. Characteristic frequencies are
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FIG. 2. Schematic representation of a Néel’s ground state vector λ
orientation in an AFM for jDC = 0 (a) and for jDC 6= 0 (b).

defined as follows:(
ωDC
ωAC

)
= σ ·

(
jDC
jAC

)
,

(
ωex
ωe

)
= γ ·

(
Hex
He

)
, (2)

where jDC and jAC are the densities of the input DC electric
current and the AC electric current having frequency ω , re-
spectively, γ is the modulus of the gyromagnetic ratio, Hex is
the AFM internal exchange magnetic field and He is the AFM
anisotropy field. The torque-current proportionally coefficient
σ is determined by the following expression 17:

σ =
eγθSHgrρλPt

2πMsdAFM
tanh

(
dPt

2λPt

)
, (3)

where gr = 6.9 · 1018 m−2 is the spin-mixing conduc-
tance at the AFM-Pt interface, dAFM is the thicknesses of
the AFM layer, θSH = 0.1 is the spin-Hall angle in Pt,
ρ = 4.8 · 10−7Ω · m is the electrical resistivity of the
Pt layer, λPt = 7.3nm is the spin-diffusion length in Pt, dPt =
20nm is the Pt thicknesses. In our numerical simulations, we
used a typical value of the effective Gilbert damping constant
for IrMn 28,29 αeff = 0.005, which gives the quality factor Q
of the AFMR resonance approximately equal to 7.

The resonance frequency of the detector in a simplest case
of a uniaxial easy-axis AFM can be calculated using the ex-
pression 12:

ωAFMR =
√

ωexωe, (4)

where ωex is the exchange frequency and ωe is the anisotropy
frequency. For the uniaxial IrMn, with ωex/2π = 12.9 THz
and ωe/2π = 16 GHz, the AFMR frequency ωAFMR/2π =
454 GHz 28.

We can describe the small-amplitude dynamics of the Néel
vector as l = λ+ seiωt + c.c., where λ is the ground state
of the Néel vector, while vector s describes the excitation cre-
ated by the external AC spin current. These vectors satisfy the
orthogonality condition (λ ·s) = 0.

Let us, first consider the situation when the bias DC current
is absent. The ground state orientation of the Néel vector for
the zero input DC current density is λ= (1,0,0) (see Fig.2a),
so vector λ is oriented along the easy axis. The oscillations
of the dynamic vector s occur in the (ez,y) plane, and the pro-
jection sx = 0. In this case after simplifications we can find an
expressions for the vector s in the following form:

s=
ωACωex

ω2
AFMR−ω2 + iγ0ω

·nAC, (5)

FIG. 3. Resonance curve of the output rectified DC voltage Vout
of an AFM-based detector calculated using Eq.(6)(solid line). Dots
show the results of micromagnetic simulations.

where γ0 = αeffωex is the spectral linewidth of the AFMR for
the zero input DC current.

The rectified output DC spin current in the top Pt layer (see
Fig.1) is proportional to jout ∼ [l× l̇] 12,17. From Eq.(5), after
simplifications, one can find the output DC electric voltage
between output contacts in the following form12:

Vout(ω) =
V 0

max(γ0)
2ωAFMRω

(ω2
AFMR−ω2)2 +(γ0ω)2 . (6)

Here V 0
max =

(
ωAC
γ0

)2
V0 is the maximum output DC voltage in

the resonance case ω = ωAFMR, and the normalized voltage
V0 is defined by the expression17:

V0 = L e ω
2
ex θSH gr ρ λPt

tanh(dPt/2λPt)

πdPtωAFMR
. (7)

In our calculations we assume that the AFM layer has
a square cross section with the in-plane dimensions S =
100 × 100 nm2 and the thickness dAFM is 5 nm. For
the jAC = 107A/cm2 the output electric voltage to be
Vout u 100µV at the zero DC input current density.

Fig.3 shows the standard resonance-type dependence of the
output voltage Vout on the frequency ω of the input AC sig-
nal. As it can be seen from Fig.3 the spectral linewidth of the
output voltage is equal to the linewidth of the AFM resonance
γ0/2π = 64.8 GHz.

