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ABSTRACT: We advance soft X-ray vector ptychographic tomography to map the 3D 

magnetization field in self-assembled superparamagnetic nanoparticles at a liquid-liquid interface, 
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revealing how layered structures influence magnetic ordering. We observe that monolayers with 

low coordination numbers exhibit weak magnetic order, with magnetic vortices disrupting spin 

alignment. In contrast, bilayers and trilayers with higher coordination numbers display long-range 

magnetic order, with strong spin correlations across larger distances and a suppression of magnetic 

vortices. We further quantify the average distance for vortex-antivortex pairs as 26.0 ± 2.0 nm, 

while vortex-vortex and antivortex-antivortex pairs exhibit larger separations, averaging 44.9 ± 

5.2 nm and 54.1 ± 7.4 nm, respectively. These experimental results are supported by 

micromagnetic Monte Carlo simulations. Our findings illustrate how layered structures enhance 

magnetic order and spin correlation in superparamagnetic nanoparticle assemblies, providing a 

promising approach for tuning magnetic properties in applications such as data storage, 

microrobotics, and biomedicine.  

KEYWORDS: Nanoparticles, Magnetic order, X-ray ptychography, Vector tomography, 

Magnetic topology 

1. INTRODUCTION 

Magnetic nanostructures [1–3] have been used in commercial, biomedical, and research 

applications for many decades, typically as individual superparamagnetic iron oxide nanoparticles 

dispersed in a solution or as ferromagnetic agglomerates. Recent advances in synthesis capabilities 

and physical understanding enabled the creation of reconfigurable ferromagnetic liquid droplets 

for microrobotics by mechanical jamming of magnetic nanoparticles at liquid-liquid interfaces [4–

9], smart hydrogels [10] for continuous health monitoring, high-frequency electronics [11], and 

organic multiferroic materials for molecular microelectronics [12,13]. In either case, the 

translational and rotational degrees of freedom of the disordered nanoparticles are restricted and 

the magnetic order-by-disorder phenomenon [14] governs the transition between 
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superparamagnetism and collective behavior, e.g., spin glass, macrovortex phases [15], and 

superferromagnetism [16], and, hence, the functionality of the composite materials. 

Lacking experimental capabilities, superparamagnetic nanoparticles have been 

approximated as uniformly magnetized objects neglecting a slightly more complex inner structure 

[17]. The random on-site interaction of disordered assemblies depends on the symmetry [18], 

spacing [19], and disorder [20] that can enhance remanent magnetization and coercive field [21] 

or lift the continuous degeneracy of frustrated systems to a discrete symmetry resembling the 

underlying structure [22]. Both interaction strength and collective behavior, such as spin glass 

character [16,23], associated with magnetic interparticle coupling are typically deduced from 

field/zero-field cooling experiments [16], magnetization relaxation using the Néel-Brown [24-26] 

or the Vogel-Fulcher-Tammann [27-29] theory, or first-order reversal curves [30] and correlated 

with the structural short-range order inferred from, e.g., transmission electron microscopy. 

However, the inhomogeneity of nanoparticle assemblies prevents establishing a quantitative 

relationship between coordination and prevailing magnetization configuration. 

Here, we image the 3D magnetization vector field in self-assembled superparamagnetic 

iron oxide nanoparticles leveraging X-ray vector ptychographic tomography [31-34], an advanced 

coherent diffractive imaging technique [35]. Most nanoparticles exhibit a uniformly magnetized 

state (macrospin) of varying time-averaged magnitude associated with superparamagnetism. 

Quantitative analysis reveals a strong influence of the coordination and magnetostatic environment 

on the macrospin collinearity and the formation of local macrovortices. Multilayer regions with 

larger coordination numbers show fewer macrovortices and better spin alignment consistent with 

the transition from spin glass to superferromagnetism. 

