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ABSTRACT

Current-induced spin-orbit torques (SOTs) in heavy metal/ferromagnet heterostructures have emerged as an efficient method for
magnetization switching with applications in nonvolatile magnetic memory and logic devices. However, experimental realization of SOT
switching of perpendicular magnetization requires an additional inversion symmetry breaking, calling for modifications of the conventional
SOT heterostructures. In this work, we study SOTs and deterministic switching of perpendicular magnetization by inserting different
asymmetric dusting layers at the heavy metal/ferromagnet interface. Similar to the previous works with lateral structural asymmetry, we
study the emergence of current-induced perpendicular effective magnetic fields (H,*"). By examining three different material combinations
of heavy metal/dusting layers (W/IrMn, Pt/IrMn, and W/Ta), we shed light on the origins of H,*"; we show that H,*" is generically created
in all the studied asymmetric structures, has a close correlation with the interfacial magnetic anisotropy, and is independent of the signs of
spin Hall angles of the materials. Furthermore, we show that the induction of H,*" enables field-free deterministic SOT switching of perpen-
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dicular magnetization. Our results can be used in designing SOT heterostructures for practical applications in nonvolatile technologies.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029347

Spintronic devices provide an attractive platform for implementing
fast, energy-efficient, high-density, and nonvolatile memory and logic
devices. In these devices, information is stored in the magnetization state
of a free magnetic layer, and electrical means are utilized for magnetiza-
tion manipulation. One promising method for magnetization switching
is based on the current-induced spin-orbit torques (SOTs),' ~ with
faster dynamics, higher endurance, and potentially higher energy effi-
ciency compared with the conventional spin-transfer torque.” ” The
emergence of SOTs depends on a combination of high spin-orbit cou-
pling and inversion symmetry breaking; consequently, SOT hetero-
structures mainly consist of a heavy-metal/ferromagnet bilayer.
Applying an in-plane current in such structures results in the
damping-like and field-like SOTs, which can be mostly attributed to
the spin Hall®> ' and Rashba-Edelstein effects,'""* although not lim-
ited to them."” " Heterostructures with perpendicular magnetic
anisotropy (PMA) are most desirable for practical applications, since
they give rise to a higher device density and a lower switching current
density compared to the materials with in-plane magnetic anisot-
ropy.'*"” However, SOT switching of perpendicular magnetization
requires an additional inversion symmetry breaking, which has

typically been achieved by applying an external magnetic field collinear
with the current, making it impractical for applications. As a conse-
quence, there has been plenty of effort recently to realize deterministic
switching of perpendicular magnetization without external fields,
including the use of lateral structural asymmetry,”’ >’ an in-plane
exchange bias field,”" * chiral symmetry breaking,”’ and competing
spin currents,”’ among other methods.”

In this work, we use the concept of lateral structural asymmetry”’
and modify the conventional SOT heterostructure by inserting a sec-
ond asymmetric dusting heavy-metal layer at the main heavy-metal/
ferromagnet interface. By breaking the structure’s symmetry in the in-
plane lateral direction (transverse to the charge current direction), it
has been shown that current-induced perpendicular effective SOT
magnetic fields (H,"") can be created, resulting in the field-free
switching of perpendicular magnetization. In the previous works, the
use of asymmetric oxide,”** ferromagnets,22 heavy metals,”” and thin
light metal insertion”” has been explored. Here, we study the insertion
of different asymmetric heavy metal dusting layers in three representa-
tive material systems of (W/IrMn, Pt/IrMn, and W/Ta)/CoFeB/MgO,
where the second layer in each sample is the asymmetric dusting
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insertion. The studied structures in this work are quite similar to the
ones with an asymmetric light metal insertion;”” however, here we
study the insertion of heavy metal dusting layers. The presence of two
heavy metals in our heterostructures allows us to compare our results
with the earlier report on competing spin currents’' and shed light on
the origins of H,*" in such material systems. We show that H,* can be
generically created in all the asymmetric structures, has a correlation
with interfacial magnetic anisotropy, and is independent of the signs
of the spin Hall angles, in stark contrast to the previous report.”’ We
also realize deterministic field-free switching of perpendicular magne-
tization by using the induced T

