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Abstract 13 

Recordings of magnetic fields, thought to be crucial to our Solar System’s rapid accretion, 14 

are potentially retained in unaltered nanometric low-Ni kamacite (~metallic Fe) grains 15 

encased within dusty olivine crystals, found in the chondrules of unequilibrated chondrites. 16 

However, most of these kamacite grains are magnetically non-uniform, so their ability to 17 

retain four-billion-year-old magnetic recordings cannot be estimated by previous theories, 18 

which assume only uniform magnetization. Here, we demonstrate that non-uniformly 19 

magnetized nanometric kamacite grains are stable over Solar System timescales and likely 20 

the primary carrier of remanence in dusty olivine. By performing in-situ temperature-21 

dependent nanometric magnetic measurements using off-axis electron holography, we 22 

demonstrate the thermal stability of multi-vortex kamacite grains from the chondritic 23 

Bishunpur meteorite. Combined with numerical micromagnetic modeling, we determine the 24 

stability of the magnetization of these grains. Our study shows that dusty olivine kamacite 25 

grains are capable of retaining magnetic recordings from the accreting Solar System. 26 
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Introduction 27 

Unaltered meteorites originating from our own protoplanetary disk acquired a 28 

thermoremanent magnetization (TRM) during formation and present an excellent opportunity 29 

to understand the extent of the early Solar System magnetic field. The most likely material to 30 

have retained this field information is dusty olivine: assemblages of nanometric low-Ni 31 

kamacite grains protected from alteration by their host olivine crystal, found in the 32 

chondrules of unequilibrated primitive chondrites1,2. A recent estimate of the ancient-33 

magnetic-field-intensity (paleointensity) from dusty olivine in Semarkona3 has provided an 34 

upper bound of 54 ± 21 μT for the magnetic field present in the chondrule forming region 35 

(2.5 astronomical units (au)) of the protoplanetary disk during its first two to three million 36 

years4,5. This estimate is widely used in models for chondrule formation6,7 and for the 37 

accretionary dynamics of the protoplanetary disk8,9. 38 

 39 

The magnetization carriers in dusty olivine are dominantly kamacite grains that have sizes 40 

greater than 25 nm and support non-uniform vortex magnetization states10,11. Retention of 41 

magnetic remanence over geological timescales, which is the underpinning hypothesis that 42 

enables paleomagnetism, is only predicted for uniformly magnetized grains by Néel’s single 43 

domain (SD) theory12. Non-uniformly magnetized grains such as magnetic vortex states are 44 

not described by Néel’s SD theory. Despite efforts to understand magnetic vortex states13,14, 45 

it is unknown whether non-uniformly-magnetized kamacite grains can retain their TRM for 46 

Solar System timescales, i.e., 4.6 Ga. It is therefore of great importance to establish which 47 

magnetization states occur in the natural remanence carriers, and whether these non-48 

uniform magnetization states can retain a magnetic remanence imparted by magnetic fields 49 

that were present in the protoplanetary disk billions of years ago12,15.  50 

 51 

Here, we study chondrules from the unequilibrated ordinary chondrite Bishunpur (LL3.1) 52 

using the advanced transmission electron microscope (TEM) technique of in-situ 53 

temperature-dependent off-axis electron holography16 (nanometric magnetic imaging) and 54 
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numerical micromagnetic modeling17 to determine whether dusty olivine can retain a record 55 

of the magnetic field from the early Solar System.  56 

 57 

Results 58 

Room temperature off-axis electron holography 59 

We recorded room-temperature magnetic induction maps from 19 kamacite grains (Fig. 1, 60 

Supplementary Figure 1) using off-axis electron holography (hereafter holography) (see 61 

Methods) from the meteorite Bishunpur (LL3.1). Scanning TEM (STEM) energy dispersive 62 

X-ray spectroscopy (EDS) analysis was used to establish that the kamacite grains are 63 

almost pure Fe, and are encased in forsteritic olivine (see Supplementary Figure 2). The 64 

average axial ratio (length/width) of the dusty olivine kamacite grains is 1.5, they are 65 

approximately 150 to 600 nm in size (average 353 ± 137 nm × 250 ± 106 nm) and are 66 

typically found to have well-defined single vortex (SV) magnetization states with their vortex 67 

cores aligned out-of-plane and with little external stray magnetic fields (Fig. 1, 68 

