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Key Points 19 

1. The magnetically unstable zone for equant truncated octahedra is ~20 nm wide and 20 

is geometry and shape dependent 21 

2. The unstable grains are characterized by low coercivities owing to their multiple 22 

possible states with small intervening energy barriers 23 

3. The domain states of magnetically unstable grains vary with temperature, and their 24 

influence on geological samples should not be ignored 25 

 26 

Abstract 27 

Recent micromagnetic simulations have found that particles in the transitional zone 28 

between the single domain (SD) and single vortex (SV) zone are prone to thermal and 29 

external magnetic field instabilities that could adversely affect the accuracy of 30 

interpretations of paleomagnetic recordings. In this study, we attempt to evaluate the 31 

internal magnetization characteristics of these magnetically unstable (MU) particles 32 

and the influence on paleomagnetic observations by simulating the magnetic behavior 33 



of 68‒104 nm truncated octahedral magnetite particles using the MERRILL modeling 34 

software. We found that: (i) The size region of the "MU zone" for grains of truncated 35 

octahedron shape is different from cubic octahedrons and spheres, indicating that the 36 

zone may be controlled by the geometry and shape of particles; (ii) The MU zone has 37 

a range of 79-97 nm region, which is dominated by a hard-axis aligned single vortex 38 

(HSV); (iii) MU particles are unstable as a function of temperature and have low 39 

coercive fields. Finally, the numerical fitting of hysteresis parameters for 40 

experimental data suggests that the influence of such MU particles in samples should 41 

not be ignored, especially for samples with fine-grained magnetic minerals as the 42 

primary magnetic recording carriers. This research has extended our understanding of 43 

the behavior of the "MU zone" and its significance on paleomagnetic records. 44 

Plain Language Summary 45 

Magnetic minerals in geological samples can record geomagnetic information over 46 

billions of years, which makes it possible to study the evolution of the Earth. 47 

However, this ability of magnetic minerals is greatly affected by particle size and the 48 

range we call these "magnetically unstable (MU) zone". Recently, micromagnetic 49 

simulations found that the particles in the "MU zone" can be easily affected by slight 50 

thermal disturbances, which means a detailed investigation of the "MU zone" is very 51 

important to improve the accuracy of geological information interpretations. This 52 

study presents a detailed evolution of the MU zone with grain size and temperature, 53 

and will deepen our understanding of the magnetic characteristics of the MU zone and 54 

its significance on paleomagnetic records. 55 

 56 

1. Introduction 57 

In paleomagnetic research, magnetic minerals such as magnetite, maghemite, 58 

hematite, and greigite can be potential carriers of remanent magnetization, which 59 

contain information on the direction and intensity of the paleomagnetic field (Butler, 60 

1992; Tauxe et al., 2010). Among them, magnetite (Fe3O4) is the most important 61 

magnetic mineral in nature (Butler, 1992; Dunlop and Özdemir, 2001). It is 62 

commonly found in igneous, sedimentary, and low-temperature metamorphic rocks. 63 

Understanding stable remanent magnetism has hitherto largely relied on Néel's 64 

domain theory (1949, 1955) and the hysteresis models of Stoner and Wohlfarth 65 

(1948). Unlike the well-defined particles used in the magnetic recording industry, 66 



rock samples in paleomagnetic research usually have complex magnetic mineralogy, 67 

various grain shapes, and a broad particle size distribution that extends well beyond 68 

the single domain (SD) range (Roberts et al., 2018). Experimental observations show 69 

that the stability of particles larger than SD grain size declines gradually rather than 70 

decreasing suddenly as predicted by the traditional multi-domain (MD) theory 71 

(Stacey, 1963; Day et al., 1977; Wang and Kent, 2021). These intermediate grains are 72 

traditionally called pseudo-single domain (PSD) or single vortex (SV) particles and 73 

can exhibit similar magnetic recording characteristics to SD particles (Williams and 74 

Dunlop, 1989; Roberts et al., 2017). 75 

However, the study of the behavior of magnetic grains related to the stability of SV 76 

states, and in particular the transitions from SD states to SV states, are hampered by 77 

their predicted narrow size range both in natural and synthetic samples. For example, 78 

the standard methods of synthesizing magnetic particles for basic rock magnetic 79 

analysis (such as hydrothermal methods or glass-ceramics) usually produce samples 80 

with a wide particle size distribution. Three-dimensional magnetic microstructures are 81 

still difficult to determine from purely experimental techniques, although some 82 

progress has been made using X-ray vector nanotomography, such as FIB-SEM 83 

(focused ion beam scanning electron microscopy), and electron holographic imaging 84 