Now, let us consider the case when a non-zero bias input
DC-current is applied to the detector Fig.1. In this case (see
Fig.2b) the static equation defining the ground state Neel vec-
tor λ can be found from (1), and has the following form:

λ× (Ω̂ ·λ)+ωDCλ×nDC×λ= 0. (8)

Using a spherical coordinate system, one can
express the ground state of the Néel vector as:
λ = (cos(ϕ0)sin(θ0),sin(ϕ0)sin(θ0),cos(θ0)). It also
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follows from (1) that for nDC = ez and ne = ex the azimuthal
angle θ0 u π/2, and the static polar angle of the Neel vector
λ is:

ϕ0 =
1
2

arcsin
(

2ωDC

ωe

)
. (9)

The increase of the polar angle ϕ0 means that the static part
of the Néel vector is deflected from the plane of the AFM
interface, which results from the spin-transfer-torque induced
by the spins injected from the bottom Pt layer traversed by the
external bias DC current.

The "dynamic" equations defining the "excitation" vector
s, after some simplifications, can be written in the following
form: (

− ω2

ωex
+ iωαeff

)
s+

(
Ω̂ −

(
λ · (Ω̂ ·λ)

)
Î
)
·s−

−
(
λ ·
(
Ω̂ ·s

))
λ+ωDC (λ ·nDC)λ×s= ωACλ×nAC.

(10)

As it was mentioned earlier, for the zero input bias DC cur-
rent the oscillations of the vector s take place in the (z,y)
plane and sx = 0, whereas in the presence of the DC bias
current, it is necessary to introduce a new coordinate system
(eξ ,eη ,eζ ) (see Fig.2b), where the component sξ perpendic-
ular to the plane of oscillation (eη ,eζ ) is equal to zero. The
expressions for the components sη ,sζ are equivalent to those
for the components sy,sz (5) if we replace ey by eη , ez by eζ ,
and ωAFMR by ω0 = ωAFMR

√
cos(2ϕ0), respectively.

Recently30 for the case of a biaxial AFM (e.g. NiO) it has
been shown that in NiO there are two resonance frequencies
ω1,2 , and they are substantially different due to the strong dif-
ference between the anisotropies corresponding to the "easy"
and "hard" axes. In the case of a uniaxial AFM two AFMR
eigenfrequencies are degenerate for the zero DC bias current.
Although for a nonzero DC bias current the dependencies
ω1,2( jDC) differ, the difference is rather small, and in a uniax-
ial case we still can approximately assume, that ω1 uω2 =ω0.
The dependence of the resonance oscillation frequency on the
DC bias current density in a uniaxial AFM can be expressed
as:

ω0 = ωAFMR
4

√
1−
(

2ωDC

ωe

)2

. (11)

The oscillation frequency (11) is proportional to the AFMR
frequency ωAFMR, and depends on the density jDC of the DC
bias current. Thus, the resonance frequency of magnetization
oscillations in a uniaxial AFM can be tuned (reduced) by the
variation of the bias DC current density jDC in the bottom Pt
layer of the detector Fig.1.

Fig.4a shows the dependence of the oscillation frequency
ω0 Eq.(11) as a function of the DC current density in the sub-
critical (passive) regime. It is clear, that the frequency ω0
can be continuously reduced from ωAFMR by at least 10 per-
cent through the increase of the bias current density to 5 ·108

A/cm2.

FIG. 4. Comparison between the results of analytical calculations
(solid line) and micromagnetic simulations (dots) showing the de-
pendence of the AFMR oscillation frequency (11) (a), frequency
bandwidth (12) (b) and detector sensitivity (13) (c) on the input
bias DC current density flowing in the bottom Pt layer of the de-
tector Fig.1. Dashed lines show the dependences of the oscillation
frequency, spectral linewidth and sensitivity in the strongly nonlin-
ear regime near the threshold of the auto-oscillation (super-critical)
regime. Dots show the results of micromagnetic simulations.
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The threshold current jth at which the detector Fig.1 en-
ters the auto-oscillation (super-critical or active) regime can
be easily found from the stability analysis of the damped
oscillation mode in Eq (1) in the form jth = ωe/(2σ) u
7 · 108 A/cm2 12. This value of the current density is rather
high. Note, however, that both the AFMR frequency and
the threshold DC current density corresponding to the trans-
fer to the auto-oscillation regime can be substantially reduced
in a PZ/AFM/Pt hetero-structures30 based on a thin dielectric
AFM layer using the magneto-elastic interaction for the volt-
age control of the AFM anisotropy.

