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Large spin—orbit torques (SOTs) generated by topological materials and
heavy metalsinterfaced with ferromagnets are promising for next-generation
magnetic memory and logic devices. SOTs generated from y spin originating
from spin Hall and Edelstein effects can realize field-free magnetization
switching only when the magnetization and spin are collinear. Here

we circumvent the above limitation by utilizing unconventional spins
generated in aMnPd, thin film grown on an oxidized silicon substrate. We
observe conventional SOT due to y spin, and out-of-plane and in-plane
anti-damping-like torques originated from z spin and x spin, respectively, in
MnPd,/CoFeB heterostructures. Notably, we have demonstrated complete
field-free switching of perpendicular cobalt via out-of-plane anti-damping-like
SOT. Density functional theory calculations show that the observed
unconventional torques are due to the low symmetry of the (114)-oriented
MnPd; films. Altogether our results provide a path toward realization of a
practical spin channel in ultrafast magnetic memory and logic devices.

Efficient control of magnetization at ultra-high speed hasbeen of prime
interest to the spintronics community’. Spin-orbit torque (SOT) has
provided efficient and ultrafast control of magnetization in magne-
toresistive random access memory (MRAM) and logic devices®*. SOT
hasbeen observed in magnetic semiconductors*and heavy metals’®®,
topologicalinsulators (Tls)’ %, antiferromagnets'* ' and semimetals'® !
interfaced with aferromagnetic layer. The charge currentinjected into
the non-magneticlayer (spin channel) along the x direction generates
aspincurrentalongthe zdirection with spin polarization (¢) pointing

along the ydirection (4,) inheavy metals due to the bulk spin Hall effect.
In the case of topological insulators and Weyl semimetals
non-equilibrium spin-density is accumulated at the interface due to
the time reversal symmetry protected spin-momentum locking?. SOTs
exerted on the ferromagnet with in-plane magnetic anisotropy (IMA)
arein-plane anti-damping-like (TopLy o 12 X (6, x fi1)) and out-of-plane
field-like (zg &, x 1), where r is the magnetization unit vector.
Spin current with & along the z direction (6,) has been observed in
transition-metal dichalcogenides'”* and in ferromagnetsinterfaced
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with light metals® with the charge current flow along the x direction.
SOT due to 0, exerts torque along the out-of-plane direction
(TapLz & M X (6, X M)) , which will enable external-field-free and
low-power switching of the out-of-plane magnetization®. Recently, &
along the x direction (6,) has been reported in the uncompensated
antiferromagnet Mn,;GaN in addition to &, and 6, due to the low mag-
netic symmetry’®. SOT due to &, exerts torque along the in-plane direc-
tion (TabLx & M X (0x X M) ), which will deterministically switch the
magnetization along the x directionin the absence of an external mag-
netic field. The figure of merit of charge to spin conversion is known

as the spin torque efficiency 6, « -£, where a{; (i,j and k refer to the
Oxx

spin current flow, the charge current flow and the spin polarization
directions, respectively) and o, are spin and charge conductivities,
respectively. 6, needs to be high for efficient control of the magnetiza-
tion. Furthermore, to avoid current shunting through a conducting
ferromagnetic layer, a high of; is also required®. Another important
requirement for the integration of aspin channel into semiconductor
integrated circuit technology is the tolerance of SOT materials to ther-
mal annealing at 400 °C. However, no practical spin channel appears
to have been reported which can handle postannealing at that tem-
perature, and also possesses high T,p , along with 7y, ,and 7,p, ,, €na-
bling deterministic switching of in-plane magnetization along y,
in-plane magnetization along x, and out-of-plane magnetization,
respectively, without the need to apply an external magnetic field.

