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ABSTRACT
Measurements of magnetic torque are most commonly preformed about a single axis or component of torque. Such measurements are very
useful for hysteresis measurements of thin film structures in particular, where high shape anisotropy yields a near-proportionality of in-
plane magnetic moment and the magnetic torque along the perpendicular in-plane axis. A technique to measure the full magnetic torque
vector (three orthogonal torque components) on micro- and nano-scale magnetic materials is introduced. The method is demonstrated
using a modified, single-paddle silicon-on-insulator resonant torque sensor. The mechanical compliances to all three orthogonal torque
components are maximized by clamping the sensor at a single point. Mechanically-resonant AC torques are driven by an RF field containing
a frequency component for each fundamental torsional mode of the device, and the resulting displacements read out through optical position-
sensitive detection. Measurements are compared against micromagnetic simulations of mechanical torque to augment the interpretation of
the signals. As an application example, simultaneous observations of hysteresis in the net magnetization along with the field-dependent
in-plane anisotropy is highly beneficial for studies of exchange bias.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000106

I. INTRODUCTION

Torque magnetometers1 have returned as a popular tool in
micromagnetism over recent decades, developing from microme-
chanical cantilevers for atomic force microscope tips.2 These can-
tilevers were adopted as the basis of torque magnetometers,3,4 owing
to their high sensitivity to low-mass magnetic materials and their
ability to measure magnetic anisotropies.5

Versatility is a distinct advantage of torque magnetometers
compared to other methods of magnetometry. Readout of mechani-
cal deflection can be accomplished in a number of ways, most com-
monly with capacitive or piezoresistive methods,5–7 which have been
developed to allow measurement of torque about two orthogonal
axes of the cantilevers. Advancement of such measurement tech-
niques have allowed for maximized sensitivity to both measurable

axes,6 measurement of force on nanomechanical resonators,8 as well
as development of sensitivity to all three orthogonal torque axes.9
To date however, only two orthogonal torque modes have been
measured concurrently. Torque measurements are most commonly
performed on in-plane modes although measurements of the out-
of-plane torque, as accomplished by Hajisalem et al.,10 allow for the
study of in-plane magnetic anisotropy of thin-film structures. Pair-
ing the out-of-plane torque with both in-plane modes will enable
more detailed characterization of magnetic samples, as seen in other
forms of magnetometry (e.g. MOKE microscopy11). We introduce
here a method of concurrent measurement of the full magnetic
torque vector.

A micromechanical torque magnetometer consists of a mag-
netic specimen mounted on a flexible support structure, typically
a cantilever. The magnetometer measures the deflection of the
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support due to a torque applied on the magnetic sample through
the interaction of its moment with an external field,

τ = m × μ0H. (1)

Torque magnetometers are typically capable of making DC or AC
measurements. The technique presented here studies AC magnetic
torques, achieved through the application of an alternating field
perpendicular to a DC magnetizing field. When the AC field is
driven at a frequency corresponding to the support’s mechani-
cal resonance, the sensitivity of the sensor to applied torque is
maximized.

To measure the torque about three orthogonal axes, a device
susceptible to resonance about each axis is required as a support-
ing structure. Such a device and the technique used to simultane-
ously extract each torque component is presented, with emphasis on
interpretation of the resulting signals.

II. EXPERIMENTAL DETAILS
To demonstrate our method of measuring the complete torque

vector, we use single-paddle, silicon-on-insulator devices. A typ-
ical device is shown in Figure 1. Details of the fabrication pro-
cess are given in the supplementary material S1. Each torque
mode supported by a device corresponds to a unique mechani-
cal resonance. A simple modification of a standard device recipe12

makes the sensitivity to x- and z-torques comparable to that for
y-torque.

An RF field is applied to the sensor by driving a wound coil
with a current containing components of each of the sensor’s reso-
nant frequencies. This coil is placed asymmetrically atop the device
to produce in-plane field components at the sample in addition to
the primary out-of-plane field produced by the coil. The position-
ing of the coil produces RF field primarily along the x- and z-axes.
A torque is applied to the sample by the application of a DC mag-
netizing field in conjunction with the applied RF field. This DC field
is produced by a permanent neodymium iron boron magnet. Hys-
teresis measurements of torque are collected via translation of this
magnet along the system’s x-axis.

