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Abstract: Planar Hall effect (PHE)-based magnetic field sensors have recently received considerable attention due to
their fascinating properties. For the NiFe/spacer/IrMn trilayer PHE sensor structures, tuning the exchange bias via a
spacer layer is very crucial due to its direct effects on the sensor’s magnetic field sensitivity. Here the effect of Cr spacer
layer thickness on PHE sensitivity and exchange bias is investigated in NiFe (10 nm)/Cr (t¢r)/Ir'Mn (20 nm) trilayer
structures where the t ¢, varied between 0.0 nm and 1 nm with a step of 0.1 nm. As the t¢, increased, we observed a
fast decrease in exchange bias field. When the thickness of Cr spacer layer increased up to 0.7 nm, a maximum sensitivity
of 4.4 pV/(Oe-mA) was obtained. Besides, sensor voltage exhibited £100 nV noise level. With this noise level, a 1.6

#'T magnetic field resolution was achieved.
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1. Introduction

Nowadays, on-chip devices that can detect ultralow magnetic fields are gaining importance due to their potential
applications such as magnetic bead/label sensing in bio-material detection [1-3], positioning sensors [4], tactile
sensing [5], electronic compasses [6], and detection of microcracks in metallic shells [7]. For these applications,
portability, small footprint, low power consumption, and cost-effectiveness are the key factors. Among the
magnetoresistance (MR)-based magnetic field sensors, the planar Hall effect (PHE) sensors have the advantages
such as easy fabrication, linear responses at low magnetic fields, high signal-to-noise ratios, bipolarity, and
insensitiveness to small thermal fluctuations.

Recent studies on PHE sensors have focused on increasing/optimizing their magnetic field sensitivity
and resolution either by changing sensor structure or its geometry [8-12]. In the literature, several types of
exchange-biased sensor structures have already been studied such as NiFe/IrMn bilayers [13-15], NiFe/X/IrMn
(X: Cu, Au, Pt) trilayers [8,12,16], and NiFe/Cu/NiFe/IrMn spin-valves [17,18]. Tt is found that the trilayer
structures provide the highest sensor sensitivities due to their lower exchange bias (EB) and lower shunt currents
compared to bilayers and spin-valves [8]. Besides, the type of nonmagnetic (NM) spacer layer inserted between
NiFe and IrMn in a trilayer structure plays a crucial role in tuning the EB and shunt currents [12]. For example,
although the insertion of Cu layer increases the sensitivity (by decreasing the EB), as the thickness of Cu layer
is increased, a significant decrease can be observed in the sensor’s output voltage due to the good conductivity

of Cu [8]. The large decrease in the sensor’s output voltage limits the sensor sensitivity even when the EB
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decreases. However, when the Au and Pt spacer layers are used instead of Cu, a remarkable increase in sensor’s
output voltage is observed despite the increased shunt currents [12,16]. These findings show that the proper
choice of spacer layer is very important for designing a PHE-based sensor.

Here we expand the literature data by inserting a Cr spacer layer between NiFe and IrMn in traditional
cross-junction geometry of PHE sensors. The Cr material has a higher electrical resistivity compared to the
Cu, Au, and Pt materials. Thus, it is expected that the Cr material provides lower shunt currents. In addition,
the Cr element is known as exchange and coercive field decreasing material, which is useful to increase the
PHE sensor sensitivity in trilayer structures [19-21]. In this study, we first provide a theoretical background
that explains the PHE-based magnetic field sensor’s output voltage and its sensitivity dependence on exchange
bias. In the experimental part, we fabricate trilayer structures of NiFe (10 nm)/Cr (t¢r)/ IrMn (20 nm)
where the t ¢, is varied between 0.0 nm and 1.0 nm with a 0.1 nm steps. The magnetic properties (EB field
and coercive field) of sensor structures are investigated by recording the anisotropic magnetoresistance (AMR)
signals under a magnetic field applied along the easy axis. Then the PHE sensor characteristics are determined
as a function of Cr spacer layer thickness. In order to characterize sensor responses to external magnetic fields,

a time-dependent experiment is carried out under positive and negative polarities of applied magnetic field.