Supplementary Figure 1). Our findings are in accordance with previous holography analyses 69 

of dusty olivine10,11. 70 

 71 

Temperature-dependent off-axis electron holography 72 

We recorded in-situ temperature-dependent holography magnetic induction maps (see 73 

Methods) of four kamacite grains and present the heating sequence for one of them in 74 

Figure 2. The representative kamacite grain shown in Figure 2 was focused ion beam (FIB) 75 

milled from its original morphology until it was electron transparent for in-situ TEM 76 

experiments, likely affecting its axial ratio. Its saturated remanent magnetization state, which 77 

was induced at room temperature, resembles that of a uniformly magnetized grain or an in-78 

plane vortex-core magnetization (Fig. 2b). This remanent state was maintained when the 79 

grain was heated to 500˚C, with little change in its direction or intensity (Fig. 2b-g). At 600˚C, 80 

the grain underwent chemical alteration (Supplementary Figure 3), likely through a reaction 81 

with the surrounding olivine, as the TEM operates in high vacuum. Chemical alteration 82 
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prevents accurate determination of the magnetization state beyond 600˚C, due to the 83 

difficulty of removing the mean inner potential contribution to the phase recorded from the 84 

new mineralization. 85 

 86 

High temperature micromagnetic modeling of a large grain 87 

In order to determine whether the 458 x 98 x 60 nm grain was in a uniform or a vortex state, 88 

we used a finite element method (FEM) micromagnetic algorithm17 (MERRILL, see Methods) 89 

to model the 3D magnetization states compatible with the grain’s shape and mineralogy. We 90 

found that the grain was in a multi-vortex state with its magnetization aligned with the long 91 

axis (also the saturation axis) (Fig. 2h, i). Using a nudged elastic band (NEB) numerical 92 

algorithm17-20, we then calculated the energy barriers related to changes of the 93 

magnetization state.  The thermal relaxation time across these barriers at 300˚C, the highest 94 

temperature reached by Bishunpur chondrules since formation 4.6 Ga21, are many orders of 95 

magnitudes longer than the age of the Solar System (see Supplementary Note 1-3 and 96 

Supplementary Figures 4-9). 97 

 98 

Micromagnetic modeling Fe parallelepipeds 99 

In order to determine the stability of dusty olivine kamacite grains in more general cases, we 100 

used the MERRILL path minimization algorithm17-20,22 to calculate the thermal relaxation 101 

times as a function of size and axial ratio (AR) for Fe cubes and cuboids. Initially, we found 102 

local-energy minimum (LEM) magnetization states for the Fe cubes and cuboids by 103 

performing 100 energy minimizations for randomized magnetization directions for each 104 

morphology (Fig. 3). For the smaller grain sizes (less than 23 nm), the LEM states 105 

correspond to uniform magnetization states that are aligned with the easy 106 

magnetocrystalline axis for equidimensional grains and with the long axis for elongated 107 

grains (Fig. 3a). As the grain size increases towards 23 nm, there is increased ‘flowering’23,24 108 

(Fig. 3a). In equidimensional Fe grains that have sizes above 23 nm, magnetic vortex states 109 

with their cores aligned along the hard magnetocrystalline axis are the LEM state (Fig. 3b), 110 
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while for sizes above 27 nm the core aligns with the easy magnetocrystalline axis (Fig. 3c). 111 

In elongated Fe grains, the core aligns with the short axis.  112 

 113 

Transition paths between vortex LEM states were found to be structure-coherent rotations22 114 

of the vortex core from one LEM state to another (see Supplementary Movie 1), in 115 

agreement with previous observations of magnetite22. Although the individual moments do 116 

not rotate coherently, the rotation of the vortex core itself is similar to the coherent rotation of 117 

magnetization vectors that we observe in uniform LEM states. The energy barriers between 118 

uniform states (Fig. 4) are very low for equidimensional Fe grains (Fig. 3a). Equidimensional 119 

grains that have sizes below 29 nm are unstable on Solar System timescales, as all uniform 120 

SD magnetization states in equidimensional grains are unstable over this timescale, 121 

although different reversal modes are active at different grain sizes13. Astonishingly, for 122 

equidimensional cubes only vortex states with their cores aligned along easy axes in grains 123 

with sizes greater than 29 nm are capable of retaining magnetizations over Solar System 124 

timescales. We found that these states are stable up to at least grain sizes of 50 nm, which 125 

was the largest SV modeled. 126 

 127 

Elongation of the grain increases the stability of the magnetization state and increases the 128 

uniform to non-uniform transition size (Fig. 4)25. Uniform magnetization states increase in 129 

energy barrier with increasing size, whereby a flowering of the magnetization vectors at the 130 

grain edges further increases the structural stability up to a peak close to 20 nm (Fig. 4). 131 

