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Methods 

Device fabrication: The materials used in this work were deposited on thermally oxidized silicon 

substrates under an Ar pressure of 2.5 mTorr at room temperature, in a sputtering system with base 

pressure less than 5×10−9 Torr. The PtMn3 pillars with diameters of 6 and 8 μm were deposited by 

co-sputtering from Pt and Mn targets at nominal powers of 7 W and 150 W, respectively. A 2 nm 

Al layer was then deposited and oxidized in an oxygen plasma to obtain the Al2O3 tunnel barrier. 

Photolithography and dry etching processes were used to pattern the device structure and the 

contacts to the tunnel junction. Finally, Ti (10)/Al (80) electrodes were deposited by electron beam 

evaporation to form the electrical contacts of the device.  

Electrical measurements: Electrical write current pulses were applied using a 6221 Keithley 

Current Source for all the measurements, as shown in Fig. 1 of the main text. The junction 

resistance was measured by applying a 10 µA current between electrodes 7 and 4, and then, 

measuring the voltage between electrodes 8 and 1 using a Keithley 2182A nano-voltmeter 

operating in the delta mode option. The 6-terminal differential voltage measurements were carried 

out by applying a reading current of 10 µA between electrodes 1 and 4. The differential voltage 

was then measured between electrodes 5 and 6 using a Keithley 2182A nano-voltmeter operating 

in the delta mode option.  

X-ray diffraction (XRD) measurements: Additional 10 nm thick PtMn3 layers (with the same 

growth method described in the device fabrication section above) on 5 nm Pt layers were sputtered 

on a thermally oxidized silicon substrate to analyze their crystal structure. X-ray diffraction 

measurements were performed in a Rigaku SmartLab system, the results of which are shown in 

Supplementary Note 1 and Fig. S1B. 

X-ray photoelectron spectroscopy (XPS) measurements: XPS spectra were measured on a PtMn3 

reference layer to confirm its composition, using a Thermo Scientific ESCALAB 250Xi X-ray 

Photoelectron Spectrometer. The XPS results are shown in Supplementary Note 1 and Fig. S1A. 

Density functional theory simulations: We performed structural relaxations using the Vienna ab-

initio Simulation Package (VASP) code 1-3 on a PtMn3[111] layer, 4 nm in thickness, interfaced 

with a 1.7 nm thick α-Al2O3 layer. The system was treated with a periodic boundary condition 

along the c axis, namely no vacuum was included. The hexagonal in-plane lattice constant was 

fixed at 5.29 Å, which corresponds to the bulk PtMn3. We minimized the total energy with respect 

to the amplitude of the lattice vector c. The relaxation was performed using the Perdew-Burke-

Ernzerhof (PBE) 4 exchange correlation functional and a 6 × 6 × 1 Γ centered k-points mesh with 

spin-orbit coupling. Using the relaxed coordinates of PtMn3/α-Al2O3, we employed the OpenMX 

DFT package 5-7 to obtain the Hamiltonian in the atomic orbital basis sets. A 11× 11 × 1 k-points 

mesh was used for the self-consistent field (SCF) calculation. The unit cells in the middle of the 

PtMn3 film were utilized to calculate the self-energies of the left and right leads. The self-energies 

were calculated using the Sancho-Rubio fast recursive method 8. The PtMn3 film was divided in 

half by removing the hopping elements between the top and bottom halves. The lead self-energies 

were added to the corresponding surface layers to extend them into the semi-infinite limit. In the 

case of the anti-parallel configuration, we multiplied the exchange splitting of one side of the 

junction by a negative sign. Subsequently, the Landauer-Buttiker formula 9 was employed to 

calculate the transmission across the AATJ for both parallel 𝑇𝑃 and anti-parallel 𝑇𝐴𝑃 cases. A 



51×51×1 k-points mesh was used for the transmission calculations. 

