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ABSTRACT

Magnetic Ordering and Dynamics in Assemblies of Magnetite Nanoparticles Throughout the
Superparamagnetic Transition

Johnathon Michael Rackham
Department of Physics and Astronomy, BYU

Doctor of Philosophy

Magnetic nanoparticles are used in nanotechnologies and biomedical applications, such as
drug targeting, hyperthermia treatment, MRI contrasting agents, and bio-separation of compound
solutions. Magnetite (Fe3O4) nanoparticles stand to be effective in these roles due to the non-toxic
nature of magnetite and its strong magnetization. To this end, a greater understanding of the
magnetic behavior of the individual magnetite nanoparticles is needed when a collection of them is
used. This research seeks to discover the local magnetic ordering and dynamics of fluctuations of
ensembles of magnetite nanoparticles at various stages of the magnetization process, throughout
the superparamagnetic blocking transitions, and for various particle sizes. We use x-ray circular
dichroism and x-ray resonant magnetic scattering (XRMS), which provides information about the
various magnetic orders in the samples. We discuss the modeling of the magnetic scattering data
using a one-dimensional chain of nanoparticles in real space as well as an empirical Gaussian packet
model in reciprocal space. We find that at low temperature, and field values close to the coercive
point, magnetite nanoparticles experience a significant amount of antiferromagnetic ordering which
increases with particle size. We present real space magnetic images of the nanoparticles obtained via
dichroic x-ray ptychography, which confirm our predictions from scattering. Finally, we investigate
the dynamics of magnetic fluctuations by using x-ray photon correlation spectroscopy.

Keywords: [magnetite, nanoparticles, magnetic scattering, XRMS, computational modeling, pty-
chography, XAS, XMCD, XPCS]
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Chapter 1

Introduction and Background

This research seeks to probe the nanoscale magnetic properties of magnetic nanoparticles. We will

probe properties such as the inter-particle correlations, local magnetic ordering, and their associated

fluctuation dynamics throughout the superparamagnetic blocking transition by utilizing scattering

data collected at synchrotron facilities. In this section, we will discuss the motivation for exploring

this topic and what is currently understood about magnetic nanoparticle materials.

1.1 Motivation

Magnetic nanoparticles (NPs) are a vital part of many applications in biomedicine and other

nanotechnologies [1]. There is a growing interest in NP for drug targeting, MRI, and bio-separation

applications [2–4]. For example, contrasting agents, which are chemicals injected into the imaged

tissue, are often used in the MRI process to provide a greater ability to differentiate between tissue

bodies and types. However, these contrasting agents often pose additional health risks to patients

because of their toxicity [5]. Because magnetite (Fe3O4) NPs are non-toxic, they are excellent

candidates for MRI contrast agents in addition to these other applications [6].

1



1.1 Motivation 2

Figure 1.1 Illustrates the differences between ferromagnetic, and superparamagnetic
particle behavior both when exposed to an external magnetic field and with no field present.
Figure extracted from here [7].

Magnetite is a ferrimagnetic iron oxide that is commonly occurring and readily found in many

minerals. This makes it ideal for use in drug targeting and bio-separation where large quantities

of NPs are needed. When certain enzymes are attached to the NPs containing treatment drugs,

the functionalize NPs can then be dragged by a magnetic field in the body to specific locations

depending on which particular enzymes are used. This could provide a more efficient way to treat

cancer as the drugs can be released at the location of the tumor rather than applied globally in a more

damaging way. A similar approach to using NPs and enzymes can be used to separate biological

components of solutions by allowing the components to bond with the enzyme attached to the NP

and then applying an external magnetic field to pull the NPs and targeted components away.

Additionally, magnetite nanoparticles are superparamagnetic and exhibit a thermal blocking

temperature. Superparamagnetism is a phenomenon observed in ferromagnetic or ferrimagnetic

nanoparticles, where each particle behaves as a single magnetic domain and can be described
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as having a nanospin moment on this scale as shown in Fig. 1.1. This behavior occurs because,

at such small sizes, the energy barrier that keeps the nanoparticle’s magnetic moment aligned

in one direction becomes comparable to the thermal energy of the sample. As a result, thermal

fluctuations randomly flip the direction of their magnetization. However, when the temperature

of the nanoparticle sample cools below a certain point, the blocking temperature (TB), there is no

longer enough thermal energy present to cause the particles to flip their nanospin orientations and

the ensemble of particles therefore becomes magnetically frozen.

Magnetite’s bulk properties have been widely studied [8, 9], but a better understanding of mag-

netite NPs, rather than bulk material, is needed for the substance to be effective in the applications

mentioned above because their technological applications are driven by their nanoscale properties.

1.2 Prior Work

Figure 1.2 TEM images and XRD patterns of the Fe3O4 nanoparticles (A) 5 nm (B) 8 nm
(C) 11 nm extracted from [10].

Because of this rising interest in magnetite NPs, recent research has focused on the various

magnetic properties of these NPs, such as their magnetic response to an external field stimulation,

and superparamagnetic blocking transition upon cooling. But most of the current knowledge is

based on macroscopic, or ensemble averaged information, and little is known about the magnetic

behavior of nanoparticles at the nanoscale. In our group, we are studying the nanoscale magnetic
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properties of Fe3O4 NPs with sizes in the range of 5 to 100 nm [11] using tools such as x-ray

magnetic scattering, x-ray ptychography and x-ray correlation spectroscopy to access the missing

nanoscale information. Vibrating sample magnetometry (VSM) helps determining the ensemble-

average magnetic behavior of these NPs, and allows for the extraction of information regarding

their superparamagnetic behavior and blocking temperatures discussed further below.

X-ray magnetic circular dichroism (XMCD) is a spectroscopic technique that measures the

difference in x-ray absorption between left and right circularly polarized light in a magnetic material

subjected to a magnetic field. XMCD analysis involves recording two X-ray absorption spectra

(XAS): one with left and one with right circularly polarized X-rays. The difference between these

spectra constitutes the XMCD spectrum and reveals detailed, element-specific information about

the magnetic properties of matter, such as spin and orbital magnetic moments.

The XMCD calculations for Fe3O4 found values of orbital and spin contributions to the magnetic

moment that indicated a quenching of the orbital moment and a dominating spin moment that is

slightly lower than what is expected in bulk magnetite [12]. X-ray diffraction (XRD) measurements

of Fe3O4 NPs revealed that the crystallographic structure of individual particles is consistent with

the crystal structure of bulk magnetite, as shown in Fig. 1.2.

Fig. 1.3 shows a set of field cooling (FC) and zero field cooling (ZFC) measurements which

are collected by cooling the sample in the presence of an external field (FC), or without a field

presence (ZFC). The magnetization is then tracked as the sample increases in temperature again. The

FC-ZFC curves shown in Fig. 1.3 all indicate a superparamagnetic behavior at high temperatures

where the FC and ZFC curve merge. The extracted blocking temperature was found to be highly

correlated to NP size. Namely, the blocking temperature TB drastically increases with NP size.

When below the blocking temperature, the particles progressively become magnetically frozen [10].

This prior magnetometry study suggests that there may be inter-particle coupling at low external field

values that could cause interesting magnetic ordering within the ensembles of NPs. Additionally,
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Figure 1.3 ZFC/FC measurements of (a) sample A (5 nm), (b) sample B (8 nm), and (b)
sample C (11 nm) measured at 100 Oe [10]. The temperature where the ZFC peaks is the
blocking temperature and the further away from that point that the two curves merge again,
the more inter-particle couplings that might be present in the sample.

VSM measurements provide only macroscopic averaged information. Information about nanoscale

magnetic properties still need to be gained and is an active area of inquiry.
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1.3 Problem Statement and Thesis

The prior work discussed above was primarily focused on characterizing the macroscopic properties

of magnetite NP assemblies. We next aim to study the nanoscale magnetic ordering within the NP

assemblies. To achieve this, we propose using three types of x-ray spectroscopy and scattering tools,

discussed with further detail in their respective chapters:

1. X-ray resonant magnetic scattering (XRMS): the incoherent, azimuthally integrated scattering

patterns can be used with our modeling techniques to characterize magnetic correlations.

2. X-ray resonant dichroic ptychography: ptychographic reconstruction of the associated real

space images allows for direct inspection of ordering.

3. X-ray photon correlation spectroscopy (XPCS): the speckle pattern found in coherent diffrac-

tion patterns contains information about the magnetic ordering present in the illuminated

sample.

We will discuss XRMS and its applications for modeling correlations in Chapter 2, how XRMS data

can be used to perform dichroic ptychography in Chapter 3, and the use of XPCS in determining

the dynamics of magnetic fluctuations in Chapter 4.



Chapter 2

Magnetic Correlation Modeling

2.1 Context

This work examines magnetite NP assemblies of two particle diameters, one of 5 nm and another

of 11 nm. We prepared these samples in collaboration with Dr. Roger Harrison of the Brigham

Young University Chemistry Department following an organic chemical synthesis [10–12]. The

NP characteristics were determined in our lab via XRD, TEM, and VSM. The bulk of the data

used in this work is comprised of x-ray resonant magnetic scattering (XMRS) diffraction images.

These XRMS images were collected at opposite helicities of circular polarized light whose energy

was tuned to the L3 resonant edge of Fe for magneto-optical contrast. These data were collected

at the Stanford Synchrotron Radiation Lightsource (SSRL) with an x-ray scattering setup detailed

here [13]. When the x-ray energy is tuned to a resonant edge it provides necessary magneto-optical

contrast to produce a magnetic scattering pattern. Additionally, the use of coherent x-rays generates

a magnetic speckle pattern which constitutes a unique fingerprint of the magnetic ordering in real

space at the time of illumination. By examining changes in the diffraction images through part of

the magnetization loop it is possible to extract information about the local magnetic ordering as a

7
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function of temperature and applied field for a given particle size. Attached here is the publication 

detailing our findings on the magnetic correlations found in our magnetite NP assemblies, and 

how the amount of magnetic ordering does not only depend on the magnetic field, but also on the 

temperature and size of nanoparticles. The data for this project was collected at the Standford 

Synchrotron Radiation Lightsource(SSRL). I handled the post-processing of the data, the model 

formulation and its application to the dataset, and writing of the relevant sections of the following 

publication.

2.2 Published Paper

I hereby confirm that the use of this article is compliant with all publishing agreements. 
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Field-dependent nanospin ordering in monolayers of Fe3O4 nanoparticles throughout
the superparamagnetic blocking transition

Johnathon Rackham,1 Brittni Pratt,1 Dalton Griner,1 Dallin Smith,1 Yanping Cai,1 Roger G. Harrison,2 Alex Reid,3

Jeffrey Kortright,4 Mark K. Transtrum,1 and Karine Chesnel 1,*

1Department of Physics and Astronomy, Brigham Young University, Provo, Utah 84058, USA
2Department of Chemistry and Biochemistry, Brigham Young University, Provo, Utah 84058, USA

3SIMES, Stanford Linear Accelerator, Menlo Park, California 94025, USA
4Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Received 22 November 2022; revised 14 July 2023; accepted 29 August 2023; published 15 September 2023)

We report on magnetic orderings of nanospins in self-assemblies of Fe3O4 nanoparticles (NPs), occurring
at various stages of the magnetization process throughout the superparamagnetic (SPM)-blocking transition.
Essentially driven by magnetic dipole couplings and by Zeeman interaction with a magnetic field applied out-of-
plane, these magnetic orderings include a mix of long-range parallel and antiparallel alignments of nanospins,
with the antiparallel correlation being the strongest near the coercive point below the blocking temperature. The
magnetic ordering is probed via x-ray resonant magnetic scattering (XRMS), with the x-ray energy tuned to
the Fe -L3 edge and using circular polarized light. By exploiting dichroic effects, a magnetic scattering signal is
isolated from the charge scattering signal. We measured the nanospin ordering for two different sizes of NPs,
5 and 11 nm, with blocking temperatures TB of 28 and 170 K, respectively. At 300 K, while the magnetometry
data essentially show SPM and absence of hysteresis for both particle sizes, the XRMS data reveal the presence
of nonzero (up to 9%) antiparallel ordering when the applied field is released to zero for the 11 nm NPs. These
antiparallel correlations are drastically amplified when the NPs are cooled down below TB and reach up to 12%
for the 5 nm NPs and 48% for the 11 nm NPs, near the coercive point. The data suggest that the particle size
affects the prevalence of the antiparallel correlations over the parallel correlations by a factor ∼1.6 to 3.8 higher
when the NP size increases from 5 to 11 nm.

