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The topological semimetal CrPt3 has potential for generating unconventional spin torques due
to its ferrimagnetic ordering, topological band structure, and high anomalous Hall effect. CrPt3
exhibits ferrimagnetic behavior only in its chemically ordered phase and is paramagnetic in its
chemically disordered phase. By controlling the growth and annealing temperatures, epitaxial films
of both chemically ordered and disordered phases of CrPt3 are prepared allowing us to investigate
the role of magnetic ordering on unconventional torque generation. We use angle dependent spin-
torque ferromagnetic resonance and second harmonic Hall measurements to probe the spin torques
generated from epitaxial CrPt3 in CrPt3/Cu/Ni81Fe19 heterostructures. With current applied along
specific directions with respect to the crystal order we reveal unconventional spin torques in both
ordered and disordered films. When current flows parallel to the [111] and [111] directions we observe
an unconventional field-like torque that is opposite in sign for the two directions. Our calculations
reveal that this unconventional torque originates from an indirect nonlocal spin-orbit torque due to
spin scattering at the CrPt3/Cu interface, in addition to symmetry breaking at this interface.

I. INTRODUCTION

Spin-orbit torques play a crucial role in the develop-
ment of new technology that use the efficient control of
magnetization states via charge currents [1]. The spin
Hall effect is an efficient way of converting a charge cur-
rent to a spin current and generating spin torques on an
adjacent ferromagnetic layer. These spin torques are key
to novel information technologies, ranging from power
efficient and ultrafast nonvolatile memories [2] to new
computational paradigms based on magnetic oscillators
emulating neuromorphic functionalities [3].

In the conventional spin Hall effect induced spin-orbit
torque geometry, a charge current along the in-plane x-
direction generates a spin-current along the out-of-plane
z-direction with a spin polarization along the in-plane
y-direction (σY ) perpendicular to both charge and spin
current. The torques that are generated from this spin-
polarization are in-plane damping-like torques of the
form τip ∝ m × (m × σY ) and out-of-plane field-like
torques of the form τoop ∝ m × σY , with m being the
magnetization. These torques can only field-free and de-
terministically switch an in-plane magnetization parallel
to the spin-polarization direction, i.e., the y-direction.
However, in ordinary spin-transfer torque memory de-
vices, it is well known that in order to have low switch-
ing currents while maintaining high thermal stability
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a perpendicular magnetic anisotropy, i.e., along the z-
direction, is preferred, since this avoids demagnetizing
fields during the precessional switching [4].

In recent years, interest in generating spin-currents
with a spin-polarization that varies from the conven-
tional geometry has emerged, such that other magnetiza-
tion directions can be switched deterministically. It has
been shown that by symmetry breaking through crys-
tal or magnetic structure, unconventional orientations
of spin-polarizations are allowed, such that unconven-
tional torque geometries are possible. In WTe2 the re-
duced crystal symmetry leads to an out-of-plane spin po-
larization [5], whereas in Mn3Ir and Mn3GaN the non-
collinear antiferromagnetic order reduces the symmetry
to allow unconventional spin torques [6–8]. In epitax-
ial CoPt/CuPt heterostructures, the reduced symmetry
at the interface can also result in unconventional spin
torques [9]. These torques enable field-free determin-
istic switching of memory devices with perpendicular
anisotropies [9], and may also enable novel magnetiza-
tion dynamics, such as multiple dynamic droplets [10].

Another material that shows potential for generating
such torques is the topological semimetal CrPt3 due to
its magnetic ordering [11]. CrPt3 exhibits ferrimagnetic
behavior in its chemically ordered phase and paramag-
netic behavior in its chemically disordered phase [12]. In
the ferrimagnetic phase, the magnetic ordering may give
rise to unconventional torques by generating a spin po-
larization with a polarization component collinear to the
magnetization [13–17].

