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The surface roughness, surface magnetic domain structure (SMDS), and high frequency magneto-impedance (MI) response of melt-extracted Co69.25 Fe4.25 Si13 B13.5
microwires with 1 at.% Nb substitution for B have been studied by atomic force
microscopy (AFM), magnetic force microscopy (MFM), and impedance analyzer,
respectively. We show that the Nb doping significantly increases the domain width
from 729 to 1028 nm, while preserving the low surface roughness (∼2 nm) of the
base composition. As a result, a greater improvement of the high frequency MI
response (∼300%/Oe at 20 MHz) is achieved in the Nb-doped microwire. A welldefined circumferential anisotropy formed with Nb-substitution is key to a highly
sensitive MI field sensor. © 2017 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/). [http://dx.doi.org/10.1063/1.4975134]
I. INTRODUCTION

Soft ferromagnetic materials (wires, ribbons, and thin films) exhibiting giant magneto-impedance
(GMI) effect are promising for high performance magnetic sensor applications.1–4 It has been reported
that GMI sensors operate at room temperature, with ultrahigh sensitivity, high thermal stability, high
spatial resolution, small size, light weight, and low power consumption.5 A wide range of products such as portable gauss meters and smart phones utilizing Co-rich amorphous wire based GMI
sensors have been developed by the Aichi Steel Company - Japan and are now available in markets.6 Recently, there has been growing interest in developing GMI materials and sensors that can
operate at high frequencies up to 1 GHz.7–10 Melt-extracted amorphous microwires of composition
Co69.25 Fe4.25 Si13 B13.5 have emerged as attractive candidates for low-field high sensitivity GMI sensors, however, most work has been limited to a frequency range below 20 MHz.11–13 Despite our
recent studies,14,15 a clear understanding of high frequency GMI and its correlation with the surface
magnetic domain structure (SMDS) of melt-extracted microwires is still lacking.
Since its development in 1987,16 magnetic force microscopy (MFM) has been accepted as an
effective technique in detecting surface micro-magnetic information.17–20 While it is popular to image
the SMDS of planar magnetic media by MFM, only a few published works exist where a sample in
wire geometry has been imaged.11,13
In this paper, we aim to improve the high frequency MI response of the base composition
Co69.25 Fe4.25 Si13 B13.5 through 1% Nb substitution, while using atomic force microscopy (AFM) and
MFM to correlate the MI behavior with the surface roughness and magnetic domain width.
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II. EXPERIMENT AND METHODS

Soft ferromagnetic microwires of composition Co69.25 Fe4.25 Si13 B13.5 (Nb0%) and
Co69.25 Fe4.25 Si13 B12.5 Nb1 (Nb1%) with diameter of ∼49 µm and ∼50 mm in length were fabricated
by melt-extraction as described elsewhere.21 The microwires were imaged with great sensitivity using
CoCr thin film-coated silicon tips with Q values between 100 and 200 on a Bruker Dimension Icon.
The measurement was executed in tapping-lift mode with the cantilever driven slightly below its
natural resonance frequency to maximize the change in oscillation amplitude. The lift height was
kept constant at 100 nm for all samples. The average value of the magnetic field near the probe is
measured instead of discrete values and it shows the negligible influences on the MFM image when
the lift height is larger than the size of probe. In this study, the microwire sample was fixed to a
horizontal substrate before it was placed under the tip at ambient pressure and temperature. The tip
height was 15 ± 2 µm, radius 50 ± 5 nm, and had a force constant of 3 N/m. The MFM image is
128 px × 32 px and scanning rate is 0.996 Hz.
Magneto-impedance was measured as a function of applied magnetic field (H max = 110 Oe)
along the length of the wire at high frequency (20 - 1000 MHz) using an HP 4191A impedance
analyzer. The HP 4191A determines the complex reflection coefficient, Γ, of a high frequency signal
sent down a terminated transmission line. An airline22 made of a 2 cm section of wire suspended over
a Cu ground plane served as the transmission line, which was terminated with a 50 Ω standard that
matches the input impedance of the analyzer. The complex reflection coefficient at the beginning of
the microwire airline was measured and converted to complex impedance (Z̃) by
!
1+Γ
= R + jX,
(1)
Z̃ = 50
1−Γ
where R is the resistance, X is the reactance, and j is the imaginary unit. In this work, the magnetoimpedance ratio is defined as
∆Z
Z(H) − Z(Hmax )
(%) =
× 100%,
Z
Z(Hmax )