DOI: 10.1103/PhysRevB.108.104415

I. INTRODUCTION

The advance of nanotechnology heavily relies on our abil-
ity to manufacture high-quality nanostructured materials and
control their behavior at the nanoscale. One type of material
with high potentiality for magnetically based nanotechnolo-
gies is functional assemblies of magnetic nanoparticles (NPs)
[1]. When their size is below ∼100 nm, magnetic NPs gener-
ally behave as individual nanomagnets, whose magnetization
can be switched as a whole. A collection of such nanomag-
nets often presents interesting magnetic properties, including
superparamagnetism (SPM) [2,3] and superferromagnetism
[4,5]. These magnetic properties can be used in various appli-
cations, such as magnetic recording [6], magnetotransport [7],
magnetoplasmonics [8], magnetocalorics [9], and for medi-
cal applications [10], such as contrast agents for magnetic
resonance imaging [11], hyperthermia treatment, magnetic
separation, and drug and gene delivery [12–17]. Due to its
strong magnetization, its high chemical reactivity, and its
nontoxicity [18], magnetite (Fe3O4) is well suited for these
applications. To optimize the functionalities of magnetite NPs
in the specific applications, it is important to understand and
control the magnetic response of a collection of Fe3O4 NPs

*kchesnel@byu.edu

of different sizes to various stresses, such as the application
of an external magnetic field, and the cooling and heating
throughout the SPM blocking transition.

While the crystalline and magnetic properties of bulk
Fe3O4 are well established [19], there is still knowledge
to be gained about the magnetic behavior of collections of
Fe3O4 NPs, depending on their size, shape, concentration,
and type of magnetic interactions involved. At the atomic
scale, the magnetization in Fe3O4 arises from the specific
alignment of the spins carried by the Fe2+ and Fe3+ ions,
which are distributed on a lattice of octahedral and tetrahedral
sites throughout a spinel crystallographic structure [20]. Un-
der exchange interactions, including Zener double exchange
[21,22], the Fe2+ and Fe3+ spins align ferrimagnetically, thus
yielding a net (nonzero) magnetic moment at the scale of the
crystallites [23]. When in a NP form and if the NP size is
below ∼125 nm [24], each NP is essentially monodomain
(single magnetic domain extending throughout the NP) and
therefore carries a massive magnetic moment, which we call
nanospin.

When the NP size is smaller than ∼20 nm and if the
distance between NPs is large enough so that interparticle
interactions are negligible, a collection of Fe3O4 NPs typi-
cally exhibits SPM at room temperature, where each nanospin
freely fluctuates independent of the neighboring nanospins
but will eventually align under the application of an external

2469-9950/2023/108(10)/104415(18) 104415-1 ©2023 American Physical Society
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magnetic field. However, there often exist nonnegligeable in-
terparticle interactions, such as magnetic dipole interactions,
causing the response of the material to deviate from the pure
SPM behavior.

The interplay between the internal interparticle interactions
and the Zeeman interaction induced by the external magnetic
field can lead to various interparticle magnetic orderings,
such as the parallel or antiparallel alignment of neighboring
nanospins. For simplicity, we will, throughout the rest of
this paper, use ferromagnetic (FM) to designate the parallel
alignment and antiferromagnetic (AFM) to designate the an-
tiparallel alignment of nanospins.

In this paper, we specifically focus on unveiling FM and
AFM correlations that occur in the out-of-plane (OOP) di-
rection between the nanospins in Fe3O4 NPs assemblies as
a result of dipolar couplings and Zeeman interactions when
applying an OOP magnetic field at various points in tem-
perature throughout the SPM blocking transition. We probe
the field dependence of the FM and AFM correlations when
hysteresis occurs in the blocked phase below the blocking
temperature.

The macroscopic magnetic behavior of Fe3O4 NPs and
associated SPM-blocking transition have been widely studied
via various techniques, such as magnetometry [25–28], Möss-
bauer spectrometry [29], electron paramagnetic resonance
[27], and muon spin resonance [30]. To explain the observed
data, particularly the relaxation dynamics of magnetic NPs in
the SPM phase, sophisticated models have been developed,
accounting for various magnetic anisotropies (magnetocrys-
talline, magnetostatic, strain, surface, and shape) but also for
possible interparticle interactions [31]. Additionally, Möss-
bauer studies have allowed us to measure the effect of weak
interparticle interactions on the SPM relaxation time [32].
However, this type of data is collected over a macroscopic
number of NPs and does not provide spatial information about
local nanoscale orderings. Limited work has been done to
visualize the nanoscale magnetic correlations in assemblies
of Fe3O4 NPs, using techniques such as magnetic force mi-
croscopy [33], x-ray magnetic spectroscopy [34], and neutron
scattering [35], and the NP spatiotemporal behavior at the
nanoscale still needs to be fully uncovered.

One particularly interesting question is how the individ-
ual nanospins tend to arrange when no longer aligned by an
external magnetic field and Zeeman interaction is minimal.
If the material is in the SPM phase, the net macroscopic
magnetization M of a NP assembly vanishes (M= 0) when the
external magnetic field is released to zero (H= 0) due to spa-
tial magnetic randomness combined with nanospin fluctuation
over time. At the macroscopic scale M= 0, but at the micro-
scopic scale, each NP still carries an intrinsic nanospin at any
given time. An interesting question to explore is what kind of
arrangements a collection of nanospins may generally adopt to
yield M= 0. At any given time (setting magnetic fluctuations
aside), both a random distribution of nanospins and an AFM
arrangement of nanospins can yield M= 0. Additionally, one
must account for possible fluctuations. While in the blocked
phase, the magnetic order may remain static over a certain
period of time, and nanospin fluctuations will eventually lead
to M= 0 at higher temperature in the SPM phase. In our Fe3O4

NP assemblies, do interparticle magnetic correlations exist? If

so, what is the nature of these correlations, and how do they
depend on field, temperature, and particle size?

To answer these questions, one needs to probe NP materials
at the nanoscale, and only a few techniques allow this to be
done, including polarized electron microscopy, neutron scat-
tering, and x-ray scattering. Small angle neutron scattering
(SANS) [36] has traditionally been the method of choice to
probe nanoscale magnetic correlations in magnetic materials.
SANS studies have been carried on bulk Fe3O4 NPs [37].
However, there are a few limitations associated with neu-
tron scattering techniques, particularly the need of massive
samples to produce sufficient scattering signal, making data
collection on thin monolayers of NPs challenging. Electron
microscopy, on the other hand, allows the probing of very thin
materials locally, offering subnanometric resolution. When
polarized electron microscopy is available, it yields a mag-
netic contrast allowing one to identify the magnetic state of
individual NPs [38]. However, polarized electron microscopy
is challenging to implement and necessitates extremely thin
materials that do not exceed a few nanometers, making the
imaging of bigger NPs challenging.

To probe magnetic correlations in monolayers of Fe3O4

NPs, we utilize here an original synchrotron x-ray-based
technique, x-ray resonant magnetic scattering (XRMS) [39],
which allows one to surpass the mentioned limitations en-
countered with using neutrons or electrons. The use of
synchrotron light enables the tunability of the x-ray energy
to resonance edges of the magnetic elements contained in the
material, here, the Fe-L3 edge, providing element selectivity
and magneto-optical contrast. At the Fe-L3 edge energy ∼708
eV (soft x-ray range), the wavelength of the light is ∼1.75 nm,
which is perfectly suited for accessing spatial correlations in
the range of a few nanometers. Additionally, strong incident
intensity and resonant scattering effects allow for rapid data
collection from NP monolayers. Finally, the XRMS technique
allows us to visualize magnetic correlations even when the net
magnetization of the material is zero, which generally happens
in SPM NPs when the magnetic field is released. XRMS is
therefore a method of choice to study nanoscale magnetic
correlations in NP monolayers.

Very few XRMS studies of magnetic NPs have been
reported so far. In our previous study [40], we reported
preliminary XRMS data collected at room temperature on
monolayers of Fe3O4 NPs along with modeling [41]. Au-
thors of previous studies on Co NP assemblies [42] have
demonstrated the possibility to access interparticle magnetic
correlation via the use of XRMS in linear polarization, by
monitoring the variation of the XRMS signal with an external
magnetic field. Here, we show a complementary approach by
using XRMS in circular polarization and exploiting dichroic
effects to extract information on the charge and magnetic cor-
relations separately. We use this circularly polarized XRMS
method to extract interparticle magnetic correlations on dif-
ferent sizes of Fe3O4 NPs, 5 and 11 nm, throughout the
magnetization process at different temperatures above and
below the SPM blocking transition.

II. METHODS

Below, we provide details about the experimental steps
and methods employed for this paper, including the NP

104415-2
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fabrication procedure, the transmission electron microscopy
(TEM) imaging, the vibrating sample magnetometry (VSM)
measurements, and the XRMS measurements using syn-
chrotron radiation.

A. NP fabrication

Our Fe3O4 NPs were prepared at Brigham Young Uni-
versity (BYU) via an organic solution method based on the
thermal decomposition of an iron precursor in the presence
of oleic acid. The use of oleic acid yields the formation of
a ligand shell around each particle, which prevents particle
clustering and leads to relatively uniform NP size. The particle
size is tuned by adjusting various parameters in the prepa-
ration. Two particle sizes are considered in this paper: 5 nm
(M5) and 11 nm (M11). The 5 nm particles were prepared
via the thermal decomposition of Fe(acac)3 in the presence
of phenyl ether, hexadecane, oleylamine, and oleic acid at
275 °C for 30 min [43,44]. The 11 nm particles were pre-
pared by heating an Fe(III) oleate in the presence of oleic
acid and octadecene at 320 °C for 30 min [45]. After cooling
to room temperature (25 °C), the NPs were precipitated in
ethanol and separated by centrifugation at a speed of 5000
rpms for 15 min. After successive rounds of precipitation,
a black powder was obtained, which was then used for the
TEM, VSM, and XRMS measurements shown in this paper.
Additionally, we have carried x-ray diffraction (XRD) mea-
surements, already reported in Ref. [27], for which Rietveld
refinements confirmed a nearly pure (>99%) magnetite Fe3O4

crystallographic phase. The XRD data also showed that the
NPs are all monocrystalline.

B. TEM imaging

To study their shape and size, the NPs were imaged via
TEM. The TEM images were collected at BYU on a Ther-
moFisher Scientific Tecnai F20 UT instrument operating at
200 kV. For the TEM imaging, the NPs were deposited either
on thin carbon membrane grids or silicon nitride (Si3N4)
membranes. To prepare these TEM membranes, the prepared
NPs, once in a powder form, were dissolved in either chloro-
form or toluene, and a drop of the solution was dropped onto
the membranes, where the solvent would rapidly evaporate,
leaving a self-assembly of NPs. The concentration of the
solution was incrementally adjusted to achieve a monolayer
of NPs, too concentrated solutions yielding multilayer stack-
ing, while not enough concentrated solutions yielded sparse
islands of NPs.

C. Magnetization and field-cooling/zero-field-cooling data

The magnetization data were collected at BYU via VSM on
a Quantum Design Physical Properties Measurement System
that includes a 9 T superconducting magnet and a cryogenic
sample holder using liquid helium allowing us to cool samples
down to <10 K. For the VSM measurements, the NPs were
inserted in a powder form into a capsule and compacted into
a cylindrical pellet of ∼2 mm in diameter and 1 mm in thick-
ness. The capsule was securely mounted on the VSM holder
and tightened with quartz pieces to prevent internal motion
while the holder was vibrating inside the detection coil. Mag-

netization loops were collected at various temperatures using
a continuous sweeping of the superconducting magnet at ∼50
Oe/s. Zero-field-cooling (ZFC) and field-cooling (FC) data
were collected by typically warming from 10 to 400 K at a
speed of 1 K/s under a magnetic field of 100 Oe.

