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Multiple geometrical conditions for different magnetic vortex states to appear in micrometer-sized mag-
netic tunnel junctions (MTJIs) are investigated in experiment and simulation. Both results match up well,
providing clear images of vortex behaviors. We pattern a compact array of single-vortex MTJ elements
and perform magnetotransport and noise measurements. This sensor features nonhysteretic behavior, a
small size of 0.5 x 0.5 mm’, a low normalized noise of 10~ Hz ', a detectability of 18 n7//Hz at | Hz,
and a large dynamic range of 100 Oe¢, Tts 115 dB broad dynamic reserve and superior stability against
temperature and environmental stray fields are ideally suited for magnetic sensing applications.
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L INTRODUCTION

Magnetic sensing technology is indispensable in vast
arcas of applications, such as information storage and
processing, navigation, spintronic immunoassays, nonde-
structive evaluation, diagnosis of vehicular motion, and
industrial metrology [1-3]. Among diverse types of mag-
netic sensors, the magnetic tunneling junction (MTJ) is
noteworthy for its high sensitivity, ease of use, small size,
low cost, and low power consumption, which can bridge
the gap between sophisticated technology and practical
applications [4]. For magnetic sensing applications, a lin-
ear and hysteresis-free response to a magnetic field is
desired. Typical MTlJs with ferromagnetic free layers tend
to have appreciable magnetic hysteresis, lessening their
sensitivity for small magnetic fields [5-7]. Reducing hys-
teresis has been a subject of intensive development, for
which magnetic shape anisotropy or a biasing magnetic
field have been utilized [8]. Nevertheless, finite hystere-
sis is still present, even under a large shape anisotropy
[9,10], while magnetic field biasing unavoidably increases
the complexity [5,8,11]. Another approach is to reduce the
thickness of the MT] free layer, so it becomes superparam-
agnetic [12-15]. Although hysteresis free, superparamag-
netic MTJs are plagued with thermal instability and a small
dynamic range [15].

Recently, a linearization strategy utilizing the vor-
tex magnetization states has drawn attention [16-18].
Under small magnetic fields, ferromagnetic layers with
lateral dimensions exceeding the exchange length could
favor a vortex magnetization state over a single-domain
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state, where the magnetostatic energy dominates over the
exchange energy [ 19,20]. Owing to its nontrivial topology,
the vortex core undergoes reversible displacement, as long
as the magnetic field is not so large that it annihilates the
vortex. This leads to hysteresis-free behavior in the cen-
ter of the magnetic transfer curve. Compared with other
linearization strategies, a vortex-state MTJ completely
eliminates hysteresis and shows good thermal stability.
Since the vortex displacement is reversible, magnetic noise
from the free layer is also found to be reduced [16,17].
Moreover, the flux-closed vortex state generates negligi-
ble stray fields and interferences on neighboring sensors or
the entity to be sensed. As such magnetic coupling gives
rise to additional noise [9], the vortex MT)J provides addi-
tional benefits to sensors consisting of an array of sensing
elements.

Here, the nonhysteretic response and superior detectabil-
ity in a compact array of MTJ elements in vortex states
are reported. Contrary to previous work on vortex forms
for circular MTJs with small diameters (submicron to
2 pm) [16,17.21], we extend the investigation to vor-
tex states in MTJs with larger diameters (3-9 gm) and
different aspect ratios. Combining magnetotransport mea-
surements and micromagnetic simulations, different types
of vortex states are identified. By integrating many vortex
MTIs into one sensor unit, hysteresis-free behavior, a large
dynamic range, and low intrinsic noise simultaneously are
successfully achieved.