In this work, we use angle dependent spin-torque
ferromagnetic-resonance [18] and second harmonic
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Hall [19, 20] measurements with current applied along
varying crystallographic directions and in both ferrimag-
netic and paramagnetic phases to investigate the role of
magnetic ordering on unconventional torque generation.
We show an unconventional field-like spin torque origi-
nating from a spin polarization component along the ap-
plied current direction in both ferrimagnetic and param-
agnetic CrPt3 thin films. The presence of unconventional
torques in both phases suggests that magnetic ordering
does not contribute to this torque generation. Instead,
our calculations reveal that interlayer spin scattering re-
sulting in an indirect nonlocal spin-orbit torque in com-
bination with symmetry breaking at the CrPt3/Cu inter-
face results in unconventional torque generation.

II. METHODS

A. Sample growth and characterization

CrPt3 was grown on single-crystal MgO (220) sub-
strates using a dc magnetron sputtering system with a
base pressure of 5 × 10−8 Torr. Cr and Pt targets were
co-sputtered using a confocal geometry in an Ar envi-
ronment with sputtering pressure of 2.7 mTorr. The co-
sputtering growth rate was 1.5 Å/s. CrPt3 films were
grown at 500◦C to achieve epitaxial growth and control
the surface roughness. To obtain chemical ordering, the
samples were post-annealed in situ at 850◦C for 40 min-
utes. In a second batch of samples, the post-annealing
was skipped to obtain chemically disordered films. The
samples were naturally cooled in situ followed by Cu
and permalloy (Py, Ni81Fe19, Ni and Fe in wt%) depo-
sition at room temperature to minimize interfacial mix-
ing. Lastly, an Al2O3 capping layer was deposited to pre-
vent oxidation of the layers below. The Cu spacer layer
served to magnetically decouple the CrPt3 and Py layers,
while the Py layer was used as a sensing layer for spin-
torque measurements. The final sample structures were
MgO/CrPt3(15)/Cu(3)/Py(8)/Al2O3(2) for the ordered
and MgO/CrPt3(15)/Cu(3)/Py(5)/Al2O3(2) for the dis-
ordered sample. The numbers in parenthesis indicate
film thicknesses in nm. The thicknesses were chosen to
achieve approximately equal resistance of the two layers,
such that an equal amount of current flowed through the
CrPt3 and Py layers during spin-torque measurements.
The thicknesses are based on separate resistivity mea-
surements of CrPt3 and Py patterned full films, and nor-
malized resistivity measurements of Cu(3) on patterned
Cu/Ge multilayers. The resistivities were 52 µΩcm for
ordered and 82.5 µΩcm for disordered CrPt3.
The chemical ordering of CrPt3 was confirmed us-

ing out-of-plane X-ray diffraction as shown in Fig. 1(a).
While both films show a (220) peak, chemically ordered
CrPt3 exhibits a characteristic (110) peak whereas disor-
dered CrPt3 does not since the (110) peak is forbidden
in disordered fcc crystals. As shown in Fig. 1(c), the full
width at half maximum of the θ scan over CrPt3 (110)

FIG. 1. (a) Out-of-plane X-ray diffraction measurement of
chemically ordered (blue) and disordered (brown) CrPt3, (b)
in-plane X-ray diffraction of chemically ordered CrPt3 with
2-fold symmetry aligned with the MgO (220) substrate (c)
rocking curve over CrPt3 (110) diffraction peak, and (d) room
temperature vibrating sample magnetometry of chemically
ordered CrPt3 with magnetic field along the in-plane [110]
(blue), [001] (red), and out-of-plane (green) directions.

is 1.843◦, indicating good crystalline quality. To confirm
epitaxy, in-plane ϕ scans were performed, which show
two-fold symmetry and alignment with the MgO sub-
strate, see [Fig. 1(b)]. Note, that the disordered CrPt3
films are chemically and not structurally disordered so
they have the same fcc crystal structure as the chemi-
cally ordered films. In the chemically ordered films the
Cr atoms always occupy the corner sites, while the Pt
atoms always occupy the face-center sites of the fcc struc-
ture. In the chemically disordered films the Cr and Pt
atoms can occupy any site as long as the Cr:Pt 1:3 stoi-
chiometry is met. This is shown in Fig. 2(a).

