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ABSTRACT
Micrometer diameter bilayers of NiFe (permalloy, Py) and cobalt oxide (CoO) deposited on nanomechanical resonators were used to inves-
tigate exchange bias effects. The mechanical compliances of two resonator axes were enhanced by severing one torsion arm, resulting in
a unique three-axis resonator that responds resonantly to torques generated by a three-axis RF field. Our technique permits simultane-
ous measurement of three orthogonal torque components. Measurements of the anisotropies associated with interfacial exchange coupling
effects have been made. At cryogenic temperatures, observations of shifted linear hysteresis loops confirmed the presence of exchange bias
from the Py/CoO interface. An in-plane rotating DC bias field was used to probe in-plane anisotropies through the out-of-plane torque.
Training effects in the rotational hysteresis data were observed and showed that features due to interfacial coupling did not diminish irre-
spective of substantial training of the unidirectional anisotropy. The data from the rotational hysteresis loops were fit with parameters from a
macrospin solution to the Landau-Lifshitz-Gilbert equation. Each parameter of the exchange bias model accounts for specific features of the
rotational loop.

© 2022 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/10.1063/9.0000345

I. INTRODUCTION

Magnetic torque is a probe of magnetic anisotropy. We
examined a thin film bilayer of ferromagnetic (FM) Py and antifer-
romagnetic (AF) CoO with a three-axis AC torque magnetometer.1
The multi-axis measurements enabled extraction of all pertinent
magnetic information without requiring additional samples or a sep-
arate magnetometer. Multi-axis mechanical resonators have been
useful in previous studies of Py at room temperature.1,2 A notable
capability of the three-axis technique is that the saturation mag-
netization, Ms, can be determined during a single measurement
of the in-plane magnetization. Thin-film magnetic structures have
strong out-of-plane shape anisotropy and, with in-plane magnetiza-
tion, have in-plane torques that provide a measure of the object’s

magnetic moment. The out-of-plane torque is dominated by
interfacial exchange coupling between the Py and CoO.

Exchange bias refers to effects originally observed by
Meiklejohn and Bean in 1956.3 Since then, there has been consid-
erable interest in the topic ranging from pure scientific endeavor
to specific application, (e.g. spin valves in hard drives). There are
many publications4–6 and review articles7,8 spanning the time frame
from original discovery to more recent work.9,10 We found that
rotating hysteresis was more informative than linear, a result seem-
ingly in accordance with Meiklejohn’s 1962 comments11 regarding
rotational hysteresis loss as more fundamental than shifts in linear
hysteresis.

Experimental data were analyzed and compared to simulations
derived from macrospin solutions to the Landau-Lifshitz-Gilbert
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equation. We observed distinct effects in rotational hysteresis loops
attributable to interfacial exchange coupling that were independent
of shifts in linear loops and were not explainable with unidirectional
anisotropy as the dominant mechanism, consistent with other recent
findings.9,10 Both high and zero field cooling caused an increase of
in-plane anisotropy resulting from interfacial coupling that persisted
after training had substantially reduced the exchange bias.12

II. EXPERIMENTAL DETAILS
A. Sample

Refer to Fig. 1, panel (a). Doubly-clamped nanomechani-
cal resonators were fabricated in a silicon-on-insulator wafer. To
improve mechanical susceptibility to torques along the x- and
z-axes, one torsion arm was cut with a focused ion beam. CoO was
sputtered on the resonator paddle followed by Py (both layers 20 nm
thick, Py not capped. See supplementary material Sec. S1). After lift-
off, the as-patterned diameter of the bilayer disk was 1.36 μm as
measured by scanning electron microscopy.

