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In this work, we demonstrate that interlayer exchange-coupled magnetic thin films can be employed
to fabricate ultrasensitive and thermally stable magnetic sensors, taking advantage of the linear anoma-
lous Hall effect via tuning the interlayer exchange coupling and magnetic anisotropy. We investigate the
magnetotransport and noise properties of these anomalous Hall sensors. The magnetic field detectability
reaches 126.1 nT/+/Hz at 1 Hz and 4.5 nT/+/Hz at 1 kHz, at room temperature. Meanwhile, the achieved
dynamic reserve is 103.0 dB. The magnetic field detectability shows a good temperature stability in the
200 to 300 K range. Within the temperature range, the temperature coefficient of sensitivity is deter-
mined to be 530 ppm/K. The high temperature stability is attributed to the interlayer exchange coupling,
which also improves the stability against in-plane magnetic fields, beneficial for perpendicular magnetic
field sensing. The interlayer exchange-coupled magnetic thin-film-based anomalous Hall sensors solve the
trade-off between the sensor size, sensing capability, and stability, which are desirable for microimaging

and biomedical applications.
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L INTRODUCTION

Magnetic sensors have been widely applied in indus-
trial productions such as automotive applications [1] and
read heads in data-storage devices [2,3]. In addition, mag-
netic sensors also have great potential in magnetic imaging
[4], microscopy [5], and biomedical applications [6,7]. In
these microsensing applications, the sensor size is one of
the selection criteria for magnetic sensors. This is either
because of the requirement of spatial resolution or because
of the weak pointlike source. The anomalous Hall effect
{AHE} in magnets is a good candidate for these magnetic
sensing applications [3—-12]. The AHE sensors can be fab-
ricated with miniaturized sizes through simple fabrication
procedures. In addition, the AHE sensors have superior
properties including broad frequency response [13] and
high sensitivity [9—11]. The sensitivity s, together with
the intrinsic noise Sy, determines the magnetic sensing
detectability §9° = 893 /Is, where T is the current applied
to AHE sensors.

By tuning the perpendicular magnetic anisotropy to the
spin-reorientation transition region, a linear anomalous
Hall effect with the sensitivity as high as 10* /T can
be achieved in single magnetic layer-based AHE sensors
[Fig. 1(a)] [9-11]. Nevertheless, reaching such high sensi-
tivity sacrifices temperature stability and the tolerance to
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orthogonal magnetic fields [11]. Decreasing perpendicu-
lar anisotropy may enhance the stability, but also reduce
the magnetic sensing capability [Fig. 1{b)] [12]. The trade-
off between high sensitivity and stability of AHE sen-
sors restrict applications in magnetic sensing that may be
exposed to harsh environments.

In this work, we demonstrate that, interlayer exchange-
coupled magnetic thin films can serve as a platform to
fabricate high-performing AHE sensors with both high
sensitivity and stability. In the magnetic multilayer struc-
ture, two magnetic layers are coupled through a nonmag-
netic spacer between the two magnetic layers [14-20].
In addition to the perpendicular anisotropy, the interlayer
exchange coupling (IEC) between the two magnetic lay-
ers provides an additional handle to control magnetizations
and stability [Fig. 1{c)]. To get thorough insights into the
performance of AHE sensors, we investigate the magne-
totransport and noise properties of AHE sensors. Apart
from sensitivity, investigations on the intrinsic noise offer
additional insight into the performance of AHE sensors;
however, few works have reported on it [B]. One expects
that the AHE sensor possesses a low electronic noise that
originates from thermal fluctuations of defects, because of
its metallic feature. The noise power spectra density can
be characterized by ﬂ‘%- = % where R is the resistance,
N the number of charge carriers, f the frequency, and
o the Hooge parameter [21-23]. On the other hand, the
magnetic noise that originates from thermal magnetic fluc-
tuations may vary depending on magnetic configurations,
which also remains to be explored. Here we show that, by
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FIG. 1. ({a), (b} Sketches of anomalous Hall loops of a sin-
gle magnetic layer-based anomalous Hall effect sensor with (a)
a high perpendicular magnetic anisotropy and (b) a low perpen-
dicular anisotropy (=0). Ry is the anomalous Hall resistance and
H. 1s the perpendicular magnetic field. The double-headed arrow
represents the variation trend of the perpendicular anisotropy.
For a single magnetic layer-based AHE sensor, increasing per-
pendicular anisotropy would induce a high sensitivity but also
reduce the stability (left arrow). On the other hand, decreas-
ing the perpendicular magnetic anisotropy would enhance the
stability, but reduces the sensitivity (right arrow). (c) In an
interlayer exchange-coupled magnetic multilayer structure, in
addition to the perpendicular magnetic anisotropy that can be
tuned to yield high sensitivity, the interlayer exchange coupling
is present, which enhances the stability of AHE sensors. Red
arrows are either localized spins in ferromagnetic layers or the
itinerant spin in the nonmagnetic (NM) spacer. The red ball rep-
resents the conduction electron in the NM spacer. Wavy lines
represent the conduction electron-mediated exchange interac-
tions between localized spins in the two FM layers. The two FM
layers are either ferromagnetically coupled or antiferromagneti-
cally coupled, depending on the sign of the interlayer exchange

