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ABSTRACT

Magnetic stabilization of the ferromagnetic layers of magnetoresistive elements is a key
technological requirement for highly sensitive and accurate magnetic sensors. Here, we report
on a tunnel magnetoresistive (TMR) sensor wherein the free layer (FL) magnetization is
stabilized by combining exchange bias, noncollinear interlayer exchange coupling through a
RuFe spacer, and orange-peel ferromagnetic coupling. This method facilitates the stabilization
of the FL magnetization over a wide range of noncollinear angles with respect to the pinning
direction by controlling the composition of the RuFe spacer. Moreover, the uniaxial anisotropy
induced in the FL by annealing plays an important role in the resistance—magnetic field (R—H)
curve, which was studied both experimentally and through simulation. The TMR devices
exhibited negligible hysteresis even in the major R—H loops, which is promising for magnetic

field-sensing applications.



Controlling and stabilizing the magnetization directions of ferromagnetic (FM) layers
are important for spintronic devices, such as magnetic memories and sensors. Exchange bias,
interlayer exchange coupling (IEC), and magnetic anisotropy are key tools for achieving this
function. The unidirectional exchange bias obtained in an antiferromagnet (AFM)/FM bilayer
structure is used to pin the magnetization of the FM layer, referred to as the spin-valve
structure.! IEC oscillates between AFM and FM couplings depending on the thickness of the
nonmagnetic spacer for various materials, such as Cr, Cu, and Ru.>> The AFM-IEC through Cu
and Ru spacers is particularly important for giant magnetoresistance devices and synthetic
antiferromagnet structure,® respectively. Further, the recently reported noncollinear IEC in
Co/RuFe/Co, Co/RuCo/Co, and Co/IrFe/Co trilayer structures facilitates the control of the
magnetization configuration of the Co layers at arbitrary angles by changing the composition

and thickness of the RuFe, RuCo, and IrFe spacers.”

Magnetization stabilization is critical for tunnel magnetoresistance (TMR) magnetic
sensors, which have recently attracted much attention because of their expanding applications
and markets. For many applications, TMR sensors must exhibit an output voltage proportional
to the strength of the magnetic field. This can be achieved by stabilizing the magnetization of
the free layer (FL) along one direction (easy axis) and sensing the magnetic field along the
orthogonal direction (hard axis); consequently TMR devices exhibit pseudo linear resistance—
magnetic field (R—H) response curves.'!'"'* Various methods have been developed to induce

magnetic anisotropy in FL, such as shape anisotropy,!® external bias magnetic field,!

16,17 18,19

perpendicular magnetic anisotropy, annealing-induced uniaxial anisotropy, and

exchange bias.!>!3:2021

Uniaxial anisotropy orthogonal to the pinning direction is induced by two-step

annealing at two different temperatures under magnetic fields along orthogonal directions.
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Because the typical anisotropy field of annealing-induced uniaxial anisotropy is a few mT or
smaller, soft-magnetic FLs with uniaxial anisotropy are often used for high-sensitivity TMR
sensors.'?? However, as pointed out by Wang et al.,'”> FLs with only uniaxial anisotropy are
demagnetized into a multi-domain structure under a zero magnetic field. Consequently, the R—
H curves of the TMR devices exhibit magnetic hysteresis, which is undesirable for magnetic
sensors. Another sensor design where the FL is stabilized by unidirectional anisotropy
(exchange bias) results in a single-domain state of FL magnetization, causing a considerably
smaller magnetic hysteresis.!>!*?%2! These sensors achieve an orthogonal magnetization
configuration between the FL and reference layer (RL) using two AFM layers with different

blocking temperatures processed by two-step annealing.

This study developed a TMR sensor stack where the FL magnetization is stabilized in
the single domain state along a noncollinear direction with respect to the pinning direction. This
was achieved by transferring the exchange bias through the noncollinear IEC via a RuFe spacer.
By controlling the directions of the noncollinear IEC and annealing-induced uniaxial anisotropy,
TMR sensors with linear R—H curves and negligible magnetic hysteresis can be obtained, which

are considered to be suitable for magnetic sensing applications.

