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A method to perform spectrum analysis on low power signals between 0.1 and 10 THz is proposed. It proposes
to use a nanoscale antiferromagnetic tunnel junction (ATJ) that produces an oscillating tunneling anisotropic
magnetoresistance whose frequency is dependent on the magnitude of an evanscent spin current. It is first
shown that the ATJ oscillation frequency can be tuned linearly with time. Then, it is show that the ATJ
output is highly depended matching conditions, which are intern highly dependent on the dimensions of the
dielectric tunneling barrier. Spectrum analysis can be performed by using an appropriately designed ATJ
whose frequency is driven to increase linearly with time, a low pass filter, and a matched filter. This method
of THz spectrum analysis, if realized in experiment, will allow miniaturized electronics to rapidly analyze low
power signals with a simple algorithm. We found by simulation and analytical theory that for an ATJ with a
0.36 um? footprint, spectrum analysis can be performed over a 0.25 THz bandwidth in just 25 ns on signals

that are at the Johnson-Nyquist Thermal Noise floor.

I. INTRODUCTION

Currently, there are no existing compact technologies
that are capable of rapidly performing spectrum analy-
sis on a signal with a frequency in the bandwidth be-
tween 0.1 and 10 THz. This bandwidth has been dubbed
the “THz gap” because traditional silicon electronics and
traditional photonics hardware do not function effectively
and thus are not capable of generating, detecting, or oth-
erwise processing these signals' ™. In contrast, antiferro-
magnetic (AFM) materials show intrinsic resonant char-
acteristics within the THz gap, and have been identified
as building blocks for a new class of devices that will func-
tion at THz frequencies, as shown in many recent exper-
imental and theoretical works®22. Thus far, there have
been proposals for miniaturized THz frequency (TF)
detectors'®17, sources'® 20, and spiking neurons for neu-
romorphic applications®™?2. In this paper, we describe
how AFM materials can be used to produce a compact,
simple spectrum analyzer that is functional in the THz
gap.

We will show that spectrum analysis can performed
with a recently described?® Antiferromagnetic Tunnel
Junction (ATJ) in combination with a recently described
spectrum analysis algorithm?3. With this algorithm, the
ATJ is used to generate TF signals whose frequency is
dynamically tuned through the scanning bandwidth un-
der the action of a ramped dc bias current. The TF signal
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to be analyzed is then mixed with the dynamically tuned
ATJ signal, and then processed with a low pass filter and
a matched filter. The output of the matched filter will
contain the spectrum of the input TF signal encoded in
time, and will have an high SNR that is independent of
the phase difference between the input signal and the
ATJ signal. The algorithm is functional when the input
TF signal has a low power, given that it is above the
Johnson-Nyquist noise floor.

To demonstrate the viability of performing spectrum
analysis with an ATJ, two critical areas must be inves-
tigated. First, we must investigate of the dynamic tun-
ing of an ATJ, and ensure that it can be tuned linearly
to allow application of the spectrum analysis algorithm.
Second, we must develop a circuit model to describe the
electrical behavior of an ATJ when interfacing with an
external signal at THz frequencies. Once these two tasks
have been performed, the performance of the ATJ can be
optimized and THz spectrum analysis can be performed.
Before we investigate these two areas, however, this study
will review the basic operation of the ATJ and the spec-
trum analysis algorithm.

1. ATJ BASICS

The physical structure of an ATJ is shown in Fig.
1(a)?0. Tt conmsists of a four-layer structure with a lower
platinum (Pt) layer, a conducting AFM layer, a Magne-
sium Oxide (MgO) layer that serves as a tunneling bar-
rier, and an upper platinum layer. Oscillations arise in
the following manner. First, the driving dc current Igyive
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II. ATJ BASICS

flows through the bottom Pt layer, generating a trans-
verse spin current Igp due to the spin Hall effect!3. This
spin current penetrates the AFM /Pt interface and excites
TF rotation of the AFM sublattices and the AFM Neel
vector'®. The frequency of the TF oscillations is directly
dependent on the magnitude of Igive. This means that
the operating frequency of the ATJ can be dynamically
tuned by simply changing the DC bias Igive-

The oscillations can be extracted from the AFM layer
by tunneling anisotropic magnetoresistance (TAMR)!.
TAMR will be present when the inverse spin current in
the AFM layer tunnels through the dielectric MgO layer
barrier to the upper Pt layer??. Experimentally, TAMR
electrical switching in an ATJ was observed to be depen-
dent on the orientation of the AFM Neel vector!415:24,
Thus, when the AFM Neel vector rotates with a TF, the
TAMR also oscillates with the same TF. In this paper,
we will treat the TAMR as a macroscopic oscillating re-
sistance, which we call R(¢).