coupling.

tuning the IEC and perpendicular anisotropy, when mag-
netizations are in the regions around the spin-reotientation
transition and the transition from antiferromagnetic { AFM)
to ferromagnetic (FM) coupling between the two magnetic
layers, the AHE sensor has the best performance. The AHE
sensors possess not only high sensitivity, low intrinsic
noise, but also high temperature stability and the tolerance
to orthogonal magnetic fields. The microsized AHE sen-
sors with both high sensitivity and stability are possible
to apply in microsensing such as detection of magneti-
cally labeled biomolecules and magnetic imaging, under
wide-ranging environmental conditions.

Il. SAMPLE PREPARATION AND
EXPERIMENTAL METHODS

To fabricate high-performing AHE sensors with opti-
mized properties, we deposit multilayers of MgO(1.6)/
CoygFeqBao(t ) Ta(tra )/ CogoFeynBag(#2)MgQ(1.6) /TaOy
(1.0) (layer thicknesses in nanometers) on thermally oxi-
dized silicon wafers using a high-vacuum magnetron sput-
tering system. The cross-section schematic view of the
multilayer stack is presented in Fig. 2(a). The total thick-
ness of the top and bottom ferromagnetic layers is fixed to
be 1.8 am (4= 0.8, 0.9 and 1.0 nm). The Ta-layer thickness
i1, varies from 0.6 to 1.4 nm. We use photolithography
and ion milling to pattern multilayers into Hall crosses.
The SEM image of a Hall cross is presented in Fig. 2{b).
The active area of the Hall cross is 20 x 20 pm?. In order
to reduce the Johnson noise that shows a positive correla-
tion with the resistance between two Hall voltage leads, we
deposited Cr/Au layers as electrodes. We then perform the
postgrowth thermal annealing in a high-vacuum chamber
at different temperatures for 1 h, while applying a per-
pendicular magnetic field of approximately 0.4 T. Varying
layer thicknesses and annealing temperatures allows us to
get insight into the performance of AHE sensors with dif-
ferent magnetic configurations. As a comparison, we also
deposit Ta(l.6)/CogpFeywpnBag(0.9)/MgO{1.6)/TaO, (1.0}
on thermally oxidized silicon wafers. The sensing mode
of the single CogFeyBay layer-based AHE sensor is
achieved by annealing samples at a moderate temperature,

To obtain the accurate estimation of the sensitivity of
AHE sensors, we use a coil to generate ac perpendicular
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FIG. 2. (a) Cross-section schematic view of the multilayer
stack. (b) SEM image of a Hall cross. The active area of the
Hall cross is 20 x 20 gm”. (c) Anomalous Hall resistance (Ryy)
versus perpendicular magnetic field (H.) for magnetic multilay-
ers with tra=0.6 nm (dashed, f;=0.9 nm} and 0.8 nm (solid,
#1= 1.0 nm). Samples are annealed in a high-vacuum chamber
at different annealing temperatures T, for 1 h. (d) Anomalous
Hall sensitivity of magnetic multilayers with fr;=10.8 nm, as a
function of the annealing temperature.
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magnetic field AH.; sin(2mwwt), while applying a constant
perpendicular field H, through the superconducting coil
in the Quantum Design® Physical Property Measurement
System (PPMS). The fr:hqum'n:};,r 2mw = 5SHz and AH, =
0.3 0e. The sensitivity s = % at the field H. is then
derived by measuring the corresponding anomalous Hall
voltage response that gives the anomalous Hall resistance
Ry + ARy sin(a). The ac measurement gives a more
accurate estimation of the sensitivity value, while the value
derived from the slope of Hall loops may be overestimated
since a small coercivity may affect the actual values of the
sensitivity [24,25].

