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Deterministic Current-Induced Perpendicular Switching in
Epitaxial Co/Pt Layers without an External Field

Jeongchun Ryu, Can Onur Avci, Moojune Song, Mantao Huang, Ryan Thompson,
Jiseok Yang, San Ko, Shutaro Karube, Nobuki Tezuka, Makoto Kohda, Kab-Jin Kim,

Geoffrey S. D. Beach, and Junsaku Nitta*

Current-induced spin-orbit torques (SOTs) have emerged as a powerful
tool to control magnetic elements and non-uniform magnetic textures such
as domain walls and skyrmions. SOT-induced switching of perpendicular

current flowing through the layers exerts a
field-like (FL-SOT) and a damping-like (DL-
SOT) torque, with symmetries 7,;, = m Xy
and 75, = m X (m X y) (here y is the in-

magnetization generally requires an external field to break the rotational
symmetry of the spin-orbit effective fields responsible for the deterministic
reversal. The proposed mechanisms to eliminate this requirement often

rely on complex multilayer structures that necessitate laborious optimization
in the material and spin transport properties, making them less attractive
for applications. Herein, current-induced, external field-free switching

of an epitaxial MgO/Pt/Co trilayer with an extremely large perpendicular
anisotropy in excess of 3 Tesla is reported. It is found that switching

occurs due to the interplay of strong SOTs, local anisotropy fluctuations, and
the Dzyaloshinkii-Moriya interaction inherent to this epitaxial system. Given
that these layers constitute the base stack of a magnetic tunnel junction,
this switching mechanism offers the most technologically viable path toward
devices such as field-free SOT-based magnetic random-access memories.

1. Introduction

Spin orbit torques (SOTs) driven by the spin Hall and interfa-
cial spin galvanic effects have been extensively studied and uti-
lized to control the magnetization in ferromagnet/normal metal
(FM/NM) heterostructures.l'1 In such a mechanism, a charge

plane axis transverse to the current flow, z is
the out-of-plane direction), respectively, in-
dependent of the interactions from which
they originate. SOTs have a symmetry suit-
able to switch in-plane magnetization point-
ing transverse to the current injection axis
through an anti-damping process facilitated
by thermal fluctuations, without requir-
ing an external field.>!") This mechanism
is analogous to conventional spin-transfer
torque switching in spin valves or mag-
netic tunnel junctions (MT]J),["213] where
the spin polarized current is substituted by
the pure spin current generated by bulk
and interfacial spin-orbit coupling.!>!1417]

Devices based on in-plane magnetization
switching have some inherent drawbacks
related to, e.g., limitations in device shape
and size due to the requirement of large
in-plane anisotropies and longer switching times due to slow
incubation.'®! FMs with perpendicular magnetic anisotropy
(PMA), on the other hand, are far more suitable. Tunable
anisotropy and flexibility in device shape and size offer scala-
bility and long term thermal stability desirable for applications.
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Moreover, SOT-induced switching has negligible incubation time
since the magnetization and SOTSs are orthogonal to each other,
which ultimately results in ultrafast switching.[!61°-24] However,
with m along z, the DL and FL-SOT effective fields have rota-
tional and mirror symmetry relative to the xz and xy planes, re-
spectively, which precludes switching by current alone. An in-
plane field along x is necessary to break the rotational symme-
try of the DL-SOT in a PMA magnet, which is the mechanism
widely used in the vast majority of SOT switching experiments
to date.[],2,8,10,19,22]

