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Raman scattering (SERS) magnifiers,[4] 
in medical research as contrast agents in 
magnetic resonance imaging (MRI),[5] and 
as heating nanosources in magnetic hyper-
thermia for cancer therapeutics,[2] used for 
drug delivery[6] and magnetofection.[7]

MNPs have been proposed to remove 
arsenic from water in environmental 
applications.[8] Arsenic contamination is 
a problem found globally. Contaminated 
water consumption, for long periods 
of time, leads to major health issues.[9] 
While most existing removal technolo-
gies of arsenic in water are expensive and 
not easily accessible in developing coun-
tries, Parida et  al.[10] recently proposed 
iron oxide MNPs coated with chitosan 
to remove arsenic from water efficiently. 
The method takes advantage of the strong 
affinity of iron for arsenic,[11] leading to the 
adsorption of both arsenic forms, As(III) 
and As(V), on the large surface area of the 
iron oxide nanoparticles.

In the field of medicine and medical applications, one of the 
most promising technologies for targeted cancer therapy is the 
use of MNPs as targeted heating sources. Hyperthermia treat-
ments aim at locally increasing the temperature inside tumor 
tissues to eliminate target cancer cells without affecting the 
surrounding healthy cells and are often proposed in synergy 
with radiotherapy and chemotherapy.[12] Besides photothermal 
cancer therapies, where the excitation source is a laser which 
heats highly absorbent nanomaterials to create local heat 
spots,[13] magnetic hyperthermia uses MNPs exposed to 

A modified diamond–photonics based metrology is proposed to explore the 
magnetic fields created by agglomerates of magnetic nanoparticles (MNPs). 
MNPs are promising for environmental and medical applications; those pro-
posed for cancer magnetic hyperthermia treatments are small superparamagnetic 
<20 nm iron oxide particles. Inside cells, they assemble in larger MNP agglomer-
ates, reaching cross-sections of several micrometers. Here, these conditions are 
reproduced and MNP agglomerates immobilized. Optically detected magnetic 
resonance (ODMR) signals recorded without a bias field in a confocal micro-
scope and scanning across a homogenous shallow layer of fluorescent nitrogen-
vacancy centers in a bulk diamond sample placed in direct contact with the MNP 
agglomerates are used to determine magnetic fields with a spatial resolution of 
500 nm in a lateral direction. This spatial resolution allows determining magnetic 
field maps around individual MNP agglomerates, for which magnetic fields with 
strengths ranging from 0.03 mT to maximal 1.2 mT in the direct vicinity of the 
agglomerates and with detectable fields up to 5 µm away from the agglomerates, 
are determined. Based on the findings, a pathway to non-invasively study the 
micro/nano topology of MNP agglomerates is proposed.
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1. Introduction

Magnetic nanoparticles (MNPs) are used in several fields of 
science and technology, ranging from environmental studies[1] 
to medical applications.[2] Size and physicochemical proper-
ties of MNPs can be tuned depending on the application and 
present unique advantages in both sensing and tracking appli-
cations in complex environments. Depending on their compo-
sition or functionalization, MNPs have been used as catalysts 
for water splitting,[3] as electro-catalysts and surface-enhanced 
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alternating magnetic fields to induce local heating.[14] Recently, 
the spatial heat distribution inside live cells created by magnetic 
hyperthermia has been characterized by a nanothermometry 
approach in an in vitro environment,[15] where temperatures 
above 70  °C were measured after 37  min of alternating mag-
netic field treatment. One of the main advantages of the mag-
netic hyperthermia approach is that the activation can be done 
remotely using alternating magnetic field sources, which can be 
applied across the whole body. In contrast, the treatment with 
lasers is localized and thus mostly a strategy to treat cancer in the 
epidermis, upper skin layers, or in combination with additional 
surgery to be able to access the desired tissue areas.

Typically, magnetic hyperthermia uses small MNPs[16] 
(<20 nm), where the particles are in a superparamagnetic state. 
Additionally, bigger magnetic particles and nanoparticle aggre-
gates have been studied for different applications.[4] Larger 
MNPs show cellular uptake within the same time frame com-
pared to smaller nanoparticles, but show a faster endosomal 
escape toward the cytoplasm, most likely by breaking apart the 
endosomal membrane via a mechanical mechanism derived 
from their increased size.[16] Superparamagnetism is a form of 
magnetism, where the material exhibits an average null mag-
netization that changes to a magnetization similar to those of 
paramagnets, when subjected to external magnetic fields. The 
superparamagnetic property is considered crucial for medical 
applications, since magnetization-driven agglomeration of 
particles inside the body can imply devastating health con-
sequences. Iacovita et  al.[16] compared the properties of large 
MNPs with small MNPs for hyperthermia with a borderline 
superparamagnetic behavior.

