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Spin-orbit torque provides an efficient pathway to manipulate the magnetic state and magnetization
dynamics of magnetic materials, which is crucial for energy-efficient operation of a variety of spintronic
devices, such as magnetic memory, logic, oscillator, and neuromorphic computing. Here, we describe and
experimentally demonstrate a strategy for the realization of a spin torque gate magnetic sensor with an
extremely simple structure by exploiting the longitudinal field dependence of the spin torque driven mag-
netization switching. Unlike most magnetoresistance sensors, which require a delicate magnetic bias to
achieve a linear response to the external field, the spin torque gate sensor can achieve the same without
any magnetic bias, which greatly simplifies the sensor structure. Furthermore, by driving the sensor using
an ac current, the dc offset is automatically suppressed, which eliminates the need for a bridge or com-
pensation circuit. We verify the concept using the WTe, /Ti/(Co, Fe)B trilayer and demonstrate that the
sensor can work linearly in the range of +3—10 Oe with negligible dc offset.
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I. INTRODUCTION

When a charge current passes through a ferromagnet
(FM)-heavy metal (HM) bilayer, spin-orbit torque (SOT)
is induced, which is exerted on the magnetization of the
FM layer [1-5]. In general, there are two main mechanisms
that contribute to the generation of SOT in FM/HM bilay-
ers: one is the interfacial Rashba-Edelstein effect [1,6,7]
and the other is the bulk spin Hall effect [2,8—12]. The
relative contribution of the two mechanisms in generat-
ing the SOT depends on both the constituent materials and
nature of the interface. Irrespective of the mechanisms,
it is now commonly accepted that there are two types of
SOTs, one is fieldlike (FL) and the other is dampinglike
(DL), which may be exprgssed as TrL = tpom X (j X Z)
and Tpp = tpLm X [m x (j x Z)], respectively, where
is the magnetization direction; j is the in-plane current
density; z is the interface normal; and 7. and Tpp are
the magnitude of the FL and DL torques, respectively
[5,13—15]. The DL torque provides an efficient mechanism
for switching the magnetization of the FM with perpendic-
ular magnetic anisotropy (PMA), as already demonstrated
in numerous works [5]. In general, an assistive field paral-
lel to the current direction is required to achieve determin-
istic switching (hereafter, we assume that the current is in
the x direction, and thus, the required field component is
H,) [16]. As this requirement is undesirable for memory

*elewuyh@nus.edu.sg

2331-7019/21/15(2)/024041(19)

024041-1

and logic applications, several approaches for achieving
field-free switching have been reported [3,17-21]. Here,
we demonstrate that this undesirable feature of SOT-based
magnetization switching can be effectively exploited for
magnetic field sensor applications.

The proposed sensor, which we term a spin torque gate
(STG) or a stochastic magnetic field sensor, can be imple-
mented in a simple Hall bar or Hall cross structure made
of a FM/HM bilayer with PMA. When the bilayer is driven
by an ac current, the strength and polarity of H, will deter-
mine the duration within which magnetization will stay in
the up and down states, respectively, in each half-cycle of
the ac current. The average anomalous Hall effect (AHE)
voltage gives an output signal that is proportional to H, in
the low-field range with zero offset. Since the output signal
can be obtained from the average Hall voltage over many
cycles, it statistically reduces the low-frequency noise. The
STG sensor does not require any magnetic bias, which is
the main cause of high costs associated with all types of
magnetoresistance sensors, including anisotropic magne-
toresistance, giant magnetoresistance, and tunnel magne-
toresistance sensors [22—29]. To experimentally demon-
strate the sensor, we develop a WTe, /Ti/(Co, Fe)B trilayer
structure, the effective PMA of which can be tuned over
a wide range by varying the temperature. This allows us
to demonstrate the proof-of-concept operation of the STG
sensor in both the deterministic switching and stochastic
switching regimes. Despite the extremely simple structure,
the sensor exhibits a good linearity in the field range of
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43-10 Oe, which is almost 10 times larger than the spin
Hall magnetoresistance (SMR) sensor demonstrated by us
previously that uses the FL effective field as the built-in
linearization mechanism [30—34].

II. OPERATION PRINCIPLE AND
EXPERIMENTAL DETAILS

A. Operation principle of the spin-torque gate and
stochastic magnetic field sensor

The proposed sensor exploits the longitudinal field
dependence of the magnetization reversal process of a
FM/HM bilayer with PMA. Since the switching mecha-
nism depends strongly on the size and effective PMA (K ¢)
of the device, we consider the following three cases sepa-
rately: (1) a single domain device with a sizable K¢, (2) a
large device that allows domain-wall (DW) nucleation and
propagation, and (3) a device with a superparamagnetic
FM layer.

The SOT-induced magnetization switching in case 1
may be described by a macrospin model [16], which
predicts a critical current density of [35]
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Here, M; (tp\) is the saturation magnetization (thickness)
of the FM layer, H ,fff is the effective anisotropy field, sy
is the effective spin Hall angle, H, is the longitudinal field
applied in the current direction, e is the electron charge,
and A is the reduced Planck constant. We now consider an
ac current /() with the commonly used sine, sawtooth, and
triangle waveforms, passing through the FM/HM bilayer
[Fig. 1(a)]. The amplitude and period of the current are
Iy and T, respectively. The critical current /., which is the
product of J,. and the cross-section area of the device (S),
is shown in Fig. 1(a) as dashed lines. The correspond-
ing AHE waveform Ry (f) is shown in Fig. 1(b), which
includes possible offset Ry due to misalignment of the
Hall voltage electrodes. When sketching the AHE wave-
form, we assume that it is positive when / > [, and H, > 0
and negative when [ < —[. and H, > 0 (note: /. > 0).
The polarity will be reversed when H, changes sign. It is
interesting to note that the duty ratio of Ry for sine and tri-
angular waves is always 50%, while for the sawtooth wave
the duty ratio is dependent on /... Figure 1(c) shows the Hall
voltage V() = I(t)Ry (¢) for different ac waveforms. It is
clear that Vy (¢) is a periodic signal with the same period T
of the ac current. When H, < H, ,fff, the time average of the

Hall voltage, Voy = lT fOT Vy (f)dt, is given by
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where Rayg is the amplitude of Ry (¢). In all three cases, we
set Iy = (e/h) (MstpMSHiﬁ/QSH) to remove the zero-field
offset. The detailed derivation of Eq. (2) can be found in
Appendix A. The average output signal as a function of H,
is shown in Fig. 1(d), which is nonlinear for a sine wave,
but linear for the sawtooth and triangle waves. Equation
(2) is the central result of this work; it demonstrates that it
is possible to realize a linear magnetic field sensor without
any magnetic bias, when the sensor is driven by either a
sawtooth or triangle ac current. In addition, it is also not
necessary to use a bridge to remove the zero-field offset.
When the current amplitude is large enough, a very small
change in H, will lead to an increased or decreased proba-
bility of the magnetization being switched to one of the two
directions, depending on the polarity of the field. There-
fore, in principle, the sensor can be used for sensing a small

sawtooth wave (2)

triangular wave

(

field. As the way the signal is derived resembles the flux-
gate sensor, we term it a STG magnetic field sensor. We
also examine the case of the square wave, but, as explained
in Appendix A, the square wave would lead to a constant
amplitude of V,, independent of H, (Fig. 12).

