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Abstract 

The angle dependence of field-induced switching was investigated in magnetic tunnel junctions with in-

plane magnetization and a pinned synthetic antiferromagnet reference layer. The 60 nm x 90 nm elliptical 

nanopillars had sharp single switches when the field was applied along the major axis of the ellipse, but 

even with small (20°) deviations, reversal occurred through an intermediate state. The results are 

interpreted with a model that includes the external applied field and the effective fields due to shape 

anisotropy and the fringe field of the synthetic antiferromagnet and used to extract the magnetization 

direction at various points in the magnetoresistance loop. The implications for faster spintronic 

probabilistic computing devices are discussed. 
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   Stoner and Wohlfarth first investigated angle dependent switching of the magnetic moment in thermally 

stable ellipsoidal magnetic nanoparticles, leading to the famous astroid diagram of the coercivity as a 

function of the applied field magnitude and direction [1]. Stoner-Wohlfarth theory has since been 

extended to field-driven reversal in more complex cases, including combinations of cubic and uniaxial 

anisotropy and multi-jump magnetization reversal [2], and single nanoparticles [3], [4], [5], [6], [7]. While 

nominally a static phenomenon [8], it has recently been extended to explain dynamics [9], [10]. The model 

has been applied to  magnetic recording media [11], [12] and sensors [13].  It has also been invoked in 

spintronics for patterned thin films and magnetic nanopillars [14], [15], [16]. Spin currents have been used 

to bias thin film magnets in one direction, distorting the astroid [14], and experiments with notched spin 

valve elements show that magnetization reversal is complex and may involve domain wall nucleation, 

pinning, and annihilation [17], [18], [19].  In this study, we examined angle-dependent reversal in small 

elliptical patterned magnetic tunnel junctions (60 x 90 nm) which favor single domains and coherent 

rotation. The magnetization direction of an individual magnetic layer is detected through the tunnel 

magnetoresistance (TMR). We find that the astroid behavior is complicated by the presence of the fringe 

field from an underlying synthetic antiferromagnet (SAF), which distorts the angle and magnitude of the 

net effective field. The results are relevant not only for field-induced switching, but also in spintronics, for 

probabilistic computing applications requiring low energy barriers--- including random number generators, 

analog multiplication, invertible logic gates, and integer factorization [20], [21], [22]. Normally the 

anisotropy or magnetic volume is adjusted to change the barrier for reversal in a nanomagnet. Our 

findings demonstrate that an additional parameter can be used if the nanomagnet is part of a tunnel 

junction with a synthetic antiferromagnet. 

   The magnetoresistance hysteresis loops for MTJ devices were measured while the external field was 
applied in the sample plane with various angles 𝜃 = 0° between the applied field and the major axis of 
the ellipse (MAE). (Details about the sample preparation are included in the Supplemental Material 
section S1, and further information about the measurements is in sections S2 – S4.) A schematic of the 
measurement is shown in Fig. 1 (a). A series of hysteresis loops were recorded for different values of 𝜃. 
At 0°, (Fig. 1 (b)), there is a relatively square loop with a small coercivity (4 Oe), shifted to positive field by 
26 Oe. While the resistance is almost flat for negative fields following the sharp switch, at positive fields 
there is curvature prior to saturation, suggesting gradual rotation of the magnetic moment. When the 
applied field is at 20° (Fig. 1 (c)), there is less rotation on the positive branch, and also a small kink in the 
hysteretic region at ~ 35 Oe, shifting the upper part (shown in red) to slightly higher fields. At 0° and 20°, 
the resistance values at ± 300 Oe are comparable, but by 40° they begin to change. For all angles, the zero-
field resistance is the same, and would always be the lowest resistance measured in the hysteresis loops. 
This is taken as the parallel resistance, Rp. In Fig. 1 (d) the resistance jumps to a slightly higher level at H = 
- 60 Oe, then remains flat. On the positive side the resistance decreases slightly, but gradually above + 
100 Oe as the magnetic field increases (shown in red). The upper hysteretic region (shown in green) has 
more of a tilt than that at 20° and is shifted toward higher fields. At 60° and 80° (Fig. 1 (e, f), respectively), 
the trends continue. The -300 Oe resistance gets higher, and the + 300 Oe resistance drops, making the 
antiparallel resistance region near H = 0 appear more prominent. The width of the antiparallel resistance 
region narrows with increasing angle. The position of the low field hysteretic region near +30 Oe stays 
approximately constant, while the higher field hysteretic region skews more with increasing field, giving 
rise to more curvature in the top branch. 