Moise measurements are also performed in the PPMS.
The block diagram of the noise measurement system can
be found in our previous work [26]. Briefly, we use a cur-
rent source to apply l-mA current to the AHE sensor;
the ac output from two Hall voltage leads is amplified
by two low-noise preamplifiers in the PPMS chamber
and then further amplified outside the chamber. The noise
from amplifiers is cancelled out through a cross-correlation
method [27]. Accurate measurements of the anomalous
Hall sensitivity and the intrinsic noise together characterize
the performance of AHE sensors.

[I. MAGNETIC PROPERTIES

We first show magnetic properties of interlayer
exchange-coupled magnetic thin films by tuning the IEC
and magnetic anisotropies. Figure 2(c) shows anomalous
Hall loops of magnetic multilayers with #r,=0.6 and
(1.8 nm. For the multilayer structure with #r,=0.6 nm, a
nonlinear and reversible anomalous Hall loop is observed.
This infers that the two ferromagnetic layers are antiferro-
magnetically coupled [18,20]. The AFM coupling induces
a low sensitivity (347 82/T) at zero magnetic field. The
AFM coupling changes into FM coupling when fr, changes
from 0.6 to 0.8 nm. The FM coupling is followed by
the other transition into the AFM coupling when further
increasing fry to 1.2 nm (not shown here). Both the sign
and strength of the IEC oscillate periodically, which is
attributed to the presence of Friedel-like spatial oscillations
in spin density in the Ta spacer [16].

For the multilayer structure with fp,= 0.8 nm, the per-
pendicular magnetic anisotropy increases when increas-
ing the annealing temperature T, from 100 to 150°C
[Fig. 2(c)]. The increase in perpendicular anisotropy gives
rise to a higher sensitivity, as shown in Fig. 2(d), but also
promotes the emergence of the multidomain state. The
multidomains would increase the magnetic noise that is
undesirable for magnetic sensing applications. The compe-
tition between the sensitivity and magnetic noise motivates
us to perform magnetotransport and noise measurements
of SAFs with different magnetic anisotropies. In the fol-
lowing text, we show experimental results of magnetic
multilayers with fy,= 0.8 nm, while the multilayers with

other Ta-spacer thicknesses possess lower magnetic sens-
ing detectability, as discussed later.

IV. MAGNETOTRANSPORT AND NOISE
PROPERTIES OF AHE SENSORS

We focus on three samples with different perpendicular
magnetic anisotropies. We denote three samples as “sam-
plel,” “sample2.” and “sample3,” respectively. All three
samples have a Ta-spacer thickness fr, of (L8 nm. Sam-
plel has magnetic layer thickness {;=0.8 nm (fz= 1.0 nm),
while sample? and sample3 have magnetic layer thick-
nesses 1= f:= 0.9 nm. We anneal samplel and sample2 at
an annealing temperature of 120 °C. Sample3 is annealed
at a higher annealing temperature of 140 °C. Figure 3(a)
shows anomalous Hall loops of the three samples. The
anomalous Hall loop of sample3 shows an irreversible
feature near the saturation field. This is a typical feature
of the presence of the multidomain state [28]. The linear
anomalous Hall loops of samplel and sample2 suggest that
magnetizations of the two samples are in the region around
the spin-reorientation transition.

As an essential parameter to characterize the perfor-
mance of AHE sensors, the sensitivity is presented in
Fig. 3(b). The sensitivity increases with increasing the per-
pendicular anisotropy, and reaches 8634 Q/T for sample3.
The sensitivity value is comparable with that of the single
magnetic layer-based AHE sensors [9,10]. We determine
the dynamic range 2Hpgyg to be the same as the full width
at half maximum of the H. dependence of the sensitivity.
The dynamic range of samplel that has the lowest perpen-
dicular anisotropy is 197 Oe, while sample? and sample3
with larger perpendicular anisotropies have lower dynamic
ranges of 111 and 33 Oe, respectively.