2. Theoretical background
2.1. AMR and PHE signals

The planar Hall effect originating from anisotropic magnetoresistance (AMR) can be observed in ferromagnetic
(FM) materials [22-24]. By using a six-terminal Hall bar geometry and assuming a single domain magnetization
states of an in-plane magnetic anisotropy (Figure la), the following AMR voltage (Vaarg) response can be

observed from the longitudinal terminals as a function of angle () between magnetization (M) and current
(iz) [25]:

gl
VAMR:E[/)L‘F (p—pL) cos® ] (1)

where [ is the length between longitudinal voltage terminals, w is the width, and ¢ is the thickness of FM
material (Figure 1a). p| and p) are the resistivities which are measurable when the magnetization (M) and
current (i,) are parallel (¢ = 0°and 180°) and perpendicular (¢ = 90°and 270°) to each other, respectively.
It is known in the literature that p is bigger than p, for the ferromagnetic materials [25]. Therefore, Vanrr
provides a maximum voltage when the magnetization is parallel to the applied current. As the magnetization
rotates toward a perpendicular state, Vaarr approaches to a minimum as a function of cos? .

Besides, the transverse voltage of the same Hall bar geometry provides the following PHE voltage (Vpyg)

response depending on ¢ [26]:

(pH_PL)

FM

VeHE=1, sin ¢ cos ¢ (2)
Due to the sin ¢ cos@ dependence of Vpyg given in Equation (2), a maximum voltage is observed when the
magnetization angle is ¢ = 45° and 225°, and it gives minimum for the ¢ = 135° and 315°.

It is important to mention here that the Vapr depends on length (1) and width (w) of a Hall bar
while the Vpy g is independent of them. This unique property of PHE-based sensors makes their fabrication in

various sizes possible. Furthermore, the Vpy g is not sensitive to small temperature fluctuations [27]. Therefore,
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(b, Six-terminal Hall-bar
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Figure 1. (a) A microscopic image of the six-terminal Hall bar geometry. Here, the constant dc current of i, is applied
between a-b terminals. The AMR voltage Vamr is measured from the longitudinal c-d terminals, and the PHE voltage
(VpuE) is measured from transverse c-e terminals. The angle between magnetization (M) and applied current (i) is
defined by ¢. The effective magnetic anisotropy Hc + Hgp is directed to +, direction. (b) A photograph of the
fabricated sample mounted on a printed circuit board where the Hall bar and continuous film parts were simultaneously
deposited.

PHE signal exhibits a higher signal-to-noise ratio (SNR) compared to the longitudinal AMR signal. Thus, the
PHE provides a better magnetic field resolution which is defined by the lowest magnetic field that a sensor can
recognize.

In addition, because of the Vayr and Vpyp expressions given in Equations (1) and (2) are a direct
function of magnetization angle (¢), these two signals can exhibit coherent behaviors with the magnetic
hysteresis loops. Thus, the AMR and PHE signals can also be used for determining the exchange bias field
(Hgp) and coercive field (H¢) values of a magnetic hysteresis loop obtained along the easy axis (see Figure 3).

3. PHE-based sensor design and its response to applied magnetic field

Figure la presents a microscopic image for the traditional cross-junction geometry of a PHE-based sensor with
a coordinate system. Here the easy axis anisotropy field (H¢) of FM sensing layer is usually adjusted parallel
to the current (i) path, and a magnetic field (H,) is applied along the y-axis.

Before moving on to the explanation of PHE sensor response to applied magnetic field (H,), it is
important to mention here that, for the zero magnetic field, the magnetization is controlled by the easy axis
magnetic anisotropy. Thus, M is free to stay initially along the easy axis either positive (¢ = 0°) or negative
(¢ = 180°) x-directions when a single FM layer is used (without exchange bias). This results in a double PHE
signal output during a magnetization reversal process as shown in the inset of Figure 2 [27]. The double signal
is unwanted in many PHE sensor applications. In order to remove one of the PHE signals, the FM sensing layer
can be exchange-biased either by using an antiferromagnetic layer or by using another FM layer with higher
magnetic anisotropy that results in a unidirectional magnetic anisotropy in the FM sensing layer. Besides, to
provide a higher magnetic anisotropy in the second FM layer, it can also be pinned by using an antiferromagnetic
layer (FM/NM/FM/AFM). Because the unidirectional magnetic anisotropy pins the magnetic moments of FM
sensing layer in one preferred direction (+x direction in our design), every time under zero field case, M rotates
to its initial orientation (for example ¢ = 0°initially). Thus, a single PHE sensor response can be obtained as
shown in Figure 2. In the exchange bias case, the magnetic moments of FM sensing material feel an additional
unidirectional anisotropy field (Hgp) which is also defined toward +x direction in Figure la. Therefore, the