Toachieve high-density magnetic memory and logic devices, per-
pendicular magneticanisotropy (PMA) is desired”. PMA switching via
SOT from heavy metals® ®and TIs'*'>"* has been reported in the presence
of an external magnetic field. Lateral structural asymmetry**>° and
anisotropy tilting of magnetization®** can switch PMA in the absence
of an external magnetic field, but both techniques cannot be used for
the large-scale production. Partial PMA switching has been observed
on PtMn/[Co/Nil, (ref. 14), IrMn/CoFeB (ref. 15) and PtMn/CoFeB/Gd/
CoFeB (ref.17) stack structures, inthe absence of an external magnetic
field, but with the help of exchange bias. Stray field from an in-plane
magnetic layer present above or below the spin channel can facilitate
external magnetic field-free PMA switching, but current shunting and
magneticinterference between different magnetic layers pose severe
design constraintsin thisapproach®>*. An external field is required to
prealign the bottom magneticlayer to achieve field-free PMA switching
in a trilayer structure®*. Novel torque in low-symmetry single-crystal
CuPt/CoPt heterostructures can switch field-free PMA; however, it is
not compatible with the current technology®. A combination of SOT
andspin transfer torque (STT) canalso switch PMAin the absence of an
external magnetic field, but STT could lead to reduced endurance of
the magnetic tunnelbarrier and slower magnetization switching®. Fast
switching of the magnetization with lower critical current densities (/)
can be achieved when the charge current flow and the magnetization
are collinear; however, this geometry still requires an external magnetic
field to achieve magnetization switching®. Here we present SOT from
sputtered MnPd, thin films postannealed at 400 °C that can generatea
spin current with & along all three axes due to the charge current flow
alongthexdirection, which represents amajor advance over thelitera-
ture and overcomes key limitations of the existing SOT materials.

Thethin filmswith the stack structure Si/SiO,/MnPd, (¢ nm)/CoFeB
(5nm)/MgO (2 nm)/Ta (2 nm) withIMAwere prepared for the SOT char-
acterizationwitht=4,6,8,10,12,16,20 and 24 nm, respectively. Unless
otherwise stated, these films will be labelled MP4-MP24, in which the
number denotes the MnPd, thickness. Allsamples were postannealed
at400 °Cfor 30 min.

Figure 1a shows the tetragonal unit cell of MnPd,. Grazing inci-
dence X-ray diffraction (GIX) measurements were carried out onan Si/
SiO0,/MnPd; (50 nm) sample using a Bruker D8 Venture single-crystal
diffractometer equipped with atwo-dimensional Photon 100 detector.
Figure 1b shows the integrated and background-subtracted

experimental profile and the calculated X-ray diffraction profile of the
ordered tetragonal MnPd, phase. The unit cell was refined from the
X-ray diffraction profile using Pawley’s method and the obtained lattice
parameters for the MnPd, phase are a=b=3.88 Aand c=15.57 A. The
(103), (110) and (105) Bragg peaks visible in the experimental X-ray
diffraction profile unequivocally demonstrate the existence of the
ordered tetragonal MnPd, phase. For the disordered cubic MnPd, phase
these peaks are forbidden. The chemical order parameter, S, was deter-

. (hio/h14), .
minedasS =, | ﬁ ,wherethe/l;,yreflectionisasuperstructure
110/h14 ) ¢

reflection that is only allowed in the ordered MnPd, structure, while
the/,, reflectionis afundamental reflection allowed in both structures.
The (I10/h14) o1 cFatio was obtained tobe 0.017. The value for (f110//114) ey,
was around 0.020 + 0.005, which makes the order parameter number
close to 1.0. The relatively large error originates from the substantial
texturing of the MnPd, thin film, as can be seen from Supplementary
Information, section 1 and Supplementary Fig. 1. The cross-section
transmission electron microscopy (TEM) bright-field image of the
MP10 sample presented in Fig.1c shows that the MnPd, layer grownon
thermally oxidized siliconis polycrystalline. The CoFeB and MgO layers
arealso polycrystalline. The electric and magnetotransport measure-
ments were performed on Si/SiO,/MnPd; (10 nm)/MgO (2 nm)/Ta
(2 nm) heterostructures, hereafter termed the MnPd (10 nm) sample
(Supplementary Information, section 2 and Supplementary Fig. 2).
The resistivity shows metallic behaviour coinciding with the possible
transition from a paramagnetic to an antiferromagnetic state below
50K, as shown in Fig. 1d. The Néel temperature of the MnPd (10 nm)
sample was approximately 37 Kas measured by temperature-dependent
magnetometry (Supplementary Information, section 3 and Supple-
mentary Fig. 3). Polarized neutron reflectometry (PNR) measurements
show weak ferromagnetism, persisting up to room temperature, in
MnPd; films, possibly originating from uncompensated manganese
moments, manganese clusters or local ferromagnetic manganese-based
compound formation. At room temperature the ferromagnetic com-
ponent of the magnetization in MnPd; was determined to be
9 +1.9 kA m™byPNR, whereas at 6 K it was -43 + 3.4 kA m™ (Supplemen-
tary Information, section 4 and Supplementary Fig. 4).