Apart from the sensitivity, noise spectra are also mea-
sured, as shown in Fig. 3(c). The H.-dependent noise
S at 1 Hz is derived from noise spectra and plotted in
Fig. 3(d}. The noise spectrum includes 1 /{7 noise and white
noise. The 1/f noise that is dominant at low-frequency
originates from both the thermal fuctuations of defects
and thermal magnetic fluctuations. In the sensing region,
1/f noise increases with increasing the perpendicular
anisotropy [Fig. 3(d)]. This is because of enhanced thermal
magnetic fluctuations with the emergence of the multido-
main state. For samplel, the noise in the sensing region is
the same as the noise in the saturation region [Fig. 3(d)].
This implies that the magnetic 1/f noise is not as large as
the defect-induced electronic 1/f noise.

The magnetic sensing detectability is calculated through
8§93 = 8% /Is, which is plotted in Fig. 3(¢). The best field
detectability is achieved in sample2 (60.4 nT/+/Hz at 1 Hz)
at the bias field Hg = 44 0e. The field detectability is
better than the detectability of conventional semiconduc-
tor Hall sensors (uT//Hz at 1 Hz) by two orders of
magnitude [5,29]. On the one hand, the anomalous Hall
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sensitivity is larger than the sensitivity of conventional
semiconductor Hall sensors by one order of magnitude
[29-31]. On the other hand, the AHE sensor possesses
a lower noise compared with semiconductor Hall sen-
sors that suffer from semiconductor limitations [8,29].
At zero field, samplel has the best field detectability
(126.1 anE at 1 Hz) among all three samples, and
the detectability reaches 4.5nT/v/Hz at 1 kHz. The high
detectability of samplel is atiributed to the low magnetic
noise, although it has the lowest sensitivity among all three
samples.

To quantify the performance of AHE sensors, we cal-
culate the dynamic reserve that is defined as DRs =
20log,o[2Hpre /St (at 1 Hz)], as presented in Fig. 3(f).
For high-performing magnetic sensors, a large dynamic
reserve is expected. Figure 3(f) shows that the dynamic
reserve decreases with increasing the perpendicular
anisotropy (sensitivity), for all three samples and the other
two samples with similar structures. Samplel that has the
best detectability at zero field has the dynamic reserve
of 103.0 dB. In our previous work, we measured that a
commercial semiconductor Hall sensor (Lakeshore Model
HGT-2101) has a detectability of 7 uT/+/Hz at 1 Hz,
under 1 mA of input current [8]. Although semiconduc-
tor Hall sensors have much larger dynamic ranges (1 T),

the dynamic reserve is determined to be 103.0 dB, which
is comparable with our AHE sensors. Large dynamic
reserves of our AHE sensors allow for accurate measure-
ment of the magnetic field even in the presence of the
strong background magnetic field.

Further decreasing the perpendicular anisotropy may
increase the dynamic range, but would also reduce the
sensing capability, which is undesirable for magnetic sens-
ing. The characterization results of three samples are pre-
sented in Table . By tuning the perpendicular anisotropy
to the spin-reorientation transition region, one expects to
fabricate AHE sensors with high detectability.

V. TEMPERATURE STABILITY OF AHE SENSORS

We perform transport and noise measurements of the
interlayer exchange-coupled magnetic thin films at differ-
ent temperatures T, to investigate temperature stability of
AHE sensors. Figure 4(a) shows anomalous Hall loops of
samplel that are measured at 300, 250, 200, and 150 K,
respectively. The anomalous Hall loop shows a much
weaker temperature dependence compared with the sin-
gle magnetic layer-based AHE sensors [11,12,32]. This is
what we expect as a result of the TEC in the multilayer
structure. For samplel, both the saturation magnetization
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TABLE 1. Sensitivity s at zero field, dynamic range DRg, the best magnetic sensing detectability (57" at 1 Hz, the bias field Hj
under which the best field detectability is observed, dynamic reserve DRs and temperature coefficient of sensitivity o, of samplel,
sample?, and sample3 with different perpendicular magnetic anisotropies. Sensitivity, dynamic range, detectability, bias field, and
dynamic reserve are measured at 300 K. The temperature coefficients of sensitivity are calculated within the temperature range from

300 to 200 K.

