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Modern magnetic-memory technology requires all-electric control of perpendicular
magnetization with low energy consumption. While spin-orbit torque (SOT) in heavy
metal/ferromagnet (HM/FM) heterostructures'~ holds promise for applications in
magnetic random access memory, till today, it is limited to the in-plane direction. Such
in-plane torque can switch perpendicular magnetization only deterministically with the
help of additional symmetry breaking, e.g., through the application of an external
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magnetic field*, an interlayer coupling®” or an asymmetric design'’"'. Instead, an out-

of-plane spin-orbit torque'” could directly switch perpendicular magnetization. Here we



observe an out-of-plane spin-orbit torque in an HM/FM bilayer of L1;-ordered
CuPt/CoPt and demonstrate field-free switching of the perpendicular magnetization of
the CoPt layer. The low symmetry point group (3m1) at the CuPt/CoPt interface gives
rise to this spin torque, herein after referred as 3m torque, which strongly depends on
the relative orientation of current flow and crystal symmetry. We observe a 3-fold
angular dependence in both the field-free switching and the current-induced out-of-
plane effective field. Because of the intrinsic nature of the 3m torque, the field-free
switching in CuPt/CoPt shows good endurance in cycling experiments. Experiments
with the wide variety of SOT bilayers with low-symmetry point gr()upsl6’17 at the
interface may uncover further unconventional spin-torques in future.

According to the spin Hall scenario in an HM/FM bilayer, a charge current flowing in the
HM layer with in-plane direction (x) generates a spin current in the out-of-plane direction (z)
with spin polarization along the y-direction. When flowing into the FM layer, the spin current
generates a damping-like torque whose direction is set by the spin-polarization direction (y).
This in-plane damping-like torque cannot deterministically switch the perpendicular
magnetization. So far, two major solutions have been used to achieve the field-free
perpendicular magnetization switching. One is by using the in-plane damping-like torque and
a method to break the torque-symmetry, which includes engineering the exchange
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interaction’”/interlayer coupling’® along x-direction and tilting the magnetization'"'> along y-
direction. The other is by generating an out-of-plane spin-torque along z-direction using an
extra ferromagnetic layer'’. However, all these designs complicate the device structure and
may introduce extrinsic effects. Therefore, it is highly pursued to have an out-of-plane SOT
in the HM/FM bilayer itself.

We deposited the L1;-ordered CuPt (10 nm)/CoPt (4 nm) bilayer on the SrTiO3 (111)

substrate (see Methods). Compared with the interfacial magnetic anisotropy in conventional



HM/FM bilayers, the bulk magnetic anisotropy in L1; CoPt enables higher memory density
with an excellent thermal stability'®'”. The crystal structure of L1, CuPt (or L1, CoPt) is
shown in Fig. 1a, where Cu (Co) and Pt atomic layers alternatively stack along the [111]
direction in a rhombohedral structure. All crystallographic directions used in this study are
denoted with the rhombohedral lattices. Fig. 1b shows the plane view of the L1, CuPt crystal
structure projected along the [111] direction, where there are three equivalent mirror planes
[(1-10) and equivalent] and three planes without mirror symmetry [(11-2) and equivalent].
Therefore, in the (111) plane, we can define three high-symmetry axes ([11-2] and
equivalent) and three low-symmetry axes ([1-10] and equivalent) (see Supplementary Fig. 1).
The symmetry in Fig. 1b is similar to that for WTe,, where the out-of-plane SOT was
suggested to be allowed when the current is applied along the low-symmetry axis*’.
Supplementary Fig. 2 shows the 6-26 X-ray diffraction spectra of our CuPt/CoPt bilayer,
where the (111) peak indicates the L1, phase. The epitaxial growth of the bilayer was
confirmed by the cross-sectional scanning transmission electron microscopy (STEM) in Fig.
Ic, where we observed a sharp CuPt/CoPt interface. The CuPt layer has a well-arranged
atomically layered structure where the brighter atoms are Pt and the darker ones are Cu (see
Supplementary Fig. 3b for the schematic drawing). In contrast, for the CoPt layer, the
intensity contrast of the elements is not sufficient for clearly distinguishing the Co and Pt
atoms, which indicates a lower chemical ordering parameter in CoPt, compared with that in
CuPt*.