(2)

where Z(H) is the impedance (or resistance, reactance) at field H. The MI ratio is normalized by
Z(H=H max ).
III. RESULTS AND DISCUSSION

Atomic force microscopy was conducted on the various microwires before MFM images were
taken. Figure 1(a)–(b) presents the AFM images and average roughness (Rq ) values for the two different wire compositions. The average roughness was found to be Rq = 1.14 nm for Co69.25 Fe4.25 Si13 B13.5
and Rq = 2.21 nm for Co69.25 Fe4.25 Si13 B12.5 Nb1 . It can be concluded that the surface roughness was
not significantly affected by 1 at. % substitution of Nb for B.
MFM images given in Fig. 2(a)–(b) show the evolution of the surface magnetic domain structure
of the base composition of wire and after 1 at. % doping with Nb. To understand how the average
domain width, d, was extracted from MFM scanlines (not shown), the theory of magnetic domains in
negative magnetostrictive microwires must be reviewed. There are two potential sources of surface
stray fields according to the theory of magnetic domains: one is generated by the domain magnetization
and the other by the domain wall. According to the core-shell model of negative magnetostrictive
Co-rich amorphous microwires,23 the magnetic moment of the surface domains is nearly aligned
in the circumferential direction and thus there is no stray field in the normal direction. However, a
Bloch wall will generate a stray field in the normal direction and thus the relative surface position
of antiparallel domain walls can be determined. The MFM probe is magnetized to be in a negative
~ z ) gradient along the z-axis is a minimum if the surface
remanent state, such that the magnetic force (F
stray field flows out of the surface normal. This corresponds to the wave trough shown as the dark
~ z maximum, i.e.
regions in Fig. 2(a)–(c). The wave crest corresponds to a repulsive force where F
the bright region. Thus, average periodicity from crest-to-crest or trough-to-trough divided by two is
used as the estimate for the average domain width.
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FIG. 1. AFM images of (a) Co69.25 Fe4.25 Si13 B13.5 and (b) Co69.25 Fe4.25 Si13 B12.5 Nb1 along with the average surface
roughness values.

Using the method described above, the average domain width, d, was found to be 729 nm and
1028 nm for Nb0% and Nb1% microwires, respectively. Substitution of B with 1 at. % Nb was found
to significantly increase the magnetic domain width from the base composition. It should be noted
that remarkable uniformity of the surface magnetic domain structure was observed on the wire doped
with 1 at. % Nb.
To correlate the SMDS and surface parameters with GMI, magneto-impedance measurements
at the intermediate to higher frequency range of 20-1000 MHz were conducted on the microwires.
Figure 3 (a)–(b) shows the field and frequency evolution of the MI of the base composition and Nb
doped microwires, respectively. It can be observed that the MI response increases significantly with 1
at. % substitution of Nb. The maximum change in impedance, [∆Z/Z]max , for the base composition of
microwire was found to be ∼360 % at 40 MHz, while the maximum for the Nb doped wire was ∼540
% at 20 MHz. Figure 3 (c)–(d) and (e)–(f) show the change in resistance and change in reactance,
respectively. The change in resistance can be identified as the component contributing to the increase
in [∆Z/Z]max from Nb substitution.
Finally, the field sensitivity was calculated by
!
d ∆Z
η=
(3)
dH Z

FIG. 2. MFM images of (a) Co69.25 Fe4.25 Si13 B13.5 and (b) Co69.25 Fe4.25 Si13 B12.5 Nb1 along with the average domain width.
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FIG. 3. The field and frequency evolution of [∆Z/Z] of (a) Co69.25 Fe4.25 Si13 B13.5 and (b) Co69.25 Fe4.25 Si13 B12.5 Nb1 , [∆R/R]
(c) and (d), and [∆X/X] (e) and (f).