Beyond this peak a vortex is formed during the magnetization reversal, which leads to an 132 

intermediate decrease in the energy barrier with increasing grain size13 up to a trough at 25-133 

35 nm (Fig. 4). For larger grain sizes, the easy axis vortex state is the LEM, increasing in 134 

stability with increasing grain size (Fig. 4). The kamacite grains that are found in chondrules 135 

from Semarkona11 and Bishunpur (this study) have axial ratios of ~1.5. At such elongations 136 

for all grain sizes modeled (10 to 50 nm) the magnetizations are stable for timescales 137 

greater than the age of the Solar System, independent of their uniform or non-uniform states 138 
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(Fig. 4d). The lower temperatures that are experienced in space only slightly change the Fe 139 

material parameters, but significantly decrease thermal activation, and thus rather increase 140 

the calculated relaxation times. Therefore, micromagnetic modeling strongly indicates that 141 

the kamacite TRM imparted during dusty olivine formation in the protoplanetary disk remains 142 

stable to the present day (Fig. 4). 143 

 144 

Furthermore, the remanence imparted during dusty olivine formation would have survived 145 

the heating Bishunpur is predicted to have experienced since its accretion (~300˚C)21. 146 

Temperature-dependent electron holography reveals for the first time the high-temperature 147 

stability of non-uniform remanent magnetization states in low-Ni kamacite directly observed 148 

up to 500˚C, and the obtained thermal relaxation times at 300˚C are longer than the age of 149 

the Solar System (Fig. 2b-g, Supplementary Notes 1-3). This confirms that even multi-vortex 150 

states can carry a primary remanent magnetization from the protoplanetary disk. 151 

 152 

Discussion 153 

Paleomagnetic data are some of the only sources of evidence of early Solar System 154 

conditions that constrain mechanisms of heating and momentum transport in the 155 

protoplanetary disk6-9,26,27 . Our observations and calculations show that SV or multi-vortex 156 

magnetization state Fe grains in dusty olivine will carry magnetic remanence originating from 157 

the early Solar System. Most current paleointensity protocols implicitly assume that the 158 

magnetization carriers behave like uniform SD magnetization states, as the protocols are 159 

based on Néel’s theory of SD grains12. Non-uniform magnetization states are the most 160 

abundant state of magnetization present in rocks and meteorites, however their thermal and 161 

temporal stabilities are poorly understood, and they have previously been considered to be 162 

poor magnetic recorders. This study presents a step change in our understanding of non-163 

uniform magnetic states. It is now clear that a more comprehensive understanding of the 164 

thermomagnetic characteristics of magnetic vortex states will facilitate more sophisticated 165 
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and sample-specific paleointensity estimates, which will further our understanding of how the 166 

protoplanetary disk evolved into our present-day planetary system. 167 

 168 

Methods 169 

Sample preparation for electron microscopy 170 

Samples for the advanced TEM technique of off-axis electron holography (hereafter 171 

holography) were prepared using focused ion beam (FIB) milling from a polished section of 172 

the Bishunpur meteorite and either attached to a Cu Omniprobe grid for room temperature 173 

analysis or placed on the windows of a silicon nitride EMheaterchip for in-situ heating in a 174 

DENSSolutions double tilt TEM specimen holder. FIB milling, (S)TEM imaging, chemical 175 

analysis and holography experiments were conducted at the Ernst-Ruska Centre for 176 

Microscopy and Spectroscopy with Electrons, Forschungszentrum Jülich, Germany. 177 