Despite the wide opportunities of nanoparticles in various 
applications, their long-term effects both on the environ-
ment and on the human body are still largely unknown. The 
current knowledge on the MNP’s magnetization is mostly 
from ensemble MNPs in solution, where a realistic environ-
ment and/or aggregation of the particles themselves is not 
considered.

Here, we propose a characterization technology that allows 
the analysis of the magnetic field distribution and extension on 
the level of individual MNP agglomerates of the dimensions 
typically found inside of cells. Typical sizes were extracted from 
transmission electron microscopy (TEM) imaging studies of 
MNPs interacting with cells.[15,17,18]

We based the characterization of the magnetic fields on the 
well-known optical properties of nitrogen vacancy (NV) centers 
in diamond, which can be used to perform magnetometry, 
sometimes referred to as a quantum metrology technique. The 
NV center exists in two forms in nature, the neutral state NV0, 
and the negatively charged state NV−. In this work, we will refer 
to the negatively charged form as the NV center since it is the 
only form with magnetometry capabilities due to its triplet 
ground state, which can be optically initialized, manipulated, 
and read out.

The simplified electronic structure of the NV center ground 
state is presented in Figure 1a. This defect is composed of two 
triplet states, the ground and excited state, as well as a meta-
stable singlet state between the two. Both of the triplet states 
can be subdivided into three spin sublevels, ms = 0 and ms = ±1. 
The zero field splitting (ZFS) of the ground state is 2.87 GHz. 
The degeneracy of the ms = ±1 states can be lifted and the energy 

levels separated via Zeeman splitting (see Figure  1b). The NV 
center ground state is furthermore susceptible to strain. Strain 
parallel to the NV center axis (axial strain) increases the energy 
of the ms  =  ±1 states relative to the ms  = 0 state, while strain 
perpendicular to the NV center axis (transverse strain) breaks 
the symmetry in the ms = ±1 states, which results in splitting 
and mixing of these levels (see Figure  1a).[19] After being opti-
cally excited, the NV center can relax via two paths, the spin-
allowed radiative transition between the excited and ground 
states that produces red (≈630 nm) photoluminescence, or via 
an intersystem crossing (ISC) transition through an interme-
diary singlet state. While optical transitions are strongly spin 
conserving, meaning the spin state between transitions does 
not change when transitioning between excited and ground 
states, ISC transitions are mostly spin-selective, meaning that 
the probability of an electron with ms = 0 to transition through 
a singlet state is much lower than one with ms = ±1.

The  ground state Hamiltonian used to describe the system 
and its interactions can be simplified by disregarding the hyper-
fine interactions and reads as follows:

..2 2 2 BB SSH hDS hE S S gz x y Bµ( )= + − +  (1)

where z is the NV center symmetry axis, h is the Planck con-
stant, D and E are zero-field splitting parameters, and Sx, Sy, 
and Sz are spin matrices. The on-axis zero-field splitting para-
meter D is equal to 2.87 GHz and exists due to spin–spin inter-
action with temperature dependence;[20] while the zero-field 
parameter E is mostly dependent on local strain in the diamond 
lattice and varies between samples often influenced by the NV 
center fabrication procedures (e.g., laser writing, focused ion 
beam implantation).[21,22]

Quantum metrology based on NV centers in diamond ena-
bles high spatial resolution and high sensitivity in both mag-
netic field and temperature sensing. NV center based metrology 
has been explored in several fields, from medical to material 

Figure 1. Electronic structure of the negatively charged NV center triplet 
ground state with its zero field splitting of D = 2.87 GHz and its dependence 
on external parameters. a) Magnetic field-induced energy level splitting 
described by the Zeeman Effect where the corresponding energy gap can be 
translated to an absolute measurement of magnetic field; b) Strain-induced 
energy level splitting. In both cases, this system requires the application of 
microwaves to lift the ground level degeneracy in order to turn the system 
susceptible to external parameters and readout.
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sciences. It has been used to measure and map magnetic fields 
inside biological cells.[23,24] The system has been explored as a 
thermometer inside cells when coupled to gold nanoparticles[25] 
as well as a magnetometer in 2D materials by implementing 
this defect in an AFM tip.[26,27]

Previous works exploring this technology with MNPs mainly 
focus on single MNP detection using the quantum metrology 
properties of the NV center in diamond. Tetienne et al.[28] and 
Hatano et  al.[29] report on using MNPs on top of diamond 
slabs with implanted NV center layers close to the surface to 
measure magnetic fields produced by MNPs while external 
magnetic fields are applied. By using applied external mag-
netic bias fields (B0) to measure relative changes (∆Bz) in the  
magnetic field along the NV center axis (Bz) around MNPs  
following Bz  = B0  +  ∆Bz, both these works reach magnetic  
field sensitivity in the order of μT and nanometer spatial 
resolution.