The samples were deposited on thermally oxidized Si (001) sub-
strates by a magnetron sputtering system at room temperature via an
oblique angle deposition. For the layers with uniform thickness, the
substrates were rotated during the deposition. For the asymmetric
wedge-shaped layers, we stopped the substrate rotation during the
deposition. The heterostructures consist of the core multilayers of
heavy metal/asymmetric dusting insertion/ferromagnet/oxide, as
shown in Fig. 1(a). We study three different material systems: (i)
W(5)/IrMn(0.5-w)/CoFeB(0.9)/MgO(2)/Ta(2),  (ii)  Ta(2)/Pt(5)/
IrMn(1.0-w)/CoFeB(0.9)/MgO(2)/Ta(2), and (iii) W(5)/Ta(0.5-w)/
CoFeB(0.9)/MgO(2)/Ta(2), which we will refer to as W/IrMn, Pt/
IrMn, and W/Ta, respectively. Here, the numbers in parentheses rep-
resent thicknesses in nm, and w indicates the wedge shape of the layer.

(a) (b)
z
(LV z

-V
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The number attached to w shows the wedge layer’s thickness at the
center of the sample’s length. The 0.5 w and 1.0 w wedge layers yield
an average nominal thickness gradient of 77 pm and 155 pm per cm of
the sample length, respectively. In a previous work, we have shown the
uniformity and high interface quality of such samples (W/IrMn) using
high resolution transmission electron microscopy (HR-TEM).”* For
samples (i)-(iii), W, Pt, and W serve as the main heavy metal layer,
respectively. The bottom and top Ta(2) in all these samples serve as
either buffer or capping layers. We should note that the IrMn layers
used here are very thin and have a Néel temperature much below the
room temperature, and so these layers do not have any antiferromag-
netic properties. The multilayer stacks were patterned into standard
Hall bars (a length of 130 um and a width of 20 m) by using photoli-
thography combined with dry etching, as shown in Fig. 1(c). Cr(10)/
Au(100) metal stacks were deposited as electrodes. All the measure-
ments were carried out at room temperature.

In conventional SOT heterostructures, all the layers have uniform
thicknesses and the inversion symmetry is only broken along the per-
pendicular z axis, resulting in the field-like and damping-like SOTs
which are proportional to nyLm x  and yHPLm x m x §, respec-
tively, where y and m are the gyromagnetic ratio and unit vector of
magnetization.”” However, in our heterostructures, the inversion sym-
metry is also broken along the y axis, i.e., we are breaking the mirror
symmetry with respect to the x-z plane, as shown in Fig. 1(b). As a

eff
H,

l@’

—o—W/Ta
(d) y 3 —o— Pt/IrMn
‘—O—W/IrMn
guooa8.‘3386‘33335‘0‘3333&'85‘88@:38\"'"°_
xI
< t J
- S23833823233333933923233000004
all \ \ _
o
-50 0 50
H, (Oe)

FIG. 1. Breaking the lateral structural symmetry by a thin wedge-shaped dusting layer insertion. (a) A schematic of the studied SOT heterostructures. The insertion layer has a
wedge shape and breaks the structural symmetry, resulting in the creation of current-induced out-of-plane effective SOT magnetic fields (H,%"). H,>" and HyFL denote the con-
ventional damping-like and field-like SOTSs, respectively. J is the charge current density and m is the unit vector of magnetization. The yellow spheres with arrows represent
the created effective net spin polarization. (b) The cross section of the studied structure, and its mirror image with respect to the x-z plane. The dusting layer has a small thick-
ness gradient; hence, it has different thicknesses t; and t, at the two ends of the device, and it breaks the mirror symmetry with respect to the x-z plane. As an example, charge
current applied in =X direction creates H,*" pointing in 2. (c) Hall bar structures and the transport measurement configurations. | and V are the applied current and mea-
sured Hall voltage, respectively. (d) Perpendicular magnetic anisotropy and coercivity of the three different samples. Ry and H, denote the anomalous Hall resistance and
external perpendicular magnetic field, respectively. All these devices are picked from the center of the three samples, with insertion layer thicknesses of 0.5 and 1.0 nm. The

