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Influence of the anisotropy on the magneto-acoustic response of
magnetic surface acoustic wave resonators*
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One-port magnetic surface acoustic wave (MSAW) resonators are fabricated by stacking multilayered
(FeCoSiB/Si0,), films directly on top of interdigital electrodes. It is shown that the magneto-acoustic response of the
MSAW resonators critically depends the hysteresis of AE effect. For the magnetic multilayer without induced magnetic
anisotropy, the resonance frequency (fr) exhibits a butterfly-like dependence on the external field, therefore, enabling
bipolar detection of magnetic field smaller than its coercive field. However, for the magnetic multilayers with induced
magnetic anisotropy, butterfly-like or loop-like fR—H curves are measured along the interdigtial electrode fingers or the
SAW propagation direction, which can be attributed to the competition between the magnetic field-induced anisotropy and

the stress-induced or shape anisotropy.

Keywords: surface acoustic wave, magnetic field sensor, magnetoelastic property

PACS: 75.70.Cn, 68.65.—k, 07.07.Df, 77.65.Dq

1. Introduction

In the past decades, considerable efforts have been de-
voted to investigate the magnetostrictive-elastic-piezoelectric
interaction for magnetic field sensor applications.!!! Giant
magnetoelectric (ME) coefficients have been reported in both
bulk laminates, such as PZT/Terfenol-D,[*>! PMNT/Terfenol-
D,!®) PMNT/Metglas,”8! etc., and AIN/FeCoSiB bilayered
films.[°-!11 Ultra-high sensitivity (pico-Tesla range) has been
demonstrated by employing the mechanical resonance en-
hancement effect.!®] However, the sensitivity becomes poor
at low frequency, mainly because of the 1/f noise (f is the
frequency).[!>13]

This intrinsic difficulty can be overcome by introducing
the AE effect, i.e., the variation of Young’s modulus under
a magnetic field.!'*!5] The AE-effect has been used to de-
tune cantilever, 1181 surface acoustic waves (SAWs)[19-24 or
bulk acoustic wave (BAW) devices!2320! coated with a mag-
netic material. Taking magnetic SAW resonators and de-
lay lines for example, the phase velocity of the piezoelec-
tric substrate becomes highly dispersive upon coating a mag-
netic layer onto!>!4! or in-between?%23! the interdigital elec-
trodes (IDTs), or replacing the nonmagnetic IDTs with mag-
netic ones.!!>??! Recently, an ultrahigh DC magnetic field sen-
sitivity of 2.8 Hz/nT and a limit of detection of 800 pT were
reported by Sun’s group using a contour-mode resonator at
room temperature.!?®! Additionally, a very low magnetic noise
level of 100 pT/ Hz and a bandwidth of 50 kHz have been
achieved by Kiel University researchers using a Love-mode
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delay line.[*!

Despite these remarkable advances, the hysteresis of the
AE effect on the magnetoacoustic response of MSAW res-
onators was largely ignored, which is rooted in the magne-
toelastic properties, i.e., the larger the magnetostrictive co-
efficient the larger the AE effect.!'>! In addition, coupled to
dynamic magnetic oscillations, SAWs can be also used to as-
sist the magnetic domain motion, therefore, affecting the static
hysteresis of the AE effect.??°1 In current work, we have
fabricated one-port MSAW resonators composing multilay-
ered (FeCoSiB/Si0,), stacks directly on top of interdigital
electrodes. Similar structure was reported by Liu e al.[**]
to achieve self-biased magnetic sensors, however, our atten-
tion is given to the hysteresis of the AE effect. The influence
of the magnetic field-induced anisotropy, the stress-induced
anisotropy, and the shape anisotropy on the magnetoacous-
tic properties was studied in details. Hysteresis-loop-like and
butterfly-like resonance frequency versus applied field (fr—H)
curves were obtained, which enable the detection of not only
the bipolar magnetic field, but also the vector magnetic fields.