We performed SOT measurements using the second harmonic
Hall (SHH) technique on MP4-MP24 samples, control MP (10 nm) and
Si/Si0,/CoFeB (5 nm)/MgO (2 nm)/Ta (2 nm) samples, and areference
Si/SiO,/Pt (10 nm)/CoFeB (5 nm)/MgO (2 nm)/Ta (2 nm) sample (here-
after termed the Pt10 sample)”. Details of the SHH technique are
presented in Supplementary Information, section 5 and Supplemen-
taryFig.5. Thea.c. currentinjected into the Hall bar induces effective
spin-orbit fields, which oscillate the magnetization around its equi-
librium position, and asaresult,an SHH voltage isinduced. Inthe SHH
measurement, the sample is rotated in the x-y plane under constant
static magnetic field to keep the magnetization in a single domain
state. The spin current with the spin magnetic moment pointing along
the negative y axis and positive x and zaxes get accumulated between
MnPd; and CoFeB layers as shown in Fig. 2a. Thus, accumulated spin
currents exert Tapy v, Tapry aNd Tppy ., Te ON the CoFeB layer along the
in-plane and out-of-plane directions, respectively. In addition, the
Oersted field (H,,) generated due to the a.c. current flow in the MnPd,
layer exerts an Oersted torque (7o) on the CoFeB layer. Figure 2b shows
R}(;’ as a function of the angle (¢), where @ is the angle between the
current flow and the magnetic field; w is frequency of input a. c. cur-
rent. R}(;’ fits perfectly to sin2¢, indicating that there was no
out-of-plane field projection due to imperfect sample mounting. In
the MP12 sample the offset in ¢ was ~13.2. Rﬁ;’ as a function of @ is
presented in Fig. 2c. Since the torques have different dependencies
on g, wecanextract Rf;‘,’ duetothe different types of torques using the
SHH. In the MP12 sample, the extracted spin-orbit fields associated
with the Typy ,, Tapyy» TapL.and T Were (0.0046 + 0.0004), (0.10 £ 0.01),
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Fig.1| Characterization of MnPd; thin film. a, Schematic diagram of tetragonal
MnPd; unit cell. b, Integrated experimental X-ray diffraction profile of 400 °C
30 min postannealed Si/SiO,/MnPd, (50 nm) sample and the calculated X-ray
diffraction profile of ordered tetragonal MnPd, phase. ¢, Cross-section TEM
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image of an Si/SiO,/MnPd, (10 nm)/CoFeB (5 nm)/MgO (2 nm)/Ta (2 nm) sample.
d, Four-terminal resistance as a function of temperature for an Si/SiO,/MnPd,
(10 nm) sample.

(0.0030 + 0.0001) and (0.0120 + 0.0001) mT per 10° A cm™, respec-
tively (Supplementary Information, section 5). These values of the Typ, ,
and 1 are comparable with or better than previous reports on heavy
metals/ferromagnet”, Tls/ferromagnet’>" and Weyl semimetal/fer-
romagnets™. As presented in Fig. 2d-f, 65", 6™ and 62" show MnPd,
film thickness dependence according to the drift-diffusionmodel. The
observed filmthickness dependence ofeig,z clearly shows that the bulk
spin Hall effect can originate unconventional SOT in polycrystalline
MnPd, films.

The simple drift-diffusion model (equation (1)) can be utilized to
extract the bulk spin-torque efficiency figure of merit (6, (¢ ~ «))and
the spin-diffusionlength (A,),

65 = 0, (t ~ o) (1 —sech (/%))

where tis the MnPd, film thickness. This drift-diffusion model consid-
ersthatthe spincurrentgenerated by the bulk of thin films is completely
absorbed by the ferromagnetic layer without any dissipation at the
interface and back-flow of the spin current. The 6, (¢ # o) and A,
obtained by the ordinary drift-diffusion model are 0.34 and 7.11 nm,
respectively. Now by considering spin back-flow the drift-diffusion

model can be modified into**:

@

-1
t
1+ tanh (E)

— )
2pAyGyy

6 = 6, (t ~ o) (1 —sech (Ai))

