
Reviewers' comments:  

Reviewer #1 (Remarks to the Author):  

This is a very nice paper focusing on the thermal switching behavior of a magnetic nanoelement 
when driven by a ac spin current.  

The authors point out, correctly, that there has not been much research in this area, particularly in 
regards to the interplay between chaotic and thermal behaviors. The combination between theory 
and experiment is convincing and enlightening.  

There are some things, however, that the authors could address:  

1) Perhaps I missed it, but I didn’t see any reference to the temperature at which the experiment 
is carried out. The simulations are a 300 K, so I assume the experiment is as well. But this does 
raise a couple of questions: (a) is there some heating from the current? (b) can the experiment be 
done at a different temperature so as to improve the understanding of the temperature-chaos 
interplay?  

2) The authors point out that their results show that the ac spin current is in a sense more efficient 
than MAMR. While this is true in this specific case, it seems a bit misleading. In most cases one 
thinks of MAMR as a potential way to improve on magnetic storage. But for storage, one does not 
want to be near a temperature range where there is thermal switching. It seems a sentence or two 
in cautioning the reader would be appropriate.  

3) If one is just interested in obtaining the lowest threshold voltage – the data in this paper argues 
that one should just use a very low frequency current, i.e. just a short dc current pulse would be 
fine. It wasn’t clear that there is actually any practical advantage of the ac current versus dc 
current.

I emphasize that the physics in the ac case is interesting, so what is needed is a clearer picture of 
why ac chaotic reversals are better than low frequency reversals in an application.  

4) The authors state that “The process of magnetization switching from one potential well into the 
other necessarily involves crossing the separatrices and, therefore, must proceed via the band of 
chaotic dynamics induced by the ac drive. Therefore, we expect the ac-driven chaotic dynamics to 
affect the nanomagnet switching behavior.“ There are, however, a couple of recent papers that 
point out a kind of magnetization reversal is possible without chaos. (Phelps et. al. in EPL Vol 9, 
37007 (2015) and Ferona Phys Rev B 95, 104421 (2017) ) The authors might want to address the 
differences.

Reviewer #2 (Remarks to the Author):  

The authors presented a very interesting work about using alternating spin transfer torque (STT)-
driven, low-dimensional magnetic chaos to increase the rate of thermally-activated magnetization 
switching in a nanoscale ferromagnetic element. The experimental data are new to the best of my 
knowledge, and are supported by analytical and numerical analyses. This work should be of great 
interest to the spintronics and magnetic memory communities.  

I have the following questions and suggestions for the authors:  

In Fig. 2c, the theoretical curve clearly shows a positive curvature while the experimental data do 
not. Can the authors explain this difference? On page 5, the authors said that the agreement 
between the theoretical and experimental data on Fig. 2c is “excellent.” I would suggest the 



authors revise this statement.  

Regarding the roles of the alternating spin torque-produced chaos in assisting the magnetization 
switching, the authors stated that the chaos reduces the stability margin of the equilibrium. This is 
shown in Fig. 5. However, the authors also mentioned that the chaos leads to a reduction of the 
energy barrier for thermally activated switching, on page 6. Does the chaos result in both “a 
reduction of the stability margin of the equilibrium” and “a decrease in the energy barrier for the 
thermally activated switching”? Or, just one of them?  

The authors call Eq. (1) the Landau-Lifshitz equation on page 4 but call it the LLG equation on 
pages 5, 6, and 10. I wish the authors could be consistent, as the LL equation differs from the LLG 
equation in several different ways. I would think the equation is the LL equation, not the LLG 
equation.  

The authors emphasized several times that the chaos involved in the switching is low-dimensional. 
How low? Can the authors estimate the fractal dimension of the chaos?  

The authors mentioned several times that the CoFeB thin film is superparamagnetic, but for me 
the film is pretty much the same as the free layers in typical MTJ devices. Why is it 
superparamagnetic? Did the authors carry out field-cooled and zero-field-cooled measurements to 
determine the blocking temperature?  

On page 2, the authors wrote “microwave-assisted magnetic recording (MAMR) relies on thermally 
activated switching of nanoscale ferromagnets.” This may not be an accurate statement, because 
MAMR mainly utilizes an external microwave to reduce the energy barrier and an external static 
field to realize deterministic switching.  