Magnetization loops of ordered CrPt3 were measured
using vibrating sample magnetometry with magnetic
fields applied along different crystal directions as shown
in Fig. 1(d). The measurements show that the mag-
netic easy axis is along [110] with a coercive field of
µ0Hc = 0.3 T. The (110) growth direction was specifi-
cally chosen, such that the magnetic easy axis of CrPt3
lies in plane and current can be applied along varying
in-plane directions with respect to the easy axis to un-
derstand the role of the magnetic order on the spin-torque
geometry. The large coercive field allows for the magne-
tization of CrPt3 to be set using a correspondingly large
magnetic field and not be changed during spin-torque fer-
romagnetic resonance measurements with a smaller mag-
netic field, where only the Py magnetization is rotated.
The maximum magnetic field used during measurements
was µ0Hext = 0.135 T.
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B. Spin-torque measurements

To perform spin-torque measurements, the multilayer
films were patterned using photolithography and sub-
sequent ion milling into (10 × 60) µm wires for spin-
torque ferromagnetic resonance and (10 × 70) µm Hall
bars for second harmonic Hall measurements. In a second
lithography step and subsequent sputtering of Ti and Au,
coplanar waveguides and contact pads were patterned to
electrically contact the devices. Devices were patterned
with wires and Hall bars along different crystal direc-
tions and thereby different directions with respect to the
magnetic easy axis. By comparing spin torques generated
from different device orientations the role of the magnetic
order and crystal structure can be investigated. Devices
were patterned along the [001] (θ = 0◦), [110] (θ = 90◦),
[111] (θ = +54.7◦), and [111] (θ = −54.7◦) directions. θ
represents the angle between the [001] crystal direction
and the current direction as shown in Fig. 2(c). Prior
to the spin-torque measurements of the ordered CrPt3
devices, the sample was placed in a 0.5 T magnetic field
along the [110] direction to saturate the magnetization of
the CrPt3 along its magnetic easy axis. Due to the large
coercivity, the magnetic fields used during the measure-
ments were not strong enough to switch the magnetiza-
tion direction of the CrPt3. Together with the different
device orientations this allowed us to study the effect of
the CrPt3 magnetization on the spin-torque geometry.

Spin-torque ferromagnetic-resonance measurements
were used to characterize the spin torques generated in
CrPt3. In these measurements a 7 GHz 10 dBm rf cur-
rent is applied through the device which generates an
rf spin current in the CrPt3 that is injected through
the Cu into the Py. There, the spins exert a torque on
the magnetization of the Py, and together with Oersted
fields drive the magnetization into precession around an
in-plane applied magnetic field when the magnetic field
matches the resonance field of the Py. This leads to an rf
resistance modulation due to the anisotropic magnetore-
sistance in Py. The mixing of the rf resistance and the
applied rf current generates a dc mixing voltage, which
is measured using a lock-in amplifier.

The magnetic field is swept through the resonance con-
dition of the Py to measure the resonance line shape,
which is composed of a symmetric and antisymmetric
Lorentzian function and can be written as

Vmix = S
∆H2

(Hext −H0)2 +∆H2

+A
∆H(Hext −HR)

(Hext −HR)2 +∆H2

(1)

Here, ∆H is the half width at half maximum of the res-
onance linewidth, Hext is the applied magnetic field, HR

is the Py resonance field, and S and A are the symmetric
and antisymmetric Lorentzian components, respectively,
that measure the size of the spin torques. An exemplary

FIG. 2. (a) Crystal and magnetic structure of chemically or-
dered (right) and disordered (left) CrPt3, where blue spheres
represent Cr and gray spheres represent Pt atoms. The gray
plane corresponds to the film plane. (b) Schematic of the de-
vice structure used for spin-torque ferromagnetic resonance
measurements with τoop corresponding to out-of-plane torques
manifested in the antisymmetric and τip corresponding to in-
plane torques manifested in the symmetric Lorentzian com-
ponent. ϕ is the angle between the rf current (Irf ) and the
magnetization (MPy) that is determined by the magnetic field
(Hext). (c) Schematic of the four crystal orientations in which
rf current is applied. θ represents the angle between the [001]
direction and the applied current (Irf , yellow arrow) and ϕ
the angle between the applied current and the magnetic field
(Hext, green arrow). The red arrow shows the magnetic easy
axis direction that is only present in the ordered sample. (d)
Exemplary field sweep at a single angle. The resonance line-
shape can be decomposed into an antisymmetric (red) and
symmetric (green) component.

fit to a field sweep is shown in Fig. 2(d). The antisym-
metric component corresponds to out-of-plane torques,
while the symmetric component corresponds to in-plane
torques [τoop and τip respectively in Fig. 2(b)].

