
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Absence of Evidence of Electrical Switching of the
Antiferromagnetic Néel Vector

C. C. Chiang, S. Y. Huang, D. Qu, P. H. Wu, and C. L. Chien
Phys. Rev. Lett. 123, 227203 — Published 27 November 2019

DOI: 10.1103/PhysRevLett.123.227203

http://dx.doi.org/10.1103/PhysRevLett.123.227203


	 1	

Absence of evidence of electrical switching of antiferromagnetic Néel 
vector  
 
 
C. C. Chiang1, S. Y. Huang1*, D. Qu2, P. H. Wu1, and C. L. Chien1,2,3 

 
1Department of Physics, National Taiwan University, Taipei 10617, Taiwan 
2Institute of Physics, Academia Sinica, Taipei, 11529, Taiwan 
3Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 
21218, USA 
 
 
 
 
 
 
 
 
 

Abstract 
 
Much theoretical and experimental attention has been focused on electrical switching of 

antiferromagnetic (AF) Néel vector via spin orbit torque (SOT). Measurements employing 

multi-terminal patterned structures of Pt/AF show recurring signals of supposedly planar Hall 

effect and magnetoresistance, implying AF switching. We show in this work that similar 

signals have been observed in structures with and without the AF layer, and of even larger 

magnitude using different metals and substrates. These may not be the conclusive evidences 

of SOT switching of AF, but the thermal artifacts of patterned metal structure on substrate. 

Large currents densities in the metallic devices, beyond the ohmic regime, can generate 

unintended anisotropic thermal gradients and voltages. AF switching requires unequivocal 

detection of AF Néel vector before and after SOT switching.  
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 Purely electrical control of magnetic devices is an ultimate goal in spintronics. 

Previously, spin transfer torque (STT) can provide electrical switching of ferromagnetic 

(FM) layers but requiring at least two FM entities, e.g., Co/Cu/Co, where the spin-polarized 

current from one FM switches the magnetization of the other FM [1]. The recent discovery 

of spin orbit torque (SOT) accommodates electrical switching of a single FM layer adjacent 

to a heavy metal (HM), such as in HM/FM bilayers [2-4]. SOT switching is based on the 

spin Hall effect (SHE), where a charge current through the HM (e.g., Pt) with a large spin 

Hall angle qSH generates a pure spin current in the lateral direction with the spin index s in 

the third direction. Above a threshold current density, the SOT can electrically switch the 

adjacent FM with in-plane anisotropy as well as perpendicular magnetic anisotropy (PMA), 

but the latter requires an external field along the current direction, thus highly undesirable.  

Several schemes have been demonstrated to achieve field-free SOT switching of FM layer 

with PMA [5-12].  

 It has been well established in both STT and SOT that switching of the 

magnetization M of an FM layer occurs only when the current density j has exceeded the 

critical value jc [1-12].  There is no appreciable change of M at j < jc, regardless of the 

duration of the current or the number of such current pulses. Only until j ≥ jc,	swift and 

irreversible changes in M occur. Switching (or lack thereof) can be readily revealed by the 

measurement of M using magnetometry, or more simply, by suitable Hall effect and 

magnetoresistance (MR). The evidences for switching are unequivocal and can be readily 

verified by rotating M of the FM via a small magnetic field to the specific directions.   

 The recent proposal of electrical switching via SOT of antiferromagnetic (AF) 

materials, with the potential of ushering in AF spintronics with THz frequencies, has 
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attracted much attention [13-18]. However, unlike FMs, AFs have no net magnetization 

(M = 0), weakly responsive to magnetic field, but displaying a rich variety of AF spin 

structures from uniaxial to Kagome. Most theoretical and experimental studies of AF 

switching have focused on the simplest AFs with two co-linear sublattice magnetizations 

in opposite directions M1 = - M2 defining a Néel vector nNéel = (M1 - M2)/2Mo, where Mo 

is the magnitude of the sublattice magnetization.  Theories suggest that the antidamping 

SOT, but not the field-like SOT, can switch the AF Néel vector nNéel with M = 0 [19].  

However, ascertaining electrical switching of the AF Néel vector remains a formidable 

challenge, compounded by the fact that most AFs have no well-defined nNéel. 

 Experimental exploration of AF switching was first reported in epitaxial thin films 

of CuMnAs, an unusual metallic AF with broken inversion symmetry [13]. As such, it is 

argued that CuMnAs (a similar situation also exists in Mn2Au) affords Néel SOT switching 

without the necessity of an adjacent HM layer [13-15]. Most AF switching studies have 

used Pt/NiO, where the SOT from Pt may switch NiO [16-18], a well-known AF insulator.  

It has been assumed in the AF switching studies that the AF thin films would acquire the 

same AF spin structures as those in bulk crystals, a premise that has not been born out in 

extensive studies of exchange bias, which also involves AF thin films [20].    