On page 6, the authors wrote “deterministic chaos induced by a sub-FMR-frequency drive may be 
a more energy-efficient approach to energy-assisted switching of magnetization than MAMR at the 
FMR frequency.” I am wondering how the frequency of the magnetization precession during the 
switching is compared to the microwave frequency? In case they are close, the film may also take 
energy from the microwave, as in MAMR.  

Does microwave heating play any roles in the presented switching experiments, especially in the 
regime where high-power microwaves were used (Fig. 2c)?  

In Fig. 5, the parameter T is not defined. Change “withing” to “within”.  

Reviewer #3 (Remarks to the Author):  

The results presented in the manuscript entitled "Magnetization reversal driven by low dimensional 
chaos in a nanoscale ferromagnet" might, indeed, be essential for the development of the 
emerging spintronic-based stochastic and reservoir computing devices. Furthermore, if 
communicated in an accessible way, the interpretation of the observe stochastic phenomena 
should appeal to the experts from other research fields and general audience. Unfortunately, the 
way the manuscript is written now does not easily allow to grasp the essence of the observed 
effect, in particular for the non-expert in the chaotic dynamics. I believe that the interpretation 
based on the stochastic resonance phenomena (which some of the co-authors are experts in) 
would be less complicated, and, thus, more appealing to prospective readers of Nature 
Nanotechnology. Stochastic resonance has been observed and understood in spintronic devices 
before, including the papers co-authored by the authors of the present manuscript that raises a 
question about the novelty of the results. So in the revised manuscript, it should be clearly stated 
how present results advance understanding of stochastic resonance in spintronic devices. The 
second major remark is regarding the theory developed in the manuscript. It appears to me (Fig. 



2c) that experimentally measured $V_{ac}^0$ vs. frequency (f) shows some sqrt(f) behavior in 
the entire range of frequencies, while theory predicts $f^p$, where p>1. So, most likely, the 
macrospin theory cannot grasp the underlying stochastic process. Therefore I would like authors to 
discuss this discrepancy and, at least, mention its possible causes. Finally, there are at least three 
relatively slow processes that might explain enhanced switching rates at low injection frequencies:  
- time needed for the phase oscillator to return on the limiting cycle after perturbation 
$1/\Gamma_{p}$, where $\Gamma_{p}$ is amplitude-to-frequency conversion rate, which is 
typically below 1 GHz.  
- (super)paramagnetic resonance frequency, $\omega=\gammaB$ = 0.11 GHz for the parameters 
mentioned in the manuscript.  
- Kramers rate that according to Fig.2a is around 100 Hz.  
I would like authors to discuss possible contributions of these effects to the observed results.  
Overall, although I believe the manuscript might be suitable for the publication in Nature 
Communications, I cannot recommend it for publication in its present form.  





















REVIEWERS' COMMENTS:  

Reviewer #2 (Remarks to the Author):  

Since the authors have sufficiently addressed all of my questions and the manuscript has been 
significantly improved, I would like to recommend the publication of this paper in Nature 
Communications. I would think this paper should be of great interest to the magnetic recording 
and magnetic memory communities, but the in-plane magnetization configuration (not 
perpendicular) and the superparamagnetic regime (low thermal stability) are not favored/desired 
in terms of practical applications. Some discussions about this in the end of the paper should be 
very useful.  

Reviewer #3 (Remarks to the Author):  

I would like to thank authors of the manuscript for thoughtfully addressing my comments, 
suggestions and questions. Overall, I still believe the manuscript cannot be easily followed by the 
non-experts in the field of chaotic and nonlinear magnetization dynamics. Although manuscript 
might catch prospective readers attention by referring to many similar phenomena in other 
research fields and applications in emerging STT-MRAM technology, it is particularly hard to follow 
what is the chaotic magnetization dynamics and why it happens in the MTJs.  

Also, I would disagree with authors that \Gamma_{p} is not relevant to their results. In a broad 
sense, it describes relaxation rate of the amplitude fluctuations. As it was experimentally verified 
in https://aip.scitation.org/doi/10.1063/1.4898093, it defines the bandwidth of the amplitude 
modulation via ac damping-like torque. One would expect, the same limitation applies to the 
chaotic dynamics.  

Anyway, I tend to believe that in its present form the manuscript is more suitable for more 
specialized, but high impact journal such as PRL. 



We would like to thank again all the Reviewers for their time in evaluating and commenting on our manuscript. 
Please find below our point-by-point replies to the Reviewer comments. Our replies (indented blue text) are 
interlaced with the Reviewers’ original comments. We have made modifications to the manuscript for improved 
clarity as detailed below. 
 