effective anisotropy field that the magnetic moments in the FM layer feels can be assumed as Hc + Hgp.
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Figure 2. A traditional magnetic field ( H,) profile of a PHE sensor fabricated in a cross-junction geometry with an
exchange-biased FM material (FM/AFM bilayer or FM/NM/AFM trilayer or FM/NM/FM/AFM spin-valve). The inset
figure shows a schematic of the double magnetic field ( Hy) profile of the PHE signal that can be obtained from a single
FM material without exchange bias.

For the given configuration of PHE-based sensors in Figure la, Figure 2 shows a characteristic sensor
signal as a function of H,. When the H, is very small compared to the Hc + Hgp, the PHE signal provides a
quite linear region with a zero-offset. At this condition, magnetization (M) exhibits a small rotation toward the
applied magnetic field (H,). By using the vector diagram presented in Figure la, the following approximation

can be applied to determine the magnetization angle () [26]:

H,

N — 3
4 Hc + Hgp ®

Furthermore, because the ¢ is very small for this condition, sinp ~ ¢ and cosy = 1 can be written. Thus,

the following Vpp g expression can be obtained by replacing the sin ¢ cos ¢ term into Equation (2):

H,

iy
Veue = ?(,0“ - PL)m

(4)

Besides, the magnetic field sensitivity (S) of a PHE sensor for the given cross-junction geometry can be

determined by the following expression [24]:

_ Vpug
5= i H, 5)

By using the approximation given in Equation (3), the following expression can also be written for sensor’s

magnetic field sensitivity (.5):

1

_ 6
He + Hgp (©)

1
S = E(P” - p1)

Equation 6 clearly indicates that the PHE sensor’s magnetic field sensitivity is directly related to resistivity

difference (p —p.) of FM material and magnitude of anisotropy terms (Hc + Hgp).
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PHE sensitivity (5) is a very important parameter for sensor applications. In order to increase the S given
in Equation (6), the exchange bias field (Hgp) can be minimized. This can be achieved via either increasing
the thickness of the FM layer in bilayers [14] or inserting a nonmagnetic (NM) third layer between the FM and
AFM layers (FM/NM/AFM) [8,12,16]. However, in the trilayer structures, when the electrical resistivity of
the NM spacer layer is very low, a considerable decrease of Vppp is observed (Figure 2). Therefore, although
the addition of the NM spacer layer decreases the Hgp, an increase in sensor sensitivity may not be observed
when the NM spacer layer thickness is increased [16]. For this reason, a proper choice of NM spacer layer is
very important while designing a PHE sensor structure. Furthermore, the same shunting effect can be observed
for the spin-valve structures (FM/NM/FM/AFM) due to an additional FM layer. It is very well known in the
literature that the trilayer PHE sensor structure provides higher sensor sensitivity compared to bilayers and

spin-valves [8].