The core component of the present study is two Co layers magnetically coupled in a
noncollinear configuration through a RuFe spacer. Nunn et al.” reported that the noncollinear
IEC between the Co layers can be controlled by the composition and thickness of the RuFe
spacer. For simplicity, the RuFe thickness was fixed at 1 nm, whereas the RuFe composition
was varied by co-sputtering deposition from Ru and Fe targets. The composition of the RuFe

film was measured using X-ray fluorescence spectroscopy.

First, to measure the magnetization angle between two Co layers separated by a RuFe

spacer, we fabricated current-in-plane giant magnetoresistance (CIP-GMR) spin-valve
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structures of thermally oxidized Si substrate/Ta (2)/Ru (2)/IrMn (6)/CosoFeso (1)/Co (2)/Ruioo-
<Fex (1)/Co (3)/Cu (3)/CogoFeio (5)/Ru (4) (thickness in nm), as shown in Fig. 1(a). The CIP-
GMR films were annealed at 350 °C for 1 h under a magnetic field of 0.7 T to pin the
magnetization direction of the CosoFeso (1)/Co (2) pinned layer (PL). The magnetization
configuration diagram in Fig. 1(a) shows that the magnetization of the Co (3) RL was fixed at
an angle of fiec with respect to the PL magnetization by the noncollinear IEC through the RuFe
spacer. The FL magnetization was saturated by an external magnetic field (H) of 5 mT applied
at 0 angle with respect to the PL magnetization. Figure 1(b) shows the 6 dependence of the
GMR ratio, defined as (R — Rppin)/Rmin (Rmin: minimum resistance), of the spin-valve films
with three different RuFe compositions. 8 at (GMR ratio) = 0 corresponds to fiec, which was
132°,101°, and 77° for x =57, 63, and 67 at. %, respectively. As shown in Fig. 1(c), fiec varied

as 50°-130° by changing x.

The noncollinear IEC can be phenomenologically described by bilinear and
biquadratic IEC components, whose energies are expressed by Ji and J», respectively. J; and J>
are obtained by fitting the magnetization (M) vs. H curves (e.g., for the RusoFeeo spacer in the
inset of Fig. 1(d)) by minimizing the total magnetic energy with Zeeman, IEC and exchange

bias energies.

Etotal = Ez + Eigc + +Eep, (1)
where

Ez = —H(Mpytpy, coS @pr, + MgLtrL €OS @PryL + MpLteL COS @pL), 2)

Egc = —J1 cos(@pr, — @re) — J2 0s*(@pL — @rL), 3)

Eep = — Jk cOs @py, 4)

where M and ¢ are the saturation magnetization and film thickness, respectively, ¢ is the angle
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between M and H, and J is the exchange bias energy between the PL and the IrMn AFM layer.
As shown in Fig. 1(d), J> exhibited similar values of —0.3 mJ/m? for x ranging as 5470 at. %,
whereas J; varied between negative and positive values, corresponding to AFM and FM bilinear
IECs, respectively. As previously reported,”** @igc is determined using Ji and J» as Ogc =
cos1(—J;/2J,) when —2 < J,;/J, < 2. The calculated fiec were consistent with the directly

measured values [Fig. 1(c)].
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FIG.1. (a) Schematic layer structure and magnetization configuration of the CIP-GMR spin-
valves with a noncollinear IEC between PL and RL through the Ruioo-xFex spacers. External
magnetic field (5 mT) was applied at 6 angle with respect to the PL magnetization (mpL). (b)

GMR ratio vs. 6 curves for x = 57, 63, and 67 at. %. The 6 value at GMR ratio = 0 corresponds
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to Biec. x dependences of (c) Biec and (d) J1 and J2. The inset of (d) shows the M—H curve for

x =60 at. % and its fitting curve.