The L1, CuPt/CoPt bilayer was fabricated into 5 um Hall bar devices (Fig. 2a) with
varying azimuth angles (6;) to the [1-10] direction (Fig. 2b). The anomalous Hall loops for 6;
= 0° and other angles are shown in Fig. 2c and Supplementary Fig. 4, respectively.
Supplementary Fig. 5 shows the magnetic hysteresis loops for the bilayer before patterning,

which confirms the perpendicular magnetic anisotropy. Then we swept pulsed d.c. current



(see Methods) and measured the Hall resistance change for Hall bars with different & (see
Fig. 2e). No external magnetic field was applied for the measurement. With a current density
of about 2.4x10” A/cm®, the magnetization can be reversibly switched at angles 6y = 0°, 60°,
120°, and 180°. The switching polarity for 6; = 0° and 120° is anti-clockwise while that for 6;
= 60° and 180° is clockwise. For 6; = 30°, 90°, and 150°, the switching loop vanishes, which
means the magnetization cannot be switched by the current. We define AR as the difference
in Hall resistance at zero current after current pulsing with +20 mA and -20 mA, respectively.
We found the 6; dependence of AR; shows a 3-fold symmetry (Fig. 2d). The field-free
switching occurs when the current is along the low-symmetry axes, whereas it is prohibited
when the current is along the high-symmetry axes. It is worth noting that the field-free
switching (with smaller AR;) also exists at some other values of &; (15°, 45°, 75°, 105°, 135°,
165°) that are neither along the high-symmetry axes nor along the low-symmetry axes (see
Supplementary Fig. 6). We can use a cosine function to fit the ; dependence of AR; with a
period of 120°, as shown in Fig. 2d. To understand this symmetry-dependent field-free
switching, we measure the current-induced effective fields.

We first estimated the in-plane damping-like effective field of the CuPt/CoPt bilayer by

harmonic Hall voltage analysis** >’

. Fig. 3a shows the first (V/)) and second (V,,,,) harmonic
Hall signals for the Hall bar with ;= 0° in a small in-plane field (/) range. The harmonic
Hall signals for other 6; are shown in Supplementary Fig. 7. After subtracting thermoelectric

contribution (Supplementary Fig. 8), we obtain the damping-like effective field by using the

formula®

BL+2€BT

AHp, = =2 1-482 ° (1)

MVaw / 0%V,
0H 0H?

where By is defined as { } - ¢~0.07 is the ratio of planar Hall voltage to
L(T

anomalous Hall voltage. The current dependence of AHpy is shown in Fig. 3b. The results for



0° and 60° (low-symmetry axes) are almost the same as that for 30 and 90° (high-symmetry
axes). According to the linear fit, the spin torque efficiency (uoAHpr/J..) is calculated to be 9
mT/(1x10° A/em?) and remains almost constant with a variation smaller than 1 mT/(1x10®
A/em®) for varying 6y, as shown in Fig. 3c. In general, the in-plane damping-like torque in the
HM/FM bilayer was considered to mainly originate from the spin Hall effect of the HM layer.
Our result indicates an isotropic spin Hall angle, consistent with a previous report®. Then we
characterized the out-of-plane SOT effective field (AHopop) by measuring the anomalous Hall
loop under applying different d.c. currents'®*’. As shown in Fig. 3d, when we apply a positive
(+18 mA) and a negative (-18 mA) pulsed currents (30 ps duration) into the Hall bar with 8;=
0°, the centers of the anomalous Hall loop are shifted to the left and the right, respectively.
Based on the loop shift, a AHpop of +0.8 mT (-0.8 mT) is estimated for +18 mA (-18 mA).
While for 8; = 60°, the loop shifts are opposite to that for 0°, which give a negative (positive)
AHoop for a positive (negative) current (see Fig. 3f). For 6;=30° (Fig. 3e) and ;= 90° (Fig.
3g), the loop shift vanishes, which gives a AHoop of around 0. Fig. 3h shows the current
dependence of AHopop (see Supplementary Fig. 9-11). We found that AHoop for 6; = 30° and
6;=90° (high-symmetry axes) almost remains at 0 for all current values. In contrast, for the
low-symmetry axis of 8;=0° (6;= 60°), AHoop is close to 0 when the current is below 15
mA, and then abruptly increases (decreases) with the current. We will discuss the possible
origin of this threshold current observed in the CuPt/CoPt bilayer further below. We estimated
the out-of-plane spin-torque efficiency (uoAHoor/Jpuise) by using AHoop measured at £18 mA
for different ; (Supplementary Fig. 12). In Fig. 31, uoAHoop/Jpuise sShows a 3-fold angular
dependence on 6, with an amplitude of 3.7 mT/(1x10°® A/cm?). The 3-fold angular
dependence of the out-of-plane effective field is consistent with the 3-fold field-free
switching (Supplementary Fig. 13). In previous reports, the out-of-plane SOT effective field