Powders of NPs were used for the magnetometry measure-
ments because thin monolayers of NPs would not provide
measurable VSM signal (and the membranes would break
under the vibration). It is possible that the magnetic response
of powders of NPs measured via VSM could slightly differ
from the magnetic response of monolayers of the same NPs.
However, as described in Sec. III, the TEM data show that the
NPs in the assemblies tend to close pack, so it is reasonable to
assume that the average interparticle distance is similar in the
powders and films for a given NP size. Also, the TEM images
show that the NPs are nearly spherical, so one can assume
no significant magnetic shape anisotropy at the scale of the
particles. When deposited in monolayers, it is possible that
the overall sample shape anisotropy may affect the OOP mag-
netization loop. Unfortunately, the current VSM technology
does not allow one to measure such data due to the insufficient
amount of material in just a monolayer of NPs. However, our
scattering results presented below indicate that the coercive
point when applying an OOP field on two-dimensional (2D)
layers coincides with the coercive point when measuring the
magnetization on three-dimensional (3D) powders, so we can
reasonably assume no significant differences between the 2D
and 3D cases.

D. XRMS

The XRMS data were collected on a coherent diffractive
imaging instrument located at Beamline 13, at the Stanford
Synchrotron Radiation Light Source (SSRL) synchrotron fa-
cility at Stanford Linear Accelerator Laboratory (SLAC). The
x-ray light, produced by an elliptical polarization undulator
was circularly polarized with a degree of polarization ∼99%.
Deposited on thin Si3N4 membranes, the NP monolayers were
probed in transmission geometry, with the x-ray beam at
normal incidence, and 2D scattering patterns were measured
downstream on a charge-coupled device (CCD) camera, as
illustrated in our previous publication [40]. The 1′′ square
CCD detector included 2048×2048 pixels of 13×13 µm in
size and was positioned at 10 cm downstream of the sam-
ple. The experiment was carried out in a vacuum scattering
chamber to limit absorption of the soft x rays by air. The
vacuum chamber included an electromagnet, allowing one to
apply an in situ magnetic field from −3000 to +3000 Oe,
in the direction of the incident x ray, i.e., OOP with respect
to the membranes. In that geometry, the XRMS probe is
essentially sensitive to the OOP component of the magneti-
zation with respect to the plane of the layer. The instrument
also included a cryogenic sample holder using liquid helium,
allowing us to cool the samples down to 15 K. To optimize the
magneto-optical contrast, the x-ray energy was finely tuned to
a magnetic resonance at 706 eV, located within the L3 edge
of Fe. To find the exact energy of the magnetic resonance,
prior x-ray magnetic circular dichroism (XMCD) data were
collected under a magnetic field of ∼6000 Oe [34], showing
a triple peak feature characteristic of Fe3O4. For the XRMS
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FIG. 1. Structural and magnetic properties of the 5 nm nanoparticles (NPs; M5) and 11 nm NPs (M11). (a) transmission electron
microscopy (TEM) view of M5. (b) TEM view of M11. (c) and (d) Field-cooled (FC)/zero-field-cooled (ZFC) data measured via vibrating
sample magnetometry (VSM) under a field H= 100 Oe on (c) M5 and (d) M11. (e) and (f) Magnetization loops measured via VSM at 300 and
20 K on (e) M5 and (f) M11, respectively. The temperature points for magnetization data are located by green dots on the FC/ZFC curves. The
TEM images were collected on thin monolayers of NPs, whereas the VSM data were collected on powders made of same NPs.

measurement, the x-ray energy was set to the first peak at 706
eV. To separate the magnetic scattering signal from the charge
scattering signal, the XRMS data were collected at opposite
helicities of circular polarization. The exposure and collection
time combined was ∼20 s per CCD image. To increase the
signal to noise, typically 10 of these images were successively
collected, for a total measurement time of ∼200 s at a given
temperature, field, and polarization and averaged to extract the
XRMS signal presented in this paper.

E. Data fitting

The data were fit using the Python library LMFIT, a useful
extension of the SCIPY optimization methods, for nonlinear
least-squares minimization to fit the charge intensity and mag-
netic ratio curves [46]. We used the implementation of the
Levenberg-Marquardt algorithm (LMA) found in LMFIT for
the residual optimization. Further discussion of the model
used for the fitting process can be found in Sec. V.

III. MATERIAL PROPERTIES

Here, we describe the basic structural and magnetic proper-
ties of the studied NPs. Information about the particle shape,
size, and tendency to self-assemble is obtained from TEM
images. Information about the SPM blocking transition and
associated blocking temperature is extracted from ZFC/FC
curves. Finally, the occurrence of hysteresis is discussed based
on magnetization data.

A. Structural properties

The TEM image of M5 in Fig. 1(a) indicates that the 5 nm
NPs are typically spherical and relatively uniform in size. A
statistical analysis of a collection of NPs on the image yields
an average particle size of 5.3 ± 0.7 nm. The TEM image
shows that the NPs tend to self-assemble in a closely packed
hexagonal lattice, forming a uniform monolayer.

The TEM image of M11 in Fig. 1(b) shows that the 11 nm
NPs are also spherical but less uniform in size. The statistical
analysis yields an average particle size of 11.3 ± 2.5 nm.
These NPs also tend to self-assemble in a hexagonal manner,
but due to the wider size distribution, the extent of the lattice
is spatially limited, leading to sparse islands with different
orientations. The sharp change in contrast visible within some
NPs suggests occasional crystal twinning. The magnetization
and XRMS data, however, indicate that the NPs essentially
remain magnetically monodomain.

B. SPM blocking transition

The ZFC/FC data collected at 100 Oe on M5 in Fig. 1(c)
show a very sharp transition between the SPM and blocked
states, with a blocking temperature TB = 28 K. The sharpness
of the transition reflects the narrow size distribution.

The ZFC/FC data collected at 100 Oe on M11 in Fig. 1(d)
show a broader transition with an average blocking temper-
ature TB ∼ 170 K. The drastic increase in TB is due to the
increase in NP size from 5 to 11 nm. The peak broadening
reflects the wider size distribution.
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FIG. 2. Two-dimensional (2D) x-ray resonant magnetic scattering (XRMS) patterns measured for (a) M5 and (b) M11 at the Fe-L3 edge.
(c)–(f) Extracted charge and magnetic scattering profiles after azimuthal integration of the 2D patterns and combination of intensities I+ (q)
and I− (q) measured in opposite helicities of the circular light, shown at various applied magnetic field values H, from 3000 Oe down to zero.
The charge scattering signal is I+ + I−, with peak at q* normalized to 1, in (c) for M5 and in (d) for M11. The magnetic scattering signal is
R2

M = (I+ − I− )2/(I+ + I−) with peak at q* normalized to 1 for the highest field value H= 3000 Oe, in (e) for M5 and in (f) for M11.

C. Magnetization data

Magnetization loops were measured at 300 K (above TB)
and at 20 K (below TB). These points in temperature are indi-
cated by green dots on the ZFC/FC curves. The magnetization
loops for M5 in Fig. 1(e) show a smooth S shape, which can be
modeled by the Langevin function, characteristic of SPM. The
absence of hysteresis confirms a pure SPM phase for the 5 nm
particles. For M11, the magnetization loops shown in Fig. 1(f)
reveal very little hysteresis at 300 K but some significant
hysteresis, up to Hc = 300 Oe at 20 K, well below TB.

Magnetic hysteresis typically occurs when the NPs
are in their blocked state and exhibit internal magnetic
anisotropy. There are multiple possible sources of anisotropies
in crystalline magnetic NPs, including magnetocrystalline
anisotropy, surface anisotropy, and shape anisotropy [32]. In
the case of our Fe3O4 NPs, the TEM micrographs showed that
the NPs are mostly spherical and therefore do not exhibit sig-
nificant magnetic shape anisotropy. Other types of anisotropy
such as magnetocrystalline and surface anisotropies are likely
present, although not strong enough to induce significant hys-
teresis. On the other hand, our XRMS data show the presence
of enhanced interparticle magnetic correlations below TB near
the coercive point. While the XRMS data do not allow us
to determine the cause of hysteresis, these observations sug-
gest that the magnetic hysteresis may not result solely from
magnetic anisotropies but also from combined interparticle
magnetic couplings.

IV. X-RAY MAGNETIC SCATTERING RESULTS

To investigate the nanoscale magnetic orderings between
the NPs, we collected XRMS data on monolayers of the vari-
ous Fe3O4 NPs. In our previous work [40], we showed how the
x-ray energy is first tuned to the Fe-L3 edge using XMCD and
demonstrated how to exploit the polarization of the light to
extract a magnetic signal from the scattering patterns. For this
purpose, we introduced a magnetic ratio RM aimed to isolate
the magnetic signal from the charge signal in the scattering
patterns. Here, we apply this approach to probe magnetic
orderings that may occur with the OOP component of the
nanospins and compare them with the charge ordering within
the NP monolayer throughout the SPM blocking transition.
First, we show 2D scattering patterns and their associated
one-dimensional (1D) scattering profiles. We then review the
steps for separating the magnetic signal from the charge signal
in these 1D profiles. Finally, we look at the dependence on
magnetic field and on temperature for the 5 and 11 nm NPs.

A. Charge and magnetic scattering signal separation

The XRMS patterns collected on M5 [Fig. 2(a)] and M11
[Fig. 2(b)] inform on the lattice formed in the respective NP
assemblies. Both patterns have the shape of a ring, here in the
momentum space. The ring radius is inversely proportional
to the average interparticle distance in the NP assembly. The
radius is larger for M5 than for M11, consistent with a smaller
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interparticle distance for the 5 nm NPs. Also, the ring is
relatively narrower for M5, reflecting a more highly ordered
NP lattice than for the 11 nm NPs.

To extract quantitative information on the charge structure
and the magnetic structure in the NP assemblies, we first
integrated the 2D scattering patterns azimuthally to generate
1D datasets of the scattering intensity I(q) as a function of the
momentum q. Next, we separated the charge scattering from
magnetic scattering signal by exploiting the light polarization
as follows. As derived in Ref. [47], the scattering intensity
may be written in terms of scattering amplitudes:

I± = |Ac ± Am|2 = |Ac|2 ± (AcA∗
m + AmA∗

c ) + |Am|2,
where I+ and I− represent the scattering intensity collected
with positive and negative circular polarization, respectively;
Ac and Am represent the amplitudes of the charge and mag-
netic scattering, respectively. By construction, Ac and Am are
complex quantities, and the * symbol denotes the complex
conjugate. To separate Ac and Am, at first order, the following
approach is adopted. On one hand, we consider the average
of intensities between opposite helicities of the circular polar-
ization (which also corresponds to the intensity I0 one would
measure in linear polarization):

I0 = (I+ + I−)/2 = |Ac|2 + |Am|2.
In our specific dataset, however, |Am|2 turns out to be

negligible compared with |Ac|2. Consequently:

I0 = (I+ + I−)/2 ≈ |Ac|2.
This approach differs from another approach adopted in

other studies [45], where the sum I+ + I− is compared at
different field values H, typically at saturation and remanence
(H= 0), and the difference gives access to the magnetic part
|Am|2. In our case, the sum (I+ + I−) (q) shows visibly no
dependence with H, as demonstrated in Figs. 2(c) and 2(d)
for M5 and M11, respectively, confirming that |Am|2 � |Ac|2
here. Additionally, the fact that |Ac|2 is essentially not chang-
ing when H is varied indicates that the NPs, sitting solidly
on the membrane, are not physically moving when applying a
magnetic field up to 3000 Oe.

On the other hand, we consider the difference of the scat-
tering intensities measured at opposite helicities:

I+ − I− = 2(AcA∗
m + AmA∗

c ) = 2Re(AmA∗
c ).

This difference, a real number, may be either positive or
negative in sign and will typically switch sign when the inter-
nal magnetization of the material is reversed via the reversal
of the applied magnetic field, as demonstrated by our previous
studies [40]. As it is conventionally done in XMCD, a dimen-
sionless dichroic ratio may be derived from the difference:

RD = I+ − I−
I+ + I−

= 2Re(AmA∗
c )

2(|Ac|2 + |Am|2)
≈ Re(AmA∗

c )

|Ac|2
.

However, RD depends on both Ac and Am amplitudes. Our
approach is to instead consider the following magnetic ratio
RM :

RM = I+ − I−√
I+ + I−

=
√

2 Re(AmA∗
c )√

|Ac|2 + |Am|2
≈

√
2 Re(AmA∗

c )

|Ac| .

