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Current induced spin-orbit torque (SOT) holds great promise for next gen-
eration magnetic-memory technology. Field-free SOT switching of perpendi-
cular magnetization requires the breaking of in-plane symmetry, which can be
artificially introduced by external magnetic field, exchange coupling or device
asymmetry. Recently it has been shown that the exploitation of inherent
crystal symmetry offers a simple and potentially efficient route towards field-
free switching. However, applying this approach to the benchmark SOT
materials such as ferromagnets and heavy metals is challenging. Here, we
present a strategy to break the in-plane symmetry of Pt/Co heterostructures by
designing the orientation of Burgers vectors of dislocations. We show that the
lattice of Pt/Co is tilted by about 1.2° when the Burgers vector has an out-of-
plane component. Consequently, a tilted magnetic easy axis is induced and can
be tuned from nearly in-plane to out-of-plane, enabling the field-free SOT
switching of perpendicular magnetization components at room temperature
with a relatively low current density (10" A/m?) and excellent stability (> 10*
cycles). This strategy is expected to be applicable to engineer a wide range of
symmetry-related functionalities for future electronic and magnetic devices.

Modern magnetic-memory technology requires all-electric control of
magnetization to realize devices with low energy consumption, high
storage density and good thermal stability'. Recent advances have
revealed that current-induced SOT provides an efficient means to
electrically manipulate magnetic states”™*. In typical heavy metal (HM)/
ferromagnetic metal (FM) heterostructures, a charge-current flowing
in the plane gives rise to a spin-current along the out-of-plane direction
according to spin-Hall scenario®”’. This spin-current is injected into FM
layer, exerting a damping-like torque Tpy; o« Mx 6 xM and a field-like

torque Tg o« 6 xM on the magnetization M, with ¢ being the spin
polarization’. Considering the symmetry of heterostructure, the ¢ is in-
plane and therefore a deterministic switching of perpendicular mag-
netization requires an additional in-plane symmetry breaking®. Pre-
viously, the in-plane symmetry breaking was artificially introduced by
external magnetic fields*’, exchange coupling”’, and device
asymmetry'*'°, Recently, the exploitation of inherent crystal structure
has been shown as a simple and efficient route to realize field-free SOT
switching of perpendicular magnetization. However, so far,
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demonstration has been limited to only a few unconventional mate-
rials with low crystal symmetry?°~. It is thus highly desirable to extend
this symmetry-design approach to the benchmark SOT materials of
HM/FM (such as Co, Pt, etc.), which remains a grand challenge since
these materials usually show high crystal symmetry.

Here, we develop a strategy that uses dislocations to induce in-
plane symmetry breaking in magnetic heterostructures. Dislocations,
as one-dimensional defects prevailing in crystals, were commonly
regarded as problematic for functional materials®. It has recently been
shown that a proper engineering of dislocations could improve
materials properties® . Dislocations disturb the perfect alignment of
a crystal lattice, which potentially provides a microstructural tool to
control the symmetry. Through rationally designing the orientation of
Burgers vectors B of dislocations in model system of Pt/Co hetero-
structures on oxide templates, we realize the tilting of crystal lattice of
Pt/Co by about 1.2° with respect to the underlying oxide templates.
This lowering of crystal symmetry leads to a tilted magnetic easy axis
that can be tuned from nearly in-plane to out-of-plane. Furthermore, a
field-free SOT switching at room temperature is successfully demon-
strated with a relatively low current density (-10" A/m?) and excellent
stability (> 10* cycles). Given that dislocations are prevailing in differ-
ent classes of materials, this strategy should be generally applicable to
manipulate the symmetry-related functionalities for high-performance
devices.