The macrospin model is valid for single-domain
devices. For devices with lateral dimensions larger than
the DW width (case 2), magnetization switching occurs
primarily through domain-wall nucleation followed by
propagation, which results in a much smaller critical cur-
rent density [5,16,36—46]. The DW nucleation may occur
either inside the film due to defects or at the edge of the
sample due to the combined effect of the Dzyaloshinskii-
Moriya interaction (DMI), the applied field and current,
the demagnetizing field and thermal effect, etc. [5]. The
latest studies suggest that DW nucleation at the edges plays
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a dominant role in reproducible and deterministic switch-
ing of magnetization. According to Pizzini et al. [43], the
nucleation field at the edge may be written as
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4poMpksT
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Here, 09 = 4/AKy — Dr is the domain-wall energy den-
sity in the presence of the DMI, D is the DMI constant,
Ky is the effective anisotropy constant, 4 is the exchange
constant, A = /A/Ky, iy is the vacuum susceptibility,
kg is the Boltzmann constant, 7 is the temperature, and
p = In(t/7p) with T being waiting time and 7y the attempt
time. When H, < (09/2AuoM;) ~ (2Ko/oMy) (when D
is small), one has

4 Atpm Hfﬁ
H, ~ — F |H| ). 3
n, edge pkBT ( B :F| x| ( )

Here, the F sign indicates the nucleation site at opposite
edges. In the actual case, only the minus sign is relevant,
as DW propagation immediately follows nucleation. Since
pkpT can be made much larger than 45 Atg), this explains
why the switching current density in DW-driven switching
is much smaller than the value predicted by the macrospin

___________________ time for sine, sawtooth, and
triangle waves. (d) Output
__________________ t voltage V, as a function of
in-plane field H, for different
ac currents.
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t
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model. When the nucleation field originates from the DL
effective field, the corresponding critical current density
may be written as
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Equation (4) is essentially the same as that of Eq. (1),
except for the prefactor. The prefactor can be further
modified by taking the domain-wall pinning effect into
consideration. Therefore, Eq. (2) is still applicable in the
incoherent switching case.

Next, we look at case 3, i.e., when the effective
anisotropy becomes very small. In this case, for a single-
domain element, magnetization fluctuates between +M,
and —M; due to weak PMA and small thermal stability.
When it is used as the free layer of the magnetic tunnel
junction, it results in a superparamagnetic or stochastic
tunnel junction, which is an important building block for
stochastic and neuromorphic computing [47—51]. Here, we
explore its applications in sensors. Similar to the case
of a spin with two directions pointing either parallel or
antiparallel to the external field, when a magnetic field is
applied along the easy axis of a superparamagnetic element
with weak PMA, the average magnetization in the field
direction may be written as M, = M, tanh(M H.V/kgT),
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and the Hall resistance is thus given by Ry = Ro +
Rapg tanh(MH. V/kgT). Here, H, is the applied field along
the easy axis, and V is the magnetic volume. When H,
is derived from the DL SOT effective field, we have
HPY = HPYm, (HP" is the magnitude of the DL effective
field at m, = 1). When H, is small, we may write HP" =
(HPY/HEMH,, with HPY = (h/2e)(Osu/MtemS)I. From
the above relationships, we can obtain the Hall voltage at
small H, as

Msu Hy
2ekpT HT

Vi () = IRy + I*Rang Q)

When the sensor is driven by a sine wave [ = Iy cos wt,
the time average of Vg (¢) is given by

hOsy Hy

Vour = IgRAHEmI_Ff,
BL L1y

(6)

which presents a linear relationship with H, with zero off-
set. In addition, a linear response can also be obtained
when it is driven by other ac waveforms, namely, square,
sawtooth, and triangle waves (see Appendix B). It is
important to note that, in this case, the sensor is a spin
torque gated stochastic magnetic field sensor. The gating
operation is important because it eliminates the dc off-
set and, at the same time, also suppresses magnetic noise.
Although the stochastic magnetic field sensor has been
reported before, it is implemented using a stochastic flip-
flop, which requires complex circuitry to ensure linearity
and accuracy [52]. In contrast, the sensor presented here
is extremely simple and comprises of only a single Hall
device made of a FM/HM bilayer.

B. Sample preparation and experimental methods

All materials, except for Ti, are deposited on SiO,
(300 nm)/Si substrates using magnetron sputtering
with a base and working pressure of <1 x 10~% and
1.5-3 x 1073 Torr, respectively. The Ti layer is deposited
by e-beam evaporation in the same vacuum system with
the sputter without breaking the vacuum. Standard pho-
tolithography and liftoff techniques are used to fabricate
the Hall bars. The Microtech laser writer system, with a
405 nm laser, is used to directly expose the photoresist
(Microposit S1805), after which it is developed in MF319
to form the Hall bar pattern. After film deposition, the
photoresist is removed by a mixture of Remover PG and
acetone to complete Hall bar fabrication.

The surface roughness and sputtering rate of thin films
are characterized using a Veeco Dimension 3100 AFM
system. The magnetic properties are characterized using
the Quantum Design MPMS3 system, with a resolution
of <1 x 107® emu. The electrical measurements are per-
formed in the Quantum Design VersaLab PPMS with a

sample rotator. The ac or dc current is applied by the Keith-
ley 6221 current source. The longitudinal or Hall voltage
is measured by the Keithley 2182 nanovoltmeter (for dc
voltage), the 500 kHz MFLI lock-in amplifier from Zurich
Instruments (for harmonic voltage), or the National Instru-
ments Data Acquisition (DAQ) device (for acquiring the
voltage with a large sampling rate of 1 MHz).