Now our data suggest that there is no significant dephasing
between Ac and Am, so here, Re(AmA∗

c ) ≈ |Ac||Am|, and con-
sequently, RM does not much depend on the charge scattering
amplitude |Ac| but essentially relies on the magnetic scattering
amplitude:

RM ∝ |Am|.
That way, the magnetic signal can be separated from the

charge signal to a first approximation. Incidentally, RM not
only depends on the magnitude of Am but also, via the phase
factor, switches sign when the magnetization of the material is
reversed. To compare the charge scattering and magnetic scat-
tering signals having same dimension, we chose to consider
the square of RM :

R2
M ∝ |Am|2,

which, like I0, has the dimension of an intensity.
In summary, we focus here on two independent quantities

that provide us with information on the charge structure and
the magnetic structure in the material:

I0 ≈ |Ac|2(q), R2
M ≈ |Am|2(q).

As an illustration, R2
M is represented next to its associated

I0 signal in Figs. 2(e) and 2(f), for M5 and M11, respectively.
These data are measured at 300 K with H varying from 3000
Oe to zero. For both M5 and M11, R2

M drastically varies with
H. Not only the magnitude of R2

M gradually decreases all the
way down to near zero when H is decreased to zero, confirm-
ing the magnetic nature of R2

M , but its shape (dependence on q)
changes too, indicating changes in magnetic density within
the material.

The dependence of R2
M on the momentum q contains spatial

information on the nanoscale magnetic ordering. In this paper,
we study how the shape of R2

M (q) varies with H throughout the
magnetization process and with temperature T when cooling
down below the SPM blocking transition, for each of the
two particle sizes. For comparison purposes, we show, in the
subsequent figures, a normalized version of |RM |(q), where
the magnitude of the main peak (located at q*) is normalized
to 1. Comparing the shape of |RM |(q) allows us to identify
the emergence of various magnetic orders, such as FM and
AFM orders. We later quantify the amount of respective FM
and AFM orders, but rather than using the absolute magnitude
of |RM |(q) which we found unreliable (due to various exper-
imental instabilities), we used the relative magnitudes of the
FM and AFM signals combined with magnetization data.

B. Results for 5 nm particles

The charge scattering signal plotted in Fig. 2(c) shows a
peak at q* ≈ 1.0 nm−1, suggesting an average interparticle
distance p0 = 2π/q∗ ≈ 6.3 nm for M5. Given the particle
average size of ∼5.3 nm, this leaves an average gap between
particles of ∼1 nm, which is about the size of the oleic acid
ligand shell. This confirms that the 5 nm NPs are mostly close
packed, forming a hexagonal lattice, as suggested by the TEM
images on smaller fields of view.

The magnetic scattering signal at 300 K plotted in Fig. 2(e)
shows a peak located at the same location q∗ ≈ 1 nm−1. This
indicates the presence of magnetic correlations in the NP
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FIG. 3. X-ray resonant magnetic scattering (XRMS) results for M5 at 300 K and 15 K. (a) Normalized magnetization curve M(H) measured
at 300 K in the ±3000 Oe range. (b) |RM |(q) data measured at 300 K at the various H values indicated on the M(H) curve (a). (c) Normalized
magnetization curve M(H) measured at 15 K in the ±3000 Oe range. (d) |RM |(q) data measured at 15 K, at the various H values indicated on
the M(H) curve (c). For (b) and (d), the |RM |(q) data are normalized to set the value of the peak at q* to 1.

assembly, namely, a FM ordering of the nanospins, where the
magnetic period matches the structural one: pFM = p0. In this
configuration, most of the nanospins point in the direction set
by the external field. The FM signal is the strongest at the
highest field value H= 3000 Oe and progressively decreases
when H is decreased, as the internal net magnetization M also
decreases.

Figure 3 shows the evolution of normalized |RM |(q) with
magnetic field for M5 at 300 K above TB and at 15 K below
TB. On the left side, a zoomed-in view of the magnetization
curve M(H) in the range of [−3000 Oe, +3000 Oe] is plotted,
showing the various points in field H where XRMS data were
collected. Next to each point, the associated degree of mag-
netization M, normalized to magnetization at saturation Ms, is
indicated (in %). The |RM |(q) data at 300 K in Fig. 3(b) show a
single FM peak at q* for most field values H from 3000 to 400
Oe. Only when H � 200 Oe, an additional peak around q*/2
emerges, suggesting the presence of some linear AFM order-
ing of nanospins, for which the periodicity is pAF = 2p0. This
AFM peak is, however, much weaker than the FM peak, seem-
ingly less than half of it. Given that, at H= 200 Oe, the net
magnetization M is only 6% of the magnetization at saturation

Ms, the amount of FM correlations covers only ∼6%, and
therefore, the amount of AFM correlations is relatively small,
seemingly <3% (the data fitting described in the next sections
consistently shows that this quantity is closer to 2.3%).

The behavior at T= 15 K, below TB, is like that at 300 K,
except that the AFM peak emerges a bit earlier, at H= 400
Oe, when H is decreased and becomes relatively stronger than
the FM peak when H approaches zero. No hysteresis was
observed in the magnetization curve M(H), so a symmetrical
behavior is expected in respect to switching the sign of H.

C. Results for 11 nm particles

The charge scattering signal for M11, plotted in Fig. 2(d),
shows a peak at q*≈ 0.38 nm−1, which corresponds to an
average interparticle distance of ∼16.5 nm. Given the particle
average size of 11.3 nm, this leaves an average gap between
particles of ∼5.2 nm. This loose gap accounts for the wide
distribution of NP sizes, which prevents the NPs from closely
packing in large areas but rather allows the NPs to form sparse
islands, as seen on the TEM image Fig. 1(b).
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FIG. 4. X-ray resonant magnetic scattering (XRMS) results for M11 at 300 and 20 K. (a) Normalized magnetization curve M(H) measured
at 300 K, focusing on the positive branch. (b) |RM |(q) data measured at 300 K at the various H values indicated on the M(H) curve (a). (c)
Normalized magnetization curve M(H) measured at 20 K showing hysteresis, with coercive field |Hc| ≈ 300 Oe. (d) |RM |(q) data measured at
15 K, at the various H values indicated on the M(H) curve (c) from +3000 Oe down to −400 Oe, past the coercive point. For (b) and (d), the
|RM |(q) data are normalized to set the value of the peak at q* to 1.

The normalized magnetic ratio signal |RM |(q) for M11 is
shown in Fig. 4, both at 300 K above TB [Figs. 4(a) and 4(b)]
and at 20 K well below TB [Figs. 4(c) and 4(d)]. In contrast
with M5, the data for M11 generally show a more pronounced
dependence of the shape of R2

M (q) on the magnetic field H.
The |RM |(q) data in Fig. 4(b) collected at 300 K and H= 3000
Oe show essentially one single peak, located at the same
q* as the peak in the charge scattering signal in Fig. 2(d),
corresponding to FM ordering. When the field H is lowered,
the FM peak remains present, but the magnitude of the signal
at around q*/2 progressively increases, suggesting the gradual
emergence of some AFM correlations in the NP assembly. The
AFM signal remains, however, limited, dominated by the FM
signal.

At 20 K, on the other hand, the progression is significantly
more drastic. While at H= 3000 Oe, the system shows mostly
FM ordering with a main peak at q*, the shape of |RM |(q),
however, drastically changes when the field H is lowered, and
an AFM signal extended on a wide q range near q*/2 arises
and eventually surpasses the FM signal. At 20 K, M11 shows
hysteresis, so at H= 0, there is still a strong remanence (M/Ms

≈ 25%). When further decreasing H down to negative values,
the AFM signal then strikingly increases, far dominating the

FM signal, and reaches a maximum value at the coercive point
H = −Hc = −300 Oe.

The data on M5 and M11 undeniably show the emergence
of some AFM ordering of OOP nanospins, when the NP
assembly is cooled down below TB and when H∼0. It also
shows that the amount of AFM correlations with respect to
the amount of FM correlations depends on particle size. The
data here suggest that the smaller 5 nm NPs tend to orient
mostly randomly when the field is released to zero, whereas
the bigger 11 nm particles show significant AFM correlations
that are the strongest when the field is brought to the coercive
point.

To solidify these qualitative observations, we fitted the
data using an empirical model, which provides quantitative
information about the various magnetic orders in the NP as-
semblies, including their relative amounts and their associated
periodicities and correlation lengths.

V. DATA FITTING

Here, we describe the empirical model we utilized to fit
both the charge and the magnetic components of the x-ray
scattering data. The primary goal of this fitting work is to
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TABLE I. List of the parameters used in the global fit of the charge and magnetic scattering data.

Parameter Description Boundaries constraints Symbol for associated physical quantity

b1 Charge central amplitude b1� 0 A0

b2 Charge central width b2 > 0 ω0

b3 Charge peak amplitude b3� 0 Ac

b4 Charge peak position b4 > 0 q∗

b5 Charge peak width b5 > 0 ωc

b6 Charge baseline b6� 0 Bc

c1 Magnetic central amplitude c1� 0 A1

c2 Magnetic central width 0 < c2 � 1 σ1

c3 FM amplitude c3� 0 AFM

c4 FM peak position q∗ ± ε qFM

c5 FM width 0 < c5 � σmax σFM

c6 AFM amplitude c6� 0 AAF

c7 AFM peak position q∗/2 ± ε qAF

c8 AFM width 0 < c8 � σmax σAF

c9 Magnetic baseline c9� 0 Bm

obtain quantitative information on the various magnetic order-
ing components present in the material and their dependence
with field and temperature for each particle size. Below, we
review the model used for the fit, its mathematical formula-
tion, and its associated parameters. We then describe how the
fit was conducted and optimized as a global fit on the charge
and magnetic components at different field values.

A. Model

We adopt here an empirical model consisting of fitting
the scattering data directly in the q space. Best results were
obtained with Lorentzian functions for fitting the charge scat-
tering signal I0 and with Gaussian functions for fitting the
magnetic scattering signal |RM |.

First, we fit the charge scattering signal I0 = (I+ + I−)/2,
which generally exhibits one main peak, sitting over a diffuse
scattering background, using a combination of Lorentzian
functions:

I0(b; q) = b1
b2

q2 + b2
2

+ b3
b5

(q − b4)2 + b2
5

+ b6,

where b = (b1, b2, . . . , b6) represents the fitted parameters.
The parameters b1 and b2, respectively, represent the magni-
tude and width of the diffuse scattering signal centered at q
= 0. The parameters b3, b4, and b5, respectively, represent the
magnitude, position, and width of the charge scattering peak
centered at q =q*, and the parameter b6 represents a baseline.
Once the peak position and width are fitted to optimal values
(b4 = q∗, b5 = ωc), we estimate the charge correlation period
p0 = 2π

q∗ , interpreted as the average interparticle distance, and

associated correlation length λc = 2π
ωc

.
Next, we fit the magnetic signal |RM |(q), which usually

includes a mix of interparticle magnetic orders. The model
function to fit the |RM | data consist of three pieces: a Gaus-
sian function centered at q = 0 with an associated baseline
constant to account for the diffuse magnetic scattering signal
and for random orientation of nanospins, a Gaussian function
accounting for the FM ordering, and a Gaussian function ac-
counting for the AFM ordering. The AFM order corresponds

to an up/down alternation of neighboring nanospins. If oc-
curring along one given direction (1D) in the material, this
alternation theoretically yields a magnetic periodicity that is
twice that of the FM order: pAF = 2pFM. The associated AFM
scattering signal should then be located near q ≈ q∗/2. In
practice, the fitted location q∗ for the charge peak could be
used to set the target locations of the FM and AFM peaks,
around q∗ and q∗/2, respectively. However, the XRMS data
show that the AFM signal is often extended on a wide range of
q values near but not necessarily centered on q∗

2 . We therefore
set the position of both the FM and AFM components free
to be fitted. The modeled quantity |RM | is then written as
follows:

|RM |(c; q) = c1

c2

√
2π

exp

(
− q2

2c2
2

)

+ c3

c5

√
2π

exp

[
− (q − c4)2

2c2
5

]

+ c6

c8

√
2π

exp

[
− (q − c7)2

2c2
8

]
+ c9,

where c = (c1, c2, . . . , c9) represents a set of fitted coeffi-
cients in our model. The coefficient c1 is the relative amplitude
of the central diffuse magnetic scattering signal, c2 its width,
c3 the relative amplitude of the FM scattering signal, c4 its
position (set free to deviate from q∗ within ± ε), c5 its width,
c6 the relative amplitude of the AFM scattering signal, c7 its
position (set free to deviate from q∗

2 within ± ε), c8 its width,
and c9 the relative height of an empirical baseline. All the fit-
ting parameters along with their descriptions, their associated
boundaries, and the physical symbols associated with them
are summarized in Table I.