 178 

Off-axis electron holography 179 

Electron holograms were acquired using an FEI Titan 80-300 TEM operated in Lorentz 180 

mode at 300 kV using a charge-coupled device (CCD) camera and an electron biprism 181 

typically at 50 V. Magnetic induction maps were recorded after tilting the sample to ± 70˚ and 182 

applying a vertical magnetic field of greater than 1.5 T using the conventional microscope 183 

objective lens, in order to acquire images before and after reversing the direction of 184 

magnetization in the sample. Evaluation of half of the difference between phase images 185 

recorded with opposite magnetization directions in the sample was used to remove the 186 

mean inner potential contribution to the phase. The mean inner potential was subtracted 187 

from the unwrapped total phase shift in order to construct magnetic induction maps that 188 

were representative of the magnetic remanence28. 189 

 190 

Temperature-dependent electron holography 191 

In order to determine the change in magnetic induction during heating, the sample was 192 

magnetized, and images were recorded at room temperature, at 100˚C, and then at 193 
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temperatures up to 800˚C in 100˚C intervals. The same procedure was followed during 194 

cooling.  The ramp during heating was 50˚Cmin-1 and each temperature interval was 195 

maintained for 10 minutes to allow sufficient time for imaging. The mean inner potential was 196 

subtracted from the unwrapped total phase shift acquired at each temperature interval, to 197 

allow the construction of magnetic induction maps representative of the magnetic 198 

remanence, as shown previously29. 199 

 200 

Micromagnetic modeling 201 

Magnetic domain stability is highly grain-size-dependent. At very small grain sizes, uniform 202 

magnetization is typically unstable due to thermal fluctuations. As the grain size increases, a 203 

non-uniform magnetization state becomes the most energetically favorable state23,25. We 204 

determined the magnetization states associated with different grain sizes of Fe using finite 205 

element method (FEM) micromagnetic simulations17. Tetrahedral meshes were generated 206 

for this using MRshRRILL and FEM models were performed using MERRILL17. The 207 

magnetic free energy was determined for each of the tetrahedra and summed over all 208 

tetrahedra to determine Etot, which the FEM discretized for the minimization of an initial 209 

state, m, where the magnetization at each node of each element was given a random 210 

direction for the grain in question, Ω, according to the expression 211 

୲୭୲ܧ = ׬ ൤ܕ∇|ܣ| + ଵൣ݉௫ଶ݉௬ଶܭ +݉௫ଶ݉௭ଶ + ݉௬ଶ݉௭ଶ൧ − ௦ሾ۶୸ܯ ∙ ሿܕ − ெೞଶ ሾ۶ୢ ∙ ሿ൨ܕ ܸ݀ஐ ,   (1) 212 

where the material is defined by the following temperature-dependent parameters: A, the 213 

exchange constant; K1, the magnetocrystalline anisotropy; and Ms, the saturation 214 

magnetization. Hz and Hd are external and self-demagnetizing fields respectively. The 215 

material parameter constants used for room temperature Fe25: A = 2 x 10-11 Jm-1, K1 = 4.8 x 216 

104 Jm-3, and Ms = 1.72 x 106 Am-1. The material parameter constants used for Fe at 300˚C: 217 

A = 1.52 x 10-11 Jm-1, K1 = 2.2 x 104 Jm-3, and Ms = 1.61 x 106 Am-1. 218 

 219 
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Local energy minimum (LEM) magnetization states are found by minimizing Etot using a 220 

modified conjugate gradient method18. For each grain geometry and size for which the 221 

relaxation time was evaluated, 100 minimizations were performed to calculate the most 222 

favorable LEM states. Two different magnetization states, L1 and L2, with lowest energy were 223 

then selected as the start and end configurations of an initial path of 100 magnetization 224 

states transforming L1 into L2. MERRILL’s combined NEB and action minimization method 225 

was used to determine the nearest minimum-action path connecting L1 and L2, which also 226 

defines the corresponding thermal energy barrier17,18. For non-uniform vortex states, L1 and 227 

L2 were required to have the same helical sense of vortex core rotation (helicity), as 228 

unwinding of the core requires much more energy than retaining the same helicity. Helicity 229 

was determined by calculating m • (∇ × m), where m is the magnetization vector. The 230 

relaxation time (߬) is related to the energy barrier (Δܧ) by the Néel-Arrhenius equation12 231 

߬ = ଵ஼ ݁୼ா ௞ా்ൗ    (2) 232 

where C is the atomic switching frequency (10-9 s), kB is Boltzmann’s constant, T is the 233 

temperature in Kelvin and ΔE = ES – E(L1) is the energy difference between the highest 234 

saddle point and the LEM L1 determined by the NEB method. The relaxation time directly 235 

determines whether dusty olivine can theoretically retain its magnetization over Solar 236 

System timescales. 237 

 238 

Data availability 239 

The data that support the findings of this study are available from the corresponding author 240 

upon request.   241 
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