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ABSTRACT

Quantum diamond microscopy is an emerging versatile technique for studying the magnetic properties of materials. It has been applied
extensively in condensed matter physics and materials science and has blossomed into a unique platform for the magnetic study of biological
systems. To date, biological demonstrations of quantum diamond microscopy have been performed under ambient conditions. Here, we
extend this magnetic microscopy platform to cryogenic temperatures to study magnetic anisotropy and the blocking temperature from an
individual iron organelle found within the inner ear of pigeons. Our work confirms that the interface between thin histological tissue sections
and diamond can be maintained under cryogenic temperatures. Our magnetic images provide evidence of magnetic anisotropy from a single
iron organelle with sub-cellular resolution using this correlative optical imaging method. This approach may be extended to a broad range of
systems where magnetic materials play structural and functional roles in biological systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0114998

Iron is a crucial element for the structure and function of living
systems. Our current understanding of bio-engineered iron materials
has been shaped by techniques that allow us to probe the elemental
structure and magnetic properties of these materials. The majority of
magnetic studies into bio-engineered iron minerals have been under-
taken using vibrating sample magnetometry and M€ossbauer spectros-
copy.1,2 These studies typically require the magnetic material to be
excised from the biological sample with large numbers of particles
required to achieve sufficient magnetic sensitivity. This has two main
limitations in the study of biological systems. Excising the magnetic
material from the biological tissue is prone to sample contamination,
and moving the magnetic material removes the possibility of

correlating the magnetic properties back to a precise anatomical loca-
tion within the tissue sample.3 Alternate high resolution magnetic
imaging platforms, such as nanoSQUIDs and magnetic force micros-
copy, have been developed and applied to study the magnetic proper-
ties of 2D and 3D materials.4 Application of these magnetic imaging
platforms to biological systems suffers several limitations. For example,
magnetic force microscopy is a scanning technique, resulting in large
measurement times in cases where biomagnetic particles are sparsely
populated,5 while using an array of SQUIDs instead of a scanning
SQUID reduces the spatial resolution achievable with the technique.6

The negatively charged nitrogen-vacancy (NV) center in dia-
mond is an optical color center, which is used as a sensitive and
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versatile magnetic field sensor and has found numerous applications
in biology.7–10 Single NV centers in diamond have been used to probe
the temperature dependent magnetic properties of single iron contain-
ing proteins such as ferritin.11 The efficacy of the single NV approach
depends on there being a sufficient density of proteins on the diamond
surface to ensure an adequate magnetic interaction between the single
NV center and the target molecule or complex. For biological tissue
samples, where iron biominerals are sparsely distributed, an alternate
approach is required. To complement these technologies, we adapt
quantum diamond microscopy methods12–16 to demonstrate that this
platform is suitable to characterize thin histological samples of biologi-
cal tissue at cryogenic temperatures with controlled background mag-
netic fields. The acquisition of high resolution magnetic images across
the entire sample surface mitigates problems arising from limited mag-
netic interaction between an individual NV and a magnetic sample of
interest. Furthermore, the transparency of diamond allows brightfield
images of the biological tissue to be performed, which enables particu-
lar regions of interest to be identified. The optical nature of the imag-
ing method conveniently allows the magnetic signals identified in a
biological sample to be correlated to the anatomical location, thereby
reducing the likelihood of false positives. The diffraction limited spatial
resolution and parallel imaging also allow for wide fields of view to be
explored over relatively short times compared to the aforementioned
scanning techniques.

In this work, we prepare thin histological sections of the pigeon
inner ear. These sections are known to contain small numbers of sub-
cellular iron-based organelles referred to as cuticulosomes. We apply
quantum diamond microscopy to study the magnetic properties of
these materials from ambient to cryogenic temperatures to explore the
blocking temperature and magnetic anisotropy of these organelles.

Magnetic microscopy is performed down to 15K which covers the
estimated blocking temperature for iron biominerals, such as ferrihy-
drite. The thin histological sections of the inner ear are transferred
onto a 100lm thick diamond sensing chip, which contains a 2D layer
of negatively charged nitrogen-vacancy (NV) centers at a depth of
10 nm and with an areal density of 1011 cm�2.17,18 The NV layer was
engineered by implanting nitrogen ions into an electronic grade dia-
mond with an energy of 4 keV and a dose of 1013 cm�2. The diamond
was subsequently annealed at 1000 �C in vacuum for a duration of 4 h
to maximize NV center generation. The array of NV centers is used to
produce 2D stray magnetic field images of the biological tissue sample.
The magnetic images can be recorded from room temperature down
to 15K using our custom widefield quantum diamond microscope.
The cryogenic system is equipped with a vector magnet that can apply
an oriented background magnetic field up to 2500G, along any of the
four NV h111i crystallographic axis. By varying the temperature and
applied background magnetic field, we can probe the magnetic anisot-
ropy and blocking temperature of individual iron cuticulosomes
located within the inner ear of a pigeon.

