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Abstract

Stochasticity in magnetic nanodevices is an essential characteristic for harnessing those devices

to computing based on population coding or the building blocks of probabilistic computing, p-

bits.  A  magnetic  tunneling  junction  (MTJ)  consisting  of  a  patterned  magnetic  element  is

considered as a promising computing unit in the concept of artificial neurons and p-bits. The

comprehensive  understanding  of  the  stochasticity  in  the  switching  of  patterned  magnetic

elements is crucial for realizing MTJ based probabilistic computing technology. In the present

work, the stochastic behavior in switching process of a perpendicularly magnetized Co/Pt disk

within  an  array  was  directly  observed  utilizing  full-field  soft  X-ray  microscopy.  Within  50

repeated  hysteretic  cycles,  the  stochastic  magnetization  switching  of  individual  Co/Pt  disks

within disk arrays is identified. We found that the stochasticity in the magnetization switching of

disks considerably depends on the disk size.  The stochasticity  initially  decreases as the disk

radius gets bigger from 125 nm to 375 nm (Region I), then increases with further enlarging disk

size to 625 nm (Region II). The variance of thermal fluctuation relevant to the disk size and the

multi-level  switching  within  a  disk  are  severely  involved  in  the  observed  size  dependent

stochasticity. This work provides the way for controlling the stochasticity in the switching of

nanopatterned elements, which is a key aspect for MTJ-based probabilistic computing. 

KEYWORDS:  ferromagnetic  disk,  patterned  arrays,  magnetic  tunnel  junction,  magnetization

switching, stochastic behavior
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Introduction

Stochastic  nature  in  nanomagnetic  systems  is  not  only  scientifically  fundamental  for

understanding underlying physics of nanospin behavior but also highly relevant to applications

of magnetic  and spin processes to advanced nanotechnologies.1-4 Stochastic nature is directly

linked to the question of whether the magnetic and spin processes, particularly on a nanoscale is

reproducible  or  not.  This  issue  has  been  considered  to  be  very  crucial  mainly  from  the

perspective  of  securing  the  accurate  performance  in  magnetic  nanodevices.5-8 Recently,  the

viewpoint  on  the  stochastic  nature  in  nanomagnetic  processes  is  directed  toward  a  different

prospect, i.e., harnessing this unique intrinsic phenomenon to probabilistic computing.9-11

A  promising  magnetic  system  for  probabilistic  computing  based  on  probabilistic  bits  (p-

bits)12,13 is  magnetic  tunneling junction (MTJ) composed of the patterned magnetic  elements.

Lately,  there was an experimental proof-of-concept demonstration on probabilistic computing

using MTJs reported by H. Ohno and S. Datta.14 

To realize computing nanodevices utilizing patterned magnetic units such as MTJ, extensive

study on stochastic reversal of individual magnetic elements and their collective nature within

arrays  is  essential,  particularly  with  a  perspective  that  many  ensembles  or  replica  of  the

stochastic  building  blocks  needs  to  be  integrated  into  a  single  chipset  in  real  computing

applications.  Such study is  also extremely essential  for applications  of magnetic  elements  to

high-density data storage and logic applications, for example, magnetoresistance random access

memory  (MRAM)  and  nanomagnetic  logic.  In  the  applications,  reproducibility  and

controllability  of  magnetization  switching  of  the  individual  magnetic  elements  is  a  highly

desirable feature.15-17
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So  far,  most  experimental  studies  on  switching  processes  in  magnetic  arrays  have  used

macroscopic analytical  tools such as assemble-averaged hysteresis  loops over large arrays of

magnetic  disks18,19 due  to  limitations  in  conventional  magnetic  microscopy  techniques.  To

address the stochasticity issue of the magnetization switching of a single magnetic element in

arrays,20-22 examining individual switching of each magnetic cell with high spatial resolution over

a  wide  field  of  view (FOV) is  highly  demanded.  However,  direct  observation  of  switching

behavior of individual patterned elements within an array and the comprehensive understanding

the stochasticity in the switching of them have remined elusive. Here, we report the stochasticity

of  individual  switching  of  [(Co  (0.7  nm)/Pt  (2  nm)]4/Pt  (5  nm)  nanodisks  within  arrays

investigated based on direct imaging by full-field magnetic transmission soft X-ray microscopy

(MTXM) and three-dimensional micromagnetic simulations. The disk arrays were fabricated on

silicon-nitride (Si3N4) membranes by using magnetron sputtering and e-beam lithography (See

Scheme 1 and Experimental details). 
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Scheme 1. A schematic diagram of the fabrication process of a [(Co (0.7 nm)/Pt (2 nm)]4/Pt (5

nm) disk array. 