In device applications, the external field can be applied locally
by, e.g., stray fields from a nearby permanent magnet.['?]
However, controlling stray fields in an integrated circuit that
consists of nanometer-size devices is nontrivial and the ad-
ditional magnetic elements increase the footprint of the final
architecture. Therefore, a more practical local symmetry break-
ing mechanism is imperative. While important recent progress
has been made,[?52] significant challenges remain. For in-
stance, ferromagnet/antiferromagnet bilayers have been used
to induce an in-plane uniaxial exchange-bias field that can
facilitate field-free deterministic switching,[?7384647] but in-
complete switching and thermal stability present challenges
to device implementation. An alternative approach relies on
generating spin currents with out-of-plane polarization (i.e.,
ol = z), for example by combining an interfacial spin gal-
vanic effect and a spin precession mechanisms that leads to
a unique current-dependent spin polarization symmetry.!*8
Recent progresses also reveal the novel approach to break
the symmetry, such as interlayer exchange coupling consist-
ing of in-plane and out-of-plane ferromagnet layers,[*7:53-]
single ferromagnet switching based on the low crystal sym-
metry property,>®’] lateral spin-orbit torque induced by
composition gradient or local laser annealing,®®**] and fer-
romagnet/ferroelectric hybrid structures which generates
the gradient spin current density.%-%2l However, all such
mechanisms involve intricate multilayer structures,[*%-50:60-62]
shape and anisotropy engineeringl**#2#+51521 and  multi-
ple inversion asymmetries(*>¢%7] and/or complex physical
phenomena.[27:3846-48.53-555859] If ingtead a symmetry-breaking
mechanism could be engineered within the FM itself, device
design and fabrication could be radically simplified, but so far
this remains elusive.

Here we show that such symmetry breaking is readily present
in epitaxial Co grown on Pt(111), giving rise to determin-
istic current-induced field-free switching in the most ubig-
uitous SOT material system. We find that such Co films
with PMA possess a non-negligible in-plane (canted) magne-
tization component collinear with the current injection axis
that acts to break the rotational symmetry of z,,. We fur-
thermore reveal that the canted component arises from the
local fluctuations of the thickness, hence the PMA, which
drives relatively thicker Co (nanoscale) regions into a spin
reorientation transition under the influence of a strong in-
plane magnetocrystalline anisotropy. Through micromagnetic
simulations, we find that the large Dzyaloshinkii-Moriya in-
teraction (DMI) inherent to such systems couples the fully
perpendicular and canted regions in a homochiral man-
ner, which ultimately facilitates the field-free switching with
pre-defined switching polarity for a given current direction.
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This finding offers the field-free switching approach that
could be engineered at simpler material stacks, through lo-
cal anisotropy engineering and exploiting the interplay of
SOTs and DMI. We find that the field-free switching cur-
rent density in epitaxial layers is slightly higher than that
obtained from comparable polycrystalline Co/Pt layers in
the presence of an external field, but significantly lower
when normalized by the PMA or coercivity of the respective
layers.

2. Results and Discussion

2.1. Crystal Structure and Magnetic Property in Epitaxial Co/Pt
Bilayer

We  deposited  perpendicularly  magnetized  epitaxial
AlO,/Co(1 nm)/Pt(5 nm) layers by rf. magnetron sputter-
ing on MgO(111) and MgO(100) substrates, respectively (see
Experimental Section and Section S1, Supporting Informa-
tion). Polar x-ray diffraction (XRD) intensities show a clear
6-fold rotational symmetry for Co/Pt grown on MgO(111) (see
Figure 1a, red data points), evidencing the high degree of epitaxy
and excellent crystallinity. Co/Pt on MgO(100), on the other
hand, shows 12-fold symmetry with a much lower intensity
demonstrating the polycrystalline character (Figure 1a, blue data
points). To confirm further the structural quality of Co/Pt we
used high-resolution transmission electron microscopy to obtain
cross sectional images with atomic resolution (Figure 1b,c;
and Section S2, Supporting Information). Although Co and Pt
cannot be distinguished from each other in these images, the
coherent growth and single crystal structure of the Co/Pt bilayer
on MgO(111) is evident from the real-space images and their
Fourier transforms. A similar analysis of the Co/Pt on MgO(100)
shows that the first few monolayers grow coherently with the
(100) orientation of the MgO, whereas subsequent layers relax to
a polycrystalline (111) texture. Hence Co and the Co/Pt interface
is polycrystalline as also evidenced by the XRD polar scans in
Figure 1a. Hence we refer below to Co/Pt(111) as the “epitaxial”
sample and to Co/Pt(100) as the “polycrystalline” sample.