I1l.  SPECTRUM ANALYSIS ALGORITHM

Spectrum analysis is performed with an algorithm that
is similar to a previous study?3. In that study, it was
demonstrated that a magnetic tunnel junction can, in
theory, perform spectrum analysis between twenty-six
and tirty-six GHz in 10 ns, with a frequency resolution
near the theoretical limit. It is important to note that
the algorithm presented in that study is not specific to
any particular technology, and any auto-oscillator that
can be linearly tuned through a scanning bandwidth can
be used. In this regard, because ATJs are in principle
easily tunable through the TF range, they are a good
candidate for TF spectrum analysis.

In this algorithm, R(t) oscillates with a THz frequency
fr(t) that varies with time. Specifically, when the bias
dc current Igvive — larive(t) increases linearly with time,
fr(t) also increases linearly as:

fr(t) = fo+pt. (1)

In this equation, fy is an initial frequency, and p is the
rate of frequency change of the ATJ, which can be mea-
sured in units of GHz/ns or THz/ps. Practically, p is
the scan rate at which spectrum analysis is performed
through a particular bandwidth Af. When the TAMR
effect is considered to be an oscillating resistance R(t), it
is modeled as:

R(t) = Ro+ ARcos (27Tf0t + 7rpt2) ) (2a)

where Ry is the equilibrium resistance of the ATJ, and
AR is the magnitude of the variation of the junction ac
resistance.

Spectrum analysis will be performed on an external TF
current, given by

Ir(t) = Ir cos 2mfst + &) , (2b)

FIG. 1. (a) Pt/AFM/MgO/Pt antiferromagnetic tunnel junc-
tion (ATJ). The driving dc current Iayive(t) flowing in the bot-
tom Pt layer of an ATJ generates the transverse spin current
Isu flowing into the AFM layer, which excites the TF rotation
of magnetization of the AFM sublattices, and, consequently,
the TF variations of the junction resistance R(t). When a
TF signal with power Ps and frequency fs is supplied to the
junction, its action results in the generation of voltage Uat;
across the whole structure; (b) A simplified equivalent electric
scheme of the ATJ-based detector connected through an ideal
bias tee to a source of an external TF signal.

where I is the magnitude of the current flowing through
the oscillating resistance of the ATJ, f; is a constant
frequency that is within A f, and ¢ is the initial phase of
the external current.

When Ig(t) flows through the ATJ, it will be multi-
plied by R(t) to produce a voltage U,;. This voltage will
have three terms. The first term, RoIg(t), will have a
THz frequency. The second and third terms will have
frequencies (fr(t) + fs) and (fr(t) — fs), resulting from
product of the cosines in (2a) and (2b). The (fr(t) + fs)
term will have a THz frequency, while the (fr(t) — fs)
term will at times have a low frequency. When a low pass
filter with an appropriately chosen cutoff frequency f. is
applied to Uy, only the (fr(t) — fs) term will remain.
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III. SPECTRUM ANALYSIS ALGORITHM

The output voltage of the filter is given by
Upt = %g(t)IRAR cos(O(fs,t) + &), (2¢)

where 0(fs,t) = 2m(fo — fs)t + mpt?. The function g(t) is
a dimensionless function that represents a low pass filter
that behaves as follows. If 8(fs,t) < fe, then Uy will
be in the pass band of the filter and thus g(t) = 1. If
O(fs,t) > fc, than Uypr will be in the stop band and g(¢)
will be very small, < 1. When 6(fs,t) £ f, the filter is
in the transition region and g(¢) will depend on the order
and type of the low pass filter.

The next step in the spectrum analysis algorithm is
to apply a matched filter to Upe. The previous study?3
shows that the output spectrum can be obtained by

spec - (fm7 ) * Ulpfa (Qd)

where Ugpee is the analyzed spectrum, * is the sym-
bol for convolution, and the matched filter is given by
h(fm,t) = exp[i0(fm,t)], where f,, is an arbitrary fre-
quency in the interval of spectrum analysis Af. The
matched filter serves several purposes, including improv-
ing the signal to noise ratio and removing the dependance
on the phase difference ¢ between R(t) and Ig(t). When
Uipt has been filtered by a matched filter, it contains the
frequency spectrum of I(t) encoded in time.

There are several important characteristics to note
concerning this algorithm. Firstly, the magnitude of
Uspec does not depend on the magnitude of Uypyy; for ef-
fective spectrum analysis, all that is required is that the
external signal be within 3 dB of the Johnson-Nyquist
thermal noise floor. For this reason, much of the fol-
lowing analysis in this manuscript will focus on Ujps.
Secondly, this algorithm can faithfully analyze the spec-
trum for complicated signals, for example, when Ir(t)
has multiple frequencies with multiple amplitudes, spec-
trum analysis can be performed for all frequencies within
Af. However, for simplicity, in most of this manuscript,
Ir(t) will be assumed to have only a single frequency; it
will be a monochromatic signal. Lastly, although we are
detecting signals in the THz frequency region, Ujpe will
have a frequency low enough allow the use of standard
analog to digital converters, which can simplify signal
processing by allowing h(fm,t) to be applied in the dig-
ital domain.