Results and Discussion

Images for switching of disks within disk arrays

Figure 1a is a schematic diagram to show the geometry of the disk arrays of a disk radius  R

ranging  from  125  nm  to  625  nm,  and  a  constant  edge-to-edge  distance  of  250  nm  (See

Experimental details). The sample was saturated first by a perpendicular magnetic field of H =

+300 mT and the magnetic images were recorded with the magnetic field step of H = −1.5 mT.

Figures 1b and 1c show the hysteresis loop and MTXM image of disks with 250-nm radius,

respectively.  The hysteresis loop was obtained by quantifying the contrast change of MTXM

images triggered by the switching of individual disks within the array at each field step. One can

note that the disks within the array are not switched coincidentally at a single switching field

(Hsw).  The array of disks shows a distribution in the Hsw ranging from −36 mT to −46.5 mT (See

Figure 1b). Since the MTXM images in Figure 1c are differential images between sequential

field steps,  the black contrast  corresponds to the  magnetization  reversal  events  in  individual

disks, which occurred at a given magnetic field. The distribution of  Hsw of 32 disks within the

FOV is clearly visualized in the overlapped image with color code indicating the strength of Hsw

for individual disks and also in the hysteresis loop (See Figure 1b). The Hsw distribution of those

disks might be due to inhomogeneity of magnetic properties, such as magnetic anisotropy, and/or

geometric  imperfections  associated  with  edge  roughness,  which  vary  from  one  disk  to

another.23,24 
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Figure 2. (a) A schematic diagram of circular disks with an edge-to-edge distance of 250 nm. (b)

A half hysteresis loop of 250 nm-radius disk array obtained by tracking magnetic contrast change

over the array. The purple area indicates the region of magnetization switching occurred in the

individual  disks. (c) Differential  MTXM images  of an array of disks with  R = 250 nm with

sweeping the applied magnetic field, H from −34.5 mT to −45 mT in the field step, H = −1.5

mT. The differential images were obtained by subtracting the image with field, H from the image

with  the  previous  field,  H−H. An overlapped  image  of  the  images  showing magnetization

reversals of individual disks at different switching fields (Hsw) is also added.

Stochasticity in the switching field of disks

To investigate  the  stochastic  behavior  of  magnetization  switching  of  individual  disks,  we

recorded  images  in  repeated  hysteretic  cycles  in  an  identical  array  area.  Figures  2a  and 2b

illustrate MTXM images of an array of disks with R = 250 nm and 625 nm taken respectively at

H = −39 mT and +39 mT on the descending and ascending branches of the hysteresis loop in two
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consecutive cycles, respectively. Interestingly, in the repeated measurements, the configurations

of switched disks are quite different although they are observed at the identical magnetic field. 

The inconsistency of the configurations is clearly observable in the combined images of two

MTXM images taken at the consecutive measurements, where the red and green represent the

disks  switched  in  the  first  and  second  cycles,  respectively,  and  the  blue  indicates  the  ones

reversed in both hysteretic cycles. This result clearly reveals that the switching of individual

disks exhibits stochastic nature in repeated hysteretic cycles. 

The stochastic  Hsw can be explained by the thermal fluctuation on the magnetization reversal

process of the disk. Since the disk sizes are several hundreds of nanometers, the reversal process

proceeds  by  a  domain  nucleation,  followed  by  domain  wall  (DW)  propagation.  The

magnetization reversal of disk is accomplished when the external force exerted by magnetic field

exceeds the energy barriers associated with nucleation. Since thermal effect helps to overcome

those energy barriers and thus strongly influences the magnetization reversal process, the Hsw is

expected to fluctuate due to the thermal agitation.25,26

The  stochasticity  in  the  switching  field  of  individual  disks  was  also  identified  in  the  Hsw

distribution over the large array, as shown in  Figure 2c where the configurations of  Hsw at the

identical area of the array taken from 3 repeated measurements are displayed. Figure 2d exhibits

the  Hsw distribution  of  the  array  containing  100  disks  with  R =  250  nm observed  in  three

successive measurements. The distribution noticeably varies in each measurement. The results in

Figures 2c and 2d support that the randomly fluctuating Hsw of each disk notably affects the Hsw

distributions over the array and the stochasticity of the magnetization switching in the individual

disk could be one of the origins of the change of Hsw distribution in large arrays.
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Figure 3. MTXM images of disk arrays with (a) R = 250 nm and (b) 625 nm were taken at H =

±39  mT  in  two  successive  hysteretic  cycles  and  their  combined  images.  (c)  The  repeated

measurements for magnetization reversal of the disk array with R = 625 nm at the identical area.

