Journal of Magnetism and Magnetic Materials 648 (2026) 174050

Contents lists available at ScienceDirect

Journal of Magnetism and Magnetic Materials

journal homepage: www.elsevier.com/locate/jmmm

ELSEVIER

Hysteresis-free high linear response and noise characteristic of GMR sensor
using pulse width modulation (PWM)-domain wall displacement

a,*

Kosuke Komuro® , Arata Kawamura®, Hirofumi Suto ”, Tomoya Nakatani b Daiki Oshima?,

Takeshi Kato ™°
@ Graduate School of Engineering, Nagoya University, Nagoya 464-8603, Japan

b Research Center for Magnetic and Spintronic Materials, National Institute for Materials Science, Tsukuba 305-0047, Japan
¢ Institute of Materials and System for Sustainability, Nagoya University, Nagoya 464-8603, Japan

ARTICLE INFO ABSTRACT

Keywords:

Magnetic field sensors
Giant magnetoresistance
Pulse width modulation
Domain walls

Linearity

Noise

This study examines the output characteristics and noise behavior of giant magnetoresistance (GMR) magnetic
field sensors employing the pulse-width modulation domain wall displacement (PWM-DWD) method. In this
approach, a high-frequency (up to 100 kHz) sinusoidal magnetic field is applied along the easy axis of the free-
layer magnetization in the GMR device to induce oscillatory motion of domain walls, with the modulation
amplitude exceeding the coercivity of the free layer. By periodically driving the domain walls close to magne-
tization saturation, hysteresis in the sensor output is effectively suppressed, thereby yielding a highly linear
sensor response. The sensor demonstrated a minimum detectivity of 14 nT/Hz'/2 at 120 Hz under a modulation
field of 1.1 mT at 100 kHz. The dominant noise source was identified as the stochastic nature of domain wall
displacement, and further noise reduction is anticipated through lowering the coercivity of the free-layer ma-

terial and increasing the modulation frequency.

1. Introduction

Magnetic sensors play a crucial role in a wide range of industries, and
their market has been rapidly expanding with advances in autonomous
vehicles and the emergence of Internet of Things (IoT) technologies.
Among the various types of magnetic sensors that have been developed,
such as Hall sensors [1], superconducting quantum interference devices
(SQUIDs) [2,3], fluxgate sensors [4-6], and magneto-impedance sensors
[7,8], magnetoresistance (MR) sensors have attracted significant atten-
tion owing to their simple two-terminal resistor structure, high sensi-
tivity, ease of fabrication, and compatibility with micro-integration
processes.

Over the past few decades, MR sensors have been widely applied in
numerous fields, including hard disk drive (HDD) read heads [9,10],
position encoders [11-13], and current sensors for automotive appli-
cations [14,15]. More recently, MR sensors have also been investigated
for biomedical applications. For example, giant magnetoresistance
(GMR) devices have been utilized in bio-magnetic sensors for cancer
detection [16,17]. In this approach, magnetic nanoparticles (MNPs) are
functionalized to bind to target cancer cells, and MR sensors detect
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cancer tissues by sensing the stray fields from MNPs [18-21]. As another
example, magnetic tunnel junction (MTJ) sensors have been applied to
magnetocardiography (MCG) [22], which monitors heart activity by
detecting magnetic fields generated by cardiac electrical currents.
Owing to the wide dynamic range of MTJs, MCG measurements outside
magnetically shielded rooms have been reported [22], which is not
feasible with SQUIDs. Similarly, magnetoencephalography (MEG) de-
tects magnetic fields generated by neural currents beneath the scalp
[23]. To realize such medical and biological applications, sensors must
achieve detectivity below 1 nT and exhibit stable operation with mini-
mal output hysteresis.

One approach to enhance detectivity is the use of magnetic flux
concentrators (MFCs) placed adjacent to GMR or MTJ elements, which
can both amplify output signals and reduce noise [24,25]. For instance,
MTJ sensors with MFCs have demonstrated noise levels of 940 fT/Hz'/2
at 1 Hz [26], and GMR sensors with MFCs achieved 3 pT/Hzl/ 2at1Hz
[27]. In these methods, however, sensors typically detect fields along the
hard axis of the free layer, which inherently limits sensitivity. To over-
come this limitation, we have focused on detecting magnetic fields along
the easy axis to enhance output signals. Furthermore, we have applied
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the domain wall displacement (DWD) technique to GMR sensors, in
which the magnetization of the free layer is modulated by oscillating
domain walls at high frequency [28,29]. We previously confirmed that
the sensitivity increases with the modulation amplitude [28]. In addi-
tion, by introducing current-field feedback into DWD sensors [30,31],
we improved output linearity and realized a minimum detectivity of 300
pT/Hzl/ 2 at 10 Hz without MFCs [32]. Nevertheless, in conventional
DWD sensors, the modulation field amplitude was kept below the
coercivity of the free layer, causing the domain structures to be influ-
enced by unintended external fields, which resulted in poor output
reproducibility and fluctuations in noise levels. To address these issues,
we introduce the pulse-width modulation domain wall displacement
(PWM-DWD) technique. The key difference from the conventional DWD
approach is that the modulation field amplitude exceeds the coercivity
of the GMR free layer. The PWM-DWD sensor detects magnetic fields
based on the timing of resistance changes in the GMR device, similar to
the operating principle of fluxgate sensors. Although only a few studies
have reported on MR sensors operated in PWM mode [33,34], these
studies demonstrated that PWM effectively reduces hysteresis in the
sensor output. However, the modulation frequency in these works was
fixed at approximately 100 Hz, and systematic investigations of the
dependence of sensor output and noise spectra on modulation frequency
and amplitude were not conducted.