We prepared magnetic dots, 2 um in diameter, at the intersec-
tion of a Pt Hall cross as depicted in Figure 1d (see Experimental
Section). We measured the Hall resistance (Ry;) that consists of
anomalous Hall (R,) and planar Hall (R;) components defined
as Ry; = R, cos 0 + Rpsin 2¢sin 20 (see Figure 1d for the defini-
tions of ¢ and ). Figure 1e shows R}, obtained by an out-of-plane
(0 = 0°) and in-plane magnetic field sweep (6, = 90°) along
the z and x directions, respectively, with a d.c. current of 1 mA
(corresponding to j = 0.83 x 10''A m~2). Both samples show
PMA with 100% remanence at B,,, = 0 mT although we observe
substantial differences in the magnitude of Ry;. The coercivity
(B.) of epitaxial Co/Pt is found to be ~ 140 mT, which is 3.5 times
larger than that of polycrystalline Co/Pt (= 40 mT). The effec-
tive anisotropy field (By) obtained using By = B, (sin 6;/sin 6
— cos @/cos 0) derived by macrospin approximation is extremely
large in the epitaxial film (B = 3.4 T) compared to the polycrys-
talline Co/Pt (By = 1.4 T). We conclude that the PMA strongly
depends on the crystallinity and the texture of these nominally
identical Co/Pt layers grown on substrates terminated by two dif-
ferent crystal planes.
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Figure 1. Characterization of crystal structure, device schematic and magnetic properties. a) In-plane X-ray diffraction data for epitaxial Co/Pt (red dots)
and polycrystalline Co/Pt (blue dots). Each of the peaks obtained in epitaxial Co/Pt coincides with [110], [101], and [011], respectively. b,c) Cross sectional
transmission electron micrographs for epitaxial Co/Pt b) and for polycrystalline Co/Pt c). Right panels in each figure show Fourier transforms of the
region indicated by a box in the images. d) Schematics of electrical measurement on dot-shaped Hall device and its coordinate system. The inset shows
microscopy image of a dot (Co/AlOx) and Hall cross (Pt). e) Hall resistance Ry, as a function of applied field B, applied along the out-of-plane direction
(05 = 0°).f) Ry with field applied along the in-plane direction (85 = 90°) for epitaxial Co/Pt (red line) and polycrystalline Co/Pt (blue line). Insets in
f) show the magnified results near zero magnetic field, revealing the asymmetry in Ry, for epitaxial Co/Pt. In e) and f), the left and right axes correspond

to the scale for epitaxial Co/Pt and polycrystalline Co/Pt, respectively.

2.2. Current-Induced Switching of Perpendicular Magnetization

To investigate SOT-driven magnetization reversal we swept a d.c.
current in the presence and absence of an x-axis oriented exter-
nal field B,. In both the samples, we observe full and reversible
switching above critical currents of the order of 15 mA (corre-
sponding to j = 1.25 X 10'2A m~2) with a moderate external
field of B, = + 10 mT, + 80 mT for polycrystalline Co/Pt and
epitaxial Co/Pt, respectively. The switching polarity inverts upon
reversal of B,, reflecting the expected DL-SOT symmetry. Note
that the spin Hall angle obtained in our polycrystalline Co/Pt and
epitaxial Co/Pt give 0.023 and 0.016, respectively, which show
comparable magnitude with previous reports (6364l (see Section
S3, Supporting Information). Despite the large difference in the
PMA and B, of these two films, the critical current is only ~20%
higher in the case of epitaxial Co/Pt indicating substantially more
efficient SOT in this film. Strikingly, in epitaxial Co/Pt, reversible
switching is observed also in the absence of an external field, as
depicted on the lower part of Figure 2a, with the same current
density requirement as in the presence of B,. This result cannot
be understood in the framework of conventional SOT-induced
switching and indicates that an additional mechanism is at play
in the epitaxial layers.

To understand the above behavior, we investigated the field de-
pendence of the switching in the two samples by applying a fixed
current amplitude, set to a value larger than the critical value as
determined in Figure 2a. The measurement consists of sequen-
tially stepping the external field and then applying a fixed-polarity
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current pulse at each B,, with m, (xR,) measured after each
pulse injection. The results are depicted in Figure 2b. We ob-
serve that for the polycrystalline sample, the switching polarity
inverts within a narrow field range of 10 mT centered symmetri-
cally around B, = 0, typical for SOT switching. However, in the
epitaxial case, the sign reversal occurs across a broader field range
and is shifted asymmetrically toward negative fields, evidencing
an internal effective field that leads to deterministic switching at
B, = O(see Section S4, Supporting Information for switching
diagram).

