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Sensitivity, bandwidth, and noise equivalent power (NEP) are important indicators of the performance of microwave detectors.
The previous reports on spin-torque microwave detectors (STMDs) have proposed various approaches to increase the sensitivity.
However, the effects of these methods on the other two indicators remain unclear. In this work, macrospin simulation is developed
to evaluate how the performance can be optimized through changing the material (tilt angle of reference-layer magnetization) and
operational parameters (the direction of magnetic field and working temperature). The study on the effect of magnetic field reveals
that the driving force behind the performance tuning is the effective field and the equilibrium angle between the magnetization
of the free layer and that of the reference layer. The material that offers the optimal tilt angle in reference-layer magnetization is
determined. The sensitivity can be further increased by changing the direction of the applied magnetic field and the operation
temperature. Although the optimized sensitivity is accompanied by a reduction in bandwidth or an increase in NEP, a balance
among these performance indicators can be reached through optimal tuning of the corresponding influencing parameters.

1. Introduction

Spintronics is an emerging field of research on the interaction
between the spin of electrons and the magnetization of
magneticmaterials.The discovery of giantmagnetoresistance
(GMR) effect, for which Fert [1] and Grünberg [2] were
awarded the 2007 Nobel Prize, has proved that the spin of
electrons can be polarized by the magnetization of magnetic
materials. Meanwhile, the spin current is also capable of
altering the magnetization of the ferromagnetic material [3,
4] through the spin-transfer torque (STT) effect [5, 6]. This
observation has led to the development of spin-torque oscilla-
tors [7, 8], which can change direct current into frequency-
tunable microwave signal. It was later shown that when
microwave current flows through a magnetic tunnel junction
(MTJ) nanopillar, a rectified DC voltage (𝑉mix) is generated,
revealing its potential application as spin-torque microwave
detectors (STMDs) [9].

Sensitivity, bandwidth, andnoise equivalent power (NEP)
are three important performance indicators for STMDs.

Through adjusting the magnitude of the magnetic field (𝐻),
the working frequency of STMDs (𝑓

𝑃
) can be tuned to match

that of the incident microwave to achieve the largest DC
output. The sensitivity is defined as the ratio of the peak DC
voltage to the incidentmicrowave power.The bandwidth is an
evaluation of the range of achievable𝑓

𝑃
within a certain range

of 𝐻. NEP, on the other hand, is a parameter reflecting the
minimum detection power, defined by noise power spectrum
density over sensitivity. Although the three indicators are all
important for a microwave detector, most of the scientific
efforts are devoted to the optimization of sensitivity since
competitive sensitivity is the prerequisite for industrial appli-
cation [10].Theprevious publications reported increased sen-
sitivity through applying DC bias [11], optimizing the orien-
tation of in-plane (IP) and out-of-plane (OOP)magnetic field
[10, 12, 13], and adjusting the IP shift angle of reference-layer
magnetization [14]. All these optimizations have resulted in
the record high sensitivity of over 14,000mV/mW under
tilted magnetic field [15] and 75,400mV/mW under zero
magnetic field [16]. Although these reported sensitivities far
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Figure 1: (a) AC is injected into an STMD under magnetic field (𝐻) applied at (𝜃
𝐻
, 𝛿
𝐻
), and the free-layer magnetization (𝜃

𝐹
, 𝛿
𝐹
) precesses

around its equilibrium; (b) a typical 𝑉mix-𝑓 spectrum can be decomposed into a Lorentz peak and an anti-Lorentz curve; (c) frequency
bandwidth is defined as frequency gap of 𝑓

𝑃
at 𝜇
0
𝐻 = −10mT and −60mT.

exceed that of the existing Schottky diode detector, the effects
of these approaches on bandwidth and NEP are seldommen-
tioned. On the other hand, the number of reports aiming at
extending the bandwidth or reducing the NEP is small. It has
been shown that the bandwidth can be extended through the
introduction of reference layer with tiltedmagnetization [17].
It has also been shown that the minimum detection power of
an STMD can be reduced through working at cryogenic tem-
peratures [18]. A comprehensive investigation on how these
three performance indicators are influenced by the material

or operational parameters is required to extend the under-
standing in the behavior of STMDs.The outcome of this work
is beneficial for optimizing the performance of STMDs.