(2T DRg{Oe) 585 at 1 Hz(nT//Hz) Hg(Oe) DRs(dB) o (ppm/K)
Samplel 1622 197 126.1 0 103.0 530
Sample2 4933 11 60.4 44 105.2 4060
Sample3 8634 33 143.8 0 86.7 6800

and coercivity increase with decreasing the temperature.
The increase in coercivity is most probably due to the
enhanced perpendicular anisotropy, as well as because of
suppressed thermal fluctuations of magnetization across
the field-induced magnetization switching [32-34]. The
slope of the anomalous Hall loop increases with decreas-
ing the temperature. However, the temperature-dependent
coercivity induces that the sensitivity increases slightly
when decreasing the temperature from 300 to 200 K,
and then drops with further decreasing the temperature
to 150 K, as presented in Fig. 4(b). Similar to the
temperature-dependent sensitivity, in the sensing region,
the intrinsic noise (at 1 Hz) shows ignorable variations

within the temperature range from 300 to 200 K, and then
increases with decreasing the temperature to 150 K, as
presented in Fig. 4{c). In the saturation region, the intrin-
sic noise decreases with decreasing the temperature. This is
expected from the suppressed Johnson noise. The magnetic
sensing detectability is calculated and plotted in Fig. 4(d).
It is noteworthy that the field detectability data measured
at I'=300, 250, and 200 K collapse in the sensing region.
The detectability increases to approximately 250nT//Hz
at 1 Hz when decreasing the temperature to 150 K. Both
the nearly unchanged sensitivity and detectability suggest
that samplel has a good temperature stability in the 300 to
200 K range.

(a) (b) FIG. 4. (a) Anomalous Hall
TiK) o _ 2000¢ loops of samplel that are mea-
200 ano —— £ .0 sured at 300, 250, 200, and 150 K,
— 1ol IS5——pm = respectively. The insert shows the
=) 200 30 : *;‘ 1000 enlarged figure. (b) Anomalous
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_10 2.‘110 ) m{% 500 noise, and (d) magnetic sensing
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—20 . £ . . . at different temperatures. (e) The
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(©) H. (Oe} (d) H, (Oe) reserve of three samples as a
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We also perform magnetotransport and noise measure-
ments of sample2 and sample3 at different temperatures.
We plot the temperature-dependent field detectability (at
zero field and 1 Hz) and dynamic reserve, for all three
samples, in Figs. 4(e) and 4{f), respectively. Samplel that
has the best detectability at zero field, also has the best
temperature stability among all three samples. We use a
temperature coeflicient of sensitivity @, that is defined
as |As/sAT] to quantify temperature stability. The tem-
perature coeflicients for samplel, sample, and sample3
are 530, 4060, and 68300 ppm/K, respectively, within the
temperature range from 300 to 200 K. The temperature
coefficient of sensitivity (530 ppm/K for samplel) has the
same order of magnitude as the temperature coefficient
of conventional semiconductor Hall sensors. However, in
semiconductor Hall sensors, reaching such a low tem-
perature coeflicient requires sacrificing the sensitivity (=
102 Q/T) [30,31]. Our results suggest that the interlayer
exchange-coupled magnetic thin-film-based AHE sensors
outperform semiconductor Hall sensors in sensitivity, field
detectability, and temperature stability.

As a comparison, we also measure magnetotransport
and noise properties of the single CosyFeqnBay layer-based
AHE sensor in the 310 to 250 K range. The temperature-
dependent magnetic field detectability at 1 Hz at a bias
field Hp=—14 Oe (at which the field detectability value
is lowest) is also presented in Fig. 4(e). The experi-
mental results show that the field detectability of the
single CogpFeqnBao layer system has a stronger tempera-
ture dependence, compared with the interlayer exchange-
coupled magnetic multilayer structure. We also calculate
the temperature coefficient of sensitivity of the single
CogpFesnBap layer-based AHE sensor. The temperature
coefficient ¢, is calculated to be 6540 ppm/K within the
temperature range from 310 to 250 K. This value is
much larger than the temperature coefficient of sensitiv-
ity (330 ppm/K ) of samplel, which is calculated in the 300
to 200 K range. The experimental results confirm that the
interlaver exchange-coupled magnetic multilayer structure
has a better temperature stability compared with the sin-
gle CoygFesyBag laver-based AHE sensor, as a result of the
IEC in the multilayer structure.