In this study, we investigate the output and noise characteristics of
PWM-DWD sensors by varying both the amplitude and frequency of the
modulation field. Our results show that the PWM-DWD technique
effectively enhances the linearity of the sensor output and suppresses 1/f
magnetic noise, yielding flat noise spectra in the low-frequency region.
Finally, we demonstrate a minimum detectivity of 14 nT/Hz'/? at 120
Hz under a modulation field of 1.1 mT at 100 kHz.

2. Working principle of PWM sensors
2.1. Modulation method

Fig. 1 (a) and (b) illustrate the schematic resistance curves of a GMR
device when an external field Hey; is applied along the easy axis of the
free layer in the GMR element. As in Fig. 1 (a), a sufficiently large
modulation field amplitude Hy,,q was applied along the easy axis to
saturate the free layer. Compared to the conventional DWD sensor
previously reported in Ref. [32], where Hyoq was 0.1 mT, the present
PWM-DWD sensor uses the increased Hpoq of approximately 1 mT. This
periodic saturation causes the GMR resistance to switch between high
and low states, producing a square waveform, and the duty ratio defined
as the duration ratio between high and low levels depends on the
external field Hey. For example, when Heyy = O, the duty ratio is 50% as
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Fig. 1. Working principle of PWM-DWD modulation. (a) Hyea Saturates the
resistance of GMR periodically, and the duration ratio between the high and
low resistances takes 50% when Hey = 0. (b) If the finite Hey, is applied, the
duration ratio of the high and low resistances changes. (c) Typical waveform of
the resistance of GMR under Hey, = 0 (dotted line) and finite value (solid line)
expected from Figs. (a) and (b).
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shown by the red dotted line in Fig. 1 (c). If the finite Hey is applied, it
changes the duty ratio of GMR resistance as shown in Fig. 1 (b) and (c).
Therefore, the present PWM-DWD sensor detects Hey by observing the
duty ratio just as the conventional fluxgate sensor [4,5]. Since the duty
ratio will change linearly with Hey;, the output signal V, is expected to
exhibit small hysteresis.

A schematic of the waveform of V; and the total fields (Hyod + Hext)
applied to the GMR device is shown in Fig. 2. T, t;, and t_ indicate the
period of the modulation field and the durations of the high and low
states of the V, waveform, respectively. +H, represent the positive and
negative coercive fields required to reverse the magnetization of the free
layer. Here, a triangular waveform was assumed for the modulation
field, and a square hysteresis loop was assumed for the free layer in the
GMR device. The duty ratio of Vy is evaluated using the average output
voltage (Vave), which can be analytically expressed as follows:

_ Vit, — Vit _ Vi Hex

V.
ave T Hmod )

@

where V; is the absolute value of saturation voltage of V. One may
note that Vi, exhibits bipolar waveform although resistance of GMR is
unipolar. This is because the GMR device is inserted in a bridge circuit
followed by instrumentation amplifier, which is described in Sec. 2.3.
The eq. (1) indicates that V. is not affected by hysteresis of the free
layer, which results in the highly linear sensor output as will be shown in
this paper. In addition, V,y. is proportional to 1/Hod-