(d)  Switching field (Hsw)  distribution  over  the  array containing  100 disks  with  R = 250 nm

observed in three repeated measurements.

Dependency of the stochasticity on the disk size

In various arrays consisting of disks with different sizes of R = 125, 250, 375, 500, and 625

nm, the fluctuation of  Hsw was systematically investigated. The full hysteretic cycles along the

descending  and  ascending  field  branches  were  repeated  50  times  and  the  fields,  where  the

reversal of individual disks occurs, were examined. To quantitatively explore the fluctuation rate

of  Hsw for individual disks, we determined the standard deviation (SD) of  Hsw taken from 50

repetitions. In each array, the SD of  Hsw for 25 individual disks was analyzed, which leads to
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highly significant statistical ensembles of 1250 in each array. Those SDs of Hsw were averaged

out to obtain the general value of SD for each array. Figure 3a displays the averaged SD of Hsw

as a function of the disk radius. We found that the SD considerably depends on the disk size. The

SD initially decreases with increasing the disk radius from 125 nm to 375 nm (Region I) and

then, the SD increases again as the disk gets bigger from 375 nm to 625 nm (Region II). The

trend  of  SD  with  respect  to  the  disk  size  was  observed  the  same  in  both  descending  and

ascending field branches of the hysteresis loop. The SD of ultra-small disks (R < 125 nm) might

show higher SD than those of disks in the Region I of Figure 3a. We found that the averaged Hsw,

<Hsw>,  of  arrays  consisting  of  disks  with  different  sizes  is  rarely  varied  (Supporting

Information). 

To interpret the observed result, we investigated the variance of thermal fluctuation given by

,  which  is  derived  from  Brown’s  Fokker-Planck  equation,27

considering  that  the  fluctuation  of  Hsw is  attributed  to  the  thermal  fluctuation  effect  on  the

magnetization switching of disks.   and  are a gyromagnetic ratio and a damping parameter

and   is the island volume, which is the unit volume relevant to thermal stability. Figure 3b

shows the relative values of thermal-fluctuation variance with respect to the disk radius, which

are calculated with an assumption that the disk volume corresponds to the island volume. 

In comparison of the variance of thermal fluctuation and the SD of Hsw (Figures 3a and 3b), it

is obvious that they show the coincident trend in the Region I, whereas they are countertrends in

the Region II. The countertrend between the variance of thermal fluctuation and the SD of Hsw

observed in larger-sized disks is very interesting since the stochasticity of Hsw is expected to be
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mainly  governed  by  the  degree  of  thermal  fluctuation.  The  failure  of  the  stochasticity

dependency  on  the  thermal-fluctuation  variance  in  larger-sized  disk  can  be  attributed  to

occurrence of different magnetization reversal mechanism as the disks get larger. 

Figure 3c shows typical examples of different magnetization reversal types observed in disks

with R = 250 and 625 nm in three repeated cycles. The 250-nm radius disk is switched entirely in

the field step of H = 1.5 mT as a single island even though it might contain lots of grains with

the size of 10 ± 5 nm, which has been measured by XRD in Co/Pt film. 28 In this  case,  the

switching  might  proceed  via  the  domain  nucleation  and  immediate  DW  growth  without

considerable pinning and depinning processes.29,30 We confirmed that the same reversal behavior

of the disk is appeared in the most of hysteretic cycles in the disk array. On the other hand, the

625  nm-radius  disk  shows  different  magnetization  reversal  behavior.  Although  the  disk

occasionally reverses like the 250-nm radius disk as shown in the 3rd cycle in Figure 3c, the

magnetization reversal of the disk is mostly completed over two field steps, which implies that

rather complicate DW pinning and depinning processes may occur during the magnetic reversal

of the disks.  

The light grey contrast  visible in Figure 3c then can be understood to be the existence of

intermediate steps in the magnetic switching of the disk through DW pinning and depinning with

considering the image acquisition time of several seconds.  The multi-step switching is  more

clearly visible in the differential images between sequential field steps in Figure 3d. The two dark

contrasts observed in  the  625 nm-radius disk, which are sharply distinguishable from the one

dark contrast seen in the one-step switching of the 250 nm-radius disk, clearly reveal two-step

switching in the magnetization reversal. 
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Figure 4. (a) The averaged standard deviation (SD) of switching fields (Hsw) of individual disks

as a function of the disk radius (R). The averaged value is obtained by statistical analysis of

switching events of 25 disks. (b) The relative variances of thermal fluctuation obtained by taking

account of the disk volume. (c) MTXM images of magnetization reversal of disks with R = 250

and 625 nm observed in three consecutive measurements in the field step of H = −1.5 mT for a

descending branch of  the hysteresis  loop under  identical  conditions.  (d)  Differential  MTXM

images were obtained by subtracting the image with field,  H from the image with the previous

field, H−H. 