and plotted as a function of magnetic field alongside the change in impedance for the microwires
at 40 MHz as shown in Fig. 4 (a)–(b). It is apparent in this figure that the Nb substitution had
a greater impact on the low field sensitivity. Notably, the dip at fields less than the anisotropy
field (H K ) is more developed in the Nb-doped wire, which translates to a higher field sensitivity
near zero magnetic field. Figure 4 (c) plots the maximum sensitivity of the base composition and
Nb-doped wire. It is clear that the 1 at. % Nb doping produces a much greater field sensitivity at
low fields over the range of frequencies measured, which stems from a deeper dip near zero field.
Figure 4 (d) shows the anisotropy field of the wires as a function of frequency. While the 1 at. %
Nb wire has slightly higher H K at frequencies below 200 MHz, both samples have low anisotropy
fields, which is indicative of the dominating uniaxial magnetoelastic anisotropy of these amorphous
wires.
24 the relationship between DC uniaxial anisotropy constant K and
In magnetic domain theory,
U
√
domain wall width, δW = A/KU , is established by the competition between exchange and anisotropy
energy; where A is the exchange constant and KU is the uniaxial anisotropy constant at the surface. It
is reasonable to assume no significant change in exchange constant with 1 at. % Nb doping, thus one
can establish an inverse relationship between KU and δW , specifically that an increase in domain wall
width correlates to a lower DC anisotropy. Since the domain wall width is included in our calculation
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FIG. 4. The change in impedance (black) and field sensitivity (red) as a function of magnetic field at 40 MHz for
(a) Co69.25 Fe4.25 Si13 B13.5 and (b) Co69.25 Fe4.25 Si13 B12.5 Nb1 . (c) and (d) show the maximum sensitivity and anisotropy
field, respectively, for the base composition and Nb-doped wires as a function of frequency.

of the domain size by MFM, we can also assume the increase in domain size, d, with Nb doping has
a contribution from an increase in domain wall width, which implies a lower anisotropy constant KU .
Extending this to the anisotropy field, HK , found from GMI measurements, it can be seen that
at frequencies above 200 MHz, HK for 1 at. % is lower than 0 at. % Nb doping. At this frequency
range the penetration depth of the ac field includes a significant contribution from the core. Above
200 MHz, the undoped wire now has a greater H K . In this frequency range the penetration depth is
≤ 1 µm, found experimentally using DC and AC resistance,25 and thus the core contribution is negligible. Therefore, the MFM domain image corresponds mainly to the AC behavior in this frequency
regime.
The AFM images in Fig. 1 indicate that the surface roughness did not change significantly with
Nb substitution. It has been shown previously26,27 that surface roughness has a tremendous impact
on the GMI effect even at frequencies below 10 MHz. The preservation of low surface roughness
with doping is important to maintaining a high GMI ratio and large low-field sensitivity of Co-based
amorphous microwires.
The MFM images of Fig. 2 suggest that 1 at. % Nb substitution for B increases the domain width.
The enhancement of the maximum MI ratio, [∆Z/Z]max , over the base composition of wire can be
attributed to the lower magnitude of uniaxial anisotropy concluded from the larger domain width.28
Additionally, the frequency at which the maximum [∆Z/Z] occurs is lower for 1 at. % Nb (20 MHz)
than the base composition (40 MHz), which can also be related to the average domain width observed
by MFM through the lower uniaxial anisotropy.
Perhaps what is more important to sensor development is the enhanced field sensitivity found
in Fig. 4 (a)–(c) of the Nb doped wire over the base composition. This enhancement has two contributions. From MFM we can quantitatively attribute the enhanced low field sensitivity to the larger
domain width, hence lower uniaxial anisotropy of the wire, which increases the ac permeability at low
DC fields. Secondly, the striking uniformity of the surface magnetic domain structure can be qualitatively observed in Fig. 2 (c). The impact of the domain structure uniformity on the low field sensitivity
can be understood by considering the wire surface to have a narrow distribution of magnetic easy
axes along the circumferential direction. With this in mind, the DC circumferential hysteresis loop
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can be imagined as having a high squareness resulting in a rapid increase of the DC circumferential
permeability with small DC fields. In addition, the slightly higher values of anisotropy field for the
Nb-substituted wire at frequencies below 200 MHz are also an indication of greater uniformity of
the SMDS as observed by MFM.
IV. CONCLUSIONS

In summary, a 1 at. % substitution of B with Nb was made to Co69.25 Fe4.25 Si13 B13.5 microwires
and its effect on the magneto-impedance was analyzed by AFM and MFM measurements. By linking
the observed MFM to the core-shell model of negative magnetostrictive microwires, the approximate
width of the magnetic domain could be established. Coupled with the average surface roughness and
qualitative observations, AFM/MFM images are significant tools capable of quantitative analysis of
the influences of domain structure changes on the GMI effect, especially changes which are subtly
induced by element substitution. Via MFM measurements on the microwires, it was verified that
a low, but well defined circumferential anisotropy formed with Nb-substitution, which is key to a
highly field-sensitive magnetoimpedance sensor.
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