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Magnetostrictive Co77Fe,s films are fully suspended to produce free-standing, clamped-clamped,
microbeam resonators. A negative or positive shift in the resonant frequency is observed for magnetic
fields applied parallel or perpendicular to the length of the beam, respectively, confirming the magnetoelas-
tic nature of the shift. Notably, the resonance shifts linearly with higher-bias fields oriented perpendicular
to the beam’s length. Domain imaging elucidates the distinction in the reversal processes along the easy
and hard axes. Together, these results suggest that through modification of the magnetic anisotropy,
the frequency shift and angular dependence can be tuned, producing highly magnetic-field-sensitive

resonators.
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I. INTRODUCTION

There has been a surge of interest in low-power mag-
netoelectric (ME) magnetic-field sensors due to reports
of high sensitivity with low-noise floors reaching several
pT/~/Hz [1-5], comparable to fluxgate magnetometers.
The basis of the ME sensor relies on the direct strain
coupling of piezoelectric and magnetostrictive materials
to achieve a magnetic-field- (H) induced change in the
output voltage signal measured across the piezoelectric
element. To overcome the 1/f noise and to simultaneously
achieve high sensitivity over a large bandwidth at near-
dc frequencies, several techniques have been used such as
frequency conversion [6], modulation-demodulation [7,8],
or a magnetically driven shift in the resonant frequency
(fo) [3,7,9—-11]. To create a modulation in f;, magnetostric-
tive materials have previously been utilized that display
a large change in the Young’s modulus (£) induced by a
changing magnetic field [12,13]. However, intrinsic and
extrinsic stresses can negatively impact both this AE effect
and the overall resultant magnetic-field sensitivity, which
presents limitations on integrating these materials into real
devices [14]. Alternately, the use of a magnetostriction-
induced stress in a doubly clamped beam has recently
been proposed while achieving a similar shift in fy with H
[15—17]. By fixing both boundary conditions, as opposed
to a cantilever structure, the intrinsic tension in the film
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can be maintained along its length and in addition, mag-
netoelastic stresses will cause the resonance frequency to
change with application of a magnetic field.

In this different geometry, controlling intrinsic resonator
stress is an important consideration, and in particular, the
total magnetic-anisotropy energy is critical to maximizing
the magnetization rotation with an applied A, which results
in the frequency shift for magnetostriction-based devices.
Assuming a polycrystalline sample with zero average mag-
netocrystalline anisotropy and a constant exchange energy,
the total free energy, Fi, is defined by the Zeeman
energy, shape anisotropy (demagnetization energy), and
contributions from intrinsic or extrinsic stresses due to
magnetoelastic effects, which is expressed as

Ftot = FZeeman + Fshape + Fmagnetoelastic- (1)

Adopting the expression for the shape energy anisotropy
of a rectangular prism [18], the total magnetic free energy
density can be written as

Fiot = —HM{[cos 0 cos Oy + sin6 sinbfy cos(¢p — ¢dy)]
1 2.2
+ E(NZ — Ny)M*“cos“0

1 2i2nci2 3 )
+ E(Ny — Ny)M“sin“Osin“¢ — Eksois1n o,
)
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where o; is the intrinsic stress assumed to be in the
plane of the resonator, M is the magnetization, A, is
the saturation magnetostriction, (6,¢) and (6y,¢5) are
the angles for magnetization and applied field in spher-
ical coordinates, respectively, and N,, N,, and N, are
the diagonal components (N; =N;) of the demagnetiza-
tion tensor N;; along the long edge (x), short edge (y),
and normal direction (z). Minimization of F, will deter-
mine the initial magnetization direction and consequently
the rotation of the magnetic moment with applied field.
The magnetization direction determines the magnitude
of the magnetostrictive-induced stresses, and therefore,
the change in fy. To develop the highest magnetostrictive
stress, a 90° magnetization rotation is optimal (perpendic-
ular to the beam length, in the plane of the film). It is
also important to note that the minimization of this energy
becomes more of a problem when the magnetic material
has a more complex pattern than simply rectangular, and
can give rise to interesting magnetization dynamics.

We previously reported measurements of a frequency
shift in a clamped-clamped beam with H applied perpen-
dicular to the length of the beam [16,17]. In this work, we
use a facile electrodeposition route at near-room tempera-
ture to increase the thickness of the magnetic layer as well
as significantly reduce the fabrication-introduced intrinsic
stresses in the film before substrate release. The goal is to
modify the magnetic anisotropy and examine the effects on
the frequency tunability.

