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Exchange Spring Ferromagnets

Min Song!, Shijiang Luo"™?2, Xin Li"”?, Shuai Zhang?, Qiang Luo?, Zhe Guo?, Jeongmin Hong"”’?, Bin Zhou',

Haoshuang Gu', OukJae Lee?, and Long You

2

"Faculty of Physics and Electronic Science, Hubei Key Laboratory of Ferro & Piezoelectric Materials and Devices, Hubei
University, Wuhan 430062, China
2School of Optical and Electronic Information, Huazhong University of Science and Technology, Wuhan 430074, China
3Center for Spintronics, Korea Institute of Science and Technology, Seoul 02792, South Korea

We experimentally investigate spin—orbit torque (SOT) switching of a hybrid exchange spring system (ESS) in which a Co/Pt
with perpendicular magnetic anisotropy (PMA) is coupled to a CoFeB thin film with an in-plane (IP) magnetic anisotropy (IMA).
The magnetization tilt angle from the out-of-plane can be easily tuned by varying the thickness of the IMA layer due to the
competition between PMA and IMA layers. We find that the tilt angle is highly tuned from 0° to 90° over a small range of CoFeB
thicknesses, from 0 to 1 nm. The tilted films with high thermal stability are promising materials for a zero/low field operating
SOT magnetic random access memory (MRAM) or for a bit patterned magnetic recording media. IP current-induced magnetization
switching of Co/Pt-CoFeB ESS is also studied, under an IP magnetic field (Hyp). The current amplitude for the 45° tilt magnetization
switching is almost independent of the Hip ranged from 50 to 1000 Oe. This phenomenon might be due to the presence of the
Dzyaloshinskii-Moriya interaction (DMI) and DMI effective field is expected to be less than 50 Oe.

Index Terms— Dzyaloshinskii-Moriya interaction (DMI), exchange spring system (ESS), spin-orbit torque (SOT) switching, titling

magnetization.

I. INTRODUCTION

NCREASING attention has been to the perpendicular

exchange spring systems (ESS), which is consisted of
exchange-coupled hard and soft magnetic layers with, respec-
tively, out-of-plane (OOP) and in-plane (IP) easy magnetiza-
tion axes. While the magnetically hard film provides good
thermal stability, the soft layer provides a path to reduce the
current or field for magnetic reversals [1]-[3]. Moreover, ESS
can provide tilted magnetic anisotropy [4]. Compared with
purely OOP and IP magnetization directions, a tilted magneti-
zation provides additional degrees of freedom to manipulate its
static and dynamic states. More importantly, tilted anisotropy
materials may be useful for achieving higher density magnetic
recording with stronger thermal stability and faster magnetic
switching [5]-[7] and zero-field operation of spin torque oscil-
lators (STOs) [8], [9]. You ef al. [10] have recently shown that
the tilted magnetization could be switched by an IP current via
spin—orbit torque (SOT) without the need for an external mag-
netic field. Tilted anisotropies have traditionally been realized
using collimated sputtering [11], by depositing multilayers on
nanospheres [6], or via precise nanofabrication [10]. In con-
trast, exchange spring materials with OOP and IP anisotropies
provide a wide and tunable range of tilt angles [4], [12].
Utilizing different thicknesses of the OOP and IP layers as
well as different OOP-IP coupling strengths, the average tilt
angle can be varied with great freedom. Here, we focus
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on hybrid anisotropy exchange spring magnets, which cou-
ple the strong PMA (Co/Pt) and in-plane magnetic anisotr-
opy (IMA) (CoFeB) via the exchange interaction between
them. By taking advantage of the competition between the
PMA and IMA in these systems, we can tune the entire
magnetization angle. We also investigate the exchange spring
magnets that can be switched by SOT induced by IP currents.

II. EXPERIMENTS

All film stacks were deposited at room temperature on
thermally oxidized Si substrates using a magnetron sputtering
system at a background pressure of 2 x 1078 Torr. All series
were prepared on 2 nm Ta seed layers which promotes a strong
PMA into our Pt (5nm)/Co (1 nm) layer. On top of the PMA
layer, a CoFeB layer with various thickness was deposited
and covered by a 2 nm MgO capping layer to protect surface
oxidization. Another 2 nm Ta layer was deposited on top of the
MgO layer. The deposition rates were ~0.4-0.5 A/s. Magnetic
properties of the thin films were characterized by vibrating
sample magnetometer (VSM). Then, the films were patterned
into to 2 um x 6 xm Hall bar structures by an etching process.
The electric transport of microscale devices was also studied
in a probe station with electromagnet.

