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We demonstrate non-decaying, step-like electrical switching of tri-state Néel order in Pt/-Fe2O3 

bilayers detected by spin-Hall induced anomalous Hall effect.  The as-grown Pt/-Fe2O3 bilayers 

exhibit saw-tooth switching behavior generated by current pulses.  After annealing by a high pulse 

current, the Hall signals reveal single-pulse saturated, non-decaying, step-like switching.  Together 

with control experiments, we show that the saw-tooth switching is due to an artifact of Pt while 

the actual spin-orbit torque induced antiferromagnetic switching is step-like.  Our Monte-Carlo 

simulations explain the switching behavior of -Fe2O3 Néel order among three in-plane easy axes.   
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Spin-orbit torque (SOT) induced switching of ferromagnets (FM) by an adjacent heavy metal (HM) 

has raised wide interests in recent years,1-3 where a charge current in the HM generates spins at the 

HM/FM interface via the spin Hall effect (SHE).  Antiferromagnets (AFs) offer the advantage of 

no stray field, robustness against external field, THz response, and abundance of material 

selections.4-12 It has been predicted that Néel SOT can be utilized to switch AF spins in picoseconds 

for THz operations.13-17  Electrical switching of bi-state AF moments has been demonstrated in 

metallic AFs, CuMnAs and Mn2Au.18-22  For antiferromagnetic insulators (AFIs), the switching of 

Néel order can be achieved in HM/AFI bilayers by damping-like SOT, as shown recently in Pt/NiO 

bilayers with saw-tooth shaped switching, which was interpreted as that every ~1 ms current pulse 

can flip the AF-Néel order incrementally.23-26  In this letter, we report the first observation of tri-

state, step-like switching of Néel order in Pt(2 nm)/α-Fe2O3(30nm) bilayers grown on Al2O3(001) 

substrates, which is read out by Hall resistance (ΔRxy) detection.  Our results demonstrate that the 

saw-tooth ΔRxy is an artifact from the Pt layer, while the SOT-induced AF switching is step-like.   

Epitaxial α-Fe2O3 films are grown on Al2O3(001) substrates using off-axis sputtering,27-29 

followed by in-situ deposition of a Pt layer on α-Fe2O3 at room temperature.30, 31  α-Fe2O3 is a high 

temperature AFI with a corundum structure as shown in Fig. 1(a).  The Fe3+ moments stay in the 

(001) plane and stack antiferromagnetically along the c-axis above the Morin transition 

temperature32, 33 (see Supplementary Materials34, which includes Refs.35-38).  Figure 1(b) shows a 

2/ X-ray diffraction (XRD) scan of an α-Fe2O3(30 nm) epitaxial film on Al2O3(001), where the 

Laue oscillations of the α-Fe2O3(006) peak in the inset indicate its high quality.  The scanning 

transmission electron microscopy (STEM) image of a Pt(2 nm)/α-Fe2O3(30 nm) bilayer shown in 

Fig. 1(c) reveals the single-crystalline ordering of α-Fe2O3 and the clean Pt/Fe2O3 interface.   

Figure 2(a) shows the ab-plane of α-Fe2O3 hexagonal lattice with three easy axes along 
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[210], [120], and [11ത0].32, 39  We pattern our Pt(2 nm)/α-Fe2O3(30nm) bilayers into 8-leg Hall 

crosses, as shown in Figs. 2(b) and 2(c), where the width of the two vertical Hall terminals is 5 μm 

and the other six legs (60 apart) are 10 μm wide.  We determine the crystallographic axes of the 

samples using reflection high-energy electron diffraction (RHEED) to align E1, E2, and E3 with 

the [210], [120], and [11ത0] easy axes of α-Fe2O3, respectively (see Supplementary Materials34).   