III. RESULTS AND DISCUSSION

A. Current-induced switching of WTe,/Ti/(Co, Fe)B
at different temperatures

The STG sensor can be realized experimentally using
any types of FM/HM bilayers, or even a single-layer
FM, as long as it has a well-defined PMA, sizable
dampinglike SOT, and the requirement of a longitudi-
nal field for deterministic switching. We choose to use
WTe,(5)/Ti(2)/(Co, Fe)B(1.5)/MgO(2)/Ta(1.5) (the num-
bers in parentheses indicate the layer thicknesses in nm) for
experimental implementation of the STG sensor because
WTe, is reported to have a large charge-spin conversion
efficiency [53—59]. Moreover, recently two groups have
observed evident SOT in WTe, thin films prepared by sput-
tering [58,59], which is of more practical relevance when it
comes to device applications. The (Co, Fe)B layer exhibits
well-defined PMA in the multilayer structure, which arises
mainly from the interface anisotropy of (Co, Fe)B/MgO
[60], and the 2 nm Ti insertion layer functions, as a seed
layer to promote the PMA [61,62]. The other consideration
for using this structure is that its coercivity varies strongly
with temperature, which, in addition to the STG sensor,
also allows a spin torque gated stochastic magnetic sensor
to be realized when the coercivity becomes very weak.

Smooth WTe; thin films with a root-mean-square (rms)
roughness of about 0.2 nm are obtained by process opti-
mization. The resistivity of the WTe; thin film at room
temperature is around 8.7 x 10> x4 cm, which is two
orders of magnitude larger than the resistivity of normal
metals. The increase in resistivity upon decreasing the tem-
perature indicates the nonmetallic behavior of sputtered
WTe,. The highly resistive WTe, thin film is advan-
tageous for sensor applications, since a larger anoma-
lous Hall resistance will be obtained due to lower cur-
rent shunting in WTe,, if the overall power consumption
will not increase due to the large charge-spin conver-
sion efficiency in WTe,. We further characterize the SOT
in WTe,-based ferromagnetic heterostructures by using
the harmonic Hall measurements. The WTe,-thickness-
dependence study of SOT in WTe; (twre,)/(Co,Fe)B
(hereafter MgO(2)/Ta(1.5) is omitted for simplicity) is
conducted, from which the DL SOT efficiency is found
to have a negative sign and peak at around fwte, = 5 nm
with a value 0of 0.67 x 10° Q! m~!. Only a slight decrease
of the SOT is observed after a thin Ti layer is inserted
between WTe, and (Co, Fe)B layers, which suggests the
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high spin transparency of Ti [61-63]. With the current
distribution in each layer taken into account, the DL
SOT field for the WTe,(5)/Ti(2)/(Co, Fe)B(1.5) stack is
estimated to be 26.3 Oe per 10’ A/cm?, which is com-
parable to the value reported previously in a sputtered
WTe,/Mo/(Co, Fe)B structure [59].

Figure 2(a) shows the schematic of a Hall bar device
used for both electrical characterization and sensor demon-
stration. The Hall bar length, width, spacing between
voltage electrodes, and width of voltage electrode are
120, 15, 30, and 5 um, respectively. To estimate the
effective anisotropy, we measure the M — H curve of
the WTe,(5)/Ti(2)/(Co, Fe)B(1.5) film by sweeping the
field in the x direction [Fig. 2(b)] in a superconducting
quantum interference device, from which the saturation
magnetization and effective anisotropy field are obtained
as 550 emu/cm’® and H,fﬁ: 500 Oe at room tempera-
ture, and 650 emu/cm’® and H,fffz 1000 Oe at 200 K.
This gives an effective anisotropy energy of 0.28 x 10°
and 0.65 x 10° erg/cm® at room temperature and 200 K,
respectively, corresponding to thermal stability factors
of around 6 and 22, respectively (assuming the domain

size is 40 nm). This allows us to demonstrate a proof-
of-concept STG sensor in both the DW-driven (low-
temperature) and stochastic (high-temperature) regions
using the same device. Figure 2(c) shows the AHE curves
at different temperatures, ranging from 160 to 300 K.
As can be seen, the device exhibits well-defined PMA
at low temperature and superparamagnetic behavior near
room temperature with the coercivity ranging from 0 to
25 Oe and Rayg in the range of 6.8—11.7 Q. Furthermore,
Fig. 2(d) shows the current-induced switching loops of
the same sample at different temperatures with an assis-
tive field, H,, of £30 Oe. As can be seen, the switching
loops corroborate well the DL SOT-induced switching
mechanism, with the switching polarity determined by
both the current and H, directions. Additionally, the oppo-
site switching polarity in WTe,/Ti/(Co, Fe)B, compared
with Pt/Co [16,40,64], indicates a negative sign of the
spin Hall angle in WTe,, which is consistent with the
results of SOT measurements. The switching current, I,
of WTe,(5)/Ti(2)/(Co, Fe)B(1.5) at H, = £30 Oe, defined
as the current that switches 95% of the magnetization, is
around 8 mA (3 mA) at 160 K (300 K), corresponding
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E I/ /_O /I : Ta : g 300 1
4 ! ! ~
— Ul T01 I (CoFe)B pPvAl & -
x Pt E Ti i S ----300K
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. A 1 600 F =~ ——200K
Lo 4 \\: —— YY-[e_Z _______ : 1 1 1
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FIG. 2. (a) Schematic of the Hall bar device and electrical measurement configuration. (b) M — H loops of

WTe,(5)/Ti(2)/(Co, Fe)B(1.5) film at 200 and 300 K, respectively, with the field swept in the x direction. (c¢) AHE curves of
WTe,(5)/Ti(2)/(Co, Fe)B(1.5) measured with a perpendicular field, H,, and a small dc current of 200 nA at different temperatures
from 160 to 300 K. (d) Current-induced switching loops of WTe,(5)/Ti(2)/(Co, Fe)B(1.5) at different temperatures with an in-plane
assistive field, H,, of +30 and —30 Oe. Pulse width of the pulse current is fixed at 2 ms.
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to a current density of 1.33 x 107 A/cm? (5 x 10% A/cm?).
At low temperature, the switching is quite abrupt in the
initial phase, but it becomes gradual in the final phase,
indicating that switching is dominated by DW nucleation
and propagation or expansion from the nucleation sites.
The DW-dominated switching mechanism becomes more
apparent at intermediate temperature, as manifested in
multiple-step switching. The irregular hysteresis loop sug-
gests that switching evolves from DW-driven to stochas-
tic mode at around 240 K. This unique characteristic
of WTe,(5)/Ti(2)/(Co, Fe)B(1.5) facilitates the demonstra-
tion of a STG sensor at low temperature and a spin torque
gated stochastic sensor at room temperature.