could be obtained after inducing an in-plane magnetization component (M), through



applying an in-plane magnetic field*’ or by introducing an exchange bias®. These
unidirectional controls should give a 1-fold angular dependent SOT switching. In contrast,
the 3-fold angular dependent field-free switching in L1, CuPt/CoPt bilayer should have an
intrinsic origin related to the crystal structure. As shown in Supplementary Fig. 14, after two
thousand of repeated switching loops in a 26-days period, the switching behavior remains
stable. We observed AR; almost keep unchanged (degradation<4%) with switching cycles,
indicating an excellent switching performance. We also performed an endurance test for the
L1, CuPt/CoPt bilayer with a shorter pulse width (30 ns) and obtained an endurance up to
5x10° cycles (Supplementary Fig. 16).

The L1, phase adopts the point group R3m. Due to inversion symmetry breaking at the
interface, the point group of the CuPt/CoPt heterostructure reduces to 3ml, i.e., a triad
around [111] direction and a mirror plane normal to [1-10] direction. Applying these two
symmetry operations to the current-driven spin-torque tensor, we obtain®®

T = ypomX[(zXE)xm] + xsmmX[(myE, + myE,)x + (m,E, — m,E,)y]. (2)
For short handedness, the Cartesian coordinates (x, y, z) refer to the crystallographic
directions ([1-10], [11-2], [111]). The first term is the damping-like torque expected in any
HM/FM heterostructures lacking inversion symmetry. The second term (3m torque) is
specific to the 3m1 point group. In Supplementary Section 9, we found that the
magnetization reversal of the field-free switching in CuPt/CoPt is dominated by the
nucleation of small magnetic domains. To understand how the damping-like and the 3m
torques cooperate and lead to deterministic switching of small magnetic domains, we
consider a ferromagnetic macrospin with uniaxial perpendicular anisotropy, subjected to

these two torque components. The magnetic energy reads'’ (see Supplementary Section 10)
W =K,sin?0 + m%%sin(Z(p + @) sin? 0, (3)

where (8, ¢) are the polar and azimuthal angles of the magnetization direction in the (x, y, z)



frame. Depending on the direction and sign of the current, the second term either competes or

cooperates with the perpendicular anisotropy. Setting ¥3,, = nxp; and using a Gaussian

t—tg\2
pulse, xp. = x3 Le_( =) , we compute the final state of this macrospin (see Supplementary

Fig. 22-24). Fig. 4a shows the calculated stability diagram using this model. This figure
shows that for ¢z = 0°, 60°, and 120°, reversible switching is obtained. Noticeably, the
hysteresis obtained for ¢ =0° and ¢ = 120° have the same polarity, while it is opposite for
@g = 60°. Finally, along ¢z = 30°, 90°, and 150°, no reversible switching is obtained (see
Supplementary Fig. 23). This stability diagram is consistent with the experimental data in
Fig. 2e. In order to further clarify the mechanism, we propose a scenario for the field-free
switching. The scenario is depicted in Fig. 4b-f. At the initial state, the magnetization is
aligned along -z (Fig. 4b) and the only torque that is active is the damping-like torque
T ~ ypomX[(zXE)xm] = zxE. (4)
The 3m torque vanishes because m,, m, = 0. Under the damping-like torque, the
magnetization is brought close to the plane, along the direction perpendicular to the electric
field, m||zXE. In this case, the damping-like torque vanishes by definition, and only the 3m
torque is active, so
T~xsmmx[(m,E, + mEy)x + (mE, — myE,)y]. (5)
Now the influence of this torque on the final magnetization state depends on the direction of
the electric field, as displayed in Fig. 4c-e. If the electric field is applied along ¢ = 0°.
E = Ex (Fig. 4c), the magnetization lies along m||y, and the 3m torque reads
T~y3,MXE = —y3,,Z, (0)
and pushes the magnetization towards +z (based on the experimental results, y3,, < 0). In

