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Bubbles have a rich history as transducers in particle-physics experiments. In a solid-state analogue,
we use bubble domains in nanomagnetic films to measure magnetic nanoparticles. This technique can
determine the magnetic orientation of a single nanoparticle in a fraction of a second and generate a full
hysteresis loop in a few seconds. We achieve this high throughput by tuning the nanomagnetic properties
of the films, including the Dzyaloshinskii-Moriya interaction, in an application of topological protec-
tion from the skyrmion state to a nanoparticle sensor. We develop the technique on nickel-iron nanorods
and iron-oxide nanoparticles, which delineate a wide range of properties and applications. Bubble mag-
netometry enables precise statistical analysis of the magnetic hysteresis of dispersed nanoparticles, and
direct measurement of a transition from superparamagnetic behavior as single nanoparticles to collective
behavior in nanoscale agglomerates. These results demonstrate a practical capability for measuring the
heterogeneity and interaction of magnetic nanoparticles.
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I. INTRODUCTION

Nanoscale manipulation is increasingly important in
medicine, manufacturing, and sensing [1–3]. In environ-
ments where direct contact with a manipulator is unde-
sirable, such as in living beings, nanoparticles enable
remote manipulation [4–7]. Magnetic nanoparticles are
particularly useful [8–17] due to their biological compat-
ibility, ease of synthesis, and coupling to external fields
[9,18,19]. This provides motivation for new measurement
technology, as bulk magnetometry [20,21] cannot readily
resolve the heterogeneous properties of single nanopar-
ticles, whereas single-particle techniques that are more
specialized [22–28] often require meticulous preparation
and are impractical for statistical analysis, which is critical
for quality control and practical application [29].

Magnetic bubble domains have been demonstrated as
field sensors for memory devices [30–32] and for nanopar-
ticle magnetometry [33,34]. However, these recent mea-
surements did not achieve significantly higher throughput
or greater sensitivity than other single-particle techniques.
Here, we advance bubble magnetometry to measure single
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nanoparticles in real time, requiring only a few seconds
to obtain a full hysteresis loop, which is orders of magni-
tude faster than other magnetometry techniques [23,27]. In
our technique, nanoparticles nucleate bubbles in a nano-
magnetic film with perpendicular anisotropy. We expand
the bubbles by applying a field of a few millitesla per-
pendicular to the film, and then measure the bubbles
by magneto-optical-Kerr-effect (MOKE) microscopy. The
perpendicular anisotropy of the sensor film enables simul-
taneous and independent modification of the magnetic state
of the nanoparticle for hysteresis measurement, in contrast
to techniques with higher spatial resolution [35,36].

We tune both the coercive field μ0Hc and the
Dzyaloshinskii-Moriya interaction (DMI) of our films to
detect millitesla fields over sensor areas of less than
1 µm2. The DMI provides topological protection from
the skyrmion state of the bubbles, increasing the sensitiv-
ity and selectivity of bubble nucleation. These improve-
ments enable precise statistical analysis of magnetic hys-
teresis loops of single dispersed nanoparticles, elucidat-
ing the propagation of heterogeneity from dimensional
to magnetic property distributions. Furthermore, bubble
magnetometry enables direct measurement of the tran-
sition in hysteresis from superparamagnetic behavior of
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single nanoparticles to collective behavior in agglomer-
ates, which is relevant to cancer hyperthermia.

II. MATERIALS AND METHODS

A. Sensor tuning

Tuning the nanomagnetic properties of trilayer platinum-
cobalt-platinum films increases their sensitivity and selec-
tivity for transducing magnetic fields from nanoparticles
into bubbles. After growth of the trilayers, we reduce
their magnetic anisotropy [37], and thus bubble nucle-
ation energy, by exposure to argon-ion irradiation. For the
most sensitive measurements, we spatially vary the expo-
sure dose [33,38,39] to obtain film regions near the spin-
reorientation transition [39,40], where the film undergoes a
phase transition and therefore has maximal susceptibility.
To further increase sensitivity and selectivity, as we dis-
cuss below, we tune μ0H DMI to be negative, by selecting
the irradiation energy to be between 80 and 110 eV [41].