2. Modeling and Computational Details

The device under investigation is a 200 × 100 nm2 elliptical
MTJ nanopillar with reference-layermagnetization (M) tilted
out of plane by 𝛽M (Figure 1(a)).𝐻 is applied at 3D direction
defined by the polar (𝜃

𝐻
) and azimuthal (𝛿

𝐻
) angles. In
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a coordinate system where the 𝑥-axis is perpendicular to the
thin-film plane and the 𝑧-axis is parallel to the magnetic easy
axis, the unit vector of M and free-layer magnetization (m)
can be written as

�⃗� = (cos𝛽M, 0, sin𝛽M) ,

�⃗� = (sin 𝜃
𝐹
cos 𝛿
𝐹
, sin 𝜃
𝐹
sin 𝛿
𝐹
, cos 𝜃

𝐹
) .

(1)

Microwave current 𝐼(𝑡) = 𝐼ac sin(2𝜋𝑓𝑡) with 𝐼ac = 10 𝜇A and
𝑓 = 0.1–10GHz is injected into the MTJ and a steady-state
oscillation in m is excited by the STT of spin current. Time
evolution of m(𝜃

𝐹
(𝑡), 𝛿
𝐹
(𝑡)) can be obtained by numerically

solving the Landau-Lifshitz-Gilbert equation:

𝑑�⃗�

𝑑𝑡
= −𝛾�⃗� × [

⇀
𝐻eff + �⃗�therm (𝑡)] + 𝛼�⃗� ×

𝑑�⃗�

𝑑𝑡
− 𝛾

⋅
𝐼 (𝑡) ℎ

4𝜋𝑒𝜇
0
𝑀
𝑠
𝑉

⋅
𝑃

1 + 𝑃2 cos (𝜑 (𝑡))
[�⃗� × (�⃗� × �⃗�) + 𝑏

𝑓
�⃗� × �⃗�] ,

(2)

where 𝛾 = 176GHz/T represents the gyromagnetic ratio, 𝛼 =
0.01 the Gilbert damping parameter, 𝑉 the volume of free
layer, 𝑒 the charge of an electron, and 𝜇

0
the vacuummagnetic

permeability. 𝐻eff is the effective field comprised of external
field, IP anisotropy field (𝐻

𝑘
), and demagnetization field

(𝐻
𝑑
), defined, respectively, by

𝐻
𝑘
= 𝑁
𝑥
𝜇
0
𝑀
𝑆 (3)

𝐻
𝑑
≈ 𝜇
0
𝑀
𝑆
, (4)

where𝑁
𝑥
= 0.016 is the demagnetization factor in the 𝑥-axis.

𝜑(𝑡) is the time-dependent angle betweenM andm:

cos𝜑 (𝑡) = �⃗� ⋅ �⃗�

= sin 𝜃
𝐹 (𝑡) ⋅ cos 𝛿𝐹 (𝑡) ⋅ cos𝛽M + cos 𝜃

𝐹 (𝑡)

⋅ sin𝛽M.

(5)

The contribution of field-like STT is considered, and 𝑏
𝑓
= 0.1

is its ratio to the IP torque [19]. The thermal fluctuation term
(�⃗�therm(𝑡)) is introduced as in [20]:

�⃗�therm (𝑡) = �⃗� (𝑡) √
𝛼

1 + 𝛼2
2𝑘
𝐵
𝑇

𝛾𝜇
0
𝑀
𝑆
𝑉
, (6)

where �⃗�(𝑡) is a random vector whose components are nor-
mally distributed random numbers with mean of 0 and vari-
ance of 1. The temperature dependence of polarization ratio
(𝑃), parallel resistance (𝑅

𝑃
), antiparallel resistance (𝑅AP), and

saturation magnetization (𝑀
𝑆
) are expressed, respectively, as

𝑃 (𝑇) = 𝑃 (0) × (1 − 𝜂𝑇
3/2

) , (7)

𝑅
𝑃 (𝑇) =

𝑅 (0) × (1 − 𝜒𝑇)

1 + 𝑃 (𝑇)
2

, (8)

𝑅AP (𝑇) =
𝑅 (0) × (1 − 𝜒𝑇)

1 − 𝑃 (𝑇)
2

, (9)

𝑀
𝑆 (𝑇) = 𝑀

𝑆 (0) × (1 −
𝑇

𝑇
𝐶

)

𝜏

, (10)

where𝑃(0) = 0.385, 𝜂 = 1.7× 10−5 K−3/2,𝑅(0) = 800Ω, 𝜒 = 7.65
× 10−4 K−1,𝑀

𝑆
(0) = 1.3 × 106 A/m, 𝜏 = 0.4, and 𝑇

𝐶
= 1300K.