REVIEWERS' COMMENTS: 
 
Reviewer #2 (Remarks to the Author): 
 
Since the authors have sufficiently addressed all of my questions and the manuscript has been significantly improved, 
I would like to recommend the publication of this paper in Nature Communications. I would think this paper should be 
of great interest to the magnetic recording and magnetic memory communities, but the in-plane magnetization 
configuration (not perpendicular) and the superparamagnetic regime (low thermal stability) are not favored/desired in 
terms of practical applications. Some discussions about this in the end of the paper should be very useful. 
 

We thank the Reviewer for positive evaluation of our revised manuscript and recognizing the potential 
importance of the reported effect to the magnetic recording and memory technologies. We agree that 
memory applications require high thermal stability. To address this concern, we have added a note in 
the final paragraph of the revised manuscript: “While we have demonstrated the effect in nanoscale 
magnetic tunnel junctions with superparamagnetic free layers, ac-driven chaos is also expected to 
facilitate switching of thermally-stable free layers employed in non-volatile memory applications.”. The 
choice of superparamagnetic free layer MTJs in our work was for the purpose of accelerated testing. 
Additionally, as mentioned in the manuscript, MTJs are also attractive for neuromorphic and reservoir 
computing, where the superparamagnetic regime is actually desirable [Locatelli, N., Cros, V. & Grollier, 
J. Spin-torque building blocks. Nat. Mater. 13, 11–20 (2013), Locatelli, N. et al. Noise-enhanced 
synchronization of stochastic magnetic oscillators. Phys. Rev. Appl. 2, 034009 (2014), Mizrahi, A. et al. 
Neural-like computing with populations of superparamagnetic basis functions. Nat. Commun. 9, 1533 
(2018).]. 

 
Reviewer #3 (Remarks to the Author): 
 
I would like to thank authors of the manuscript for thoughtfully addressing my comments, suggestions and questions. 
Overall, I still believe the manuscript cannot be easily followed by the non-experts in the field of chaotic and nonlinear 
magnetization dynamics. Although manuscript might catch prospective readers attention by referring to many similar 
phenomena in other research fields and applications in emerging STT-MRAM technology, it is particularly hard to 
follow what is the chaotic magnetization dynamics and why it happens in the MTJs. 
Also, I would disagree with authors that \Gamma_{p} is not relevant to their results. In a broad sense, it describes 
relaxation rate of the amplitude fluctuations. As it was experimentally verified in 
https://aip.scitation.org/doi/10.1063/1.4898093, it defines the bandwidth of the amplitude modulation via ac damping-
like torque. One would expect, the same limitation applies to the chaotic dynamics. Anyway, I tend to believe that in 
its present form the manuscript is more suitable for more specialized, but high impact journal such as PRL. 
 

We thank the Reviewer for carefully reading our revised manuscript. We are pleased the Reviewer believes 
our work is suitable for publication in a high impact journal such as PRL. However, we feel that publishing in 
a specialized journal would miss several important target groups for this work, including magnetic recording 
community, neuromorphic computing community and a large fraction of nonlinear dynamics community. We 
believe Nature Communications is the perfect journal for publication of our work relevant to multiple science 
and engineering communities. 
 
We agree with the Reviewer that the relaxation rate \Gamma_{p} < 1 GHz is relevant because it defines 
the bandwidth of the amplitude modulation via ac damping-like torque as shown in [M. Quinsat et al., APL 
105, 152401 (2014) https://aip.scitation.org/doi/10.1063/1.4898093]. As such, this relaxation rate impacts 
ac-driven dynamics at frequencies below ~1 GHz and is not relevant for ac-driven dynamics at frequencies 



above ~1 GHz. As we show in present work, the switching dynamics for ac drive frequencies above 1 GHz is 
dominated by deterministic chaos (see Fig. 2c) and can be described by our analytical expression (Eq. 4) 
without invoking  \Gamma_{p}, as expected. We describe the switching dynamics below 1 GHz via 
numerically solving stochastic LL equation (Eq. 1), which automatically includes all relevant physics, 
including that of the amplitude relaxation described by \Gamma_{p}. To clarify this point, we add the 
following sentence to the first paragraph on page 6 of  the revised manuscript: “It has been previously shown 
that efficient amplification of the free layer magnetization amplitude by ac spin torque drive is limited to 
frequencies below the free layer magnetization relaxation rate, which typically does not exceed 1\,GHz [M. 
Quinsat et al].” 
 
 

 
 
 
 

 