VL STABILITY AGAINST ORTHOGONAL
MAGNETIC FIELDS

In addition to the temperature stability, reaching high
tolerance to orthogonal magnetic fields is essential as well
for AHE sensors in applications of perpendicular magnetic
field sensing. The IEC in magnetic multilayers is expected
to enhance the stability. To confirm this, we measure
anomalous Hall loops of the interlayer exchange-coupled
system and the single CogyFeynBsg layer system, while
applying an in-plane magnetic field Hyp. Hyp is applied
either parallel (& = 07) or perpendicular {& = 907) to the

tﬂ} 10 - _ &
oF £ 0 .-.ci--\
—1at E_E _.-""-/'ng': \\' 1
-~ ~0F -,-""/ Aa —10E L) fa—
£ -30p = £ -0 -5 o 5 10
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(b)
0}
o
AE (urm)p
FIG. 5. (a) Relative changes (As/s) of the anomalous Hall

sensitivity as a function of in-plane magnetic field Hyjp. The

{As/8) is derived from the slope of anomalous Hall loops of
magnetic multilayers with different s{fjp = 0). We also plot
{Asfa) for a single CogoFeyqBap layer system (green). ¢ = 0°
and ¢ = MW" respectively represent that the Hpp is applied par-
allel and perpendicular to the current flow direction. The insert

is the partial enlarged figure. Error bars are derived from mul-
tiple measurements. (b} The magnetic field (|B|) along Az axis
that passes through the center of the magnetic flux concentra-
tor. The insert shows the schematic depiction of the MFC on an
AHE sensor. # is the angle between the external magnetic field
B..; and the sample plane. In simulations, we apply By = 1 G,
parallel {# = 0°, red), or perpendicular (# = 90°, black) to the
sample plane. Dots are the data at Az = —1.05 um that is near
the position of the AHE sensor.

current flow direction. Figure 5(a) shows that the relative
changes As/s = [s(Hip) — s(Hp = 0)]/s(Hwp = 0) of the
sensitivity increases with increasing |Hip|, but is indepen-
dent of the in-plane field direction and the perpendicular
magnetic anisotropy that determines s(Hp = 0). We use
the value of |As/s| to characterize the cross-field error.
The interlayer exchange-coupled system shows a lower
cross-field error compared with the single CoggFesnBag
layer system. In particular, when |[Hp| <= 2 Oe, as shown
in the insert in Fig. 5(a), the As/s keeps at about 0% for
interlayer exchange-coupled magnetic thin films, while it
changes by almost 10% for the single CosgFeqyByg layer
system.

Magnetic flux concentrator (MFC) can be employed to
amplify external magnetic fields [35-37]. Here we propose
that by depositing a MFC on the top of the AHE sensor,
the stability against in-plane magnetic fields can be further
improved. We use the COMSOL Multiphysics® to prelim-
inarily investigate the MFC's effect on magnetic fields.
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The setup comprises two cuboids with dimensions of

20 x 20 x 1 and 40 x 40 x 1 um’, respectively, as shown
in the insert in Fig. 5(b). The parameters we adopt in
simulations are the same as parameters of CoggZryNbg
materials. The relative permeability is 857 and the relative
permittivity is 1. As shown in Fig. 5(b), the MFC sup-
presses the in-plane magnetic field by almost 30 times near
the MFC’s surface, while there is only a slight amplifica-
tion of the perpendicular magnetic field. The high-quality
MFC can be deposited by magnetron sputtering, which
has been demonstrated in our previous work [36]. The
MFC, together with the interlayer exchange coupling in the
AHE sensor can promote high stability of the AHE sensor
against in-plane magnetic fields. The high temperature sta-
bility and tolerance to in-plane magnetic fields make AHE
sensors highly promising in microsensing applications
under wide-ranging environmental conditions.