To verify the robustness of this field-free switching phe-
nomenon, we injected a train of pulses with equal amplitude,
above the critical current, but with the polarity alternating ran-
domly. The resulting switching sequence identically follows the
current-pulse sequence verifying that switching is determinis-
tic and not driven by thermal activation (Figure 2c). We mea-
sured over thirty devices fabricated from four different samples
deposited at different times and nearly all of them showed de-
terministic switching (see Figure 2d). The switching polarity is
predetermined by the local anisotropy fluctuations in the mag-
netic region as the detailed discussion would be followed in Sec-
tion 2.3. Moreover, the switching is insensitive to application of
moderate in-plane (along the y-axis up to 50 mT) and out-of-
plane fields, showing that the mechanism is robust and relatively
strong (see Section S5, Supporting Information).

In the absence of a symmetry breaking mechanism, field-
free SOT switching of perpendicular magnetization can only oc-
cur if a current induces an out-of-plane field component that

© 2023 Wiley-VCH GmbH
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Figure 2. Magnetization switching as a function of external magnetic field. a) Current-induced magnetization switching depending on the sign of the
applied field B,. Left and right panels correspond to switching for polycrystalline Co/Pt (blue squares) and epitaxial Co/Pt (red squares), respectively.

Note that B, = + 10mT and B, = + 80mT was applied for polycrystalline

Co/Pt and epitaxial Co/Pt, respectively. Data are offset vertically for clarity. b)

Ry measured after the injected pulsed current I, as a function of B, Top and bottom panels correspond to polycrystalline Co/Pt and epitaxial Co/Pt
samples, respectively Solid and open data points indicate positive and negative currents, respectively. The shaded regions indicate the field range where
the change of switching polarity is expected to occur. c) Field free switching in epitaxial Co/Pt measured under current pulse injection. Top panel indicates
the sequence of d.c. current pulses injected in the epitaxial Co/Pt sample in the absence of external fields. Bottom panel shows the magnetization state

measured after current pulse application. d) Statistics on the number of
area indicates changes of Ry after current injection normalized by total R,

devices for which field free magnetization switching was observed. Switched
n,» such that 100% indicates full magnetization is observed in a given device,

and values smaller than this indicate partial switching or no switching (0%). A total of 34 devices for epitaxial Co/Pt and 9 devices for polycrystalline

Co/Pt were measured.

reverses its sign upon reversal of the current direction. Such an
effect is known to exist in some non-centrosymmetric crystals
with bulk inversion asymmetry, as in the recently reported WTe,
semimetal structures.®] However, the crystal structure of Co/Pt
is centrosymmetric and such spin polarization is not expected.
Instead, we find that the Hall resistance in the epitaxial samples is
not symmetric with respect to B, , = 0. The data suggest there is
an in-plane magnetization component biased along a fixed crys-
tallographic direction, such that a compensating external field of
the order of few tens of mT is required to achieve maximum R,
(see Figure 1f, inset; and Section S6, Supporting Information).
To characterize the in-plane magnetization component we
measure Hall resistance by rotating the sample in the presence
of a small in-plane field. In such measurements, for equilibrium
magnetization pointing along the z-axis we expect a sin 2¢ an-
gular dependence due to the planar Hall effect (PHE), with an
increasing amplitude as the field is increased, but with a decreas-
ing offset as the z-component of the magnetization is diminish-
ing due to tilting (Figure 3a — upper panel). This is exemplified in
the polycrystalline sample as shown in Figure 3b — upper panel.
However, in epitaxial layers the angular signal is significantly dis-
torted due to the non-trivial (average) magnetization trajectory as
depicted in Figure 3a — lower panel. A large and field-dependent
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cosine-like signal is superimposed on the expected sin 2¢ signal,
which can only be explained if the z-component of magnetiza-
tion changes upon rotation. This set of measurements unequivo-
cally shows that the magnetization has a non-negligible in-plane
component in the epitaxial layers and may be contributing to
the zero-field switching behavior observed in this sample as we
discuss later.