2. EXPERIMENTAL SECTION 
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Our experiment involved functionalized superparamagnetic Fe₃O₄ nanoparticles with a magnetic 

core of approximately 22 nm, surrounded by electrostatically charged ligands to prevent 

agglomeration [4-6]. The sample was prepared by drop-casting aqueous nanoparticle dispersions 

onto silicon nitride membranes, which were then dried under ambient conditions (Figure S1). In 

the densely packed assembly, the jammed nanoparticles remain fixed, suppressing any mechanical 

rotation or translation. The experiment was conducted at the COSMIC beamline at the Advanced 

Light Source (Berkeley, CA), where circularly polarized X-rays, tuned to 713 eV (near the Fe₃O₄ 

L₃ edge and with an absorption peak in absorption spectroscopy, see Supporting Information 

Figure S2) [36], were focused onto the sample using a zone plate (Figure 1). For 3D vector 

reconstruction, two tilt series were acquired at in-plane rotation angles of 0° and 120°. At each in-

plane angle, the sample was rotated about the x-axis, generating a tilt series of coherent x-ray 

diffraction patterns. For each tilt, the focused beam was raster-scanned across the sample, and two 

diffraction pattern sets were collected with left- and right-circularly polarized X-rays (Table S1). 

The full dataset contained 213,996 diffraction patterns, from which 70 images were reconstructed 

via the ptychographic iterative engine algorithm [37]. After normalization, background 

subtraction, and alignment using the center of mass method [38], each pair of oppositely polarized 

images was summed to create 35 projections for 3D scalar reconstruction. 
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Figure 1. Schematic of soft X-ray vector ptychographic tomography. X-rays with a photon energy of 713 

eV were focused onto the magnetic sample using a zone plate. The sample, composed of functionalized 

superparamagnetic Fe₃O₄ nanoparticles, was prepared by drop-casting aqueous nanoparticle dispersions 

onto silicon nitride membranes. During the experiment, the sample was rotated around the x- and z-axes, 

while the focused beam raster-scanned the sample at each angle, capturing diffraction patterns using left- 

and right-circularly polarized X-rays. These diffraction patterns were then utilized to reconstruct the 3D 

magnetization field in the self-assembled nanoparticles. 

3. RESULTS AND DISCUSSION 

Scalar tomography was conducted using Real Space Iterative Reconstruction (RESIRE), an 

advanced algorithm that enables 3D reconstruction from limited projections with automated 

angular refinement [39,40] (Supporting Information). A resolution estimation is shown in Figure 

S3. Figures 2a–d and S4 show the 3D scalar reconstruction of the nanoparticle assembly (grey 

regions), revealing monolayers, bilayers, and trilayers. From this reconstruction, we traced the 3D 
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coordinates of the nanoparticles to calculate the radial distribution function, which indicates short-

range structural order with a peak at 32.5 nm (Figure S5). Differences between left- and right-

circularly polarized images, taken under identical conditions, produced 35 projections for 3D 

vector reconstruction (Figure S6). The magnetization vector field was then reconstructed using a 

vector tomography method [33,41], with a 3D support derived from the scalar reconstruction 

(Supporting Information). Given the sample’s maximum of three layers, these 35 projections were 

sufficient for accurate scalar and vector reconstructions.  

Quantitative analysis of the magnetic order in the nanoparticle assembly was conducted by 

examining the net magnetization, or macrospin, within each nanoparticle, based on the 3D vector 

reconstruction (Figure 2a). Figures 2b–d illustrate macrospin distributions in monolayer, bilayer, 

and trilayer regions, revealing that macrospin magnitude increases with the number of layers. This 

trend is attributed to varying microspin collinearity within each nanoparticle, as shown in Figure 

S7a-c. We found a positive correlation between microspin collinearity and coordination number 

(Figure S7d): nanoparticles with higher coordination numbers, such as those in trilayer regions, 

exhibit greater collinearity and thus larger macrospins. Here, coordination number is defined as 

the number of neighboring nanoparticles within a 54 nm radius that less than the next-nearest 

neighbor distance (Figure S5). Collinearity in Figure S7d is quantified by 𝐦𝐦 ∙ 𝐦𝐦� , ranging from -1 

(reverse collinearity) to +1 (complete collinearity), where 𝐦𝐦 represents the microspin within the 

nanoparticle and 𝐦𝐦�  the average normalized microspin. Figures 2e and f display histograms of the 

macrospin magnitude and angle, where the angle is defined as cos𝜃𝜃 = 𝑺𝑺 ∙ 𝑺𝑺�, with 𝑺𝑺 representing 

the normalized macrospin and 𝑺𝑺�  the overall average macrospin. The mean and standard deviations 

of the macrospin magnitudes are 0.17 ± 0.10 (monolayer), 0.25 ± 0.12 (bilayer), and 0.33 ± 0.15 