2. Experimental methods

[FeCoSiB (160 nm)/SiO, (10 nm)],
films were deposited by magnetron sputtering using a
FeCoSiB was selected in this
study due to its large saturation magnetostrictive coeffi-
cient (As ~ 60 ppm) and AE effect (30%).1"5! The multilay-
ered structure was employed to suppress the perpendicular

multilayered

(F690C010)7gSi12B 10 target.
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1301 A fixed 200 Oe biasing field was applied in situ

anisotropy.
during deposition to induce magnetic anisotropy. Figure 1(a)
shows the M—H curves of the deposited [FeCoSiB/SiO,]3 film
on a Si wafer along the easy and hard axes. The large remanent
ratio and the low coercivity of 2.3 Oe suggest the excellent soft
magnetic properties of the film. Figure 1(b) presents the com-
plex permeability spectra of the multilayered film measured by
a shorted microstrip perturbation method. 3!l The real perme-
ability u’ is ~ 600 and the ferromagnetic resonance frequency
is 1.5 GHz. Since the magnetic field dependent stiffness and
the magneto-elastic coupling are proportional to i, a large p’
is desired for a highly sensitive MSAW resonator.
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Fig. 1. (a) The M—H curves along the easy and hard axes, and (b) the
complex permeability spectra of the multilayered [FeCoSiB/SiO;]3 film
on a Si wafer.

One-port Rayleigh-mode SAW resonators were fabri-
cated on ST-cut quartz using 100-nm-thick aluminum inter-
digital electrodes, as shown in Fig. 2. The detailed structure
[FeCoSiB(160 nm) /SiO;
(10 nm)], (n =1, 3, 5) multilayered films were then deposited
on top of the IDTs. A 30-nm-thick SiO; was used as the in-
sulator in-between the magnetic multilayer and the IDTs. No-

parameters are listed in Table 1.

tice that the metallization ratio is 0.75, which allows the de-
position of a relatively smooth magnetic multilayer, as shown
by the cross sectional SEM image in Fig. 2(c). In order to
investigate the effect of magnetic anisotropy on the acoustic
response, we have prepared three MSAW resonators with no
induced magnetic anisotropy (MSAW-A), induced anisotropy
parallel to the SAW propagation direction (MSAW-B) and par-
allel to the fingers of the IDTs (MSAW-C).

(a) magnetic
multilayer

passive layer

insulator

ST-quartz

parallel “perpendicular

Fig. 2. (a) Schematic illustration of the structure of magnetic SAW res-
onator, (b) the optical image of IDTs, and (c) the cross sectional SEM
image of the MSAW resonator.

The MSAW resonator was then bonded to a printed cir-
cuit board (PCB) and connected to a 50 Q buffer. The S-
parameter was tested using a vector network analyzer (Agilent
N5230 A). The magnetic field employed for testing was gen-
erated by a set of Helmholtz coils, and supplied by a Keithley
2400 source meter. Magnetic field calibration was done by us-
ing a Lakeshore 475 Gaussmeter. All the measurements were
controlled by a programmed Labview software.

Table 1. Device design of the one-port MSAW resonators.

Line width 3.75 pm
Wavelength 10 pm
Number of IDT finger pairs, N 100
Aperture/IDT periodicity 0.25
Reflection grid number 500
Distance of reflection grid and IDT 2.5 pm
Al electrode thickness, /4 100 nm

3. Results and discussion

For the designed structure shown in Fig. 2, it is found
that the phase velocity of the bulk quartz is less altered when
the magnetic layer is thin. Selecting a thick magnetic layer
is helpful to boost the frequency dispersion, however, this
also increases the mass load of the SAW resonator, causing
the additional insertion loss and decrease of the quality fac-
tor. Figure 3 plots the dependence of parameter Si; on the
thickness of the magnetic layer. Herein, the thickness of the
magnetic layer was altered by changing the layer number n of
[FeCoSiB/SiO,], films from one to five. As can be seen, the
bare SAW resonator has a center frequency of 314.967 MHz
and a Bode-Q factor of 7221. Upon increasing the layer num-
ber from zero to three, the resonance frequency gradually
shifts towards the lower frequency side down to 289.414 MHz.
Meanwhile, the Bode-Q factor also decreases down to 606
when increasing the layer number to three. For the MSAW
resonator with five layers of FeCoSiB, it further decreases to
288, indicating either too heavy the mass load or severe inser-
tion loss. Therefore, the MSAW resonator with three layers of
FeCoSiB, i.e., [FeCoSiB/SiO,]3, was selected in the followed
magneto-acoustic response studies.
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Fig. 3. Thickness dependence of the S;; parameter of the MSAW res-
onators with [FeCoSiB (160 nm)/SiO, (10 nm)]3 films on the measured
frequency, (a) bare resonator, (b) n =1, (¢)n =3, and (d) n =5.
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Fig. 4. The resonance frequency shift of MSAW-A as a function of the
external magnetic field along (a) the SAW propagation direction and (b)
the IDTs fingers.