applied current density is around 9 x 10° A/m?.
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result, out-of-plane current-induced effective magnetic fields H,* are
expected from the symmetry arguments.”’ We can see the emergence
of H,™™ by examining the Rashba spin-orbit coupling Hamiltonian
Hp =%¢ - (Ex p).'""” Here, ag, h, 6, E, and p denote the Rashba
parameter, reduced Plank constant, Pauli matrices, effective electric
field, and electron momentum, respectively. By breaking the mirror
symmetry with respect to the x-z plane, microscopic effective electric
fields along the y axis are allowed, and when the charge current is
applied along the x axis, an effective perpendicular magnetic field
(H," can be induced. Microscopically, in addition to the
Rashba-Edelstein effect,”””" the induction of H," can potentially be
explained by a gradient of magnetic anisotropy and chiral symmetry
breaking,”’ and other interfacial effects arising from the added in-
plane asymmetry," ' all of which would require the lateral structural
symmetry breaking. We should note that in our devices, the thickness
gradient of dusting layers is extremely small; the average nominal
thickness difference between the two edges of our Hall bars [t,-t; in
Fig. 1(b)] is less than 1pm. However, we still have an effective
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symmetry breaking in our samples, which might be due to a tilted
deposition direction away from the substrate’s normal, resulting from
oblique angle deposition without substrate rotation.”””” Consequently,
the symmetry breaking might arise from a possible tilt of the polycrys-
talline texture'’ and not the thickness difference across a device.

We use the anomalous Hall effect to characterize our devices,
with current applied along the x axis and Hall voltage measured along
the y axis, as shown in Fig. 1(c). All the studied samples have perpen-
dicular anisotropy, as the sharp switching with an applied perpendicu-
lar field in Fig. 1(d) suggests. For characterizing H,, we perform the
anomalous Hall measurements with opposite polarities of the applied
current and examine the hysteresis loop shifts from the center.”’
Figure 2(a) shows such shifted loops for the W/IrMn sample. The
value of shifts for each current density corresponds to the opposite of
H,*. It should be noted that the reduced coercivities compared to
Fig. 1(d) are a result of the Joule heating effect.

We observe a linear relationship between the applied current
density and H,*" in all the devices, as shown in Fig. 2(b). We define 8

(b)
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FIG. 2. Characterization of current-induced out-of-plane effective fields H,*" using the anomalous Hall effect for the W/IrMn sample. (a) Out-of-plane hysteresis loops are
shifted to opposite directions for opposite current polarities. The current densities are estimated for the W layer based on the conductivities of different layers. The nominal
IrMn insertion thickness in this device is 0.61 nm. Ry and H, denote the anomalous Hall resistance and the applied perpendicular field. (b) A linear relationship is observed
between H,*™ and the applied current density through the W layer (Jw). The red linear fitting shows the slope /5. The IrMn insertion thickness for this device is 0.57 nm. (c) Plot
of f§ as a function of the IrMn insertion thickness (and the device position on the sample). The error bars are obtained from averaging three different devices and considering

the linear fitting errors. The negative sign of 3 shows that for a current applied in the +x direction, H,*

 points in the —2 direction. (d) Angular dependence of |f]. 0 is defined

as the angle between the current and wedge directions, as shown in the inset. The IrMn insertion thickness for this device is 0.54 nm. The red line shows a sin 0 fit to the data

points.
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off
as the slope (algz ) and plot it as a function of the IrMn insertion thick-