It is important to mention the frequency resolution
that can be attained using this algorithm. The measure
of the minimum separation required for a spectrum ana-
lyzer to distinguish two neighboring signals is commonly
called resolution bandwidth (RBW). The RBW theoreti-
cal limit for swept tuned spectrum analyzers can be given
by the equations:

RBW =~ ﬁ (3)

Numerical simulations performed in?® showed that this
algorithm perform according to (3).

The cornerstone of this algorithm is that for this par-
ticular matched filter to function, the ATJ must operate
with a frequency that increases linearly according to (1).
The next section will discuss the ability of the ATJ to
tune linearly through a finite frequency range.

IV. ATJ DYNAMICS

An ATJ can be used for this spectrum analysis algo-
rithm because its oscillation frequency can be dynami-
cally tuned in a simple manner; all that is required is a
change in the magnitude of the bias current Igiive. In
this section it will be demonstrated that the frequency of
an ATJ can be dynamically tuned so that the frequency
increases linearly with time. A simple way to demon-
strate that the ATJ is capable of being tuned according
to (1) with a constant scan rate p is to perform numerical
simulations of the magnetization dynamics of the ATJ.

The dynamics of the AFM layer can be modeled with
a pair of coupled Landau-Lifshitz-Gilbert-Slonczewski
equations!'®

dm m
dtl = vB1 xmi+a.g I:mlx dtl]+ja[m1><[m1><p]],
(4a)
dmg
e = vBy xMmo+oeg Mo X —— dt +]U[m2><[m2 xp] .

(4b)
Where m; and ms are the normalized unit-length mag-
netization for the two sublattices in the AFM material
in the macrospin approximation. In these equations, B;
and By are the effective magnetic fields acting on the
sublattices m and ma.

B, =

—1B.,mo—Bpny(n,-mi)+Bene(ne-mq), (5a)

B; = —%Bexml—Bhnh(nh-m2)+Bene(ne-m2) . (5b)

As this study is focused on qualitative behavior of
AFM materials, we have adapted the simulation param-
eters used in'® for an easy plane conducting AFM ma-
terial. When performing simulations according to equa-
tions (4) and (5), we chose physical parameters as follows.
The gyromagnetic ratio is v = 272.8 GHz/T, e =0.01
is the effective Gilbert damping parameter, and j is the
electric current density in units of A/cm?. The unit vec-
tor along the spin current polarization p is directed as
shown in in Fig. 1(a) The spin torque coefficient is given
by 0 = ’yeM tanh % where e = 1.602 x 1071°C
is the fundamental electron charge. For the lower Pt
layer, 05, = 0.1 is the spin hall angle, A = 7.3 nm is the
spin diffusion length in Pt, and pg = 4.8 x 1077 Q- m
was the electrical resistivity?®. The thickness of the Pt
layer is assumed to be dpy = 20 nm. The parameter
gr = 7.0 x 10 m =2 is used for the spin-mixing conduc-
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FIG. 2. ATJ Dynamic response to ramped current. For each
p, ATJ was allows to run for 50 ps at 0.5 THz to reach nor-
mal operation. Then, the current was ramped to cause linear
frequency increase at the following rates: p1 = 0.02 THz/ps,
p2 = 0.5 THz/ps, ps = 1.5 THz/ps, and ps = 3.0 THz/ps.

tance at the Pt-AFM interface?®, M, = 350 kA /m is the
magnetic saturation of one AFM sublattice, dapy = 1
nm was the thickness of the AFM layer. The exchange
frequency was chosen to be we, = YHe, = 2760 THz, Hj,
is the hard-axis anisotropy field with wy = yHp, = 2730
GHz, and H. is the easy axis anisotropy field with
we = vH, = 270.1 GHz.