 To detect AF switching, most studies have employed multi-terminal structures, 

such as the 4-terminal or the 8-terminal patterned structure. The 8-terminal structure, 

consisting of four electrical lines oriented at 0°, 45°, 90°, and 135°, is intended to capture 

the planar Hall effect (PHE) resistance RXY in Fig. 1(a) and the MR resistance RXX in Fig. 

1(b) after the large writing current 1 (blue) and 2 (red) (along the 45° or 135° lines) switches 

the AF Néel vector. The reading current and the measured voltage for both RXY and RXX are 



	 4	

marked by I+, I-, V+ and V- in Fig. 1(a) and (b).	The MR may be the anisotropic MR 

(AMR) in metallic AFs [13-15] or the spin Hall MR (SMR) in Pt/AF bilayers [16-18, 21-

23]. We used the same patterned 8-terminal structure and obtained the same qualitative 

results as those in CuMnAs and Mn2Au without HM, and in Pt/NiO. The crucial questions 

are whether these are evidences for SOT switching of the AF Néel vector.  

 We use the same Pt(4)/NiO(60) bilayers, where polycrystalline 4 nm Pt and 60 nm 

NiO bilayers have been made by magnetron sputtering, onto substrate and patterned into 

the same 8-terminal devices with 20 µm wide writing leads along the 45° and the 135° 

directions, and 10 µm wide reading leads along the 0° and the 90° directions for RXY and 

RXX. For example, a writing current of 32 mA through the 20 µm wide Pt (4 nm) gives a 

current density of 4 x 107 A/cm2. We use pulsed writing currents of magnitude I with the 

same pulse width of 10 ms.  After a 10 s delay time, the resistances RXY and RXX are 

subsequently measured at a much lower current density of 2.5 × 10'  A/cm2 from the 

reading leads.  Our results of RXY and RXX of Pt(4)/NiO(60)/Si are shown in Fig.1(c) and 

(d) respectively. They are expressed as the relative changes of Hall resistance DRXY and 

longitudinal resistance DRXX, where DRXY steadily decreases (increases) with the number 

of writing current 1 blue (2 red) pulses of 32 mA along the 45° (135°) line, and DRXX 

changes oppositely. The recurring results of DRXY and DRXX between write current 1 and 

2, very similar to those observed in CuMnAs, Pt/NiO, and Mn2Au, have previously been 

claimed as evidence of SOT switching of AFs [13-18]. However, these highly unusual 

results warrant closer analyses. 

 First of all, the results in Fig. 1(c) and (d) show that each current pulse of writing 

current 1 (blue) creates essentially the same incremental change in DRXY and DRXX.  If 
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these were related to AF switching, it would imply that each current pulse would create a 

small but similar Néel vector rotation and/or AF domain reversal. The extent of AF 

switching would scale with the number of pulses, i.e., more pulses would cause a larger 

portion of switching. Reverting to writing current 2 (red), each current pulse would create 

the same but reversed incremental change in AF switching. These behaviors, if indeed due 

to AF switching, would be diametrically different from those known in SOT or STT 

switching of FM systems, where, at j < jc, there are no incremental change, nor reversed 

incremental change, nor accumulative changes of magnetization reversal at all [1-12].  

   It is also important to stress the large writing current of 32 mA with a high current 

density of 4 x 107 A/cm2 in Fig. 1(c) and 1(d).  At I < 25 mA, we obtained only RXY ≈ 0 

and DRXY ≈ 0; RXX ≈ constant and DRXX ≈ 0. Only with a larger current, e.g., 32 mA, could 

we measure appreciable RXY, DRXY and DRXX, the size of which scales with the write 

current I. At a slightly higher current of I ≈ 35 mA the sample was destroyed.  We illustrate 

these aspects with another nominally the same Pt(4)/NiO(60)/Si sample from low current 

to the breakdown current using one-shot pulses, as shown in Fig. 2.  Below 25 mA, RXY ≈ 

0 and DRXY ≈ 0; RXX ≈ 90.6 W and DRXY ≈ 0, and these values are independent of I.  This is 

the ohmic regime, in which the voltage is linearly proportional to current yielding a 

constant resistance independent of current. Ohmic regime is where resistance 

measurements of any metal are normally made, with a lower current to avoid excessive 

joule heating. The results of RXY ≈ 0 and DRXY ≈ 0 indicate there is no PHE signal, i.e., no 

evidence of AF switching.   

 However, at I > 25 mA, RXY and RXX rise sharply with I, as shown in Fig. 2(a) and 

2(c), respectively, i.e., highly non-ohmic, and at 42 mA the device breaks down.  Only in 
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the non-ohmic regime with a very high current can one observe the sizable changes for 

DRXY and DRXX on pulse writing current with different orientations, as shown in Fig. 2(b). 