The oscillation of m results in the changing resistance of
the MTJ:

𝑅 (𝑡) = [
𝑅−1AP + 𝑅−1

𝑃

2
−

𝑅−1
𝑃

− 𝑅−1AP
2

cos𝜑 (𝑡)]

−1

. (11)

The changing resistance is thus mixed with the alternating
current, generating a mixing voltage (𝑉mix) on the MTJ
defined as the average voltage over one period:

𝑉mix =
∫
𝑡0+1/𝑓

𝑡0

𝐼 (𝑡) ⋅ 𝑅 (𝑡) 𝑑𝑡

1/𝑓
. (12)

A typical 𝑉mix-𝑓 spectrum can be decomposed into a sym-
metric Lorentz peak, contributed by the IP STT, and an
anti-Lorentz curve resulted from the field-like torque [21]
(Figure 1(b)):

𝑉mix = 𝐴𝐼
2

𝑅𝐹
+ 𝐵𝐼
2

𝑅𝐹
[

1

1 + ((𝑓 − 𝑓
𝑅
) /𝜎)
2

− 𝐶
𝑓 − 𝑓
𝑅

𝜎

1

1 + ((𝑓 − 𝑓
𝑅
) /𝜎)
2
] ,

(13)

where𝑓
𝑅
and 𝜎 are the frequency and line-width of the ferro-

magnetic resonant (FMR) peak, respectively.𝐴 and𝐵 are con-
stants related to the nonlinearity of junction resistance, while
𝐶 is related to the content of field-like STT. This combined
contribution has resulted in a peak and a valley at either side
of 𝑓
𝑅
in the 𝑉mix-𝑓 spectrum. If the IP STT is dominating,

more symmetric curve will be observed and 𝑓
𝑃
approaches

𝑓
𝑅
. On the other hand, if the proportion of field-like STT

is higher, the curve will be more dispersed and the resonant
peak shifts away from𝑓

𝑅
.The output DC voltage (𝑉DC) is cal-

culated as the voltage difference between the peak and valley
in the 𝑉mix-𝑓 spectrum. Considering the microwave reflec-
tion caused by impedance mismatch, the sensitivity and NEP
[15] can be calculated from

Sensitivity =
𝑉DC

(1/8) (((𝑅 + 𝑍
0
)
2
⋅ 𝐼2ac) /𝑍0)

, (14)

NEP =
noise

sensitivity

= √8𝜋
𝛼

𝑃 (𝑇)
2

𝑀
𝑆 (𝑇)

𝜇
𝐵

𝑉
𝑍
0

ℎ/𝑒2
(
𝑅 + 𝑍

0

𝑍
0

)

2

𝑘
𝐵
𝑇√𝜎,

(15)

where 𝑅 is the average junction resistance and 𝑍
0
= 50Ω is

the characteristic impedance of the transmission lines.
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In this work, one material parameter (𝛽M) and two oper-
ational parameters (the orientation of magnetic field and the
temperature) are selected as the influencing parameters for
optimizing detector performance. Firstly, the reliance of 𝑓

𝑅
,

sensitivity, and NEP on 𝐻 is analyzed to explore the mecha-
nism for the performance tuning. Later on, the suitable mate-
rial for reference layer is suggested based on optimal 𝛽M for
highest sensitivity. The influence of operational parameters
(the orientation of magnetic field and temperature) is subse-
quently studied. Finally, the approaches to achieve optimized
performance in STMDs are discussed.

3. Simulation Results

3.1. Magnitude of Magnetic Field (H). Since 𝑓
𝑃
and 𝑉DC of

STMDs are primarily influenced by 𝐻, the voltage response
under different 𝐻 is firstly studied to explore the mecha-
nism for the changes in 𝑓

𝑃
, sensitivity, and NEP. In these

simulations, M is tilted OOP (𝛽M = 40∘) while the magnetic
field is applied in the hard plane (𝛿

𝐻
= 40∘) (Figure 2(a)).