(trilayer) (Figure S7e), indicating increasing collinearity with the number of layers. 
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Figure 2. Observation of magnetic order in self-assembled Fe₃O₄ nanoparticles. (a) 3D scalar and vector 

reconstruction of the magnetic nanoparticle assembly, showing the 3D magnetization field within each 

nanoparticle as a macrospin (represented by arrows). (b-d) Zoomed-in views of the boxed regions in (a) 

and corresponding cross sections (at dashed black lines), highlighting a monolayer (b), bilayer (c), and 

trilayer (d) region. The color bar in (a) indicates macrospin magnitude for (a-d). (e, f) Histograms of 

macrospin magnitude and angle across monolayer, bilayer, and trilayer regions. Scale bars: 200 nm in (a) 

and 50 nm in (b). 

The formation of magnetic vortices and anti-vortices in the nanoparticle assembly plays a 

crucial role in establishing magnetic order [42]. The planar vortex profile of spins in the xy plane 

is typically characterized by the winding number of the polar angle. This vorticity concept can be 

extended to a continuum of Heisenberg spins and quantified as vortex density [43], 

𝜌𝜌(𝑥𝑥,𝑦𝑦) =
1
𝜋𝜋
𝒛𝒛� ⋅ �𝜕𝜕𝑥𝑥𝑺𝑺 × 𝜕𝜕𝑦𝑦𝑺𝑺�.         (1) 

The total vortex number within an area 𝛺𝛺 is given by, 

𝑄𝑄 = �𝜌𝜌
 

Ω

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
1

2𝜋𝜋
� 𝑺𝑺||

2  ∇𝜑𝜑 ∙ 𝑑𝑑𝒍𝒍
 

𝜕𝜕Ω
,               (2) 
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where 𝑺𝑺|| = (𝑆𝑆𝑥𝑥,  𝑆𝑆𝑦𝑦) denotes the planar projection of the vector field 𝑺𝑺, 𝜑𝜑  is its polar angle 

relative to the x-axis, and 𝜕𝜕Ω represents the boundary of the area parameterized by 𝑑𝑑𝒍𝒍. This 

vorticity definition in Eqs. (1) and (2) incorporates the 3D nature of the Heisenberg spin vector 

field, unlike the traditional winding number. When the vector field is purely in-plane with a 

vanishing z-component, this vorticity simplifies to the conventional winding number. Moreover, 

it preserves the topological properties of vorticity, as described by the bulk-edge correspondence 

in Eq. (2): the vortex number within a region remains constant under vector field deformations, 

provided the boundary field is fixed. 

To determine the vortex number for a triangular region defined by three vertices, we 

discretize Eq. (1) as, 

𝜌𝜌 =
𝒛𝒛� ⋅ ∑<𝑙𝑙,𝑙𝑙′> (𝑺𝑺𝑙𝑙 × 𝑺𝑺𝑙𝑙′)

2𝜋𝜋
,                   (3) 

where 𝒛𝒛� is the normal vector to the triangular plane, 𝑺𝑺 is the normalized macrospin at each vertex, 

and the sum runs over the three edges (𝑙𝑙′  is the vertex adjacent to 𝑙𝑙  in the counterclockwise 

direction). Since triangles form the basis of arbitrary 2D lattices, Eq. (3) applies to our nanoparticle 

assembly with short-range structural order [44]. Summing vortex contributions from all triangles 

yields the total vortex charge within a region, which vanishes in the bulk, leaving only boundary 

terms. This establishes a discrete bulk-edge correspondence for vortices [44], where the vortex 

number per triangle is not strictly quantized (Supporting Information).  