2.2. Device Preparation

To realize the PWM detection of Hey described in the previous sec-
tion, GMR spin-valves were deposited under a magnetic field of 27 mT
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Fig. 2. Schematic of the V,,, waveform (red) and total fields (Hmod + Hext)
applied to GMR device (blue). In this figure, it is assumed a triangular wave-
form of Hpod, and a square hysteresis loop of the free layer in GMR device. H,
indicates the coercivity of the free layer, and V; is the saturation voltage of V.
From the assumptions, the sensor output (the average of the V,,, waveform) is
found to be independent of H, and proportional to 1/Hy,eq4. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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using our RF magnetron sputtering system to induce uniaxial magnetic
anisotropy. As in Fig. 3 (a), the deposited stacks were SiO5 substrate / Ta
(5) / NigoFego (10) / Cu (4) / CogoFeqg (3) / Mngolrag (8) / Ta (2), where
the numbers in parentheses represent the thicknesses of each layer in
nanometers. In the stacks, the NiggFeqq layer works as a free layer, and
the CoggFejg layer is a pinned layer, where the pinned layer magneti-
zation is stabilized by the exchange bias induced at the interface be-
tween CoggFe;g and Mngplryg. After the deposition, the GMR stacks were
microfabricated into rectangular shapes of 30 pm x 300 pm by the
lithography processes and Ar" ion milling. The Ar" ions with an incident
energy of 700 eV were generated by a Kaufman-type ion source and were
incident perpendicularly to the sample surface. After the milling, 250
nm-thick AlyO3 layer and 250 nm-thick metallic wire with the size of 60
pm x 300 pm were deposited on top of the structured GMR device by the
lift-off technique. The Al,O3 layer acts as an insulator between the GMR
device and the metallic wire through which the ac current flows to
generate high frequency modulation fields. After the microfabrication
processes, all the samples were annealed at 270 °C under a magnetic
field of 230 mT to align the direction of magnetization in the pinned
layer and the uniaxial anisotropy of free layer in each device. The field
was applied along the short axis of the GMR elements during the
annealing. Fig. 3 (b) and (c) show the schematic of the GMR device
structure and the optical microscope image of the microfabricated de-
vice, respectively. As shown in the figures, the GMR device has a single
metallic wire on top of the GMR element to generate the magnetic field,
in contrast to the previous studies (e.g. Ref. [5]), where coils to apply the
modulation field were wounded around sensing devices. Since the free
layer thickness of the GMR element is 10 nm and the distance between
the GMR and metallic wire is 250 nm, which are both much smaller than
the width of metallic wire of 60 pm, the field generated from the wire is
assumed to be uniform in the free layer. Because the metallic wire has a
small inductance, the frequencies of modulation fields fi,0q can be easily
increased. Hpoq applied to the GMR device is proportional to the
amplitude of current flowing through the wire and the inverse of the
wire width. Fig. 4 shows the external field dependence of the resistance
of the GMR device measured after completing all microfabrication
processes. The result indicates that the magnetization in the GMR free
layer saturates at approximately +£1.0 mT. In Fig. 4, the geometry of the
resistance curve is distorted from the rectangular geometry as in Fig. 1.
This may be caused by complexed domain structures originating from a
relative balance of demagnetization field and uniaxial anisotropic field
introduced by induced anisotropy. The domain structures of the
NigoFego free layer have been already observed through the Kerr mi-
croscope in our previous work [32].
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Fig. 4. Magnetic field vs. resistance of the GMR device measured after
completing all microfabrication processes. Fields to saturate the magnetization
of the free layer is estimated to be approximately +1.0 mT as indicated by
dashed lines.

2.3. Measurement setup

Fig. 5 shows a schematic of the measurement setup. The micro-
fabricated GMR device was inserted into a bridge circuit. Here, a
reference resistance device was inserted to compensate temperature
drift in the bridge output caused by Joule heating of GMR devices, which
originates from the dc bias voltage of the bridge circuit. Note that esti-
mated current densities of the GMR devices are approximately 1 MA/
cm?. The reference resistance device exhibits a temperature coefficient
nearly identical to that of the field-sensing GMR device. On the other
hand, anisotropic magneto-resistance effect in the magnetic layer con-
tributes to change the reference resistance, which is only 0.1 Q and is
negligible for that of the GMR device as in Fig. 4. The layer structure of
the reference resistance device was SiO5 substrate / Ta (5) / Cu (4)
/NigoFEZO (10) / C090Fe10 (3) / Ml‘lgo[l‘go (8) / Ta (2), where the depo-
sition order of the NiFe free layer and the adjacent Cu layer was reversed
to eliminate the GMR effect. The microfabrication process for the
reference resistance device was identical to that used for the sensing
GMR devices. The metallic wires of both the GMR and reference resis-
tance were connected in series to a power amplifier (Kikusui, PBZ50)
and a modulation current I,oq was directly supplied through the wires to

Current for Hy,,4 (ac)

Wire

Al,O;

H ext

Easy Axis 0
(b)

Fig. 3. (a) Illustration of the GMR stacks. The NigyFeoo and the CoggFe; layers are free and pinned layers, respectively. (b) Schematic of a GMR sensor device. The
300 nm-thick Al wire is placed above the GMR element, and the 250 nm-thick Al,O3 layer was inserted in between Al and GMR to insulate them. An ac current
flowing through the Al wire produces Hy,04, Which oscillates the domain walls in the free layer. (c) Optical microscope image of the microfabricated device. The GMR
element under the Al wire is not obvious, and the widths of GMR and Al are 30 ym and 60 pm, respectively.
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Fig. 5. Circuit diagram of the PWM-DWD sensor and its measurement setup. A GMR device and a reference resistance device are connected in the bridge circuit to
compensate temperature drift due to Joule heating of the GMR device. The output of the bridge circuit was amplified by the instrumentation amplifier (IA) and
operational amplifier (OA). The real time signal of the output was measured by the oscilloscope (Rhode & Schwarz, RTB2004). For noise spectrum measurements, an
FFT analyzer (NI, PCI-4461) was used in place of the oscilloscope. The modulation current was supplied to both GMR and reference resistance by the power amplifier

(Kikusui, PBZ60).