[1. EXPERIMENTAL

The MTI stacks in this work are all fabricated on
thermally oxidized silicon wafers using a homemade high-
vacuum magnetron sputtering system. The multilayer stru-

cture is Si/S102/Ta(5)/Ru(30)/Ta(5)/Ru(2)/Irz2Mn7g(18)/
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CosgFesp(3)/Ru(0.85) /CosgFeqpBan(3) / CospFesp(0.5)/
MgO(2.9)/free layer (FL)/Ta(5)/Ru(10), where the num-
bers in parentheses represent the thickness of each layer
in nanometers. The FL consists of CogFeqpBao(0.4)/Cosg
Feso(0.5)/CosgFesyBag(f), where f varies between 40 and
60 nm. The magnetic layer assembly below the MgO
barrier serves as the reference layer. Standard photolithog-
raphy and physical ion milling are used to pattern MTI
elements. Postgrowth thermal annealing is performed in a
high-vacuum chamber at 280 °C for 1 h, under an external
magnetic field of 0.5 T. More information can be found
in our previous work [7]. Room-temperature magneto-
transport measurements are performed on a probe station
equipped with a pair of calibrated electromagnets, while
temperature-dependent transport and noise measurements
are performed in the Quantum Design® physical property
measurement system (PPMS) combined with a home-
made noise measurement system. A two-channel cross-
correlation method is used in the noise measurements [22].
The noise measurement system has a bandwidth of 10 kHz
and negligible background noise of 3 nV/v/Hz. The sen-
sitivity of the MTI is measured by applying a modulating
field (6H = 0.250e¢) at 1 Hz and measuring the voltage
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response. Previous work on tunneling magnetoresistance
(TMR) sensors has found that such ac sensitivity mea-
surement gives a more accurate estimation of the actual
sensitivity [5-7].

ITI. RESULTS AND DISCUSSION

We pattern eight MTJs connected in series as one unit,
where each MTJ has lateral dimensions X x ¥ in the x and
y directions, with a free-layer parameter of =40 nm. In
the postannealing process, the magnetic field is applied
along the y direction, which sets the magnetic pinning
direction. The conductance of these MTls is measured
as a function of a cycling magnetic field H, applied
along the y direction. The experimental results are shown
in Figs. I(a}-1(c), corresponding to different MTIs with
dimensions of 5 x 5, 14 x 7, and 6 x 10 um?, respectively.
Based on such a MTJ geometry, MUMAX micromagnetic
simulation is used to study the free-layer magnetization
for different X' x ¥ values. The simulation program deter-
mines the magnetization by minimizing the total magnetic
energy. A saturation magnetization of 1.25 x 10° A/m, a
Landau-Lifshitz damping coefficient of 4 x 1072, and an
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Magnetic conductance transfer curve of MTJs in (a) single-vortex (SF) state (X =5 gam, Y= 15 ym), (b) double-vortex (DV)

state (X = 14 gm, ¥ =7 um), and (c) antivortex (4F) state (X =6 gm, Y= 10 gm). Spin maps on the right side of each curve show the
simulated magnetization at different positions of the transfer curve. In (b), an enlarged view shows a small hysteresis. (d) Summary of
all simulation results, showing the vortex-state diagram over a wide range of X" and ¥ dimensions.
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annealing-induced uniaxial anisotropy of 866 J/m® in the
y direction are used as the CoggFeyyByg parameters in the
simulation [23-25]. The exchange stiffness of CogpFespBap
in the literature varies from 10 to 20 pI/m [26,27], and we
use a value of 11 pl/m, for which our simulations corre-
spond well with experiments. From the simulated mag-
netization maps, we obtain the magnetization M, along
the y direction under multiple external magnetic fields H,,
which is related to the magnetoconductance by [28]

G = [(Gp + Gap) + (Gp — Gap)M, /M5]/2, (1)

where Gp (Gap) is the conductance when free-layer mag-
netization is parallel (antiparallel), with respect to the
reference (pinned) layer, and My is the saturation magne-
tization. The simulated conductance is presented together
with the corresponding experimental results in Fig. 1. Also
shown are the corresponding magnetization maps for the
geometries considered.