The contour plots of 𝑉mix-𝑓 spectra when 𝜇
0
𝐻 is changed

from −10mT to −150mT are shown in Figure 2(b). 𝑓
𝑅
and

𝑓
𝑃
are shown in Figure 2(c). 𝑓

𝑅
tends to decrease with 𝐻

when 𝜇
0
𝐻 < −64mT but increase with 𝐻 thereafter. This 𝐻

dependence of FMR frequency [22, 23] and line-width [24]
can be explained by the following model:

𝑓
𝑅
=

𝛾

2𝜋
√𝐻eff𝐵𝑚 =

𝛾

2𝜋
√𝐻eff (𝐻eff + 𝜇

0
𝑀
𝑆
), (16)

𝜎 ≈ −𝛼𝛾 (2
𝐻eff

 + 𝐻
𝑐
) , (17)

where𝐻eff is the effective field represented by

𝐻eff = 𝐻 − 𝐻an, (18)

where 𝐻an represents the anisotropy field. The V-shape
relation between 𝑓

𝑅
and 𝐻 resulted from the competition

between the external magnetic field and the anisotropy field.
When 𝜇

0
𝐻 = −64mT, the free-layer anisotropy is overcome

by the external magnetic field, resulting in minimum 𝐻eff
and thus minimum𝑓

𝑅
, according to (16). At larger 𝐻, 𝐻eff

increases with 𝐻, resulting in increasing 𝑓
𝑅
. The field

dependence of 𝑓
𝑃
is nearly the same as that of 𝑓

𝑅
. This

constant frequency gap between 𝑓
𝑃
and 𝑓

𝑅
is contributed

by the constant ratio between IP and field-like STT. Since
the range of 𝑓

𝑃
is constrained by the range of 𝐻, the fre-

quency bandwidth mentioned in the following is calculated
as the bandwidth of 𝑓

𝑃
when the 𝜇

0
𝐻 is changed from

−10mT to −60mT. For example, a bandwidth of 4.6GHz is
achieved in this situation (𝑓

𝑅
decreasing monotonously from

6.2GHz at −10mT to 1.6GHz at −60mT). 𝜎 shares similar
𝐻 dependence with 𝑓

𝑅
(Figure 2(d)) since it is proportional

to the magnitude of 𝐻eff , according to (17). It should be
noted that highest sensitivity, 127mV/mW, is achieved with
the minimum frequency (Figure 2(e)). This can be explained

by an analytical model proposed byWang et al. [10]. The𝑉DC
of an STMDs can be expressed as

𝑉DC =
𝑅AP − 𝑅

𝑃

𝑅
𝑃

𝜇
𝐵

2𝑒 (𝑀
𝑆
𝐴) 𝜎

𝑃

1 + 𝑃2
𝑅2

𝑅
𝑃
𝑅AP

𝐼2ac
8
𝑅

⋅ sin2𝜑.

(19)

When 𝜇
0
𝐻 = −64mT, the free-layer magnetization is satu-

rated in the direction of the hard-plane magnetic field [25],
so the angle (𝜑) between m and M reaches 90∘. This results
in maximum 𝑅 according to (11). As 𝜎 also reaches the
minimum, the 𝑉DC and the sensitivity are thus expected to
arrive at the maximum. Meanwhile, the calculated NEP in
Figure 2(f) presents similar reliance on 𝐻 as the line-width.
This is because NEP is proportional to the square root of 𝜎
as inferred from (15). In the following investigation, 𝜇

0
𝐻 =

−60mT is used since it is beneficial for high sensitivity and
lowNEP.The above analysis has revealed that themechanism
in the tuning of𝑓

𝑅
,𝜎, sensitivity, andNEP can all be explained

through analyzing the changes in𝐻eff and 𝜑. Similarly, it can
be inferred that through tuning the material and operational
parameters of STMDs, changes in 𝐻eff and 𝜑 can also be
induced. The altered performance indicators shown below
can also be analyzed with the same model.

3.2. Tilt Angle of Reference Layer. OOP anisotropy is reported
in Co/Pt [26] or Co/Ni [27] multilayers and annealed single
layers [28]. 𝛽M can be carefully tuned through adopting
reference-layer materials with different OOP anisotropy. The
angular dependence of sensitivity, bandwidth, and NEP is
analyzed to explore an optimal 𝛽M.The direction of magnetic
field is applied at 𝜃

𝐻
= 90∘ and 𝛿

𝐻
= 40∘ while 𝛽M is changed

from 0∘ to 180∘.The contour plots of𝑉mix-𝑓 spectra simulated
at different 𝛽M are shown in Figure 3(a). Observed 𝑓

𝑅
and

𝜎 present only slight changes at various 𝛽M (Figures 3(b)
and 3(c)). This indicates that the STMD works at free-layer
resonation mode, so the resonant frequency is immune to
the changes in the reference layer. Since the magnetic field is
applied in the 𝑥−𝑦 plane, the𝑓