B. Experimental demonstration of the STG magnetic
field sensor

To demonstrate the proof-of-concept operation of the
STG sensor, we apply an ac current with triangle or saw-
tooth waveforms with a frequency of 115 Hz to the device
at 160 K and measure the time-averaged Hall voltage as
a function of H,. The Hall voltage is measured using a

DAQ device. Figures 3(a) and 3(b) show the Hall volt-
age, Vy, of the sensor as a function of time captured by
the DAQ device driven by the triangle and sawtooth wave-
forms, respectively, with a current amplitude of 8 mA and
H, of 100 Oe. As can be seen, Figs. 3(a) and 3(b) resem-
ble the simulated V' — ¢ curves displayed in Fig. 1(c). To
achieve good sensor performance, we set the amplitude of
the applied ac current as 11.5 mA. The output voltage Vo
at each field is averaged over 1 x 10° sampling points for
a duration of 1 s (corresponding to 115 cycles of ac cur-
rent wave). Figure 3(c) shows the time-averaged Vo, of
the sensor in response to H, swept forth and back between
—3 and 3 Oe driven by a triangle wave. A linear response
with <2.5% linearity error (as shown in the lower-right
inset), a sensitivity of 167.7 m€2/Oe, nearly zero dc offset,
and negligible hysteresis is obtained. The upper-left inset
in Fig. 3(c) shows the Vo, — H, dependence over a larger
range from —10 to 10 Oe. It is worth pointing out that data
shown in Fig. 3(c) are raw data without any dc offset com-
pensation. Both the zero-dc offset and small hysteresis are
unique features of the STG sensor, despite the fact that the
sensor element has a finite coercivity, and there is always
a dc offset in the AHE signal due to misalignment of the
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FIG. 3.

(a),(b) Hall voltage ¥y of the sensor as a function of time captured by the DAQ device driven by the sawtooth wave and

triangle wave, respectively. (c) Output voltage Vo, of the sensor in response to an external field H, swept forth and back between —3
and 3 Oe driven by a triangle wave at 160 K. (d) V,y of the sensor in response to H, swept forth and back between —3.5 and 3.5 Oe
driven by a sawtooth wave at 160 K. Dashed line is a guide for the eye. Upper-left insets in (c),(d), output response curve over a larger
sweeping range. Lower-right insets in (c),(d), linearity error within the sweeping field range.
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Hall voltage probes. Similar results are also obtained using
the sawtooth wave as the driving current. As shown in
Fig. 3(d), the linear range and sensitivity are 3.5 Oe and
205.5 m£2/Oe, respectively, both of which are at similar
levels to those of the triangle-wave case.

Next, we turn to the performance of the sensor at room
temperature. As shown in Fig. 2(c), the hysteresis of this
sample almost disappears when 7> 260 K, although the
sample still shows PMA. Since the lateral size of the active
element of the sensor is 15 x 5 um? (width of the Hall
bar x width of the voltage electrode), we may reasonably
postulate that there are a finite number of superparamag-
netic elements inside the region that contribute to the AHE
signal. If the dispersion of effective anisotropy is not that
large, the overall M, dependence on temperature should
still follow the M, = M tanh(M;H,V/kgT) relation. The
Ry — I curves at 300 K can be well fitted using the
hyperbolic tangent function Ry = Raug tanh(//1.), where
1. is the critical current after which Ry starts to sat-
urate. Therefore, we should be able to verify the pro-
posed spin torque gated stochastic sensor using the same
WTe,(5)/Ti(2)/(Co, Fe)B(1.5) device at room temperature.

Based on the aforementioned discussion, in this case,
the amplitude of the ac current is not required to be larger
than the critical current due to the absence of hystere-
sis. Figure 4 shows V, of the sensor in response to H,
swept forth and back between —10 and 10 Oe driven by a
square wave with an amplitude of 2 mA and frequency of
115 Hz. The upper-left inset displays the output response
curve over a larger sweeping range (—30 to 30 Oe), which
shows the saturation of the output signal in the high-field
range. The linearity error within the field range of £10 Oe
is less than 2%, as shown in the lower-right inset, indicat-
ing a good linearity of the sensor. The sensitivity of this
device at room temperature is 102 m€2/Oe. Based on a
linearity error of less than 5%, the minimum detectable
field for this sensor is 0.1 Oe at 160 K and 0.02 Oe at
300 K (see Appendix C), which can be improved by opti-
mizing the materials, layer structure, and dimensions of
the sensor. The other possible approach is to replace the
AHE-based signal read-out by a magnetic tunnel junction.
In this case, the signal amplitude can be increased by at
least 1-2 orders, and therefore, we can anticipate a sig-
nificant improvement of the field detectivity. Although the
stray field from the fixed layer in the out-of-plane direction
may slightly reduce the sensor’s sensitivity, as discussed in
Sec. III D, it can be mitigated by suppressing the stray field
via structure optimization.

C. Frequency dependence of the STG sensor
performance

Since the sensor is driven by an ac current, it is instruc-
tive to estimate its frequency dependence. First, there
should be an optimum frequency range for the driving
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FIG. 4. Vyy in response to H, swept forth and back between
—10 and 10 Oe at 300 K (dashed line is a guide for the eye).
Upper-left inset, output response curve over a larger sweeping
range. Lower-right inset, linearity error within the sweeping field
range.

current. This is because, on the one hand, the increased
frequency will result in an increased switching current
due to the reduced duration at each current cycle, a well-
established fact for SOT-based magnetization switching,
and, on the other hand, we need a minimum number of
cycles to reduce the noise of the output signal, which
sets the lower limit for the driving current frequency. As
pertaining to the present experiment, the minimum fre-
quency is limited by the sampling duration of the DAQ
device, i.e., the frequency which allows the DAQ device to
average at least 10 current cycles, meaning that, if the sam-
pling duration is 1 s, the lowest frequency will be 10 Hz.
We first measured the sensor response in the current fre-
quency range from 15 to 10015 Hz at 160 K (case 2).
The minimum frequency of 15 Hz is selected to guaran-
tee a reasonable number of cycles for averaging within the
sampling duration. Figures 5(a)-5(c) show the sensor out-
put response with a fixed current amplitude of 11.5 mA
and different current frequencies of 15, 515, and 2015 Hz,
respectively. As can be seen, the linearity degrades as the
frequency increases. In addition, there is a large hysteresis
at 2015 Hz. Therefore, the current frequency has an evident
effect on the sensor performance. Degradation of the lin-
earity at higher frequency can be explained by incomplete
switching due to the decreased duration at each current
cycle, which is similar to the pulse-width effect on current-
induced switching, i.e., a smaller pulse width will lead to
a larger switching current. Therefore, for practical applica-
tions, one may have to optimize the current amplitude and
frequency concurrently.