Micromagnetic model: The micromagnetic simulations were performed using a well-established 

two-sublattice micromagnetic solver which solves two Landau-Lifshitz-Gilbert-Slonczewski 

(LLGS) equations 10-14, strongly coupled through the exchange interactions, 
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where 1m  and 2m  are the two sub-lattice magnetizations, 0  is the gyromagnetic ratio, and α is 

the Gilbert damping parameter,  

 ( ), 0 i iSH i SHH− = τ m m p  (2) 

is the Slonczewski-like SOT, associated mainly with the spin-Hall effect, with the amplitude given 

by ( )0/ 2SH SH SH J et M =  12. In the last expression, , SH , 0e  , t , and 0  are the reduced 

Planck’s constant, the spin Hall angle, the electron charge, the AFM film thickness, and the vacuum 

permeability respectively, while J  is the applied current density. The saturation magnetization is 

equal in both sublattices 1 2S S SM M M= = . The direction of the spin polarization is =p z j  (see 

Fig. 1 in the main text), j  being the unit vector of the current density direction. 

We consider a face-centered cubic unit cell with lattice constant a = 0.38 nm for the PtMn3, 

where only the Mn atoms are magnetic. Therefore, the magnetic unit cell is a bcc cell with a lattice 

constant 𝑎𝑚 = 𝑎/√2 = 0.28 nm. ,1effH  and ,2effH  are the effective fields for the first and second 

sublattice, respectively. They include the anisotropy field (see Eq. 4), the demagnetizing term, and 

the exchange field, which is given by three contributions: 
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Here, ma  is the magnetic lattice constant and 11 0 12, ,A A A  are the inhomogeneous intra-lattice, 

homogeneous inter-lattice and inhomogeneous inter-lattice exchange constants characterizing the 

interaction 12. Finally, the cubic anisotropy field can be written as 

 ( ) ( ) ( )2 2 2 2 2 2

v w v u w w u vanis um m m m m m m m m= + + + + +H u v w  , (4) 

where , ,u  v  w  are the unit vectors of the crystallographic reference system 10. 

The inhomogeneous intra-lattice exchange constant is 𝐴11 = 0.8 ×  10−11 𝐽/𝑚, and both the 

homogeneous and inhomogeneous inter-lattice exchange constants are 𝐴0 = 𝐴12 = −1.0 ×

 10−11 𝐽/𝑚. We considered the damping parameter to be α= 0.05, while the spin Hall angle is θSH  

= 0.1. The saturation magnetization of Mn was considered to be MS = 153.75 kA/m. The cubic 

anisotropy constant is 𝐾𝐶 = −0.62 ×  106 𝐽/𝑚3. Figure S5 shows an example of the simulated 

equilibrium configuration of one sublattice magnetization. The red (blue) color in the figure refers 

to the positive (negative) out-of-plane component of the magnetization along the z-axis. 



Supplementary Note 1. Structural and magnetic characterization results 

Additional Pt(5 nm)/PtMn3(10 nm) bilayers were sputter deposited on a thermally oxidized silicon 

substrate to analyze their crystal structure and composition. The x-ray diffraction pattern (Fig. 

S1B) shows that the PtMn3 film is in the noncollinear L12 phase, which has a magnetic Kagome-

like lattice. In addition, the PtMn3 layer is texturized in the [111] direction, following the 

underlying Pt layer, as also indicated by the HRTEM results shown in the main text (Fig. 1C). XPS 

measurements conducted in an additional PtMn3 (20 nm) layer revealed the 2p-Mn and 4f-Pt peaks, 

which indicate a Mn:Pt ratio of ~ 3.2. These XPS results are shown in Fig. S1A. 

In order to confirm the antiferromagnetic order of our PtMn3 films, we constructed additional 

Pt(5)/PtMn3(10)/Pt(1)/Co(1.2)/Pt(2) (thicknesses in nanometers) multilayers, using the same 

deposition conditions as the PtMn3 layers described in the main text. The hysteresis loop, shown 

in Fig. S2, was measured using a vibrating sample magnetometer (VSM), by applying a magnetic 

field along the sample plane between -300 and 300 Oe, and indicates an exchange bias field of 

approximately 30 Oe. The 1 nm Pt insertion layer was used to prevent diffusion of Mn atoms into 

the Co layer. The presence of in-plane exchange bias further confirms the non-collinear spin 

configuration of PtMn3 constrained in the [111] plane.  