𝑅
and 𝜎 are roughly symmetric

when the IP component of M is parallel (𝛽M < 90∘) and
antiparallel (𝛽M > 90∘) to the 𝑧 direction. However, angular
dependent and asymmetric𝑓

𝑃
is observed in Figure 3(b).The

larger frequency difference between 𝑓
𝑅
and 𝑓

𝑃
when M is

tilted by 10∘–80∘ or 10∘–170∘ indicates that the𝑉mix-𝑓 relation-
ship is dominated by the field-like STT.The asymmetry is due
to the different contribution of STT (positive when 𝛽M < 90∘,
negative when 𝛽M > 90∘).The resulting frequency bandwidth
reaches maximum when 𝛽M = 75∘ (Figure 3(d)). This is
consistent with our previous simulation results that the band-
width can be extended by optimizing 𝛽M [17]. However, since
very narrow𝐻 range (50mT) is used in this work, the changes
in the bandwidth are also relatively small. Apart from band-
width, the sensitivity and NEP are also angular dependent.
The sensitivity reaches maximum when 𝛽M = ∼45∘ and ∼135∘
(Figure 3(e)). This is because largest 𝜑 at these angles results
in large 𝑉DC according to (19). The calculated NEP presents a
trend to slightly decrease at larger 𝛽M in Figure 3(f). Consid-
ering that 𝜎 is nearly constant, the low NEP is contributed by
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the relatively lower junction resistance at larger 𝛽M. From the
above analysis, we can infer that optimal 𝛽M is 45∘ or 135∘,
where highest sensitivity can be achieved, while the band-
width and NEP are only slightly influenced. In the following
discussion, 𝛽M = 45∘ is used. Materials such as L1

0
(101) FePt

is suggested as the reference layer to achieve𝛽M = 45∘ [29, 30].

3.3. Orientation of OOP Magnetic Field. The direction of
magnetic field can be changed to achieve the preferred
performance in STMDs. In this investigation, the direction
of −60mTmagnetic field is changed within the range of 𝜃

𝐻
=

0∘–90∘ and 𝛿
𝐻
= 10∘–90∘ (Figure 4(a)). Higher 𝑓

𝑅
is observed

at smaller 𝜃
𝐻
(Figure 4(b)), due to the higher effective field

when the magnetic field is applied IP. The angular depen-
dence of bandwidth in Figure 4(c) is roughly consistent with
that of 𝑓

𝑅
at 𝜇
0
𝐻 = −60mT because, in most cases, higher

𝑓
𝑃
and 𝑓

𝑅
occur at larger 𝐻. However, when 𝜃

𝐻
approaches

90∘ and 𝛿
𝐻

is small, very narrow bandwidth is observed.
This is consistent with our experimental observations that
when the magnetic field is nearly perpendicular to plane, 𝑓

𝑃
-

tunability by 𝐻 is much reduced (not shown in this paper).
Similar to Figure 2, the narrow line-width (Figure 4(d))
coexists with low 𝑓

𝑅
because they have similar reliance on

𝐻eff from (16) and (18). Small 𝜎 at larger 𝜃
𝐻

also results
in the highest sensitivity (Figure 4(e)) and smallest NEP
(Figure 4(f)) when 𝜃

𝐻
= 90∘ and 𝛿

𝐻
= 40∘. These results have

indicated a contradiction between high sensitivity and wide
bandwidthwhen choosing the optimal field angle: larger 𝜃

𝐻
is

beneficial for high sensitivity and low NEP, but it also results
in a reduction in bandwidth; widest bandwidth over 10GHz
can be achievedwhen 𝜃

𝐻
= 0∘, while it comeswith a drawback

of low sensitivity below 10mV/mW and high NEP over 3 ×

10−10W/Hz0.5. Nevertheless, these results have shown that the
performance of STMDs can be tailored in a wide range by
changing the orientation of magnetic field.