In this work, we aim to explore the extraordinary spatial 
resolution and magnetic field sensitivity of NV center based 
magnetometry to reach the spatial scale of magnetic fields 
associated with single magnetic agglomerates of MNPs. While 
individual MNPs likely play a less dominant role in the heating 
process during magnetic hyperthermia, where cellular uptake 
of the MNPs leads to a clustering of many MNPs into agglom-
erates, we aim to reproduce the typical agglomerate dimensions 
and measure their spatial magnetization profiles along an XY 
lateral plane below the agglomerate.

To understand the ramifications of the remaining mag-
netic fields of agglomerates of MNPs, we aim to explore the  
magnetic fields created by individual MNP agglomerates by 
a bias-free optically detected magnetic resonance (ODMR) 
technique.

To this end, we immobilized MNP agglomerates within 
a stabilizing PVA film and performed ODMR experiments 
using an ensemble of NV centers embedded in a diamond 
slab. The MNPs in PVA were spin-coated directly onto the dia-
mond slab to ensure maximum proximity to the NV center 
layer. The magnetic dependence of the shallow and homog-
enously embedded NV centers across the XY plane above the 
sample is used to measure magnetic fields in the vicinities of 

the MNPs agglomerates. Thus, the magnetic field originating 
in the MNP agglomerate vicinities reaches the NV center layer, 
which is implanted 10 nm from the surface and allows sensing 
of the created magnetic field with high accuracy and reaching 
nearly optical diffraction-limited spatial resolution. With a spa-
tial resolution of 500  nm, we observed magnetic fields from 
MNP agglomerates detectable at distances up to ≈5  µm away 
from the surface of the MNP agglomerates. Our study reveals 
a remaining magnetization of the agglomerate between 30 and 
1200 µT with a magnetic field decay over distance following a 
1/r model from the agglomerate surface.

2. Results

The magnetic structures studied in this work are heterogene-
ously formed MNPs agglomerates composed of relatively uni-
form spherical magnetic nanoparticle aggregates (MNPAs) 
of Fe3O4 superparamagnetic MNPs (Figure  2). We charac-
terize the MNPAs by TEM and scanning electron microscopy 
(SEM) and extract the average size of the aggregates, agglom-
erates, and the relative distances between agglomerates in 
the films.

Based on TEM imaging, it is possible to observe the arrange-
ment of the MNPs with a mean diameter of 10  nm into 
nearly spherical-shaped particles with average sizes of 270 nm 
(Figure 2a). Using SEM, a larger perspective of the sample over 
an area of 12 by 9  µm is observable where a more heteroge-
neous arrangement of the 270  nm large spheres is observed 
(Figure 2b).

Thin films of MNPAs in PVA were prepared by spin-coating 
on top of glass and silicon substrates (See Figure S3, Sup-
porting Information) in order to achieve relevant nanoparticle 
agglomerate sizes that could be compared to agglomerates 
usually found inside the cells in magnetic hyperthermia treat-
ments, as well as in other applications, after cell–nanoparticle 
interaction. We perform a statistical analysis of the agglom-
erate size and distribution within a 4 by 3 mm large area in the 
PVA films using ImageJ particle analysis software. The average 
agglomerate diameter in the prepared films was 10.2 µm, with 

Figure 2. Morphological study of the MNPA and agglomerates used in this work; a) TEM image showing the inner structure of spherical 
MNPAs composed of Fe3O4 superparamagnetic MNPs; it is possible to notice the aggregation of smaller nanoparticles, with a mean diameter 
of 10 nm, into nearly spherical shaped particles with average sizes of 270 nm. b) SEM image of a heterogeneous larger agglomerate formed 
by MNPAs.
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a corresponding standard deviation of 9.70 µm, and the average 
distance between agglomerates was 101.56  µm. The size dis-
tribution of the agglomerates of MNPAs follows a lognormal 
distribution, a model commonly used for particle size distribu-
tion, and the high standard deviation value is due to outliers 
in the agglomerate population. The agglomerate size of MNPs 
inside of cells, evidenced in TEM studies,[15,17,18] amounts to a 
few micrometers. The produced agglomerates in PVA films 
reach relevant agglomerate sizes, with a statistical presence 
of agglomerates with less than 5  µm in diameter of 42% and 
with most of the agglomerate population (62%) with a diameter 
under 10 µm.