These transfer conductance curves are characteristically
different from each other, resulting from three types of vor-
tex magnetization states: SV, DV, and AV states. In Fig.
I(a), with a moderate size and aspect ratio (X /¥~ 1),
the SV state is energetically favorable. Starting from a uni-
form magnetization for a saturation magnetic field in the
¥ direction above 200 Oe, a buckling state initiates vortex
nucleation (at position 1). When the field decreases below
75 Oe, the magnetic flux becomes completely closed. A
single vortex is formed and its core position shifts in the
x direction in response to external magnetic fields, giving
a linear response range (at position 2). As the field goes
to —200 Oe, the vortex core moves to the edge and finally
opens up to return to a uniform magnetization (at position
3). Each configurational transition between these different
magnetization maps is accompanied by an abrupt change
in the susceptibility of the hysteresis loop. As the vortex
core 1s topologically protected, magnetization is reversible
and hysteresis free in a large range of external magnetic
fields.

Similar configurational transitions apply to the forma-
tion of the DV state in Fig. 1(b). With an aspect ratio larger
than one, i.e., X' /¥ = 1, the DV state is formed, which con-
sists of two vortices. In such an oval-shaped free layer, the
external magnetic field aligns the magnetization in the cen-
tral region, while vortices exist near the edge due to the
demagnetizing fields there. Because of the opposite chi-
rality of two vortices, the interchange of their positions
changes the overall vorticity. Therefore, such a magnetiza-
tion topology has two possible maps (at positions 2 or 3).
As the DV state lifts the energy degeneracy of vortex pairs
with diflerent vorticity, a small hysteresis around 2 Oe is
observed.

When the aspect ratio is smaller than one, 1.e , X /Y < |,
an antivortex (A4F) is formed, as seen in Fig. 1(c). The
AV state consists of two vortices and one antivortex. The

two vortices have the same chirality, so no new topolog-
ical state can be created by interchanging their positions.
Without any degeneracy, it shows no apparent hysteresis
in the central part of the transfer curve. However, it stays
in the buckling state for most of the field range and nucle-
ates only at very small fields. As a result, its dynamic range
is severely limited to below 20 Oe. Comparing the 4V
and DV states, the magnetic hysteresis can be reasonably
attributed to the nondegeneracy of possible topological
states.

Figure 1(d) is a summary of all simulation results, show-
ing the phase diagram of the three vortex states, where
three points are confirmed by experimental results, as
given in Figs. 1(a)-1i{c). Compared with D} and AV states,
the SV state, extending over the white-shaded dimen-
sional region, is completely hysteresis free and has a large
dynamic range. Therefore, we focus on harnessing the SV
state in the remaining part of this work.

Next, we pattern MTJ circular elements with a diame-
ter of § pm into a compact array. The free-layer thickness
is increased fo #=060 nm to further stabilize the vortex
magnetization state. Fach sensing unit is comprised of
48 x 32=1536 MTIJ elements, with 48 MTlJs in series as
one row and 32 rows connected in parallel. Figure 2 is an
optical micrograph of one such MTJ array, where some
circular elements are visible in the magnified view. Any
magnetic coupling between MT] elements is suppressed
due to the nature of the closed-vortex magnetization state.
We choose a nearest-neighbor separation of 15 um, which
is much denser than our earlier work with other free-layer
structures [9]. This increases the effective junction area and
reduces low-frequency 1/f noise, while keeping the over-
all sensor size small to improve the spatial resolution. The
area of one sensing unit is 0.5 x 0.5 mm?.