Results of the simulation for several linearly increasing
bias currents are shown in Fig. 2. In this figure, the black
dotted line shows the static relationship between Ig;ive
and fr. The red line shows the frequency output when
the ATJ is tuned with a scan rate of p; = 0.02 THz/ps.
It is evident that at this scan rate the ATJ tunes in a
quasi-static manner, and that theoretically, an ATJ can
be tuned linearly with time. This is also true for slower
scan rates. At a faster scan rate of py = 0.5 THz/ps,
shown by a green line, there is a slight offset from quasi-
static, and a slight ripple. This ripple is arises due to
the inertial dynamics of the AMF sublattices, and is re-
lated to the transient forced oscillations of the system.
These presence of these ripples point to a physical limit
for a maximum p where the ATJ ramps linearly with
time. At even faster scan rates, ps = 1.5 THz/ps (blue)
and ps = 3.0 THz/ps (magenta), the offset from linear
increases, as does the amplitude of the ripple. In this
study, we will perform spectrum analysis at a scan rate
of p = 10 GHz/ns, in the quasi-static regime, where fg(t)
increases according to (1).

We have thus shown via numerical simulation that an
ATJ is capable of being tuned in a dynamic manner at
a rate that allows the frequency to increase linearly with
time. This means that an ATJ can be used with the
matching filter in (2d), allowing spectrum analysis to be
performed.

V. ELECTRICAL MODEL OF THE ATJ

The previous sections described the spectrum analy-
sis algorithm and the dynamics of the ATJ. This sec-
tion will describe the impact that parasitic capacitance
C and parasitic inductance L will have on Uyps. L and
C must be considered in this system because at THz fre-
quencies, matching losses cannot be eliminated by reduc-
ing the fabricated circuit size. This section will present
the equivalent circuit to the ATJ, characterize matching
losses, as well as describe the electrical parameters of the
ATJ.

In this section, it is prudent to treat the ATJ as a
detector of single frequencies; specifically, by setting p =
0, fo = fs, and ¢ = 0. When operating with these
parameters, the ATJ will oscillate with exactly the same
frequency and phase as Ig. With this condition, Ulpt
from (2c) reduces to a dc voltage, which is stated here
for clarity:

Uge = 3IRAR. (6)

A. Electrical model of the ATJ

Through circuit analysis, the matching loss for the ex-
ternal signal Ip when interfacing with the ATJ can be
analyzed?’. The ATJ shown in Fig. 1(a) can be mod-
eled with the equivalent electric circuit shown in Fig.
1(b). This electric scheme consists of the three parts: (i)
the equivalent circuit of an ATJ, which is bounded by
a dashed green line and characterized by the frequency-
dependent impedance Z = Z(f5); (ii) the external circuit
that has an impedance Z; and (iii) a bias tee, which is
bounded by a dashed blue line and provides coupling be-
tween the ATJ and an external circuit.

It should be stressed that this circuit model does not
include low-frequency support elements, such as a source
for drive current Ig,ive and matching circuits. Also, for
simplicity in this subsection the bias tee is considered to
be an ideal coupling element, which perfectly separates
low frequency and THz signals in the circuit and does
not influence the device performance.

This electric scheme of the ATJ includes one circuit
branch with the oscillating resistance R(t) characterized
by the equilibrium impedance Ry and the inductance
L of an ATJ having the impedance Z; = iwsL (here
ws = 27 fs is the angular frequency of the input sig-
nal, and i = /=1). This is connected in parallel to
the other branch with the junction capacitance C' de-
scribed by the impedance Z¢o = 1/iwsC. The frequency-
dependent complex impedance of the ATJ, which is Z =
(Ro+7Z1)Z¢c/(Ro+Z1r+ Zc), can be written in the form:
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V. ELECTRICAL MODEL OF THE ATJ

Z=R+iX, (Ta)
R=Re{Z} = % : (7b)

L(1 - &) — Rop
p )

X =Im{z} = 2 (7c)
Here we introduce two dimensionless parameters: & =
w2LC, which describes resonance properties of the ATJ,
and 8 = wsRyC, which characterizes inertial properties
of the ATJ, and the ansatz ¢ = (1 — &)? + 32

The input ac current I(¢) can be defined as I(t) =
I cos(wst), where I is the current magnitude. Then the
complex amplitudes Iz, I of ac currents I r(t), Ic(t), re-

spectively, in the circuit shown in Fig. 1(b) are governed
by Kirchhoff’s laws:

jR+fC:I, (8&)

1
iw,C'” (8D)

Ir(Ro +iw L) = Ic

The solution of this system of equations can be written
in the form:

A 1

IR:Im, (9a)
. —E+ip
c=I"¢ 115 (9b)

Thus from the real part of (9a) the output voltage Ugyc,
given by Eq. (6), can be rewritten as

Usc = 3 [1;51] AR. (10)

The magnitude of input ac current I can be deter-
mined from the equation P;(1 — |T'|?) = 0.5I?R, which
describes the transfer of average input signal power Ps
from an external TF electrodynamic system to an ATJ,
where I' = (Z—Z)/(Z+ Zs) is the complex reflection co-
efficient. The real part of the impedance Z, of an external
circuit, Ry = Re{Zs}, usually can be considered as a con-
stant value within a rather narrow frequency range, while
the imaginary part of the impedance, X, = Im{Z;},
changes with the frequency fs, but can be controlled us-
ing impedance matching techniques®®. In the following
for simplicity we assume that Rs = constant and X, =
0.