To fully analyze the spin-torque symmetry, the mag-
netic field is rotated through a 360◦ in-plane angle to
vary the angle between the applied current and Py mag-
netization [denoted by ϕ as shown in Fig. 2(c)], and a
magnetic field sweep is performed every 5◦. The size of
the symmetric and antisymmetric components depends
on the relative orientation between the spin-polarization
and Py magnetization, such that the spin torque and
thereby spin-polarization direction can be extracted from
the angular dependence of the voltage signals.

Additionally, second harmonic Hall measurements
were done to confirm the spin-torque geometry. For these
measurements an ac current with an amplitude of 5 mA
and a frequency of 1311 Hz was passed through a Hall
bar device and the transverse voltage was measured at
the second harmonic frequency. The ac current causes an
ac tilt in the magnetization of the Py, which causes an
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FIG. 3. Antisymmetric Lorentzian component of the reso-
nance signal as a function of the angle between the current
and magnetic field for the ordered CrPt3 devices with current
along the (a) [001], (b) [110], (c) [111], and (d) [111] crystal
direction of CrPt3. The red line shows the fit of the data in
black circles. For (c) and (d) the blue (green) lines show the
contribution from conventional (unconventional) torque com-
ponents.

oscillating change in the planar Hall resistance at twice
the frequency of the applied current. The change in re-
sistance mixes with the applied current to generate a
voltage, that is measured using a lock-in amplifier. In
addition, a 0.135 T magnetic field is used to rotate the
magnetization in-plane and a voltage is measured every
5◦. Similar to the spin-torque ferromagnetic resonance
measurements, the size of the voltage depends on the
relative orientation of the spin polarization and magne-
tization, so by looking at the magnetic field direction
dependence of the voltage, the spin polarization can be
extracted.

III. RESULTS

Figure 3 shows the angle dependent antisymmetric
mixing voltage component of the ordered ferrimagnetic
CrPt3 sample. The signal from the devices oriented along
[001] (0◦) and [110] (90◦) [Figs. 3(a) and (b), respec-
tively] can be fit with A = AY

FLsin(2ϕ)cos(ϕ), where
AY

FL is related to the strength of the field-like torque
originating from conventional y-direction polarized spins
and Oersted fields. To fit the signal from the devices
oriented along [111] (+54.7◦) and [111] (-54.7◦) an addi-
tional AX

FLsin(2ϕ)sin(ϕ) component needs to be added,
where AX

FL is related to the strength of a field-like torque
originating from unconventional spins polarized parallel

FIG. 4. Antisymmetric Lorentzian component of the reso-
nance signal as a function of the angle between the current
and magnetic field for the disordered CrPt3 devices with cur-
rent along the (a) [001], (b) [110], (c) [111], and (d) [111] crys-
tal direction of CrPt3. The red line shows the fit of the data
in black circles. For (c) and (d) the blue (green) lines show
the contribution from conventional (unconventional) torque
components.

TABLE I. Fitting parameters of the spin-torque ferromagnetic
resonance (AY

FL and AX
FL) and second harmonic Hall (V Y

FL,
V Y
DL, and V X

FL) data in µV.

Ordered [001] [110] [111] [111]

AY
FL 7.41 5.56 6.04 4.23

AX
FL 0 0 0.72 -0.35

V Y
FL 0.134 0.094 0.109 0.138

V Y
DL 0.015 0.010 0.018 0.017

V X
FL 0 0 0.034 -0.036

Disordered [001] [110] [111] [111]

AY
FL 2.35 2.90 2.28 2.18

AX
FL 0 0 0.23 -0.16

V Y
FL 0.142 0.148 0.174 0.164

V Y
DL 0.009 0.011 0.011 0.013

V X
FL 0 0 0.044 -0.030

to the current direction. The sign of this component is
opposite in the [111] and [111] devices.