II. EXPERIMENTAL DETAILS

Cobalt-iron electrodeposition is completed using a
sulfamate chemistry and pulsed-plating parameters devel-
oped at Sandia National Laboratories. For microbeam fab-
rication, 5.2 um of polycrystalline Co7;Fey; is deposited
on low-pressure chemical vapor deposited (LPCVD) Si3Ny
films on Si using standard photolithography patterning
with beam dimensions of 1 mm in length and 40 ym in
width [see Fig. S1 in the Supplemental Material [19]].
The silicon substrate is etched away from the back of the
microbeams using an 80°C KOH immersion for 3.5 h.
Before immersion, a backside wafer patterning and CF4
plasma reactive ion etch (RIE) is used to pattern a 100-nm
plasma-enhanced CVD SiN hard mask, while the front side
is coated with a ProTek (Brewer Science, Rolla, MO) bar-
rier coating to prevent etching of the Co;;7Fe,3 beams. To
directly measure the magnetostriction coefficient (i;) of
our films, bimorph cantilevers of Co7;Fe,; are deposited
on flexible copper substrates for the laser Doppler vibrom-
eter (LDV) and capacitance gauge measurements [20] [see
Fig. S2(a) in the Supplemental Material [19]]. For all of
our films, the magnetostriction saturated for applied mag-
netic fields in excess of 100 mT, which is consistent with
the field at which saturation magnetization is achieved
according to measurements made with a vibrating-sample

magnetometer for a 5 x 5 mm? sample. Values of A, up to
80 ppm are found for the Cos;Fe,; films that are within
the range observed for high-quality sputtered films [21—
23], confirming the comparable quality of electrodeposited
samples.

Mechanical measurements, including measurements of
magnetostriction and fj, are carried out using a LDV and
utilizing a lock-in technique. Magnetization measurements
are performed with a vibrating sample magnetometer. We
also employ a magneto-optic indicator film (MOIF) tech-
nique to observe magnetic domain walls [24-26]. The
indicator film’s in-plane magnetization can be locally
rotated out of the plane by magnetic stray fields exiting the
Co77Fey; beam sample (at domain walls, ripples, or sample
edges), and incident light on the indicator film experiences
a large magneto-optic Faraday rotation. From the polariza-
tion contrast at these locations, an image of domain walls
in the beams is generated.

III. RESULTS

Figure 1 shows the measured resonator amplitude as a
function of frequency utilizing an external piezoelectric
actuator for one of the resonators. With increasing drive
amplitude, we observe nonlinear Duffing behavior, which
manifests as an asymmetric distortion of the resonance
peak as shown in Fig. 1(a). The peak intensity and line-
shape are also found to be dependent upon the direction
of the frequency sweep, as shown in Fig. 1(b). Such non-
linear, bipolar behavior has previously been proposed as a
two-state bit memory by shifting the frequency through the
application of a magnetic field [27].

At low-drive amplitude (0.2 V to the piezo stack) where
a nondistorted Lorentzian peak shape is observed, fy is
measured with a magnetic bias field applied in the plane
of the film, both perpendicular (/) and parallel () to
the long axis of the resonator, and the results are shown
in Figs. 2(a) and 2(b), respectively. For H,, a shift in
fo 1s observed above 2030 mT. Interestingly, no satura-
tion in the frequency shift for this field-sweep direction is
observed at fields as high as 300 mT (the limit of the mag-
net). This is in stark contrast to the frequency shift data for
the H), data set [Fig. 2(b)], which shows an almost com-
plete saturation of the magnetization above approximately
100 mT (this correlates with the magnetostriction data [see
Fig. S2(a) in the Supplemental Material [19]] that show
saturation around this field as well. This discrepancy is
most likely a direct result of a hard magnetization axis in
the direction perpendicular to the length of the resonator,
consistent with the demagnetizing energy (large N,,N;)
induced by the high aspect ratio of the beams.

One possible reason for the observed behavior is that
the nonsaturation of the magnetization along the hard axis
results from the large energy barrier for magnetization
rotation. The saturation of the magnetization will directly

034028-2



MAGNETOELASTIC EFFECTS IN DOUBLY...

