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Abstract Field-annealed Co-based amorphous ribbon
(Metglas® 2705M) with a meander structure is fabricated by
MEMS technology and the giant magnetoimpedance (GMI)
effects are studied at different magnetic fields and frequen-
cies. The maximum longitudinal GMI ratio of the ribbon
is 193.7% and the magnetic field sensitivity is 17.4%/Oe.
The maximum GMI ratio of the meander ribbon is much
larger than the single strip ribbon mainly due to the larger
change ratio of inductance L. The sensitivity of an output U
reach up to 10 V/A and U thermal fluctuation is less than 15
mV in the temperature range of —20 to 40°C. This meander
shape ribbon can be considered as a good candidate for the
GMI-based sensor fabrication.

1 Introduction

The giant magnetoimpedance (GMI) effect is the change
of the impedance experienced by an AC current flowing
through a magnetic material when an external DC magnetic
field is applied. This effect has been extensively studied in
soft amorphous ferromagnetic wires [1-5], thin films [6-9],
and ribbon [10-13] in last decade for their potential applica-
tions in magnetic field sensing [14], material nondestructive
evaluation [15], and biosensing [16—18]. Co-based amor-
phous ribbon has been studied for many years in order to
improve its soft magnetic properties [19-21]. It exhibits the
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GMI effect which may be related to the high transverse per-
meability caused by the transversely oriented domain con-
figuration [22]. The ribbon has low magnetostriction and the
magnetic anisotropy can be easily controlled. Consequently,
much effort has been done in enhancing the GMI perfor-
mance and practicality of Co-based amorphous ribbon in re-
cent years [16, 18, 23-26]. Sensor applications require the
stability and the sensitivity of the GMI response to the ex-
ternal magnetic field combined with the smallest size of the
samples; therefore it is the best choice to use MEMS tech-
nology to fabricate the sensor. Recently, Zhou [27] reveals
that the GMI response in the NiFe thin film with a meander
structure has a great improvement compared with a single-
strip sample. However, less reports is presented on the GMI
effect in Co-based amorphous ribbon with a meander struc-
ture.

The aim of this work is to investigate the GMI perfor-
mance of a micropatterned Co-based ribbon and the en-
hanced GMI effect in a meander-structure ribbon. The field-
annealed Co-based ribbon (Metglas® 2705M) with a mean-
der structure is fabricated by the MEMS technology. The
longitudinal GMI effect in this ribbon is investigated at var-
ious frequencies. The results are compared with the GMI
response in the ribbon with single-strip structure and the dif-
ferences between them are discussed. The output voltage U
to the measuring current / is tested in the temperature range
of —20-40°C to verify the sensitivity and the stability of the
patterned ribbon.

2 Experimental details

The samples with a meander shape are made of Co-based
commercial amorphous ribbon (Metglas® 2705M) with
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Fig. 1 (a) The magnetization curve and (b) transverse domain struc-
ture of the field-annealed ribbon. External field applied along the trans-
verse direction of ribbon (easy axis) during the magnetization curve
measurement

30 pm in thickness, and the physical properties of this rib-
bon are as follows: the max permeability timax 1S 6 X 10°,
the resistivity p is 136 p€2 cm, the saturation magnetostric-
tion <1 ppm, and the Curie temperature is 365°C. Before
fabricating process, the ribbon is subjected to annealing
treatment at 380°C (slightly higher than Curie temperature)
with a transverse magnetic field in vacuum to induce trans-
verse anisotropy. The annealing system has a small vacuum
chamber within which the ribbon can be fixed firmly and
the chamber can be evacuated down to a base pressure of
0.3 Pa. The chamber is placed into the center of a pair of
Helmholtz coil and the field strength of 16 kA/m (nearly
saturation magnetization) is generated along the transverse
direction of ribbon. The transversal induced anisotropy is
evident from the magnetization curve as shown in Fig. la
and the domain structure of the ribbon in Fig. 1b. The field
distribution is sharp and symmetric. The hysteresis loop of
the field-annealed ribbon shows nearly null coercivity and
remanence. The domain structure of annealed sample shows
the uniform transverse anisotropy.

The micropatterned ribbon is fabricated by photolithog-
raphy, chemical etching, and electroplating methods. After
bonding the ribbon on glass substrates using an epoxy ad-
hesive, the photoresistive layer with a thickness of 10 pm
is coated on the ribbon layer and exposed. The ribbon is
etched in an acidic solution (mixture of HNO3, HCI, and
H,O with a certain proportion) for about ten minutes. As
chemical etching is an isotropic process, a certain amount
of undercutting and profile roughness is expected. The pho-
tomasks give 420-um line width to photoresistive layer to
compensate the undercutting. After etching process, the line
width of the single-strip structure and of each segment of a
meander structure is measured by a profiler and the width
is 400 £ 2 pm. The space between adjacent longitudinal
straight lines of meander ribbon is 200 £ 2 pm. With the
comparatively large size of the meander structure, the error
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Fig. 2 Top view of the micro-patterned ribbon with (a) meander struc-
ture and (b) single strip structure; (c¢) photograph of the samples