To perform magnetic microscopy, we start by preparing 500nm
thick histological samples taken from the lagena of adult pigeons as
described in the Experimental Details section of the supplementary
material. Tissue sections were transferred individually onto the dia-
mond imaging chips via a drop of bi-distilled water using a small wire
loop to hold the tissue sample. Sections were air-dried under a stereo-
microscope to ensure flat mounting, with the flatness of the sample
mount being checked following cooling and reheating. The diamond
imaging chip contains a layer of NV centers located approximately
10 nm below the surface as shown in the inset of Fig. 1(a). Figure 1(b)
shows a schematic diagram of the NV center in diamond and its

FIG. 1. Experimental design. (a) Thin sections were taken from the lagena of a pigeon and transferred to diamond imaging chips. The scale bar represents 0.5 mm. (b) The
diamond and sample is placed in a cryogenic fridge. A 532 nm excitation laser is used to initialize and read the spin state of the NV centers. The diamond imaging chip sits
atop a glass coverslip onto which a gold microwave resonator is printed to provide spin state control. A dichroic mirror is used to separate the NV fluorescence from the excita-
tion. The NV fluorescence is imaged on an sCMOS camera. Fluorescence maps imaged under carefully designed NV spin state control schemes allow for maps of the mag-
netic field at the NV layer to be produced. The inset presents a schematic of an NV center in diamond. (c) Optically Detected Magnetic Resonance (ODMR) is performed over
temperatures ranging from room temperature to 15 K and over a range of applied magnetic fields. Fluorescence drops occur where the microwave frequency relates to a transi-
tion between the j0i and j61i spin sub-levels and magnetic field maps are calculated from resonant frequency maps.
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associated ground state spin levels. The NV center is typically excited
off resonantly using 532nm excitation. The resulting fluorescence has
a zero-phonon line at 637 nm and a broad phonon assisted sideband
extending out to 800nm. Optical spin state initialization and readout
is enabled by a non-fluorescent decay route which is coupled to the
j61i spin states of the excited state manifold and the j0i spin state of
the ground state manifold. This combination of properties is leveraged
to precisely determine the position of the ground state j61i levels
using a protocol known as optically detected magnetic resonance
(ODMR).19 The j61i spin states of the NV center Zeeman split in
the presence of a magnetic field with a gyromagnetic ratio of
cNV¼ 2:8033 MHz G�1.20 We take advantage of this property to
report local magnetic fields experienced by ensembles of NV centers
within the sensing layer. Stray magnetic field images are obtained by
measuring the ODMR spectra at each imaging pixel using a custom
widefield microscope. The widefield microscope separates the NV
fluorescence from the excitation light via a dichroic mirror and a
650–750nm bandpass filter. The resulting NV fluorescence image is
captured using an sCMOS camera, as shown in Fig. 1(b). The ODMR
spectrum is obtained by taking a series of NV fluorescence images
while stepping through a range of microwave frequencies as described
in de Gille et al.16

We start by obtaining stray magnetic field images of the thin his-
tological sections at room temperature before transferring the sample
to our cryogenic widefield microscope where the same series of experi-
ments are repeated at temperatures down to 15K. Brightfield images
were taken before and after the measurements and no evidence of
delamination or other temperature induced sample deterioration was
observed. Furthermore, the sensitivity and resolution of the magnetic
microscope was maintained at cryogenic temperatures, confirming the
integrity of the interface between the histological section and the dia-
mond surface. The stray magnetic field maps were obtained over a
range of applied magnetic field strengths (30–2500G), directions (the
four h111i crystallographic orientations of diamond), and tempera-
tures (15–330K) as indicated in the schematic shown in Fig. 1(c).

Cuticulosomes are quasi-spherical iron-rich structures located
within the sensory hair cells in the inner ear of a range of avian species
and were reported subsequent to the inner ear being implicated in
pigeon magnetoreception.1,16,21 Our previous work, conducted at
ambient temperatures and with a fixed magnetic field alignment, mea-
sured the magnetic susceptibility of individual cuticulosomes.16 Here,
we explore the magnetic properties under various applied background
field strengths and orientations at cryogenic temperatures to probe the
level of magnetic anisotropy from an individual sub-micron magnetic
particle.