generate the modulation fields around the free layer of the GMR. The DC
offset of the output was adjusted by tuning the potentiometers. The
output of the bridge circuit was amplified by an instrumentation
amplifier (IA) followed by an operation amplifier (OA). In the experi-
ment, the gain of the IA was fixed at 84, whereas the gain of OA (Goa)
was varied between 10 and 100. The output signal of the circuit Vi, was
measured using an oscilloscope, and V,y was estimated by numerical
averaging of Voy;.
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The noise spectral density of the PWM-DWD sensors was measured
using an FFT analyzer (National Instruments, PCI-4461). The sensor
devices and the bridge circuits were placed inside a magnetic shield box
with a shielding factor greater than 60 dB. The measurements were
performed in the absence of an external field (Hext = 0). The Hanning
window function was used for the FFT analysis, and the signals were
recorded for 1 s.
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Fig. 6. V,,; waveforms for (a) low OA gain (Goa = 10) and (b) high OA gain (Goa = 100) under the external field Hex = 0. Insets in both figures show the one cycle
waveform taken for Heys = O (red curve) and 100 uT (blue curve). From the insets, duty ratio of the waveform varies depending on Hey;. For (a) low OA gain, the free
layer of GMR was saturated by Hp,oq, and thus the shape of the waveform was not rectangle reflecting the distortion of MR loop. On the other hand, for (b) high OA
gain, the V,, waveform became rectangle by driving OA into saturation, and the signal originating from the distortion of MR loop can be eliminated from V. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.4. Operation check and waveform processing

Fig. 6 (a) shows the Vs waveform under the application of a mod-
ulation field with the amplitude Hyoq of 1.4 mT and the frequency fmod
of 10 kHz. The red and the blue waveforms in the inset represent the
data acquired when the external field Hex = 0 and 100 pT, respectively.
Note that Goa was fixed at 10 and a supply voltage of OA was set to 16
V to prevent voltage saturation in the OA. As shown in the inset, the duty
ratio of the waveform varied with the application of Hey, as described in
the Sec. 2.1. Unlike in Fig. 1 (c), however, the V,, waveform did not
exhibit a perfect rectangular shape; instead, the flat saturation regions
between switching events appeared rounded. The rounded regions
typically originate from the magnetization process of the GMR free layer
as it approaches saturation, resulting in large output noise in the low
frequency region. This will be discussed in Sec.4.1.

Therefore, we set Goa to 100 and the OA supply voltage to +6 V to
intentionally saturate OA and produce square waveforms. By driving the
OA into saturation, the rising and falling edges of the waveform become
sharper, and the rounded regions of the waveform mentioned above
were eliminated from V,y;, which contribute to the reducing the mag-
netic noise. Hereafter, we refer to this method as the “saturation-mode”.
The Vyut waveforms in Fig. 6 (b) were obtained by the saturation-mode.
Similar to Fig. 6 (a), the inset in Fig. 6 (b) shows one cycle waveform
measured at Hexr = 0 (red) and 100 pT (blue), respectively. The duty
ratio changed in the same manner as in Fig. 6 (a), while the waveforms
became more square-shaped, similar to those shown in Fig. 1 (c). Thus,
we mainly discuss the results of the PWM-DWD modulation sensor
operating in the saturation-mode in this paper unless otherwise stated.

3. Results and discussions 1: Output signals
3.1. Output signal (V) — External field (H) property

To discuss the sensor output in response to Heyt, Vave was measured
by sweeping Hex. As described in Sec. 2.1, the sensor detects the mag-
netic fields through the duty ratio of the V,, waveform, which is re-
flected in its time-averaged value. Here, V., was obtained by
numerically averaging Vo, for 12 ms using the oscilloscope. Fig. 7 (a)
shows the V,ye—Hext characteristics measured under a modulation field
with an amplitude Hpoq of 1.4 mT and a frequency fioq of 10 kHz. Hext
was swept between —100 pT to 100 pT. Note that an offset of Vyye is
numerically removed.

As shown in Fig. 7 (a), the V,ye—Hext curve clearly exhibited a linear
relationship. To evaluate the linearity of the V,y—Hex: characteristics,
we used a parameter called “non-linearity” introduced in Ref. [31]. Non-
linearity NL is defined as

00 NL:1.99%

Sensor output V, . (mV)
o

| |
A W
o o
o o

—-100 -50 0 50 100
External field H_; (uT)

(a)
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_ max(data(Hex) — f(Hext) )
NL = maxf(Hext) — minf(Hext) ’ (2)

where data(Hext) and f (Hexy) are the measured output data at Hey and
their linear fitting function, which can be written as a form of aHey¢ + b,
respectively. From Eq. (2), the NL in Fig. 7 (a) was calculated to be
1.99%.

To investigate the effect of the PWM-DWD technique, we compared
the result in Fig. 7 (a) with the Vaye—Hext curve of Fig. 7 (b), which was
measured without applying a modulation field. As in Fig. 7 (a), Hext Was
applied along the easy axis of the GMR free layer, and the offset
component of V., was subtracted by a numerical calculation. The
Vave—Hext curve exhibited distinct hysteresis, resembling a Rayleigh
loop, which is typically observed in the magnetization curve of a
ferromagnet within a narrow sweeping range. The NL value in this case
was 10.58%, confirming that PWM-DWD technique is effective in
reducing hysteresis and enhancing the linearity.