(Harrison et al., 2002; Donnelly et al., 2017; Gu et al., 2020; Matt et al., 2020). More 85 

often, we need to use numerical micromagnetic modeling to search for stable or meta-86 

stable domain structures compatible with observed grain geometries and 2D domain 87 

state images. It is from these micromagnetic models that we can then explore detailed 88 

magnetic recording behavior of magnetic particles across the grain size range that 89 

should contain high remanence non-uniform magnetic domain structures such as easy-90 

axis aligned single vortex (ESV) state (Williams et al., 2010). 91 

Recently the experimental off-axis electron holographic magnetic domain state 92 

imaging of Almeida et al. (2016), combined with the numerical modeling of Thomson 93 

et al. (1994), Fabian et al. (1996), and Tauxe et al. (2002) have suggested that the so-94 

called PSD state of magnetite particles of size 80‒1000 nm is actually an SV domain 95 

structure. Nagy et al. (2017) conducted a series of studies on the thermal stability of 96 

equal-dimensional cuboctahedral magnetite particles in the 40‒170 nm region with a 97 

step length of 10 nm and found the particles in the region of ~84‒100 nm exhibited an 98 

unexpected behavior where the magnetic domain state changes from the flower (F) 99 

state of Williams and Dunlop (1989) to the SV state with the vortex core aligned 100 



along the hard axis [0 0 1] rather than along the [1 1 1] easy axis, and that this 101 

transition was marked by a sudden decrease in the magnetic blocking temperature. 102 

The dramatic decrease of magnetic blocking temperature and relaxation time has also 103 

been preliminarily captured in searching for the boundary of SD‒PSD in the earlier 104 

studies (Enkin and Williams, 1994; Winklhofer et al., 1997; Muxworthy et al., 2003). 105 

Subsequently, Valdez-Grijalva et al. (2018) and Nagy et al. (2019b) conducted studies 106 

on the magnetic domain state transition of greigite and iron, and Ge et al. (2021) 107 

supported the observational existence of magnetically unstable (MU in this study) 108 

particles by combining micromagnetic modeling and low-temperature oxidation 109 

experiments. The present study provides a more detailed micromagnetic investigation 110 

of the MU zone and the domain state behavior in applied fields to determine whether 111 

magnetic information can be reliably extracted from such particles. Finally, we will 112 

discuss the consequences for paleomagnetic measurements. 113 

2 Method 114 

2.1 Modeling software 115 

The detailed study of the MU zone was conducted using the open-source software 116 

MERRILL (Conbhuí et al., 2018) to determine the magnetic domain behavior of 117 

particles in external magnetic fields. The software supports the use of arbitrary-shaped 118 

tetrahedral finite elements to describe arbitrary grain geometries and calculates the 119 

local energy minimum (LEM) magnetic domain structure. The latest version (v1.40) 120 

can perform the simulation of multi-particle, multi-phase minerals at arbitrary 121 

temperatures.  122 

2.2 Construction of the model 123 

Here we examine the detailed magnetic behaviors of MU particles again in another 124 

commonly found magnetite grain morphology, i.e., the truncated octahedron model 125 

(Behrens and Uerlein, 2009; Li et al., 2013). It is formed by cutting off the six corners 126 

along one-third of the side length of the regular octahedron, which forms a block 127 

wrapped by four squares and eight regular hexagons (Figure 1). The truncated faces of 128 

regular hexagons are then normal to the <111> axis. Based on the MU zone range 129 

(~84‒100 nm) proposed by Nagy et al. (2017; 2019), we take a total of 37 equal-130 

dimensional truncated octahedron models for magnetite particles in the range of 68‒131 

104 nm (equivalent spherical volume diameters, ESVD) in steps of 1 nm. 132 



The model geometries were discretized with a mesh fine enough to solve the 133 

continuous spatial variation of the magnetization vectors in the model. This is limited 134 

by the exchange length lexch (Rave et al., 1998), which depends on the nature of the 135 

magnetic material (see Table 1 for magnetite) and is given as 136 

𝑙𝑒𝑥𝑐ℎ = √
2𝐴

𝜇0𝑀𝑠
2 = 9.57 𝑛𝑚                                                [1] 137 

where A, Ms, and μ0 are the exchange constant, saturation magnetization, and the 138 

permeability of free space, respectively (see Table 1). The temperature-dependent 139 

values of these parameters are defined within MERRILL (Conbhuí et al., 2018). 140 

2.3 Simulation protocols 141 

We simulated the descending branch of hysteresis loops (and the corresponding 142 

domain states of saturated remanence) for all 37 (68‒104 nm) magnetite particles at 143 

room temperature (Table 2). At each grain size, the half-cycle hysteresis loops were 144 

obtained with the applied magnetic fields varying between 180 mT to -180 mT in 145 

steps of 1 mT, with the applied field aligned with the easy [1 1 1], hard [1 0 0] and 146 

intermediate [1 1 0] magnetocrystalline directions (Williams et al., 2010; Ge et al., 147 

2021).  148 

As is shown in Table 2, the hysteresis loops and the saturated remanence states of a 90 149 

nm equidimensional truncated octahedron, which from Nagy et al. (2017) we might 150 

expect to be in the hard-axis aligned single vortex (HSV) state, were also simulated at 151 

elevated temperatures from 50‒550 °C in the step of 50 °C. Finally, a cooling process 152 

of a remanent state of the 90 nm sized grain was simulated between 500°C‒50°C and 153 