For case 3, since the amplitude of the ac current is not
required to be larger than the critical current due to the
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FIG. 5.

(a)H(c) Vou in response to H, swept forth and back between —3 and 3 Oe at 160 K with current frequencies of 15, 515, and

2015 Hz, respectively. (d)~(f) Vour in response to H, swept forth and back between —5 and 5 Oe at 300 K with current frequencies
of 15, 5015, and 20015 Hz, respectively. Dashed line is a guide for the eye. (g) Maximum and average (inset) linearity error. (h)
Sensitivity within the field range as a function of current frequency from 15 to 80015 Hz at 300 K.

absence of hysteresis, the sensor performance may not be
degraded as much as in the previous case at high frequency.
To confirm this, we perform the measurements at 300 K
with different current frequencies from 15 to 80015 Hz
(the highest current frequency of the Keithley 6221 sys-
tem is 100 kHz) in a Helmholtz coil, with a field range of
—5 Oe—5 Oe and a field step of 0.2 Oe. Figures 5(d)-5(f)
show the output voltage in response to H, at a fixed cur-
rent amplitude of 2 mA and current frequency of 15, 5015,
and 20 015 Hz, respectively. As can be seen, different from
case 2, the sensor response shows a good linearity at all
three frequencies. In addition, it can be observed that both
the linearity error and sensitivity decrease as the frequency
increases. By further plotting the linearity error (maximum
value), average error, and sensitivity of the sensor versus
the current frequency from 15 to 80015 Hz, as shown in
Figs. 5(g) and 5(h), we find that the linearity error and aver-
age error overall decrease from 15 to 10015 Hz, reaching
a very low level at 10015 Hz, after which both experi-
ence a slight increase. On the other hand, the sensitivity
keeps decreasing as the frequency increases; this is due
to the increase in switching current, as discussed above.
The decreased linearity error at high frequency is because
more cycles are averaged within the sampling duration.
The slight increase of linearity error after10015 Hz might
be due to the constant decrease of output amplitude. There-
fore, for case 3, the sensor can be operated over a wide
frequency range.

Next, we turn to the frequency limitation of the detection
field. In principle, it is limited by both the sensor driv-
ing frequency and the DAQ sampling duration. A detailed
analysis of the relationship between them is ongoing, but
in what follows we provide a few sets of measurement
results to illustrate the frequency effect. We test the sen-
sor response to an ac field supplied by the Helmholtz coil
at 300 K. The field amplitude is fixed at 0.5 Oe, and the
field frequency, fy, is varied from 0.1 to 1 Hz. The current
amplitude and frequency of the sensor’s driving current
are 2 mA and 20 015 Hz, respectively. The DAQ sampling
duration is set as 0.1 s. Figures 6(a)-6(c) show the sensor
response with fi values of 1, 0.5, and 0.1 Hz, respectively.
The orange solid line is the simulated field as a function of
time based on the set frequency and amplitude. The black
triangles are measured output voltages. A phase offset is
added to the simulated field curve. As can be seen, mea-
sured V¢ varies synchronously with the simulated field,
indicating that the sensor can also be used to detect an ac
field.

D. Effect of the out-of-plane field component on sensor
performance

Finally, it is worth commenting on the effect of the
vertical field component (H.), as it can also induce mag-
netization switching, in addition to the DL SOT field. The
presence of any finite A, would result in the magnetization
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staying in the H, direction longer than that in the oppo-
site direction for a periodic driving current, which seems to
indicate that it will cause asymmetry in the signal response.
However, this is actually not true because the average sig-
nal caused by H, will be zero as the current changes its
polarity periodically. Therefore, the main effect of H, will
be on the sensor’s output voltage, rather than symmetry or
cross-interference between H, and H,.

We examine the angular dependence of the sensor per-
formance for both case 2 and case 3. Figures 7(a) and 7(d)
show the output voltage of the sensor as a function of field
polar angle, 6y, with a fixed applied field at 160 K (case
2) and 300 K (case 3), respectively. Here, 0y values of
90° and 270° correspond to the directions along +x and
—x, respectively. As can be seen, the sensor output ampli-
tude has a strong dependence on 6y. At 160 K, the sensor
output exhibits a broad minimum at around 6y =0° and
180° and a broad maximum around 6y =90° and 270°,
which is expected from its working principle. The former
is due to the alignment of magnetization along the +z and

—z directions, respectively, whereas the latter results from
the hysteresis of the switching loop. In addition, we also
notice dips at 90° and 270°, which might be caused by the
multiple domains induced by the field when it is applied
initially along the z direction. At 300 K, the angle depen-
dence of the output voltage is simpler without the plateaus
at around 90° and 270° due to the absence of a hysteresis,
which can be well fitted by adding a z-component field to
Eq. (6), as shown in the inset of Fig. 7(d).

We further test the sensor response to the applied field,
Hy, with different polar angles. From Figs. 7(b) and 7(c),
we can see that the output amplitude at 6y values of 70°
and 110° is comparable and even slightly larger than that at
0 =90° shown in Fig. 3(a). However, the linearity range
decreases. Further increasing the angle deviation from 90°
(<70° or >110°) will result in an evident reduction in the
output voltage and linearity. On the other hand, for the
300 K case, as can be seen from Figs. 7(e) and 7(f), both the
output amplitude and linearity range constantly decrease as
the angle deviates away from 6 = 90°. Although one may
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FIG. 7.

(a) Vour of the STG sensor as a function of field polar angle, 65, with a fixed applied field of 8 Oe at 160 K. (b),(c) Voue in

response to Hy swept forth and back between —10 and 10 Oe at 160 K, with 0y values of 70° and 110°, respectively. (d) Voy as a
function of 6y with a fixed applied field of 20 Oe at 300 K. Inset, simulated V7, as a function of €. (e),(f) Vou: in response to Hy swept
forth and back between —30 and 30 Oe at 300 K, with 6 values of 73° and 103°, respectively.

consider this to be one of the limitations of the STG sen-
sor, it can also be advantageous in applications that require
a good field directionality of the sensor.