Tilted magnetization is commonly observed in layers exhibit-
ing a spin reorientation transition due to the competition be-
tween the PMA and in-plane and shape anisotropies.[*¢7°) How-
ever, very large (average) effective perpendicular anisotropy field
calculated based on the Hall effect signal (>3 T) suggest that
the spin reorientation transition is not a global property of the
layers. Rather, we propose that local thickness variations of Co
give rise to a spatial variation of PMA, and in some nanoscale
regions with weaker PMA below the spin reorientation transi-
tion, the magnetization tends to tilt away from the z-axis (see
Sections S6 and S7, Supporting Information). Evidence for this
can be seen upon examination of the in-plane field sweep data
as a function of ¢y, which exhibit butterfly-like loops super-
imposed to the expected symmetric AHE signal, reminiscent
of the in-plane magnetization-originated PHE signal (see Sec-
tion S6, Supporting Information). The jumps of this in-plane

© 2023 Wiley-VCH GmbH
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Figure 3. Azimuthal angle dependence of anomalous Hall effect (AHE). a) lllustrations showing the inferred behaviors of the magnetization orientation
under in-plane field rotation for polycrystalline Co/Pt (top panel) and epitaxial Co/Pt (bottom panel). The magnetization in polycrystalline Co/Pt rotates
around z-axis, however in epitaxial Co/Pt the average magnetization is tilted away from the z axis with an angle 6,,. Note that the arrows in a are one
of the representative illustrations to describe the effect of the magnetization orientation under in-plane field rotation and the magnetization canting of
each device might be randomly distributed over the devices. b,c) Ry as a function of azimuthal applied field angle g in an initially up-magnetized state
b) and down-magnetized state c). Black dotted lines are fits following Ry, = ry cos (pg — @.) + rpsin 2 + offset where ry and rp are partial AHE and
PHE contribution satisfying 0 < ryp < Rpp, and ¢, gives the canting angle with respect to the applied field angle. In the case of polycrystalline Co/Pt,
Ry, follows clear sin 2¢ behavior with no apparent contribution from r,. However, Ry in epitaxial Co/Pt is strongly affected by the canted magnetization
giving rise to large ry. For this sample we find ¢, ~ 140 + 10°. In a—c) top and bottom panels correspond to polycrystalline Co/Pt (blue dots) and

epitaxial Co/Pt (red dots), respectively.

signal reflecting the switching of the in-plane magnetization co-
incide with that of the out-of-plane magnetization reversal. This
shows that the switching of the in-plane and out-of-plane com-
ponents are coupled and this coupling must be chiral due to
the strong interfacial DMI inherent to the Co/Pt system,[”172l
which are estimated as ~2.0 m] m~2 in polycrystalline Co/Pt and
~2.3 m] m~? in epitaxial Co/Pt, that fixes the chirality of nonuni-
form magnetization textures!®>>3% (see Section S3, Supporting In-
formation). Indeed, simultaneous switching of chirally-coupled
nanomagnets in engineered devices made of Pt/Co has been re-
cently demonstrated.!3>3]