We study the magnetic hysteresis curves of both the 10 nm 
nanoparticles and the 270 nm MNPAs, which can be found in 
Figures S1 and S2, Supporting Information, respectively. The 
small 10 nm Fe3O4 nanoparticles that constitute the aggregates 
show a clear superparamagnetic behavior with almost null 
coercivity and remanence (See Figure S1, Supporting Infor-
mation). The aggregates or MNPAs composed of these super-
paramagnetic MNPs show a ferromagnetic-like behavior where 
coercivity and remanence likely arise from magnetic dipolar 
particle interactions (See Figure S2, Supporting Information). 
These particles have been used as comparison agents for hyper-
thermia treatments as they exhibit faster times of endosomal 
escape toward the cytoplasm. However, on the other hand, 
they display lower SAR values and clustering, which makes 
them less viable than superparamagnetic MNPs for this type of 
application.[16]

For ODMR measurements on agglomerates of MNPAs, the 
particles were immobilized in a PVA film following the estab-
lished spin-coating recipe to reach relevant size distributions 
of the agglomerates. The MNPA doped PVA film was pre-
pared directly on diamond to ensure a minimal distance to the 
shallow implanted NV center sensing layer inside the diamond 
slab. The ODMR technique relies on the photoluminescence 
dependency of NV centers to physical properties such as mag-
netic field, temperature, or strain in their vicinities and can be 
read out by a microwave sweep. Figure 3a exhibits a 3D repre-
sentation of the microwave delivery system within the sample 
holder used for ODMR experiments, including a photograph 
of the diamond placed on top of the gold antenna written on 
glass (inset). We visualize the measurement configuration in 
Figure 3b, where the cross-section of the microscope holder and 
the diamond, as well as, the agglomerates of MNPAs within a 
PVA film are represented. The NV center layer and the focal 
plane of our system are specifically outlined. The detection 
system, schematically shown in Figure  3c, is based on a con-
focal microscope (details can be found in the Experimental Sec-
tion). This technique allows for the visualization of the agglom-
erates during the experiment without the need for ODMR data 
analysis, while maintaining a spatial resolution of 500 nm since 
the agglomerates block the fluorescence originated in the NV 
center layer.

To calibrate the setup, a previously used diamond slab with 
an NV center layer was used to take ODMR traces for which 
the resulting fluorescence intensity is plotted against the 
applied radio frequency (RF) signal to enable the observation 
of the corresponding fluorescence dips. For this diamond, a 
characteristic single fluorescence dip at 2.87 GHz (Figure 3d1) 

is detected. Further measurements were then taken with a dif-
ferent diamond slab with implanted NV layers which show a 
split without an applied magnetic field (Figure 3d2). The occur-
rence of this splitting proves the existence of a zero-field split 
parameter E due to strain in the crystal lattice that is considered 
in the analysis of all measurements taken.

The limitation of the ODMR technique to measure mag-
netic fields without a bias field is mainly linked to the lack of 
spatial orientation regarding the measured magnetic field. The 
NV centers are located in a diamond lattice which implies four 
possible measurable orientations. Using an aligned bias field 
allows the observation of eight dips in an ODMR measurement, 
corresponding to the four possible orientations. Tracking small 
changes within each dip permits a magnetic field measure-
ment with complete spatial orientation but limits the measure-
ment if the magnetic field to be measured is by itself affected 
by the bias field as in the case of magnetization measure-
ments. In the experiments reported in this work, it is possible 
to observe the existence of more than two dips (Figure 4b1) in 
several ODMR traces due to contributions of other orientations, 
besides traces with two dips only (Figure  4b2). Since we are 
focused on the magnitude of the remaining fields, we track the 
dips which are located furthest apart from each other in order 
to obtain the more significant remaining magnetic field com-
ponent, disregarding contributions from other orientations, as 
seen in Figure 4b where the arrows indicate the chosen dips.

Two randomly chosen MNPA agglomerates in the PVA film 
on diamond were characterized using ODMR imaging. Fluores-
cence intensity maps represent the NV center emission across 
the shallow implanted NV center layer in the diamond located 
above the MNPA doped PVA film. Dark areas represent the loca-
tions of agglomerates of MNPAs that block the NV center emis-
sion on the way to the detector. Magnetic field characterization 
via ODMR measurements was performed along the highlighted 
lines crossing a randomly chosen agglomerate (Figure  4a). 
An ODMR measurement was taken at each 500  nm step of 
the image scan i) directly after a magnetic field was applied 
using a permanent neodymium magnet and ii) 2 h later. For 
case i) the corresponding normalized ODMR traces are shown 
in Figure  4b, and for ii) the data is given in Figure S4, Sup-
porting Information. A clear increase of the separation between 
the fluorescence intensity dips in the ODMR traces recorded 
in the vicinity of the MNPAs is observed, thus evidencing an 
increase of the magnetic field due to the magnetization of the 
particles themselves. By employing the Equations  2 and  5 to 
extract the fit parameters, the ODMR traces were translated into 
a magnetic field magnitude measurement shown in Figure 4c. 
Magnetic fields between 0.1 and 1.2 mT were calculated for both 
scenarios directly after and 2 h after exposure of the MNPAs to 
an external magnetic field. Even though it is possible to notice 
a small spatial deviation between the measurements due to spa-
tial drifting over time, the measurements do not have discern-
ible differences in the retrieved magnetization, thus revealing 
stable preservation of the magnetization of the MNPAs over 
time. An analysis of the magnetic field dependence over dis-
tance from the MNPA agglomerate surface (Figure  4d) shows 
relevant magnetic fields measured up to ≈5 µm away from the 
agglomerate. The magnetic field decay over distance follows a 
two-term power function model, 1 3