Transformed switching mechanism of disks with varying the disk size

For  a  more  comprehensively  understanding  the  experimentally  observed  magnetization

switching behavior with respect to the disk size, we performed three-dimensional micromagnetic

simulations  for  magnetization  reversal  dynamic  process  on  individual  layers  of  disks  with
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polycrystal structure having an average grain size of 10 nm as shown in Figure 4a. Figures 4b

and 4c show the dynamic process of magnetization reversal over the four individual layers in the

disks of the R = 125 and 375 nm while the external magnetic fields of H = −60.5 and −39 mT are

applied,  respectively.  Interestingly,  in  both  disks,  the  magnetization  switching  in  individual

layers does not occur at once, but it happens through multiple steps by the domain nucleation and

propagation  on  each  layer.  However,  the  different  switching  behavior  upon the  disk  size  is

clearly observable. For  R = 125 nm, the switching starts at the top layer and propagates to the

bottom layer during its dynamics, 20 ns. Nevertheless, at the end of dynamic process with the

magnetic  field of  H = −60.5 mT, the magnetization  switching over  all  layers  of  the disk is

completed, which indicates that the switching can be measured as a single island switching under

the field sweep with the field step of  H = 0.5 mT. This simulation result coincides with the

experimental results for the 125 nm-radius disk displayed in Figure 3c. In repeated simulations

with a different grain distribution, such single switching was observed all the time in the 125 nm-

radius disk, as shown in Supporting Information. 

In  the  magnetization  reversal  of  the  larger  scaled  disk  (R =  375  nm),  however,  different

reversal mechanism through the layers was identified in repeated cycles. While the same type of

single switching, which is comparable to the case of 125 nm-radius disk (Figure 4b), is also

observed in  the  375 nm-radius  disk  at  H =  −39 mT (Figure  4c),  Figure  4d  shows that  the

switching in the 375 nm-radius disk with different grain distribution is completed over two field

steps, −39 mT and −40 mT as observed in experiments. At H = −39 mT, only bottom layer is

switched.  At  H =  −39.5  mT,  the  magnetization  states  were  kept  without  the  magnetization

switching on the rest three layers. The switching on the rest three layers is completed at H = −40
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mT. The different switching mechanism is clearly visualized in the bottom grey-scaled images of

disks in Figures 4b-4d. From comparison those simulated  images with the MTXM images in

Figure 3c, we have successfully measured the transformation of switching mechanism upon the

disk size. The layer-by-layer reversal of Co/Pt multilayered disk happens as the disk gets larger. 

Note  that  we also  calculated  the  stray  field  to  investigate  the  effect  of  dipolar  interaction

between nanodisks on the stochasticity in the magnetization switching of the individual disks by

micromagnetic simulations (Supporting Information). Based on simulation results showing the

increase  of  stray  field  as  a  function  of  the  disk  size,  which  is  not  consistent  with  the

experimentally observed trend of stochasticity depending on the disk size, we concluded that the

dipolar  interaction  between nanodisks  in  the  arrays  would not  affect  the  stochasticity  of  the

magnetization switching of individual disks, especially the dependence on the disk size.

The experiment and simulation results of switching behavior of disks with different disk sizes

support that the smaller-sized nanodisks (Region I) can be considered as the single island of

which  the  volume  is  inversely  proportional  to  the  thermal-fluctuation  variance  as  shown in

Figures  3a and 3b. Unlike  small-sized disks,  larger-sized disks  (Region II  in  Figure 3a) are

hardly considered as a single unit island directly linked to the thermal-fluctuation variance. As

the  disk  gets  larger,  the  number  of  local  defects  increases,  resulting  in  more  frequent  and

complicate DW pinning and depinning events at random positions and more importantly layer-

by-layer switching. Note that in those larger disks, DW pinning and depinning processes are still

influenced by thermal effect and therefore, such thermally affected DW pinning and depinning

processes and layer-by-layer  switching would severely contribute  to  the stochasticity  in  disk

switching, resulting in the high degree of stochasticity in the magnetization switching of larger

disks (Region II in Figure 3a). 
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The presence of the two regions in Figure 3a, which display opposite trends might have an

important  implication  in  the  use  of  the  magnetic  disk array  for probabilistic  computing.  As

explicitly shown in Figure 3a, the two competing trends yield the minimized stochasticity at an

intermediate disk size, indicating that the stochastic nature of the magnetization switching can be

controllable by tuning the size of disks and the switching of disk can be much more optimized

for probabilistic computing application. 