Figure 4 shows the angle dependent antisymmetric
mixing voltage for the chemically disordered paramag-
netic CrPt3 sample. Here, the [001] and [110] devices
[Figs. 4(a) and (b), respectively] can again be fit with the
conventional A = AY

FLsin(2ϕ)cos(ϕ) term, while the [111]
and [111] devices require an additional AX

FLsin(2ϕ)sin(ϕ)
term just like the devices in the ordered sample. Table I
shows a summary of the fitting parameters used for each
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sample and device. We performed the same spin-torque
ferromagnetic-resonance measurements on a Pt/Py con-
trol sample and see no unconventional torque component,
as shown in the Supplemental Material [21] ruling out
measurement artifacts.

The results of the second harmonic Hall measurements
are shown in Figures 5 and 6 for the ordered and disor-
dered samples, respectively. Similar to the spin-torque
ferromagnetic resonance measurements, there is no qual-
itative difference in the geometry of the spin torques in
the ordered and disordered films. Devices with current
along [001] (0◦) and [110] (90◦) can be fit with conven-
tional field-like and damping-like torque terms that take
the form V2ω = V Y

FLcos(ϕ)cos(2ϕ) + V Y
DLcos(ϕ). Here

V2ω is the second harmonic Hall voltage, and V Y
FL and

V Y
DL are related to the strength of the conventional field-

like and damping-like torques due to y-direction polarized
spins and Oersted fields.

Devices with current along [111] (+54.7◦) and [111]
(−54.7◦) need an additional V2ω = V X

FLsin(ϕ)cos(2ϕ)
term. V X

FL is related to the strength of the unconven-
tional field-like torque due to x-direction polarized spins.
The sign of this term is opposite for the [111] and [111]
devices as shown in Table I along with the other fitting
parameters. Note that for these measurements ϕ includes
an angle offset term that accounts for the slight misalign-
ment between the current and field directions, which is
typically no larger than ±10◦. Additionally, each device
has a voltage offset that was subtracted for better depic-
tion and comparison of the data.

The spin-torque ferromagnetic resonance and second
harmonic Hall measurements are in qualitative agree-
ment. Both show an unconventional field-like component
in devices with current along the [111] and [111] crystal
directions that are opposite in sign for the two directions.
Devices with current along the [001] and [110] show no
unconventional component.

If the unconventional spin torque originated from the
magnetic ordering of the CrPt3 the spin polarization is
expected to have a component along the magnetization
direction. This would result in a purely conventional
spin polarization in the device with current along the
[001] direction since the magnetization of the CrPt3 is
perpendicular to the current direction. With current
along the [110] direction, the spin polarization should
have the largest unconventional spin-polarization com-
ponent along the current direction and collinear to the
magnetization. This is not the case for our measure-
ments where we only observe an unconventional spin po-
larization component with current along the [111] and
[111] directions. This alone suggests that the origin of
the unconventional torque is not the magnetic ordering
of the CrPt3. Additionally, since we observe an uncon-
ventional torque component even in disordered paramag-
netic CrPt3, where the magnetic ordering is absent, the
unconventional torque cannot come from the magnetic
ordering.

Unconventional spin-orbit torques arise when the sys-

FIG. 5. Second harmonic Hall voltage as a function of the
angle between the current and magnetic field for the ordered
CrPt3 Hall bar devices with current along the (a) [001], (b)
[110], (c) [111], and (d) [111] crystal direction of CrPt3. The
red line shows the fit of the data in black circles. For (c)
and (d) the blue (green) lines show the contribution from
conventional (unconventional) torque components.

FIG. 6. Second harmonic Hall voltage as a function of the an-
gle between the current and magnetic field for the disordered
CrPt3 Hall bar devices with current along the (a) [001], (b)
[110], (c) [111], and (d) [111] crystal direction of CrPt3. of
CrPt3. The red line shows the fit of the data in black circles.
For (c) and (d) the blue (green) lines show the contribution
from conventional (unconventional) torque components.
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tem breaks the appropriate mirror plane symmetry,
where the mirror plane is parallel to the electric field E
and the out-of-plane vector z. Breaking this symmetry
enables spin currents with flow along z and spin polar-
ization along E and z. In the following, we denote spin
currents by Qij for i, j ∈ [X,Y, Z], where i is the spin
flow direction and j is the spin polarization direction.
Assuming that the electric field points along X, the un-
conventional spin-orbit torques may arise from the spin
currents QZX and QZZ .