B. Apparatus
The sample wafer is mounted in a cryostat (4 to 300 K). A

fixed RF coil generating field strengths at the sample, similar in
x and z, but negligible in y, is driven by a lock-in amplifier pro-
viding three simultaneous drive frequencies corresponding to the

resonator’s fundamental frequencies (1.89, 4.23, and 0.96 MHz for
τx, τy, τz respectively). A DC magnet provides the bias field. The
field magnitude and direction can be adjusted by translation along a
rail and by rotation of the magnet. The configuration results in gen-
eration of the required DC and AC fields for simultaneous AC dither
of torques along the x-, y-, and z-axes. A complete description of the
DC and RF fields and how the fields combine to produce torque are
given in supplementary material Sec. S2.

The torques can be expressed as a combination of moment and
susceptibility terms. For example,

τy = −μ0mxHz + μ0VχzHzHx, (1)

where mx is the x-component of magnetic moment, V is the fer-
romagnetic volume and χz is the field-dependent dimensionless
magnetic susceptibility in the z-direction. The expression general-
izes to the other torque components. The AC torque magnetometer
provides a probe for measuring small perturbations of the magneti-
zation direction via curvature of the magnetic free energy similar to
ferromagnetic resonance.13 Finally, the AC torque signals are sensed
interferometrically via the Fabry-Perot cavity formed between the
resonator paddle and the substrate base. Conversion from volt-
age to torque is done by thermomechanical calibration wherein
the response of the resonator to thermal excitation is measured
and used as the calibration standard14 (see supplementary material
Sec. S3).

FIG. 1. Sample geometry, coordinate system, and sample characterization. (a), electron micrograph of resonator. Arrows indicate torque directions. (b), field vectors
describing anisotropic torque contributions when cooled below the Néel temperature. HEB, unidirectional exchange bias. HSF, uniaxial spin-flop coupling. Hrot, rotatable
anisotropy. HDC

ext , external bias field. mFM, Py magnetic moment. HEB is in the cooling field direction. Angles referenced to lab-frame x except for Hrot which is referenced to
mFM. (c) and (d), hysteresis loops above and below the Néel temperature. Insets show the coercive points. High field regions show a linear decrease in torque that was
reproduced in Mumax3.15 A 16 nm Py magnetic thickness (see text) gave Ms(295K) = 763 ± 7 kA/m and Ms(68K) = 801 ± 8 kA/m (see supplementary material Sec. S5).
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III. RESULTS AND DISCUSSION
A. Magnetic sample characterization
and demonstration of exchange bias

Figure 1 panel (c) shows a room temperature linear loop. The
Néel temperature of CoO is roughly 290 K, so the data should not
show a shift in coercive fields. The significant features in the plot
are the narrow width near zero field, which is expected from Py, the
absence of a shift in coercive points, and the negative slopes in the
high field segments. These same data, when plotted against a reduced
field range, show vortex nucleation and annihilation attributable
to the known magnetic vortex behaviour of Py at room temper-
ature.16 The low-field magnetizing slope of the disk in the vortex
state encodes the magnetic thickness of the permalloy, found to be
16 ± 1 nm through comparison with micromagnetic simulation of
torque (see supplementary material Sec. S4). That this is thinner than
the 20 nm deposited thickness is consistent with oxidation of the
uncapped surface.

With the magnetization in saturation along x̂, χz = Ms/(Hx
+ Heff), where the effective field from shape anisotropy is
Heff = (Nz − Nr)Ms and Nz , Nr , Ms are the demagnetizing factors
(axial and radial) and saturation magnetization. The negative slopes
of the torque in saturation arise from the increase with field of the
AC torque component due to χz . An estimate of Ms was extracted
from the negative slopes (refer to supplementary material Sec.
S5 for details). In the case at low temperature where anisotropy
is induced by exchange coupling, the same procedure of micro-
magnetic simulation was followed with the addition of a uniaxial
anisotropy.