2= × +B C r CC  where r is the 
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distance to the agglomerate surface. The plotted Lines 1, 2, and 
3 in Figure 4d have the corresponding values for C2 = −1.2277, 
−0.8704, and −0.8496, and the corresponding R-squared values 
of 0.9649, 0.9470, and 0.9362. All three lines show a close to 1/r 
decay over distance, similar to the magnetic field decay created 
by a current passing through an infinite wire.

To further understand the created magnetic field due to 
MNPAs agglomerates, a second agglomerate was studied 

(Figure 5a). An ODMR measurement was taken at each posi-
tion of the 7.5 by 9.5  µm confocal fluorescence image with 
500 nm steps. By applying Equations  (2) and (5) to extract the 
relevant parameters from the ODMR traces at each point of 
the image, a magnetic field map was derived (Figure 5b). The 
magnetic field map shows the highest magnetic fields along 
the edge of the MNPA agglomerate, confirming that the meas-
ured magnetic field is dominated by the magnetization of the 

Figure 3. Experimental scheme and typical data retrieved in ODMR measurements; a) 3D representation of the sample holder used featuring a 
microwave gold antenna on glass; Inset: Photograph of the diamond slab with implanted NV centers on top of the gold antenna; for the experiments 
presented in this study, the RF signal was only applied in one of the antenna wires and the measurements were taken on the 20 µm bands between 
the adjacent antenna wires, where optical access is permitted b) Confocal sample scanning scheme in a cross section view: 1 – Diamond slab; 2 – NV 
center layer (red) and microscope focal voxel (green); 3 – PVA film with MNPA agglomerate and red fluorescence originated from the NV center layer; 
4 – glass substrate with microwave antenna; c) Scheme of the confocal fluorescence microscopy setup used to measure ODMR traces. The sample is 
excited with a 532 nm CW laser focused through a 100x objective while the RF generator sweeps through a sequence of frequencies synchronized with 
the red fluorescence detection originated from the NV center layer; d) ODMR measurements taken on two different diamonds with the same experi-
mental conditions (RF power, laser power, and distance from antnna); d1) Typical ODMR trace with no external magnetic field showing the characteristic 
fluorescence dip at 2.87 GHz on a diamond without strain; d2) ODMR trace taken on the diamond used in this study without external magnetic field. 
The splitting proves the existence of a zero-field splitting parameter E due to strain in the crystal lattice that is considered for all further measurements.
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agglomerate. The determined magnetic field strength ranges 
between 40 and 800 µT, with higher values corresponding to 
the pixels closer to the agglomerate.

A study of the magnetic field behavior over distance from the 
MNPA agglomerate is presented in Figure 5c for the three profile 
lines marked in Figure 5b. The magnetic field decay follows the 
same 1/r model used in the previous agglomerate. The plotted 
Profiles 1, 2, and 3 in Figure 5c have the corresponding values 
for C2  =  −1.2366, −1.2067, and −0.9679 and the corresponding 
R-squared values for each fit 0.9946, 0.9834, and 0.9498.

3. Discussion

In this work, it was possible to achieve magnetic field meas-
urements with a spatial resolution close to the optical diffrac-
tion limit while maintaining a μT magnetic field sensitivity. We 
show how NV centers in diamond can be used to characterize 

the magnetic field around individual MNPA agglomerates, 
which are not easily measured with traditional techniques, 
mostly restricted to magnetic properties of MNP solutions and 
powders. The approach presented in this work, where the perti-
nent sample is located between a fluorescent diamond slab and 
a glass substrate, and where the diamond is positioned with 
the NV center layer facing the objective, allows for confocal 
scanning microscopy combined with a quantum metrology 
approach of NV center based nanomagnetometry in a user-
friendly fashion. The dark features in the fluorescence images 
are caused by the magnetic agglomerates themselves blocking 
the NV center fluorescence signal on the passage toward the 
detector, thereby allowing the user to find the magnetic struc-
tures of interest directly in the fluorescence intensity images, 
rather than indirectly by their effect on the energy level splitting 
that can be observed after radio frequency sweeping and fit-
ting of the ODMR traces to determine local magnetization. The 
direct identification of MNPA agglomerates in fluorescence 