In the samples measured, the CrPt3/Cu interface
breaks the appropriate mirror plane symmetry while the
Py layer, which receives the torque, does not. Thus, the
microscopic mechanism for unconventional torques likely
involve interlayer scattering. If the CrPt3/Cu layer or
the CrPt3/Cu interface generates the spin current QZX ,
a damping-like torque τ ∝ MPy × (x × MPy) results
in Py via the spin transfer mechanism. An unconven-
tional field-like torque, given by τ ∝ MPy × x, results
if the incident spin current’s polarization, initially along
x, is rotated about the magnetization, such that the po-
larization now has a component along MPy × x. The
resulting spin transfer torque from the new component
is τ ∝ MPy × [(MPy × x) ×MPy] = MPy × x, which is
field-like.

The rotation of the spin current polarization, which re-
sults in field-like torques, can occur in two ways. First, if
the Cu/Py interface has a nonvanishing imaginary part of
the spin mixing conductance, the incident spin current’s
polarization is rotated about the magnetization upon re-
flection. However, for this mechanism to explain a ratio
of field-like to damping-like torque greater than one, as
seen in the experimental data, the ratio of imaginary to
real part of the spin mixing conductance would also be
greater than one, which is extremely unlikely at metallic
interfaces. The other mechanism, called an indirect non-
local spin-orbit torque [22], results from a combination of
interlayer scattering and spin-to-spin conversion at the
interface.

In the indirect, nonlocal mechanism, the in-plane, spin-
polarized current in Py “leaks” through the spacer layer
into the CrPt3 layer. This leakage is the well-known
mechanism behind the current-in-plane giant magnetore-
sistance and is readily modeled by the spin-dependent
Boltzmann equation, as seen in Fig. 7(a). The leaked,
in-plane, spin current is polarized along MPy. At the
CrPt3/Cu interface, spin-orbit scattering results in spin-
to-spin conversion, where the leaked, in-plane spin cur-
rent is converted into an out-of-plane spin current with
spin polarization MPy × f , where the vector f is a func-
tion of the tensor elements that describe spin-to-spin
conversion at the interface. The spin-to-spin conver-
sion can result from spin-orbit precession [23, 24] at the
CrPt3/Cu interface or from spin swapping [25] in the
CrPt3 layer. The emitted spin current then flows through
Cu into Py and exerts a spin-transfer torque given by
τ ∝ MPy × [(MPy × f) × MPy] = MPy × f . The vec-
tor f has a nonvanishing x and y components in general

(these components are quantified in free-electron models
in [22]), thus resulting in both conventional and uncon-
ventional field-like torques.
We use a multilayer, spin-dependent Boltzmann for-

malism with quantum coherent boundary conditions to
demonstrate that indirect, nonlocal spin-orbit torques
plausibly explain the experimental results. Solving the
multilayer Boltzmann equation yields the nonequilibrium
charge distribution function gc(z,k) and nonequilibrium
spin distribution function gs,l(z,k) for l ∈ [x, y, z], which
are used to compute the spin/charge currents and spin
torques. We model the CrPt3/Cu/Py trilayer assuming
a free electron dispersion relation within each layer and
use the spin-dependent relaxation time approximation to
construct the collision integrals. All relevant details of
the theoretical formalism are provided in [22], though
here we have added diffusive scattering at the interfaces
to model disorder.
The interfacial scattering potential is given by:

V (r,k) =
ℏ2kF
2m

δ(z)
(
µ0 + µexσ · M̂Py

+ (µR +∆/2)σxky − (µR −∆/2)σykx

)
(2)

where kF is the Fermi momentum, m is the effective elec-
tron mass, and µ0, µex, and µR are dimensionless pa-
rameters specifying the strength of the spin-independent
potential barrier, exchange interaction, and Rashba spin-
orbit coupling respectively. The dimensionless parameter
∆ specifies the degree of mirror-plane symmetry-breaking
at the interface, where ∆ = 0 corresponds to an inter-
face with the mirror plane symmetry intact. Aside from
spin-flip scattering in the bulk layers (which causes spin
diffusion but not spin current generation), spin-orbit cou-
pling is turned off everywhere in the system except the
CrPt3/Cu interface. Thus, we isolate nonlocal spin-orbit
torques due to interlayer scattering, removing all contri-
butions from bulk spin current generation (like the spin
Hall effect, spin anomalous Hall effect, and the magnetic
spin Hall effect) and inverse spin galvanic effects at the
Cu/Py interface.