E. Proof-of-concept application of the STG sensor in
angle detection

Due to its simple structure, good linearity, and negli-
gible offset and hysteresis, the STG sensor is expected to
have many potential applications. As one of the proof-of-
concept experiments, here we demonstrate its application
in position sensing. To this end, we apply a rotational field
of 20 Oe in the x-y plane and measure the output of the
sensor using the same procedure as that described above
for every 5° of rotation. Figure 8(a) shows the output volt-
ages, Vou1 and Vo, of the sensor with the longitudinal

directions placed along the x direction and y direction,
respectively, as a function of the external field angle ¢y .
The sensor is driven by a square wave with an amplitude
of 2 mA and frequency of 115 Hz. As can be seen, Vyy
and Vi have cosine and sine dependences on the field
angle, which can be well fitted by V| cos ¢y and V5 sin ¢y,
respectively, where V; and V, are the amplitudes of Vo
and V,u, respectively. The field angle ¢ can be calculated
from

Vout2 Voutl
—=acrtan2 [ ——, —— s 7
2 [ 7 v, } + 7 (7

which is equivalent to ¢ = acrtan2[— sin ¢, — cos ¢] + 7.
Since the arctan 2[sin ¢, cos ¢] function gives the angle ¢
in the range from —180° to 180°, we add a phase shift

FIG. 8. (a) Output voltage of the
Hall device with ¢y = 0° aligned
along x and y directions and a field of
20 Oe is rotated in the film plane. (b)
Measured rotational angle ¢ as a func-
tion of ¢y . Inset, angle error ¢ — ¢ in
the full range of 360°.
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7 and a vertical shift 7 in the function to map the angle
in the range between 0° and 360°. The detected angle ¢
from Eq. (7) is shown in Fig. 8(b) versus the actual field
angle ¢y, from which a very linear relationship of ¢ and
¢y 1s observed. The calculated angle error (¢ — ¢p) at
each position is shown in the inset of Fig. 8(b). As can be
seen, the angle error is mostly within 1°, except for a few
positions, with average and maximum values of 0.59° and
1.68°, respectively, indicating the accurate angle detection
ability of the STG magnetic sensor. Unlike magnetoresis-
tance sensors, which require an additional Hall sensor to
differentiate angles between 0—180° and 180—360° due to
the quadratic dependence on the field angle, here we need
only two STG sensors to resolve a full rotation of 360°.
Compared with the SOT-enabled angular position sensor
that senses the second-harmonic Hall voltage reported in
our previous work [65], the output voltage of the STG sen-
sor is more than one order of magnitude larger, and it also
does not suffer from dc offset and influence from the planar
Hall effect.

IV. CONCLUSIONS

We propose and demonstrate a spin torque gate mag-
netic sensor that utilizes the longitudinal field dependence
of current-induced magnetization switching in FM/HM
bilayers. Driven by an ac current, and with the Hall volt-
age averaged over a large number of cycles, the sensor
exhibits a linear response to the external magnetic field
with a negligible hysteresis and dc offset. As a proof-
of-concept demonstration, we implement the STG sensor
on the Hall bar device with WTe,/Ti/(Co, Fe)B stacks,
where sputtering-deposited WTe, is employed as the SOT
generator due to its large spin Hall angle. The temperature-
dependence of PMA in WTe,/Ti/(Co,Fe)B allows us
to demonstrate the STG sensor in both DW-driven and
stochastic magnetization reversal regimes. Despite the
unoptimized structure, the sensor already shows a compa-
rable sensitivity to and a much larger dynamic range than
the SMR sensor demonstrated by us recently, which is also
enabled by the SOT effect. The extremely simple structure
of the STG sensor makes it attractive for many poten-
tial applications, as manifested in our proof-of-principle
experiments in angle detection.
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APPENDIX A: DERIVATION OF OUTPUT
VOLTAGE WITH DIFFERENT ac WAVEFORMS

1. Sine wave

Figure 9 shows a sinusoidal ac current together with the
Hall resistance Ry when H, > 0, which can be expressed

Sine wave

(R} 1 He>0
i p-1
AN l — 2 ,__
T
i 2
of £ i
w i t
FIG. 9. The ac current / (sine wave) and Hall resistance Ry as

a function of time, when H, > 0.

mathematically as

1(t) = Iy cos wt, (A1)

Ry (1) = Ry + sgn(H,) |:RAHE(2D -1

+00
4R HE
T

where we assume that the current amplitude /; is larger
than the critical current /.; w is the angular frequency;
¢o is the phase shift of Ry (f) with respect to t = 0;
D is the duty ratio of Ry(#); Ry is the offset resis-
tance induced by misalignment of Hall voltage elec-
trodes; and sgn(H,) represents the switching polarity,
which depends on the direction of H,. For the sine wave,
D is 50%. Therefore, RH(t) is reduced to Ry (f) = Ry +
sgn(H,) Z+°° 4RA”E sin %5 cos n(wt — ¢p). We can then
write the Hall Voltage Vy(t), as

sinnm D cos n(wt — ¢0):| , (A2)

Vg (t) = I(6)Ry () = Iy cos wt |:R0 + sgn(H,)

nmw

+§Oo: RAME G T cos ot — g0) | (A3)
X SiIn — cosn(wi — .
2 0

n=1

The output voltage V., obtained by averaging Vy (f) over
multiple cycles, is given by

4IyRAHE q

1 T
Vout - 7.,/ VH(t)dt gn(Hx)

508 n(wt — ¢y) sin(nm/2) dr

T+oo
_/ n

It is worth noting that, mathematically, averaging over
many cycles is equivalent to averaging over one cycle, but,

(A4)
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in an actual sensing operation, averaging over many cycles
contributes to noise reduction. By using the orthogonal-
ity property of sine and cosine functions, Eq. (A4) can be
reduced to

2R
Vi = 0IXAHE

sgn(H,) cos ¢y. (AS)

Since I[(T/4) + (¢p9/w)] = —1. (as can be seen from
Fig. 9), lycos[w(T/4) + ¢o] = —I., we can obtain cos ¢y =

1-— [(IC/IO)]2 (lp = 1..). Substituting the critical current
(351 L = (e/W)MsteniS/Osi) | (H/2) = (11 /2)
(H™ > H,) into cos ¢ in Eq. (A5), we can obtain

HETH
Vour = k2< | |> > (A6)
2 2
where k = (2e/h)(MjtemS/0su). When Iy = k(HET/2) and

H, is small, V,; can be written as

2R auek
Vou = sgn(Hx)fﬂ\/sz,sﬂHxL
T

Therefore, the output voltage has a nonlinear relation-
ship with the longitudinal field in the sine-wave case,
which cannot be used as a linear sensor.