20°C, where the magnetization is initially aligned along the [1 1 1] direction at 500°C, 154 

and each minimum energy solution at temperature T °C was used as the initial state to 155 

a model at T-50 °C (and T-30°C for the solution at 20 °C). 156 

Each simulation of hysteresis loops and the saturated remanence states described 157 

above was repeated five times with random perturbations of the magnetic vectors by 158 

no more than 10° at each step of the loop in order to identify HSV states. The 159 

coercivity (Bc) and the ratio of saturation remanence to saturation magnetization 160 

(Mrs/Ms) are the average values for fields applied along the above three directions. A 161 

total of 5 sets of hysteresis parameters and 15 solutions for each grain size were 162 

obtained.  163 



The minimum energy path of the in-field domain state transitions close to the coercive 164 

field has also been calculated for the MU particles using the nudged-elastic-band 165 

(NEB) method within MERRILL (Nagy et al., 2017).  166 

Moreover, a preliminary investigation of the effects of shape on the MU zone was 167 

made using 40 elongated truncated octahedron models (98‒137 nm, elongated in the 168 

[1 1 1] direction) with a shape factor (q = m/n, long axis/short axis) of 1.2 (Table 2). 169 

2.4 Estimation of the MU zone in bulk samples 170 

As a first-order estimate of the likely influence of the low stability particles on bulk 171 

samples, we can calculate the percentage of the coercivity or saturation remanence 172 

spectrum that is affected by such grains. The expected variation of hysteresis 173 

parameters Bc and Mrs/Ms with grain sizes from 0.025‒2 μm was determined from 174 

published data (Figure S1) and simply approximated by the following power-law fits: 175 

𝐵𝑐 = 13.92𝑑−0.29(0.025 < 𝑑 < 2)                                    [2] 176 

𝑀𝑟𝑠/𝑀𝑠 = 0.070𝑑−0.55(0.025 < 𝑑 < 2)                               [3] 177 

Where d is the grain size in μm. 178 

We assume that most particles that carry magnetic remanence in nature have grain 179 

sizes less than 2 μm (Dunlop and Özdemir, 1997) and take uniform distributions of 180 

such sized particles (i.e., considered as the mean value in each lognormal distribution) 181 

over the SD to PSD interval from 0.025‒2 μm. We then determine the proportion of 182 

particles in the MU zone (postulated in Section 3) using equations [2] and [3].  183 

3. Results 184 

3.1 The location of the MU zone 185 

For the micromagnetic structures shown in this section, SD states are colored by the 186 

local angular deviation from the <111> easy crystalline anisotropy direction. 187 

Meanwhile, we used helicity isosurfaces of the magnetization to illustrate the vortex 188 

core magnetization structure of SV states.  189 

The dependence of magnetic domain states of particles from saturated remanence on 190 

grain sizes ranging between 68–104 nm at room temperature (20 ºC) is shown in 191 

Figure 2. The zero-field micromagnetic structures in Figure 3 are produced from an 192 

initial state equivalent to saturating the magnetization along an easy [1 1 1] direction. 193 

These show that within the size range of interest, remanent states of magnetite 194 

particles can occupy several different magnetic structures: SD (Figures 2, 3a‒b, d), 195 

HSV (Figures 2, 3c‒d) and ESV (Figures 2, 3e‒f).  196 



For grains sizes smaller than 70 nm, only SD states occur (Figures 2, 3a). For larger 197 

grains, with sizes of 70‒78 nm, it becomes increasingly easy to nucleate the SV state 198 

(Figures 2, 3b). More specifically, the main magnetic domain states within this grain 199 

size range are the SD state with net magnetization in the [1 1 1] direction and the SV 200 

state with its core aligned in the hard [1 0 0] or [0 1 0] directions (HSV). 201 

For grains larger than 79 nm, it is no longer possible to nucleate an SD remanence 202 

state, and only SV states are seen (Figure 2). Specifically, only the HSV state exists 203 

in the range of 79‒91 nm (Figure 3), and it continues to be a possible state for the 204 

grain sizes up to 97 nm (Figure 2). As the particle size increases, the vortex core of 205 

the SV state gradually switches from the hard [0 1 0] and intermediate [0 1 1] to the 206 

easy [1 1 1] direction (Figure 3e), and the easy axis aligned [1 1 1] (ESV) state 207 

becomes possible to nucleate at a grain size of 92 nm (Figures 2, 3e). In the grain 208 

size region of 98‒104 nm, the magnetization state of magnetite particles becomes 209 

predominantly ESV and increasingly thermally stable (Nagy et al., 2017). The HSV 210 

state gives way to the dominance of the ESV state and eventually vanishes for grains 211 

larger than 100 nm (Figures 2, 3f). 212 

The overall evolution of magnetic structures in magnetite particles with grain sizes 213 

between 68 and 104 nm is thus SD→HSV→ESV. If we define the MU zone as the 214 

region where the HSV states dominate, then it is about 20 nm wide, i.e., ~79‒97 nm 215 

wide for equal-dimensional truncated octahedron. The region is slightly different than 216 

that of the equal-dimensional cuboctahedron (~84‒100 nm) and sphere (~80‒100 nm) 217 