The noncollinear phase of PtMn3 also exhibits an anomalous Hall effect (AHE) 15. We 

measured such an AHE signal in Hall bars of Pt/PtMn3 with a width of 20 µm, which were 

fabricated under the same conditions as the samples in the main text. These results, which are 

shown in Fig. S2B, confirm the presence of the noncollinear antiferromagnetic phase in our 

samples. 

 

 
Fig. S1. X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) measurements in PtMn3 layers 

grown using the same method as those in the main text. A, XPS measurements for a PtMn3 (20 nm) layer capped 

with MgO. The XPS peak analysis reveals a ~ 3.2 ratio of Mn:Pt. B, XRD measurements performed in a Pt (5 nm) / 

PtMn3 (10 nm) bilayer capped with MgO, confirming the antiferromagnetic L12 phase of the PtMn3 layer.  



 
 

Fig. S2. A, In-plane VSM measurement of Pt(5)/PtMn3(10)/Pt(1)/Co(1.2)/Pt(2) (thicknesses in nanometers) in the 

field range between -300 Oe to 300 Oe, indicating an exchange bias field of approximately 30 Oe. B, Anomalous Hall 

effect measurements as a function of an out-of-plane applied field in Hall bars of Pt/PtMn3, where RH indicates the 

anomalous Hall resistance value after subtraction of a constant background. 

 

Supplementary Note 2. TR measurements on additional three-terminal AATJ devices  

We measured 12 devices in total, all of which exhibited qualitatively similar behavior. The 

distribution of ΔR/R and ΔR values for all these devices is summarized in Fig. 5 of the main text. 

Figure S3 shows data for two additional devices, both having an AATJ diameter of 8 µm, which 

exhibit ΔR/R values ~35% and ~50%, respectively. The procedure used for these current-induced 

switching measurements was the same as shown in the main text. It is worth noting that in some 

of the measured devices (see Fig. S3A), the switching signal develops only after an initial series 

of unsuccessful switching attempts. We hypothesize that this originates from the heating of the 

devices during the first few current pulse cycles. Note also that some of the devices show more 

than two resistance levels, which is expected to emerge from the multi-domain structure of these 

relatively large-diameter pillars. This hypothesis is supported by micromagnetic simulations, 

which are shown in Supplementary Note 4. 

 

 
Fig. S3. Current-induced switching measurements on two additional AATJ devices with 8µm diameter, which exhibit 

ΔR/R values of ~35% (A) and ~50% (B), respectively.  

 



Supplementary Note 3. TR measurements on a non-magnetic Pt/Al2O3/Pt control device 

We fabricated additional tunnel junction control devices, where the AFM layers were replaced by 

a Pt layer of the same thickness, which was subsequently patterned into a pillar of 8 µm diameter. 

The electrical current-induced switching experiments on these control devices were performed in 

the same way as those described in the manuscript. None of the measured control devices exhibited 

a resistive switching signal for the range of currents used in our AATJ switching experiments. A 

representative curve is shown in Fig. S4. These control experiments confirm the magnetic origin 

of the switching signal observed in our PtMn3-based tunnel junctions. 

 
Fig. S4. Control experiment in Pt-only tunnel junction devices. No resistive switching signals were observed in 

control tunnel junction devices made without the PtMn3 free layer.  

 

 

Supplementary Note 4. Micromagnetic simulation results 

To evaluate the effect of material imperfections on the switching characteristics, we perfomed a 

study of the effect of the pinning potential, emerging from local variations of anisotropy within the 

PtMn3 layer. The anisotropy constant of each grain was assumed to follow a Gaussian distribution 

with mean 𝐾𝐶 = −0.62 𝑥 106 𝐽/𝑚3 and standard deviation .  In particular, we considered a 

Voronoi map with a given grain distribution, where the average diameter of the grains was 10 nm. 