Signal readout is accomplished with a free-space optical inter-
ferometer using a helium neon laser (λ = 633 nm). The three
frequency components in the interferometer signal are separated
with a Zurich Instruments multi-channel lock-in amplifier, per-
mitting measurement of signal magnitude and phase for each

FIG. 1. Electron micrograph of a micromechanical device used for demonstration
of the three-axis torque measurement technique. The arrows indicate the three
orthogonal torsional displacements. A cut in the torsion arm located beside the
blue arrow allows susceptibility about three orthogonal axes.

torque mode. The amplitude of the recorded signal is converted to
physical units through thermomechanical calibration, following the
procedure described by Hauer et al.13 Thermomechanical calibra-
tion data and the corresponding torque sensitivities are presented in
the supplementary material S2.

The use of optical interferometry to read out torque signal addi-
tionally allows a method with which to characterize the mechanical
motion of the sensors. This is done through scanning the laser spot
across an area encompassing the device to measure the reflectance,
signal strength, and signal phase. Details on mapping the sensor’s
displacement through interferometry is given in the supplementary
material S3.

III. RESULTS
A. Hysteresis

Measurements to illustrate the effectiveness of our three-axis
measurement technique are shown in Figure 2, where torque about
the three orthogonal axes of our sensor was measured simultane-
ously. A typical hysteresis measurement on this apparatus is taken
with the DC field oriented along the x-axis of the coordinate system
defined in Figure 1. Such a configuration maximizes the y-torque
and minimizes the z-torque to the point where it is indistinguish-
able from noise. This is due in large part to the small magnitude
of in-plane RF field produced by the off-axis coil, as well as a neg-
ligible in-plane shape anisotropy throughout the permalloy disk.
An out-of-plane magnetic torque relies on the contributions of in-
plane field and magnetization. These are produced by the off-axis
RF coil, as well as a small out-of-plane DC field caused by an asym-
metry between the height of the magnet and sample. These contribu-
tions are typically of similar magnitude and dwarfed by out-of-plane
torque contributions in τx and τy. Cancellation of the two in-plane
contributions from the cross product typically negates the out-of-
plane torque. It has been experimentally determined that in low
field, the cancellation of the contribution terms is minimized for
a DC field rotated 104.4○ from the positive x-axis. At this angle,
the magnetization state in low-fields produces a strong z-torque
contribution.

The data shown in Figure 2 was collected in ambient condi-
tions with the laser spot located at the position noted by a red circle
in Figure S1a and the permanent magnet rotated 104.4○ from the
positive x-axis.

The low-field behaviour, presented as a minor hysteresis loop
in Figure 2a, is indicative of the Barkhausen effect, which has been
thoroughly described in previous works.15–17 The Barkhausen fea-
tures of Figure 2a are also clearly seen in Figure 2b between -1 and
+5 kA/m (Sweep Up) and between +1 and -5 kA/m (Sweep Down).
The characteristics of this low-field state are indicative of a vortex
magnetization state, where the magnetization in the permalloy disk
is circularly oriented in-plane around an out-of-plane magnetized
vortex core. As the field applied to the sample is adjusted, the vortex
core translates along the disk, interacting with defects on the permal-
loy layer. This interaction results in the pinning of the vortex core
within the defect. As such, the magnetization of the disk becomes
trapped in this pinning site, resulting in the plateaus seen throughout
Figure 2a. Notably, the slopes of the plateaus in the x- and z-torques
of Figure 2 do not agree. The x-torque plateaus possess a small slope,
while those of the z-torque remain flat. This difference in behaviour
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FIG. 2. Simultaneous hysteresis measurements of orthogonal AC torques from
a cobalt oxide/permalloy bilayer disk at room temperature at (top to bottom)
f mechanical = 1.886, 4.194, 0.953 MHz. The in-plane bias field direction here is
rotated 104.4○ from x̂ towards ŷ. Solid arrows indicate the direction of changing
field for each branch of the hysteresis loop. (a) A minor hysteresis loop, throughout
which the magnetization in the permalloy layer remains in a vortex configuration.
(b) A major hysteresis loop, representing the behaviour of the torque as the permal-
loy layer switches between the saturated and vortex magnetization states. The
magnitude of torque was determined through thermomechanical calibration.14

is indicative of a deformable vortex with a pinned core, as described
by Burgess et al. in their deformable vortex pinning model.17