Y

where pisthebulkresistivity and G, is the spin-mixing conductivity.
Thered linein Fig. 2d is a fit to equation (4) with 6, (¢ = o) and A, as
independent fitting parameters. The G,, values of the MP4 and MP24
samples were estimated to be 4.54 x 10" m2and 3.70 x 10® m™, respec-
tively. In thicker MnPd,; films (¢ > \)), the damping constant was sub-
stantially enhanced because of the large spin current generated by the
bulk compared with the thinner films. Thus, G, islarge in thicker MnPd,
films. The extracted values of 6, (t ~ o) and A, were 0.41and 6.68 nm,
respectively for a G, value of 4.54 x 10 m™ The p value used for the
fitting was 60 pQ-cm obtained by measuring the four-terminal resist-
ance of a Sub/MnPd; (20 nm)/MgO (2 nm)/Ta (2 nm) sample. The
extracted values of 6, (t ~ c0)andA, were 0.34 and 7.13 nm, respectively
foraG,, value of 3.70 x 10" m™ The values of ¢, correspondingto 6,
(0.34-0.41) were estimated to be (5.70-6.80) x 10° #1/2e Q' m™. Simi-
larly, the 8, and 6, values range from (0.015-0.017) and (0.0086-0.011),
corresponding to G,, values of (3.70-0.45) x 10 m, respectively. A,
and A,values range from (7.12-6.80 nm) and (7.50-8.04 nm) corre-
sponding to G,, values of (3.70-0.45) x 10® m?, respectively. The o},
and 0%, valuesinthe MP samples were as large as 0.28 x 10° #/2e Q' m!
and 0.18 x10° #/2e Q' m, respectively. 0%, in the MP samples is com-
parable to recent reports on Mn;GaN/permalloy (ref. 18) and WTe,/
permalloy (ref. 19). The values of @), are among the largest reported
for antiferromagnets'®*, heavy metals®****, Tls,”"> and Weyl semimet-
als®. Rﬁ;’ inthe control samples does not show any field or ¢ depend-
ence, indicating that the SOTs in the MP samples originate from the
MnPd;layer (Supplementary Information, section 5and Supplementary
Figs.5and 6). The values for the spin-orbit fields associated with 7,p, ,
and g of the reference Pt10 sample were estimated to be
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Fig.2|SOT characterization using the SHH technique on Si/SiO,/MnPd,

(x nm)/CoFeB (5 nm)/Mg0 (2 nm)/Ta(2 nm). a, Schematic diagram showing
in-plane charge-current-generated spin current with spin polarizations along
three axes. The red spheres represent electrons and yellow arrows represent spin
magnetic moment. /., J;,, Mand H, represent charge current density, spin current
density, magnetization and Oersted field, respectively.b,c, R}{J‘,' (b) and Rﬁ;’ (c)asa
function of angle (¢) between the in-plane magnetic field and the current flow at

MnPdj film thickness (nm)

MnPdj film thickness (nm)

afixed in-plane magnetic field amplitude of ~200 mT in the MP12 sample. The
pink, black, cyan, green and orange lines are R,Z(;’ corresponding to Tupy v Tapty,
TapLo Tr + Toe, and the planar Nernst effect (PNE), respectively. d-f, Effective
spin—torque efficiency due to the Tap . (d), TapL, (€) and T,p,, (F) as a function of
MnPd; film thickness. The Hall bar device used for this measurement was 10 pm
wide and 130 pum long. Error bars are relative errors; some of these are smaller
than the size of the symbol.

(0.040 £ 0.003) and (0.012 + 0.001) mT per 10° A cm™, respectively
(Supplementary Information, section 7 and Supplementary Fig. 7).

The estimated value of 6 and 6¢f are (0.07 £ 0.01) and (0.02 £ 0.002),

respectively, in agreement w1th previous reports®*”**, After postan-

nealing at 400 °C, the reference Pt10 sample does not show an SHH
signal, suggesting that its SOT did not withstand such annealing.

We also performed spin-torque ferromagnetic resonance
(ST-FMR) measurements on the MP10 sample to confirm the SOT
observed with the SHH technique. The details of the ST-FMR are
presented in Supplementary Information, 8 and Supplementary
Fig.8.The Ge“ estimated by ST-FMR of the MP10 sample is 0.21 + 0.01.
The BEff ofthe as-deposited reference platinum and tungsten samples
were determlned to be 0.06 £ 0.01 and -0.43 + 0.03, respectively.
The 65 of the tungsten postannealed sample was estimated to
be —-0.011 (Supplementary Information, section 9 and Supplemen-
tary Fig.9).