Hall resistances of the patterned bilayers are measured using a Physical Property 

Measurement System (PPMS) at 300 K unless specified otherwise.  During our switching 

measurements, we first apply a 1-ms pulse current (Ip) along one of three easy axes, wait for 30 

seconds, and then measure the Hall voltage across the two vertical terminals by sending a small 

sensing current (Is) of 100 μA along E2.  After a series of 10 pulses, we change the direction of Ip 

to another easy axis and repeat the measurement.  Figure 2(d) shows ΔRxy as a function of pulse 

count at Ip = 9 mA (current density, j = 4.5  107 A/cm2), which exhibits clean tri-state Hall 

resistances at Ip || E1 (low), Ip || E2 (intermediate), and Ip || E3 (high) as Ip is switched from 

E2E3E2E1E2.  This switching behavior can be understood as follows: 1) when an initial 

pulse current is applied along one of the three easy axes, the damping-like SOT rotates the Néel 

order n to align with Ip,23 2) a small sensing current is sent along E2 and a spin-Hall induced 

anomalous Hall effect (SH-AHE) voltage is measured, which reflects the orientation of n, 3) after 

the first pulse, the subsequent 9 pulses cause essentially no change in n, resulting in a plateau, 4) 

as Ip is changed to a new easy axis, n aligns with the new direction of Ip, leading to a step-jump of 

ΔRxy.  The step-like switching of the Néel order is in distinct contrast with previous reports in 

Pt/NiO bilayers with saw-tooth shaped ΔRxy.   

The magnitude of the Hall resistance, ΔRxy(E3) > ΔRxy(E2) > ΔRxy(E1) arises from the 

relative angle of -60, 0, and +60 between n and Is (which generate spins   Is in Pt vis SHE) 



4 
 

for Ip along E3, E2, and E1, respectively, as expected from the angular dependence of the 

damping-like SOT induced SH-AHE.23, 26, 40  To corroborate the results in Fig. 2(d), we use an 

independent approach to control the Néel order by an applied field (H) which aligns n  H via the 

in-plane spin-flop (SF) transition once H exceeds the SF field.  Figure 2(e) shows the angular 

dependence of ΔRxy by applying an in-plane field (see Fig. 2(c) where 𝛼 is the angle between H 

and E2 or [120] crystal axis) of 0.1, 1, and 3 T, which is analogous to the planar Hall measurement 

in FMs.  At H ≥ 1 T, ΔRxy reaches saturation and follows sin2𝛼, while at H = 0.1 T, it shows an 

irregular angular dependence, indicating that the in-plane SF transition in our α-Fe2O3 films occurs 

at below 1 T with n  H.40, 41  The peak-to-valley magnitude of ΔRxy in Fig. 2(e) is 0.27 , which 

gives the upper limit of Hall resistance change in Pt/α-Fe2O3 switching measurement.  The plateaus 

in Fig. 2(d) for E3, E2, and E1 correspond to α = 30, 90, and 150 marked in Fig. 2(e), 

respectively.  The values of ΔRxy in Fig. 2(d) are smaller as compared to the corresponding points 

in Fig. 2(e), and we will explain it below in Fig. 4. 

Because for damping-like SOT ∝ 𝒏 ൈ ሺ𝒋 ൈ 𝒛ොሻ ൈ 𝒏, the magnitude of pulse current density 

j determines ΔRxy,23 we measure the Ip dependence of the Pt/α-Fe2O3 samples by applying Ip along 

E1 and E3, as shown in Fig. 3(a).  As Ip increases, ΔRxy changes from single-pulse saturation, step-

like switching to saw-tooth shaped switching.  At Ip = 16 mA, there is a clear decay of ΔRxy after 

several cycles of pulses.  During the first cycle, ΔRxy is ~0.3 Ω which is above the upper limit of 

0.27 Ω given by Fig. 2(e).  The obvious decay at Ip = 16 mA has been observed in other HM/AFI 

switching systems, which was attributed to the decrease of switching efficiency.19, 24  

To uncover the cause of saw-tooth switching and the decay of ΔRxy, we perform the same 

measurement using another Hall cross on the same sample in an in-plane field of 3 T applied at H 

 E2 [Fig. 3(b)].  Since H is fixed at α = 90 and above the SF field, the AF moments are frozen 
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along E2 and no switching is expected.  Surprisingly, the 3 T field has essentially no impact on 

ΔRxy at Ip = 16 mA, which remains saw-tooth like with similar magnitude.  The 12 and 10 mA 

curves, on the other hand, shows sharp difference, becoming flat lines (no switching) in Fig. 3(b).  