(Williams et al., 2010; Nagy et al., 2019b). Our results suggest that the transition of 218 

dominance between the SD and HSV states occurs at ~78‒79 nm and that the 219 

boundary between the dominance of HSV and ESV states is at ~91‒92 nm. Moreover, 220 

there is also a zone of ~12 nm wide (79‒91 nm) where only HSV states exist. 221 

3.2 Grain size dependences of Bc and Mrs/Ms of the MU particles 222 

The simulated hysteresis loops of magnetic particles in the region of 68‒104 nm are 223 

shown in Figures 4a, b and the hysteresis parameters (Bc and Mrs/Ms) as a function of 224 

grain size are shown in Figures 4c, d. The 68‒70 nm sized magnetic particles display 225 

SD-like square loops, with the large jumps in magnetization on each half-branch 226 

resulting from SD remanence states undergoing switching by coherent rotation to 227 



another SD state (Williams and Dunlop, 1995). The Mrs/Ms in the 78‒79 nm sized 228 

magnetite particles remain nearly saturated to very low applied field values, while 229 

the magnetization of particles in the region of 97‒104 nm starts to decrease at higher 230 

fields when starting from a near saturation state. In this latter case, the small jumps 231 

observed as the field is reduced are caused by averaging effects of SD remanence 232 

undergoing switching by coherent rotation to another SD state and the vortex 233 

nucleation/annihilation of SV remanence, with the field of loops aligning along easy 234 

and hard directions, respectively (Williams and Dunlop, 1995; Yu and Tauxe, 2005). 235 

When the field direction is switched (back-field), the 78‒79 nm sized grains quickly 236 

saturate in the opposite direction, while the grains of 97‒104 nm show a much more 237 

gradual saturation rate with jumps associated with denucleation of vortex structures. 238 

This indicates two potential grain size thresholds for different possible domain states 239 

near ~78‒79 nm (lower limit of the domination range of the HSV state) and ~97‒98 240 

nm (lower limit of the domination range of the ESV state) in the hysteresis loop.  241 

The averaged values of Bc and Mrs/Ms versus grain size are shown in Figures 4c‒d. 242 

Generally, the Bc versus grain size shows a rather abrupt transition from the high 243 

coercivity (~15 mT) state to a low and variable state with Bc fluctuating around 6 mT, 244 

followed by a gradual increase in Bc up to 15 mT by 104 nm. This low stability zone is 245 

consistent with the thermal stability models of Nagy et al. (2017), but here we have 246 

shown it in more detail. The low Bc values in the 74‒78 nm region are associated with 247 

the formation of an HSV state seen in Figure 2, which fluctuates in the 79‒97 nm 248 

region, where the HSV state dominates. For particles 98 nm or larger, there is a 249 

gradual increase in Bc with reduced fluctuation between repeat simulations. Finally, 250 

the Bc of magnetite particles smoothly increases with grain size beyond 100 nm. 251 

The variation of Mrs/Ms with grain size also shows a steady decrease from 70 nm to 79 252 

nm with an abrupt shift to lower values at 80 nm, as expected for the development of 253 

the SV states. In the region between about 90 nm and 98 nm, there are multiple values 254 

for given grain size (see red and black dots in Figure 4d), suggesting multiple possible 255 

states (i.e., HSV and ESV states).  256 

3.3 Magnetization states in the MU zone as a function of temperature  257 



In order to investigate the magnetization states of magnetite particles in the unstable 258 

zone as a function of temperature (Dunlop, 2021), the Mrs states of a 90 nm grain, 259 

located in the center part of the predicted MU zone grain size range, were simulated 260 

as a function of temperature (550 ºC to 20 ºC), where the initial guess was uniform 261 

along [1 1 1]. 262 

The results (Figure 5) show that the magnetite particles are in the SD state within 263 

550‒450 ºC, with the magnetization aligning along the [1 1 1] direction. In the 264 

temperature interval of 450‒150 ºC, the domain state of magnetite particles switches 265 

from the SD state to the HSV state (by 400 ºC) and then to the ESV state by 150 ºC. 266 

On cooling below 150 ºC, the domain state switches several times between the ESV 267 

and HSV states. 268 

The temperature dependence of coercivity further highlights the changes in the 269 

domain structure. We show the saturated remanent states and the hysteresis 270 

parameters for the loops for a 90 nm magnetite particle as a function of temperature 271 

(Figures 5‒6). The results in Figure 5 appear to show that particles within the 272 

postulated grain size range of the MU zone have varied remanence states at different 273 

temperatures, and the HSV state is dominant at many temperatures. As expected, the 274 

absolute values of coercivity for all temperatures are far below the expected values of 275 

15 mT for equal-dimensional magnetite (Tauxe et al., 2002). Our data show that 276 

whilst Bc decreases with temperature, Mrs/Ms increases slightly with temperature as 277 

SD states become more frequent.  278 

For comparison, we also simulated the evolution of the remanence states of the 90 nm 279 

magnetite particle during cooling from just below the Curie temperature. The initial 280 

magnetization state of the model is a uniform magnetization along the [1 1 1] 281 

direction, with temperature varying from 550 ºC to room temperature in steps of 10 282 