3.2. Modulation dependence in sensitivity

The sensitivity of the PWM-DWD sensor output, defined as the slope
of Vave—Hext characteristics, was investigated by applying various Hpoq
and fpod- In the experiment, fi,oq was varied from 500 Hz to 100 kHz
under nominal Hp,oq values of 1.1 mT, 1.4 mT and 1.7 mT, respectively,
which were estimated based on the voltage applied to the wire gener-
ating the modulation field. The sensitivity was defined as the slope of the
linear fitting function f(Hext), which has already been introduced in the
explanation of Eq. (2). Fig. 8 shows finoq dependence of the sensor's
sensitivity under different Hyoq values. The sensitivity remained nearly
constant over the investigated fi,oq4 range, whereas it increased as Hyoq
decreased. One may note that the sensitivity slightly increased when
fmod exceeded 10 kHz under the same Hy,o4. This behavior was attributed
to the impedance of the metallic wire on the GMR device and in the
connecting cables used to supply current. In the experiment, Hyoq is
controlled by voltage applying to the current wire and the cables
assuming their impedance remains constant. However, the impedance is
supposed to increase when fpnoq is 50 kHz and 100 kHz due to the
parasitic inductance, resulting in the reduction of I,oq. Thus, the effec-
tive Hpyoq applied to the GMR device becomes smaller than the nominal
value. The inset of Fig. 8 shows Hy,,q dependence of the sensitivity at
fmod = 10 kHz. It explains a clear proportionality to 1/Hpoq as indicated
by the red dotted approximation curve, which is in good agreement with
Eq. (2). These results confirm that the sensitivity of the PWM-DWD
sensor depends only on the amplitude of the modulation field and is
essentially independent of the modulation frequency.

200 NL: 10.58%

/

Sensor output V,,. (mV)
o

—-100 -50 0 50 100
External field H,; (uT)

(b)

Fig. 7. Vaye—Hex: properties of the GMR sensors (a) with PWM-DWD modulation technique under the modulation field with the amplitude Hy,oq of 1.4 mT and the
frequency fmoq of 10 kHz, and (b) without modulation field which was obtained in the same device.



K. Komuro et al.

= . wee 11 Hypgg
= 4 approximation
6 N
Z3 \
=
= S5t & f..q=10 kHz
g— 1.0 1.5 2.0
= 4 Modulation amplitude (mT)
g
; | [l ¥
= —
g 3t | 1.4mT "
» - — > N
° o o ——"°
2f 1.7 mT
103 10% 10

Modulation frequency (Hz)

Fig. 8. fmoa dependence of sensitivity V,ye/Hexx under different Hpoq. The
sensitivity increased by reducing Hy,o4, While it was insensitive to fjod. The
inset shows the Hy,,q dependence of the sensitivity at fi,oq of 10 kHz. A dotted
curve indicates the 1/Hpoq approximation of the obtained sensitivities. The
approximation curve well explains the results and demonstrates the validity of
Eq. (1).

3.3. Modulation dependence in linearity

The modulation frequency dependence of the non-linearity NL of the
sensor output is plotted in Fig. 9. The red dashed line represents the non-
linearity of the output signal measured without applying modulation to
the same GMR sensor device. From the figure, the NL was significantly
suppressed by applying the PWM-DWD technique, demonstrating the
validity of the theory as described in Sec. 2.1. Furthermore, NL exhibited

14+
19k Without modulation |
S 10}
2
x
= O
<)
Z 4 o
0

103 107 10°
Modulation frequency (Hz)

Fig. 9. fmod dependence of non-linearity NL of the sensor output when various
Hpyoq are applied to the GMR device. The red dashed line shows the results
when no modulation fields are applied. NL of the sensor output decreased
significantly by applying PWM-DWD technique. The greater nonlinearity was
confirmed when f,04 0f 100 kHz and Hyoq Of 1.4 or 1.7 mT, which results from
the increase in the noise of the sensor output as in Fig. 11 (b).
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nearly constant values, independent of both Hp,oq and figd, indicating
the modulation fields have no significant impact on NL. One may note
that a slight increase in NL over 5% was observed when Hy,,oq was 1.4 or
1.7 mT and fi0q4 was 100 kHz. This enhancement of NL is considered to
be due to an increase in the noise of Vy (see Sec. 4.2 for details), rather
than the hysteresis of the sensor output.