Subsequently, we fabricated TMR spin-valve devices with a layer structure of
thermally oxidized Si substrate/Cu bottom electrode/Ta (2)/Ru (2)/IrMn (6)/CoFe (1)/Co
(2)/RuigoxFex (1)/Co (3)/AgSn (2.5)/CoFe (1)/CoFeBTa (30)/Ta (0.3)/CoFeB (3)/MgO
(1.8)/CoFeB (2.5)/Ta (0.15)/CoFeB (0.5)/CoFe (1)/Ru (0.8)/CoFe (3)/IrMn (8)/Ru (8)
(thickness in nm) with variations in the Fe concentration of the RuFe spacer including pure Ru,
as shown in Fig. 2(a). The nominal compositions of the alloy layers were Ir2o0Mngo, CosoFeso,
AgooSnio, CosgFessBioTas, and CosoFeq0B20. The magnetization of the Co (2) PL2 was pinned
along the noncollinear direction with respect to that of CoFe (1)/Co (2) PL1. The CoFe
(1)/CoFeBTa (30)/Ta (0.3)/CoFeB (3) layers functioned as FL through strong FM coupling
between the CoFeBTa amorphous soft magnetic layer and the CoFeB electrode via the thin Ta
layer, which was inserted to promote the crystallization of CoFeB during annealing. The AgSn
spacer was inserted to weakly ferromagnetically couple the magnetizations of PL2 and FL via
orange-peel coupling.>?° Thus, the direction and strength of the unidirectional stabilization
field to the FL were controlled by the RuFe composition and AgSn thickness, respectively. The
layers above the MgO barrier were patterned to a circular shape with a diameter of 40 um,
whereas the layers below the MgO barrier were patterned to a circular shape with a diameter of
180 um. Circular shapes were selected to avoid the in-plane shape anisotropy. The patterned
devices were annealed at 350 °C for 1 h under a magnetic field of 0.7 T. The resistance-area
product values in the parallel magnetization configuration (RA4,) of the devices were 20-200

kQ um? (4 = 1,256 um?). Despite the variation in the R4, value, which was due to batch-to-



batch variation and non-uniformity within the substrate of the MgO thickness and quality, the
TMR ratio was approximately constant at 180%.

Figure 2(b) shows the expected magnetization (m) configuration of the FM layers of
the TMR device under zero external magnetic field (H). mpr2> was pinned at an angle of Giec
from mpr1, and mrL was stabilized along the same direction as mpr2. H was applied along the x
direction. Figure 2(c) shows the TMR curves of these devices. For the pure Ru spacer, the TMR
ratio was 0 at H, = 0, indicating a parallel configuration between the mrL and mrr. Thus, the
type of the IEC through the pure Ru spacer was AFM. Rotation of mrL was observed at woHx
of approximately 8 mT, which is the strength of the orange-peel FM coupling through the AgSn
spacer. The TMR ratio at Hx = 0 changed for different Fe concentrations in the RuFe spacer.
Thus, the magnetization angle between the FL and RL was controlled by the noncollinear IEC
through the RuFe spacer. However, these devices exhibited pronounced magnetic hysteresis,
rendering them unsuitable for magnetic sensor applications. The coercivity (Hc) of the TMR

curve for the Rus7Fees spacer was 0.23 mT.
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FIG. 2. (a) TMR spin-valve structure with FL whose magnetization direction is stabilized along
a noncollinear direction with respect to the pinning direction by the noncollinear IEC through
the RuFe spacer. (b) Magnetization (m) configuration of the FM layers of the spin-valve under
a zero external magnetic field (H). (¢) TMR curves of the devices with variation in Fe

concentration in the RuFe spacer. H was applied along the x direction.

Note that annealing process under a magnetic field induces uniaxial magnetic
anisotropy in FM layers. Therefore, in the present spin-valve devices, the magnetization process
of FL is governed by three factors: unidirectional anisotropy, uniaxial anisotropy, and external
H. Trial and error of the annealing process revealed that the uniaxial anisotropy induced in the

tilted angle from the direction of H significantly reduced the magnetic hysteresis of the TMR



curves. The reason for this has not yet been elucidated. Further, the shape of the TMR curve
was highly dependent on the direction of the uniaxial anisotropy. To understand this behavior,
we performed numerical simulations of the TMR curve in the single magnetic domain regime
using the Stoner-Wohlfarth model.