Design of dislocations for crystal tilting

In epitaxial heterostructures, the lattice mismatch between epitaxial
layers and underlying substrates leads to the formation of dislocations
near the interfaces in order to reduce the elastic energy. Dislocations
introduce structural irregularities in perfect crystals, such as an extra
half atomic plane introduced by an edge dislocation. This translational
discontinuity, which is described by the Burgers vectors B, depends on

both the crystal structure of epitaxial layer and interface condition. In
our model systems, Pt and Co in the bilayer heterostructure have face-
centered-cubic (FCC) crystal structure?®?’, and therefore their Burgers
vectors B are along 1<110> directions®. We consider three main
crystalline orientations of the heterostructures, e.g., (100)-, (110)- and
(111)-orientations. As shown in Fig. 1a, for the (100)-orientation, there
are two equivalent 1<110> directions in the film plane. Therefore, the
lattice mismatch between metal layers and underlying substrates can
be fully accommodated by dislocations with in-plane Burgers vectors B
(see Fig. 1b). As a result, the extra half atomic plane is normal to the
underlying substrates and the crystal lattice is not expected to tilt as
shown in Fig. 1c. Similar arguments are also valid for the (111)-orien-
tation with three equivalent 1 <110> directions in the film plane (see
Supplementary Fig. 1). By contrast, for the (110)-orientation (see
Fig. 1d), there is only one 1<110> direction within the film plane.
Therefore, in order to fully accommodate the lattice mismatch across
the interface, dislocations with Burgers vector that has an out-of-plane
component are indispensable (see Fig. 1e). As schematically illustrated
in Fig. 1f, this type of dislocation is expected to induce the tilting of the
crystal lattice®*, which can be quantified by the angle .. As a result,
the system becomes asymmetric relative to a 180° rotation along the
normal direction of underlying substrates, leading to the breaking of
in-plane symmetry.

To verify the above designing strategy, we fabricated textured Pt/
Co bilayer heterostructures on NiO/MgO templates with the afore-
mentioned three crystalline orientations (see Methods and Supple-
mentary Fig. 2). Both MgO and NiO have the rock-salt structure with
lattice constants (-4.2 A) larger than that of textured Pt/Co films?*,
which would lead to the formation of dislocations at the interfaces. The
high-angle annular dark-field scanning transmission electron micro-
scope (HAADF-STEM) is employed to characterize the atomic structure
of the heterostructures. For the (100)-orientation heterostructure,
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Fig. 1| The schematic of in-plane crystal symmetry breaking by dislocations.
a For the (100)-orientation, there are two %<110> lattice vectors in the film plane.
The gold balls indicate the atoms constructing FCC lattice. Representative Burgers
vector B is shown in b, resulting in ¢, dislocation with in-plane Burgers vector and
no tilting of crystal lattice. d For (110)-orientation, there is only one 1 <110> lattice
vector in the film plane. Therefore, Burgers vector B with out-of-plane component
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are required. Representative Burgers vector B is shown in e, results in f dislocation
with an out-of-plane Burgers vector component and tilting of crystal lattice that is
quantified by the angle 6. The gray arrows indicate } <110> lattice vectors. Gray and
blue balls indicate two distinct crystal lattices, and the Burgers circuits and Burgers
vectors are indicated by green and red arrows, respectively. It is noted that FCC
structure is not shown in Figs. ¢ and f for better visualization.
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Fig. 2 | The observation of in-plane crystal symmetry breaking by dislocations.
a HAADF-STEM image of the (100)-orientation Pt(5)/Co(1.5)/NiO(20)/MgO hetero-
structure. Values in parentheses are thickness in nm. The statistical results of 0, are
shown in b. ¢ HAADF-STEM image of the (110)-orientation Pt(5)/Co(1.5)/NiO(20)/
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MgO heterostructure. The statistical results of 6, are shown in d. The white dash
boxes show the Burgers circuits, and the red arrows show the projected Burgers
vectors of dislocations. The symbol L indicates the dislocations. The blue line is the
gaussian fitting of the data. The error bars represent the standard deviation of 6.