ºC. The results show that the magnetite particles remain in the HSV state within 550‒283 

240 ºC, with the magnetization aligning along the [0 1 0] direction. The direction of 284 

the vortex core then switches to [1 1 0] direction, resulting in a dramatic increase of 285 

the remanence (Figure 7e). The HSV magnetic state persists until room temperature. 286 

Together with Figures 5‒7, it suggests that the 90 nm magnetic particle is likely 287 

magnetically unstable under thermal cycling above 240 °C and may not be able to 288 

record stable remanence. The fluctuating domain states with temperature for this size 289 



grain are again consistent with the low thermal stability suggested by Nagy et al. 290 

(2017) and point to a multiplicity of possible states as a function of temperature. 291 

To estimate the thermal stability of the coercivity of MU particles, we randomly 292 

perturbed the in-field LEM state at the coercive field to find the next closest LEM 293 

state that could be nucleated in that same field. The minimum energy path was then 294 

calculated using the NEB method at the same temperature and field conditions. In 295 

Figure 8, the starting point LEM is the domain state under a field of -2 mT extracted 296 

from a hysteresis loop for the 90 nm particle. The endpoint is another LEM state 297 

under the identical field/temperature. An initial smooth increase of the energy can be 298 

seen in Figure 8b, and it peaks as the path index increases to ~80 and then decreases 299 

slightly to the end. The relaxation time is given by (Néel, 1955): 300 

𝜏 =  𝜏0 exp (
𝐸𝐵

𝑘𝐵𝑇
)                                                        [4] 301 

where kB is Boltzmann’s constant, T the temperature at which the transition occurs, 302 

and τ0 the attempt time, commonly with a value of ∼10−9 s (McNab et al., 1968). EB is 303 

the energy barrier along such a path. 304 

Using Equation 4, the relaxation time of an energy barrier of 0.2368×10-18 J in Figure 305 

8 is calculated as 81.27 Ma, which indicates the thermal stability of the coercivity of 306 

90 nm grain. 307 

3.4 The MU zone for elongated particles 308 

The Mrs states of the elongated grain (q = 1.2) are shown in Figure 9, with grain sizes 309 

ranging from 98‒137 nm. With the initial saturated field along [1 1 1] direction, the 310 

easy axis aligned SD states persist for grains smaller than 100 nm (Figures 9a‒b). In 311 

the grain size range of 100‒135 nm, only the HSV states occur, with all the vortex 312 

cores aligning in the [‒1 ‒1 1] hard shape (short axis) direction (Figures 9c‒d). As the 313 

grain size is larger than 135 nm, the ESV states begin to appear and gradually 314 

dominate (Figures 9e‒f). 315 

3.5 Effects of the MU zone in bulk samples 316 

For natural samples with magnetic particles located in the range of 0.025‒2 μm, the 317 

influence of the MU zone is determined to be 2.7% of the Bc spectrum and 3.4% for 318 

Mrs/Ms. If the sample contains finer particles, i.e., 25‒300 nm, then we might expect 319 

the influence of the MU zone to be 11.98% in Bc and 13.03% in Mrs/Ms. For samples 320 

dominated by unchained fossil magnetosomes (generally 30‒120 nm, Qu, 2011), a 321 

similar first-order calculation estimates the influence of the MU zone in sediments 322 



dominated by fossil magnetosomes can reach as much as 30.39% in Bc and 28.54% in 323 

Mrs/Ms. 324 

Moreover, if the finer elongated particles, i.e., 25‒300 nm, dominate in geological 325 

samples, then we might expect the influence of the MU zone to be as much as 13.14% 326 

in Bc and 13.1% in Mrs/Ms by equations [2] and [3]. For samples rich in unchained 327 

fossil magnetosomes, the influence of the MU zone can reach 19.39% in Bc and 328 

16.97% in Mrs/Ms. 329 

4. Discussion 330 

Previous studies have mentioned the “non-uniform remanence or transition remanence 331 

or viscous PSD” times when trying to isolate the SD range that once was considered 332 

the main recorder of remanence or investigating the micro-behaviors of paleointensity 333 

acquisition (Enkin and Williams, 1994; Fabian et al., 1996). Similar to the transition 334 

of SD to SV states versus decreased temperature in Figure 5, early researchers 335 

proposed that the magnetization in these particles which normally contain vortices as 336 

equilibrium structures is more likely to be blocked in the SD state in the laboratory at 337 

high blocking temperatures, resulting in underestimation of the paleofield in Thellier 338 

methods (Winklhofer et al., 1997; Muxworthy et al., 2003). They also confirmed that 339 

the thorough study of SD‒“PSD” transition would be of paramount importance to 340 

improve our understanding of fine particle magnetism. These direct and indirect 341 

descriptions can be regarded as pioneering works of the MU zone. 342 

It is now widely accepted that SV particles have both long-term paleomagnetic 343 

stability and magnetic remanence strength to make them reliable and detectable 344 

recorders of the ancient geomagnetic field (Einsle et al., 2016; Nagy et al., 2017). 345 