The insets in panels (c) and (d) show the zero crossings. The
absence of a shift in panel (c) is an expected property of Py alone. The
Py/CoO interface has not affected the room temperature behaviour
of the Py. Panel (d) shows first and second linear loops obtained
after cooling to 68 K in a saturating DC bias field along the x direc-
tion. Compared to the room temperature data in panel (c), the loops
are wider and show a shift of the coercive fields. The decreased shift
of the second loop is the result of training and is due mostly to a
change in the zero crossing during the down sweep of the field. The
up sweep zero crossings are much closer together. This feature has
been observed by Qiu et al.17 and by Jenkins et al.18

B. In-plane magnetization components
and out-of-plane torque

Figure 2 panel (a), room temperature, and panel (b), field
cooled to 68○ K, show the normalized in-plane magnetizations dur-
ing rotational hysteresis loops that were obtained by rotation of the
in-plane field angle through 360○ counterclockwise (CCW) followed
by rotation through 360○ clockwise (CW). The maximum and min-
imum in-plane fields were 199.8 kA/m at 359.6○ and 17.7 kA/m at
93○ respectively (see supplementary material Sec. S2 and Fig. S1).
mx and my were obtained by correcting the x- and y-torques for
the reduced output that occurred during the negative slope portion
of the linear hysteresis curves in Figure 1 panels (c) and (d). The
y-torque was used to calculate mx. The x-torque was used to calculate
my. Fitting at different temperatures yielded an accurate measure of
the temperature dependence of the saturation magnetization.

Figure 2 panel (a) shows that the x- and y-magnetizations
repeated for the CCW and CW field rotations thus confirming that

FIG. 2. Rotational loops reveal substantial differences in contributions to the total
in-plane magnetic moment. (a), mx and my for room temperature loops when
exchange bias effects are not present. (b), magnetizations at 68 K show hysteretic
behaviour not present in (a). (c), z-torque at 295 K and 68 K. The inset in panel
(c) shows increase of torque with decreasing temperature, at a fixed field angle
of 54○, due to the onset of in-plane anisotropy from exchange coupling. The inset
y-axis is scaled to the room temperature value of z torque (also at 54○ field angle).

hysteresis due to anisotropies was not present in the room tempera-
ture data. The normalized magnetizations were combined to give the
normalized saturation magnetization m2

x + m2
y = 1 (mz is negligible).

This confirmed that the magnetization was in-plane and saturated
during the entire 360○ CCW and CW rotations. The field cooled
data in panel (b) show that, while maintaining the correct relation-
ship between the magnetizations, there was substantial hysteresis in
the CCW and CW rotations attributable to an induced interaction
between the Py and CoO brought about by field cooling.

The room temperature data in Fig. 2 panel (a) show that mx
and my rotated freely with the DC bias field. This occurred because
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the magnetocrystalline anisotropy in Py is very small and because
the Py/CoO interface was inactive. Panel (b) shows hysteresis in
the field cooled in-plane magnetizations thus confirming the emer-
gence of in-plane anisotropy. Correspondingly, Fig. 2 panel (c)
shows the z-torque during rotational loops at room temperature
and after field-cooling. The torque is expressed in units of aNm
via thermomechanical calibration14 (details of the thermomechan-
ical calibration are presented in supplementary materials Sec. S3).
The field cooled z-torque shows an increase substantially above the
room temperature values. The inset illustrates the nature of the
temperature dependence of the torque with temperature, at a fixed
in-plane field angle.

C. Simulations
Quadrature addition of magnetization components from Fig. 2

confirmed that the magnetization was in-plane and saturated for the
entire field rotation. We can, therefore, neglect domain structure
effects and model the influence of anisotropy on torque by solving
the Landau-Lifshitz-Gilbert (LLG) equation for a single macrospin
(macroscopic moment). The exchange coupling energy density is
composed of unidirectional, spin-flop, and rotatable anisotropies, as
in exchange bias models previously reported.19–21 The unidirectional
anisotropy, normally used to account for shifted linear loops, is cre-
ated by the presence of uncompensated spins at the FM/AF interface,
that is, spins that cannot rotate with the FM magnetization. Uncom-
pensated spins are thought to maintain their positions along the field
cooling axis and contribute to a net positive moment at the interface.
The compensated spins that are still exchange coupled rotate along
with the FM magnetization, giving rise to a rotatable anisotropy axis.
The spin-flop coupling was introduced as a uniaxial anisotropy term.
If we consider canting of AF sublattices away from their equilibrium
positions, when the FM magnetization is 90○ from the AF order-
ing axis, an easy axis forms since this is an energetically favourable
alignment of coupled spins. We write the anisotropy energy density
as follows,