The fitted parameters are used to calculate the follow-
ing quantities: the FM correlation period pFM = 2π/qFM and
associated correlation length λFM = 2π/σFM; the AM corre-
lation period pAF = 2π/qAF and associated correlation length
λAF = 2π/σAF. The relative amplitudes AFM and AAF of the
FM and AFM signals are used to quantify the respective
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FIG. 5. Illustration of the fits carried on the charge scattering intensity I0 and magnetic ratio Rm signals. I0 was fitted using Lorentzian
functions and Rm using Gaussian functions. In each case, individual Lorentzian/Gaussian components are shown in dashed lines. (a) Fit of I0

and (b) fit of Rm for M5 at 15 K and H = 600 Oe. (c) Fit of I0 and (b) fit of Rm for M11 at 20 K and H = −400 Oe.

concentrations (in %) of the FM and AFM correlations in the
NP assembly. In this estimation, we set the FM concentration
to be equal to the normalized net magnetization M/Ms since
the net magnetization essentially results from FM aligned
nanospins.

B. Synchronous fit of charge and magnetic signals

This global fit was done using the Python library LMFIT and
its extension of the LMA to find the best fit parameters within
a restricted domain. The allowed domain for c5 is q*± ε. For
M5, q* = 1.00 nm−1 and ε = 0.08 nm−1 (8% of q*), whereas
for M11, q* = 0.38 nm−1 and ε = 0.06 nm−1 (∼16% of q*).
Another important constraint is the range for the Gaussian
widths σ . Its upper limit σmax corresponds to the lower limit
of possible correlation lengths, which we set to the average in-
terparticle distance, namely, σmax = 2p/p0. These constraints,
summarized in Table I, restrict the domain of the parameters
sufficiently to maintain our mechanistic interpretation of the
model.

The dataset is comprised of points for each sample at
different applied magnetic field values and temperatures. For
each field value and temperature, we first fit the charge sig-
nal to determine the value of q*, which sets the boundary

constraints for the fitting of the Rm signal. The choice of
initial parameter values has a large effect on the results of
the LMA. To ensure that we escape local minima, we run the
LMA on each data point 300 times with each time the new
initial parameter guess being a small random deviation from
the previous best fit result.

We estimate the standard error in the parameters using the
method employed in the LMFIT library, namely, the square
roots of the diagonal elements of the covariance matrix cal-
culated from the model residual Jacobian evaluated at the
best fit parameter values. For the error associated with figures
of interest derived from parameters, we employed standard
error propagation methods to determine the uncertainties in
the AFM/FM ratio and normalized AFM and AAF values.

A selection of fits for both the charge and magnetic scatter-
ing signals at different temperatures and field values for M5
and M11 is shown in Fig. 5.

VI. INTERPARTICLE MAGNETIC ORDERING

Below, we discuss the results of the fit, from which various
physical quantities are extracted, including the periodicity and
the correlation lengths for the observed charge and magnetic
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TABLE II. Overview of the data collected on M5 and M11, where the field values are listed for each temperature. Green and red cells
correspond to data for which the lower bound on the 95% confidence interval (CI) for the AFM amplitude (coefficient c6 in the model) was
above zero or included zero, respectively. When c6 is zero, the parameters associated with the peak location and width become unidentifiable,
and we can make no claims as to their values; therefore, we omit these results.

correlations as well as their respective strengths and their
evolution throughout the magnetization process at various
temperatures for both particle sizes.

A. Data overview and sorting

An overview of the fitted data is shown in Table II, where
the field values are listed at each temperature, for M5 and
M11. When fitting these data, the parameter relating the AFM
correlation length showed unrealistic values for some of the
datasets. This typically occurred when no apparent AFM peak
was visible in the magnetic scattering signal RM . In Table II,
the red cells indicate those datasets for which the lower bound
on the 95% confidence interval for the AFM amplitude (co-
efficient c6 in the model) reached zero, making the estimate
of the associated period and correlation length unreliable. The
red cells essentially correspond to data collected at high T for
M5 and high field values for M11, where no significant AFM
component was detected. We chose not to display the fitted
AFM period nor the associated correlation lengths for these
datasets in the subsequent figures.

B. Charge and magnetic periodicity

The fitted charge periodicity p0 and magnetic periodicities
pFM and pAF are plotted against the applied magnetic field H
in Fig. 6.

For both M5 and M11, the fitted charge period p0 remains
unchanged when H is varied. When averaged over all field
values and all temperatures, the average charge period is
p0 = 6.29 ± 0.01 nm for M5 and p0 = 16.5± 0.2 nm for
M11. The limited variations (1% or less) across the field range
[0, 3000 Oe] confirm that the NPs are not physically moving
when a magnetic field up to 3000 Oe is applied. No thermal
contraction or dilation of the NP assembly is observed, as the
interparticle distance remains unchanged throughout cooling
and heating. This suggests that, once the solvent is evaporated
after deposition on the silicon nitride membrane, the deposited
NPs form a rigid monolayer.

The fitted FM period pFM remains close to the value of the
charge period p0 across the entire field range of field values
and temperatures. When averaged across magnetic field H and
temperature, the average fitted FM period is pFM = 6.35 ±
0.13 nm (a 2% variation) for M5, and pFM = 16.8 ± 0.7 nm

(a 4% variation) for M11. The fact that pFM ≈ p0 for both
the 5 and 11 nm NPs confirms that each NP remains magnet-
ically monodomain throughout magnetizing and throughout
cooling/heating.

When the AFM signal is present, the fitted AFM period
pAF lands at a value close to 2p0. Namely, on average, pAF =
12.2 ± 0.4 nm for M5 and pAF = 32.5 ± 3.9 nm for M11.
Here, pAF shows larger variations (up to ±12%) across field
values than pFM. However, the 95% confidence intervals cal-
culated at each H value go up to �pAF = 1.4 nm for M5
and up to �pAF = 15 nm for M11. This suggests that the
observed variations on pAF with H may not reflect a real
physical change but are mostly caused by uncertainties on
locating the AFM peak due to the wideness of the peak,
itself caused by the size inhomogeneities, particularly large
for M11. Additionally, the fitted pAF values are spread over a
range that includes not only 2p0 but other remarkable values
such as

√
3p0, as visible in Fig. 6.

When looking more closely at the fitted values for the AFM
peak location over the entire dataset [histogram in Fig. 7(a)],
we find that they are distributed around two main values: q∗/2
and q∗/

√
3. In real space, this corresponds to periodicities

pAF of 2p and
√

3p, respectively. Recalling that the XRMS
probe is sensitive to the OOP component of the magnetization
only, the observed magnetic correlations can only relate to
arrangements between OOP nanospins. Given that the studied
material consists of 2D monolayers of NPs that tend to form
hexagonal lattices, one can associate the two observed pAF

values to two distinct AFM arrangements of OOP nanospins
within the physical hexagonal lattice of NPs. These magnetic
arrangements are illustrated in Fig. 7(b), where the colored
dots represent the direction of OOP nanospins and form a
magnetic superlattice in the frame of the physical NP hexago-
nal lattice. One possible arrangement is a linear type, where
the nanospin alternation occurs along one direction, as it
would be in a 1D chain of NPs. The AFM period in that
case is simply twice the nearest-neighbor distance pAF = 2p0.
Another arrangement is a honeycomb type [48], where the
alternation occurs between nanospins located at the six sites
of a hexagon. In that case, the AFM period is the second
next-nearest-neighbor distance pAF = 2 cos(30◦)p0 = √

3p0.
This magnetic honeycomb superlattice arrangement partially
addresses the well-known spin-frustration issue that occurs
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FIG. 6. Periodicities extracted from fitting the charge scattering peak in the I0 signal, as well as the ferromagnetic (FM) and antiferromag-
netic (AFM) components in the Rm signal, plotted against the applied magnetic field H, for M5 at (a) 300 K and (b) 15 K, and for M11 at (c)
300 K and (d) 20 K. Error bars show the 95% confidence intervals.

for AFM-coupled OOP spins on a triangular (hexagonal)
lattice. In the honeycomb superlattice, the six nanospins on
the hexagon all satisfy the AFM alternation between OOP
neighboring spins. The nanospin situated at the center of the

hexagon is represented by an empty circle to signify that its
direction is unknown and may as well be oriented in-plane
(IP) and not detected via the XRMS probe. While posing a
potential spin-frustration issue, the linear AFM arrangement

FIG. 7. Visualization of antiferromagnetic (AFM) arrangements of out-of-plane (OOP) nanospins in two dimensions (2D). (a) Histogram
of the fitted position qAF of the AFM component (coefficient c7) for M5 and M11 combined, clearly showing two dominant values, q∗/2 and
q∗/

√
3. (b) Illustration of possible AFM arrangements of OOP nanospins, in a physical hexagonal lattice of nanoparticles (NPs): a honeycomb

lattice of nanospins for the q∗/
√

3 component and a linear arrangement of nanospins for the q∗/2 component.
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FIG. 8. Correlation lengths extracted from fitting the charge scattering peak in the I0 signal, as well as the ferromagnetic (FM) and
antiferromagnetic (AFM) components in the Rm signal, plotted against the applied magnetic field H, for M5 at (a) 300 K and (b) 15 K,
and for M11 at (c) 300 K and (d) 20 K. Error bars show the 95% confidence intervals.

here id as widely observed as the honeycomb AFM arrange-
ment. Such a variety of magnetic arrangements is possible
because of the wide distribution of NP sizes, leading to spa-
tial irregularities in the NP assemblies, composed of sparse
islands of hexagonally close-packed NPs, allowing short-
ranged 1D chains of NPs to form at locations. On the other
hand, some neighboring nanospins may be oriented IP and
remain undetected in the XRMS measurement. We note
that, while the magnetic dipolar couplings favor the AFM
alignment of spins oriented transversally with respect to the
direction of the connecting segment (which is the case for
OOP nanospins), it also favors the FM alignment of spins
oriented colinear with the connecting segment (which would
correspond to IP nanospins), thus allowing a wide variety of
nanospin arrangements, not all visible via XRMS.

C. Correlation lengths

The fitted correlation lengths for the respective charge and
FM and AFM orderings are shown in Fig. 8. These correla-
tion lengths λ are extracted from the fitted peak widths. The
correlation length is calculated as follows: When using Gaus-
sian functions, λ = 2π

σ
, and when using Lorentzian function

λ = 2π
ω

√
2ln2 to account for the mathematical difference as

well as the fact that I0 represents an intensity and |Rm| repre-
sents an amplitude.

The fitted charge correlation length, averaged over all field
values and temperatures, is found to be λc = 64.8 ± 1.1 nm
for M5, which corresponds to ∼10.3 NPs being correlated
in any direction. For M11, λc ∼ 53.3 ± 1.6 nm, which cor-
responds, on average, to ∼3.2 NPs being correlated in any
direction. The values for λc appear independent of the field
magnitude and the temperature. The discrepancy in relative
correlation lengths between M5 and M11 is essentially due to
particle size inhomogeneity being more pronounced for M11
than M5. The higher homogeneity of 5 nm NPs allows the par-
ticles to self-assemble and structurally correlate over longer
ranges compared with the more inhomogeneous 11 nm NPs.

The fitted FM correlation length λFM remains relatively
stable across field values for both M5 and M11. Like the
charge correlations, the FM order appears to extend over a
larger number of NPs in the case of the 5 nm NPs than that
of 11 nm NPs. For M5, the average FM correlation length at
room temperature is λFM = 60 ± 12 nm, which corresponds
to ∼9.6 NPs being FM correlated in any direction. For M11,
λFM = 70 ± 20 nm, corresponding to ∼4.2 NPs being FM
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FIG. 9. Concentrations for the ferromagnetic (FM) and antiferromagnetic (AFM) correlations as a function of field H, above and below
TB, (a) for M5 at 300 K, (b) for M5 at 15 K, (c) for M11 at 280 K, and (d) for M11 at 20 K.

correlated in any direction. These values do not significantly
change when cooling down below TB.