VIL. DISCUSSIONS

We demonstrate that the interlaver exchange-coupled
magnetic thin-film-based AHE sensor has an outstand-
ing performance with both high sensitivity and stability.
We summarize our characterization results of samplel,
sample2, and sample3 in Table I To achieve the best per-
formance of AHE sensors, we also perform transport and
noise measurements of magnetic multilayers with different
magnetic layer thicknesses and fr,. Magnetic layer thick-
nesses (=108, 0.9, and 1.0 nm) have ignorable influences
on the performance of AHE sensors. The fr; controls the
IEC sign and strength. In multilayers with the smaller t,
(0.6 and 0.7 nm), the two magnetic layers are antiferro-
magnetically coupled. This gives rise to the low sensitivity
around zero magnetic field, as shown in Fig. 2(c). In
multilayers with the larger fr, (0.9 and 1.0 nm), the two
magnetic layers are strongly ferromagnetically coupled. In
this scenario, a higher sensitivity is present: however, the
intrinsic noise is also large because of the finite coercivity.
This gives rise to a large value of the field detectability.
We summarize characterization results of multilayers with
different fr, in Table 1. Our experimental results suggest
that samplel with fr,=10.8 nm has the best performance
among all the samples. This is because magnetizations
are in the spin-reorientation transition region, as well as
possibly because of the weak TEC strength in the vicin-
ity of the transition from AFM coupling to FM coupling
between the two ferromagnetic layers. Nevertheless, in the
IEC transition region, whether multilayvers with FM cou-
pling or AFM coupling have a better performance remains
to be further studied through fabricating multilayers with
smaller changes in f1,.

The anomalous Hall angle @ane = pu/pw is caleulated
to characterize the efficiency of AHE sensors. py is the
anomalous Hall resistivity, and py is the longitudinal
resistivity. For the interlayer exchange-coupled magnetic

TABLEII.  Sensitivity 5 at zero field, the best magnetic sensing
detectability {.S",l'-j}l at 1 Hz, the bias field Hy under which the
best field detectability is observed, of multilayer systems with
different Ta-spacer thicknesses #r,. All parameters are measured
at 300 K. The characterization results of the multilayer structure
with its= 0.8 nm is that of samplel.

5?_.5 at | Hz
fra(nm) IEC s/ (nT/v/Hz) Hy(Oe)
0.6 AFM 347 539.1 0
0.7 AFM 589 417.7 0
0.8 Weak FM 1622 126.1 0
0.9 FM 3181 551.5 26.9
1.0 FM 5553 397.1 10.3

thin films of CoygFeagBag/Ta/CoyFeagBag, the anomalous
Hall angle is determined to be approximately (.7%. One
expects that, by replacing CoggFeyyBay with other mag-
nets, such as FePt [11,12], with larger anomalous Hall
angles, the efficiency of AHE sensors can be improved.
AHE sensors with different material compositions remain
to be explored.

Among magnetic sensors with miniaturized sizes,
besides Hall sensors, the giant magnetoresistance (GMR)
sensor and tunneling magnetoresistance (TMR) sensor
have also been attracting great interest [26,35-37]. MR
sensors have a better field detectability than our AHE sen-
sors. Nevertheless, both GME and TMRE sensors are fabri-
cated with much more complex fabrication processes. The
GME sensor performs with a high power consumption. A
better magnetic sensing detectability can be achieved in
TMR sensors based on magnetic funnel junctions (MTls)
[26,36,37]. However, TMR sensors usually suffer from
large 1/f noise, which scales inversely with junction areas
and limits its performance with small size. In a TMR
sensor with superparamagnetic free layer, the achieved
magnetic field detectability is 40nT/+/Hz at 1 Hz [26],
one third of that of the AHE sensor in this work, yet the
sensing area is 14 times larger. We present a summary of
magnetic field detectability and sensing areas of some MR
sensors [8,37-40] in Table 1I1. In Table III, we also show
the calculation results of possible field detectability of MR
sensors when considering the reduction in the sensing area
of MR sensors to the same as the sensing area of our AHE
sensors (400 pm?). In calculations, we take into consider-
ation that the intrinsic voltage noise scales inversely with
junction areas and assume that the sensitivity is indepen-
dent of junction areas of MR sensors. According to the
data in Table 111, we can conclude that if the same sensing
area is used, one may expect that the AHE sensor per-
forms comparably or even outperforms TMR sensors in
microsensing.