4. Results and discussion 2: Noise analysis
4.1. Influence of saturation-mode in noise reduction

We first measured the circuit background noise by inserting 120 Q
metallic film resistors into the bridge circuit in place of the GMR and
reference resistance devices. The metallic film resistors do not generate
magnetic noise, and thus the sensor's circuit noise could be estimated.
The magenta curve in Fig. 10 illustrates the result of the circuit noise
measurement. In the figure, we confirmed 1/f noise in the low frequency
region, which mainly originated from the IA and OA. Next, we inserted
the GMR and reference resistance devices into the bridge circuit to
measure the noise spectrum of Vi, under a modulation field. To mea-
sure the noise spectrum under the condition shown in Fig. 6(a), where
the operational amplifier was not saturated, Goa and the OA supply
voltage were set to 10 and + 16 V, respectively. Here, we fixed Hpoq at
1.1 mT and fy0q at 1 kHz. The black solid spectrum in Fig. 10 presents
the measurement result, clearly indicating peaks corresponding to the
modulation signal and its harmonics, with a significant enhancement of
noise across the entire frequency range compared with the background
noise. The large noise may have resulted from the rounded regions of
Vout, Which are discussed at the end of this section. Finally, we measured
the noise spectrum of V,, when the saturation mode was applied. In this
mode, Gop was reset to 100, and the OA supply voltage was fixed at +6
V as described in the Sec. 2.4. The blue curve in Fig. 10 shows the noise
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Fig. 10. Noise spectral density of Vo in the sensor operated under saturation
(blue) and non-saturation (black) modes. The sensors were modulated under
the conditions of Hyoq = 1.1 mT and finoq = 1 kHz. For comparison, background
noise spectral density was shown as magenta line, where no modulation field
was applied. The saturation-mode exhibited almost flat noise below fi,0q and
significantly reduced 1/f* noise in the low frequency region compared to the
non-saturation mode. Since the flat noise in blue spectrum is in good agreement
with the Lorentzian fitting (red), we concluded the noise of saturation-mode
mainly results from jitters originating from transitions in V. On the other
hand, a slight noise increase apart from the flat noise was confirmed under 10
Hz even in the saturation-mode. This is due to the background 1/f noise, which
contains both circuit noise and inherent magnetic noise in GMR devices. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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spectrum of the sensor operating in the saturation mode. Obviously, the
spectrum exhibited a flat noise, and the 1/f noise observed in the black
curve was significantly reduced. The flat noise in the saturation mode
originated from random telegraph noise (RTN) caused by fluctuations in
the duty ratio, i.e. jitter, of the modulated waveform shown in Fig. 6 (b).
In general, RTN follows a Lorentzian distribution characterized by a flat
region at low frequencies that rolls off beyond a certain frequency [35].
The noise spectral density of RTN, Vy can be expressed as follows:

Ve
27
v (f)

where Vj and f stand for the noise voltage at DC component and a roll-
off frequency, respectively. The red curve in Fig. 10 corresponds to a
fitted result for the blue curve. The red curve shows good agreement
with the blue spectrum across all frequencies except at the modulation
signal and its harmonics, and V and f, were determined to be 202 pV
and 33 kHz, respectively. The 1/f noise in the saturation mode was
significantly smaller than that of black curve in Fig. 10, which was ob-
tained when OA saturation was avoided. This indicates that the large 1/f
noise observed in the black curve originates from the rounded regions
between switching events of Vg in Fig. 6 (a), where the free layer
magnetization was nearly saturated, as mentioned in Sec. 2.4. We pre-
sume that the rounded regions of V¢ in Fig. 6 (a) are associated with
inhomogeneous nucleation and expansion of magnetic domains in the
free layer near saturation. Thermal fluctuations of these domains are
considered to contribute to the observed 1/f" noise in the non-saturation
mode. On the other hand, driving the OA in the saturation mode elim-
inates these rounded regions in Vg, and thus the saturation mode
effectively reduces low frequency noise in the PWM-DWD sensor.

Wn(f) = 3

4.2. Modulation dependence of noise properties

The noise spectral densities of the PWM-DWD sensor operated at
various modulation frequencies— fyoq = 500 Hz, 1 kHz, and 10
kHz—are shown in Fig. 11 (a). Here, the modulation field was fixed at
Hpod = 1.1 mT. As shown in the figure, the flat noise level decreased,
and the roll-off frequency increased with increasing fioq4. This indicates
that the RTN observed in the PWM-DWD sensor operating in the satu-
ration mode was suppressed as fioq increased. Fig. 11 (b) shows the 120
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Hz components of the noise spectral density (NSD) plotted as a function
of fmod- Here, we compared two cases with the modulation fields of Hyoq
= 1.1 and 1.7 mT. When jitters in the modulation waveform are pro-
portional to the modulation field's period, the flat noise level originating
from RTN becomes proportional to 1/fx2. Therefore, we fitted the data
using l/f,ln/ozd approximation for fp,oq below 10 kHz. The dashed lines
represent the 1/f/% approximation, which agrees well with the exper-
imental NSDs at 120 Hz for both Hypoq values. However, a significant
increase of NSD beyond 50 kHz was confirmed when Hy,qq is 1.7 mT. To
investigate the origin of this increased noise, we observed the falling
transitions of V,, waveforms under each modulation condition. Fig. 12
(a) shows Ve measured under the condition of Hpog = 1.1 mT and fiea
= 1 kHz. Here, the horizontal axis is normalized by the modulation
period Tmod, which is 1 ms under this condition. The figure presents the
waveforms superimposed over 3 cycles, intentionally selected to high-
light the largest jitter variations for clarity. The measurement revealed
that the transitions were completed within 0.03 t/Tpoq following
random trajectories, indicating the stochastic nature of domain wall
displacement. Meanwhile, Fig. 12 (b) shows V,,; waveforms recorded
when finoq was increased to 100 kHz. This result suggests that the in-
crease of fiod is effective in suppressing the stochastic trajectories of the
Vout waveform owing to smoother domain wall propagation in the free
layer, thereby reducing RTN. Fig. 12 (c) shows the modulation wave-
form recorded when Hp,q increased to 1.7 mT under fioq of 100 kHz.
The inset presents an enlarged view of the waveform between t/ T4 Of
0.44 and 0.47. As in Fig. 12 (c), each falling transition exhibited an
almost identical shape, though they are slightly shifted relative to one
another. These phenomena can be interpreted as follows. In the case of
Hpmod = 1.1 mT, the modulation field did not fully saturate the free layer;
thus, the magnetization reversal was primarily dominated by domain
expansion. In contrast, at the higher Hp,oq of 1.7 mT, domain nucleation
also contributed significantly to the magnetization reversal process in
addition to the domain expansion, and the stochastic nature of this
domain nucleation further increased NSD as in Fig. 11 (b). From these
results, we conclude that optimal combinations of fi,oq and Hpoq to
minimize the noise floor of PWM-DWD sensors, since different noise
sources dominate under different modulation conditions. Further
investigation into the relationship between the sensor noise and the
magnetization process of the free layer is required to elucidate the un-
derlying physical origin of these noise sources.
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Fig. 11. (a) Noise spectral density of the PWM-DWD sensor operated under Hpoq = 1.1 mT and fi,0a = 500 Hz, 1 kHz, and 10 kHz. The flat noise spectral density in
the frequency of 100 Hz-10 kHz reduced as fi,oq increases. (b) The noise spectrum densities at 120 Hz are plotted as a function of fy,04, where Hy,oq was set at 1.1 mT
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fX2, approximation well explains the results below 10 kHz, the jitters, i.e., the source of random telegraph noise, are proportional to the sweep rate of the modulation
field. However, significant increase of the noise was confirmed above 50 kHz when Hy,oq was 1.7 mT. We consider a different stochastic mechanism, such as domain
nucleation, dominates the noise when the PWM-DWD sensor operated under high Hy,oq and high fieq. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 12. Falling transitions of V,,; waveforms under the modulation conditions of (a) Hpoq = 1.1 mT and fined = 1 kHz, (b) Hpea = 1.1 mT and fi,0q4 = 100 kHz, and
(¢) Hpoda = 1.7 mT and fi,0q4 = 100 kHz. Horizontal axis is normalized by the modulation period, Tod. The figures show the waveforms superimposed over 3 cycles.
Note that inset in (c) show the enlarged view in the range of t/Toa = 0.44-0.47. In Fig. (a), the three transitions followed random trajectories, which suggests
stochastic domain wall displacement. In Fig. (b) and (c), on the other hand, each falling transition has an almost identical shape, implying smooth wall propagation.
However, the falling transitions in Fig. (c) shifted against each other. We consider this phenomenon contributes to the increased NSD as shown in Fig. 11 (b).