3.4. Working Temperature. The above investigations have
shown that the highest sensitivity can be achieved when the
reference-layer magnetization is tilted by 𝛽M = 45∘ and the
magnetic field is applied at 𝜃

𝐻
= 90∘ and 𝛿

𝐻
= 40∘. Based on

this optimized alignment, the working temperature is further
studied as another influencing parameter to tune the STMD
performance.The contour plots of𝑉mix-𝑓 spectra when tem-
perature changes from 5K to 380K are shown in Figure 5(a).
Calculated 𝑓

𝑅
increases monotonously with decreasing tem-

perature (Figure 5(b)), which resulted from increasing 𝐻eff
contributed by higher 𝑀

𝑆
at low temperature. 𝑓

𝑃
at 𝜇
0
𝐻 =

−60mT also changes from 3.4GHz to 0.4GHz as temper-
ature increases from 5K to 380K. In contrast, 𝑓

𝑃
at 𝜇
0
𝐻

= −10mT presents much smaller temperature dependence,
which decreases from 7GHz to 6.1 GHzwithin the same tem-
perature range. As a result, the frequency bandwidth shown
in Figure 5(c) increases with temperature from 3.6GHz to
5.7GHz. Decreasing 𝑓

𝑅
at high temperature results in nar-

rower line-width shown in Figure 5(d). It is noted that the cal-
culated sensitivity increases with temperature (Figure 5(e)),
which contradicts with the previous simulation report [18].
The reasons for this temperature dependence can be inter-
preted as follows. Firstly, 𝑀

𝑆
, 𝑃, and 𝜎 increase at lower

temperature. Secondly, equilibrium 𝜑 under 𝜇
0
𝐻 = −60mT

is reduced at lower temperature due to the higher anisotropy.
Thirdly, the higher resistance at low temperature results in
higher microwave reflection coefficient, leading to smaller
𝐼ac when constant microwave power is applied. All these
reduction effects at lower temperature have overwhelmed
the increasing effect brought by higher TMR ratio, so a
reduction in 𝑉DC and sensitivity is expected with decreasing
temperature according to (19). The calculated NEP increases
with temperature, as shown in Figure 5(f). This is reasonable
since the level of noise is expected to increase at higher tem-
perature. As such, increasing the working temperature is ben-
eficial for increasing the sensitivity and frequency bandwidth.
However, a drawback of increased NEP is accompanied.

4. Discussion

Based on the above analysis, the approaches for optimizing
the performance of STMDs can be inferred. The sensitivity
can be optimized while maintaining bandwidth and NEP
nearly unchanged by adopting a reference layer tilted at 𝛽M =
45∘. However, the attempt to further improve the sensitivity
through changing the direction of magnetic field or working
temperature is accompanied by a reduction in bandwidth
or an increase in NEP. Fortunately, through the combined
manipulation of the two operational parameters, a balance
among the sensitivity, bandwidth, and NEP can be achieved
based on the specific applications. In a situation where high
sensitivity is needed, themagnetic field can be applied at 𝜃

𝐻
=

90∘ and 𝛿
𝐻
= 40∘ to achieve the peak sensitivity.The resulting

reduction in bandwidth can be partially compensated by
increasing the working temperature, which also contributes
to higher sensitivity. Meanwhile, the resulting high NEP is
also reduced at the optimized orientation of magnetic field.
Similarly, when awide-band STMD is preferred, small 𝜃

𝐻
can

be used to achieve wide bandwidth, and the loss of sensitivity
can be made up by increasing temperature. These results
reveal a new degree of freedom in tailoring the performance
of STMDs. Through altering the operational parameters, the
regime of the applications of STMDs is remarkably extended.

5. Conclusions

In summary, the influencing parameters on the performance
of STMDs are evaluated through macrospin simulation.
The alignment between 𝐻 and M is optimized and the
temperature dependence of sensitivity, bandwidth, and NEP
are investigated. The V-shape reliance of 𝑓

𝑅
and 𝜎 on 𝐻

is interpreted through evaluating 𝐻eff and 𝜑. When M is
tilted OOP by 𝛽M = 45∘, highest sensitivity can be achieved,
while the bandwidth and line-width exhibit small angular
dependence. Higher sensitivity and lower NEP are observed
when the direction of magnetic field approaches the hard
plane (𝜃

𝐻
= 90∘) due to larger 𝜑 and smaller 𝜎. However, the

high sensitivity is accompanied by a reduction in bandwidth.
Higher working temperature results in higher sensitivity and
wide bandwidth at the cost of increased NEP. Although the
accomplishment of optimized sensitivity, bandwidth, and
NEP by one single approach is not yet possible, these results
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0
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provide insight for balancing these three performance param-
eters of STMDs through tuning the direction of magnetic
field and the working temperature. The outcome of this work
enables designing STMDs based on specific requirements on
sensitivity, bandwidth, or NEP.
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