III. RESULTS AND DISCUSSION

We measured the OOP (black curve) and the IP (red
curve) hysteresis loop for Ta (2 nm)/Pt (5 nm)/Co (1 nm)/
CoFeB (r nm)/MgO (2 nm)/Ta (2 nm) exchange spring
films at room temperature. The CoFeB thickness (fcoreB)
varies from O to 1 nm. We observed the strong out-of-
plane anisotropy(OPA) for the films of Pt/Co layer, as shown
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OOP (M) and TP (e) hysteresis loops measured at room temperature of Ta (2 nm)/Pt (5 nm)/Co (1 nm)/CoFeB (+ nm)/MgO (2 nm)/Ta (2 nm)

thin films. The thickness of the CoFeB layers (¢) within the films is (a) O nm, (b) 0.3 nm, (c) 0.4 nm, (d) 0.5 nm, (e) 0.6 nm, (f) 0.7 nm, (g) 0.8 nm, and
(h) 1.0 nm. The inset in (h) is M—H loop of Ta (2 nm)/Pt (5 nm)/Co (1 nm)/CoFeB (1 nm)/MgO (2 nm)/Ta (2 nm) thin films up to 10 kOe.
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(a) OOP and IP hysteresis loops from Ta 2/Pt 5/Co 1/CoFeB 0.45/MgO 2/Ta 2 (in nm) thin films. (b) Optical image of the Hall bar device made from

the same film and the measurement configuration. Normalized anomalous Hall resistance (RAHg/Rs) curves as the function of the OOP applied magnetic

field (H7) for the device (c) before and (d) after applying current.

in Fig. 1(a), with a square perpendicular hysteresis loop
and high remanence ratio M;/Ms (remanence magnetiza-
tion/saturation magnetization) around 1. The anisotropy field,
estimated as the field where the IP magnetization (hard-
axis direction) and perpendicular magnetization curves merge,
is larger than 10 kOe as the magnetization cannot be satu-
rated in the IP direction by 10 kOe (not shown here). This
high perpendicular anisotropy indicates the strong interface
anisotropy of Pt/Co. The OPA is still maintained with fcopeB
up to 0.3 nm, as shown in Fig. 1(b). However, the OPA
is significantly reduced as fcopep is further increased. As is
clearly observable in Fig. 1(c)—(e), the OOP saturation field

dramatically increases with fcorep and is accompanied by a
corresponding decrease in OOP coercivity. Most importantly
for the discussions here, the perpendicular remanence shows
a clear decrease and its dominant IP-shaped anisotropy begins
to significantly compete with the PMA of ESS stack when
tcore 1S increased above 0.3 nm. It indicates that the
moments of exchange spring magnet tilt toward the film plane,
which is proved by the presence of an IP magnetization
component, when further increase of the CoFeB thickness
over 0.3 nm. IP remanence ratio increases on moving from
the saturated state to 0.52, whereas the perpendicular ratio
decreases to 0.06 when the CoFeB thickness increases up
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Fig. 3. Current-induced tilt magnetization switching in the device made from Ta 2/Pt 5/Co 1/CoFeB 0.45/MgO 2/Ta 2 (in nm) films. (a) Comparison of OOP
field (H,) switching (red curve) with the current (/) switching (black curve) in the presence of —1000 Oe IP field (Hyp), which is antiparallel to the current
direction defined as in the inset. (b) Current-induced switching under negative Hip. (¢) Current-induced switching under positive Hyp, which is parallel to the
current direction. (d) Phase diagram showing the switching current (/sw) as a function of Hip.

to 0.7 nm, as illustrated in Fig. 1(f). The easy axis of ESS
becomes totally IP when the CoFeB thickness is 0.8—1 nm,
as depicted in Fig. 1(g) and (h).The magnetization tilt angle
from OOP (fy1) at remanence can be simply estimated using
the following equation [4]:

O = COSi1 (mr/mr,ref)

(1

where m; is the normalized remanence (M;/Ms) and my ref
is the reference remanence of the Co/Pt film without CoFeB,
which shows a remanent magnetization pointing completely
OOP for 6y = 0°. As clearly shown in Fig. 1, 6y can be
varied from 0 to 90° by simply varying fcoreB.

Fig. 2(a) shows the IP and OOP hysteresis loops for Ta 2/Pt
5/Co 1/CoFeB 0.45/MgO 2/Ta 2 (in nm) films, both IP and
OOP coercivities are small compared to single Pt/Co films.
The tilt angle from the OOP is estimated to be around 45°
according to (1). The IP hysteresis loops were deviated from
a linear shape, indicating that the amount of soft-magnetic
phase CoFeB increased and the magnetization turns easily to
the IP direction under an applied field. The reversed domain
appeared in positive nucleation field at a positive saturation
state and the magnetization of soft CoFeB was switched at
this field (~1.2 kQe).

These films were then patterned into Hall bar structures
with a channel width of 2 gm and length of 6 xm [Fig. 2(b)],
using photolithography and ion milling techniques. Measure-
ments of the dependence of the anomalous Hall effect (AHE)
resistance (Rayg) on an OOP applied magnetic field (H,) were
used to identify the equilibrium magnetization direction of the
devices, as RanE is proportional to the perpendicular compo-

nent of magnetization (M;) in the ESS. The magnetization
upward (M, > 0) and downward (M, < 0) corresponds to
Rape > 0 and Ragg < 0, respectively. Here, the voltage
generated by the AHE was measured along the x-axis and a
current was applied along the y-axis. Fig. 2(c) shows the nor-
malized AHE resistance Rapgg/Rs as a function of H, under
10 uA bias current for the device, where Rg is the saturation
anomalous Hall resistance. As can be seen from the loop,
the coercivity of the device (~100 Oe) is almost unchanged
compared to that of the thin film. However, the coercivity
significantly increases up to ~200% after applying current
(of 8 mA, here) on the device, as shown in Fig. 2(d). This
enhancement in the coercivity may be due to the current-
induced thermal effect.