Figure 4. Magnetic field measurements along an MNPA agglomerate and corresponding magnetic field decay profiles (measurements taken immedi-
ately after magnetization of the sample). a) Confocal fluorescence intensity image with MNPA agglomerate blocking the NV center fluorescence; ODMR 
measurements were performed at each step of the highlighted lines; b) Examples of ODMR traces taken at different sample locations with b1) evidencing 
contributions of multiple NV center orientations by showing more than 2 dips and b2) being characteristic for a single orientation; Arrows mark the chosen 
dips selected to determine the parameters for the magnetic field map; c) Determined magnetic field along the three highlighted lines; center area in black 
corresponds to the MNPA agglomerate location, where it is not possible to detect fluorescence; d) Magnetic field decay over distance from the surface of 
the MNPA agglomerate; results of the three lines show remaining magnetic fields above a background level 5 µm away from the surface of the agglomerate.
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intensity scans is more convenient compared with the 
approaches shown in Tetienne[28] and Hatano[29] due to easier 
access/visibility of the particles/agglomerates and thus has 
some advantages, despite the fact that this method cannot be 
used to differentiate magnetic field orientations, which requires 
an external directional magnetic bias-field. Our approach ena-
bles the measurement of magnetic field maps around magnetic 
structures with extensions on the micrometer scale. For MNPA 
agglomerates of a few micrometers in size, the magnetic field 
decays rapidly away from the agglomerate surface following 
a 1/r dependency, while being detected until about 5 microns 
away from the agglomerate, covering an extensive volume 

around the agglomerate that might influence other materials, 
particles or objects in its vicinity.

The NV center layer used to probe the magnetic field is 
located in a shallow plane 10  nm from the surface of the 
diamond (see Figure  3c), which implies that the measured 
magnetic field is not in the same plane as the MNPA agglom-
erates but slightly above them since the MNPA agglomerates 
are within a PVA film spin-coated on the diamond surface. 
This small distance was considered negligible for the purpose 
of this work, but future works may take it into account in order 
to evaluate or analyze nanoparticle agglomerate morphologies. 
In Figure 5d, we provide an experimental concept to obtain the 

Figure 5. Second MNPA agglomerate studied and determined magnetic field map; a) Fluorescence intensity image with an MNPA agglomerate visible 
as a dark area, blocking the fluorescence from the homogenous NV center layer in diamond; b) Magnetic field map obtained by fitting each pixel’s 
ODMR trace and extracting the relevant parameters at each 500 nm step. The magnetic field map visually matches the corresponding intensity pattern 
recorded at lower spatial resolution. Determined magnetic fields range from 40 to 800 µT, with higher values located in the vicinity of the agglomerate 
and lower values further away, exhibiting a magnetic field decay over distance from the MNPA agglomerate. Image exhibits three randomly chosen 
profiles to analyze the magnetic field decay over distance from the agglomerate surface. c) Magnetic field decay over distance derived from profiles 
shown in (b). The three profiles follow a 1/r decay model ( 1 3

2B C r CC= × + ) over distance from the agglomerate surface with the corresponding values 
for C2 = −1.2366, −1.2067, and −0.9679 and the corresponding R-squared values for each fit 0.9946, 0.9834, and 0.9498. d) Schematic of proposed 
application – by combining the results presented in this work and using the experimental setup used in ref. [28] where the sample is placed onto the 
diamond with well-characterized MNPs that follow a magnetic field decay model; it should be possible to analyze the distance of the agglomerate to 
the NV center and thus map the topography of the agglomerate. 1) PVA film with agglomerates of MNPAs; 2) NV center layer and focal plane with a 
magnetic field gradient exemplifying the possible experimental output – showing a magnetic field map dependent on the agglomerate profile; 3) Bulk 
diamond with red fluorescence originated in the NV center layer; 4) Glass substrate.
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bottom side MNPA agglomerate topographies. The principle is 
based on the magnetic field decay model presented in this work 
combined with a modified detection geometry, where the NV 
center layer is positioned below the MNPA agglomerate layer.[28] 
This configuration will prevent the direct localization of MNPA 
agglomerates during imaging, as the intensity is expected to be 
homogeneous across the image, while the derived magnetiza-
tion image could be used to estimate the local MNPA agglom-
erate distances from the NV center layer.