B. Sample nanoparticles

Nickel-iron alloy nanorods [33,42] and iron-oxide Johns
Hopkins University (JHU) nanoparticles [43] delineate
a wide range of relevant properties and uses. Nanorods
of similar dimensions are potentially useful for magnetic
actuation [44] and superconductivity [45]. JHU nanopar-
ticles are useful for magnetic resonance contrast imag-
ing [46] and magnetic hyperthermia for cancer therapy
[47,48]. We initially characterize the samples by scanning
electron microscopy (SEM) (see Supplemental Material S1
and S2 [49]). The nanorods are cylindrical, with lengths
of 3.9 ± 0.5 µm and diameters of 220 ± 30 nm. Single
JHU nanoparticles are aggregates of iron-oxide crys-
tallites, resulting in irregular shapes with approximate
diameters of 100 ± 50 nm. Size distributions are mean val-
ues ± standard deviations. Details of sample preparation
are in Supplemental Material S3 [49].

C. Signal transduction and amplification

We confirm the process of signal transduction and
amplification. After deposition on the film, an anisotropic
nanoparticle such as a nanorod with magnetization M
[Fig. 1(a), red cylinder] generates a fringe field B [Fig.
1(a), blue arrows]. B can be hundreds of millitesla at the
underlying film, nucleating a bubble [Fig. 1(b), white cir-
cle] near one of the magnetic poles of the nanorod with
zero applied field, Bz(appl). The pole that nucleates the
bubble depends on the relative magnetization directions
of the nanorod and the film. We confirm this process by
scanning electron microscopy with polarization analysis
(SEMPA) [36] [Fig. 1(b), inset]. Subsequent application of
Bz(appl) expands the bubble [Fig. 1(c)], increasing its signal
for MOKE microscopy. The center position still indicates
the original nucleation position, and therefore the relative

(a) (b) (c)

FIG. 1. Magnetic bubbles nucleate and expand underneath
a magnetic nanoparticle, amplifying a magneto-optical signal.
(a) An anisotropic nanoparticle such as a nanorod (red cylinder)
with magnetization M produces a fringe field B (blue arrows).
At the underlying plane, B can be hundreds of millitesla. (b) B
nucleates a bubble (white circle) on a film with magnetization
M film. Scanning electron microscopy with polarization analysis
(SEMPA) shows a representative nanorod and bubble (inset). (c)
Field application in the z direction Bz(appl) of 5 mT expands the
bubble for measurement by MOKE microscopy.

magnetization of the nanorod. The process in Figs. 1(b)
and 1(c) is a single amplification cycle.

D. Measurement frequencies

Many measurements per unit field are necessary to
obtain hysteresis loops with high resolution. We optimize
Bz(appl) to provide hundreds of amplification cycles per sec-
ond (see Supplemental Material S4 [49]), and we measure
the bubbles at a rate of 20 images per second. Aside from
effects of the DMI [50], which we discuss below, in-plane
magnetic fields do not influence bubble growth as the film
has out-of-plane magnetization. Therefore, we can simul-
taneously apply an in-plane field By (appl) to modify the
magnetic state of a sample nanoparticle. The By (appl) fre-
quency of 50–100 mHz is much lower than the Bz(appl) and
imaging frequencies, so the signal that we measure from
the film allows read-out of nanoparticle magnetization in
real time.

E. Magnetic orientation and switching

During application of Bz(appl), bubbles indicating the
magnetization direction of each nanorod [Fig. 2(a)] and
some of the JHU nanoparticles [Fig. 2(b)] become visible
in MOKE micrographs. In Figs. 2(a) and 2(b), the mag-
netic moment of each sample points in the +y direction,
in response to By (appl) ≈ 10 mT. The JHU nanoparticles
themselves are not visible in Fig. 2(b), but we infer their
presence from the bubbles that nucleate and expand under
them. Subsequent analysis indicates that the film senses
only the largest JHU nanoparticles and agglomerates of
a few JHU nanoparticles that form after dispersion in
aqueous media. When By (appl) sweeps through zero and
to −10 mT, the bubbles under the nanorod [Fig. 2(c)]
and JHU nanoparticles [Fig. 2(d)] move abruptly, indicat-
ing magnetic switching of the particles. We restrict our
analysis to binary magnetic switching of nanoparticles,
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(a) (b)