Figure 3(a) shows the configuration of the in-plane magnetization of the FM layers and
the directions of the magnetic anisotropies of the FL. The unidirectional and uniaxial
anisotropies were induced at angles of uq and 6., respectively, with respect to mpL1 which was
pinned along the +x direction. This configuration of the two types of magnetic anisotropies was
achieved by the annealing process shown in Fig. 3(b). First, the devices were annealed at 350 °C
under a magnetic field at 6., which induced a uniaxial anisotropy parallel to this direction and
also crystallized the CoFeB/MgO interfaces. Thereafter, the temperature was lowered to 220 °C,
which was above the blocking temperature of the IrMn layer (approximately 200 °C). The
magnetic field direction was then changed to the +x direction (8 = 0°), and the temperature was

lowered to room temperature, which pinned mpr1 and mpr3 along this direction.

In addition, the unidirectional anisotropy of the FL has two equivalent directions at fuq
clockwise and counterclockwise from mpr1, as shown in Fig. 3(a). The FL magnetization state
realized depends on the history of application of external H to the device. For simplicity, we
considered only the unidirectional anisotropy counterclockwise from mprLi, which can be
selected by applying H along the +y direction, hereafter referred to as a “set field”, prior to the
TMR measurement with sweeping H,. The angle (frL) between the FLL magnetization and H.
was calculated by minimizing the total magnetic energy, considering the Zeeman energy,
exchange bias, annealing-induced uniaxial anisotropy, AFM and noncollinear IEC through the
Ru and RuFe spacers, respectively, and the orange-peel FM coupling through the AgSn spacer.

The calculation details are provided in the Supplementary Material.



Figure 3(c) shows the simulated TMR curves for a constant Guq of 120° and fua = 0—

120°. The TMR curve shape was strongly dependent on .., and the highest value of sensitivity,
defined by %2—2, at H, = 0 was obtained for 6., = 30°. Figure 3(d) shows the contour plot of the

sensitivity at Hy = 0 for 6,4 and Oua, providing the choice of the values of Guq and 6. to obtain
high sensitivity. Figures 3(e) and (f) show the experimental TMR curves for the 1-nm-thick
Ru4oFeso and RuzsFees spacers, respectively. The angles of the magnetic anisotropies were Guq
~130° and 6. = 40° for the RusoFeso spacer, and Gug ~120° and Hua = 120° for the RuszsFegs
spacer. Gug was estimated by fitting the M—H curves (not shown here), and Gu. was controlled

by the annealing process. Compared to the device with 6y.= 0, which exhibited poH: = 0.23 mT

[Fig. 2(c)], these device with ua # 0 showed significantly reduced hysteresis: uoHc ~ 0.02 mT

for the RusoFeso spacer and uoH: ~ 0 mT for the RussFegs spacer [the insets of Figs. 3(e) and (1),
respectively], indicating that a single magnetic domain structure was obtained for 6y, # 0. For
the RugoFeeo spacer, the highest sensitivity state (21 %/mT) was obtained at H, = 0, which is
preferred for magnetic sensor applications. On the other hand, the device with the RussFees
spacer exhibited a relatively low sensitivity at Hx =0 (14 %/mT). The trend of the sensitivity at
H, = 0 of these devices was consistent with the simulated results shown in Fig. 3(d). However,
magnetic hysteresis cannot be simulated in the single-domain regime. Thus, the reason why
tilting the uniaxial anisotropy axis of FL away from the pinning and H directions significantly

reduced the hysteresis of the R—H curve is an open question.
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FIG. 3. (a) Configuration of the magnetizations (m) of the FM layers of the spin-valve device.
The unidirectional anisotropy has two equivalent directions with respect to me_4, indicated as
the dashed arrows labeled as “ud”. 6ua and 6.4 are the angles between the easy axes of the
uniaxial and unidirectional anisotropies, respectively, and me_+. (b) Annealing process to obtain
the anisotropy configuration in (a). (c) Simulated TMR curves for 6,4 = 120° and 6., = 0—-120°.
The inset shows the sensitivity curve for 8,2 = 30°. (d) Contour plot of sensitivity at Hy = 0 for
6ua and Buq. (e) and (f) Experimental TMR and sensitivity curves with 1-nm-thick RusFeeso and