The inset in Fig. 3(b) plots ΔRxy vs. Ip in a semi-log scale, exhibiting an exponential dependence.  

Likewise, the inset in Fig. 3(a) shows a similar plot for 0 T, where the red curve is not a fit, but the 

sum of exponential fit obtained in the inset of Fig. 3(b) and the linear fit from Fig. 4(c) below.  

To highlight the contrast between Figs. 3(a) and 3(b), Figs. 3(c) and 3(d) show the 

comparison of ΔRxy between the 0 and 3 T data at Ip = 16 and 12 mA, respectively.  In Fig. 3(c) 

for Ip = 16 mA, there is essentially no difference between the 0 and 3 T curves despite the different 

AF spin configurations.  In Fig. 3(d) for Ip = 12 mA, the 3 T field turns the step-like ΔRxy at 0 T 

into an essentially flat line (with a very small but non-negligible saw-tooth shape), suggesting that 

the step-like switching is the real AF switching while the saw-tooth feature has a different origin.  

Considering the saw-tooth feature is most obvious at Ip = 16 mA, we apply an even higher 

pulse current of 18 mA (j = 9.0  107 A/cm2) at zero field to anneal the 2 nm Pt layer and then redo 

the measurement at Ip = 16 and 12 mA in a 3 T field, as shown in Figs. 3(e) and 3(f), respectively.  

In both cases, there is no switching and ΔRxy remains flat after the annealing.  We next perform 

the same measurement at zero field for Ip = 16 and 12 mA.  Figure 3(g) shows that after the 

annealing, the saw-tooth curve at Ip = 16 mA is transformed to a step-like switching.  In Fig. 3(h) 

for Ip = 12 mA, ΔRxy remains step-like while the switching becomes more square-like.  This result 

demonstrates that the annealing dramatically changes the detected switching behavior, which we 

attribute to the improved stability of the Pt(2 nm) layer after the annealing. 

Since the switching of Pt/α-Fe2O3 samples becomes significantly more stable after the 

annealing, we can obtain a reliable Ip dependence of the SOT-induced switching.  Figure 4(a) 
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shows that for the whole current range from 6 to 16 mA, ΔRxy exhibits step-like switching with 

high stability and no detectable decay.  The onset of switching occurs at Ip = 6 mA or j = 3.0  107 

A/cm2, comparable to the values for typical HM/FM systems.2, 3  A linear-scale plot of ΔRxy vs. Ip 

shown in Fig. 4(c) exhibits a linear dependence at Ip ≥ 8 mA.  This indicates the SOT responsible 

for the AF switching is linearly proportional to the magnitude of Ip, which in turn is proportional 

to the SHE-generated spin accumulation at the Pt/α-Fe2O3 interface.  In addition, the fitting 

parameters obtained from Fig. 4(c), together with the exponential fitting to the inset in Fig. 3(b), 

are used to create the red curve in the inset in Fig. 3(a), which approximately agrees with the 

experimental data for fresh samples without the annealing.  

During the switching of n from one easy axis to another, thermal fluctuation is expected19, 

26 to help n overcome the potential barrier due to magnetocrystalline anisotropy.  We measure the 

temperature (T) dependence of ΔRxy at Ip = 9 mA from 200 to 300 K at zero field as shown in Fig. 