In this case an expression for the output dc voltage Ugq.
can be written in the form:

1-¢ [2P, RR,
= —y/ AR, 11
Ua q R\/(R+Rs)2+X2 i (11)

Uge strongly depends on the matching coefficient
(RR,)/[(R + Rs)? + X?] under the square root in (11).
Hence, the ATJ can have good performance only if the
resistance of the junction and the external circuit are

almost equal (R = Rg). Usually, Rs is considered
to be a fixed parameter, defined by the properties of
the external TF electrodynamic system. In the case of
ideal matching, when R = R, the matching coefficient
(RR,)/[(R+ Rs)?+X?] is equal to R2/[4R?+ X?], which
gives an output dc voltage for a perfectly matched detec-

tor:
2P, | R

or with Eq. (7),

_1=¢8 2h 1
Unax = —2\ T\ T3 @R (13)

where ¢ = X/R;.

To reach the optimal condition R =~ R, one can vary
the cross-sectional area S of the junction and the thick-
ness d of the MgO tunneling barrier, as will be presented
in the discussion.

B. Electrical parameters of the ATJ

Our electrical model of the ATJ can be characterized
by three intrinsic parameters: the junction equilibrium
resistance Ry, the inductance L and the capacitance C.

Using the approach introduced in?°, we assume that
the equilibrium resistance Ry depends on the thickness
of the MgO barrier d, the junction cross-sectional area
S, the ATJ effective resistance-area product RA(0) (in-
troduced for a “zero-thickness” MgO barrier), and the
intrinsic MgO tunneling barrier parameter x3%3%. This
can be written in the form:

RA(0) exp (kd) '

RO ERQ(S,d) = S

(14)
Note that the chosen dependence of the resistance-area
product of an ATJ on the thickness d of the tunnel-
ing barrier, RA(d) = RA(0)exp (kd), have the same
form as that for a conventional ferromagnetic tunnel
junction3031,

The ac resistance variations AR of an ATJ can be eval-
uated using the TAMR ratio 7 as

n
AR=——Ry. 15
247 0 (15)

The TAMR ratio n can be calculated for given AR as
n=2AR/(Ry — AR).

The capacitance of an ATJ can be estimatd as the
capacitance of a square parallel-plate capacitor with a
plate size a = v/S and the distance d between the plates:
C = eg05/d (¢ = 9.8 is the MgO relative permittivity??,
and eg is the vacuum permittivity). The inductance of
an ATJ can be evaluated as L = pod, where g is the
vacuum permeability.
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Values for these parameters can be estimated using ex-
perimental parameters as presented in Ref!®: equilibrium
resistance Ry = 55.0 k2, TAMR ratio n = 1.3. The value
of the intrinsic MgO barrier parameter can be estimated
as k ~ 5.8 nm~! if we assume that the dependence of
the junction resistance Ry on the tunneling barrier thick-
ness d for an ATJ is similar to that for a ferromagnetic
junction3%3!, Using these values, the effective resistance-
area product is RA(0) ~ 0.14 - um? and the magnitude
of the ac resistance is AR ~ 21.7 k2. Finally, ¢ = 9.8 is
a reasonable estimate for the relative permittivity of the
MgO barrier??.

For the ATJ presented in Ref'4, the junction cross-
sectional area was S = 5 pym?, and the thickness of the
MgO barrier was d = 2.5 nm. Using these values, we can
estimate a junction capacitance of C' = eg¢S/d = 170 {F
and an internal inductance of L = pod = 3.1 fH for the
ATJ in that experiment. Note that for these parameters,
fresonance = 1/(277\/@) ~ 7 THz. As this frequency
is near our frequency of interest, it must be taken into
account. As will be explained in the discussion, S and d
will be varied to adjust R, C, and L and thus optimize
ATJ performance.

That the value of the output voltage Uy ax cannot ex-
ceed the breakdown voltage Uy, ~ Fyd, where FEj, is the
breakdown electric field for the tunneling barrier, and .
Note that E}, = 0.4 — 0.6 V/nm for a MgO thin film?°.

VI. RESULTS AND DISCUSSION

This section begins with a discussion about optimizing
the ATJ for operation in the static regime, then briefly
discuss the ATJ as a detector of single frequencies. Then,
numerical simulation of spectrum analysis in the THz gap
with an ATJ will be presented.

A. Results and discussion for static regime

Here, we will discuss the optimization of the ATJ de-
sign to allow Ug. to be greater than 1 mV. This will be
achieved by optimizing parameters d and S to maximize
the transfer of input signal power to the ATJ.