However, within the transition zone from SD to SV, there exists a range of grain sizes 346 

that have both lower thermal stabilities and lower coercivities compared to particles 347 

that are either smaller or larger than this size range. Even more problematic, there 348 

appear to be multiple possible states for a given size. These particles have minimum 349 

energy states dominated by SV domain structures where the vortex core is 350 

preferentially aligned in the direction of a hard magnetocrystalline axis but can also 351 

nucleate SD or ESV states. The multiplicity of domain states with low coercivity and 352 

thermal stability implies that if the applied field/temperature changes slightly, any 353 

paleomagnetic records would be reset to some other state/direction. From the detailed 354 

micromagnetic simulation of magnetite particles, combined with the preliminary 355 



estimation of the experimental observations, the following three aspects of the MU 356 

zone can be considered.  357 

4.1 The evolution process of the magnetically unstable zone 358 

Although here we provide a detailed description of the evolution of domain state and 359 

magnetic stability with size and temperature for truncated octahedral particles of 360 

magnetite, a similar general pattern of behavior is to be expected for all grain shapes 361 

and for many magnetic minerals, such as magnetite/titanomagnetite and maghemite 362 

(Williams et al., 2010; Valdez-Grijalva et al., 2018; Nagy et al., 2019a; Ge et al., 363 

2021).  364 

As the particle size increases from those that can only contain SD, we pass through 365 

different transition zones. (i) In the 68‒78 nm size region, only magnetic SD domain 366 

states exist. (ii) In the 70‒78 nm region, the HSV state appears with alignment along 367 

either the [1 0 0] or the [0 1 0] axis, which is an indication of entering the MU zone 368 

and is further characterized by the ability to nucleate multiple metastable domain 369 

states of SD and SV. In this size range, the proportion of the HSV states increases 370 

with size, while the Bc decreases. (iii) For particles between 79‒91 nm, the SD state 371 

can no longer be nucleated, and particles exist in the SV state, of which HSV is the 372 

only domain state (Figures 3a‒b). Compared with smaller particles, the Bc values are 373 

significantly reduced, and the Mrs/Ms values continue to decline with grain size as 374 

expected (Figures 3c‒d). (iv) In the 92‒97 nm region, the ESV states begin to show 375 

up, while the HSV states still dominate. (v) In the 98‒99 nm region, the magnetite 376 

particles are now dominated by the ESV state (and remain dominant in grains with 377 

sizes well above 500 nm (Nagy, 2019a)). The Bc values increase dramatically, and 378 

Mrs/Ms continues to decrease because of the lower volume ratio of the vortex core to 379 

that of the whole grain. (vi) Particles larger than 100 nm no longer support the HSV 380 

state, and so we regard this as the upper limit to the MU zone for truncated octahedral 381 

magnetite. 382 

The MU zone for equal-dimensional truncated octahedron is, therefore, ~20 nm (~79‒383 

97 nm) wide, with the domination of the SD and HSV boundary at 78‒79 nm and that 384 

of the HSV and ESV boundary at 97‒98 nm. Compared with the SD grain size range 385 

of ~30‒70 nm, our results suggest that the MU zone contributes to ~10% of Bc and 386 

Mrs/Ms spectrum for samples containing magnetite particles between 25‒300 nm, and 387 

thus the influence of the MU zone on paleo-direction and especially paleointensity 388 

observations in fine-grained material should not be ignored and may explain the 389 



“fragile curvature” effect documented by Tauxe et al. (2021) whereby the blocking 390 

temperature spectra of non-SD samples appears to change even over a few years, a 391 

result unexpected from classic Néel theory. As the particle size distribution in natural 392 

samples could be estimated by laser particle size analyzer (LPSA) or FIB-SEM 393 

methods, then more appropriate samples/specimens could be selected out with high 394 

coercivities or via low-temperature oxidation for paleo-direction and paleointensity 395 

studies (Ge et al., 2021). Alternatively, in order to actively avoid the MU zones, it 396 

may be better to use samples that contain larger SV grains for paleo-direction and 397 

paleointensity studies since larger SV grains are much more SD-like in their stability 398 

and remanence (Nagy et al., 2017) or seek the finest grain sizes by targeting quenched 399 

materials like submarine basaltic glass (e.g., Pick and Tauxe, 1993).  400 

4.2 The effects of geometry and shape on the location of the MU zone 401 

The modeling of relaxation time versus edge length for the cubic system was 402 

compared by Muxworthy et al. (2003), with that of Winklhofer et al. (1997), and 403 

Enkin and Williams (1994), all of which applied a constrained optimization that 404 

forces domain switching via vortex nucleation and rotation. In addition to the obvious 405 

difference in the magnitude of relaxation time for lager grains, the most noteworthy 406 

change of trends occurs at 70 nm. Above this size, the data of Muxworthy et al. 407 

(2003) continued to increase steadily, whereas the data of Winklhofer et al. (1997) 408 

decrease around 75 nm. Interestingly, the 70 and 75 nm for the cubic system is 409 

equivalent to a spherical volume diameter (ESVD) of 87 and 93 nm, which just falls 410 

within the range of MU zone (~79–97 nm) obtained in this study. Winklhofer et al. 411 