ness and devicé position in Fig. 2(c). f is strongly modulated by small
changes in the IrMn thickness; its magnitude changes by more than a
factor of 4 when the IrMn thickness changes from 0.35 to 0.65 nm.
We find relatively close agreement between the PMA gradient and f§
as a function of the IrMn thickness (see Fig. S1 in the supplementary
material). This observation points to the possible role of chiral symme-
try breaking in the creation of H,*","” where a larger gradient of mag-
netic anisotropy results in a larger H," (see supplementary material
Sec. S2 for a discussion of the chiral symmetry breaking).
Furthermore, such a correlation between the interfacial anisotropy
gradient and f§ in Fig. S1 points to the possible interfacial origin of
H,*" in this system, rather than a bulk origin. To confirm the impor-
tance of lateral structural asymmetry in our samples, we fabricated a
series of devices with different angles between the current and wedge
directions (0) and studied f as a function of this angle, as shown in
Fig. 2(d). H,* requires perpendicular wedge and current directions;
consequently, it has a sin 0 angular dependence, as generically
observed in previous works as well.”””> We should add that no
H,*" is observed in samples with uniform layers (see Fig. S3 in the
supplementary material).
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For the W/IrMn/CoFeB/MgO sample, the materials W and IrMn
have opposite signs of the spin Hall angle.”' It has been proposed that
in such structures with double heavy metals, an op?osite sign of the
spin Hall angles is required for the creation of H,*" (the competing
spin current requirement).”’ However, we also observed the creation
of H,2" in the Pt/IrMn/CoFeB/MgO system, in which Pt and IrMn
have the same sign of the spin Hall angle, in stark contrast to the previ-
ous report on competing spin currents.”’ By applying currents with
opposite polarities, we observe that out-of-plane hysteresis loops are
shifted in opposite directions (see Fig. S4 in the supplementary
material). We also obtained the f values as a function of the IrMn
insertion thickness, as shown in Fig. 3(a). These results suggest that
the creation of H,*" is independent of the relative signs of the spin
Hall angles of the two heavy metals. We also observe that § undergoes
a sign change at around 0.8-0.9 nm of IrMn thickness. To find out the
reason for this behavior, we looked at the trends of conventional SOTs
and the PMA gradient with the IrMn thickness.

Figure 3(b) shows the extracted effective SOT fields as a function
of the IrMn insertion thickness (see supplementary material Sec. S5
for more details). Here, we have averaged the absolute values of effec-
tive fields for down/up magnetizations for a clear representation.
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FIG. 3. Characterization of 8 in Pt/IrMn and W/Ta samples. (a) /3 as a function of the IrMn thickness in the Pt/IrtMn sample. Error bars originate from averaging three different
devices and considering the linear fitting errors. (b) Magnitude of damping-like (AHP-) and field-like (AH;L) effective SOT fields as a function of IrMn insertion thickness in the
P/IrMn sample. (c) Effective PMA field (Hy) as a function of IrMn thickness in the Pt/IrMn sample. Two regions with negative (red) and positive (green) slopes are observed.

(d) B as a function of Ta insertion thickness in the W/Ta sample.
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FIG. 4. Deterministic field-free SOT switching of perpendicular magnetization due to H,*" in the W/IrMn sample. (a) SOT switching under different in-plane magnetic fields,
applied along the x axis. ARy is the change in anomalous Hall resistance and Jy is the current density through the W layer. The red curve (0 Oe) shows complete SOT
switching without any external magnetic fields. The IrMn insertion thickness in this device is 0.6 nm. (b) Repeatable complete SOT switchings at zero field with successive

positive/negative current pulses with a 1 ms duration at a 1 s period.