The behaviour of the torques throughout the major hysteresis
loop of Figure 2b provides key insight into the change in magnetiza-
tion throughout the loop. This loop was initialized in negative field
at a 104.4○ magnet angle. The behaviour of the x- and z-torques in
this major loop are particularly descriptive of the system’s magneti-
zation. At -4 kA/m as the field is swept up, the slope of the x-torque
abruptly changes. This slope is constant until −1 kA/m, where the
magnetization jumps significantly into a new magnetization state
(the low-field vortex state depicted in Figure 2a). From this state, the
vortex annihilates at 6 kA/m, resulting in a saturated magnetization.

A similar trend is seen on the sweep-down in field. The z-torque
shows similarly distinct magnetization changes at the same transi-
tion fields. At the first transition, the z-torque abruptly changes from
a zero to non-zero (approximately 1 aN m) magnitude, which lin-
early increases until the magnetization drops into the vortex state
where Barkhausen effects are evident. When the vortex state is anni-
hilated, the z-torque is once again negligible. These distinct changes
in magnetization and corresponding torque behaviour can be char-
acterized and described through comparison with micromagnetic
simulation. The small bumps in z-torque seen at ± 14 kA/m are a
result of thermally-assisted dynamics of small closure domains in
the spin texture. Magnetic edge roughness results in pinning sites,
between which these closure domains jump, giving rise to a shift
in signal phase. The phase corresponding to the z-torque reveals
180 degree peaks corresponding to these features, indicating that
these thermal dynamics are at play. These peaks are found to have
a strongly field-angle dependent fingerprint, consistent with edge
roughness.

B. Simulation
Micromagnetic simulations using Mumax18 are a vitally use-

ful tool to investigate the magnetization of the sample throughout
the hysteresis loops of Figure 2. Torques are calculated in post-
processing to directly compare simulations with data. To correctly
interpret the mechanisms behind specific features in the data, sim-
ulations which isolate specific physical parameters are performed.
Through this method, the key features of the minor hysteresis
loop of Figure 2a and the major hysteresis loop of Figure 2b can
be isolated. The simulations discussed here employed an applied
field rotated 104.4○ to mimic the DC field applied throughout
the loops of Figure 2 with no edge smoothing applied to investi-
gate the effects of edge roughness. The magnetic area was defined
as a permalloy cylinder with 20 nm depth and 1.44 μm diame-
ter. At ambient temperatures, the cobalt oxide layer is assumed to
contribute negligibly and is as such neglected. At each DC field
value (stepped in increments of 0.08 kA/m), the field was dithered
along the (111) direction to mimic an RF driving field. The ampli-
tude of the driving field was assumed to be 0.02 kA/m in post-
processing of the torques. This magnitude was chosen to match the
x-torque simulation and data magnitudes, under the assumption
that the calibrated RF field magnitude should agree with simulation
values.

For the simulation presented in Figure 3a, a vortex was initial-
ized, and the field swept over a small range. This simulation used
2.8 nm cells over a 512 pixel wide grid. Four artificial defects were
implanted in the permalloy cylinder along the path of the vortex
core to produce pinning sites. These defects were designed as small
square regions (20 nm wide) with a saturation magnetization 85%
that of permalloy. The artificially implanted defects produced in-
plane torque behaviour (τx and τy) corresponding to Barkhausen
jumps, as seen in Figure 2 and as described in previous works.15,16