   While there are some monotonic trends, some of the behavior is different from expectations for a 

Stoner-Wohlfarth astroid when rotating the direction of the applied field. The nanopillar here is a thin film 

ellipse rather than an ellipsoid, and in addition has a stray field due to the synthetic antiferromagnet (SAF) 



below it. The SAF part of the MTJ consists of 2.5 nm of CoFe, with 0.85 nm Ru, and 2.5 nm of CoFeB on 

top, which is pinned by an 8 nm IrMn layer. We analyze the data in terms of three parameters: the shape 

anisotropy, the external magnetic field, and the SAF stray 

 

Fig. 1. Magnetoresistance hysteresis loops. (a) Schematic top view of the MTJ showing definitions of the 

angles 𝜃 and 𝜙. Resistance as a function of applied field for 𝜃 = 0° (b), 20° (c), 40° (c), 60° (d), and 80° (e). 

The colors of different sections of the hysteresis loops refer to different energy barrier schematics shown 

in Figure 2, and the orange arrows show the magnetization directions at different points of the curves. 

 

field. The shape anisotropy of the 60 nm × 90 nm elliptical dot favors magnetization along the long axis. 

The SAF stray field is generated by two ferromagnetic components of the fixed layer. The direction of the 

SAF stray field could be calculated from the device TMR when 𝐻 = 0.At zero field, the device has a TMR 

almost the same as 𝑅𝑝 (12 𝑘Ω), representing a −𝑥 SAF stray field direction. The strength of the SAF field 

is then estimated to be ~ 26 Oe, based on the field required to flip the free layer magnetization when the 

external field was applied along the MAE (𝜃 = 0° ), (Fig. 1 (b)).  

   The relative angle between the free layer magnetization and the MAE, 𝜙, was calculated from the TMR, 

using an empirical cosine relation: 

  𝜙 = cos−1 (
𝑅−�̅�

(𝑅𝑎𝑝−𝑅𝑃)/2
),     (1) 

where 𝑅 is the measured resistance, 𝑅𝑎𝑝 and 𝑅𝑝 are the resistances when the free layer magnetization is 

anti-parallel and parallel to that of the reference layer and �̅� = (𝑅𝑎𝑝 + 𝑅𝑝)/2. For (𝜃 = 0° ), the +300 Oe 

resistance is assumed to be that of the antiparallel state, Rap. The high field curvature in Fig. 1 (b) may be 

due to a slightly rounded right end of the device introduced in the e-beam lithography process, or 

alternatively to a small pinning effect. This makes a small range of angles accessible to the free layer 

magnetization other than along the MAE. The free layer magnetization will rotate first within this angle 

regime and then overcome the energy barrier and flip to the -x direction. The three components 

mentioned above are calculated in the form of their effective fields  𝐻𝑒𝑓𝑓 = 𝐸/𝜇0𝑀𝑉, where 𝐸 is the 



associated energy contribution, 𝜇0 is the vacuum permeability, 𝑀 is the magnetization of CoFeB, and 𝑉 is 

the magnetic volume: 

 𝐻 =  𝐻𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 + 𝐻𝑍𝑒𝑒𝑚𝑎𝑛 + 𝐻𝑆𝐴𝐹 

                   =  [(8 𝑂𝑒)𝑠𝑖𝑛2𝜙 + 𝐻𝑂𝑓𝑓𝑠𝑒𝑡] + [−𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙𝑐𝑜𝑠(𝜙 − 𝜃)] + [(−26 𝑂𝑒)𝑐𝑜𝑠(𝜙 − 𝜋)]. (2) 

The 4 Oe measured coercivity in Fig. 1(b) gives the lower bound of the shape anisotropy energy barrier 

and the effective field of shape anisotropy is estimated by the hard axis component of the external field 

at an angle where the energy barrier is fully compensated. Given the experimental data that a fully 

coherent rotation hysteresis loop was initially observed at an angle of 𝜃  ~ 30°  (see Supplemental 

Information Fig. S2), an 8 Oe shape anisotropy effective field is applied in the theoretical analysis. 𝐻𝑂𝑓𝑓𝑠𝑒𝑡 

is a constant energy offset, which only depends on the shape of the device [23]. It is used as a reference 

energy level in the model and assumed to be zero in the later discussions.  

   The energy diagram is shown in Fig.2 (a) when the external field is applied along the MAE (𝜃 = 0°), as in 

Fig. 1 (b). As the external field is reduced from +320 Oe to +46 Oe, the free layer magnetization stays in 

the 𝜙 = 0 energy minimum (blue curve and arrow). When the external field decreases to 26 Oe and 

cancels the SAF stray field (orange curve and arrows), there are two energy minima. Here the moment 

direction switches to 𝜙 = 𝜋 , consistent with the single sharp switch in the hysteresis loop of Fig. 1 (b).  

Further reduction of 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 lowers the single energy minimum (green curve and arrow).   