The fitted value for λAF shows large (up to 100%) uncer-
tainties at certain field values, so the observed variations of
λAF with field H are not meaningful.

D. Magnetic ordering vs applied magnetic field

The relative amplitudes associated with the fitted FM
and AFM components (coefficients c3 and c6 in the model)
and their evolution throughout the magnetization process are
shown in Fig. 9. For comparison purposes, the FM amplitude
cFM is set to the value of the normalized net magnetization
M/Ms that was measured via VSM (except near the coercive
point where M= 0, and instead, the relative magnitude of
the magnetic scattering signal |Rm| is used). This normalized
concentration cFM is interpreted as the portion of the NP
assembly where nanospins align FM OOP. The normalized
AFM concentration cAF is accordingly set as cAF = (c6/c3)
M/Ms and corresponds to the portion of the NP assembly
where nanospins align AFM OOP. The sum cFM + cAF should
not exceed 1 or 100%. The remaining portion, 1 − cFM − cAF,

corresponds to the portion of the material that is neither FM
or AFM correlated OOP and which we identify as mag-
netic randomness. These random nanospins may be aligned
either OOP or IP. The fitted values for these various coef-
ficients for M5 and M11, respectively, are summarized in
Table III.

Both M5 and M11 display the following trends at room
temperature (above TB): (1) the FM concentration decreases
as the field decreases from 3000 Oe to zero according to the
respective magnetization curves; (2) the AFM concentration
at room temperature remains relatively small (<2.3% for M5
and <9.2% for M11) across all field values; (3) as the field is
decreased, the magnetic randomness increases and gradually
takes over, reaching up to 93% in the case of M5 and 78% in
the case of M11. This confirms the predominant SPM nature
of the NP assemblies above TB.

E. Dependence on temperature

Significant changes in the magnetic behavior are observed
when cooling the material from above to below TB. While
magnetic randomness remains predominant, a nonnegligeable
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TABLE III. Measured and fitted values of selected parameters for M5 and M11, including blocking temperature (TB), coercive field
(Hc), normalized magnetization (M/Ms ) at 3000 Oe, fitted periods and correlation lengths for the charge, FM and AFM contributions, fitted
concentrations for randomness and AFM order, and fitted AFM/FM concentration ratio.

M5 (5 nm) M11 (11 nm)

TB 28 K ∼170 K
Average charge period p0 6.29 ± 0.01 nm 16.5 ± 0.2 nm
Average charge correlation λc 64.8 ± 1.1 nm 53.3 ± 1.6 nm
Average FM period pFM 6.35 ± 0.13 nm 16.8 ± 0.7 nm
Average FM correlation λFM 60 ± 12 nm 70 ± 20 nm
Average AFM period pAF 12.2 ± 0.4 nm 32.5 ± 3.9 nm

300 K 15 K 280 K 20 K

Hc 0 Oe 0 Oe 0 Oe −300 Oe
M/Ms @ 3000 Oe 0.58 0.69 0.91 0.89
Randomness @ 3000 Oe 42% 14% 0.7% 7.6%
Max randomness 93% 81% 78% 82%
Min AFM concentration AAF 0.2% 3.2% 2.3% 1.6%
Max AFM concentration AAF 2.3% 12% 9.2% 35%
Max (AAF/AFM) average ratio 0.35 1.6 0.16 3.8

AFM ordering component emerges at low field values when
below TB.

For M5, we observe the following: at 300 K, the random-
ness concentration starts above 42% at 3000 Oe and increases
up to 93% when H is decreased to zero (remanence). Through-
out the entire field range, no significant AFM correlations
are measured (AFM concentration remains <2.3%). At 15 K
below TB, M5 exhibits a similar trend, except the randomness
concentration at 3000 Oe is not as high, down to 14%. As the
field decreases to zero, the randomness increases up to 81% at
remanence, where small but nonnegligeable AFM correlations
emerge, covering up to 12%. While the magnetization data
for M5 indicates no sign of significant hysteresis at 300 or
15 K, the XRMS data reveal the presence of nonzero AFM
correlations between OOP nanospins near remanence. The
XRMS data also allow us to quantify the amount of these
AFM correlations and see that it sensibly increases (from ∼2
to 10%) when cooling the material below TB.

In the case of M11, AFM correlations between OOP
nanospins are also observed, and they appear to be even
stronger than for M5. Above TB, the measured AFM concen-
tration reaches up to 9.2% at 300 K. When the material is
cooled down to 20 K, below TB where significant hysteresis
is observed (Hc = 300 Oe) and when the field is decreased
near the coercive point, the AFM concentration significantly
increases, covering up to 35% of the NP assembly, with a
confidence interval for this parameter ranging from 29% to as
high as 48%. Here again, not only the XRMS data corroborate
the VSM data which show hysteresis, but they allow us to
identify the nature and extent of the magnetic interactions
between OOP nanospins at the coercive point.

While discussing temperature dependence, one should ac-
count for possible time averaging effects due to the inherent
magnetic fluctuation of the nanospins in the NP assemblies.
Indeed, in the SPM phase and in the absence of magnetic field,
the nanospins supposedly randomly fluctuate at a time scale
comparable with or even faster than the measurement time,
preventing the observation of any magnetic ordering. How-
ever, when cooling the NP assemblies below their blocking

temperature, the dynamics of magnetic fluctuation drastically
slows down, and at low T well below TB, the nanospin dis-
tribution may appear almost static at the timescale of the
measurement. It is then possible to observe instantaneous
magnetic orderings occurring between the nanospins. In a sep-
arate study, we will measure characteristic fluctuation times
ranging from ∼200 s at 200 K up to ∼5000 s at 15 K for
M5 (for which TB ∼ 25 K), and from ∼4000 s at 250 K up
to ∼50000 s at 100 K for M11 with TB ∼ 170 K). Based on
these data, we can comfortably assume that, during the XRMS
collection time (∼200 s), the NP assemblies are mostly static,
with little effect from magnetic fluctuations on the observed
magnetic correlations.

F. Dependence on particle size

The differences in the magnetic behavior of M5 vs M11
suggest a possible dependence on NP size. To identify a
possible trend, we have plotted, in Fig. 10, the relative ratio
cAF/cFM of the AFM and FM components as a function of
H. For both M5 and M11, and at all temperatures, this ratio
remains relatively small (<0.1) in most of the field range.
Only when the field approaches zero (or the coercive point
in case hysteresis exists), the AFM/FM ratio starts increasing
drastically. At that stage, a noticeable difference is observed
between M5 and M11: for M5, the AFM/FM ratio goes up
to ∼1.6 with a 95% confidence interval ranging from 0.4 to
3.1, whereas for M11, the AFM/FM ratio goes up to ∼3.8
with a 95% confidence interval ranging from 3.2 to 5.4. This
suggests that the NP particle size may affect the strength
and extent of AFM correlations when present: The larger
11 nm NPs show a higher AFM concentration than the 5
nm NPs. This effect is likely caused by the drastic increase
in the magnitude of the nanospin carried by individual NPs
when the NP size increases. In theory, if ignoring surface
effects, this increase goes cubically with the particle size.
We estimated the nanospin moment for the 5 nm NPs to be
Mn ∼ 1400 µB, whereas for the 11 nm NPs, Mn ∼ 14000 µB,
which is ∼10 times stronger. The dipolar magnetic interaction
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FIG. 10. Relative antiferromagnetic (AFM)/ferromagnetic (FM) ratio vs H field at high and low T for (a) M5 and (b) M11.

between neighboring nanospins, which goes as E ∼ M2
n

p3 ,
increases quadratically with Mn. Assuming the interparticle
distance p is fixed, this dipolar interaction is amplified by
nearly a factor of 100 when increasing the NP size from 5
to 11 nm. The average interparticle distance p also increases
from 6.3 to 16.5 nm when going from M5 to M11. However,
even when accounting for the larger spacing, the dipolar in-
teraction still increases by about a factor of 5 when going
from 5 to 11 nm NPs. Consequently, the AFM correlations
are stronger for the larger 11 nm NPs than the 5 nm NPs.

VII. CONCLUSIONS

Our XRMS study of monolayers of magnetite NPs has un-
veiled nanoscale interparticle magnetic correlations within 2D
assemblies of nanospins that are unseen via other conventional
magnetometry techniques and difficult to access via SANS.
The XRMS data are particularly instructive when the net
magnetization is near zero (which occurs near zero field when
in the SPM state or near the coercive point when hysteresis
exists), and there is a question whether the nanospins are
randomly oriented or magnetically correlated.

If the magnetometry data show no hysteresis, it is gener-
ally assumed that, at zero magnetization, the nanospins are
magnetically uncorrelated, and magnetic randomness is ex-
pected. However, our XRMS data revealed that, even in the
absence of visible hysteresis, nanoscale magnetic interparticle
correlations between OOP nanospins may exist. Even to a
small extent (in the range of a few percent), these correla-
tions, invisible via standard magnetometry, can be detected
and quantified via XRMS. If, on the other hand, hysteresis
occurs in the magnetization loop, the hysteresis is commonly
attributed to various magnetic anisotropies within the NPs,
but little is known about the effect of possible interparticle
magnetic interactions. The XRMS technique allows us to vi-
sualize the nanoscale magnetic correlations at any point of the
magnetization loop and thus reveals the nature of the reversal

processes through the coercive point. Our XRMS data show
that, when applying OOP magnetic field, the hysteresis is ac-
companied by significant interparticle magnetic correlations
and that, at the coercive point, extended AFM ordering occurs
between OOP nanospins.

For both the 5 and 11 nm NPs, we found that, when
above their respective blocking temperatures TB, magnetic
randomness, where the nanospins may be pointing either OOP
or IP (nondetected), largely dominates when the magnetic
field is released back to zero, confirming the SPM nature of
the NP assemblies. However, when these NP assemblies are
cooled down below TB, significant OOP interparticle AFM
correlations emerge when the magnetic field is released. For
the smaller 5 nm NPs, even though no magnetic hysteresis
was observed at 15 K, AFM ordering covering up to 12%
of the assembly was detected. For the larger 11 nm NPs
that exhibit visible hysteresis below TB, more extended AFM
correlations covering up to 48% of the assembly were detected
at 20 K. These largely extended OOP interparticle magnetic
correlations can be physically explained by magnetic dipole
couplings, which favor the antiparallel alignment of neigh-
boring dipoles in the direction transverse to the connecting
segment.

Based on these findings, useful directions to investigate in
the future include further studying the possible role played by
interparticle magnetic interactions in the observed hysteresis
additional to internal magnetic anisotropies. One way to ac-
complish this is by varying the average interparticle distance
(adjusting the NP concentration) for a given NP size and
studying the resulting change in hysteresis and accompanying
XRMS signal. It would also be helpful to investigate the
dependence on NP size and shape. Additionally, it would be
interesting to compare the XRMS signal measured with an in
situ magnetic field applied IP vs OOP. This may help elucidate
the various magnetic contributions to the observed hysteresis
and nanospin orderings.

These experimental results may be used to further refine
the general modeling of the nanoscale magnetic behavior of
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a collection of nanospins, using a combination of Stoner-
Wohlfart type of models, with magnetic dipole couplings and
Zeeman interaction.

Finally, the XRMS tool can be useful for medical applica-
tions, such as hyperthermia, drug delivery, and gene delivery,
where functionalized encapsulated magnetic NPs are manipu-
lated via an external magnetic, and their collective response
strongly depends on the presence of interparticle magnetic
couplings. If interparticle magnetic couplings are undesired
in these applications, one could learn to eliminate or control
them by adjusting the NP size, structure, and environment. In
conclusion, nanoscale magnetic correlations in NP materials
are still largely unknown. The XRMS technique allows the
detection of interparticle magnetic correlations that cannot be

seen via standard magnetometry techniques and provides a
way to potentially control and tailor these magnetic correla-
tions for various applications.
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Figure 3.1 A collection of a ptychographic imaging data set. (a) Coherent illumination
incident from the left is locally confined onto an area of the sample. A detector downstream
of the sample records a diffraction pattern. (b) The sample is shifted (in this case, upwards)
and a second pattern is recorded. Note that regions of illumination must overlap with one
another to facilitate robust phase retrieval. (c) A whole ptychographic data set uses many
overlapping regions of illumination. (d) for each 2D illumination position (x, y), there is a
2D diffraction pattern (kx, ky) [14].