dislocations with only in-plane Burgers vector are observed (Fig. 2a),
revealed by drawing a Burgers circuit around the dislocation (white
dash line). The tilting angle ., as defined in Fig. If, is found to be close
to 0° by performing statistical analysis of the HAADF-STEM results
(Fig. 2b and Supplementary Fig. 3). By contrast, for the (110)-orienta-
tion heterostructure, dislocations with Burgers vectors that have both
in-plane and out-of-plane components are observed (Fig. 2c). The
crystal lattice of Co/Pt shows a clear tilting with respect to the oxide
templates, with 6. around 1.2° via statistical analysis (Fig. 2d and
Supplementary Fig. 4) and arrays of dislocations at the interface (see
Supplementary Fig. 5). We note that the magnitude of 6. and dis-
location density are in good agreement with our theoretical calcula-
tions based on the low-angle boundary model (see Supplementary
Note 1 and Supplementary Fig. 6). In addition, the crystal lattice tilting
is further detected by synchrotron-based X-ray diffraction, as shown in
Supplementary Fig. 7.

Emergence of titled magnetic easy axis

Owing to the tilting of crystal lattice in the (110)-orientation hetero-
structures, the original mirror symmetry with respect to the (001)-
plane is broken, and thereby a tilted magnetic easy axis with an angle
O\ is expected as shown in Fig. 3a. Figure 3b shows the magnetic
hysteresis results for the Pt/Co/NiO heterostructure with the (110)-
orientation, measured along different crystallographic directions. The
results exhibit a magnetic easy (hard) axis along the [001] ([110])
direction within the film plane. In addition, the finite remnant mag-
netization (M;) along the out-of-plane ([110]) direction reveals the
tilting of the magnetic easy axis, showing the angle 6y, around 16° by

using Oy, = arcsin(M,/Ms) (M is the saturation magnetization). We also
observe that the magnitude of 6y, decreases by increasing the Co layer
thickness (tco) in the heterostructures (see Supplementary Figs. 8 and
9), indicating the interfacial origin of the perpendicular magnetization
component.

To further verify the tilted anisotropy, we measure polar
magneto-optic Kerr effect (MOKE) and anomalous Hall effect (AHE)
signals, both of which mainly correspond to the perpendicular mag-
netization component. Through in-situ monitoring the change of polar
MOKE signals as sweeping magnetic field along the [001] direction, we
find that the perpendicular magnetization is reversibly switched by
reversing the in-plane magnetic field (Fig. 3¢, Supplementary Figs. 10b
and 11), which strongly supports the presence of the tilted magnetic
easy axis in the (110)-orientation heterostructures (see Supplementary
Fig. 10a). This is further supported by the shift of polar MOKE hys-
teresis loop as sweeping out-of-plane field, when small in-plane bias
field is applied** (see Supplementary Figs. 12 and 13). Furthermore, we
also measure the polar angular (y) dependence of Hall resistance (Ryy)
by rotating the external magnetic field (H=100 mT) within the (110)
plane, as shown in Fig. 3d. The results reveal that the perpendicular
magnetization switches when the angle y is around 160° and 340°,
which are the characteristics of the tilted magnetic easy axis®. By
comparing experimental data in Fig. 3d to our simulation results, the
magnitude of 6y, is estimated to be around 20°, consistent with the
hysteresis results in Fig. 3b (see Supplementary Note 2 and Supple-
mentary Fig. 14). By contrast, this tilted magnetic easy axis is not
observed in heterostructures with (100)- and (111)-orientations, see
Supplementary Fig. 15.
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Fig. 3 | The controllable tilted magnetic easy axis induced by in-plane sym-
metry breaking. a The schematic diagram for the tilted magnetic easy axis induced
by dislocations in (110)-orientation Pt/Co/NiO/MgO heterostructures. b The mag-
netic hysteresis loops along the [001]-, [110]-, [110]-direction of (110)-orientation
Pt(5)/Co(1.2)/Ni0(20)/MgO. c Field dependence of polar MOKE signals by sweeping
the magpnetic field along in-plane [001] and [110] directions. Note that polar MOKE
signals mainly correspond to the perpendicular magnetization. A data shift is

induced for better visualization. d The polar angular (y) dependent Hall resistance
(Ryy) by rotating external magnetic field H in the (110) plane. The inset is the
geometry set for the measurement. e The modulation of 68y, by increasing the
thickness of inserting Pt layer (t;,.py), With blue line as guideline to the eye. The inset
is the schematic diagram of the sample for the controllable tilted magnetic easy axis
by inserting Pt layer between the Co and NiO layers.