Fig. 7(a) shows the in-plane charge current jX and
spin-polarized current QXX as a function of out-of-plane
position z, where M̂Py = x̂. The spin-polarized current
“leaks” into the CrPt3 layer, even changing signs due to
spin-dependent scattering at the interfaces. Figs. 7(b)-
(c) show the damping-like torques τd (cyan curves) and
field-like torques τf (purple curves) as a function of in-

plane M̂Py direction (ϕ). When the system possesses
the mirror plane symmetry, i.e., ∆ = 0, the total spin
torque must vanish when M̂Py || ẑ×E (here at ϕ = 90◦).
Since the magnetization is swept in-plane, the damping-
like and field-like torques are the in-plane and out-of-
plane torque components respectively, and are fitted to
the following form:

τfitd/f = Ad/f cos(ϕ+ bd/f ). (3)



7

(a) (b) (c) (d)

CrPt3 Cu Py

2e
ℏ
QXX

jX

0 2 4 6 8 10 12 14
-2.0
-1.5
-1.0
-0.5
0.0
0.5

z (nm)

10
7 Ω

-
1 m

-
1 Δ = 0.

0° 90° 180°
-4

-2

0

2

4

ϕ

τ
(1
05
Ω

-
1 m

-
1 ) Δ = 0.04

0° 90° 180°
-4

-2

0

2

4

ϕ

τ
(1
05
Ω

-
1 m

-
1 )

τ f
fit

τd
fit

τ f
τd

0. 0.02 0.04
0

1

2

3

4

Δ

τ
(1
05
Ω

-
1 m

-
1 ) τ f

Y

τ f
X

τd
Y

τd
X

FIG. 7. Spin-dependent Boltzmann calculations of the CrPt3/Cu/Py trilayer with quantum coherent boundary conditions. (a)

In-plane charge current jX and spin-polarized current QXX versus out-of-plane position z, where M̂Py = x̂. (b)-(c) damping-
like (cyan curves) and field-like (purple curves) torques versus in-plane magnetization direction ϕ for different ∆ values, where

the fitted curves are defined using Eq. 3. Unconventional spin-orbit torques refer to nonvanishing torques when M̂Py || ẑ×E
(here at ϕ = 90◦), and are seen (as expected by symmetry arguments) when ∆ ̸= 0. (d) Conventional (Y) and unconventional
(X) torques, defined by Eqs. (4)-(5) as a function of ∆. For CrPt3/Cu interfaces with broken mirror plane symmetry (i.e.,
∆ ̸= 0), both the conventional and unconventional field-like torques are larger than the damping-like torques.

To define the conventional (Y) and unconventional (X)
torques, we use these relations:

τYd/f = Ad/f cos(bd/f ) (4)

τXd/f = Ad/f sin(bd/f ). (5)

Fig. 7(d) shows the conventional and unconventional
torques versus symmetry-breaking parameter ∆. Both
the conventional and unconventional field-like torques are
greater than the damping-like torques, showing reason-
able agreement with the experimental results. While the
field-like torque remains dominant under small changes in
the parameters of the model, further research is needed to
ascertain whether this property is generic for the torque
generated by the indirect mechanism.

IV. CONCLUSION

In summary, we have shown that an unconventional
in-plane field-like torque is generated in both ordered
(ferrimagnetic) and disordered (paramagnetic) CrPt3.
Our spin-torque ferromagnetic resonance and second har-
monic Hall measurements reveal that we only observe an
unconventional spin-torque component when current is

applied along the [111] and [111] crystal directions. When
current is applied along the [001] and [110] crystal direc-
tions only conventional torques are observed. Our calcu-
lations reveal that symmetry breaking at the CrPt3/Cu
interface combined with an indirect non-local spin-orbit
torque leads to unconventional spin-torques.
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