We begin by discussing an ATJ with parameters as
in the previous experimental work'®. Specifically, if the
active impedance Ry of the external circuit has a value of
R, = 50 Q, which is typical for microwave and terahertz
electronics, and the input signal power is P; = 4.15 uW,
the maximum TF output will be Uge ~ 1074 mV at f, ~
0.1 THz. This small voltage is primarily due to the large
values of the junction resistance Ry and capacitance C,
which causes poor impedance matching and reduction of
ac power transferred to the junction. We will show that
by optimizing the dimensions of the dielectric layer in the
ATJ, the output voltage can be substantially increased.

This ATJ can be optimized for optimal performance
by choosing appropriate geometrical junction parame-

ters and thus the ATJ equilibrium resistance Ry ~
exp(kd)/S, junction inductance L ~ d, and the junc-
tion capacitance C' ~ S/d. In Fig. 3, we examine the
relationship between Uy, S, and d in order to optimize
ATJ performance.

Fig. 3(a) shows that in general, Uy, increases mono-
tonically with the decrease of d, the MgO layer thick-
ness. Uy can have a maximum value at low frequen-
cies of d. For example, when f;, = 0.1 THz, there is a
maximum at d ~ 0.8 nm. This occurs when the active
junction impedance R becomes comparable to the ex-
ternal active impedance Rs. For values of d < 1 nm,
Ugc plateaus or decreases instead of increasing mono-
tonically. This plateau or decrease is due to the in-
crease of the impedance mismatch and junction capac-
itance.Taking this into account, in the following simula-
tions we consider an ATJ having a MgO barrier thickness
of dopt = 1.0 nm, which is a common value for existing
tunnel junctions and can be readily fabricated??3!.

An additional improvement of the TF signal detec-
tor performance can be achieved by varying the junc-
tion cross sectional area S. This will be considered in
Fig. 3(b). For simplicity, we assume a square-shape junc-
tion with a single effective lateral junction size a = v/S.
As one can see that for different frequencies, the value of
Ug. is constant for lower values of lateral junction size a.
At these low a values, the performance of the signal de-
tector is hindered mainly due to the resistance mismatch
effect. For higher values of a, the value of Uy, decreases.
For high a values, the device efficiency is mainly reduced
due to the influence of the large junction capacitance. At
junction sizes where R — R = X, as shown by the green
dotted line in the figure, the influence of junction capaci-
tance and resistance mismatch have similar levels of influ-
ence. While there is no optimal value for a, it is evident
that lower values, below a certain point, lead to improved
behavior. Also, one should consider, that the smaller the
size, the harder to fabricate the junction. Therefore, we
have chosen a junction size of aop = 300 nm.

Fig. 4 shows the output dc voltage Uy, calculated
numerically from (11) with new spacial dimensions of
dopt = 1.0 nm and aqpy = 300 nm. This graph demon-
strates that with optimized physical dimensions, the ATJ
is capable of producing a strong dc voltage output with
a reasonably sized input signal. This figure also demon-
strates that Ug. in the frequency range 0.1 — 1.0 THz
from an optimized AFM-based detector connected to a
standard impedance load, is comparable to, or may even
exceed, the dc voltage extracted via an inverse spin Hall
effect from the detector based on a bi-anisotropic NiO /Pt
structure'®. Also in contrast to the detector based on bi-
anisotropic NiO/Pt spin Hall oscillator'®, the ATJ in this
system does not require any special conditions for the
AFM layer, therefore the experimental realization seems
to be relatively straightforward.

With these new dimensions, the device parameters will
be Copy = 7.81 fF, and Lope = 1.26 fH. It is notewor-
thy that for both the optimized parameters and the ATJ
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FIG. 3. Dependence of the output dc voltage Ug. at input
power of 1 W on (a) MgO barrier thickness d and (b) lateral
size of the ATJ square-cross-section a = V/S. Calculations
were performed using (11) and (7), (14), (15) for an ATJ
with parameters similar to those observed in experiment (see
Section VB for details) operating at the frequencies fs =
0.1 THz (black solid line), fs = 0.5 THz (red dashed line), and
fs = 1.0 THz (blue dashed dotted line). In (b), the optimal
thickness of the MgO barrier dopt = 1.0 nm was used. Green
dotted line shows curve that represents dependence of output
dc voltage at deflection point for different frequencies.

presented in Ref'4, that & < 1 for signal frequencies
fs < 2 THz. This means that the nonlinear coeflicient
(1-¢)/+/q in equations (10) through (13) can be approx-
imated by (1 —¢&)/\/q~1/y/1+ 8%~ 1/\/1+ w2R3C>.
This is clearly visible in Fig. 4.