We begin the magnetic characterization by obtaining a series of
stray magnetic fields maps from an individual cuticulosome with a
background field (B0 ¼ 2500G) aligned along each of the four NV
crystallographic axes at 15K. The low temperatures at which the mea-
surement was undertaken enabled the use of a superconducting vector
magnet, allowing for precise magnetic field alignment to be achieved
within minutes. The resulting magnetic images are shown in Fig. 2(a).
Figure 2(b) presents linecuts taken through the corresponding stray
magnetic field images. The double Gaussian fits provide a metric to
quantify the strength of the stray magnetic field. The spatial profile
and stray magnetic field strength is found to be dependent on the
angle of the applied B0, indicating that magnetic anisotropy is present

in an individual cuticulosome. The magnetic anisotropy can originate
from one or a combination of magnetocrystalline effects, shape anisot-
ropy, and surface effects. To understand the observed magnetic anisot-
ropy, we adapt the theoretical model that we developed in our
previous work,16 which describes the magnetic interaction between an
iron cuticulosome and the NV sensing layer. We begin with a simula-
tion of a single cuticulosome with no magnetic anisotropy. The simu-
lation parameters are as follows: cuticulosome diameter d¼ 365nm,21

distance above the above the diamond NV sensing layer h¼ 215.5 nm,
an applied B0 ¼ 2500 G, and a volume susceptibility, vv ¼ 0:095. The
magnetic field at the NV layer due to a cuticulosome was then calcu-
lated as a dipole field,

BcðrÞ ¼
vvVB0

4p
3rðm̂ � rÞ

r5
� m̂

r3

� �
; (1)

where m̂ is the magnetization direction of the cuticulosome, and V is
the volume of the cuticulosome.

The model was then extended to include magnetic anisotropy by
separating the magnetic susceptibility of individual iron complexes,
which comprise a single cuticulosome into components aligned paral-
lel and perpendicular to the easy axis of the particle. Simulations were
performed by varying the easy axis and degree of magnetic anisop-
tropy to obtain qualitative agreement between the simulated outputs
and the measured magnetic field images [see Figs. 2(c) and 2(d)]. In
this implementation, the uncertainty in the height of the cuticulo-
somes above the NV layer and the radius of the particle inhibits the
determination of a unique parameter set which best matches the
experimental data; however, the model supports the qualitative finding
of magnetic anisotropy within the magnetic material and sets a lower
bound of the magnetic anisotropy of the cuticulosome of va

vb
> 2,

where va and vb are the magnetic susceptibilities along the easy and
hard axes, respectively.

The temperature dependence of the magnetic properties of an
individual cuticulosome can provide additional insight into its compo-
sition. In particular, the blocking temperature of a material details the
temperature at which the magnetization becomes fixed and can be
interpreted using N�eel relaxation theory. The relaxation time of the
magnetic moment of a uniaxial magnetic particle is given by

s ¼ s0 exp
KV
kBT

� �
; (2)

where s0 is the pre-exponential factor, K is the constant of anisotropy,
V is volume, kB is Boltzmann’s constant, and T is temperature.22

The temperature and volume of a magnetic particle impact the
rate at which its magnetization flips. The specific combination of these
two parameters that prevent magnetization flipping over a given time
frame are known as the blocking temperature and volume, respectively
(see the supplementary material for magnetic fluctuation spectra of
iron oxide minerals). In terms of biogenic iron complexes, ferrihydrite
is known to exist with granule sizes in a range between 1.5 and 10nm
resulting in blocking temperatures of 25K.23,24 Dynamic light scatter-
ing experiments performed on biogenic magnetite crystals have
revealed size distributions ranging from 5 to 18nm,25 corresponding
to a blocking temperature range of 12–85K. Our previous work indi-
cates that the magnetic susceptibility of cuticulosomes is greater than
would be achieved from a solid sphere packed with ferrihydrite and
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less than a solid sphere of magnetite.16 The susceptibility measure-
ments corroborated studies conducted by Nimpf et al. which found
that cuticulosomes are likely to contain multiple iron oxide species.26

To investigate the blocking temperature of an individual cuticulosome
we applied a background magnetic field, B0 ¼ 2500G, along a single
NV axes at 15K and measured the resulting stray magnetic field as
shown in Fig. 3(a). The strength of the applied magnetic field was then
reduced to 35G, and the stray magnetic field from the particle re-
measured [see Fig. 3(b)]. The linecuts taken through the particle are
shown in Fig. 3(c) and reveal no remnant stray magnetic field at 15K
with an applied field of B0 ¼ 35G. This indicates that the magnetiza-
tion is relaxing on a timescale much faster than the acquisition time of
the measurement, in this case, 120min or 10�4 Hz. This result indi-
cates a maximum possible magnetite crystal size of 9.4 nm and is con-
sistent with the mounting evidence that these particles contain
multiple iron oxide phases.