other words, if the magnetization was initially along -z, the 3m torque favors magnetization

reversal. If the electric field is applied along ¢ =30°, E = E (?x + ; y), see Fig. 4d, the



magnetization lies along m||(— %x + ? y) and the 3m torque vanishes T~0. In other words,

there is no preferential direction and no reversible switching occurs. Finally, if the electric

field is applied along ¢ = 60°, E = E (%x + g ¥), see Fig. 4e, the magnetization lies along

m||(— \/Z—Ex + % y) and the 3m torque reads

T~ — y3;,,mXE = x3,2, (7)
and pushes the magnetization towards -z. As a result, reversible magnetization reversal is
favored but the hysteresis has an opposite sign compared to the case ¢z = 0°. The above
scenario well interprets the symmetry-dependent field-free switching in the L1, CuPt/CoPt
system, and it may also explain the threshold current for the AHpop in Fig. 3h since the 3m
torque can only act on the magnetization when the injected current is large enough to bring
the magnetization close to the plane.

As the 3m torque originates from a peculiar symmetry (3-fold rotation and mirror
symmetry) of the CuPt crystal, its strength is governed not only by the spin-orbit coupling but
also the bulk crystal field. Therefore, engineering the chemical bonds within the material to
enhance the crystal field could increase the torque magnitude. This observation calls for
further materials exploration. In our experiments, the strength of AHpop in L1; CuPt (13
nm)/CoPt (4 nm) bilayer shows a strong dependence on the deposition temperature of CuPt
(Tcupy)- As Tcupe decreases from 500 °C to 200 °C, AHoop/Jpuise decreases more than half
(Supplementary Section 11 and 12). We also replaced the ferromagnetic layer in CuPt/CoPt,
by preparing two CuPt (10 nm)/[Co/Ni]s (4 nm) bilayers, where one has a CuPt layer
deposited at 500 °C and the other has a CuPt layer deposited at room temperature. We found
that the 500 °C-CuPt/[Co/Ni]s bilayer exhibited symmetry-dependent field-free switching,
while the room temperature-CuPt/[Co/Ni]s bilayer didn’t show an observable field-free

switching (Supplementary Section 13). These above experimental results imply that the good



crystallinity and the good chemical ordering of the CuPt layer are prerequisites for the
generation of the 3m torque. We note that the field-free switching in Fig. 2 is incomplete if
we compare AR (Fig. 2e) with the anomalous Hall loop (Fig. 2¢). This could be due to the
pinning effect from the Hall voltage arms. Therefore, we fabricated the CoPt layer on CuPt
into a round pillar (Fig. 5a). Fig. 5b and Fig. 5S¢ show the anomalous Hall loop and the
current-induced switching loop of the pillar device for ;=0°, where we observed a complete
switching. For further verification, we used the magneto-optical Kerr effect (MOKE)
microscopy to check the magnetization states before and after SOT switching (see
Supplementary Section 14). As shown in Fig. 5d, we firstly applied a saturation magnetic
field along -z direction to initialize the magnetization of the pillar to -M;. Then we removed
the external magnetic field and applied a +22 mA pulsed current into the channel, and we
found the pillar area turned black, representing a +M, state (Fig. 5e). Next, by successively
applying -22 mA and +22 mA pulse, the color in the pillar area become grey (-M, Fig. 5f)
and black (+M, Fig. 5g), respectively. Comparing the colors in Fig. 5f with Fig. 5d, we found
that a -22 mA pulse can fully recover the saturated magnetization (-M;). On the other side, we
also confirmed a +22 mA pulse can fully recover the +M, state by comparing Fig. 5j with Fig.
Sh. The above MOKE measurement further confirms the full SOT switching in CuPt/CoPt.