(1997) has attributed their model behavior at around 75 nm to the switch from 412 

uniform to non-uniform reversal processes, which also agree well with our 413 

observations in this paper (Figure 3). However, the location of the unstable zone 414 

predicted from our models of the truncated octahedron is different from that found for 415 

unconstrained switching models of equal-dimensional cuboctahedrons (Nagy et al., 416 

2019b) and suggests that whilst this MU zone persists, its exact location is sensitive to 417 

the morphology of equal-dimensional grains.  418 

In this study, the elongated particles similarly follow the evolution pattern of 419 

"SD→HSV→ESV" (Figure 9). However, the range where only HSV states exist is up 420 

to 36 nm wide (~100‒135 nm), of which both the width and location are obviously 421 

different from its equal-dimensional counterpart, i.e., 13 nm wide (~78‒91 nm) shown 422 



in Figure 2. The MU zone where the HSV states dominate for the elongated particle is 423 

then much wider than 36 nm.  424 

Ge et al. (2021) reported similar stability calculations for magnetite grains with a 425 

shape factor of 1.3 and found a slightly broader room temperature unstable zone of 426 

~100‒150 nm, so it is possible that the unstable zone will grow further with 427 

elongation. Therefore, the unstable zone is likely not a fixed region but will also shift 428 

with changes both in grain elongation and mineralogy (Valdez-Grijalva et al., 2018). 429 

Natural geological samples, which contain a range of grain sizes and mineral 430 

compositions will therefore have multiple and overlapping MU grain size zones, 431 

which we suggest will also change with temperature and could affect the accurate 432 

interpretation of paleomagnetic information. 433 

4.3 The geological significances of MU particles and future studies 434 

Our simulations of magnetic microstructures show that particles in the MU zone are 435 

unstable both as a function of field and temperature. The low thermal stability of these 436 

particles yields magnetic characteristics somewhat similar to superparamagnetic (SP) 437 

grains, but there is a notable difference: SP grains in magnetite have hitherto only 438 

been thought to exist in uniformly magnetized grains, whereas a single grain in the 439 

unstable zone may nucleate several different domain states, all with similar weak 440 

stabilities.  441 

The MU particles will hence play an important role in the interpretation of Earth’s 442 

environmental and tectonic information recorded by magnetic grains (Liu et al., 2012). 443 

For instance, magnetic susceptibility (χ, mass-specific; or κ, volume-specific) of 444 

geological samples has been widely used as a mineral magnetic proxy for 445 

paleoclimatic and paleoenvironmental studies. This application is based on the 446 

hypothesis of high/low susceptibility of fine/coarse particles, which refers to the 447 

paleoenvironment of dry-cold-reduction/damp-warm-oxidation (Liu and Deng, 2009). 448 

However, the MU particles, which are larger than SD particles, will also have high 449 

magnetic susceptibility similar to SP particles (Nagy et al., 2017). This further 450 

increases the ambiguity and complexity of using environmental magnetic parameters 451 

to retrieve the paleoenvironment, especially in the study of sediments of marine or 452 

lakes that may contain magnetic bacteria (Roberts et al., 2011). 453 

In our idealized grain geometries, these domain states are seen as SD, HSV (with 454 

several hard directions with different stabilities possible), or ESV, but in more 455 

complex geometries. It may well be that additional weakly stable domain states also 456 



exist (Ge et al., 2021). Despite the relatively small percentage of such grains that 457 

might exist in a paleomagnetic sample, they may well still play a significant role. The 458 

multiplicity of different domain states and the inability to fully thermally demagnetize 459 

partial thermomagnetic remanences (pTRMs) by heating to the same temperature 460 

from which a sample originally cooled usually occurs in paleointensity experiments.  461 

Such issues might be particularly prevalent in geologic samples (i.e. lava flow 462 

interiors) that are dominated by SD‒SV particles. 463 

The MU particles found, synthesized, and characterized in paleomagnetism have the 464 

characteristics of easy orientation and low agglomeration due to their high magnetic 465 

susceptibility and low remanence. In the future, they may partially replace the high 466 

agglomeration SP particles and are widely used in the fields of environment, medicine, 467 

storage, materials, and so on (Sun and Zheng, 2002; Majewski and Thierry, 2008). 468 

We therefore conclude that the MU particles with grain size around the SD-SV 469 

transition size have to be studied more thoroughly to improve our understanding of 470 

magnetic records in paleomagnetism and other fields. 471 

5 Conclusion 472 

This research provides a detailed description of the evolution of magnetic domain 473 

states in the MU zone and deepens the understanding of its effects on recording 474 

paleomagnetic signals. Micromagnetic simulations of loops and domain structures of 475 

magnetite particles were carried out for magnetite particles with truncated octahedron 476 

geometries. The grains in this size range are characterized by the multiplicity of 477 

weakly stable domain states that each grain might occupy, and with an evolution of 478 

the most favorable state from SD → HSV → ESV as the grain size increases. This 479 

suggests that the zone’s grain size range has low coercivities, and is sensitive to 480 

temperature and exact morphology of grain roughness, and will increase with 481 

elongation. Finally, we propose that the effect of these unstable particles on the 482 

macro-magnetic behavior of bulk samples cannot be ignored, especially for samples 483 

with fine-grained magnetic minerals. The availability of different domain states at 484 

each grain size means that repeated thermal cycling replacements of pTRM may not 485 

be reproducible and thus contribute to uncertainties in paleo-intensity estimates.  486 
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Figures and Tables 714 
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Figure 1. The geometric shape and mesh grids of truncated octahedron that were used 717 

in this study. This geometry is uniformly scaled so that it occupies a volume 718 

equivalent to a sphere of a given diameter (ESVD). 719 
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 730 