Figure 4 shows the resonance frequency shift (Afr) of
the MSAW-A as a function of the applied magnetic field (H).
Butterfly-like Afr—H curves are seen in both Figs. 4(a) and
4(b), suggesting a hysteresis behavior of the AE effect due to
the random distributed magnetic domains.*?! The fi is lowest
at +30 Oe in Fig. 4(a), however, the lowest fr is obtained at
about —50 Oe in Fig. 4(b), suggesting that the easy magnetiza-
tion axis of the FeCoSiB film lies along the in-plane direction

parallel to the SAW propagation direction due to the shape
anisotropy (length 3 mm, width 0.11 mm). The maximum fre-
quency shifts (Afr) are 61 kHz and 33 kHz in Figs. 4(a) and
4(b), respectively. The working point at —1.0 Oe in the inset
of Fig. 4(a) has the greatest change in E or fr per magnetic
field, and therefore the largest magnetic sensitivity d fr/dH
of 3670 Hz/Oe. In addition, when the external magnetic field
varies within £30 Oe, E will continuously decrease as H goes
from positive to negative. For applied fields within -2 Oe, a
bipolar response of the device can be thus obtained with good
linearity (see the insertion of Fig. 4(a)).

Figures 5(a) and 5(b) present the measured A frR—H curves
of the MSAW-B with the induced magnetic anisotropy parallel
to the SAW propagation direction. Although a butterfly-like
Afr—H curve is observed in Fig. 5(a) along the SAW propaga-
tion direction, one should notice that this is the induced easy
axis of the magnetic multilayered film. The AFE effect of an
anisotropic film along the easy axis is seldom discussed, since
the hysteresis loop is generally explained by nucleation of re-
verse domains and domain wall motion instead of domain rota-
tion. In such a case, the AE effect along the easy axis should be
very weak, '] therefore, contributing a negligible Afg. How-
ever, the butterfly-like Afr—H curve and the maximum AfR
about 80 kHz suggest significant contribution from domain
rotation. For amorphous FeCoSiB film with near zero mag-
netocrystalline anisotropy, the hysteresis behavior is heavily
correlated with the magnetoelastic anisotropy. Therefore, the
stress state in the [FeCoSiB/SiO;]3 film plays a critical role in
determining the AE effect. Moreover, the surface fluctuation
(Fig. 2(c)) may also imprint into the FeCoSiB films and bring
additional stress anisotropy competing with the induced mag-
netic anisotropy.!®3! Both of these may cause significant an-
gular dispersions of the magnetic moments and favor domain
rotation during magnetization switching, therefore contribut-
ing to the observed AE effect along the easy axis in Fig. 5(a).
Similar result has been reported in an MSAW resonator using
Ni as electrodes with competing shape anisotropy and induced
anisotropy.!??! The largest magnetic sensitivity d fr /dH at the
working points (£24 Oe) is about 41900 Hz/Oe, as highlighted
in Fig. 5(a).

Figure 5(b) shows the Afr—H curves of the MSAW-
B upon applying an external magnetic field along the IDT
fingers. Surprisingly, a loop-like Afg—H curve is seen in
Fig. 5(b), which represents two bistable nonvolatile Young’s
moduli never reported in the literature. In addition, one of
the branches in blue has relatively low djfr/dH less than
80 Hz/Oe upon sweeping the external field from O to 41 Oe.
Therefore, if selecting a proper biasing field along the SAW
propagation direction, the MSAW-B is suitable to detect the

vector magnetic field.
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Fig. 5. The resonance frequency shift of MSAW-B as a function of the

external magnetic field along (a) the SAW propagation direction and (b)

the IDTs fingers.