PHYS. REV. APPLIED 11, 034028 (2019)

(a) 3.54{——1.5Vdrive
{——1.25V drive
1V drive
< 3.04
S |——0.8Vdrive
® 25 0.6 V drive
'g | ——0.5Vdrive
=2 L. 0.4 V drive
a 7 |——03Vdrve
£ P 0.25 V drive
< "1 —o02vdive
1.0
0.5
0.0 : i .
(b) 3s
15V drive /
3.0
S 254
% ]
S 2.0
1
S 5]
€ ]
<
1.0
0.5+ \
0.0 - i : , : ,
109 110 111 112
Frequency (kHz)
FIG. 1. Resonant amplitude vs frequency (a) for different

piezoelectric-drive amplitudes and (b) showing nonlinear oscil-
lator behavior with a hysteresis between up and down sweeps for
highest drive amplitude given in (a).

correlate to the saturation of the magnetostriction in the
beam, and as long as the magnetization is rotating, a mag-
netostrictive effect will still be observed. We confirm this
for the present Cos;Fe;; beams and the data is shown
in Fig. 3. Magnetization measurements of a single beam
cleaved from the sample show clear easy-axis behavior for
H,, while for H,, the hysteresis loop is consistent with a
magnetically hard axis. This is further compared with the
hysteresis loops for a square sample grown on the same
wafer as the beam, which show isotropic in-plane behav-
ior [see Fig. S2(b) in the Supplemental Material [19]] and
confirms that the observed hard axis is resultant from the
anisotropy (both shape and stress) for the beam. It is also
possible that for 4, , a large magnetic torque T = mB sin 6
(where m is the magnetic moment) is generated due to
the magnetization being primarily aligned parallel to the
length of the beam. Torque effects should also give rise
to a linear increase in frequency with field, and a tor-
sional resonance mode has previously been shown to
dominate the fundamental bending mode depending on the
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FIG. 2. Resonant frequency f; vs applied magnetic field puoH
for (a) field applied in-plane and perpendicular to the long axis
of the beam (parallel to short axis) and (b) field applied in-plane,
parallel to the long axis of the beam. The field-sweep direction is
indicated by arrows.

magnetic-anisotropy angle with respect to H [28]. Future
measurements at fields near or above the saturation field of
woH ~ 1.35 T can be used to decouple the contributions
from these two mechanisms.

The opposite signs for the frequency shift in the par-
allel and perpendicular directions (Fig. 2) are consistent
with the development of magnetostrictive stress: for a field
applied along the beam, a tensile magnetoelastic stress is
expected to develop, whereas a compressive stress will
develop for field applied perpendicular to the beam due
to the corresponding rotation of the magnetic moments.
Notably though, there are two sharp peaks in fy vs H that
occur when H| is near the coercive field (Hc). In contrast
to the A, data set, the frequency response for H) also
appears to saturate above 150 mT except for two addi-
tional anomalies observed for when the magnetic field is
swept from negative to positive (increasing branch) just
before saturation. Another interesting feature to note is
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FIG. 3. Magnetization vs applied magnetic field for H applied
along the long axis and short axis of a single Co77Feys
microbeam. The inset shows the full-scale magnetic hysteresis
loop.

that above this 150-mT field, the peak shape goes from
Lorentzian to distorted non-Lorentzian even though the
drive voltage is kept constant (see Fig. S3 in the Supple-
mental Material [19]). This occurs starting at the inflection
point in the f vs H), plot and above saturation of the mag-
netization and magnetostriction. This phenomenon is not
yet fully understood, but the distorted shape of the reso-
nance peak is highly indicative of nonlinearity arising in
the beam. It is also of interest to note that the beam should
be nominally saturated at 100 mT for H,; (which does cor-
respond to saturation of f; observed in the down sweep).
One possibility is that this could be due to a slight mis-
alignment of the beam in the field. Any effects from this
may also be amplified if the magnetization is not fully
rotated by 180° by the applied negative field, which would
explain the difference regarding the down- and up-field
sweeps.