2.3. Micromagnetic Simulation in the Presence of Canted
Anisotropy

In Figure 4 we present comprehensive micromagnetic simula-
tions to test the above hypothesis and the different conditions
that may lead to field-free switching in the presence of canted
nanoscale regions in the Co dot.[”3] First, we start with a circu-
lar dot 500 nm in diameter possessing uniform PMA. Injecting
current pulses of j =3 x 10'2 A m~? well above the switching
threshold does not lead to any switching behavior (Figure 4a),
as expected. Then, we introduce a boundary region with reduced
anisotropy, which is usually the case in lithographically defined
dots. Note that the edges of the dot will be naturally canted due to
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the DMI (see Ref. [2]). Again, no switching behavior is observed
under these conditions (Figure 4b). Next, we introduce randomly
distributed relatively large regions with reduced PMA, such that
the magnetization within these regions is slightly tilted in-plane,
and we omit the boundary region. Once more, the switching
is not observed (Figure 4c). Next, we include the boundary re-
gion as well as the randomly distributed local anisotropy fluc-
tuations (canted regions), which makes the simulation closer to
the real situation in our devices. Surprisingly, the switching of
the entire dot is achieved in a deterministic manner (Figure 4d).
We then test the same condition with smaller regions of canted
magnetization, and again observe 100% deterministic switching
(Figure 4e). Lastly, we tested the role of the DMI and performed
the simulations corresponding to the situation in Figure 4e but
setting the DMI to zero. Strikingly, the switching did not oc-
cur in this case (Figure 4f), showing the essential role of the
DMI in magnetically coupling the regions with different PMA
in a chiral manner. These simulations combined with our ex-
perimental demonstration unequivocally show that the combi-
nation of the canted magnetization at the edge of the magnetic
dot, the local anisotropy fluctuations, and the DMI lead to deter-
ministic field-free switching in the Co/Pt epitaxial system. More-
over, we find that only the small region of the reduced mag-
netic anisotropy formed at the edge could break the symmetry
and generate the field-free switching (see Section S8, Supporting
Information).
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Figure 4. Micromagnetic simulation of field-free switching. a) Co dot which owns uniform PMA without boundary. b) The defined Co dot with the
uniform PMA. c) Co dot with the tilted magnetization induced by local anisotropy distribution without boundary. In a—c), the magnetization switching
is not obtained without the external magnetic field. d) The defined Co dot with the tilted magnetization. e) The defined Co dot where a smaller scale of
anisotropy distribution exists. In d) and e), deterministic switching is achieved. f) Co dot which has the tilted magnetization as the same condition of
case c but in the absence of DMI. In a—f), The first and second column shows the boundary region of Co dot with a 500 nm diameter in the presence
of local anisotropy fluctuations and the canted state of Co dot due to the anisotropy fluctuations, respectively. Here 8, represents the polar angle of
magnetization. The color bar below the Co dot indicates the distribution of perpendicular magnetic anisotropy parameter K. Here the DMI energy
density for cases a—e) is set as 1.0 m] m~3 except for the case f) which represents the absence of DMI. The third row represents a time-dependent
snapshot of magnetization switching in micro-magnetic simulations.

The above results are highly appealing from a technological ap-
plication perspective. The successful switching in the simulated
dots with small and large grain size indicates that the dot size
can be significantly downscaled, which would be required in ap-
plications such as in the SOT-operated magnetic random access
memories. Indeed, we tested the feasibility of varying the deposi-
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tion conditions in an attempt to vary the grain size. We observed
the switching behavior in epitaxial Co/Pt at higher growth tem-
perature (2400 ©C) which should result in a different grain size
with respect to the layers grown at 200 °C reported above (see Sec-
tion S9, Supporting Information). Therefore, we anticipate that
with a more systematic engineering effort, which goes beyond the
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scope of this study, small devices with suitable spintronic proper-
ties and field-free switching behavior can be fabricated. Moreover,
the top oxide layer AlO, used here can be substituted with MgO (a
more suitable oxide barrier for tunnel junction devices) without
significantly affecting the switching behavior. We note that the lo-
cal thickness fluctuation could not be favored to achieve the high
tunnel magneto resistance (TMR). However, further artificial ma-
terial/device engineering approaches could overcome this issue.
For example, the condition that the edge could be artificially engi-
neered to have lower anisotropy enables field-free switching with-
out producing the local thickness fluctuation!*®! (see Section S8,
Supporting Information). From the practical point of view, two
alternative methods could be implemented to further increase
the reliability of controlling the certain preferential canting direc-
tion. The first one relies on an in-plane field application during
the deposition of Co. This helps quench the canting direction,
and hence set the switching polarity deterministically. Combin-
ing these approaches with the degree of freedom offered by the
growth temperature tuning and post-growth annealing, the thick-
ness fluctuations mediated canting can be possibly engineered to
have a deterministic angle and direction. The second approach
suggests that local anisotropy control of certain device regions
as we provide the simulation results in Section S8 (Supporting
Information). This post-growth control of local anisotropy could
be obtained by, e.g., focused ion bombardment 747>l and further
can provide a universal recipe for the systems characterized by
strong the SOTs and interfacial DMI, not limited to Pt/Co bilay-
ers. Finally, we note that, so far, the majority of published SOT
studies has considered polycrystalline Co/Pt layers that shows
rather a uniform PMA throughout the layers. However, our re-
sults indicate that epitaxial layers offer further versatility and ad-
ditional degrees of freedom for tuning the material properties
for SOT switching applications that could be beneficial for future
spintronic devices.