of 2 um is considered to be acceptable. Cr/Cu seed layer
with a thickness of 100 nm is deposited on a patterned rib-
bon and a substrate by RF sputtering. Then the 0.5 mm x
0.5 mm Cu electrodes with a thickness of 20 um are elec-
troplated. After the photoresistive layer is removed, the seed
layer that beyond the patterned structure is removed by re-
active iron etching method. Finally, the total dimension of
the meander shape ribbon is 3400 um (width) x 10000 um
(length) and the meander structure with three turns is shown
in Figs. 2a and 2c. In addition, the magnetization curve of an
etched ribbon is also measured to observe the influence of
the etched treatment on the anisotropy of the ribbon; the re-
sult shows that the difference between before and after etch
treatment are very small and can be nearly ignored. It may
be related to the fact that the sample studied here is annealed
in a relatively large magnetic field of 200 Oe.

The GMI effects are measured by an impedance ana-
lyzer (HP4194A). The AC current that flow through the rib-
bon with the constant amplitude of 10 mA and with the
frequency in the range of 0.1-40 MHz. An external mag-
netic field (Hex) of 1-150 Oe is applied along the lon-
gitudinal direction (perpendicular to easy axis). Figure la
shows the direction of the AC current and the external mag-
netic field. Due to limitations of our experimental device to
reach saturation field for samples, the GMI ratio is calcu-
lated from Z(H) curves defined as: GMI ratio = 100% x
[Z(H) — Z(Hmax)1/ Z (Hmax), Where Z (Hmax) is the mag-
netoimpedance with a 150-Oe magnetic field applied.

3 Results and discussion

In the frequency range of 1-40 MHz, the field character-
istics of a GMI in a meander ribbon for the longitudinal
field exhibit sharp change at around 10 Oe, as can be seen
in Fig. 3. The maximum GMI ratio is 193.7% at the mag-
netic field Hex = 10 Oe and the frequency f = 20 MHz.
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Fig.3 Field dependences of longitudinal GMI effect in meander shape
ribbon at different frequency

With the increase of the applied magnetic field, the mag-
nitude of the GMI ratio is reaching a sharp peak and then
gradually decreases to zero [6]. It is a typical characteris-
tic of longitudinal GMI spectra of the soft magnetic materi-
als with a high-transverse permeability. All of the curves in
Fig. 2 are in good agreement with this characteristic. This
phenomenon can be explained by the magnetization rota-
tion model [22] at high frequency in which the transversal
magnetic permeability increases with the increasing mag-
netic field and reaches a maximum value at H; = Hg (Hg
is the anisotropy field of samples). In the linear range of 2—
10 Oe, the GMI field sensitivity is 17.4%/Oe at 20 MHz. In
the range of 0-20 MHz, the GMI peak value of patterned
ribbon increases with frequency and reaches its maximum.
It should be noted that the GMI effect increases with fre-
quency because the impedance is proportional to (wur)!'/?,
here f = w/2n is the frequency of the AC current and pr
is the transverse permeability, but in the case of decreasing
transverse permeability at higher frequencies, this trend be-
comes not obvious.

The calculated impedance Z of a planar ribbon based
on the classical skin effect solution of the reduced Maxwell
equation is [22, 28]

Z = Ryc - jka coth(jka) (1)

where 2a is the thickness of the ribbon, Rg4. is the electri-
cal resistance for a DC current, and k = (1 + j)/§,, with
imaginary unit j. §,, is the skin depth in the ribbon with a
transverse permeability ur,

C

. — )

Va2 four
where ¢ is the speed of light and o is the electrical con-
ductivity. According to (1) and (2), GMI can be understood

as the consequence of the increase of the skin depth until it
reaches half the thickness of the ribbon through the decrease

of the transverse permeability in (2) under an external mag-
netic field. In order to get a larger GMI effect, it is necessary
to reduce skin depth by choosing magnetic materials that
have large permeability u and small §,, and Rq.. Moreover,
although the relatively high GMI ratio is obtained from the
meander structure, this structure has inhomogeneous mag-
netic structure; further research work should be carried out
to investigate the asymmetric GMI effect and the GMI hys-
teresis in this structure.

Next, in order to understand the influence of the meander
structure on the GMI effect, the comparison of impedance
Z, resistance R, and reactance X between the meander and
the single-strip structure at 20 MHz is carried out. The sin-
gle strip structure ribbon has the same length (10000 pm)
and line width (400 pm) as the meander structure (shown in
Fig. 2¢). As it is well known, Z is consists of its real part R
and imaginary part X, the combined action of R and X lead
to the change of Z. It is obviously shown in Fig. 4 that the
GMI ratio in meander structure is larger than in the single
strip. In a single-strip ribbon, field dependence of X is a flat
curve, only R plays a major contribution to the change of Z.
But in the meander structure, X begins to make big contri-
bution to the change of Z together with R. With respect to
the relationship between X and inductance L is X = wL, the
formula of Z, R, X, and L can be expressed as follows [29]:

Z(w, ur) = R(®, pur) +jX (@, ur)
= R(w, ur) +joL(w, ur)

- L +joL(w, 1ur), 3)
2wé
where p is the resistivity of ribbon, / is the total length of
patterned ribbon, and w is the line width of the ribbon, re-
spectively. According to this formula, the enhanced GMI ef-
fect in meander structure can be explained from the larger
change ratio of X and L.