We then changed the standard deviation of the anisotropy, ranging from 0.02 =  to 0.15 = . As 

a result, each grain in the simulation showed a different anisotropy constant. Figure S6A shows 

the threshold current density necessary to move the domain wall shown in Fig. S5 from its pinning 

site, as a function of the standard deviations of the anisotropy constant. This threshold current 

density is 8 MA/cm2 for 0.02 = , which increases to 65 MA/cm2 at 0.15 = .  

This result allows one to qualitatively understand the device-to-device variations of switching 

characteristics in our devices, which may emerge from film nonuniformities induced during 

material growth or subsequent device fabrication steps. Specifically, increased pinning potentials 

in the film lead to a larger threshold current density, thereby giving rise to incomplete switching 

for the same applied current. Figures S6B-D show snapshots of the domain wall displacement from 

the equilibrium position for different current densities (J = 10, 15, and 20 MA/cm2, for the panels 

B-D, respectively) when the Voronoi deviation is 0.05 = . In each case, the domain wall gets 

pinned to a different location on the nanowire where the pinning potential is higher, the location 

of which depends on the value of the current density. Qualitatively similar results were observed 

for different grain distributions.  

 



 
Fig. S5. Snapshot of the first sublattice magnetization depicting a possible ground state of the magnetization in a 

nanowire device. The red (blue) color denotes the positive (negative) out-of-plane component of the magnetization. 

 

 

 
Fig. S6. A, Threshold current density required to move the domain wall shown in Fig. S5, as a function of the standard 

deviation of the anisotropy constant (σ). B-D, Snapshots of the first sublattice magnetization when a current density 

of J = 10, 15, and 20 MA/cm2 is applied for panels B-D, respectively. The calculations were performed with a standard 

deviation 0.05 = .  
 

 

Supplementary Note 5. High-resolution XRD measurements 

To better separate the [111] peaks from PtMn3 and Pt in Fig. S1B, we deposited additional samples 

of SiO2/Pt(5)/PtMn3(10) and SiO2/Pt(5)/PtMn3(20) (thickness in nanometers), and performed 

high-resolution XRD measurements for 35 ≤ 2θ ≤ 55 degrees on them. The results are shown in 

Fig. S7. 

 
Fig. S7. XRD measurements for two Pt/PtMn3 samples having different PtMn3 thickness. 

 



The intensity of the observed peak is higher in the 20 nm sample, which indicates that the peak 

originates primarily from PtMn3. A linear baseline was subtracted from the raw data for both 

samples. Due to the broadening of the peaks, it is not possible to observe two distinct peaks for Pt 

[111] and PtMn3 [111] as they are separated only by Δ(2θ) = 0.976 degrees. However, the data for 

both samples indicate an asymmetric peak (due to the overlap of two broad peaks). The baseline-

subtracted data for both samples were fitted with two Gaussian peaks. The results are shown in 

Fig. S8 for the case of the 10 nm PtMn3 sample. The bulk values of 2θ from the [111] planes from 

both materials are indicated by the dashed lines, which confirm that the larger [111] peak observed 

in our data indeed originates from PtMn3. 

 

 
Fig. S8. Gaussian fits to the Pt(5)/PtMn3(10) XRD data. Dashed lines show the expected (bulk) positions of the Pt and 

PtMn3 peaks. 

 

Supplementary Note 6. TEM nano-beam diffraction analysis 

To further confirm the intended [111] texture in both PtMn3 layers, we additionally collected 

electron diffraction patterns from local regions in the sample. This nano-beam diffraction analysis 

confirms that there is a strong [111] preferred orientation, as shown in Fig. S9, in agreement with 

the XRD results and the TEM results shown in the main text.  

 



 
Fig. S9. A, TEM image showing the tunnel junction with the blue and orange dots indicating the position of the beam 

during nanobeam diffraction. B, Profile of the electron beam with a Gaussian fit indicating a 6.5 nm full-width half-

maximum (FWHM). C, Nanobeam diffraction pattern from the Si substrate with the red arrow indicating the surface 

normal (film growth) direction. D and E, Nanobeam diffraction patterns from the bottom and top PtMn3 layers, 

respectively, showing strong [111] spots along the surface normal, indicating the preferred orientation during growth.  
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