3.1. Sensor fabrication and experimental details

The six-terminal Hall bar (cross-junction) geometry of the PHE sensor and continuous film parts were simul-
taneously fabricated on the same Si/SiO5 (500 nm) substrates by the lift-off a trilayer structure as shown in
Figure 1b. Here, the cross width (w) was 25 pm x25 pm and the length (1) between longitudinal terminals
was 100 pm. By using a magnetron sputtering system, NiggFegp (10 nm), Cr (t¢,), and Ires Mnrs (20 nm)
layers were sequentially deposited at room temperature. The nominal thickness of the Cr spacer layer was
varied between 0 and 1 nm with a step of 0.1 nm. At the top of the sensor stack, a 3 nm thick Pt cap layer was
used to avoid oxidation. During the sputtering process, Ar pressure was kept 5 x10 2 mbar with a 20 sccm
flow rate, and the dc powers applied to targets were 10 W, 10 W, 20 W, and 10 W, respectively. The easy
axes of the PHE sensors have been aligned parallel to the current path via growth-induced magnetic anisotropy.
For the electronic transport experiments, we used a home-made transport system [28-30]. Here we applied 1
mA dc current along the x-axis by using a Keithley 2400 sourcemeter, and we recorded the AMR and PHE
voltages with a Keithley 2182a nanovoltmeter from longitudinal and transverse terminals, respectively. The H¢
and Hgp values of PHE sensor structures were determined by the analysis of AMR data taken as a function
of magnetic field swept along the easy axis (x-axis). In order to observe the PHE sensor characteristics, the
magnetic field was swept along the hard axis (y-axis) and transverse voltages were recorded as described in the

theoretical background. All the measurements were done at room temperature (T = 300 K).

4. Results and discussion

Magnetic properties (Ho and Hpp) for the PHE sensor structures of NiFe (10)/Cr (t¢,)/IrMn (20) (nm)
were determined by recording AMR voltages with a 2 Oe magnetic field steps. Figure 3 presents an example
for easy axis (H // i,) measurements of hysteresis (MOKE) and AMR loops taken by using a bilayer structure
of SiO2 /NiFe (10 nm)/IrMn (8 nm)/Pt (3nm). As indicated in the figure, during the magnetization switching
process, the MOKE and AMR signals changed coherently. Here, the AMR signal provides deep points at
the switching fields. By using these deep points, we determined Ho and Hgp values as 108 Oe and 81 Oe,
respectively. When the 8 nm thick IrMn layer was used, Ho was bigger than Hgpp. However, when we increased
the thickness of IrMn in NiFe/IrMn bilayer structure from 8 to 20 nm, the hysteresis loop completely shifted
to the left side. In this case, we determined Hgg = 124 Oe and He = 82 Oe (where Hgp>H¢) as

shown in Figure 4. This structure was better to investigate the effect of Cr spacer layer compared to 8 nm
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IrMn structure. As we inserted a Cr spacer layer up to 1 nm between the NiFe (10 nm) and IrMn (20 nm)
layers, Hpp and H¢ values decreased monotonically to 20 Oe and 37 Oe, respectively. Interestingly, the Hgp
exhibited a faster decrease compared to the Ho with the increasing to,. Thus, when the t ¢, was above 0.4
nm, again Ho was bigger than Hgp. This fast decrease in Hgpg is very beneficial for PHE sensors since the

thinner Cr layer provides lower shunt current as mentioned in the theoretical background.
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Figure 3. (a) An easy axis magnetic hysteresis loop (by MOKE signal) and (b) an AMR voltage change (by electrical
transport) obtained from the NiFe (10 nm)/IrMn (8 nm) bilayer structure. (1) indicates the data recorded during
magnetic field sweep from positive to negative while (2) shows from negative to positive. The magnetic hysteresis loop
and AMR signal exhibited a coherent behavior as a function of applied magnetic field. Thus, the Hgp = 81 Oe and
Hc = 108 Oe values can be determined from the deep points of AMR signal.

Figure 5a presents the magnetic field profiles of PHE sensor signals obtained from the NiFe (10 nm)/IrMn
(20 nm) bilayer and the NiFe (10 nm)/Cr (1 nm)/IrMn (20 nm) trilayer structures. Here, insertion of the Cr
spacer layer provides mainly two effects on PHE signal. One is the reduction of both Hgp and Hg. Thus,
the maximum and minimum peak positions observed in these signals shifted to a lower magnitude of magnetic
field. The other effect is a reduction of AVpy g due to the increased shunt current. The AVpyr was decreased
from 185 'V to 165 pV. Although the AVpyp was decreased, the fast decrease in Hgp increased the slope of
linear region which is described as sensor’s magnetic field sensitivity (.5) [see Equation (6)]. The magnetic field

sensitivities of PHE sensors determined from the linear regions of PHE signals are presented in Figure 5b as a
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Figure 4. The change in the exchange bias (Hgg, open circles) and coercive field ( Hc, open squares) as a function of
Cr spacer layer thickness (t ). The solid lines are guides for the eye.