4(b), which decreases at lower temperatures as expected.  Figure 4(d) shows the ΔRxy vs. T plot, 

which exhibits an exponential dependence, confirming thermally activated AF switching.19  

Figure 4(e) shows the dependence of △Rxy on the magnitude of an in-plane field applied at 

H  E3, [ = 30, see Fig. 2(c)], which aligns n || E3 at H above the SF field.  As H is ramped 

from 0 to 1 T (initial curve) and then back to 0 T, the △Rxy vs. H curve exhibits a full loop in the 

first-quadrant, analogous to FMs.  The remanence of △Rxy at H = 0 T on the red curve is ~25% of 

the saturation value at 1 T because the α-Fe2O3 film transitions from a single domain to multi-

domains as H is reduced to below the SF field.  We also perform a minor loop measurement by 

ramping H from 0 to 0.1 T and then back to 0 T, which exhibits a much smaller remanence at 0 T.   

A pulse current applied along an easy axis generates SHE-induced spin accumulation near 

the Pt/α-Fe2O3 interface, which acts as an effective magnetic field ∝ ሺ𝒋 ൈ 𝒛ොሻ ൈ 𝒏 and exerts a SOT 
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on the Néel order to align n with Ip.  This is similar to an FM whose magnetization can be aligned 

by a magnetic field.  Given the THz response of AFs13 and that the sample temperature can be 

stabilized in μs,19 a single 1-ms pulse is long enough for an AF to reach equilibrium.  As a result, 

the percentage of Néel order switching only depends on the magnitude of Ip rather than the number 

of pulses.  Since our △Rxy is recorded using a small sensing current long after the pulse current is 

off, the measured signal is the remanence of △Rxy, which is a fraction of the saturation value.  This 

is analogous to the demagnetization process of FMs and can explain why △Rxy in switching 

measurements is much smaller than that in the field-dependence measurements shown in Fig. 2(e).  

Figure 4(f) shows our Monte-Carlo simulations of the full and minor loops in Fig. 4(e) by 

computing the component of n along E3, nE3, as a function of the effective magnetic field, 

𝐻௘௙௙/ඥ2𝐻௞ଶ, generated by the SOT with Ip || E3, where 𝐻௞ଶ is the easy-plane anisotropy field 

(see Supplementary Materials34 for details).  The simulation result of SOT-induced switching 

qualitatively agrees with the experiment result in Fig. 4(e) induced by an external field, revealing 

the similarities in the control of AF spins between a magnetic field and current-induced SOT. 

To uncover the reason for the saw-tooth switching, we perform the switching 

measurements for a Pt(2 nm) film directly deposited on Al2O3 and SrTiO3 (see Supplementary 

Materials34), which display the saw-tooth shaped △Rxy.  We speculate that the saw-tooth feature 

of △Rxy is due to the current-driven migration of grain boundaries in thin Pt layers.  This proves 

that the saw-tooth feature is an artifact42 due to Pt and not related to the AF switching, while the 

actual AF switching exhibits single-pulse saturation, step-like Hall resistance, which disappears 

after the AF spins are “frozen” by a magnetic field.  As a comparison, we also try electrical 

switching of a Pt/Cr2O3 bilayer (see Supplementary Materials34), which does not exhibit AF 

switching because the Cr2O3 epitaxial film is an AF with an out-of-plane uniaxial anisotropy.  Our 
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results point to a promising path toward controlling AF spins in insulating AFs using spin-orbit 

torque. Also, we proposed a criterion to separate the SOT switching from the artifacts, where a 

real AF switching is unattenuated and can be suppressed by a magnetic field when exceeding the 

spin-flop field. 

This work was primarily supported by the Department of Energy (DOE), Office of Science, 

Basic Energy Sciences, under Grant No. DE-SC0001304.  M.L.Z. and J.H. acknowledge support 

(STEM) by the Center for Emergent Materials, an NSF MRSEC, under Grant No. DMR-1420451.  
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Figure Captions: 

Figure 1.  (a) Schematic of the α-Fe2O3 hexagonal lattice with FM-aligned Fe moment in the ab-

plane and AF coupling between adjacent ab-planes (oxygen atoms not shown).  (b) 2/ XRD 

scan of a 30 nm α-Fe2O3 epitaxial film on Al2O3(001). The insert shows a zoom-in region around 

the α-Fe2O3(006) peak.  (c) STEM image of a Pt(2 nm)/α-Fe2O3(30 nm) bilayer.  