| 10 um

FIG. 2. Micrograph of the MTJ array sensor with an enlarged
view of local MT)J circular elements.
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Temperature-dependent transport and noise measure-
ments are performed to characterize the sensing perfor-
mance and temperature stability of this sensor array. From
the transfer curves shown in Fig. 3(a), we can see that the
SV state is preserved well under a large span of temper-
ature from 250 to 350 K, and its nonhysteretic response
1s explicitly observed in the inset of Fig. 3(a). As shown
in Fig. 3(b), the sensitivity of the sensor changes by
only 5% over the same temperature range and 12% over
a dynamic range of 100 Oe. The sensitivity of the SV
MTI depends on the ratio between the free-layer thickness
and diameter, and our sensor with a smaller ratio shows
much a higher sensitivity of 0.3%/Oe than that of previous
results reported in the literature [17]. The inset of Fig. 3(b)
shows the temperature dependence of the peak sensitivity,
with a small temperature coefficient of only —400 ppm/K.
The magnetic-field-dependent sensor noise is presented in
Fig. 3(c). Overall, the voltage noise is low, with a cal-
culated Hooge-like noise parameter, «, in the range of
10~? um?, except for abnormal peaks, where the vortex
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core undergoes nucleation or annihilation. Such a special
noise peak position is marked by label “1™ throughout Fig.
3. Finally, in Fig. 3(d), we show the field detectability of
this vortex sensor over the temperature range of 250 to
350 K and a field range of 4400 Oe. A low detectability of
18nT/+/Hz at 1 Hz is maintained over a large field range.
The dynamic reserve (the ratio between the dynamic range
and lowest detectable limit) calculated from data above is
as high as 115 dB for a 1 Hz noise bandwidth of commaon
data-acquisition devices.

To better understand the abnormal peaks of 1/f noise,
we compare the noise spectrum of the vortex MTJ in
the vortex nucleation region, position | in Fig. 3(a), and
that in the vortex displacement region, position 2 in Fig.
3(a), as plotted in Fig. 4(a). While normal 1/f noise is
observed when the vortex has already been formed, at
the vortex nucleation region, there exists a big bump of
Lorentzian shape, at low frequency with a few Hertz roll-
oft frequency. This is likely to be due to magnetization
hopping of large activation energies [29]. The abnormal
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(a) Transfer curve of the MTJ array sensor shown in Fig. 2. Inset shows the linear hysteresis-free response of the sensor

near zero field. (b) Sensitivity of the sensor versus field. Inset shows the peak sensitivity versus temperature. (¢} Voltage noise at | Hz
versus field. (d) Magnetic field detectability at 1 Hz versus field. Results are shown at 7= 250, 300, and 350 K.
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FIG. 4. (a) Normalized noise spectra at position | and posi-
tion 2 in Fig. 3(a), with 1/ noise as the dashed line. (b) Scaling
relation hetween voltage noise and sensitivity at position | and
position 2 measured at 300 K. Linear dashed line is a guide to the

eye.

noise behavior implies that, in the buckling state, domains
of large magnetic moments can be significantly hopping
due to a vortex configurational transition. Another way to
understand it is by the scaling relation between noise and
sensitivity. Using data measured at 300 K in Fig. 3, we
plot this scaling relation in Fig. 4(b). Data of antiparallel
MT] states are neglected to avoid the noise contribution
from the magnetic reversal of the reference layer [30].
From the fluctuation-dissipation (FD) theorem based on a
quasiequilibrium assumption [31]. low-frequency noise of
the MTJ should scale linearly with MTJ sensitivity. Indeed,
we find a linear scaling relation in the high-sensitivity
region above 0.1%/Oe, where data points follow a linear

dashed line. This implies that magnetic 1/ noise domi-
nates when MTIJ is in the high-sensitivity region, and its
scaling with sensitivity can be well explained by the FD
theorem. However, extra noise 1s observed near the vortex
nucleation region, as an indication of the nonequilibrium
phase-transition process.

IV. CONCLUSION

We study single-vortex, double-vortex, and antivortex
states in MTIJ free layers, for which simulation and exper-
iment show good consistency. Single-vortex MTJs are
further patterned into a high-density sensor array, which
gives a nonhysteretic linear sensing range of 100 Oe,
In this sensor, superior magnetic sensing performance is
obtained, with a field detectability of 18nT/+/Hz at 1 Hz,
115 dB dynamic reserve, together with high thermal sta-
bility and negligible dipolar stray field. The noise measure-
ment shows a low normalized noise of 107" Hz~' and an
interesting noise behavior relevant to the configurational
transition during vortex nucleation, The results show that
the vortex MTJ is a promising candidate for a high-density
sensor array adequate for a broad range of applications,
where hysteresis-free behavior, large dynamic range, and
good detectability are desired.
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