4.3. Material dependence

To reduce the sensor's noise through material optimization of the free
layer, we prepared several GMR sensors with different free layer mate-
rials and compared their noise spectral densities. Here, we used
CoyoFegoBog and (CoggFerg)gaBg instead of NiFe to introduce variations
in coercivity of the free layers. Fig. 13 (a) shows magnetization curves of
NiFe, CogoFegoB20, and (CogoFe1()o2Bs single layers measured using a
vibrating sample magnetometer (VSM). From the results, NiFe,
CoggFegoBag and (CogpFerg)9oBg were confirmed to exhibit coercivities
of 0.13 mT, 0.3 mT and 0.42 mT, respectively. Fig. 13 (b) shows the
noise spectra of PWM-DWD sensors with different free layer materials,
measured under conditions of Hyoq = 1.1 mT and fyoq = 10 kHz. The
sensors with free layers made of higher coercivity material clearly
exhibited grater noise levels in the low frequency region. Fig. 13 (c)
shows the dependence of NSD at 120 Hz on the free layer coercivity,

extracted from the noise spectra measured under Hpoq = 1.1 mT while
fmod varying from 1 kHz to 100 kHz. Smaller NSDs at 120 Hz were
observed for sensors operated at higher modulation frequency and with
free layers of lower coercivity. Therefore, we conclude that low coer-
civity materials are preferable for reducing the noise level of PWM-DWD
Sensors.

To identify the reason of increase in the noise of the GMR sensors
having free layers with high coercivity, we re-examined the falling
transitions in the V,, waveforms. Fig. 14 (a), (b) and (c) show the
comparisons of falling trajectories for GMR devices employing NiFe,
CogoFesoBao, and (CogoFeig)gaBs free layers, respectively. Unlike the
sensor with NiFe free layer, the other two GMR sensors exhibited falls
with random slopes, and the randomness appears to be increased with
increasing coercivity of the free layer. This randomness results in a
higher noise level with a 1/f" -type spectrum in the low-frequency re-
gion, particularly for the device with (CoggFe;p)92Bg free layer. We
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Fig. 13. (a) Magnetization curves of NiFe, CoaoFegoB2o and CogzFegBg single layers. Coercivities of each material were 0.13 mT, 0.30 mT and 0.42 mT, respectively.
(b) Input referred noise spectral density of PWM-DWD sensors having the three different free layer materials. The spectra were measured under Hpoq of 1.1 mT and
fmoa of 10 kHz. (c) Free layer coercivity dependence of NSD at 120 Hz extracted from the noise spectra measured under the condition that Hyoq = 1.1 mT and fioed
was varied as 1 kHz, 10 kHz, and 100 kHz. Smaller input referred noise were observed for the sensors operated under higher fi,oq and with free layers exhibiting

smaller coercivity.
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Fig. 14. (a) Falling transitions of V,, in GMR sensors with (a) NiFe, (b) CoxoFegoB2 and (c) CogsFegBg single layers, respectively. Note that Hy,oq was 1.1 mT and
fmod Was 10 kHz. Randomness in trajectories increased as coercivity increased. We consider the increase in coercivity causes stochastic variations in both domain wall

nucleation and velocity.

attribute the increased noise in the sensors with CosgFegoBog and
(CoggFe10)92Bs free layers to random variations in both domain wall
nucleation and velocity. Indeed, several works have reported the ve-
locities of domain walls is determined by heights of energy barriers of
pinning sites, which are closely related to coercivity [36,37]. Since these
energy barriers fluctuate stochastically due to thermal fluctuations in
the system, velocity of domain walls is also considered to exhibit sto-
chastic behavior. However, further investigation is required for a more
detailed understanding.