εA = −KSF sin2(θ)cos2(ϕ − ϕSF)
− KEB sin(θ) cos(ϕ − ϕEB) − Krotm̂FM ⋅ Ĥrot (2)

where KSF, KEB, and Krot are the anisotropy constants for the spin-
flop coupling, unidirectional exchange bias, and rotatable anisotropy
respectively. ϕSF and ϕEB define the easy axis and easy direction.
In addition to anisotropy arising from exchange coupling, the
demagnetizing energy density, εD, was included to model the shape
anisotropy of a ferromagnetic cylinder with cylindrical demagnetiza-
tion factors, Nr and Nz , found using equations derived by Joseph.22

The final energy density term is the Zeeman energy density, εZ,
that describes the influence of the external magnetic field on the
macrospin. A full description of the LLG equation and details of
the simulation are included in supplementary material Sec. S6 A.
Figure 3 shows macrospin solutions to the LLG equation. Panel (a)
shows the normalized in-plane magnetizations as a function of field
angle and in the absence of in-plane anisotropy. The normalized
magnetizations repeat for the CCW and CW rotations and show
no hysteresis effects. The results are very similar to the room tem-
perature data in Fig. 2 panel (a) and show that the simulation is

FIG. 3. Results from macrospin LLG solutions. Mirroring Fig. 2, (a) and (b) show
the x- and y-magnetizations during field rotation. (a), no anisotropies aside from
considerations of demagnetizing effects. (b), results after introduction of unidi-
rectional, uniaxial, and rotatable anisotropies. (c), thermomechanically calibrated
torque data with an overlaid fit from the macrospin model.

adequate for reproducing the experimental observations. For sim-
ulations of the measurements after cooling in a 36 kA/m DC field at
an in-plane angle of 55○, non-zero anisotropy values are required:
a unidirectional anisotropy of KEB = (0.10 ± 0.05) kJ/m3 along the
cooling axis with ϕEB = 55○ ± 3○, a rotatable anisotropy axis with
Krot = (22 ± 1) kJ/m3 and ΔΦrot = −5○ ± 3○, and a uniaxial spin-flop
coupling term with KSF = (8.3 ± 0.3) kJ/m3 and ϕSF = −91○ ± 2○. A
best fit to the data with χ2

ν,min=1.2 was obtained using a standard
calculation of χ2

ν . The one-standard deviation contour of χ2
ν was

subsequently used to bracket the uncertainties in the fit parameters
(details of the fitting procedure and uncertainty calculations can be
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found in supplementary material Sec. S6 D). The simulation pro-
vides magnetizations influenced by the anisotropies in a way that is
meant to model the effects of exchange bias and interfacial coupling.

Hysteresis in the CCW and CW rotations is the relevant fea-
ture in the experimental data in Fig. 2 panel (b). The simulated data
in Fig. 3, panel (b), shows similar hysteresis. Figure 3 panel (c) com-
pares the observed z-torque from a field cooled rotational loop to
modeled torque. The important features in panel (c) are hysteresis in
the CCW and CW rotations, asymmetry in the extrema magnitudes,
and one-fold rotational symmetry. The simulated data agree well
with experimental observations. Inspection of the simulation algo-
rithm revealed that unidirectional anisotropy causes the asymmetry
in extrema magnitudes, the spin-flop term influences the angular
positions of the peaks, and orientation of the rotatable anisotropy
axis is such that a one-fold rotational symmetry is introduced (addi-
tional details of the LLG equation and the rotatable anisotropy axis
are presented in supplementary material Sec. S6 B).