RussFees spacers, respectively. The insets show the same TMR curves in a small field range.

Next, we discuss the effects of the two possible directions of unidirectional anisotropy
on the shape of the TMR curve. Figure 4(a) shows the magnetization configuration diagram.
After applying a set field of H, > 0, mrL stabilizes to the state indicated by the blue
counterclockwise arrow from mpr; owing to the balance of the uniaxial and unidirectional
anisotropies. Similarly, after H, < 0 is applied, mrr stabilizes to the state indicated by the red
arrow. The shape of the TMR curve changes depending on the direction of the set field, as
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confirmed experimentally and shown in Fig. 4(b). This device was fabricated with a RussFess
(1 nm) spacer with 6yq ~+120° and fua = 60°. First, we applied a positive set field H, and
measured the R—H, curve for H, = 0. The TMR curve plotted in blue in Fig. 4(b) exhibited the
highest sensitivity and relatively good linearity at H, = 0, indicating that the angle between mrL
and mgy at H, = 0 was approximately 90°. After negative H, was applied, the TMR curve
changed its shape, as shown in red, because mrL was stabilized along a different direction from
that of positive H,, as shown schematically depicted in Fig. 4(a). When positive H, was applied
again, the TMR curve shown by the dashed green curve was identical to that following the first
positive H, (blue). Therefore, the stabilization of mrL along two directions by unidirectional
anisotropy and the TMR curve are reversible. For magnetic sensors, TMR curves with a high
sensitivity at Hx = 0 and good linearity are preferred, which is the case for the positive set field
for this device. However, the presence of another magnetization energy minimum requires care
not to expose the sensor device to an unexpectedly large magnetic field along the y direction.

The present devices achieve essentially the same function as the sensors with soft-

pinned FLs,!%13:20.21

in terms of linear R—H curves with negligible hysteresis. The soft-pinned
FL sensors obtain unidirectional FL anisotropy orthogonal to the RL magnetization by two-step
annealing for two AFM layers with different blocking temperatures, e.g., PtMn and IrMn layers.
The strength of the FL anisotropy field is controlled by the thickness of the ultrathin dusting
layer, typically with Ru, inserted between the AFM layer and the FL. On the other hand, the
present devices achieve a noncollinear magnetization configuration between the FL and RL by
exchange bias transferred via a noncollinear IEC through the RuFe spacer. The FL anisotropy
field is controlled by the strength of the orange-peel FM coupling through the thickness of the

AgSn nonmagnetic spacer. These two types of sensor designs may have different advantages

and challenges depending on the required sensor characteristics such as sensitivity and dynamic
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range. Therefore, for specific applications, various technical and economic aspects such as

sensing characteristics, reliability, manufacturability, and cost must be evaluated.

In summary, we have developed a TMR sensor structure wherein the magnetization of
the FL is stabilized in the single-domain regime in an arbitrary direction by a noncollinear IEC
through a RuFe spacer. The strength of the magnetic stabilization field of the FL is controlled
by orange-peel FM coupling through a nonmagnetic spacer, such as AgSn. Further, the uniaxial
magnetic anisotropy induced by magnetic field annealing facilitate the determination of the
shape of the TMR curve and its magnetic hysteresis. By controlling the directions of the
noncollinear IEC and uniaxial magnetic anisotropy, TMR sensor devices with high sensitivity
under a zero magnetic bias field and negligible magnetic hysteresis can be obtained, which are

promising for various magnetic sensing applications.
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