Before concluding this section, we want to note that
according to Egs. (11) and (15), the output dc voltage
of the detector Ug. ~ AR ~ 1/(2+n) increases with the
increase of the TAMR ratio 1. Although in this paper
we consider the TAMR ratio n as a fixed parameter that
is defined experimentally, in practice n can be tuned in
several ways, for example by adding a bias dc current
through the junction, adding a bias dc magnetic field,
or by changing the operating temperature of the ATJ.
However, the influence of the temperature on 1 and Uy,

3.0
2.5
s
E ——ATJ voltage
D% 20 Noise voltage
)
o
=
=] 15
>
[¢]
©
32 10
5
(o]
0.5
0.0 [ T I R
0.2 0.4 0.6 0.8 1.0

Signal frequency f, (THz)

FIG. 4. Frequency dependence of the output dc voltage Uqc
(blue line) and the Johnson-Nyquist thermal noise floor
rms voltage (red line) calculated from (11) using typical
ATJ parameters stated in Section VB, and parameters
d = dopt = 1.0 nm and a = 300 nm at the temperature
T = 293 K under input power of 4.15 uyW.

in an ATJ-based detector could be substantially nonlin-
ear, similar to the behavior of conventional ferromagnetic
tunnel junctions?344.

It is notable that with this analysis, an ATJ operat-
ing at a single frequency can, in fact, function as a THz
detector!”. For a detector it is reasonable for p = 0 and
fo = fs, however, in a detection application, generally
the phase is unknown and thus one must use the de-
tector with ¢ # 0. To prevent full attenuation of Ujpt
in cases where 0(fs,t) + ¢ =~ 7, as calculated in Eq.
(2¢), signal averaging could be used to remove the phase
dependance. The general principles of operation ATF
based TF detector is similar to conventional spintronic
detectors?® 4?2 based on ferromagnetic materials. How-
ever, there are two important differences: an ATJ-based
detector can detect signals with substantially larger fre-
quencies (fs ~ 0.1 — 10 THz) than ferromagnetic de-
tectors, and ferromagnetic detectors generally require a
drive dc current Ig,ive for proper operation while antifer-
romagnetic detectors can be unbiased.

Thus concluding this section, we have shown that with
the optimization of the thickness d and area S of the MgO
layer, an ATJ can be designed to match an external signal
and thus produce a strong dc voltage. Specifically, there
is an optimal d to improve ATJ sensitivity, and decreas-
ing S also improves sensitivity. We have also shown that
the nonlinear coefficient (1—¢)/,/q causes the sensitivity
to decrease with increasing frequency.
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FIG. 5. Simulation of spectrum analysis by an ATJ. (a) Input
spectrum, shown by black lines, with a signal at every 10 GHz
between 0.55 THz and 0.75 THz. Blue dashed line shows
envelope of input spectrum. (b) Output spectrum for a scan
from 0.5 to 0.75 THz, with a scan time of 25 ns. The scan rate
was 250 GHz/25 ns = 10 GHz/ns. Black curve shows Uspec,
including parasitic impedance. Thin blue line represents (4).
Red dashed line shows the envelope of Ujps without parasitic
impedance.

B. THz Spectrum Analysis with an ATJ

Thus far in this article, several things have been estab-
lished. First, it was demonstrated that an ATJ can pro-
duce a tunneling anisotropic magnetoresistance R(t) that
oscillates with a frequency that can be dynamically tuned
over a wide frequency bandwidth in the THz gap. Then a
circuit model was presented that describes how the ATJ
voltage output Ujps depends on spurious capacitance C
and inductance L. After this, the physical dimensions of
the ATJ were optimized to improve the output voltage.
With these tasks complete, we now have the ingredients
required to simulate spectrum analysis.

Spectrum analysis will be simulated in the bandwidth
from 0.5 THz to 0.75 THz. This bandwidth, Af =
250 GHz, will be scanned at a rate of p = 10 GHz/ns. At
this rate, the entire bandwidth can be scanned in 25 ns.
The ATJ as simulated will have parameters identical to
the simulation used to produce Fig. 2, and the phys-
ical dimensions used to produce Fig. 4. Additionally,
the low pass filter was simulated with a cutoff frequency

fe = 25 GHz. This f, was chosen so that the signal could,
in principle, be digitized with a commercially available
analog to digital converter.

To demonstrate the viability of the system, the analysis
of a somewhat complicated spectrum will be simulated.
The input current Iz (¢) has a spectrum as shown in Fig.
5(a), with signals every 10 GHz from 0.55 THz to 0.70
THz, each with a power of 4.15 yW. The envelope of
input spectrum is given by the blue dashed line. We
have assumed that these signals were generated with a
high-Q AFM generator, and have a very low linewidth?°.
After following the algorithm presented in section I1I, an
output spectrum was produced via simulation is shown
in Fig. 5(b).