MFCs are generally used to improve the sensitivity thus
to improve the field detectability of GMR and TMR sen-
sors [35-37]. One expects that the visible amplifications
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TABLEIIl. Sensing area and magnetic field detectability of our AHE sensors and MR sensors in different references (Ref. No.). The
kind of sensitive element (GMR or TMR) that is used is also shown. We also calculate the possible field detectability of MR sensors
if considering the reduction in sensing area to the same as the sensing area of our AHE sensors. In this calculations, we take into
consideration that the intrinsic voltage noise scales inversely with junction areas and assume the sensitivity is independent of junction
areas of MR sensors. All these results are measured without MFCs.

Sensitive Estimated S5~ (nT//Hz)
Ref. No. element Sensing area (um®) 53 (nT/ /Hz) with reduced sensing area
In our work AHE 400 126 at 1 He; 4.5 at 1 kHz 126 at 1 Hz; 4.5 at 1 kHez
[40] TMR 250000 16.2 at 1 Hz; 0.219 at high frequency 10125 at 1 Hz; 136.9 at 1 kHz
[39] TMR 1300 1.8 at 10 Hz 6.75 at 10 Hz
[38] TMR 11020000 0.115 at 196 Hz 3168.25 at 196 Hz
[37] TMR 2 380000 0,455 at 100 Hz 2707.25 at 100 Hz
(8] TMR 5635 40 at 1 Hz 565.5at 1 He

of the perpendicular magnetic field can also be achieved
through optimizing the geometry and material properties
of the MFC, although the amplification may not be as
large as that achieved for MR sensors. Moreover, GMR
and TMR sensors are generally used for in-plane mag-
netic field sensing [26,35.360]. If combing AHE sensors
and GMR or TMR sensors together, one may expect to
detect three-dimensional magnetic field with high field
resolution.

VIIL. CONCLUSION

We succeed in fabricating high-performing AHE sen-
sors with both high sensitivity and stability, exploiting
the magnetic multilayers of CogylFeqBapTa/CoggFeyBag.
We perform magnetotransport and noise measurements to
characterize the magnetic sensing capability of AHE sen-
sors. The AHE sensor has the best performance when
magnetizations are tuned to the regions around the spin-
reorientation transition and the transition from AFM cou-
pling to FM coupling between the two ferromagnetic lay-
ers. The AHE sensor that has the best performance has a
multilayer structure comprising a Ta spacer with a spacer
thickness of 0.8 nm, two CougFeypBag layers that sandwich
the Ta spacer, and two MgO layers that sandwich the tri-
layer structure including the two CoggFeqBay layers and
the Ta spacer. At room temperature, the anomalous Hall
sensitivity is 1622 £2/T. The magnetic sensing detectabil-
ity reaches 126.1nT/+/Hz at 1 Hz and 4.5nT/v/Hz at
I kHz. The AHE sensor also has a large dynamic range of
197 Oe and a large dynamic reserve of 103.0 dB. The AHE
sensor outperforms the conventional semiconductor Hall
sensors in both sensitivity and detectability. Temperature-
dependent studies are conducted. Benefiting from the [EC
in the multilayer structure, the AHE sensor has a low-
temperature coefficient of sensitivity of 530 ppm/K in the
200 to 300 K range. The IEC also improves the toler-
ance of AHE sensors to orthogonal magnetic fields. The
high stability against both temperature and in-plane mag-
netic fields allows AHE sensors to be applied in magnetic

sensing under wide-ranging environmental conditions. The
high-performing AHE sensors with miniaturized sizes
have great potential in applications of microsensing such
as detection of biomolecules and magnetic imaging., We
expect that, by optimizing lateral structures of AHE sen-
sors, material compositions and integrating with MFCs
with optimized materials, sizes, and geometries, better per-
forming AHE sensors with better detectability and higher
stability can be fabricated.
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