Our study reveals that the aggregation of small superpara-
magnetic MNPs of <10 nm sizes leads to magnetic structures 
with persistent magnetization behavior reaching over an 
extended area after application of a magnetic field. The pres-
ence of magnetic fields around the agglomerates is expected 
because of the ferromagnetic-like behavior of the aggregates 
created by smaller particle-to-particle interactions.

These results imply that the use of superparamagnetic 
MNPs, that in solution seem to match the magnetic require-
ments for biomedical applications, such as in cancer magnetic 
hyperthermia treatment, remains challenging as they naturally 
form aggregates and agglomerates that induce particle–particle 
interactions and change their overall magnetic behavior.

Since MNPs are one of the most promising solutions in 
biomedical applications, this work will impact the evaluation 
of nanoparticles therapeutic applicability for hyperthermia 
showing for the first time, the distant magnetic field caused 
by agglomerates of sizes that realistically form inside of bio-
logical cells. The agglomeration of these particles is unavoid-
able when dispersed in fluids or when interacting with cells 
in the body. Implications and consequences of agglomeration, 
therefore, need to be thoroughly studied and understood before 
the implementation of this nanotechnology. Agglomerates 
in this study show a remaining magnetization over a >5  µm 
range, meaning they will interact with other particles both in 
tissue and in the bloodstream, which could cause severe con-
sequences in the normal body functions. This study further 
shows how micron-sized agglomerates of nanoparticles exhibit 
long-range magnetization, which could be exploited for envi-
ronmental purposes, for example, to more easily extract pol-
lutants from aqueous solutions using the magnetization of the 
particles to enable the adhesion of particles on to the MNPA 
and agglomerate surfaces.

4. Experimental Section
Sample Fabrication—Fabrication of MNPs: Iron (III) chloride  

(FeCl3 6H2O, 1.0  g, 3.7  mmol) was mixed with sodium acetate  
(2.7  g, 33  mmol) and the ethylene glycol (30  mL) in a 45  mL Teflon 
reactor. After 30  min, 1.1  g of polyethylene glycol (PEG, Mw 8000, 
0.14 mmol) was added, and the sample was further stirred for another 
30 min. The reactor was then mounted in a Parr autoclave, closed tight, 
and placed in the oven at 200 °C overnight. Next morning, the autoclave 
was allowed to cool down to room temperature before it was opened. 
The reaction mixture was transferred to a glass beaker, and a magnet 
was used to separate the MNPs from the solution. The magnetic product 
was washed twice with ethanol (50 mL) and once with water (50 mL), 
always using magnetic separation. Finally, the product was dried under 
vacuum and stored as a powder until further use.

Sample Fabrication—Fabrication of MNPA Films in PVA on Coverslip and 
Diamond: Thin films of MNPAs with PVA were prepared by spin-coating 

both glass and silicon substrates to understand agglomerate size 
distribution before spin-coating the diamond slab. The silicon substrates 
were mainly used for characterization of the films on a scanning electron 
microscope (SEM), while the glass was used for optical characterization 
on an optical microscope. The spin-coating was done at 3000  rpm for 
2  min with a 10 s ramp of 300  rpm s−1. The films were allowed to dry 
in the air for several hours. For the diamond sample, the exact same 
procedure as for the other substrates was followed.

Before spin-coating, all substrates were thoroughly cleaned by first 
washing them in a sonic bath with ethanol for 10 min and then washing 
them in another sonic bath for 10 min with mili-Q water. A vial with solid 
samples (powder) was provided, and a 1mg mL−1 solution was prepared 
by diluting 1 mg of MNPs in 1 mL of mili-Q water. After that, a solution 
with a concentration of 0.1 mg mL−1 was prepared by diluting 10 µL of 
the 1mg mL−1 solution in 90 µL of 1% PVA. The solution was prepared 
by first, 2  min sonic bath of the initial solution to avoid any particle 
agglomeration, followed by the preparation of the final solution and 
finally, 25 min sonic bath before spin-coating.

Confocal Microscopy Setup with ODMR Measurement Mode: The 532 nm 
continuous-wave laser passes through an oil immersion 100x, 1.4 NA 
microscope objective and is focused on the NV center layer in the diamond 
slab. In this work, a 200 by 200 µm area of a 2 × 2 mm2 bulk diamond 
sample – standard electronic grade diamond plate from Element6 with 
15N, implanted with 5 keV and doses between 1E11 – 1E12 ions.cm−2, which 
were subsequently annealed at 650°C in high vacuum – was used.