The observation of tilted magnetic easy axis in the (110)-
orientation heterostructures implies its strong correlation to the
tilting of crystal lattice. Below we discuss the underlying mechanisms
by considering different contributions to the magnetic anisotropy of
the Pt/Co heterostructures, including shape anisotropy, magneto-
crystalline anisotropy, magneto-elastic anisotropy and interfacial
anisotropy. The shape anisotropy of ultrathin films favors the mag-
netic easy axis within the film plane. As revealed by previous reports,
the presence of easy (hard) axis along [001] ([110]) in-plane direction
is mainly determined by the magneto-elastic effect®**’. Moreover,
the interfacial contribution leads to an easy axis along the film nor-
mal direction®?®. By considering the energy competition using a
phenomenological model, we can determine the angular depen-
dence of the anisotropy energy and thereby the direction of mag-
netic easy axis (see Supplementary Note 3 and Supplementary
Fig. 16). When the crystal lattice of (110)-orientation Co/Pt does not
show any titling (6.=0°), our simulation results show that the
magnetic easy axis would be along either the out-of-plane [110]
(B =90°) or in-plane [001] (By; = 0°) axis. Moreover, we find that the
presence of crystal lattice tilting (6.>0°) affects the angular
dependence of anisotropy, leading to the tilting of magnetic easy
axis within the (110) plane. Our simulation results further reveal that
the magnitude of Oy depends on both the tilting angle of crystal
lattice (B¢) and the relative strength of anisotropy energies. As shown
in Fig. 3e, we find that the 8y, can be continuously tuned from 16° to
84° by inserting a thin Pt layer with controlled thicknesses (t;,_p¢)
between Co and NiO (see details in Supplementary Fig. 17), which is
most likely due to the modulation of interfacial perpendicular
magnetic anisotropy energy®’ and agrees well with our simulation
results.

Field-free SOT switching of perpendicular
magnetization

We finally study the field-free SOT switching in the (110)-orientation
heterostructures. Two representative types of heterostructures are
used for demonstration, with different magnitudes of 0y, as sche-
matically shown in Fig. 4a (B =16°) and Fig. 4b (6 =84°). Current
pulses (Ipuse) are injected along the Hall bar channels (see Supple-
mentary Fig. 18), which are along both in-plane [110] and [001]
directions. Perpendicular magnetization is probed by measuring the
anomalous Hall resistance Ryy. Figure 4c, d show the changes of Hall
resistance (AR,,) by sweeping I,use Without magnetic field for the
two heterostructures respectively. When L,y is along [110], the
deterministic switching of perpendicular magnetization is observed
for both heterostructures. Compared with remnant Hall resistance at
HoH=0 mT, the field-free SOT switching ratio is estimated to be
about 70% for the 0y, =16° sample, and about 60% for the 6y, = 84°
sample (see Supplementary Fig. 19). By contrast, no obvious
switching events occur when Iy is along [001] direction in both
heterostructures, see Fig. 4c, d. The SOT efficiencies as current
applied along both in-plane directions are also estimated by second
Harmonic Hall resistance'***°, showing values close to similar
heterostructures” (see Supplementary Note 4 and Supplementary
Fig. 20). Further measurements by varying the magnitude and pulse-
width of currents indicate that the Joule heating effect is likely to
assist the switching of perpendicular magnetization in our samples
(see Supplementary Note 5, Supplementary Figs. 21 and 22). Never-
theless, the distinct switching behaviors as current pulses applied
along two in-plane directions in (110)-orientation heterostructures,
along with the absence of field-free SOT switching in (100)- and (111)-
orientation heterostructures (see Supplementary Fig. 23),
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Fig. 4 | Field-free current-induced switching of magnetization with perpendi-
cular components. The schematic diagram of the set-up for SOT switching of
perpendicular magnetization is shown in a, with small 8y and b, with large 8y, The
yellow arrows indicate the ferromagnetic magnetization. The black arrows indicate
the Ipuse. The results of field-free SOT switching with I,se (pulse width of 2 ms)
applied along [110] and [001] are shown in ¢, for Pt(5)/Co(1.2)/NiO(20)/MgO het-
erostructure with 8y, =16° and d, for Pt(5)/Co(0.6)/Pt(1.4)/NiO(20)/MgO hetero-
structure with 0y, = 84°, respectively. Field-free SOT switching is only observed as