(c) (d)

FIG. 2. MOKE micrographs showing bubble positions indi-
cating the relative magnetization of a nickel-iron nanorod and
an iron-oxide JHU nanoparticle. (a),(b) With field application
in the +y direction, (a) the bubble from the nanorod expands
(white shape) around its nucleation position on the left side of the
nanorod (central black shape), indicating that the nanorod mag-
netization M is in the +y direction. (b) JHU nanoparticles are not
visible but nucleate bubbles, which are visible after expansion
(white shape). (c),(d) With field application in the –y direction,
(c) the bubble moves to the right side of the nanorod, indicating
that M has switched to the –y direction. (d) The bubble from the
JHU nanoparticle originates farther to the right than the bubble in
(b), indicating the switching of M to the –y direction. Bright con-
trast indicates film magnetization in the +z direction. We show
images after background subtraction.

assuming that they are single-domain structures, but it is
also possible to infer multiple-domain configurations.

F. Hysteresis measurements

A representative video shows magnetic switching of 14
nanorods in real time without image processing (see Sup-
plemental Material S5 [49]). To obtain hysteresis loops
from such videos, we extract the bubble position and there-
fore the relative magnetization M of a nanoparticle by
convolving each image with a kernel consisting of a pos-
itive and a negative Gaussian function on either side of
the nanoparticle. Plotting the integral of the convolution as
a function of By (appl) yields a hysteresis loop. To extract
values of μ0Hc, we fit error functions to the hysteresis
loops by the method of damped least squares, quantifying
uncertainties in determining the point of maximum slope.

III. RESULTS AND DISCUSSION

A. Measurement robustness

Several tests confirm that bubble magnetometry is use-
fully robust to various measurement parameters and film
properties. We measure nanorods with a sinusoidal wave-
form of Bz(appl) at a range of frequencies and amplitudes,
as well as values of film μ0Hc. The values of nanorod
μ0Hc that we measure are independent of these parameters
within uncertainty (see Supplemental Material S6 [49]),

and are also insensitive to small angles between the pri-
mary axes of the nanorods and By (appl) (see Supplemental
Material S7 [49]).

B. DMI effects

We observe that the DMI has an important effect on
bubble nucleation (see Supplemental Material S8 [49]).
Briefly, if the effective DMI field μ0H DMI is negative, then
the bubbles have a domain-wall chirality that matches the
direction of the stray field from the nanoparticles. This
reduces the nucleation energy, effectively encouraging the
formation of skyrmions and increasing the sensitivity and
selectivity of the film. JHU nanoparticles nucleate bub-
bles on films only where μ0H DMI is negative, emphasizing
the importance of controlling this property, and marking
its first rational design [41] for a nanoparticle sensor. The
DMI also results in asymmetric bubble expansion [50],
causing a measurement artifact that we characterize in
Supplemental Material S8 [49].

C. Nanoparticle hysteresis

We repeat the measurement over many cycles of By (appl)
to obtain a series of hysteresis loops of sample nanoparti-
cles, elucidating behavior that would be difficult or impos-
sible to resolve otherwise. Overlaying hysteresis loops of
an exemplary nanorod [Fig. 3(a)] shows sharp and repeat-
able transitions, indicating that these anisotropic nanopar-
ticles have exchange coupling throughout their volume.
Some of the JHU nanoparticles have similar values of
μ0Hc [Fig. 3(b)], however, the switching fields vary for
each field cycle [51]. We observe this behavior for var-
ious excitation fields and film properties, indicating that

(a) (b)

(c) (d)