Figure 2. Bar plot of the number of saturation remanent states as a function of grain 731 

size. A total of 15 solutions were calculated for each grain size, as each model 732 

simulation was repeated 5 times, with the applied field aligned with the easy [1 1 1], 733 

hard [1 0 0], and intermediate [1 1 0] magnetocrystalline directions, respectively. 734 
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 753 

Figure 3. The saturated remanent (Mrs) microstructures of (a‒f) equal-dimensional 754 

truncated octahedral grains with grain sizes of 68, 79, 91, 92, 104 nm, respectively. 755 

(a–b) show the magnetization vectors (red arrows) parallel to [1 1 1]. (c‒f) display the 756 

relative helicity iso-surfaces (H = 0.85) that correspond to the regions surrounding 757 

vortex cores, with lower values being blue and higher being yellow. 758 
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 778 
Figure 4. Micromagnetic simulated hysteresis loops (a) and (b) with grain sizes 779 

ranging from 68‒104 nm, and the corresponding parameters, (c) Bc and (d) Mrs/Ms as 780 

a function of grain size. Note that the curves in (c)‒(d) are averaged of 15 solutions 781 

obtained as in Figure 2. 782 
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 800 

Figure 5. The saturated remanent microstructures (Mrs) of 90 nm magnetite grain 801 

versus temperature. The color bars display the magnetization vectors for SD states and 802 

the relative helicity for SV states, sharing the same color keys as Figure 3. 803 
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 819 

Figure 6. The hysteresis parameters for 90 nm magnetite particles as a function of 820 

temperature (half loops shown in Figure 4). a) Bc, b) Mrs/Ms, with scatter (red dots) 821 

and average (black dots) from 5 repeat simulations. 822 
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 849 

Figure 7. The remanence states of 90 nm magnetite particles during the cooling 850 

process from 550 ºC to 20 ºC (Figures 7a‒d). Figure 7e shows the Mrs/Ms as a function 851 

of temperature. The color bars display the relative helicity for SV states, sharing the 852 

same color keys as Figure 3. 853 
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 873 

Figure 8. The action-minimizing NEB paths for 90 nm equal-dimensional truncated 874 

octahedron. (a, c) show the calculation end-members of the NEB path, i.e., the domain 875 

states under a field of -2 mT in a hysteresis loop just prior to reaching the coercivity 876 

field and another LEM state in the same field. (b) shows the energy diagram of the 877 

NEB path. 878 
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 900 

Figure 9. The Mrs states of (a‒f) elongated truncated octahedron with a factor of 1.2 901 

grains in sizes of 98, 99, 100, 135, 136, 137 nm, with initial saturated field aligned 902 

along the [1 1 1] direction. The color bars display the magnetization vectors for SD 903 

states and the relative helicity for SV states, sharing the same color keys as Figure 3. 904 
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Table 1. Room temperature values of magnetic parameters used in this paper 925 

(Pauthenet and Bochirol, 1951; Smit and Wijn, 1959; Heider and Williams, 1988) 926 

Parameter Value Unit 

A 1.33×10–11 J/m 

Ms 4.80×105 A/m 

μ0 4π×10–7 H/m 

 927 



Table 2. The specific parameter settings of simulation items in this study 928 

Simulation items 
Shape factor of the 

truncated octahedron 

Initial magnetic field and 

direction (mT) 

Grain size 

(nm) 

Temperature 

(ºC) 
Repeated times 

Referred 

figures 

Hysteresis loops and the 

Mrs states 
Equal-dimensional 

180‒-180 in 1 mT step, along 

[1 0 0], [1 1 0] and [1 1 1] 

direction. 

68‒104 in 1 

nm step 
20 

5 times in each 

direction 

Figures. 2‒

4 

Hysteresis loops and the 

Mrs states 
Equal-dimensional 

180‒-180 in 1 mT step, along 

[1 0 0], [1 1 0] and [1 1 1] 

direction. 

90 
550‒50 in 

50 step, 20 

5 times in each 

direction 

Figures. 5‒

6 

Remanence during the 

cooling process 
Equal-dimensional 

0, initial magnetization along 

[1 1 1] direction. 
90 

550‒50 in 

50 step, 20 
1 time Figures. 7 

the Mrs states Elongated (q = 1.2) 
180‒0, in 1 mT step, along 

 [1 1 1] direction. 

98‒137 in 1 

nm step 
20 5 times Figures. 9 

 929 