In summary, our work demonstrates the observation of the out-of-plane spin-torque in the
L1, CuPt/CoPt bilayer due to the low-symmetry property at the interface. Since there are
different kinds of low-symmetry point groups at various SOT interfaces, it is expected that
corresponding “low-symmetry” spin-torques could exist. Compared with previous field-free
switching of perpendicular switching with extra functional layers or additional asymmetry
designs, the field-free switching in L1, CuPt/CoPt is simpler in design, and possess good
thermal stability and good endurance, which makes it a promising candidate for magnetic

memories.
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Figure 1| Crystal structure and symmetry analysis. a, The crystal structure of L1, CuPt
(CoPt). The lattice parameter a is 5.340 A and the lattice angle y is 61.5°. b, Plane view of the
L1, hexagon projected along the [111] direction where the Pt atomic layer (grey color) was
sandwiched by two Cu (Co) atomic layers (heavy red on top and light red on bottom). For
simplicity, only the atoms within the hexagon region (grey colored) are shown. The mirror
symmetry “M” is preserved in the (1-10) plane (dark dashed line), while broken in the (11-2)
plane (red dashed line). ¢, High-angle annular dark-field-STEM images of the CoPt (4

nm)/CuPt (10 nm) bilayer. The dashed line indicated the CuPt/CoPt interface.
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Figure 2| Symmetry-dependent magnetic field-free magnetization switching. a,
Schematic of the CuPt/CoPt Hall bar for electrical transport measurement. The red arrow
represents the magnetization (M). The grey arrow represents the current (/) flowing. The x
and y-axis are the same as that in (b). b, The definition of current flowing direction (6;). The
current is applied along the Hall bar, which has an azimuth angle of &; with respect to the [1-
10] direction. ¢, Anomalous Hall effect of the bilayer for §; = 0°. d, Current angle dependence
of the SOT induced magnetization switching. The solid line is a cosine fit to the data. e,
Current-induced magnetization switching for Hall bars with different ;. The dashed (solid)
arrows indicate clockwise (anti-clockwise) switching polarity. The loops were manually

shifted for better visualization. The pulse width is 30 ps.
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Figure 3| Symmetry dependence of current-induced effective fields. a, First and second

harmonic Hall signals as a function of the in-plane magnetic field (H,) under 5 mA
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(amplitude) a.c. excitation current. b, Current dependence of damping-like effective field for
6;=0° (red), 8;=30° (purple), 8; = 60° (blue) and ; = 90° (green). ¢, Damping-like effective
fields obtained for varying ;. The solid line is a guide to the eye. d-g, Anomalous Hall loops
under +18 mA and -18 mA pulsed d.c. current for 8;= 0°, 8;=30°, ;= 60°, and ;= 90°. The
inset in each figure indicates the current direction. h, Current dependence of out-of-plane
effective field for 6;= 0° (red), 8; = 30° (purple), ;= 60° (blue) and 6; = 90° (green). The
pulse width is 30 ps. i, Out-of-plane effective field as a function of &;. The solid line is a

cosine fit to the data.
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Figure 4| Theoretical model for current-induced spin-torque in CuPt/CoPt bilayer. a,
Calculated stability diagram of the ferromagnet submitted to both damping-like and 3m
torques in the absence of external magnetic field. The diagram is plotted as a function of the
current direction. Blue and white regions refer to (m;} + m;) = +1, while the central orange
region refers to the bistable state (m} + m;) = 0. Inm¥ the superscript refers to the initial
magnetic configuration, up (+) or down (-). The white (red) lines denote directions where the
3m torque vanishes (is maximum). b-f, Schematics of the field-free switching scenario

described in the main text. b, In the initial configuration, the magnetization points along -z
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and only experiences the damping-like torque. Once brought in the plane, the magnetization
only experiences the 3m torque, whose magnitude and direction depends on the direction of
current injection: (¢) for ¢ = 0°, the 3m torque favors magnetization alignment along +z,
(d) for ¢ = 30°, the 3m torque vanishes, and (e) for ¢z = 60°, the 3m torque favors