Finally, the stray magnetic field amplitudes as a function of
applied field were measured at 15 and 300K and are shown in Fig.

3(d). The magnetic response from the cuticulosome at both tempera-
ture indicates that TB is below the temperatures reached. However, we
note that the temperature within the tissue sample is a best estimate
based on previous measurements using the same temperature sensor
configuration and may differ slightly (<10K) from the true
temperature.27

In this work, we demonstrate how quantum diamond micros-
copy can be applied to image and characterize magnetic material
found within thin biological tissue samples across a wide temperature
range. In particular, we show how this imaging method can be applied
to study the magnetic anisotropy and magnetic relaxation of sub-
cellular magnetic particles found within the inner ear of pigeons. The
observed anisotropy in these materials may arise from the presence of
a shape anisotropy, magnetocrystalline effects, surface effects, or a
combination thereof. We develop a semi-analytic model to predict the
level of magnetic anisotropy based on varying magnetic contributions
from elements aligned parallel and perpendicular to the easy axis of a
single iron cuticulosome. The model provides qualitative agreement

FIG. 2. Magnetic anisotropy is investigated by implementing ODMR with four distinct applied field directions at 15 K. (a) Each of the four frames corresponds to the applied
magnetic field B0 ¼ 2500G being aligned with one of the four diamond crystallographic axes. The gray arrows represent the projection of the applied magnetic field on the
x–y plane. (b) Linecuts taken through the center of magnetic features with a double Gaussian fit. (c) Simulated stray magnetic field image of an anisotropic magnetic particle
with an applied magnetic field aligned along each of the four crystallographic axes. (d) Linecuts taken through the simulated magnetic features. The side length of all images is
13 lm.
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with the measured stray magnetic fields from the cuticulosomes.
Further investigation into the magnetic susceptibility of these particles
showed no discernible difference in the susceptibility measured at 15K
vs room temperature, suggesting that the blocking temperature of
these materials is lower than that achieved in this work. The method-
ology employed here can be replicated to analyze other sub-micron
magnetic structures where the anisotropy barrier and magnetic anisot-
ropy are unknown. Cuticulosomes gained initial research interest as a
potential site of magnetic particle mediated magnetoreception.21

Although cuticulosomes do not appear to have a sufficiently large
magnetic susceptibility to mediate a magnetoreceptive response, mea-
surement of both magnetic susceptibilities and magnetic anisotropies
is important for the analysis of other putative particle based magneto-
receptors.3 There is scope for the technique developed here to be used
in concert with techniques used to analyze particle size and shape, as
magnetic anisotropy, magnetic relaxation, and particle geometry are
interrelated properties. Examples of which include the study of thin
films,28 magnetic geological samples,29 and the study of single super-
paramagnetic nanoparticles.30 Future advancements of the method
introduced here include increasing the brightness of the quasi 2D NV
layer by increasing the thickness and density through multiple ion
implantation runs or via controlled CVD growth and subsequently
electron irradiation. The application of alternate optical and micro-
wave pulse sequences may also be applied to reduce the measured
ODMR linewidths allowing greater magnetic sensitivity. Methods to

determine the distance between the sensing layer and magnetic par-
ticles would allow more precise determination of the magnetic proper-
ties of the particle and will be explored in future work. The successful
interfacing of biological tissue samples with the diamond imaging chip
at cryogenic temperatures does, however, show that quantum dia-
mond microscopy has an important role to play in the characterization
of a host of bio-magnetic materials.

See the supplementary material for further description of experi-
mental details and the theoretical modeling.
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FIG. 3. Temperature dependent magnetic properties of cuticulosomes. (a) Stray magnetic field produced by a cuticulosome at 15 K with an applied magnetic field of 2500G.
(b) Stray magnetic field produced by a cuticulosome at 15 K with an applied magnetic field of 40 G. (c) Linecut through the magnetic feature. A double Gaussian function is fit
to the data to extract a measure of the strength of the stray magnetic field. (d) Stray magnetic field strength vs applied magnetic field taken from the same cuticulosome at
room temperature and at 15 K. Images are 13� 13 lm2 in size.
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