It can be shown from (5) that the dependence ∆ω( jDC) for
sufficiently low DC current densities can be found as follows:

∆ω = γ0

(
1+

α2
effωex

2ωe
·
(

ωDC

ωe

)2
)
. (12)

Fig.4b shows the dependence of the frequency linewidth ∆ω

on the input bias DC current density. As it can be seen from
Fig.4b, the linewidth in the sub-critical (passive) regime is
practically independent of the DC bias current. Of course,
for the larger DC bias current densities, close to the auto-
oscillation threshold the formula (12) is incorrect , and a more
accurate theoretical analysis is necessary. The linewidth 64.8
GHz achieved at the zero DC current density corresponds to
the quality factor Q = ω0/∆ω u 7. Although this Q-factor is
relatively small, it still is sufficient for the resonance reception
of THz-frequency AC signals.

Finally, we calculate the detector sensitivity R =Vmax/PAC,
where Vmax is the maximum rectified DC voltage Vmax =

V 0
max ·

cos(ϕ0)√
cos(2ϕ0)

for the non-zero input bias DC current,

PAC = ρ j2
ACSdAFM is the input AC electric power. For the

jAC = 107A/cm2 the input AC power is PAC u 100 nW. The
output signal (see Fig.1) from the Pt layer can be detected via
the ISHE in the symmetric Pt/AFM/Pt structure (see for more
details e.g.21,22).

At the signal frequencies close to the AFMR the detector
sensitivity R0 exceeds 1000 V/W. Fig.4c shows the depen-
dence of the resonance sensitivity R on the input DC bias
current density, which is calculated using Eq. (6) for ω = ω0
and relatively small DC bias current densities in the following
form:

R = R0 ·

(
1+

1
2
·
(

ωDC

ωe

)4
)
. (13)

Here R0 =
(

σ

γ0

)2 V0
ρSdAFM

is the sensitivity for the zero DC
bias current density. As it can be seen from (13), the sensi-
tivity increases slightly with the increase of the input DC bias
current density. Note that the more detailed calculation of the
sensitivity should be made with taking into account thermal
fluctuations in the AFM31, which is the subject of the separate
work.

In conclusion, we have demonstrated theoretically that an
AFM having uniaxial anisotropy can be used as a sensitive el-

ement for the resonance detection of THz-frequency spin cur-
rents. We have shown that an additional bias DC current in the
HM layer can be used to reduce the effective anisotropy of the
AFM layer, and, therefore, to continuously tune the AFM res-
onance frequency. Analogous calculations can be made for a
biaxial AFM (NiO, hematite α-Fe2O3, etc.) as well. The pro-
posed AFM/HM hetero-structure works as a resonance-type
quadratic detector which can be tuned by a bias DC current
in the range of at least 10 percent of the AFMR frequency.
We have shown that for the zero input DC current, a circularly
polarized external AC current excites the rotation of the Neel
vector in a plane perpendicular to the interface. Practical real-
ization of circularly polarization of the AC current is the sub-
ject of a separate study and it will be considered in our future
works. Our estimations also show that the sensitivity of the
proposed AFM detector of THz-frequency signals could be
comparable to that of modern detectors based on the Schottky,
Gunn or graphene-based diodes 5 (with maximum sensitivity
of the order of 105 V/W). We anticipate that this described
detector effect can be observed experimentally using the elec-
tric injection and detection of spin currents via the spin Hall
effects in HM/AFM bilayers, like in the pioneering experi-
ments shown in32,33. In our opinion, the proposed AFM-based
resonance detectors of THz-frequency signals can be used as
general-purpose receivers of THz-frequency radiation, as sen-
sors for the detection of THz-frequency spin currents gen-
erated by ultra-fast AFM artificial neurons in neuromorphic
computational architectures 34,35, and as sensitive elements in
THz-frequency spectrum analyzers36, and CMOS-compatible
AFM-based memory cells37.
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