To demonstrate external magnetic field-free PMA switching, we
prepared Si/SiO,/MnPd, (10 and 12 nm)/Co (1 nm)/MgO (2 nm)/Ta
(2 nm) samples (hereafter termed MP10/Col and MP12/Col samples).
The MP10/Col and MP12/Col samples were annealed at 400 °C for
30 mininavacuumand subsequently field-cooled under the applica-
tion of an out-of-plane magnetic field of 0.45 T. Figure 3a shows anoma-
lous Hall resistance (R,,;;) as a function of the out-of-plane magnetic
field. The hysteretic R, loop confirms PMA is present in the cobalt
layer. Magnetometry was also used to confirm that PMA is present in
MP10/Col sample (Supplementary Information, section 3 and Sup-
plementary Fig.3b). The PMA field (H,) was estimated tobe 500 mT on
the blank films. Figure 3b shows current-induced SOT magnetization
switching under the presence of an external magnetic field (H,) along
-xdirection. The write d.c. current pulse width used for PMA switching

was 20 ms, which was followed by a read current of 0.4 mA. The full
switching of magnetization occurs in the MP10/Col and MP12/Col
samples at ~10.1 mA (9.57 MAcm™) and ~9.5 mA (7.50 MA cm ™), respec-
tively. Then, in the absence of an external magnetic field, the d.c. cur-
rent was swept in pulses from -36 mA to + 36 mA with a step size of
1.06 mA. For MP10/Col as shown in Fig. 3¢, partial switching of the
magnetizationoccursatapositive current of ~10.78 mA, and complete
switching occurs at ~32.4 mA (-29.72 MA cm™). In the subsequent
reverse sweep, partial switching of magnetization occurs at --10.87 mA
and complete switching occurs at --31.63 mA. For the MP12/Colsample
asshowninFig. 3d, partial switching of the magnetization occurs ata
positive current of ~11.35 mA. Continuously sweeping the d.c. pulses
switches the remaining magnetization at -30.92 mA (-24.7 MA cm™).
Subsequently, with reverse sweeping of the current pulses, partial
switching of magnetization occurs at ~—9.60 mA and switching of the
remaining magnetization occurs at ~-33.32 mA. Since the R, values
obtained by field sweeping and current sweeping are similar, we can
conclude that full switching of PMA has been observed in both PMA
samples. The/,, values observedin our PMA samples without an exter-
nal magnetic field are comparable with or better than previously
reported valuesinPt/Co (refs.5,6,44) (-23-100 MA cm™) and Pd,) ,sPt, 5/
Co (ref. 45) (-22 MA cm-?) with an external magnetic field. In Table 1,

we summarize the 6,, 0’; pand % of different spin channels post-

annealed at different temperaturés and measured at room tempera-
ture. In our reference Pt (10 nm)/Co (1 nm) sample at -100 mT full
switching of PMA was achieved with a/,, of 27.3 MA cm™. The SOT
switching of magnetization in our PMA samples results from the
interplay of Tupy v, Tapiys Tani: aNd Tg. In the presence of a relatively
weaker Typ, , and T,p; , and strong 7,p,, the magnetization was
partially switched at a lower current (10 mA), which results in an
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Fig. 3| Demonstration of external magnetic field-free out-of-plane
magnetization switching via z spin polarization generated anti-damping
SOT. a, The anomalous Hall resistance as a function of the out-of-plane magnetic
field. b, Switching of perpendicular cobalt layer viaSOT under the application of
-8 mT and -20 mT magnetic fields along the x direction (H,) for MP (10 nm)/Co
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(1nm) and MP (12 nm)/Co (1 nm) samples, respectively. c,d, MP (10 nm)/Co (1nm)
(c) and MP (12nm)/Co (1nm) (d). Field-free perpendicular Co layer switching via
TapL-generated by zspin polarization. A Hall bar 130 pm long and 10 pm wide was
used for the magnetization switching experiment.