For the SOT-driven magnetic switching measurement,
a dc current (I) was applied along the y-axis, and the
anomalous Hall resistance Rapg was recorded along the
x-axis to monitor the change in the vertical component of
the magnetization. A static magnetic field (Hip) was applied
almost parallel (or antiparallel) to the IP current direction.
The black curve of Fig. 3(a) shows the R—I loop in the
presence of Hpp = —1000 Oe. The sudden reversals and
sharp jumps in Ragg/Rs at I ~ +4 mA (the current density
J ~ 2 x 107 A/em?) are indicative of the current-induced
magnetization switching. Moreover, the change of Hall resis-
tance due to magnetization switching caused by the magnetic
field and current is similar, as shown in Fig. 3(a). Fig. 3(b)
and (c) shows the current-induced switching from up to down
when [ - Hp > 0 and from down to up when I - Hpp < 0,
under either positive or negative Hip of 50, 200, +500,
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and £1000 Oe. The loops in Fig. 3(c) are not closed due to
the temperature drift during measurements. It is interesting to
note that the switching current magnitude (/s ) for the reversal
in RagE or the magnetization in our ESS is almost independent
of the Hip, as shown in Fig. 3(d), which is consistent with the
previous observation in Pt/Co/MgO [13] and Ta/CoFeB/MgO
[14] structures. This might be explained by the magnetization
switching induced by SOT and Dzyaloshinskii—-Moriya inter-
action (DMI) under a Hip, which occurs by the nucleation
of the small reversed domains followed by the depinning
and expansion of the reversed domains, as described in the
following.

As shown in the red curve of Fig. 3(a), the R—H loop
shows a decrease from 1 to 0.3 in Raygg/Rs for |H,| smaller
than the coercivity field, as attributed to the nucleation of
reversed domains [15]. Similar to H,, the effective field (Hefr)
generated by the current-induced SOT can also lead to the
nucleation. Due to the presence of DMI in the Co/Pt inter-
face [16], the domain walls (DWs) have a chirality with Néel
type, for which Hegr acts on DWs for their motion but not the
expansion of domains in the absence of Hip because of the
offset in vertical component of Heg [17], that is, a determin-
istic SOT switching cannot be achieved at zero field. If Hp
is applied and is larger than the DMI effective field (Hpwmr)
to break the DWs’ chirality, the magnetic moments within the
DWs are aligned parallel to the Hp, as well as the current
direction [18]. In this case, Hef leads to the expansion of the
reversed domains, consequently resulting in a full reversal.
Furthermore, at Hip > Hpwmy, the ratio of the effective field
and the current density (H.ft/J) reaches the saturation and
is independent of Hip [14]. Therefore, once Hip > Hpwmr,
the critical gy, required to provide a Hef for the depinning
and expansion of the reversed domains, will keep almost
constant under different magnitudes of Hip. Based on our ESS,
we estimate Hpyp < 50 Oe, which is smaller than that in
the Co/Pt system without CoFeB soft layer (~100 Oe) [13].
Hence, a smaller Hp can be used for SOT switching in
ESS. In addition, at the same Hip (e.g., 200 Oe), the critical
switching current density in our ESS (~2 x 107 A/cm?)
is reduced compared to that of the system with OOP only
(~ 4.5 x 107 Alem? [13)).

IV. CONCLUSION

In summary, we explore the SOT switching of exchange
coupled Pt/Co—CoFeB bilayers. We took the advantage of the
competition between the IP-shaped anisotropy of the CoFeB
and PMA of the Co/Pt, and then achieved the magnetization
tilt angles from 0° to 90° by varying CoFeB’s thickness from
0 to 1 nm, accordingly. IP current-induced magnetization
switching of Co/Pt-CoFeB ESS is also investigated, under
IP magnetic field with varied magnitudes. The switching
current magnitude around 2 x 107 A/em? for the 45° tilt
magnetization switching is almost independent of Hip ranging
from 50 to 1000 Oe. It indicates the DMI effective field of ESS
may be less than 50 Oe, which is smaller than that of Co/Pt.
This illuminates that the DMI in the chiral magnets might be
tuned by exchange coupling. These results demonstrate the
critical role of the IPA CoFeB layer in the current-induced
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SOTs switching of exchange spring magnets and may help
clarify the physics behinds SOTs in such ESS, especially in
Co/Pt-CoFeB layers, which could be considered as a candidate
system for future SOT-MRAM and SOT-oscillator devices.
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