4.4. Minimum detectivity and outlook

Next, we investigated the minimum detectivity of the present PWM-
DWD sensors. In the previous sections, a low NSD was obtained using a
GMR sensor with a NiFe free layer, operated under the conditions of fi0q
= 100 kHz and Hy,oq = 1.1 mT. Here, the external field of Heyxe = 140
nTys at 120 Hz was applied as a reference signal. Due to the restriction
of the experimental setup, Hex was applied by the current flowing
through the metallic wire above the GMR element in addition to the
current used to generate Hp,oq. The blue spectrum in Fig. 15 shows the
measurement result. As shown in the figure, the Hey signal at 120 Hz
was clearly confirmed, and the field detectivity was estimated to be
approximately 14 nT from the NSD at 120 Hz. The NSD of the PWM-
DWD sensor output was nearly identical to the circuit background
noise shown by the magenta line in the figure. This indicates that the
RTN originating from the stochastic nature of DWD (see Fig. 11 (a)) is
suppressed below the circuit noise level by operating the sensor at a high
modulation frequency of 100 kHz. However, the noise of the PWM-DWD
sensor was approximately 100 times larger than that of our previous
DWD sensor, which was 300 pT/Hz'/2 at 10 Hz. To further reduce the
noise and improve field detectivity, both minimizing the sensor circuit
noise and optimizing the free layer materials in the GMR device are
necessary. For example, Goa was set to 100 in this experiment to drive
the sensor in the saturation-mode. However, a larger Goa amplifies the
circuit background noise, leading to a lower SNR in the sensor output.
Therefore, the value of Gpoa should be minimized while ensuring that the
Vout Waveform remains saturated by the OA. Enhancing magnetoresis-
tance ratio of the GMR device is effective for operating the sensor in the
saturation mode even with a smaller Gos. Moreover, materials with low
coercivity, such as CoFeSiB free layer [38], are promising candidates for
the free layer in GMR device. This is because low coercivity free layers in
PWM-DWD sensors can operate under small Hp,,q, contributing to
increased sensitivity and reduced noise, as discussed in Sec. 3.2. Further
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Fig. 15. Noise spectral density of PWM-DWD sensor with NiFe free layer
operated under the conditions of Hyog = 1.1 mT and fi,0q = 100 kHz. Here, an
external field Hey of 140 nT at a frequency of 120 Hz is applied as a reference
signal. The circuit background noise is shown by magenta line in the figure. The
detectivity of the present PWM-DWD sensor is estimated to be 14 nT/Hz!/% The
sensor's noise spectrum exhibited almost identical to the background noise of
the circuit, suggesting RTN originating from the stochastic nature of domain
wall displacement of the free layers is suppressed below the circuit noise level
in this modulation condition. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

increasing fmod, €.8., 1-10 MHz, is also expected to be effective in
reducing RTN.

5. Conclusion

In this paper, we investigated the fundamental properties of PWM-
type GMR sensors utilizing DWD technique. In PWM-DWD sensors,
large, high-frequency modulation fields were applied along the easy axis
of GMR devices, and the magnetization in the free layers was periodi-
cally saturated. By driving the operational amplifier in the sensor circuit
in the saturation mode, the output waveform of the GMR device became
square-shaped, and the duty ratio of the square wave depended on the
external magnetic field. The sensor output in the saturation mode
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exhibited small nonlinearity of approximately 2%, regardless of the
amplitude and frequency of the modulation field. The sensitivity of the
sensor was found to be inversely proportional to the modulation field, 1/
Hpod, and was not affected by the modulation frequency. The sensor
operated in the saturation mode exhibited a flat noise spectrum in the
low-frequency region, originating from the random telegraph noise
(RTN). The RTN decreased with increasing the modulation frequency
fmod, exhibiting below the sensor circuit noise level when the modula-
tion field was 1.1 mT at 100 kHz. The origin of the RTN is attributed to
the stochastic nature of the domain wall propagation, and both
increasing the modulation frequency and reducing the coercivity of the
free layer are expected to be effective in suppressing RTN. In this study,
we achieved the minimum detectivity of 14 nT/Hz!/? at 120 Hz by
operating the sensor under conditions of Hyoq = 1.1 mT and fpq = 100
kHz. For further improvement of sensor's detectivity, minimizing the
gain of the operational amplifier within a range that maintains the
saturation of the V,,; waveform is expected to be effective. Moreover,
fabricating GMR devices with larger magnetoresistance ratios and lower
coercivity could further enhance detectivity. In conclusion, the proposed
PWM-DWD sensor represents one of the promising candidates for real-
time detection of bio-magnetic fields, such as in magnetocardiography
and magnetoencephalography applications.
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