Table 1| Summary of 6,, az., pand jH—" of different spin channels postannealed at different temperatures and measured at

room temperature w
Materials p(uQ-cm) 6, 6, e, aeﬁ g:x (h/2e J,(MAcm?)  He(mTcm?MA™) H,(mT) Postannealing
& 10°Q"'m™) Jsw temperature (°C)
This work 60-95 0.017 0.41 0.0M 0.06 6.80 11-24.7 20.24 Zero 400
Pt (ref. 44) 40 - 0.14 - 0.08 3.5 60 8.33 70 As deposited
W (ref. 42) 188 - -0.22 - -0.022 -1.2 1 (ref. 7) 48.20 20 200 (ref. 7) to 300
(ref. 42)
MnGaN (ref.18) 225 -0.013 0.025 0.018 -0.15 on - - - As deposited
WTe, (ref. 19) 380 - 0.03 0.013 0.034 0.08 - - - As deposited

intermediate state. The intermediate state can occur due to an
insufficient external magnetic field, which was unable to completely
break mirror symmetry*®. This behaviour has been observed in our
reference sample at a smaller applied field. Current spreading at
the Hall crosses can also result in partial switching of magnetization.
Previously, intermediate magnetic states were observed below
the thresholdJ,, (ref. 47). The external-magnetic-field-free switching
of PMA unambiguously demonstrates that the presence of &, gener-
ated T,p . in the MP samples. These experimental results of PMA
switching have been qualitatively reproduced by micromagnetic
simulations (Supplementary Information, section 10 and Supple-
mentary Fig. 10). In addition to field-free PMA switching, we also per-
formed field-free magnetization switching of the in-plane CoFeB layer

inthe MP24 sample, as detected by using the unidirectional spin Hall
magnetoresistance mechanism (Supplementary Information, section
11 and Supplementary Fig. 11). J,,, was estimated to be ~11.0 MA cm™
using the parallel resistor model.

We explain the appearance of the non-vanishing 6, and 6, in
terms of the contribution from grains of different orientations in
our polycrystalline MnPd; films. MnPd; has the crystal space
group /4/mmm (ref. 48). If the film were monocrystalline and (001)
oriented with the charge current flowing along the [100] direction (the
x direction), only the conventional spin Hall conductivity o, (where
the spin current flows along the [001] direction (the zdirection) normal
to the charge current and has spin polarization along the [010] direc-
tion (the y direction)) would be allowed due to the (001) plane being
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Fig. 4| Effect of (114) texture on the spin polarization. a, The calculated band
structure for the energies (E) around the Fermi level (£;) of stoichiometric MnPd,
atroom temperature. The labels on the x axis denote the high symmetric points
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inthe Brillouin zone. b-d, Spin Hall conductivity as a function of energy. The
calculated 0%, (b), 0%, (c) and 0%, (d) as a function of energy for MnPd, (114) film,
where the x axisis oriented along the [401] direction.

invariant to all symmetry operations of this space group. In a poly-
crystalline film, however, other crystal orientations with lower
symmetries contribute to the spin Hall conductivity. For example, the
(114) plane corresponding to the dominant texture of our films
(reflected by the strongest X-ray diffraction peak in Fig. 1b) is only
invariant with respect to mirror symmetry M(i;0)and two-fold rotation
Ciiio)- This allows the appearance of unconventional components
of the spin Hall conductivity tensor, such as ¢f, and dZ,, where the
spin polarization is parallel to the direction of the spin current or the
charge current. Moreover, in a polycrystalline film, the current
directionitself varies with respect to the high-symmetry directions of
different grains, which also influences the shape of the spin Hall
conductivity tensor. These aspects have been discussed in ref. 16.

To quantitatively evaluate the contribution from this mecha-
nism, we perform first-principles density functional theory (DFT)
calculations of spin Hall conductivity of bulk MnPd; assuming a
room-temperature paramagnetic phase. Figure 4a shows the calcu-
lated band structure of MnPd,. There are several bands crossing the
Fermi level (Ep), indicating the metallic ground state. The small gaps
between the bands near E; are favourable for the sizeable spin Hall
conductivity*, which is given by*°

e [ &k
0{-; = %‘/‘W ;fnkoﬁ,ij k), 3)

(nk|/¥|n'kn’K|v;|nk)

4 @)
(Enk - En’k)

szy (k) =-23 Z

n'#n

where f, is the Fermi-Dirac distribution function for band n and
wave vector k, Q’;U (k) is the spin Berry curvature, J* = %{u,-,sk} is
the spin current operator, v;and s, are velocity and spin operators,
respectively, and i,j,k = x,),z . As expected, for MnPd, textured
inthe (001) plane, only the conventional @), is non-vanishing (Table 2
inSupplementary Information, section13). However, for the dominant
(114) stacking texture, the unconventional spin Hall conductivities (0},
and 0%,) emerge (Table 2 in Supplementary Information, section 13).
Figure 4b-d shows the calculated spin Hall conductivities for
MnPd; (114) film as a function of energy when the charge current
flows along the [401] direction (the x direction). We find a high
conventional o, ~ 1,744 (%) (Qcm)™" and sizeable unconventional