Figure 2.  (a) The ab-plane of α-Fe2O3 lattice with three in-plane easy axes, [210], [120], and [11ത0] 

labeled as E1, E2 and E3, resulting in a tri-axial anisotropy, where the double arrows represent the 

AF spins.  (b) Optical microscopy image and (c) schematic of an eight-leg Hall cross of a Pt(2 

nm)/α-Fe2O3(30nm) bilayer, where α is the angle between an in-plane field and the E2 direction. 

(d) A sequential pulse current of Ip = 9 mA is applied along one of the three easy axes (10 pulses 

for each segment) at 300 K and a reversible control of tri-state Hall resistance is detected by 

applying a 0.1 mA sensing current along E2.  (e) In-plane α dependence of △Rxy at H = 0.1, 1, and 

3 T, where △Rxy saturates at H ≥ 1 T.  The gray and purple solid curves are sin2α fits. 

Figure 3.  Evolution of △Rxy when the pulse current is switched between E3 and E1 (10 pulses 

each) under (a) 0 T and (b) 3 T in-plane field applied perpendicular to E2 for a Pt(2 nm)/α-Fe2O3(30 

nm) bilayer. Insets: semi-log plots of △Rxy vs. Ip.  The red line in inset (b) is an exponential fit, 

𝑦 ൌ ሺ1.38 ൈ 10ିଵଵሻ𝑒ଵ.ସସ௫, and the red curve in inset (a) is given by, 𝑦 ൌ ሺ1.38 ൈ 10ିଵଵሻ𝑒ଵ.ସସ௫ ൅

ሺെ0.0183 ൅ 0.00243𝑥ሻ, which is the sum of the exponential fit in inset (a) here and the linear fit 

in Fig. 4(c).  Comparison of △Rxy at 0 and 3 T with (c) Ip = 16 mA and (d) Ip = 12 mA for a fresh 

sample.  Comparison of △Rxy for a fresh sample and the same sample after 18 mA annealing at (e) 

Ip = 16 mA in a 3 T in-plane field (H  E2), (f) Ip = 12 mA at 3 T, (g) Ip = 16 mA at 0 T, and (h) 

Ip = 12 mA at 0 T. 
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Figure 4.  (a) Pulse current dependence of △Rxy for a Pt(2 nm)/α-Fe2O3(30 nm) bilayer when Ip is 

switched between E3 and E1 (10 pulses each) measured at 300 K.  (b) Temperature dependence 

of △Rxy (between E3 and E1) at Ip = 9 mA. All measurements here are taken on a sample after 18 

mA annealing.  (c) △Rxy vs. Ip from (a), showing a linear dependence (red fitting line:  𝑦 ൌ

െ0.0183 ൅ 0.00243𝑥).  (d) Semi-log plot of △Rxy vs. T for Ip = 9 mA from (b), indicating an 

exponential dependence.  (e) In-plane field dependence of △Rxy with H  E3 [ = 30, see Fig. 

2(c)], which tends to align n || E3. The field is ramped from 0 to 1 T (green), then back to 0 T (red), 

which corresponds to a first-quadrant full hysteresis loop. In a separate scan, H is ramped from 0 

to 0.1 T (green), then back to 0 T (blue), corresponding to a minor hysteresis loop.  (f) Monte-

Carlo simulations of the full and minor hysteresis loops of the component of n along E3 (nE3) as a 

function of the effective magnetic field due to SOT generated by a pulse current Ip || E3, which 

agrees with the experimental data in (e).  
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Figure 3. 
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Figure 4.  
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