The value of magnetic-field sensitivity, defined as
dfo/dH, is plotted in Fig. 4 for both fields applied parallel
and perpendicular to the beam’s length. For H||, two large
peaks occur at roughly +H¢, reaching a maximum dfy/dH
of 40 Hz/mT. This corresponds to 0.03% fo/mT, which
is comparable or slightly higher than values observed
for other proposed sensors where magnetostriction domi-
nates [15,29], but is lower than previously observed dfy/dH
values for cantilever beams utilizing the AE effect [3,11].
However, while dfy/dH is low at smaller magnetic fields
for H, the value grows linearly with increasing field, and
while the value of field sensitivity may decrease as the
material approaches saturation, it is not expected to sat-
urate until well over a 1-T applied field (based on the
magnetization curves).

MOIF microscopy is used to study the domain forma-
tion and dynamics of the Co7;Fe;; microbeams for /)
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FIG. 4. The derivative of the field-dependent frequency data,
or the magnetic-field sensitivity, vs applied magnetic field.

and H, to better understand the remagnetization processes
underlying the spectral response of the Cos7Fe,;-based
magnetic-field sensors. In Figs. 5(a)-5(c), simultane-
ous MOIF imaging of two Co77Fe;; microbeams are
shown under a series of representative magnetic fields
applied along the parallel direction (x direction). MOIF
microscopy videos covering the entire remagnetization
behavior under easy-axis and hard-axis fields are included
as Supplemental Material [19]. After applying a moderate
positive field along the x axis (6.9 mT), the magnetic field
is reduced by half in (a) (3.5 mT), for which the magne-
tization remains aligned with the positive field direction.
After applying a small reversed field in (b) of —1.4 mT,
we notice that the rectangular termination pads of the
beams are first to nucleate reversed domains, shown by
the change from light-to-dark (dark-to-light) contrast along
the perimeter of the left (right) termination pads. Increas-
ing the reversed field to —3.4 mT in (c), we find that the
termination pads are predominantly remagnetized, while
the beam remains magnetized along the positive direction.
The beam magnetization direction in (c) is evident from
the MOIF contrast along the beam axis, specifically where
the dark-to-gray transition and the gray-to-bright transi-
tions indicate that the magnetization within the gray region
is uniform and opposite the reversed magnetization in the
termination pads. Interestingly, the diffuse and extensive
bright- and dark-contrast regions entering into the beams
indicate incoherent magnetization configurations through
the thickness. This behavior indicates that beams of this
thickness cannot be considered entirely within a planar-
remagnetization model for fields applied along the easy
axis. In order to gain better insight into the magnetiza-
tion configuration of the beams along the easy axis, a
single beam is taken from these samples and is thinned
by ion bombardment to electron transparency. Lorentz
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(a)

Transmission Electron Microscopy (see Fig. S4 in the
Supplemental Material [19]) reveals a longitudinal mag-
netization ripple along the easy axis, which is indicative of
polycrystalline grains with random deviations of orienta-
tion, composition, and strain in the individual crystallites.
We also can see the narrow domain walls, which were
otherwise below the resolution of the MOIF technique.

Figures 5(d)-5(f) illustrate the short-axis reversal
behavior of the beams. Starting at a moderate negative
field (—6.9 mT) along the y axis, Fig. 5(d) shows strong
contrast from the top and bottom edges of the beam and
contact pads indicate that the magnetization is primarily
aligned with the applied field. As the field is reversed
to 0.3 mT in Fig. 5(e), the contrast at the edges of the
beam has mostly disappeared, corresponding to the mag-
netization rotating back onto the easy axis at small fields.
A large contrast at the termination pads shows that the
magnetization has largely changed sign, indicating rever-
sal has already been initiated in the pads. Under increasing
fields, the magnetization in the beams can ultimately over-
come the anisotropy of the structure and rotate onto the
short axis. The beginnings of such rotation can be seen in
Fig. 5(f) at 1.4 mT.