 

 



Fig. 2. Normalized energy barrier as a function of the magnetization direction 𝜙 at different values of the 

magnetic field, for the field along 𝜃 = 0° (a), 20° (b), and 40° (c). (d) Normalized energy barrier versus 𝜙 

at H = 26 Oe, as a function of angle, showing the gradual disappearance of a local maximum near /2. 

   When 𝜃 = 20°  (Fig. 1 (c)), the free layer magnetic moment no longer jumps across the shape anisotropy 

energy barrier from 𝜙 = 0° to 𝜙 = 180° as the external magnetic field rotates toward the minor axis of 

the ellipse. The representative energies as a function of the magnetization angle 𝜙 are shown in Fig.2 (b). 

A combination of coherent rotation and free layer switching is seen in the hysteresis loop. Starting from 

high positive external field, the external field initially dominates, and the free layer is nearly pinned to the 

external field direction. Only one energy minimum exists in the energy diagram, shown as the blue line in 

Fig.2 (b). As the external field decreases, the SAF stray field becomes comparable in magnitude, and the 

free layer starts to rotate coherently from the external field direction, shown as the red top branch in Fig. 

1 (c) and arrow 1 in Fig. 2 (b). An intermediate state with 𝜙 = 135° was observed, representing a single 

energy minimum for the free layer magnetization, as with a Stoner-Wohlfarth astroid [1]. Assisted by the 

thermal fluctuations, the magnetization could jump between local energy minima following arrow 2 in Fig. 

2 (b) into the intermediate state. This magnetization jump is also observed as the green part of Fig. 1 (c), 

and telegraphing between the two states occurs because the energy barrier height is comparable to 

thermal energy. As the external field is further reduced, after the switch, the energy minimum slowly 

relaxed from the intermediate state towards the -x direction following arrow 3 in Fig. 2 (b).  

   While the resistance stays almost the same in the lower branch in Fig. 1 (c), a curvature was observed 

at a field around -50 Oe when the external field is applied at higher angles, as shown by the red boxes in 

Fig. 1 (d), (e), (f). This results from coherent rotation of the magnetization from the SAF stray field direction 

(-x) towards the external field direction. When the external field is exactly zero, the magnetization would 

be pinned by the SAF stray field along the -x direction and 𝑅𝑝 will be measured. As the negative field is 

turned on, the energy minimum gradually shifts towards the external field direction, and the transition 

happens at a field around -50 Oe. Fig. 2 (c) shows the energy diagrams for the described magnetization 

rotation when the external field is applied at 𝜃 = 40°. The magnetization rotation is always monotonic as 

the field is decreasing or increasing but the resistance will drop first to 𝑅𝑝  and then increase as the 

magnetization rotates past 𝜙 = 𝜋.  

   Another way to view the data is to consider the net field components along the major and minor axes 

of the ellipse. At relatively small 𝜃 angles, such as 20°, the minor axis component of the external field is 

not enough to compensate the energy barrier created by shape anisotropy, so a switch was observed, as 

shown in the green part of Fig. 1 (c). However, the minor axis component of the external field energy 

would be sufficient to compensate for the shape anisotropy energy at larger 𝜃 angles (Fig. 1 (d)). The free 

layer magnetization rotates smoothly across the hard axis while staying in the energy minimum state. The 

explanation is similar for higher angles (Fig. 1 (e), (f)); the only difference would be in the pinned position 

at the two ends of the hysteresis loop. The energy diagrams for the three considered angles at the field 

where the magnetization switch happens are shown in Fig. 2 (d). The energy barrier between the states 

clearly exists when 𝜃 = 20° and gradually disappears as the external field angle is increasing. If the SAF 

stray field is along the MAE (𝜃 = 0° ), then the measured resistances for 𝜃 = 90°  should be equal, 

provided the field is large enough. 

   The direction of the free layer magnetization 𝜙 is plotted as a function of external field angle 𝜃 at the 

maximum (320 Oe) and minimum (-320 Oe) measured field in Fig. 3. Here a dashed line shows the 



expectations with a coherent rotation model if there were no additional SAF field. The SAF stray field pulls 

the free layer magnetization towards the -x direction, the direction of the SAF field, in all cases. The shape 

anisotropy can be ruled out since the measured curves do not have hard axis mirror symmetry.  Though 

the external field here was up to ten times as strong as the SAF stray field, it was not enough to fully pin 

the free layer magnetization unless 𝜃  was small. As the external field decreases, the SAF stray field 

gradually becomes the dominant factor in determining the free layer magnetization direction 𝜙. Detailed 

plots for the measured 𝜙 in the fields of ±220 𝑂𝑒, ±120 𝑂𝑒 and ±20 𝑂𝑒 are shown in Fig.S3. For the 

larger fields, the qualitative trends are similar to those at ± 320 Oe. At ± 20 Oe, no states with 𝜙 < 90° 

are energetically favorable, due to the SAF stray field. 