Iouise is applied along [110]. e The schematic diagrams illustrate the switching of
magnetization by SOT. The yellow arrow indicates the magnetization. The red
arrow indicates the spin polarization o provided by Pt as I, is applied along [110]
direction. The black curve arrow indicates the direction of magnetization relaxa-
tion. fReversible field-free SOT switching with ], about 5.7 x 10" A/m*and pulse
width of 300 ps along [110] in (110)-orientation Pt(5)/Co(0.6)/Pt(1.4)/NiO(20)/MgO
heterostructure for more than 10* cycles. Values in parentheses are thickness in nm.

demonstrate the essential role of tilted anisotropy induced by the
tilting of crystal lattice.

These results above can be explained by considering the sym-
metry between spin polarization (6) induced by the spin-Hall effect in
Pt and the tilted magnetic easy axis. As schematically shown in Fig. 4e,
by applying current along [110] axis, the ¢ provided by Pt exerts a
damping:-like torque T on the magnetization of Co and forces the
magnetization to align parallel to ¢ during Ipyse”'*'®. After removing
the Ipuise, the magnetization will relax to downward direction due to
the presence of the tilted magnetic easy axis. Similarly, inverting cur-
rent direction switches the magnetization from downward to upward,
leading to the deterministic switching behaviors. This scenario is fur-
ther supported by the field-dependent SOT switching when external
magnetic fields are applied parallel to the current pulse, see Supple-
mentary Note 6, Supplementary Figs. 24 and 25. The critical switching
current density J. of our device is about 3 x IOHA/m2 (normalized by
thickness and width of Hall bar), which is comparable or better than
the other typical field-free SOT systems at room temperature using the
conventional ferromagnetic and heavy metals, such as CoFeB/Ta/
CoFeB with interlayer coupling® (-102A/m? and Pt/Co/NiO with
exchange bias" (-10" A/m?). Moreover, we also test the stability and
endurance of field-free switching events by reversibly applying current
pulses along [110] direction for more than 10* cycles. As shown in
Fig. 4f and Supplementary Fig. 26, our results reveal that the field-free
switching is highly reversible without clear fatigue.

As the in-plane symmetry breaking is enabled by the design of
dislocations, our strategy to realize the field-free SOT switching should
be potentially extended to other materials. Indeed, we also success-
fully realize the field-free SOT switching of perpendicular magnetiza-
tion in Pd-based heterostructures on (110)-orientation oxide

templates, see Supplementary Fig. 27. Moreover, compared with other
approaches to realize tilted magnetic anisotropy”****, our strategy
does not rely on complex fabrication process or delicate interlayer
coupling, and exhibits excellent performances (see Supplementary
Note 7 and Supplementary Table 1). Given that oxides with different
orientations can be deposited on silicon*!, we believe this strategy to
break in-plane crystal symmetry by designing the orientation of Bur-
gers vectors B provides a simple and applicable path approaching the
field-free SOT devices.