The values of RXX, DRXX, RXY, and DRXY are not constant but rise sharply with I. Thus, the 

evidences of AF switching to date, the increasing and decreasing DRXY, could just be the 

results of the resistance measurements in the non-ohmic regime at very high current 

density, just below the breakdown current. The high current density exceeding 107A/cm2 

also develops serious thermal issues with irreversible damages due to intense heat and 

electromigration.  After such high current densities, the resistance of the metallic devise 

has suffered permanent changes. 

 Since RXY and RXX are electrical characteristics, one expects the results to be 

intrinsic to Pt(4)/NiO(60) and independent of the insulating substrate on which the 

patterned Pt(4)/NiO(60) structures are situated. Quite the contrary, we found both RXY and 

RXX depend greatly on substrates. The results of the same patterned structures on glass, as 

shown in Fig. 1(e) and (f), are much larger than those on Si, with those on MgO in between 

(not shown). This indicates a strong influence of substrate for electrical measurements at 

very high current density, in particular, the heat dissipation through the substrate. The 

larger DRXY and DRXX	for structures on glass, as compared to those on Si, are due to the 

lower thermal conductivity k of glass as shown in Table I. Therefore, the same structures 

when patterned on glass substrate exhibit similar signals but of far greater magnitude. Note 

that the writing current in Pt/NiO/Glass [Fig. 1(e)] is only 8 mA, but the values of DRXY 

are much larger than those for Pt/NiO/Si [Fig. 1(c)] at 32 mA. Likewise, the DRXX for 

Pt/NiO/Glass shown in Fig. 1(f) at 5 mA are much larger than those for Pt/NiO/Si at 32 

mA shown in Fig. 1(d). Because of the much lower k for glass, Pt/NiO/Glass also has a 
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much lower onset current for the non-ohmic regime and breakdown current than those for 

Pt/NiO/Si. Since only the writing current dictates the strength of the SOT that switches the 

Néel vector of AF NiO, the large variations in DRXX, DRXY, and the onset writing current 

due to different substrates strongly indicate these are not evidences of SOT switching of 

AF Néel vector.  

 We further patterned the same 8-terminal structure on Si, MgO, and glass with only 

the metal Pt and without the AF layer of NiO, thus removing any possibility of AF 

switching. Still, the same saw-tooth recurring patterns in DRXY and DRXX can be observed, 

as shown in Fig. 3. These signals, without NiO, increase in the order of Pt/Si, Pt/MgO and 

Pt/Glass, reflecting the thermal conductivity of the substrates, and illustrating that these 

recurring results are non-ohmic joule heating in Pt only. Thus, the recurring saw-tooth 

signals in Pt/NiO are unrelated to SOT AF switching.   

 The 8-terminal devices were designed to exploit planar Hall effect (PHE) and MR 

to reveal the SOT switching of the AF Néel vector. While PHE and MR are established 

methods for detecting the direction of M of the FM layer, they have never been 

demonstrated for detecting the Néel vector of an AF layer, for there is no simple method 

to create and orient the AF Néel vector to the specific directions on demand.  Unfortunately, 

the 8-terminal patterned structure also creates unforeseen complications in electrical 

measurements. The 8 terminals are connected to the same common area, which receives 

the writing current of a large current density and whose electrical characteristics are 

subsequently measured to assess possible AF switching. The intended PHE and MR results 

inadvertently include unintended contributions of asymmetrical temperature gradient, 

thermal voltages, and Hall voltages. 



	 8	

 Only a high writing current beyond the ohmic regime, with current density in the 

107 A/cm2 range, generates measureable values of RXY and DRXY. After the application of 

a writing current 1 (blue) pulse, there is a large temperature rise in the 45° line, by more 

than 100 K, as corroborated by the COMSOL simulation as shown in Fig. 4 (a) and (c), 

which creates a net temperature gradient between the voltage leads in the 90° line. For the 

RXY measurements, the current and voltage leads are along the 0° and the 90° lines 

respectively. This leads to the Seebeck effect in the direction of the temperature gradient.  

Any metal, (e.g., Pt, Cr, and Au) with a significant Seebeck effect gives rise to a thermal 

voltage with increasing magnitude for each successive writing current 1 (blue) pulse. When 

one reverts to the writing current 2 (red), the 135° line is now heated. As compare with Fig. 

4 (b) and (d), the temperature gradient between the voltage leads in the 90° line now 

reverses to give an opposite sign of thermal voltage, that increases with each successive 

writing current pulses. The simulation values are qualitatively consistent with experiments 

with relative Seebeck coefficient around 8 µV/K [24, 25]. These temperature differences 

and voltages, scale sharply with current as shown in Fig. 4 (e) and (f), giving the appearance 

of recurring Hall resistance signals, by the same token, the MR voltage as well, as shown 

in Supplemental Material Fig. S1 [26]. In addition to Pt, we have also patterned Cr and Au.  