FIG. 3. Variable switching of nickel-iron nanorods and iron-
oxide JHU nanoparticles. (a) A nanorod with a large mean μ0Hc
switches sharply and consistently. (b) A JHU nanoparticle with
several values of μ0Hc that are similar to that of the nanorod in
(a) switches stochastically. (c) A nanorod with a smaller mean
μ0Hc shows several different values of μ0Hc from consecutive
measurements. (d) A JHU nanoparticle with a smaller mean
μ0Hc shows the onset of superparamagnetism.
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the measurement is sensitive to stochastic switching of
the nanoparticles. Furthermore, some of the nanorods with
smaller values of μ0Hc show similar behavior [Fig. 3(c)],
and JHU nanoparticles with small values of μ0Hc have
switching fields that vary by amounts approaching this
value [Fig. 3(d)], indicating the onset of superparamag-
netism. This unique capability of resolving the switching-
field distribution from thermal fluctuations, for many dis-
persed nanoparticles, allows estimation of the mean energy
barrier for magnetic switching. Applying a Néel-Brown
model and estimating the effective anisotropy fields Hk
[51,52], we calculate energy barriers of approximately
0.8 eV for the nanorods and approximately 0.1 eV for the
JHU nanoparticles.

D. Statistical analysis

The high throughput of bubble magnetometry allows
measurement of hundreds of nanorods [Fig. 4(a)] and JHU
nanoparticles [Fig. 4(b)]. This is an order of magnitude

more than in previous studies [23,26,27], enabling pre-
cise analysis of property distributions. For the nanorods,
some of the hysteresis loops are noisier due to a higher
μ0Hc of the film, and DMI biases are evident in some of
the hysteresis loops, but neither affects the μ0Hc values
of the nanorods that we measure (see Supplemental Mate-
rial S6 [49] and Fig. 4). Most of the hysteresis loops have
single, sharp transitions [Fig. 4(a), gray circle]. Such hys-
teresis loops are from approximately cylindrical nanorods
[Fig. 4(c), left inset]. A few of the hysteresis loops [Fig.
4(a), black circle] show multiple, distinct switching events,
from nanorods in bundles or with irregular shapes [Fig.
4(c), right inset and Supplemental Material S1 [49] ]. This
highlights the utility of bubble magnetometry to resolve
heterogeneous magnetic properties, which are sensitive to
nanoscale variation in structure. The nanorods have a mean
μ0Hc of 7.2 mT and a standard deviation of 5.7 mT [Fig.
4(c)], with a mean standard uncertainty of approximately
0.3 mT. We observe a correlation between mean μ0Hc
and length (see Supplemental Material S1 [49]) with R2

(a) (b)

(c) (d)

FIG. 4. Bubble magnetometry enables statistical analysis of nanoparticles. (a) Hysteresis loops of nickel-iron nanorods with colors
corresponding to μ0Hc values. The range of the y axis is arbitrary. (b) Hysteresis loops of iron-oxide JHU nanoparticles, with the
same By (appl) and color scale as in (a). (c) A μ0Hc histogram of the nanorods shows a mean of 7.2 mT and a standard deviation
of 5.7 mT. The inset graph shows correlation of mean μ0Hc and nanorod length, showing the influence of shape anisotropy. The
inset images show SEM micrographs of a cylindrical nanorod (left) and a nanorod bundle (right), corresponding, respectively, to the
hysteresis loops with gray and black circles in (a). (d) A μ0Hc histogram of the JHU nanoparticles shows a mean of 2.2 mT and
a standard deviation of 3.0 mT. The inset graph shows correlation of mean μ0Hc and mean in-plane radius of JHU nanoparticles
and agglomerates. Extrapolation (solid black line) to the mean radius of single JHU nanoparticles (dash gray line) shows that many
JHU nanoparticles have vanishing μ0Hc, thus exhibiting superparamagnetic behavior at measurement frequencies of less than 1 Hz.
Negative values of μ0Hc could result from stochastic switching. The inset image shows a SEM micrograph of the smallest measurable
JHU nanoparticle, corresponding to the hysteresis loop with a circle in (b). In both inset graphs, vertical bars are standard uncertainties
and horizontal bars are limits of uncertainty (see Supplemental Material S1 and S2 [49]).
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of 0.8 [Fig. 4(c), inset graph], which is consistent with
a significant influence of shape anisotropy on magnetic
properties. In comparison, the JHU nanoparticles typically
have smaller μ0Hc, with a mean of 2.2 mT and a stan-
dard deviation of 3.0 mT, with a mean standard uncertainty
of 0.5 mT. Furthermore, the smaller JHU nanoparticles all
switch stochastically to some extent, due to the increasing
importance of thermal effects on their magnetic properties.