In conclusion, we have demonstrated that the in-plane symmetry
in magnetic heterostructures of benchmark SOT materials can be
broken by properly designing the orientation of Burgers vector B of
dislocations. Such an in-plane symmetry breaking leads to a tilted
magnetic easy axis that can be tuned from being nearly in-plane to
nearly out-of-plane, and enables a reliable field-free SOT switching of
perpendicular magnetization at room temperature with relatively low
current density and excellent stability. This revelation has a broader
implication for designing the symmetry of functional materials, which
include but not limit to magnetoelectronics, ferroelectrics, topo-
tronics, antiferromagnetic spintronics, etc.

Methods

Sample fabrication

Conventional pulse layer deposition (PLD) method was utilized to
fabricate an epitaxial NiO layer, using a KrF excimer pulsed laser with a
wavelength of 248 nm, repetition rate of 5Hz and energy density as
1.4)/cm* The deposition temperature and oxygen pressure were
controlled at 650 °C and 6.7 Pa, respectively. The distance between
target and substrate was set as 8 cm, to obtain a stable deposition rate
of 0.8 nm/min. The miscut angle of MgO substrates is less than 0.2°.
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After deposition, the NiO film was immediately transferred to a mag-
netron sputtering chamber with a background vacuum around
2 x108Torr, heated to 150 °C for 15 min, to avoid possible gas absor-
bed on the surface. Then dc sputtering was employed to deposit Co
and Pt layers at room temperature. During the deposition, the sub-
strate was rotated to ensure spatial homogeneity. The Co layer was
deposited with power as 15W under 3 mTorr, and the rate was con-
trolled as 0.6 nm/min. The Pt layer was deposited with power as 30 W
under 2 mTorr, and the rate was controlled as 2 nm/min. The samples
were patterned into Hall bar devices with a width of 20 um by pho-
tolithography and Ar ion etching for further transport measurement
and current-switching experiments. Electrodes and contact pads were
formed by using photolithography and a lift-off process.

HAADF-STEM experiments and the determination of tilting of
crystal lattice

Cross-sectional STEM samples were prepared using focused ion beam
(FIB, Zeiss Auriga) with Ga* ions. Samples were thinned to less than
100 nm at an accelerating voltage of 30 kV with a decreasing current
from the maximum of 600 pA, followed by fine polishing at an accel-
erating voltage of 5 kV with a small current of 20 pA, and then further
milled with Ar ions to remove the surface damage. The STEM experi-
ments were performed on an electron microscope equipped with
double aberration correctors (Titan Cubed Themis G2 300). The
atomic-resolved HAADF images were collected with a convergence
angle of 25 mrad and a collection angle of 64-200 mrad. To determine
the tilting of crystal lattice on the metal/oxide interface, we deter-
mined the directions of adjacent atoms arrows of metal layer and NiO
near metal/oxide interface, respectively, and the angle between the
two directions is defined as tilting angle ..

Characterization

The epitaxy relationship to the substrate was characterized by
Empyrean high-resolution X-ray diffractometer produced by Company
Panalytical with Cu K,;. A Superconducting quantum interfere device
(SQUID) magnetometer was utilized to characterize basic magnetic
properties of samples by vibrating magnetometer mode. The polar
MOKE microscopy produced by Evico (German) was employed to
measure the change of polar MOKE signal with the application of in-
plane magnetic field. The synchrotron XRD data were obtained at IW1A
Diffuse X-ray Scattering Station, Beijing Synchrotron Radiation Facility
(BSRF-1W1A). The transport property was measured in Physical Prop-
erty Measurement System (PPMS). In current-induced SOT switching
of perpendicular magnetization experiments, a pulsed current with a
duration of 2 ms was applied for each data point. After 6 s, a small a.c.
excitation current (0.5 mA) is utilized to measure the Hall resistance.

Data availability

The data supporting the findings of this study are available within the
paper and its Supplementary Information and Supplementary Data,
and also from the corresponding author upon reasonable
request. Source data are provided in this paper.
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