Figure 3a shows the distribution of typical magnetic vortices and anti-vortices with |𝜌𝜌| ≥

0.25, and a detailed vortex density map is provided in Figure S8a. Figures 3b–d illustrate typical 

configurations, including collinear and anti-aligned vortex arrangements. Vortex density is 

negatively correlated with coordination number (Figure 3e and Figure S9), with higher densities 

in monolayers (low coordination number, A1 in Figure 3a) and suppressed in trilayers (high 
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coordination number, A2 in Figure 3a). The vortices at the transition boundaries, named as “border 

vortex”, was also identified based on whether the three nanoparticles forming the vortex are 

located in different regimes. For example, one nanoparticle resides in the monolayer region while 

the other two are in the bilayer region. Through this analysis, we found a total of 25 border vortices 

(13 antivortices and 12 vortices). The proportion of border vortices to the total possible triangles 

formed by nanoparticles at the boundaries is 0.52%. For comparison, the number of vortices and 

corresponding proportion in monolayer (20, 3.25%), bilayer (27, 0.46%), and trilayer (6, 0.25%) 

regions was also quantified, as shown in Figure 3f. It shows that vortex formation is more likely 

to occur in monolayer and at the boundaries. Moreover, it was observed that most of the border 

vortices are located at the boundaries between monolayer and bilayer regions (22 out of 25), further 

highlighting that higher coordination numbers suppress vortex formation, also at the boundaries. 

 Analysis of vortex-antivortex (Figure 3g), vortex-vortex (Figure 3h), and antivortex-

antivortex distances (Figure 3i) shows a tendency for vortices and antivortices to attract. Vortex-

antivortex pairs have an average distance of 26.0 ± 2.0 nm, following a generalized extreme value 

distribution. Vortex-vortex and antivortex-antivortex distances are larger, at 44.9 ± 5.2 nm and 

54.1 ± 7.4 nm, respectively, indicating distinct interactions based on vortex charge, contributing 

to a vortex screening effect. Each dot in Figure 3a represents a nanoparticle, while each dot in 

Figure S8a marks the center of a triangle of three nanoparticles. Vortex size, defined by the 

circumcircle diameter of each triangle, averages 59.4 ± 4.0 nm, and vortex separation is measured 

as the distance between triangle centers in Figure S8a, allowing vortex distances to be smaller than 

their sizes (Supporting Information). 
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Figure 3. Quantitative demonstration that magnetic vortices and anti-vortices dominate in monolayer 

regions, while they are much suppressed in bilayer and trilayer regions, that exhibit stronger spin and macro 
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spin alignment. (a) Distribution of magnetic vortices (brown triangles) and anti-vortices (pink triangles) in 

the nanoparticle assembly. Blue, green, and orange circles represent nanoparticles in monolayer, bilayer, 

and trilayer regions, respectively. Areas A1, A2, and A3 (dashed outlines) highlight: a monolayer region 

with numerous vortices/anti-vortices, a trilayer region lacking vortices, and a boundary region with 

abundant vortices, respectively. (b–d) Enlarged views of two representative vortices (b), collinear spins (c), 

and two anti-vortices (d). (e) Vortex density histogram across monolayer, bilayer, and trilayer regions 

(normalized to 1 per region). (f) Proportion of magnetic vortices shown in panel a for monolayer (M), 

bilayer (B), trilayer (T), and transition boundary (Tran.). The y axis is in log scale. (g–i) Nearest-neighbor 

distances for vortex-antivortex (g), vortex-vortex (h), and anti-vortex-anti-vortex pairs (i). (j, k) Spin-spin 

(j) and vortex-vortex correlation functions (k) in each layer. Scale bars: 200 nm (a), 30 nm (d).  

The magnetic order in different regions was analyzed using the spin-spin correlation 

function, 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(|𝑹𝑹|) = ⟨𝑺𝑺(𝒓𝒓)𝑺𝑺(𝒓𝒓 + 𝑹𝑹)⟩𝒓𝒓, where |𝑹𝑹| is the pair distance. In the monolayer (blue 

curve in Figure 3j), the correlation function decays exponentially, reaching ~0.21 at large distances 

with a correlation length of 𝜉𝜉 ≈ 20 nm, indicating weak spin alignment. This correlation length is 

comparable to the nanoparticle size, suggesting minimal collinearity even between nearest 

macrospins (Figure S5). In contrast, the bilayer and trilayer correlation functions (green and orange 

curves in Figure 3j) saturate at higher values (~0.4 and ~0.5) beyond 500 nm, indicating magnetic 

long-range order and stronger spin alignment. These results align with our observations of a higher 

density of vortices and antivortices in monolayers compared to bilayers and trilayers.  