The sample was stationary in a 160  µm glass slide with gold lines 
for microwave delivery fabricated by photolithography (see Figure  3b), 
on top of an XYZ nanometer stage. The resulting fluorescence from the 
NV centers passed through the objective, followed by a dichroic and a 
pinhole, enabling the confocal property of the setup and was detected 
by an APD (Avalanche Photodiode). The photon counting was enabled 
by a National Instruments card (National Instruments NI-PXie 6323) 
which controls and synchronizes the microwave generation originating 
in the RF generator (Rhode and Schwarz SMR20) as well as controls the 
nanometer stage. The software used for the measurements was Qudi, 
a Python-based control software.[30] It allows both fluorescence imaging 
and single-point ODMR measurements that can be synchronized to 
obtain ODMR measurements at each point of a scan.

ODMR Experimental Settings: To record ODMR traces, the microwave 
frequencies were swept between 2.8 and 2.95  GHz with 1  MHz steps, 
while the NV centers were continuously excited with a green (532 nm) 
laser. The recorded fluorescence signal was synchronized with the 
frequency sweep in order to obtain counts per frequency. The integration 
time for each frequency step was 20  ms. Each continuous wave (cw) 
ODMR trace was averaged 20 times to improve signal-to-noise ratio, 
limiting the effects of laser instability or background noise, and to better 
observe the fluorescence signal dips in the relevant frequencies. For 
the experiments described in this study, the RF generator was set at 
−20 dBm of output power. The microwave path was composed of the RF 
generator, a one-meter long RG316 coaxial cable, a microwave amplifier 
(MiniCircuits: ZHL-16W-43-S+), a two-meter long RG316 coaxial cable, 
one SMA connector, and finally, the antenna. Taking into account the 
losses of all the elements in the microwave path, an RF power of 20 dBm 
reaching the antenna, was estimated.

Fitting of ODMR Traces and Strain Parameter: To extract the relevant 
parameters from an ODMR spectrum, a Lorentzian fit with four 
parameters (Equation (2)) was used to fit each of the dips.
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The difference, in frequency, between the two dips can be related to 
the presence of a magnetic field parallel to the defect orientation and 
can be translated into magnetic magnitude (Equation (3)):
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An additional E parameter of 1.784  MHz was determined for the 
used diamond. Depending on the magnetic field regime, different 
considerations must be taken into account. If gμBB ≫ hE, Equation (3) 
can be simplified as (Equation 4):

2
2 1B

x xf f

γ=
−

 (4)

where the ODMR frequencies linearly evolve with the magnetic field. 
But in the case of this study, where Bg B hEµ ∼ , the frequencies on 
the ODMR traces will evolve quadratically with the magnetic field,[22] 
therefore Equation (5) was used:
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Throughout the study, the E parameter obtained from the control 
measurements was considered in all the ODMR trace analyses.

Magnetic Field Sensitivity: In this work, a cw ODMR method was 
applied to measure magnetic fields. It was possible to estimate the shot-
noise-limited sensitivity of an NV center-based magnetometer using the 
continuous-wave method by the following expression:[31]

4
3 3

CW
e B CW

h
g

v
C R

η µ= ∆  (6)

where 4/(3√3) is a numerical parameter related to the specific profile of 
the spin resonance – a Gaussian profile would be √(e/8 ln2) ≈ 0.70 and 
a Lorentzian profile 4/3√3 ≈ 0.77; ∆ν corresponds to the linewidth of the 
dip, CCW represents the ODMR contrast, and R represents the photon 
detection rate.

For the ODMR signal represented in Figure 3d1, a photon detection 
rate of ≈3.5E5 photons s−1, a contrast of ≈15%, and a linewidth of 8 MHz 
which equates to a sensitivity ≈0.4 µT/√Hz (typical sensitivity found in 
refs. [32–34]) was observed.

For the ODMR trace in Figure  3d2 and all further experiments 
performed with the same diamond sample, an increase in photon 
detection rate but a decrease in the ODMR contrast was observed – also 
due to extra splitting in the NV center measurements due to the crystal 
strain. The photon detection rate was ≈7.5E6 photons s-1, the linewidth 
was ≈10  MHz, and the ODMR contrast dropped to 3%. Taking these 
values into consideration, a shot-noise-limited sensitivity of 0.5 µT/√Hz 
was reached.

Based on this estimated sensitivity, it should be possible to detect 
a 0.5 µT signal with a signal-to-noise ratio of 1 after about a second of 
signal integration. Here, 20  ms of acquisition time per frequency step 
was used and the frequency sweeps were repeated 20 times, resulting in 
400 ms integration time.

The minimum detectable frequency shift for the authors’ experiment 
was also detected and, consequently, the minimum magnetic field shift 
possible to record, which is given by[35]

2
w a

C RTCW

∆ ≈  (7)

where a is half of the FWHM and T is the integration (or interrogation) 
time.

For an integration time T, of 400  ms and an FWHM of 10  MHz, a 
minimum detectable frequency shift of 48  kHz was detected, which 
corresponds to a minimum detectable magnetic field shift of 1.72 µT.
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