As shown in Supplemental Material Fig. S2 [26], the signals for Cr are much larger than 

those of Pt and Au because of the larger Seebeck coefficient of Cr [28]. These thermal 

voltages, intrinsic to the metal layer of Pt, Au, and Cr, have nothing to do with AF 

switching. 

 Previous studies of AF switching have noted the intense heat in the device [29-30]. 

Some protocols, e.g., a pause of 10 s after the writing current pulse before the electrical 
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measurements, have been used to alleviate the heating problem. Our measurements reveal 

that 10 s is far too short for the intense heat to dissipate. In fact, we have found a sizable 

DRXY and temperature gradient remains in the patterned structures even after one hour. 

Very high current density may also anneal the thin films, cause electromigration and other 

irreversible damages, causing permanent changes of the resistance, as shown in 

Supplemental Material Fig. S2 [26]. Furthermore, after the sample has been subjected to a 

high writing current pulse, subsequent measurements at a lower current may reveal saw-

tooth of different magnitudes, and in some cases, even altering the saw-tooth shape into 

step-like signals [31], as illustrated in Supplemental Material Fig. S3 [26].  Recent 

experiments also indicate non-spin torque origin of AF switching [32]. 

 In summary, much attention has been focused recently on SOT switching of AF 

Néel vector employing multi-terminal patterned structures that show recurring signals in 

PHE DRXY and MR DRXX signals. We show in this work that these voltage and resistance 

signals may not be conclusive evidence of SOT switching of AF, but the artifacts of the 

large writing currents beyond the ohmic regime through the metallic multi-terminal 

devices. The prospect of SOT switching of AF Néel vector encounters numerous 

challenges. Many AFs have complex spin structures without a well-defined Néel vector. 

Even for AFs that may accommodate a Néel vector, it remains a challenge to unequivocally 

detect the AF Néel vector, before and after the SOT switching.  
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Fig. 1 Schematics of the 8-terminal patterned structure with the pulsed writing current 
along the 45° (write 1) and the 135° (write 2) lines for (a) planar Hall and (b) 
longitudinal resistance measurements. Relative changes of Hall resistance (DRXY) in (c) 
Pt/NiO/Si and (e) Pt/NiO/Glass and relative change of longitudinal resistance (DRXX) in 
(d) Pt/NiO/Si and (f) Pt/NiO/Glass, after applying 10-ms writing current pulses 
alternately along the 45° and the 135° lines. 
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Fig. 2 (a) RXY and (b) DRXY in Pt/NiO/Si as a function of one-shot writing current pulses 
along the 45° (write 1) or the 135° (write 2) lines. (c) RXX and (d) DRXX in Pt/NiO/Si as 
a function of one-shot current pulse along the 45° (write 1) or the 135° (write 2) lines. 
	
.	
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Fig. 3. The values of DRXY and DRXY after applying successive writing pulses current 
alternately along the 45° and the 135° lines for (a) Pt/Si, (b) Pt/MgO, and (c) Pt/glass; 
and for (d) Pt/Si, (e) Pt/MgO, and (f) Pt/glass, respectively, without any AF.  
	
	

-600

-300

0

300

600

-600

-300

0

300

600

0 5 10 15 20 25 30
-600

-300

0

300

600

´10

´30

Write 1
Write 2

Pt/Si

I = 32 mA

Write 1
Write 2

Write 1
Write 2

D
R

X
Y
 (m

W
) Pt/MgO

I = 24 mA

Number of pulses

Pt/Glass

I = 10 mA

-600

-300

0

300

600

-600

-300

0

300

600

0 5 10 15 20 25 30
-600

-300

0

300

600

´10

Write 1
Write 2

Write 1
Write 2

Write 1
Write 2

Pt/Si

I = 32 mA

´30

D
R

X
X
 (m

W
) Pt/MgO

I = 24 mA

Number of pulses

Pt/Glass

I = 10 mA

(a)

(b)

(c)

(d)

(e)

(f)



	 14	

   

	

	
Fig. 4. Simulation of temperature distribution for the 8-terminal patterned Pt/glass 
structure after applying one-shot current of density 1.75 x 107 A/cm2 along (a) 45° (write 
1) and (c) 135° (write 2) lines. Simulation of Hall signal induced after one-shot writing 
current along (b) 45° (write 1) and (d) 135° (write 2) lines with relative Seebeck 
coefficient of 8 µV/K. (e) The temperature difference between T1 and T2 and (f) RXY as 
a function of one-shot current pulse along 45° (write 1) and (c) 135° (write 2) lines. 
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