We can also better interpret the magnetic hysteresis
loops in Fig. 3 in light of the magneto-optic images.
The rectangular termination pads reverse by domain-wall
propagation and generate the largest contribution to the
observed hysteresis in the magnetization curves. This is
evident in both the easy-axis and the hard-axis hystere-
sis loops as the pads are only weakly influenced by
the shape anisotropy of the beams. The beams them-
selves have virtually zero hysteresis (Figs. 5(e) and 5(f)
and microscopy videos in the Supplemental Material)
for fields applied along the hard axis, a result we could
not have otherwise determined from the magnetization
curves due to the large signal from the pads. This high-
lights the extent to which the fabrication of magnetic

FIG. 5. MOIF domain images
of two Co77Fes3 microbeams. An
external magnetic field is applied
along the beam long axis: (a)
+3.5 mT, (b) —1.4 mT, and (c)
—3.8 mT; or the beam short axis:
(d) —6.9 mT, (e) 0.3 mT, and (f)
+1.4 mT. The color wheel indi-
cates the direction of magnetiza-
tion; the white arrows represent
a region where the MOIF con-
trast is insufficient to determine
direction.

microdevices with complex patterns will strongly affect the
local magnetic properties, and therefore, complicate anal-
ysis of these structures with bulk measurement techniques.
We also note that remagnetization begins with the termi-
nation pads before advancing into the beams, either by
domain-wall propagation [Figs. 5(b) and 5(c)] for easy-
axis fields, or rotation [Figs. 5(d)}-5(f)] under hard-axis
fields.

IV. DISCUSSION

A comparison of the figure of merit dfy/dH and the
equivalent magnetic noise floor for several ME sensors
in the literature is shown in Table 1. It can be observed
that dfy/dH, which is theoretically directly related to the
equivalent magnetic noise [16], may vary for similar mate-
rials. However, even for less than ideal values of frequency
shift (less than 1% shift in £;), noise floors in the hundreds
of pT/v/Hz can be observed (with some inconsistencies
given different electronic detection schemes with variable
electronic-noise contributions). This work has focused on
both the contributions for parallel vs perpendicular applied
fields, which has not previously been presented for sim-
ilar systems. It is in this way that we see that although
the magnetic field sensitivity is lower for H,, it is maxi-
mized at very-high-bias magnetic fields compared to AE
sensors with a very narrow working point. Based on our
values of dfy/dH and comparing to those in Table I, we
would expect to have very good sensitivity at these high
biases. This large nonsaturating magnetic-field sensitiv-
ity for H, as shown in Fig. 4 makes the present doubly
clamped Co7;7Fe,; resonators very promising candidates
for highly sensitive magnetic-field detection in a high-
bias field, which would be extremely useful for use in
nuclear magnetic resonance (NMR) or magnetic resonance
imaging (MRI) systems [30].
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TABLE I. The figure of merit dfy/dH and working point for several ME sensors, and the resultant equivalent magnetic noise floor.
Magnetic phase dfo/dH (% fo/mT) Working point (mT) Equivalent magnetic noise (pT+/Hz) Ref.
Fe-Ga-B 0.6 0.5 (H)) 300 [3]
(F690C010)7gSi12B10 1.5 2 (I‘[H) 12000 [11]
Fe-Co-Si-B — 0.65 (H)) 7.1 [6]
Bulk Metglas 8 0.5 (H)) 5 [1,14]
Fe-Ga-B 1.44 1.2 (H)) 800 [30]
Fe-Co-Si-B/Cr multilayer 0.97 0.7 (H)) 140 [7]
CogsFesn 0.007 3050 (H)) 100 [16]
Co77Feys 0.03 6.6 (H)) — This work
0.009 >300 (H)
V. CONCLUSIONS [3] T. Nan, Y. Hui, M. Rinaldi, and N. X. Sun, Self-biased

In summary, free-standing beams with clamped-
clamped boundary conditions are fabricated using a
combination of electrodeposition, photolithography, and
high-temperature wet etching. In testing, a clear nonlin-
ear behavior is observed while driving the beams with
a piezoelectric actuator at resonance. The resonant fre-
quency shifts with application of a magnetic field due
to the development of a magnetoelastic strain along the
length of the structure. With a magnetic field applied along
the length of the structure, easy-axis behavior is observed
in the magnetization and reversal is achieved through
domain nucleation and propagation, whereas fields along
the short (hard) axis display coherent rotation of the mag-
netization within domains. The individual contributions
of the pads and the beams to the hysteretic behavior is
revealed through domain imaging. Along the hard axis,
the large field required for saturation matches with the
linear behavior observed at higher fields in the magnetic
field sensitivity dfy/dH. This highly anisotropic clamped-
clamped cantilever structure results in a nonsaturation
of frequency shift with magnetic fields of over 300 mT
applied perpendicular to the length of the beam, making
such a microstructure a prime candidate for magnetic-field
sensing with a vastly increased operational range.
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