Figure 6 presents the measured AfR—H curves of the
MSAW-C with the induced magnetic anisotropy along the fin-
gers of IDTs.
Fig. 6(a) upon applying a magnetic field along the SAW prop-

Again, a loop-like AfgR—H curve is seen in

agation direction (i.e., the induced hard axis). Figure 6(b)
shows the Afr—H curves of the MSAW-C upon applying an
external magnetic field along the IDT fingers. A reversible
frR—H curve is seen in Fig. 6(b) with two lowest resonance
frequencies upon sweeping H field in the range of +215 Oe,
which can be attributed to the AE effect. This behavior is typi-
cal for magnetostrictive films along the hard axis and has been
well explained by Ludwig and Quandt.!!>! The Young’s modu-
lus exhibits its minimum in the magnetic field where the mag-
netostrictive susceptibility is maximal. However, again notice
that this is the induced easy axis of our magnetic multilayered
film.

In order to investigate the mechanism of the loop-like
curve along the hard axis and the reversible curve along the
easy axis in Fig. 6, we extended the external magnetic field
range to £500 Oe, and the measurement results are shown
in Fig. 7. In contrast to Fig. 6(a), there are two lowest res-
onance frequencies in Fig. 7(a) upon sweeping the H field:
the weaker one seems to come from reversible domain rota-
tion, and the other sharp drop of fr observed on the reverse
field side strongly indicates irreversible domain rotation. The
anisotropic field is as high as 400 Oe, much higher than the

field induced anisotropy in Fig. 1(a). Meanwhile, the two low-
est resonance frequencies in Fig. 6(b) become quite asymmet-
ric upon increasing sweeping field to £500 Oe in Fig. 7(b),
suggesting (i) the decreased contribution from the reversible
domain rotation to the total AE effect for Afg < 0, and (ii)
nonnegligible contribution from the irreversible rotation of the
magnetic inhomogeneities and/or the out-of-plane magnetic
moments 2! for Afg > 0. The observed resonance frequency
shift in Fig. 7(b) can be attributed to the angular dispersions
of the easy axis due to the competition between the induced
magnetic anisotropy and the shape anisotropy. The similar
phenomena have been widely reported in patterned magnetic
strips with a large length over width ratio.[*¥l Applying higher
external field triggers more irreversible domain rotation, there-
fore contributing to the observed enhanced AE effect along the
easy axis.
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Fig. 6. The resonance frequency shift of MSAW-C as a function of the
external magnetic field along (a) the SAW propagation direction and (b)
the IDTs fingers.

1 "
—200

Assuming that the magnetic moments are pre-aligned on
the negative field side in Fig. 6(a), one can find that the
Young’s modulus first decreases upon sweeping the H field
from 4215 Oe (much less than the anisotropic field) to 0 Oe,
and then increases upon sweeping the field from 0 Oe to
—57 Oe, due to the trigger of the irreversible domain rota-
tion first. Applying H field higher than —57 Oe triggers re-
versible domain rotation and slightly decrease of E. However,
sweeping the H field from —215 Oe to +215 Oe triggers both
reversible and irreversible domain rotations near —46 Oe and
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+55 Oe sequentially, which is very like the blue branch in
Fig. 7(a). Therefore, we believe that the loop-like Afr—H is
originated from the hysteresis of the magnetoelastic properties
(A and AE), and can be observed as far as the sweeping field
is larger than the coercivity but smaller than the anisotropic
field. This explanation can also be applied to Fig. 5(b). How-
ever, for a soft magnetostrictive film with only induced mag-
netic anisotropy and very small coercivity, this loop-like A fr—
H may become unconspicuous due to the suppressed contri-
bution from the irreversible domain rotation.
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Fig. 7. The resonance frequency shift of MSAW-C as a function of the

external magnetic field in a broad range from —500 Oe to +500 Oe

along (a) the SAW propagation direction and (b) the IDTs fingers.
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200 400 600

4. Conclusion and perspectives

In summary, magnetic SAW resonators have been fabri-
cated by stacking multilayered FeCoSiB films on the top of
IDTs. It is found that the resonance frequency of the MSAW
resonator without induced anisotropy exhibits a butterfly-like
dependence on the external field along both the SAW prop-
agation direction and the IDTs fingers, therefore, enabling
bipolar detection of magnetic field smaller than its coercive
field.
can be obtained by introducing magnetic anisotropy to the

Distinct butterfly-like and loop-like Afr—H curves

[FeCoSiB/Si0;], multilayer, which can be employed as a use-
ful strategy to design vector magnetic field sensors.
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