(A7)

2. Sawtooth wave

Next, we examine the case of an ac current with a saw-
tooth waveform, as shown in Fig. 10. In this case, the

Sawtooth wave

(Rp) x>0
bt
T

T

2

¢
0 %o 0 t
w

FIG. 10. The ac current / (sawtooth wave) and Hall resistance
Ry as a function of time, when H, > 0.

current and Hall resistance are given by

o0

21
1(1) = Z = sinnwt,
el nim

(A8)

Ry (1) = Ro + sgn(H,) |:RAHE(2D -D

+o0
4RAHE
2
m=1

The Hall voltage, Vy (), can be then written as

sin mzm D cos m(wt — ¢0):| . (A9)

+00 [ee)
4R 21
Vi (t) = {Ro + sgn(H,) |:RAHE(2D —D+> AHE inmm D cos m(wt — ¢0)} } > 20 Sinnot, (A10)
m=1 n n=1 "
which leads to the averaged output of
1 2R anelosgn(H, 4
Vo = = [T V(e = “RAERSENE) (p 3 G D cos et — o) Z — sinnordr, (A11)
T T mm

where the Ry Z;’il (21y/nm) sin nwt and sgn(Hy,)Rape (2D — 1) Z;’il (21y/n) sin nwt terms in Vy (¢) are averaged to

zero. Equation (A11) can be further reduced to

Vout =

8
nTaT [fg Z Zn | m_ sin mm D cos m(wt — ¢g) sin na)tdt]

= 7 (fo Z Zn 1 2— sin mz D{sin[ (m + n)wt — m¢y] — sin[(m — n)wt — mq’)o]})

da +00 1
=— — sinmz D sin may,
T n=m=1 pm

(A12)
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where a = Rauelosgn(H,), D = (ty/T) = [ + 1y)/(21y)], and (¢o/w) = (¢y/2). Therefore, we have

+00o +00 +00
a 1., I+ I 2a 1 5 I+ 1 2a 1 I
Vout = = ; n—zsm nw ( 2 ) = = 2 e |:1 — cos“nmw 2 = P 2 2 1 — cos nmcos nnl—o
2a +oo 1 +oo 1 1. 1.
== {Zn_l == Zn |7 |:cosn (71 - ]—On) + cosn <n + I—OTL’>:|} ) (A13)
Since 37 (1/n%) = (n?/6) and 3% (1/n?) cos nx = (x2/4) — (7wx/2) + (7w2/6), we can obtain
I 2 I I 2 I
V—a 72 N—En_i_nyr—gn 2 7r+1—0n+n7r+1—0n 72
out — 7T2 3 4 2 6 4 2 6
2 2
a 5 1. Iy —
=— —| = =R H, Al4
53 |:7r (IOJT) :| AHESGN (H) Y (Al4)
[
which can be further expressed as a function of H,: as
2 eff 2 > 810
—k [(Hk /2) = (IHxI/x/E)] I(t)y =Y —— cosnot, (A17)
Vout = RAHESgn([_[x) . n=1 e
21y
(A15)
+00
_ ff : 4R
When Iy = k(H;"/2), the output will be R (t) = Ry + sen(H,) Z AHE . % cos m(wt — ).
m=1
Raugk
Vou = 20 (A16) (A18)
V2
The Hall voltage, Vy(7), is then given by
Therefore, we obtain a linear response to the longitudinal
field, and, importantly, the offset due to misalignment of +00 4RAng . mw
electrodes, if any, is automatically suppressed due to the Vi () = | Ro + sgn(H) Z s —=
SOT gating operation.
00 0
X cosm(wt — ¢0)] cos nwt,
3. Triangle wave Z" 1w ALO
We now consider a more commonly used ramp wave, a (AL9)
triangle wave. The current .and Hall resistance for the tri- from which the output voltage is derived as
angle wave are shown in Fig. 11, which can be expressed
Vow = < (1 Vi (et = ! ald t ~ tdt
Out_?fo (6 fo Zm 1%anTcosm(a) —¢0)Zn:1 22 cos nw
T
= T[3T |: Zm 1 Zn B y— sin T{COS[(I’VI + n)wt — mey] + cos[(m — n)wt — m¢>o]}dt:| (A20)

16a 1 mi "
= — —— sin — cosm
73 n=m=1 mn? 2 0

where a = Ranelosgn(H,) and ¢ can be obtained from the relation [{[(¢o/w) + (T/4)1/(T/2)} = (. + Iy)/(41y)] as

¢o = (I./21y)w. Therefore, Vy,; can be further written as
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16a g~tee 1 o nm I\ _ 8ax~tee 1 [ aln 4+ U/lyx] | nlw = (/o]
Vout = — — SIn — COS niw = — — {sin + sin
73 n=1 p3 2 21, 73 L—m=1 p3 2 2
_Bagro 1l + Ue/l)7] [l 4 (/7] a2
3 =1 p3 2 2
8a +oo 1 n[r + (. /1y)]
= 50 5l = (=1 sin e,

According to the sine series of x* and x,

:—Z { [(—D" = 1]sinnx — (—1)"xw

andx =2 :j (=)™ (sin nx/n), we can reduce Ve to

2 2
y 8 {_z[ﬂ+(fc/10)ﬂ] +7TT[7T+(1c/[0)7T]}

73] 4

2 2

As can be seen, V, has the same expression as that for the
sawtooth wave. When [y = k(H ,fff/ 2), the output voltage
will be Vo = (Ranek/ V2)H,, which is linear with respect
to the longitudinal field. Again, the offset due to electrode
misalignment is suppressed.

4. Square wave

Finally, we consider the case of a square wave, as
shown in Figs. 12(a) and 12(b). In this case, Ry (f) and
Vi (f) also have a square waveform with the same duty
ratio and zero phase difference with /(¢). This results in
a constant amplitude of output voltage at different H,, as
shown in Fig. 12(c), which can be expressed as Vo =
sgn(H,)IoRaue. Therefore, in this case, the device does not
function as a sensor, as it can only detect the direction of
the external field.

Triangle wave

(R) | » >0
A=y
71N 7
! T
A

FIG. 11. The ac current / (triangle wave) and Hall resistance
Ry as a function of time, when H, > 0.

j— a 3 [C 2 _R (H)Ig_lcz
=503 T T IOJT = KAHESEN {11y 21, .