E. Nanoparticle superparamagnetism

For the JHU nanoparticles, many μ0Hc values approach
0 mT, so we hypothesize that some particles are super-
paramagnetic under our measurement conditions. To test
this, we characterize a subset by SEM to determine their
in-plane sizes (see Supplemental Material S2 [49]). The
results are consistent with those of a previous study [43],
although we observe larger particles with a greater vari-
ety of shapes, indicating that this subset ranges from single
JHU nanoparticles near the large end of their size distribu-
tion to agglomerates of a few JHU nanoparticles. The mean
μ0Hc of these nanoparticles or agglomerates correlates
with their mean in-plane radius [Fig. 4(d), inset graph],
with R2 of 0.7. Extrapolation of this trend to the mean
radius of single JHU nanoparticles of approximately 50 nm
[Fig. 4(d) inset graph, dash gray line] shows that many
have vanishing μ0Hc and therefore are superparamagnetic
at our measurement frequency of less than 1 Hz. From the
smallest measurable JHU nanoparticle [Fig. 4(d), hystere-
sis loop in black circle and inset image], we estimate the
moment sensitivity of our technique as 5 × 10−16 A m2.
This compares favorably with direct Kerr magnetometry
which can obtain slightly better sensitivity [53], with lower
throughput and the requirement of reflective samples.

F. Agglomerate behavior

Exchange coupling between JHU nanoparticles in an
agglomerate is unlikely, and the largest particles that we
measure from this sample are larger than we expect for
the population [43]. Therefore, the correlation of μ0Hc
and the mean in-plane radius, for radii larger than single
JHU nanoparticles, indicates that nanoparticle fringe fields
mediate their collective behavior, resulting in a superfer-
romagnetic or a superspin glass state within agglomerates
[54]. In these states, single nanoparticles are super-
paramagnetic but dipolar interactions cause collective
behavior, leading to magnetic hysteresis of agglomerates
[55]. Previous studies reported evidence of such behav-
ior in ensemble measurements of nanoparticles in gran-
ular films [56–58], two-dimensional arrays [59,60], and
quasi-two-dimensional and one-dimensional chains [61].
In comparison, bubble magnetometry enables the direct
measurement of the transition in hysteresis from super-
paramagnetic behavior of single nanoparticles to their
collective behavior in nanoscale agglomerates. This result

emphasizes the importance of isolating nanoparticle inter-
actions, which can confound ensemble magnetometry and
affect nanoparticle function in critical applications. In par-
ticular, nanoparticles commonly agglomerate in biological
media [62,63], and their resulting properties strongly influ-
ence heating efficiency [64] in cancer hyperthermia. Future
measurements at higher frequencies will further elucidate
such structure-property relationships.

IV. CONCLUSION

We report a magnetometry technique that applies the
nucleation and expansion of bubble domains to generate
hysteresis loops of single nanoparticles in a few seconds.
This is orders of magnitude faster than previously reported
techniques. We achieve this high throughput by tuning
the nanomagnetic properties of our sensor films, includ-
ing the rational design of the DMI for such devices. This
enables application of this technique to elucidate the phys-
ical properties of dispersed nanoparticles, including their
heterogeneity and interaction. Bubble magnetometry can
facilitate fundamental study of magnetic nanoparticles,
and also meet the critical challenge of statistical analysis
for quality control [29]. This will enable emerging tech-
nologies that rely on magnetic nanoparticles [45,47], and
foster further development of technology for measurement
[34,65] and application of magnetic nanoparticles.
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