Figure  5.  (a) Schematic illustrations of the model system including layout of disk array (left),

magnetic grains with different magnetocrystalline anisotropy constant (middle), and the upward

out-of-plane  initial  magnetization  (right).  (b)  Series  of  snapshot  images  taken  from  the

micromagnetic simulation of magnetization reversal in a disk of R = 125 nm within array. (c-d)

The magnetization switching process with the different magnetic grain in a disk of R = 375 nm
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within  array.  The  red  and  blue  colors  indicate  the  upward  and  downward  magnetization,

respectively. The grayscale colors represent the simulated MTXM images.

Summary and Conclusion

We have investigated the stochasticity in the magnetization switching of individual [(Co (0.7

nm)/Pt (2 nm)]4/Pt (5 nm) multilayered disks within a large array based on significant statistical

measurements utilizing magnetic soft X-ray microscopy. We found that the switching field (Hsw)

for  individual  disks  stochastically  fluctuates  within  repeated  hysteretic  cycles  and exhibits  a

decreasing trend in a smaller disk region (125 nm < R < 375 nm) mainly by thermal fluctuations

and an increasing trend in a larger disk region (375 nm < R < 625 nm). By performing unique

three-dimensional micromagnetic simulation, we demonstrates that the stochasticity depending

on the disk size is strongly linked to the transformed magnetization reversal mode,  i.e., multi-

level layer-by-layer switching. The existence of opposite dependences of stochasticity  on the

disk size suggests that one can control the stochasticity in the magnetization switching of disks

and  optimize  the  design  of  disk  arrays  for  probabilistic  computing.  This  work  provides  a

scientific  insight  into  stochastic  nature  in  the  magnetization  switching  of  nanodisks  and  an

important technological information for their application to probabilistic computing.

Methods

Experimental details
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A 5 nm Pt seed layer was grown on the X-ray transparent 200 nm thick Si3N4 and subsequently

a [(Co (0.7 nm)/Pt (2 nm)]4/Pt (5 nm) multilayer film was deposited using sputtering. The [(Co

(0.7 nm)/Pt (2 nm)]4/Pt (5 nm) disks were patterned by electron beam lithography with a disk

radius,  R ranging from 125 nm to 625 nm and constant edge-to-edge distance of 250 nm. [(Co

(0.7 nm)/Pt (2 nm)]4/Pt (5 nm) multilayered film was chosen as its strong perpendicular magnetic

anisotropy which provides well-defined and stable magnetic states.31

Magnetic structures in the presence of external magnetic fields were recorded at the Co L3 (778

eV)  X-ray  absorption  edge using  MTXM (beamline  6.1.2  at  the  Advanced  Light  Source  in

Berkeley, CA)32 where the magnetic contrast is obtained using X-ray magnetic circular dichroism

(XMCD). The FOV of MTXM and the spatial  resolution of MTXM are 10  μm and 25 nm,

respectively. 

Computational details 

Experimental  results  are  complemented  by  micromagnetic  simulations.  we  used  mumax3

code33 that  numerically  solves  the  Landau-Lifshitz-Gilbert  equation

 with  gyromagnetic  ratio  ,  local

magnetization vector  , effective field  and Gilbert damping constant  34,35. As a model

system, we assume four-layered [Co (0.7 nm)/Pt (2.1 nm)] circular disks of the radius R = 125

and 375 nm with the cell size 5 × 5 × 0.7 nm3. To mimic an array system with a 250 nm edge-to-

edge distance in our calculations, we used a 2-dimensional periodic boundary condition with 125

nm margin along x and  y directions. The simulation parameters for our model system were as
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follows:  the saturation magnetization  Ms = 670 kA/m, exchange stiffness  Aex = 14 pJ/m.  To

explore the magnetization reversal behavior close to a real system, we considered a polycrystal

structure in our micromagnetic simulations by assuming a crystalline anisotropy distribution. The

grain distribution was constructed using the Voronoi tessellation with average size of 10 nm by

referring to the data obtained by X-ray diffraction (XRD) measurements in Co/Pt films and the

uniaxial anisotropy constant of Ku = 30 MJ/m3 was randomly distributed with 10% variation.

ASSOCIATED CONTENT

Supporting Information. 

The  averaged  switching  field  as  a  function  of  the  disk  size  and  additional  micromagnetic

simulation results containing  magnetization switching behavior with varying the disk size and

grain distribution and the effect of stray field on the magnetization switching in the disk array

(PDF).
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