, sinnx }
b

(A22)

APPENDIX B: DERIVATION OF OUTPUT
VOLTAGE FOR STG SENSOR WITH
HYPERBOLIC TANGENT SWITCHING
BEHAVIOR

1. Sine wave

When the sensor is driven by a sine wave, the Hall
voltage is Vg (t) = [y sinwt(Ry + Ry), where Ry can be
expressed as a hyperbolic tangent function Ry = Ry +
Rapg tanh(MyH, V/kgT). When H, is derived from the
DL SOT effective field, we have HPY = HPLm,. There-
fore, to create an effective field in the z direction, a
longitudinal field is required to orient the magnetization
of the element in the x direction. When H, is small,
we may assume that /; DL — (gPL JH{ N H,, with HPL =
(h/2e)(Osu/M;temS) 1 sin wt. From the above relationship,
we can obtain the Hall voltage in the small field range as

Vi (t) = Iy sin wtRy + I sin wtRayr tanh

. MV h Osy H,
x — —=). @
kgT 2e M tgmS I‘IISff
At small H,, Eq. (B1) can be reduced to
Vir() = o sin iRy + (I sin o) Rapp—e - 251
= [psinw sinw s
H 0 0 0 AHE s H;ff
(B2)

By averaging the voltage over one cycle, we can obtain the
output voltage as
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Square wave
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1 5 2 1 & 6su
Vout = ? fO Vydt =1 RAHEk TT 2e HeffH IO sin*wtdt
12RAHE 1 h 6y 1

= ~I;RanebH;.
2 kgT2e gt 20T

(B3)

where b = (1/kgT)(h/2e)(Osu/H, ,fff), the cycle period here
is written as 7’ to differentiate from temperature 7. As can
be seen, V, is linear with respect to H, at small field.

2. Square wave

Similarly, when the sensor is driven by a square wave
(duty cycle of 50%), by changing the current expression
from I sin wt to Z+ 1 (41y/nm) sin(nm /2) cos nwt, we can
write

+00 4[() . hmw
e Sll’l — coS nwt

V() = Ry Z

+oo (41, nmw 2
+ bRApeH, anl (g sin > cos nwt) ,
(B4)

(a),(b) The ac current /, Hall resistance Ry, and Hall voltage V' as a function of time in the case of a square wave, when
H, > 0. (c) Output voltage V4, as a function of in-plane field H,.

which leads to an output voltage of

T
Vidt = (1613 Raneb /7> T) H,

2
/ Z ( sm—cos nwt) dt

1
Vout =

1610RAHEb 7 1 (1—cosnm)(1+ cos2nwt)
== e dt
2T 2 4
4] RAHEb oo 1 n
yrz—TH fo anl ;[1 — (=1)"]dt
= IR yebH,. (B3)

Therefore, a linear response to H, can also be achieved
when the sensor is driven by a square wave. The ampli-
tude of Vyy is twice that of the sine wave case, which
is consistent with the experimental results as shown in
Fig. 13.

3. Sawtooth wave

For a sawtooth wave with / =
we can obtain Vy,; as

(2l /nm) sinnot,
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FIG. 13. Experimentally obtained V,, as a function of H,
swept forth and back between —10 and 10 Oe, when the sensor
is driven by a square wave (squares) and sine wave (triangles).

412Raugb T ¥
Vout = ﬁ / (- sin nwt) dt

_ 213 Raneb

7 +0 1
S H, / ;dt: gngAHEbe- (B6)
0

n=1

4. Triangle wave

For a triangle wave with I = "7 (81y/n*1?) cos nwt,

the output voltage is

6412 Rapeb r +°° 2
Vout & / (— cos na)t) dt
m

3215 Raweb I
==t Z —dt
16
=1 ZRanebH,. (B7)

Therefore, we show that a linear sensor can be obtained by
using all different types of current waveforms.

APPENDIX C: RESPONSE OF THE STG SENSOR
WITH SMALLER FIELD STEPS

The results of sensor response shown in Figs. 3 and 4
are measured on the VersaLab PPMS system, in which
field steps below 0.5 Oe are difficult to achieve. The sensor
can detect a lower field because switching will still occur
with even a very small in-plane assisting field, when the
applied current is sufficiently large. This small field will
increase the probability of switching towards one direc-
tion, leading to nonzero sensor output. Experimentally, we
try to measure the sensor response with a smaller field step.
Figure 14(a) shows V. as a function of H, at 160 K, with
the field step set to 0.1 Oe. As can be seen, although the
actual field step is not constantly 0.1 Oe (due to equip-
ment accuracy), the linearity error [shown in the inset of
Fig. 14(a)] is mostly within 5%, except for few points. For
case 3, due to the superparamagnetic property, the mini-
mum field that can be detected by the sensor should be
much smaller than that of case 2. Therefore, we measure
the sensor response in a Helmholtz coil, which allows a
field step as small as nT. Figure 14(b) and the inset show
Vout and the linearity error as a function of H, at 300 K with
a field step of 0.02 Oe and the sensor current frequency is
set to 10 015 Hz, from which the maximum linearity error
is 4.1%. A further decrease in the field step will result in a
linearity error larger than 5%. Therefore, if one is mainly
concerned with the linearity of the sensor, the minimum
field that can be detected by this particular sensor is around
0.02 Oe. This is certainly not the minimum detectable field
of the STG sensor.

The field resolution of the sensor can be further
improved by averaging more cycles by increasing the
sampling duration or employing a DAQ device with a
higher sampling rate. Since we have not completed the
experimental setup for the noise-spectrum analysis of the
STG sensor yet, here, we estimate the detectivity of the
STG sensor to be 300 K based on the 1/f magnetic
noise. The power density of 1/f noise is given by Sy =
Oy Vﬁ /N:Vegf ), where 8 is the Hooge constant, V}, is the
voltage across the Hall cross area, N, is the free-electron
density, Vg is the effective volume of the FM layer, and

(a) (b) FIG. 14. (a) Vou in response to

Ar o Ei)t(ptl F) _ E.’t‘pt" H, swept forth and back between

Triangle wave P Square wave ' —2 and 2 Oe at 160 K with field
f=15Hz 160K o 01} f=10015Hz 300K s

2 Step:0.10e .}" Step: 0.02 Oe step of 0.1 Oe. Sensor is driven by

~ 7o . an ac current with triangle wave-

Ey "’ £ form and frequency of 15 Hz.

3 £ — 3 s (b) Veu in response to H, swept

Sl s°f x % 5 x forth and back between —0.5 and

{8 84 Pogx % 00} 5 0.5 Oe at 300 K with field step

}’“ %2 E % X § % of 0.02 Oe. Sensor is driven by

“re £0= 5 . an ac current with square wave-

o > 5 ] 5 om0 oo o0 om0 form and frequency of 10015 Hz.

(Oe) ' ' H kOe) ' ' Insets, linearity error at each field.
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f is the frequency [66,67]. By using a Hooge constant of
8y = 0.002, as obtained for the SMR sensor driven by ac
current in our previous work [32], and substituting V;, =
0332V, N. = 1.7 x 10 m™3, Veg=1.125x 107" m3,
and f =10015 Hz into the above equation, we estimate
the detectivity of the STG sensor at 300 K to be around
0.92 nT/ \/E, which is at a similar level to that of the
detectivity of the ac-excited SMR sensor at high frequency
[32].
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