  

Fig. 3. Absolute value of the high field magnetization angle |𝜙| as a function of the field angle 𝜃. Circles 

are taken from the experimental magnetoresistance hysteresis loops. Dashed lines are calculated for a 

coherent rotation model without the additional SAF field. The sign of 𝜙 is determined by the sign of the 

𝑦 component of the external field. Figure S3 shows results for other fields. 

 

   The deviation between the free layer magnetization direction (𝜙) and the external field direction (𝜃) is 

plotted in Fig.4 for different cases of the total energy. Angle 𝜙 was determined by finding the energy 

minimum while the external field angle 𝜃 varied between 0° and 180°. Starting from the case where only 

external field term is considered (green line), the free layer magnetization follows the external field 

direction and the deviation is always zero. Adding the shape anisotropy (purple line) makes the free layer 

magnetization favor the MAE, which results in a positive deviation when 𝜃 > 90° and negative deviation 

when 𝜃 < 90°. The negative deviation can no longer be observed once the SAF stray field is introduced 

(blue line), and the free layer magnetization will always be pulled towards the 180° direction.  These 

positive deviations will be compressed as the external field is increased, but a 6°  deviation is still 

observable even with a 320 Oe external field. This suggests that the SAF stray field is the main cause of 

the deviation observed in Fig.3. The difference between the experimental observed deviation of up to 20° 

and the theoretically predicted ~6° may be due to slight modification of the magnetization configuration 

of the SAF structure caused by the 320 Oe external field, which would affect the SAF stray field condition 



and change the fixed layer direction. Both these factors could give rise to the difference between the 

experimental value and theoretical prediction. The effect of varying the SAF stray field strength was also 

studied, and there was also a positive correlation between the size of the deviation and the magnitude of 

the SAF field. Results are shown in Figure S4.  

   We have seen that the free layer moment saturates for fields of 300 Oe applied along the MAE directions 

(𝜃 = 0°, 180°), but for other values of 𝜃, the SAF field causes distortions. Here the SAF field at angle 𝜋 led 

to magnetic moment angles 𝜙 that were greater than expected from the external field direction. More 

significant are the deviations that occur at smaller applied fields. An energy barrier model including the 

effects of anisotropy, SAF, and external fields explains regions in the resistance hysteresis loops associated 

with gradual rotations as well as jumps to intermediate states where the moment is tilted, relative to the 

major axis of the ellipse. Telegraphing is observed only for a small angular range, and the two states 

involved do not have antiparallel magnetization directions. This is significant because it implies that very 

low energy barriers could be achieved without an external field, but by adjusting the major axis of the MTJ 

ellipse relative to the stray field of the synthetic antiferromagnet. 

 

Fig. 4. Deviation between magnetization and applied field angles as a function of the applied field angle, 

dependent on the effective field terms. There is no deviation with just an external field of 35 Oe (green). 

Positive and negative differences appear with addition of the small anisotropy field (purple), but only 

positive deviations are seen when the larger SAF field is also included (blue). Increasing the magnitude of 

the external field increases the deviations and shifts the angle where the difference is largest (orange and 

yellow). 

   The results presented here are based on magnetoresistance measurements on nanopillars as a function 

of the applied magnetic field, but are also relevant for magnetic nanopillars driven by spin transfer torque 

or spin orbit torque. Our results show the impact of misorientation of the external field, relative to the 

anisotropy and SAF fields. At current values required to switch a typical nanopillar (mA), the effective field 

can be on the order of 400 Oe [19]. The connection between a spin polarized current and effective field 

has also been made to explain current-driven domain wall motion [24] and spin Hall magnetoresistance 

in heavy metal-CoFeB bilayers [25]. While those systems are more complex, in patterned structures the 



combination of misoriented fringe fields with the effective spin torque fields could alter device 

performance. Our data show the importance of including all contributions in a single framework.  

These findings have significant potential impact on the design of magnetic tunnel junctions for 

probabilistic computing [20, 21, 22], where low energy barriers ~kBT are desirable so that statistical 

averages can be obtained within a short time window. Most experimentally tested spintronic devices have 

used structures developed for high energy barrier applications (> 40 kBT). Our results suggest an 

alternative approach to reduce the energy barrier by intentional misalignment of the SAF field and 

effective anisotropy fields. By compensating for these fields, with some adjustment of the pattern shape, 

it is feasible to achieve zero-field telegraphing with a very low energy barrier. The two states would not 

have antiparallel magnetization, but the difference in resistance would still be on the order of k.  

 

Supplementary Material: 

See Supplementary Material for detailed description of the nanofabrication, and additional results for 

magnetoresistance as a function of angle, deviation of the free layer magnetization direction at different 

field magnitudes, and the influence of the SAF field magnitude on the deviation. 
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