We further validated these findings by analyzing the vortex correlation function, 

𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(|𝑹𝑹|) = ⟨𝜌𝜌(𝒓𝒓)𝜌𝜌(𝒓𝒓 + 𝑹𝑹)⟩𝒓𝒓. Figure 3k displays the correlation functions for monolayer 

(blue), bilayer (green), and trilayer (orange) regions. At |𝑹𝑹| = 0, the positive correlation reflects 

the average squared density of vortices, with the monolayer showing the highest density 

𝐶𝐶𝑣𝑣𝑣𝑣𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡(0) = 7.2 × 10−3. This high vortex density disrupts long-range magnetic order, in contrast 
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to the lower values observed in the bilayer (4 × 10−3) and trilayer (2.9 × 10−3). The vortex 

correlation functions decrease to negative values at short distances before decaying to zero (Figure 

3k), indicating that vortices with opposite charges tend to cluster together, consistent with the small 

average distance between vortex-antivortex pairs. This screening effect leads to zero correlation at 

larger distances. In the monolayer, the correlation shows greater fluctuations around zero at large 

distances than in the bilayer and trilayer, primarily due to positioning noise. The bilayer and 

trilayer, with fewer vortices, naturally exhibit lower noise in their correlation functions.  

To validate the reconstructed magnetization vector field and magnetic correlations, we 

compared them with magnetic simulations, linking structural short-range order to magnetic 

ordering. Using the experimentally determined 3D coordinates as input, we modeled the magnetic 

nanoparticle assembly at 300 K through micromagnetic Monte Carlo simulations with Boris 

Spintronics [45,46] (Supporting Information). Each nanoparticle was treated as a macrospin with 

variable magnetization length, interacting via dipolar fields. The magnetic hysteresis loop 

displayed a small remanence value (Figure 4a), and the magnetization length distribution matched 

the expected Maxwell-Boltzmann distribution with a mean near the saturation magnetization [45, 

47]. Considering all three regions, the spin-spin (Figure 4b) and vortex-vortex correlation 

functions (Figure 4c) from the simulations aligned well with experimental trends, particularly in 

the vortex density distribution. Both experimental (Figures 3f and S8a) and simulated (Figures S8b 

and S6) data show a higher vortex and anti-vortex density in monolayers than in bilayers and 

trilayers, with increased vortex formation at layer boundaries (Figure 4d), consistent with dipolar-

induced spin frustration. 
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Figure 4. Micromagnetic Monte Carlo simulations using the experimentally derived 3D 

coordinates and macrospin configurations of magnetic nanoparticles. (a) In-plane magnetic 

hysteresis loop with a Curie temperature Tc = 850 K, indicating weak ferromagnetism. (b) Spin-

spin correlation function and (c) vortex-vortex correlation function, both showing trends consistent 

with experimental observations. All three regions have been taken into account. (d) Distribution 

of magnetic vortices (brown triangles) and antivortices (pink triangles), with blue, green, and 

orange circles representing nanoparticles in monolayer, bilayer, and trilayer regions, respectively. 

Scale bar: 200 nm 

4. CONCLUSIONS 
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In conclusion, soft X-ray vector-ptychographic tomography unveiled the 3D magnetization vector 

field and magnetic order in Fe3O4 nanoparticle assemblies at room temperature. Our findings 

demonstrate that magnetization stability and configuration within each nanoparticle depend on the 

layered structure and coordination number. Increasing the number of layers enhances net 

magnetization due to greater spin alignment within nanoparticles with larger coordination 

numbers. Spin-spin and vortex-vortex correlation analyses revealed long-range macrospin order 

in bilayer and trilayer regions, along with magnetic vortices and anti-vortices in monolayer regions 

and at interlayer boundaries. The measured distance between vortex-antivortex pairs was 26.0 ± 

2.0 nm, compared to larger separations of 44.9 ± 5.2 nm and 54.1 ± 7.4 nm for vortex-vortex and 

antivortex-antivortex pairs, respectively. Micromagnetic Monte Carlo simulations based on 

experimental 3D coordinates validate our observations, highlighting the crucial role of layered 

structures in shaping nanoparticle magnetization.  
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