D. Comparison of first and trained loops
Figure 4 panel (a) shows the difference between z-torques from

first and trained (eighth) rotational loops. The loops began with
the CCW rotation, starting at 0○ field angle, after cooling with
the in-plane field strength set to 200 kA/m (at 0○). The difference
between first and trained loops peaks near 75○ after which the differ-
ence is less pronounced. This feature shows that substantial training
occurred from 0○ to 180○.

Figure 4 panel (b) shows simulation results for subtracted first
and trained loops. Since the macrospin model has no mechanism
for the training effect, the two measured loops were fit indepen-
dently with their difference shown in panel (b). Significant training
in the first half CCW rotation produced a large fang-shaped spike.
Since the same parameters were used in the second half of the CCW
rotation (dashed line), a second large spike occurs that does not
appear in the data. The CW loop does not have any such effect sug-
gesting that significant training occurred in the first half loop and
that the result is due to athermal training, similar to observations
by Qiu.17 The simulation parameters have a dramatic decrease in
the unidirectional anisotropy from KEB = (1.00 ± 0.05) kJ/m3 in the
CCW field rotation to KEB = (0.45 ± 0.05) kJ/m3 in the CW rota-
tion (both with ϕEB = 0○). The fractional change is similar to that
found in the linear loop shifts in Fig. 1(d), but, more significantly,
the magnitudes are about 5× smaller than what would be deduced by
ascribing the entire loop shift to exchange bias alone. Additionally,
there is a slight increase in the spin flop anisotropy constant from
KSF = (7.2 ± 0.1) kJ/m3 to KSF = (7.3 ± 0.1) kJ/m3. Krot remains the
same at Krot = (22.5 ± 0.3) kJ/m3, but the orientation changes from
ΔΦrot = −3○ ± 2○ to ΔΦrot = 3○ ± 2○. The reduction in unidirectional
anisotropy is responsible for the absence in the experimental data
of the feature at 255○ that appears in the model prediction. The
dashed portion of the simulation is what would have appeared in the
experimental data had there been no decrease in the unidirectional
anisotropy.

The results indicate that continuous monitoring of training
effects is obtainable from the out-of-plane torque response dur-
ing rotating hysteresis loops whereas the change in shift of linear
loops provides training information only after the first magnetiza-
tion reversal thus obscuring earlier training effects. Finer angular

FIG. 4. Subtractions of first and highly trained loops of z-torque reveal subtleties
otherwise obscured in the data. (a), difference between first loop following cooling
and a significantly trained loop. Error bars are ± 0.002 aNm. The rotation begins
at the cooling angle (0○) and proceeds CCW followed by CW. A prominent fang-
shaped spike appears in the beginning portion of the CCW rotation. (b), macrospin
simulations. Solid curve shows region of CCW rotation where simulation correlates
with experimental data. Dashed curve shows a second fang that does not appear
in (a) because the simulation does not account for training effects.

step sizes than used in the current work (9○)may produce data with
more information regarding training.

IV. CONCLUSIONS
A bilayer film of Py/CoO, deposited on nanomechanical res-

onators, was used to study exchange bias and interfacial exchange
coupling. A simultaneous three-axis AC torque magnetometer
enabled investigations of interfacial exchange and exchange bias
behaviours.

Examination of the in-plane magnetizations showed that a
saturated magnetization state was present during all portions of
rotational hysteresis loops thus allowing for a macrospin represen-
tation. A limitation of the macrospin model is its inability to address
unsaturated states where micromagnetic techniques would be more
appropriate.

The rotational loops exposed more detail of interfacial cou-
pling than the linear loops with effects independent of training that
dominated over other contributions to in-plane anisotropy.
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Further studies could include a more detailed description of
the exchange coupled spin state. Additionally, the anisotropy tem-
perature dependence could provide more information regarding AF
grain size distributions.20

SUPPLEMENTARY MATERIAL

See supplementary material for additional details regarding
sample fabrication, measurement apparatus, thermomechanical cal-
ibration, in-plane torque at low and high bias fields, experimental
justification for the macrospin description, and LLG macrospin
simulations.
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