When an AC current flows through the meander structure,
just as a plane inductance, the magnetic flux in the longitudi-
nal straight lines will correlate each other by mutual induc-
tance of magnetic chain. Due to this mutual inductance ef-
fect, the change ratio for inductance of meander structure is
bigger than the single-strip structure under the same changes
of magnetic field. Because of the relationship between Z
and L, Z = R + jowL, this meander structure will lead to a
larger change ratio of Z and thus lead to a larger GMI ef-
fect. For a ferromagnetic conductor, it is a comparatively
complicated process to calculate the mutual inductance of a
meander conductor because several factors should be con-
sidered, such as the distribution of the magnetic field in a
conductor and an exterior space, the distribution of an AC
current, the magnetic interaction among each individual line
segments, the effect of the domain structure, and the magne-
toelastic anisotropies on a permeability, and so on. But it can

@ Springer



864

35 7
30 /{\\\ —u—3Turns
—~ 251 & i i
3 1 —o— SingleStri
= 20 ) T .
Nois ¥ T
10 1 I
R I et
A
307 —=—3Turns
@ 25 ./ —o— SingleStrip
20 / ~
=1 15 H.:. \"I
] T—S—
10 ] L L
5 -.gc:;}cg@-f'&o“'@—ﬁ—-—o O
0 T T T T T
; /A_\ —u— 3Turns
= 157 f '\.\ —o— SingleStrip
g 4= "~
~= 107y ——
>< ™ .“—'——..___.
0 T '

0 25 50 75 100 125 150
External field, H,, (Oe)

Fig. 4 Field dependence of Z, R and X of the ribbon with different
structure at the frequency of 20 MHz: meander and single strip struc-
ture

be confirmed that the mutual inductance of the ribbon with
a meander structure has big contribution to the GMI effect,
and the more turns of the meander structure is, the bigger
contribution becomes. Moreover, it can be observed from
Fig. 4 that there is a slight enhancement of the anisotropy
field when going from the single strip to the meander struc-
ture, and it can be ascribed to the inhomogeneous magnetic
structure of the meander structure ribbon. It demonstrates
the effect of structural change on an anisotropy field in a
magnetic system.

In a view of the above GMI characteristics of the field-
annealed ribbon with a meander structure, the bias magnetic
field Hp of 10 Oe is applied to investigate the DC voltage
response of the meander ribbon. Figure 5 shows that the
ribbon final response U to the measuring current / in the
range of 0-0.5 A, the sensitivity of U reach 10 V/A by ad-
justing the reference voltage. In the current range of 340—
420 mA, an increasing and decreasing output voltage shows
very small deviations maybe due to the Joule contribution
in the ribbon that generated by the measuring current and
the inhomogeneous magnetic structure of ribbon. Thermal
noise is a very important issue in magnetic systems when
we refer to the output fluctuation of the magnetic sensor. In
order to measure the temperature stability of the voltage out-
put of the ribbon, the output U is measured while the ribbon
is heated and cooled. Also the voltage output of the ribbon
is measured again at room temperature. To avoid the mag-
netostriction influence during heating and cooling, we fixed
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Fig. 5 DC voltage response of the meander ribbon versus the measur-
ing current at the bias field of 10 Oe

the sample on the substrate using a small mechanical fixture.
Thermal fluctuation of U is less than 15 mV in a temperature
range between —20 and 40°C. It is mainly due to the John-
son noise generated by the thermal agitation of the charge
carriers in the ribbon and the thermal fluctuation noise from
the ribbon to the Cu electrode.

The ribbon with a meander structure shows fairly good
sensitivity and stability of the output voltage, and it also
shows a relatively high GMI ratio. It is low cost and eas-
ier to fabricate when compared with other structures, such
as multilayer thin film and wire. Thus it can be considered
as a good candidate to fabricate the GMI-based sensor with
good performance.

4 Conclusion

The longitudinal GMI effects in field-annealed Co-based
ribbon with a meander structure are studied. The maximum
longitudinal GMI ratio is 193.7% at Hy = 10 Oe and fre-
quency f =20 MHz. In the range of 0-10 Oe, the GMI
field sensitivity is 17.4%/Oe at 20 MHz. The GMI effect in
the meander structure is larger than in the single-strip struc-
ture due to the larger change ratio of inductance L during
the GMI measurement. The ribbon with a meander structure
also shows fairly good sensitivity and stability of the output
voltage.
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