conductivities Oy, ~ 279 (:—e) (Qem) ' and 0%, = 166 (zﬁ) @Qcm)tat
the Fermi energy. Itis evident that the ¢}, and o2, values are approxi-
mately an order of magnitude smaller than ¢’,,, which is consistent
with our experimental observation. Unconventional SOTs present in
the antiferromagnetic regime of the MP10 sample (Supplementary
Information, section 14 and Supplementary Fig. 14) confirms that
low crystal symmetry is the reason for the origin of T,p, , and T,p, ..
As we specifically showed by DFT calculations, the spin Hall conduc-
tivities generated by the grains with different orientations can have
different magnitudes and signs. Therefore, the net spin Hall conductiv-
ity of the film might be weakened substantially if these grains have the
equivalent sizes and concentrations. However, once agrain orientation
isdominating, the net spin Hall conductivity can be finite to generate
sizeable SOTs. The control of film orientation and hence the SOT require
further work to improve the crystalline texture of the film, which is
beyond the scope of the current work.

Insummary, we studied anti-damping SOTs generated by the 4,
0y, and 0, in MnPd,/ferromagnet heterostructures. In both the para-
magnetic and the antiferromagnetic phase unconventional SOTs were
observed. DFT simulations confirmed the low crystal symmetry present
in the (114)-oriented MnPd, thin films as the origin of the observed
unconventional SOTs. We demonstrated successful growth of conduc-
tive MnPd, thin films with high ¢, and sizeable 0%, and ¢Z, after pos-
tannealing at 400 °C for half an hour. Complete external-magnetic-
field-free switching of both IMA and PMA were realized. The observed
SOTs were robust against thermal treatment, and compatible with
the low damping constant of CoFeB even after postannealing. All of
these are key factors for the integration of a practical spin
current source based on antiferromagnetic MnPd; into the next
generation of SOT-based spintronics devices.
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Methods
Sample growth and thin film characterization
MnPd, thin films for the magnetotransport, SOT characterizationand
magnetization switching were grown on Si/SiO, substrate at room
temperature by sputtering acomposite MnPd, (99.99% pure) targetin
an AJA sputtering system with abase pressure of 2.0 x 1078 torr. MnPd,,
CoFeB, platinum and tantalum were d.c. sputtered at 25 W power with
deposition rates of 0.27, 0.056, 0.27 and 0.07 A s, respectively. The
MgO layer was radiofrequency sputtered at 50 W power with a depo-
sition rate of 0.013 A s™.. Rutherford backscattering measurements
give the atomic composition of manganese and palladium in the
MnPd, film as 28% and 72%, respectively.

Thin sections for TEM were prepared by a focused ion beam in
an FEI Helios Nanolab 660 (ref.). TEM analysis was carried out with a
Hitachi HF-5000 equipped with a probe aberration corrector, under
200 kV. Bright field, secondary electron and annular (both medium-
and high-angle) dark-field images were captured simultaneously in
scanning TEM mode. High-resolution energy-dispersive X-ray spec-
troscopy mapping and line scans were performed with an Oxford
Instruments large solid angle (2.0 sr) dual windowless detector.

Zero field cooled and field cooled magnetization data were
collected as a function of temperature using a Quantum Design
superconducting quantum interference device magnetometer.

Device fabrication and electrical characterization

The multilayer thin films were patterned into Hall bars for the quantum
transport, SHH and magnetization switching experiments using an
optical lithography process. The Hall bars used for the experiments
were 10 pm wide and 130 pm long. The separation between the Hall
crosses inthe Hall bar device was 37 um. For the ST-FMR measurements
thin films were patterned into rectangular strips 25-30 pm long and
20 pm wide. After the first photolithography step, an argon ion mill
was used to define the device geometry. Ti (10 nm)/Au (150 nm) thick
electrical contacts were deposited after the second lithography step
using a KJL e-beam evaporator. A physical property measurement
system was used to determine the electrical, magnetotransport and
SHH measurements. Two Lockins SR830s and a 6221 current source
were used to probe the first and second harmonic voltage and supply
current, respectively. An Agilent HP 83620B was used to supply the
radiofrequency current for the ST-FMR measurements. The d.c. voltage
was measured with a Keithley 2000 multimeter.
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