At this power level, for frequencies > 0.6 THz, the
Johnson-Nyquist thermal noise floor rms voltage Uj, is
larger than the ATJ output voltage Uips. Specifically,
with the simulation parameters, Uy, = 4kpT Rof. =
0.29 mV, where kp is the Boltzmann constant and the
temperature is T = 293 K. A red curve in Fig. 4 shows
Uijn in comparison to Ugc. Despite, the fact the thermal
noise is larger than the input signal, the matched filter
can produce an effective output, as we will see. This
improvement ot the SNR is a result of the matched filter,
which can make the effective minimum detectable signal
(MDS) is 3 dB below Ujy.

The black curve in Fig. 5b shows the output spec-
trum Uspec, including the effects of parasitic impedance.
It is evident that the output curve has a spike that cor-
responds with every input frequency. While in general
the amplitude of the spikes is linear with Iz AR, the am-
plitude of the Uspec has an offset that depends on both
frequency and phase mismatch. Ugpec follows the thin
blue line, which decreases with frequency according to
(4), as expected. There is also a minor phase dependent
variation in the amplitude of the output spectrum, as was
discussed in?3. The red dashed curve shows the envelope
of Uspec, while ignoring the effects of parasitic impedance.
This amplitude variation is expected, and can be removed
by signal averaging or other means. The relative error
of these amplitude variations is about 2%. The bottom
portion of the black curve shows interference that is the
result of incoherent mixing from the matched filter. The
amplitude of this curve scales with signal power, and can
limit dynamic range. We wish to note that both types
of amplitude variations can be easily normalized, as the
signal processing occurs at low frequency according to
(2¢) and thus can occur in the digital domain.

Concerning frequency sensitivity, by using this algo-
rithm, this simulated system was able to determine the
frequency of the input spectrum with high precision and
high accuracy. Specifically, the peak of each spike Fig.
5(b) is within 5 MHz of the input frequency, with a rel-
ative error of < 1074%.

The lower end of the dynamic range is determined by
the Johnson Nyquist thermal noise floor rms voltage Ujp,
which was mentioned above. The upper end of the dy-
namic range for the simulated parameters is determined
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by the breakdown voltage Uy, as described previously.
With the dielectric MgO layer as simulated, Uy, ~ 0.5 V.
With this value, the total dynamic range for the ATJ is
~ 10*. The dynamic range can be improved in several
ways. One method is to employ a smaller cutoff frequency
fe, which will impact RBW. Alternatively, the thickness
d of the dielectric layer can be adjusted to affect the de-
sired change in dynamic range. Care must be taken to
ensure that Uj,s remains larger than the MDS for the
entirety of the scanning bandwidth Af. The dynamic
range is independent of the scan rate p.

The RBW of the simulated spectrum analysis matches
well with the theoretical RBW in (3). Specifically, the
average full width half maximum of the individual spikes
in Fig. 5b. was 137 MHz.

For the simulated parameters, the maximum ramp rate
iS pmax ~ 0.1 THz/ps, several orders of magnitude faster
than simulated here. The RBW is of course dependent
on p according to (3), and the frequency sensitivity is
relatively unchanged with increasing ramp rate, while for
phase dependent variation in the peak amplitude, the
relative error increases with increasing RBW.

We also wish to note that this algorithm does not re-
quires that the auto-oscillator frequency, fr(t), be a per-
fect linear function of time as in equation (1). For a sys-
tem with a scan rate so fast that the ATJ has strongly
non-linear frequency behavior, a different matching fil-
ter may be required. Nonetheless, the matching filter
h(fm,t) presented above, in practice, can perform ro-
bustly enough to allow for normal levels of noise and
intrinsic non-linear frequency dependance on Iqyjve-

Vil. CONCLUSION

In conclusion, we have presented a theory that
a Pt/AFM/MgO/Pt ATJ can generate an oscillating
TAMR with at THz frequency. It was demonstrated with
simulation that these THz frequency TAMR oscillations
can be dynamically tuned to increase linearly with time
as at rates as fast as 0.1 THz/ps. A circuit model was
presented that allowed the optimization of the ATJ out-
put voltage by adjusting the thickness and area of the
MgO layer, thus allowing impedance matching between
an ATJ and an external THz signal to be improved. We
then presented a basic THz signal detector, and a THz
spectrum analyzer. The spectrum analyzer, as simulated
with optimized parameters, scaned between 0.5 THz and
0.75 THz in 25 ns, with a dynamic range of 10* volts,
a resolution bandwidth of 137 MHz, and determined the
frequency of an extender signal with a relative error less
than 1074%.
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