magnetization alignment along -z.
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Figure 5| Current-induced field-free magnetization switching in CuPt (13 nm)/CoPt (4
nm) pillar sample. a, Schematic of the CuPt/CoPt pillar device for switching measurement.
b, Anomalous Hall effect of the pillar device with ;= 0°. ¢, Current-induced magnetization
switching of the pillar device with 6; = 0°. d-k, MOKE imaging of the CoPt pillar during
field-free SOT switching. The black dashed lines in the figures outline the Hall bar edges.
The red lines in (a) and (e) outline the pillar edges. For processes (d-g), we firstly applied a
negative magnetic field along the -z direction to initialize the magnetization to -M;. To

enhance the contrast, the background in the whole image was subtracted such that the colors
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within and outside the pillar region are the same (grey). However, only the grey color in the
pillar area represents a -M, state (d), since there is no CoPt outside the pillar region. After
that, we successively applied +22 mA (e), -22 mA (f), and +22 mA (g) into the CuPt channel
to check the magnetization evolution. The dark color in (e) and (g) represent a +M, state. For
processes (h-k), we firstly applied a positive magnetic field along the +z direction to initialize
the magnetization to +M;. Then the whole background was subtracted and the grey color in
the pillar area represents +M (h). After that, we successively applied -22 mA (i), +22 mA (j),
and -22 mA (k) into the CuPt channel to check the magnetization evolution. The white color

in (i) and (k) represents a -M, state. The pulse width of the current for the measurement is 30

us.

Methods

Sample growth and device fabrication. CuPt (10 nm)/CoPt (4 nm) bilayer was epitaxially
deposited on SrTiOs (111) single-crystal substrate by d.c. magnetron sputtering (AJA). For
the deposition of CuPt, the Ar pressure is 5 mTorr and the temperature is 500 °C. The
sputtering powers for Cu target and Pt target are both 50 W. For the deposition of CoPt, the
Ar pressure is 6 mTorr and the temperature is 300 °C. The sputtering powers for Co target
and Pt target are 32 W and 21 W, respectively. The nominal deposition rates for CuPt and
CoPt are 0.14 nm/s and 0.051 nm/s, respectively. Then the bilayer was left to cool down to
room temperature and a 2 nm SiO; protection layer was deposited. After deposition, the films
were patterned into 5 pm Hall bars with different in-plane orientations by using laser writer
and Ar ion milling. Then the contact electrode pattern was defined by laser writer and
followed by the deposition of Ti (5 nm)/Cu (100 nm) and the lift-off process. For varying
CuPt deposition temperature measurements, CuPt (13 nm)/CoPt (4 nm) samples with CuPt

deposited at 200 °C, 300 °C, 400 °C, and 500 °C are prepared. For the CuPt (10 nm)/[Co/Ni]s
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(4 nm), the growth conditions of the CuPt are the same as that for the CuPt (10 nm)/CoPt (4
nm) sample, expect that the CuPt for room temperature-CuPt (10 nm)/[Co/Ni]s (4 nm) sample
is deposited at room temperature. The [Co/Ni]s layer is deposited at room temperature.

Current-induced switching measurement. In current-induced magnetization switching
measurement, for each data point, a pulsed d.c. electrical current with a duration of 30 us was
applied. After 8 seconds, the Hall resistance was recorded by using a small a.c. excitation
current (50 pA).

STEM sample preparation and characterization. CuPt/CoPt STEM sample was
fabricated by a focused ion beam machine (FEI Versa 3D system). The sample was thinned
down using a Ga ion beam first with an accelerating voltage of 30 kV and then with an
accelerating voltage of 8 kV. After that, the sample was polished by a 2 kV ion beam to
minimize the beam damaged region. The structure characterization was conducted with a
JEOL ARM200 STEM which is equipped with an ASCOR probe corrector operating at an
accelerating voltage of 200 kV. The HAADF image was acquired with a probe forming angle
of 30 mrad and collection inner and outer semiangles of 68 and 280 mrad, respectively.

MOKE measurement. We use a MOKE from Evico Magnetics to image the magnetic
domains during the SOT switching. In order to enhance the contrast, we subtract the
background signal for the whole view after each initialization with an out-of-plane magnetic
field. Then we removed the magnetic field and applied a pulsed current with a duration of 30

us. The MOKE image was then captured after a stabilization time longer than 2 s.
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