3.1 Introduction

The results presented in the previous chapter are based on scattering signals produced by millions of

NPs illuminated together by x-rays. These methods offer great value in extracting broad statistical

information about the properties of NP assemblies, but do not provide a direct view of the local

magnetic ordering. Ptychography provides a way to extract localized real-space images that we can

examine to probe local magnetic ordering.
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Figure 3.2 A synthetic example demonstrating the importance of Fourier phase in recon-
structing a signal from its Fourier transform (courtesy of [16, 17]).

Ptychography is a computational imaging technique that reconstructs images of samples by

processing overlapping diffraction patterns collected as a coherent probe scans across an object

(as shown in Fig. 3.1). The overlap between adjacent illuminated regions provides redundant

information which is essential for a robust and unambiguous phase retrieval process. This process

computationally reconstructs both the amplitude and phase of the sample’s exit surface wave [15].

Fig. 3.2 illustrates how significant the phase is to a resultant image by taking the phase of one image

and swapping it with the phase of the other, we can see that almost all of the structural information

about an image is contained in the phase [16].

Although modern ptychography emerged in the 21st century, its conceptual roots trace back to the

1960s and 1970s in electron microscopy and crystal structure determination [18]. Iterative algorithms

for ptychography, such as the ePIE (extended Ptychographical Iterative Engine), significantly

accelerated practical reconstructions and enabled widespread adoption in diverse imaging contexts

[19,20]. It is fundamentally a lensless imaging method with a broad range of applications, especially

in X-ray science, electron microscopy, and optical microscopy [21].
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Figure 3.3 Mounting of two rare earth magnets (indicated by red arrows) on the tip of
the sample holder to provide an in situ magnetic field for XAS and XMCD analysis. Red
arrows indicate the magnets, blue the direction of incident x-rays, and black the direction
of the applied magnetic field.

Advances in ptychography methods have enabled resolution in the nanoscale, making probing

NP behavior more accessible [22,23]. By exploiting the dichroism present in magnetic NPs, we can

resolve the magnetic texture of NP assemblies and better characterize the local behavior of these

particles for their many uses and applications [24]. This work utilizes ptychography to provide a

real-space picture of the magnetic ordering in our NP samples.

3.2 Stage Preparation

The magnetite NPs we use in this study were synethized in an organic chemical solution at BYU

by Dr. Roger Harrison, and at the University of Barcelona by Dr. Arentxa Rodriquez, and Dr.

Adriana Figueroas according to the methods described in their respective papers [10, 25]. In this

work we examine ptychographic reconstructions of three samples with average particle sizes of

approximately 18 nm, 45nm, and 68 nm diameters. The NPs were deposited on TEM membranes
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Figure 3.4 TEM images (collected at BYU) and x-ray ptychographic reconstructions
(obtained at COSMIC, ALS with 708 eV x-rays) of same regions of Fe3O4 nanoparticle
samples. (a) TEM image of a North America shaped vast monolayer region made of 18 nm
closed packed NPs (b-c) ptychographic reconstructions of various sub-regions: (b) Hawaii,
(c) Texas, (d) Quebec; (e) TEM image of an island made of 45 nm NPs; (f) ptychographic
reconstruction of the exact same region.

via a drop casting method with care to ensure the membranes were not overly saturated with NPs

and enabled to form islands of mono-layer regions.

In order to tune the illuminating x-rays to the proper resonant energy, we first carried out XAS

spectroscpy measurements to show XMCD in order to identify the relevant absorption edges. These

measurements require a way to expose the sample to an in situ magnetic field. We accomplished

this by mounting two small toroidal shaped rare earth magnets on either side of the sample wafer to

provide an out-of-plane magnetic field of about 500 Oe in magnitude. The mounting structure is

shown in Fig. 3.3
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3.3 X-ray Energy Tuning

To optimize the magneto-optical contrast in the scattering signal, the energy of the illuminating

radiation needs to be tuned to a resonance edge. This study uses the L3 edge of iron where the

greatest spin-orbit couplings occur in the Fe atoms. For magnetite Fe3O4, the XMCD signal is

expected to exhibit three sub-peaks corresponding to the octahedral and tetrahedral sites for the Fe

ions in the crystal structure and these three peaks have alternating signs in the XMCD signal. We

expect the magnetic scattering signals to alternate in sign as well when the energy is tuned to these

three peaks. If the sign of the signal in the dichroic ptychography reconstruction does switch sign

when changing the energy, it proves the magnetic nature of the dichroic image. Fig. 3.5 shows the

reconstructed x-ray absorption spectra (XAS) based on integrating STXM images collected over

the energy range [690-730 eV] of the sampled magnetite NPs and the dichroism that arises from

the opposite polarities of the illuminating x-rays. We successfully observed the three peaks in the

XMCD spectrum and as we move in energy across the peaks, we observed a sign change at the

middle of the three peaks.

3.4 Ptychographic Reconstruction and Dichroism

The ptychographic reconstructions were performed at the ALS using an automatic differentiation

based algorithm [26] to retrieve the phase, specifically the CDtools python library documented

here [27]. This method reconstructs the the exit surface wave and is represented in computation as a

complex valued (a+bi) array. Using this resultant array we can calculate two quantities. First, the

optical density

OD =−ln(A/A0)

with A being the amplitude calculated

A =
√

a2 +b2
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Figure 3.5 XAS and XMCD spectra extracted from STXM images under a magnetic field
H of ∼500 Oe (a) TEM image of the region studied: a compact cluster of 45 nm NPs.
(b) x-ray ptychographic reconstructions of the exact same region (c) STXM image of the
sub-region highlighted by the pink square shown in (a); (d) visualization of the pixels used
for the integrating the signal (in white) and of the region used for I0 (red line) to compute
the (e) absorption image and (f) dichroic STXM image. (b-f) all collected at the L3-Fe
resonance near 708 eV. (g) integrated XAS signal; (h) resulting smoothed XMCD signal
over 690-730 eV range.
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and A0 being the average amplitude of a subregion of the image containing no material for normal-

izing out any fluctuations in illuminating intensity. Second, we can also examine the phase of the

reconstruction image.

φ = arctan(b/a)

Because we have reconstructed images from opposite polarities of illuminating x-rays we can

examine the contrast between them in both dichroic optical density

ODdichroic = ODL −ODR

and differential phase

φdi f f = φL −φR

to isolate the magnetic texture and therefore infer the local magnetic ordering present in the samples.

Found within Appendix A is a proof showing how magnetic information can be retrieved from

diffraction data.

3.5 Results

Our approach demonstrates a viable way of using ptychographic methods to provide imaging

of the local magnetic ordering found in magnetite NPs. The magnetic ordering we see exhibits

behavior consistent with the XMCD spectrum in that it switches sign as we move the energy of

the illuminating x-rays through the absorption peaks shown in Fig. 3.6a. If we examine one of the

circled particles in panel (d) and follow it through the changes in energy (panels e, and f) we can

see the particle’s phase change sign just like what is predicted by the XMCD spectrum.

Additionally, we can observe an ordering that matches measurable statistics and which is pre-

dicted by the modeling methods described above [28]. Slice (a) through the image shown in Fig. 3.7

reveals a sequence of NPs that are aligned in an anti-ferromagnetic order, while slice (b) indicates



3.5 Results 35

Figure 3.6 Illustration of pure magnetic contrast on an assembly of 68 nm NPs. (a)
Zoomed-in view of the XMCD signal showing three resonances at E1=707.7 eV, E2=
708.7 eV and E3 = 709.7 eV; (b) Reconstructed absorption signal at E1; (c) Reconstructed
phase at E1; (d-f) Dichroic phase at (d) E1, (e) E2, (f) E3.

a cluster of particles that are ferromagnetically aligned with one another. The magnetic ordering

we observe is predominantly ferromagnetic ordering, but has small portions of antiferromagnetic

ordering that remains correlated out to approximately three to four particle diameters, exactly as our

correlation modeling predicts. Taking these observations into account, we can conclude that the

textures we see in the differential phase images are magnetic in nature.
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Figure 3.7 (left) Illustration of pure magnetic contrast for assembly of 68 nm NPs. (a) slice
of the phase contrast shown on the left along indicated line indicating anti-ferromagnetic
ordering. (b) Another slice through the phase contrast showing a more ferromagnetic
configuration of NPs.
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4.1 Introduction

The results discussed previously assume static magnetic systems, but in reality the magnetic config-

urations in our samples are dynamic. Understanding these dynamics is crucial for functionalizing

nanoparticle assemblies for their technological applications. Investigating the dynamic magnetic

behavior of magnetite nanoparticles requires tools capable of resolving both structural and magnetic

fluctuations on nanometer length scales and relevant timescales. Although techniques like pho-

tothermal magnetic circular dichroism have recently enabled the study of magnetization switching

in individual 20 nm magnetite particles [29], x-ray photon correlation spectroscopy (XPCS) offers a

complementary approach to characterize collective nanoparticle dynamics in situ.

XPCS is a powerful technique for probing nanoscale dynamics in condensed matter systems,

with applications extending to complex fluids, soft matter, and nanoparticles [30, 31]. The method

exploits the coherence of synchrotron or free-electron laser x-ray sources to measure temporal

fluctuations in scattered intensity, providing insight into slow dynamic processes on microsecond to

second timescales [32, 33]. Recent advances, such as nanofocused beams, have enhanced XPCS

sensitivity and resolution, enabling the study of nanoscale structural and magnetic fluctuations with

unprecedented detail [32, 34].

Here, we present an X-ray photon correlation spectroscopy study of magnetite nanoparticles of

various sizes throughout the superparamagnetic transition. This work aims to resolve nanoscale

fluctuations in magnetite nanoparticles, contributing to a deeper understanding of their dynamic

magnetic behavior with implications for both fundamental science and technological applications

[29, 32, 34].
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Figure 4.1 Illustration of our XPCS measurements on MNPs and data processing. (a)
Experimental setup for the XPCS measurement where monolayers of Fe3O4 NPs with
in-situ cooling and magnetic field are illuminated in transmission geometry by coherent
x-rays tuned to the Fe-L3 edge and a scattering pattern is collected on a CCD downstream;
(b) Zoomed-view on a collected scattering pattern showing speckles; (c) Cross-correlation
pattern between a pair of speckle patterns; (d) Two-time correlation map, where each pixel
represents the correlation degree between two speckle images collected at times t1 and t2.
(d) One-time correlation curve resulting from integrating the two-time map diagonally at
given time laps.

4.2 Setup and Sample

We focus here on two samples of magnetite nanoparticles to conduct our XPCS study, a 5 nm

sample manufactured at BYU as discussed in the previous chapters as well as a 18 nm provided by

our collaborators at the University of Barcelona; Dr. Arantxa Rodriguez, and Dr. Adriana Figueroas.

The 5 nm sample is made up of a closed-packed monolayer as seen later in Fig. 4.2a while the TEM

imaging of the 18 nm sample, shown in Fig. 4.4a suggests the nanoparticles are forming sparser

island monolayers. The speckle patterns for the XPCS study for these 5 nm and 18 nm samples

were collected at the NSLS-II and SOLEIL synchrotrons respectively.
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4.3 Methods of Correlation

XPCS relies on the cross-correlation of a time series of coherent speckle patterns. As discussed

above these speckle patterns constitute a unique fingerprint of the magnetic ordering present in the

sample. Cross-correlating a time series of these patterns allows us to extract how the magnetic

configurations change in time. The conventional method of correlation uses the g2 function

g2(q, t ′) =
< I(q, t)(q, t + t ′)>

< I(q, t)>2

where I(q, t) refers to the scattering intensity at the momentum vector q in reciprocal space at time t

and the < · · ·> refer to averages over time t. The quantity t ′ is the delay time. This work uses an

implementation of this method in the python library scikit-beam. The method is detailed more in

the published work of Lumma et al. [35], and the code documented here [36].