function of Cr spacer layer thickness. The bilayer structure of the PHE sensor made in cross-junction geometry
provided S = 0.86 p¢V/(Oe-mA) magnetic field sensitivity. This value of sensitivity is very similar to that
of a previous study with a Pt spacer layer [12]. As the thickness of Cr spacer layer increased up to 0.7 nm, the
sensitivity monotonically increased a maximum 4.4 pV/(Oe-mA). Above this thickness, the sensitivity slightly
decreased to 4.3 pV/(Oe-mA). In addition, during the positive and negative magnetic field sweeping, the PHE
signals did not coincide with each other. The double signal characteristic given in Figure 5a is different from the
data presented in the inset of Figure 2, and the following three different contributions can explain this double
signal behavior. (i) To apply an external magnetic field, we used an electromagnet that has a metallic core.
The remanence magnetization occurred in this core can provide a different magnetic field magnitude during
electromagnet current sweeping. Therefore, the magnetic field that the PHE sensor feels during the positive
and negative current sweeping is different. This gives a double PHE signal. If a Helmholtz coil is used, this
contribution can be eliminated. (ii) While recording the PHE voltages by using a Keithley 2182a, the filtering
(averaging) effect can cause a delayed response if the time for recording per data is too short. This delayed
response can be minimized by increasing the recording time. (iii) In the literature, it is also known that the
incoherent rotation of magnetization in the FM sensing layer can provide a double characteristic in PHE signal
during field sweeping [12,16,31].

In order to show stable sensor responses to positive and negative magnetic fields, time-dependent mea-
surements were carried out by using the NiFe(10 nm)/Cr (0.7 nm)/IrMn (20) nm sensor structure (Figure 6).
The time profile of the PHE signal was obtained by continuously recording the sensor voltage (Vprg). In the
first step, the Vpp g was recorded under zero magnetic field and this voltage was set as 0 V (reference). For the
second and third steps, a positive and negative 2 Oe magnetic field was applied along the y-axis and removed
for 250 s, respectively. Lastly, all of these steps were repeated two more times. The data presented in Figure 6
indicates that the fabricated PHE sensor is very sensitive to the polarity and magnitude of the applied magnetic
fields. For the +2 Oe magnetic fields, the Vpy g exhibited £12 'V voltage change. As clearly seen, the sensor
responses are very stable and quite symmetric when the experiment steps are repeated. Besides, 100 nV noise
level of PHE sensor signal provides a 1.6 xT magnetic field resolution for 1 mA sensor current. This resolution

can be enhanced by increasing the sensor current (4,) and reducing the sensor’s noise levels [32].
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Figure 5. (a) The magnetic field profiles obtained from the PHE sensors fabricated with a bilayer NiFe(10 nm)/ IrMn
(20 nm) and trilayer NiFe (10 nm)/ Cr (1 nm)/IrMn (20 nm) structures. (b) The change in the magnetic field sensitivity
as a function of Cr spacer layer thickness (tcr).
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Figure 6. Time profile for the PHE sensor structure fabricated with a 0.7 nm thick Cr spacer layer. The data shows that
the sensor states are quite stable and repeatable under positive and negative polarities of the magnetic field. Besides,
the PHE signal of investigated cross-junction has a £100 nV noise level for 1 mA sensor current.
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5. Conclusion

We performed a systematic study on tuning the PHE sensor sensitivity and exchange bias via inserting a Cr
spacer layer between the NiFe (10 nm) and IrMn (20 nm) layers. When the Cr thickness was increased up to
1 nm with a step of 0.1 nm, we observed a fast decrease in Hgpg, which results in an enhancement of PHE
sensitivity. The fast decreasing in Hgp can be useful to decrease shunt currents. Besides, a maximum sensitivity
of 4.4 uV/(Oe-mA) was observed for the 0.7 nm thick Cr spacer layer. Time-dependent experiments revealed
that the fabricated PHE sensors are very sensitive to polarity and magnitude of magnetic fields applied along
the y-axis. We observed quite stable and repeatable sensors states. These results indicate that Cr-spacer-based

PHE sensors are promising for future sensor applications that require a low magnetic field sensing.
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