The important observation is that both the damping-like and field-like
effective fields monotonically decrease with the IrMn thickness, which
is expected since W and IrMn have opposite signs of the spin Hall
angle. We do not see any specific features near 0.8-0.9 nm where the f§
sign changes. However, we observe a clear correlation between the
trends in § and magnetic anisotropy. We extracted the effective PMA
fields (Hy) as a function of the IrMn thickness in the Pt/IrMn sample,
as shown in Fig. 3(c) (see supplementary material Sec. S6 for more
details). We see two different regions in Fig. 3(c); below 0.8 nm, Hy
has a negative slope (red) and a negative 5, and beyond 0.8 nm, Hy has
a positive slope (green) and a positive ff. This agreement between the
trends of # and Hy, is similar to the results of the W/IrMn sample and
points to the possible role of chiral symmetry breaking in the creation
of H,™ " Even with the same sign of the spin Hall angle and SOTs,
changing the anisotropy gradient’s sign results in a change of the
SOT-induced spin texture chirality, and consequently, a change of the
H, sign (following the discussion in supplementary material Sec. S2).
We should add that the magnetization saturation (M) has less than
10% variation throughout the length of the Pt/IrMn sample (see Fig.
S7 in the supplementary material), which is much smaller than the
anisotropy gradient. Furthermore, from the f} sign change, we can rule
out the role of Oersted fields in the creation of H,™.

For both structures presented so far (W/IrMn and Pt/IrMn), we
used an asymmetric IrMn insertion layer. To rule out the role of any
specific materials such as IrMn, we have also studied HZeff and f values
in the W/Ta material system, where a thin asymmetric insertion of Ta
is used to break the symmetry. The results are shown in Fig. 3(d),
where a sizable f§ is observed. We should also point out that in this
material system, both the W and Ta have the same sign of the spin
Hall angle; nevertheless, we observe a non-zero H,T (similar to the Pt/
IrMn case).

The direction of Hzeff is locked by the current direction; conse-
quently, each current polarity picks a specific magnetization state
(*2), resulting in the field-free deterministic SOT switching, as shown
in Fig. 4(a). In the W/IrMn sample, 5 has a negative slope, i.e., Hfff
points toward —Z with the current applied along +X consistent with
the 0 Oe curve in Fig. 4(a). The gradual switching at zero field shows

that multiple magnetic domains are created in the intermediate steps
and suggests that the switching mechanism is via domain wall nucle-
ation and propagation. The fact that applying in-plane fields of
+50 Oe reverses the switching polarity indicates that in these cases,
the switching is determined by the external field.”" We also studied the
repeatability of field-free SOT switching for our samples by applying
successive positive/negative current pulses. Figure 4(b) shows the
results for the W/IrMn sample, where a complete nonvolatile switch-
ing is realized with each current pulse. We should note that in some
devices with smaller f§ values, sometimes the switching is not complete
or is reversible, which may be due to the fact that the DMI effective
field is not compensated to allow for hysteretic field-free switching, "

In summary, we have studied the current-induced effective per-
pendicular magnetic fields, H,, and conventional SOTs in structures
with thin asymmetric dusting layers. Using three different samples
with different main heavy-metal/dusting layer materials (W/IrMn, Pt/
IrMn, and W/Ta), we show that Hzeff can be generically created in all
the structures with lateral asymmetry, independent of the signs of the
spin Hall angles, ruling out the role of competing spin currents.’'
Furthermore, we observed a close correlation between the trends in f3
values and interfacial PMA, showing the importance of interfacial
effects in the creation of H,* and pointing to the possible role of chiral
symmetry breaking,”’ With the help of current-induced H,*", we also
realized complete field-free deterministic SOT switching of perpendic-
ular magnetization.

See the supplementary material for the correlation between the
trends of f values and PMA gradient in the W/IrMn sample, possible
role of the chiral symmetry breaking in the induction of H,, absence
of H,*" in a W/IrMn sample with uniform layers, out-of-plane hyster-
esis loop shifts for the Pt/IrMn sample, spin—orbit torque characteriza-
tion in the Pt/IrMn sample, extracting the effective PMA fields (H,) in
the Pt/IrMn sample, and the thickness dependence of the magnetiza-
tion saturation (M) in the Pt/IrMn sample.
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