The out-of-plane torque behaviour shows a dependence on defect
position for the torque amplitude. Evidence of hysteresis due to pin-
ning is found in all three torque modes. However, this hysteresis only
appears for jumps between neighbouring pinning sites, and does
not affect the behaviour as the vortex core jumps from a pristine
platform into a defect, or vice versa.
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FIG. 3. Simulations to explain behaviours seen in Figure 3. a) The simulation
is constrained to a vortex state, with artificial defects implanted along the vor-
tex core’s path. b) A simulation to probe the torque and magnetization states by
extending the fields to achieve saturation in the permalloy magnetization. The cir-
cular insets in the τx and τz sectors represent spatial maps of the torque at a) -3,
0 kA/m b) -10, 0, +10 kA/m. The white arrow in the torque spatial maps indi-
cates the direction of the DC field. The insets in the τy sector show spatial maps
of the magnetization at the same fields. The colour wheel associated with the
magnetization spatial maps is the standard CMYK colour wheel.

The corresponding normalized spatial maps of the x- and
z-torque components supplement the simulations of Figure 3. The
normalized torque magnitude in each cell is indicated by the colour
bar on the right hand side of the figure. White arrows in the maps
indicate the direction of the DC field. The y-torque mode sectors
contain spatial maps of the net magnetization in the permalloy disk,
utilizing the standard CMYK colour wheel. The torque maps at zero
field in Figure 3a indicate the expected integration to zero torque.
Contrarily, the torque maps at -3 kA/m (corresponding to a pinned
vortex core) cannot be integrated to zero. The out-of-plane torque at
the vortex core is significantly larger than that of the unpinned core.
Correspondingly, the net out-of-plane torque in the pinning site has
a significant non-zero value, as expected.

These torque and magnetization maps are helpful in visu-
alizing the magnetization state throughout the major and minor
hysteresis loops, particularly with respect to the more complex
magnetization states seen in Figure 2b. The simulation in Figure 3b

involves a pure permalloy disk (i.e. no artificial defects) on a 256 cell
wide grid with 5.6 nm cells, initialized in a negatively saturated mag-
netization state. The corresponding magnetization and torque maps
reveal a “transition” magnetization state between the saturation and
vortex states. This transition state takes the form of a “cat’s eye,” with
two cores located on opposite corners of the disk, between which an
oblong region of constant magnetization occurs. The magnetization
stays in this configuration over a narrow field range before transi-
tioning into the vortex state. This state develops as the magnetization
gets trapped on rough pixellated edges of the disk, disallowing the
sample from evolving directly into the vortex state from saturation.
This transition state causes hysteresis in the vortex state as a result of
the difference in magnetization prior to vortex nucleation. This hys-
teresis appears as an “opening” of the low-field vortex configuration
between the sweep-up and sweep-down in field. This opening is in
contrast with the expected vortex behaviour exhibited in Figures 2a
and 3a, where no opening is observed, and is in agreement with
behaviour near zero-field in Figure 2b.

The features corresponding to each magnetization state in
Figure 3b share characteristics with the features noted in Figure 2b.
In particular, the slopes in torque during the transition magneti-
zation state appear in stark contrast to the saturation behaviour
of the sample. The vortex nucleation and annihilation fields are
not expected to align between simulation and measurement, due
in large part to the absence of thermal contributions in simulation.
The similarities noted strongly indicate the existence of the cat’s-eye
magnetization state between -4 and -1 kA/m in Figure 2b.

IV. CONCLUSIONS
Measurement of three orthogonal torque axes provides a par-

ticularly useful tool to describe the properties of magnetic sam-
ples. Comparison with micromagnetic simulation provides a distinct
platform with which to confidently describe these properties and
their effect on hysteresis loops of the sample.

The technique to simultaneously measure three orthogonal
torque components will be put to use as a tool to further inves-
tigate behaviours of these sensors. Particularly, the sensor will be
studied at low temperatures. The ferromagnetic/antiferromagnetic
interface between the permalloy and cobalt oxide layers have exhib-
ited exchange bias at low temperatures. Work to investigate this
effect is underway, utilizing the measurement of the complete
torque vector. Comparison between the behaviours of the sample
at the ambient conditions presented here and those at low tem-
peratures will be of particular use in the investigation of exchange
bias.

SUPPLEMENTARY MATERIAL

See supplementary material for sample fabrication details,
scanned signal maps, and thermomechanical calibration data.
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