3. Conclusion

In summary, we observe deterministic current-induced switch-
ing of perpendicularly magnetized epitaxial Co/Pt(111) bilayers
in the absence of an external magnetic field. We find that the
in-plane field requirement is lifted in epitaxial layers due to the
non-negligible in-plane component of magnetization, breaking
the rotational symmetry of damping-like torque responsible for
switching. Measurements suggest that, despite the large average
perpendicular magnetic anisotropy, there exist nanoscale regions
with magnetization tilted off the perpendicular axis due to the
competition between the out-of-plane and in-plane anisotropies.
We argue, and support with micromagnetic simulations, that the
interplay between the strong DMI and local regions with easy-
plane anisotropy couples the out-of-plane regions with the in-
plane canted regions in such a manner that reversible, determin-
istic switching can be obtained without any external field. This
simple and effective method to achieve external field-free switch-
ing in the archetypal Co/Pt structure will be highly beneficial to
develop, e.g., SOT-operated magnetic random-access memories.
Furthermore, our findings will stimulate further research to ex-
ploit anisotropy engineering in thin film magnetic heterostruc-
tures.
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4. Experimental Section

Material Growth and Characterization: Perpendicularly magnetized
Co/Pt films were deposited on MgO (100) and MgO (111) substrates, by
r.f. magnetron sputtering with a base pressure of 8 X 10~/ Pa. During Pt
deposition the substrate was heated to 200 °C to ensure epitaxial growth
following the orientation of MgO substrate. Co layers were then deposited
after cooling the substrate to room temperature. All films were capped
with AlOx (2.0 nm) by sputtering in situ Al,O; target.

Crystallographic characterization of the films was performed by x-ray
diffraction for both out-of-plane (see Section S1, Supporting Information)
and in-plane beam incidence, as well as by real-space atomic-resolution
imaging using cross sectional transmission electron microscopy. Magneto
optical Kerr effect was used to investigate magnetic properties of the con-
tinuous films before device fabrication.

Device Fabrication: The deposited Co (1.0 nm)/Pt (5.0 nm) films were
patterned using electron beam lithography. First, Co/Pt dots with 2 um
diameter were defined by Art milling, with endpoint detection used to
stop the etch at the Co/Pt interface. Hall bar arms with 2 um width and
10 um(length) were then patterned by a subsequent lithography step fol-
lowed by Art milling through the remaining Pt layer. Finally, contact pads
of Ta (3.0 nm)/Au (80 nm) were deposited by electron beam evaporation
followed by lift-off.

Electrical Measurements: Current-induced switching measurement
were performed using a sourcemeter for current injection and a voltmeter
for Hall voltage acquisition. The injected current pulses for switching mea-
surements were 30 ms long. Azimuthal angle dependence of Hall resis-
tance in Figure 3 was measured by lock-in amplifier.

Micromagnetic Simulations: Micromagnetic simulations using Mu-
Max3 software,[”3] based on Landau-Lifshitz-Gilbert (LLG) equation with
SOTs term were performed to investigate the magnetization dynamics dur-
ing the switching process. The diameter and thickness of the Co dot are
500 and 1 nm, respectively. A simulation cell size is 2 nm X 2 nm X

1 nm, and all simulations were carried out at zero temperature. Material

parameters were following Co/Pt system: saturation magnetization M; =
58 x 10° Am~!, exchange stiffness A = 1.5 x 107" m~', damp-
ing constant « = 0.3, and spin Hall angle 85, = 0.1. The interfacial
DMI constant was set to D = 1.0 x 1073 | m~2 except for the case of
Figure 4f. A uniaxial anisotropy constant K, had a grain-wise spatial varia-
tion, as shown in Figure 4. Specifically, the boundary region with reduced
anisotropy (15-nm-wide black ring shown in Figure 4b,d—f), had a uniform
K, = 2.0 x 10° ) m~3. At the relatively large regions with reduced PMA
(Figure 4c—f), the anisotropy constant K, follows a Gaussian distribution
centered at 5.0 x 10° | m~3 with a standard deviation of 1.0 x 10° | m~3.
For the smaller grains (Figure 4e, f), K, follows the same Gaussian distri-
bution (inside the relatively large regions), or an exponential distribution
(outside the relatively large regions) with an upper limit of 8.0 x 10° ] m™3
and decaying constant of 1.0 x 10° ] m~3. The simulated current density
wasj = 3 x 10'2 Am~2. The polar angle 0, representing the magne-
tization tilting was estimated by a z-component magnitude of total mag-
netization of the entire Co dot. All simulations were carried out at zero
external field.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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