Additionally, we make use of a novel correlation method that can be used to better account for

many experimental errors and thermal drift that the sample might experience over the course of the

time series by doing a full spatial correlation of the speckle patters and integrating under the peak

(example peak shown in Fig. 4.1c)

ρ =
∑Ca,b√

∑Ca,a ∑Cb,b

where C refers to the cross-correlations operation between images (a,b, ...) and the ∑ symbol

represents the integration over the correlation signal. Here we use a small circular area around the

correlation peak as the area of integration in order to fully capture the correlation signal, but exclude

the sub-peaks related to correlation with neighboring speckles. In both correlation methods, any

multiplication of intensities is pixel-wise and we generate two-time maps of the time correlation as

illustrated in Fig. 4.1d.
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Figure 4.2 Results on 5 nm NPs (a) TEM image showing a monolayer of closed packed
NPs; (b) Field cooling (FC/ ZFC) curves collected under 100 Oe, indicating a blocking
temperature TB = 28 K; (c) speckle pattern collected at the Fe-L3 edge at NSLSII; (d)
Normalized time-correlation curves measured at T = 15 K, 40 K, 102 K and 205 K
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4.4 Results

Fig. 4.2 details the results of the XPCS study we carried out at the NSLS-II beamline. Panel b

features the FC/ZFC curve associated with our sample with points indicating the temperatures at

which we collected the time series. We examined the behavior of these particles at two temperatures

(15 K, and 40 K) near the blocking temperature, TB = 28K, and two additional temperatures (102 K,

and 205 K) well above TB = 28K. Across this temperature range, we observe an inverse relationship

between the characteristic fluctuation time and temperature. As the sample cools, the timescale

of the dynamics of magnetic fluctuations lengthens with a noticeable jump below the blocking

temperature where spin moments of the particles become progressively blocked from flipping.

Fig. 4.3 details a plot of the characteristic times as a function of temperature. Here we see the clear

decay in the rate of fluctuation as temperatures change with the timescales spanning an order of

magnitude ranging from approximately 130 s to 1900 s.

Additionally we show preliminary results for the 18 nm sample with data collected at SOLEIL.

Figure 4.4 shows the two-time map and correlation signals for these NPs. Fig. 4.5 details the

characteristic fluctuation time results so far as being between approximately 150 s and 1600 s. We

expect these times to be longer for 18 nm compared to 5 nm. We have other data on 11 nm NPs that

supports a similar superparamagnetic transition but has much greater values (103 to 104 sec) than

the 5 nm particles. The characteristic fluctuation times for the 18 nm NPs should be even greater

than the 11 nm NPs.

At the time of writing, we believe this discrepancy to be due to several potential factors. We

believe that there may have been issues related to the cooling of the sample and not giving sufficient

time to allow for the stresses induced by cooling the sample to stabilize. Additionally, this data

was collected using a CMOS detector that has periodic damage at spatial frequencies that may be

relevant to the correlations because of the sporadic, island nature of the sample. We are currently

investigating ways to mitigate these issues and this is a topic for further study.
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Figure 4.3 Map of the characteristic times for 5 nm NPs as a function of temperature
showing the overall trend in the dynamics of fluctuations showing a significant increase in
time scales as we decrease temperature, particularly below the blocking temperature (TB =
28 K)
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Figure 4.4 Preliminary results on 18 nm NPs (a) TEM image showing a monolayer
island of closed packed NPs; (b) Field cooling (FC/ ZFC) curves collected under 100
Oe, indicating a blocking temperature TB = 190 K; (c) two-time correlation map for
the CMR34 sample using speckle patterns collected at SOLEIL; (d) Normalized time-
correlation curves measured at T = 77 K, 120 K, 160 K, 200 K, and 300 K.
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Figure 4.5 Preliminary map of the characteristic times for 18 nm NPs as a function of
temperature showing the overall trend in the dynamics of fluctuations for NPs with (TB =
190 K)



Chapter 5

Conclusion

In this work, we have established the viability of computational modeling techniques to characterize

the inter-particle magnetic correlations in assemblies of magnetic NPs using XRMS data. Our mod-

eling of the NP assemblies at temperatures above and below their respective blocking temperatures

(TB) shows that when the applied field (H) approaches remanence, the nanospin carried by the

individual NPs tends to be randomly oriented though a non-negliable AF contribution is present in

the samples at temperatures below the blocking temperature. This behavior is consistent across both

the real space nanochain and empirical q-space fitting models and confirms the superparamagnetic

behavior of the material at T > TB. Additionally, it appears that the AF correlations are stronger for

the larger NPs compared to the smaller ones with the former’s AF/FM ratio 3 times larger.

The dichroic ptychography methods we use produce real space images that can be validated as

containing magnetic texture. The texture observed in the dichoric images has behavior consistent

with the expected sign flipping as we move through the energies of the XMCD spectra. Furthermore,

the dichroic images indicate that when magnetite nanoparticles form simple monolayer structures,

they can form antiferromagnetic ordering. The ordering observed in the images has correlation

lengths corresponding to several particle diameters, as predicted by our modeling methods.
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Our XPCS methods have quantified the characteristic time scales for 5 nm nanoparticles as

ranging from 130 s to 1900 s when the sample moves in temperature from below the blocking

temperature to approaching room temperature. These observations are congruent with expected

behavior, and while the results for the 18 nm particles are not fully realized and inconclusive,

the scale of their characteristic times are of similar but different magnitudes. This points to the

potential dependency of particle size on the characteristic time of nanoparticle dynamics of magnetic

fluctuations.

While this work provides much needed insight into the nanoscale behavior of magnetite nanopar-

ticles, there are still many ways the research can be built upon and expanded. First, regarding the

magnetic correlation modeling, we have additional data collected at the SOLEIL beamline which

comprises a set of data through both the ascending and descending branches of the magnetization

loops. Analyzing this data would allow us to map the AF and FM components of the NP assem-

blies throughout the full magnetization loop. This additional data also features samples where the

nanoparticles are more dispersed on the TEM membranes, which we could examine in order to

determine the effects particle density and interparticle distance might have on the magnetic orders

present in the sample.

Second, the results of the dichroic ptychography study can be improved. The Coherent Diffrac-

tion Imaging lab at BYU, headed up by Dr. Richard Sandberg, has made great progress in developing

in-house capabilities to perform ptychographic reconstructions. It is possible that the initial results

provided by the ALS team can be improved upon, specifically the reconstructions of the smaller

NPs, to achieve better resolution. With improved resolution we could also begin examining the

time series data we collected and piece together a real-space movie of the changing magnetic

configuration. Additionally, one of the challenges of ptychography is the non-linear warping of the

image that can occur through the reconstruction process. A robust way of handling diffeomorphic



48

image registration to better align images for dichroic analysis would be instrumental for further

research.

Finally, we can expand upon the XPCS study through the post-processing of the SOLEIL dataset

to potentially resolve the discrepancies in the results. Further work has also been done on more

NP sizes and these results could be folded into a comparative study on how particle size affects the

dynamics of magnetic fluctuations. Additionally, we could perform an analytical study comparing

and contrasting the two correlation methods we used in this work.

The x-ray based methods we have utilized in this work have enabled us to successfully probe

the nanoscale behavior of magnetite nanoparticles. Here, we provide a baseline characterization of

magnetic configurations and their dynamics of fluctuation in assemblies of various sizes, and while

these results are only part of the comprehensive whole, they can serve as the basis for new research.

We invite any future collaboration to further our understanding of magnetic nanoparticles.



Appendix A

Dichroism and Magnetic Ratio Derivation

X-ray magnetic circular dichroism proves to be an effective tool at extracting the magnetic signal

from scattering data. To do this, we use the theory of magnetic scattering where the scattering factor

f may be written as

f± = fc ± fm

with fc and fm are the charge and magnetic scattering factors respectively with ± representing the

helicity of the circularly polarized light in the plane transverse to propagation.

The scattering amplitude A of a nanoparticle assembly in a given direction q in the scattering

space can then be expressed as

A±(q) = ∑( fc, j ± fm, j)ei⃗q·⃗r j = fcsc ± fmsm = Ac ±Am

where the summation indexed by j is over all the atoms. We simplify the expression for the A by

introducing a charge and magnetic structure factor, sc and sm. These both respectively depend on

the spatial distributions of the charge and magnetism in the sample, and are both q dependent. The

scattering amplitude A can therefore be written as a sum of the charge and magnetic amplitudes
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Ac and Am. The scattering intensity I observed at the detector is related to the scattering amplitude

through

I± = |A±|2 = |Ac|2 ± (AcA∗
m +AmA∗

c)+ |Am|2

The scattering intensity is comprised of a pure charge term, |Ac|2, a pure magnetic term, |Am|2,

and a cross term whose sign is dependent on the polarization of incident light. We can exploit the

difference polarization has on the scattering to extract the magnetic contribution using a quantity

we call "magnetic ratio Rm" (modified from the standard dichroic ratio)

Rm =
I+− I−√
I++ I−

Where I+ and I− are the intensities associated with their respective helicities. The magnetic

component Am is typically small with respect to Ac which reduces the dichroic ratio to:

Rm =
AcA∗

m +AmA∗
c√

|Ac|2 + |Am|2
∼ AcA∗

m +AmA∗
c

|Ac|

The numerator can be further reduced but breaking the complex quantities Ac and Am into their real

and imaginary components.

fc = fc,1 + i fc,2 and fm = fm,1 + i fm,2

sc = sc,1 + isc,2 and sm = sm,1 + ism,2

The results of the x-ray absorption spectroscopy (XAS) collected on the magnetite nanoparticles

shows that at the energy chosen for our XRMS measurements (the third peak of our observed L3-Fe
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absorption edge), the real part of the magnetic scattering factor tends to vanish. Therefore, we

assume that fm,1 ∼ 0 in order to give Ac and Am the following form

Ac = ( fc,1 + i fc,2)(sc,1 + isc,2) = ( fc,1sc,1 − fc,2sc,2)+ i( fc,2sc,1 + fc,1sc,2)

A∗
c = ( fc,1sc,1 − fc,2sc,2)+ i( fc,2sc,1 + fc,1sc,2)

Am = ( fm,1 + i fm,2)(sm,1 + ism,2) = ( fm,1sm,1 − fm,2sm,2)+ i( fm,2sm,1 + fm,1sm,2)

A∗
m = ( fm,1sc,1 − fm,2sc,2)+ i( fm,2sc,1 + fm,1sm,2)

which leads to

AcA∗
m =−i fm,2(sm,1 − ism,2)[( fc,1sc,1 − fc,2sc,2)+ i( fc,1sc,2 + fc,1sc,2)]

= [− fm,2sm,2( fc,1sc,1 − fc,2sc,2)+ fm,2sm,1( fc,2sc,1 + fc,1sc,2)]

+ i[− fm,2sm,1( fc,1sc,1 − fc,2sc,2)− fm,2sm,1( fc,2sc,1 + fc,1sc,2)]

and

AcA∗
m +AmA∗

c = 2Re(AcA∗
m) = 2[− fm,2sm,2( fc,1sc,1 − fc,2sc,2)+ fm,2sm,1( fc,2sc,1 + fc,1sc,2)]

resulting in

Rm ≈
2 fm,2[sm,1( fc,2sc,1 + fc,1sc,2)− sm,2( fc,1sc,1 + fc,2sc,2)

| fc||sc|

The coefficients fc,1, fc,2 and fm are estimated with the XAS data using Kramer-Kronig transfor-

mations. sc,1, sc,2, sm,1, sm,2 are calculated with the Fourier transforms that are part of our model

for the charge density function, and magnetic density functions in a chain of Fe3O4 NPs. All these

quantities depend on the scattering vector q, so Rm does as well. In the end the modeled Rm(q) and

the experimental Rm(q) are compared and various parameters in the model are adjusted to make

the model match the experiment. In this process, the quantities sc,1, sc,2 (and the resulting |sc|) are
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concurrently evaluated by fitting the experimental charge scattering intensity:

(I++ I−)(q) = |Ac|2 + |Am|2 ≈ |Ac|2 = | fc|2|sc|2

Once the charge structural factors sc,1, and sc,2 are adjusted, the magnetic structural factors sm,1,

and sm,2 are adjusted by fitting Rm(q). A weight for the various magnetic components (FM, AF, and

random) is then evaluated as well as their respective correlation lengths.

Derivation courtesy of Dr. Karine Chesnel, and published in part in [13]
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