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Magnetoimpedance-based ferromagnetic resonance �FMR� studies of annealed Co68.15Fe4.35Si12.5B15

glass-covered amorphous microwires under stress are reported. The applied stress modifies the
anisotropy and the domain structure present in each sample, in such a way that it can be studied
through magnetoimpedance measurements and FMR dispersion relations extracted from them. From
the fitting of the FMR dispersion relations, the magnitude and the orientation of the transverse
anisotropy field, as well as an insight on the micromagnetic structure of glass-covered microwires,
were obtained. From these studies, it can be concluded that a longitudinal anisotropy dominates the
microwire behavior under zero stress. By applying an increasing stress to the microwires, an inner
core with a longitudinal anisotropy surrounded by an outer shell with a circumferential anisotropy
develops and dominates its magnetic behavior. © 2005 American Institute of Physics.
�DOI: 10.1063/1.1999036�

I. INTRODUCTION

The investigation of the physical properties of glass-
covered microwires has gained a great deal of attention over
the past years in view of their use as sensor elements as well
as to the possibility of tailoring their magnetic properties by
annealing and/or applying stress �see, e.g., Ref. 1 and the
references therein�. Microwires are particularly suitable for
use in magnetoimpedance-based sensors due to their soft
magnetic properties and reduced dimensions. Glass-covered
microwires present some intrinsic difficulties to be character-
ized due to the glass cover. On the other hand, the magne-
toimpedance �MI� effect itself has been proved to be a pow-
erful tool to investigate the magnetic properties and domain
structure in magnetic materials.2–4 In particular, at high probe
current frequencies, ferromagnetic resonance �FMR� can be
observed in the impedance spectra, improving the capabili-
ties of extracting micromagnetic parameters from magne-
toimpedance measurements.4

The aim of the present study is to investigate the mag-
netic properties of Co-based glass-covered microwires with
vanishing magnetostriction under external stress prior to and
after annealing �Joule heating� in order to control both the
frozen stress level and the effective anisotropy. Besides a
desirable improvement on the MI ratio �MI=100� �Z�H�

−Z�Hmax�� /Z�Hmax��, the main goal of this work is to inves-
tigate and control the effects of the stress and annealing on
the magnetic properties, anisotropy, and domain structure of
the samples by using the MI/FMR and magnetization mea-
surements.

II. EXPERIMENT

Glass-covered microwires with nominal composition
Co68.15Fe4.35Si12.5B15 were produced by the Taylor-Ulitovki
technique with an amorphous nucleus of �m�25 �m and a
total diameter of �l�44 �m. The samples were treated by
Joule heating under 16.5 and 27.3 mA dc for 20 min in order
to produce a stress relief �and anisotropy change� relative to
the as-cast samples. The corresponding annealing tempera-
tures were estimated to be 150 and 250 °C, respectively, by
applying the calculation procedure described in Ref. 5. The
annealing is sufficient to stabilize the magnetic parameters
such as coercive and anisotropy fields.6,7

The impedance spectra Z�f ,H� were measured with a
HP4396B spectrum-impedance analyzer and HP4396A1 im-
pedance test kit in the frequency range of 100 kHz� f
�1.8 GHz. A 0 dBm �1 mW� constant power was applied to
each sample, while an external magnetic field provided by a
compensated coil was swept in the −400�H� +400 Oe
range.

For the present studies a coaxial sample holder has been
used, with the sample �16 mm in length� replacing the central
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conductor. At one end of the sample holder, a fixture to apply
stress �0���90 MPa� composed of a nonmagnetic spring
and a micrometer screw was attached. The applied stress was
calculated as the ratio between the applied force and the
sample cross section, including the glass cover. The sample
holder/traction-fixture setup is schematically shown in Fig. 1.
The real �R� and imaginary �X� parts of Z were simulta-
neously measured, at a given axial magnetic field, after a
careful compensation of the whole fixture. From each imped-
ance spectrum, the resonance frequency �fr� is obtained, as
described in Ref. 4. Magnetization measurements were car-
ried out with a Helmholtz-coil-based vibrating sample mag-
netometer �VSM� with a maximum magnetic field of 160 Oe
applied along the wire axis with zero applied stress.

All measurements were made at room temperature.

III. RESULTS

A. Magnetization

The hysteresis loops for the as-cast and annealed
�250 °C� samples are shown in Fig. 2. The curves for the
samples annealed at 150 °C are very similar to the as-cast
ones, with a coercive field �Hc� around 0.20 Oe and rema-
nence ratio �Mr /Ms� around 0.75. In view of that, only the
data relative to the as-cast and annealed at 250 °C samples
will be shown and discussed thereafter. For the sample an-
nealed at 250 °C, a small increase in the saturation field was

observed. At first glance, all magnetization curves indicate a
predominant longitudinal anisotropy. This finding seems to
be in contradiction to what is expected for the domain struc-
ture in these slightly negative magnetostrictive microwires: a
core-shell structure, with an axially magnetized inner core
�IC� surrounded by an outer shell �OS� with a circumferential
magnetization.1,2 The magnetization of the OS proceeds, in
general, by coherent rotation, identified in the magnetization
curves by a nearly linear and reversible response. As seen
from Fig. 2, either the circumferential domains are not
present in the studied samples or their relative volume is
very small. Such hypothesis is confirmed by the MI measure-
ments, as discussed below.

B. Magnetoimpedance

In Fig. 3, the magnetoimpedance curves for the as-cast
and 250 °C annealed samples are shown for zero stress and
18 MPa. At zero stress, the samples present a very similar
behavior, typical of a material with a longitudinal anisotropy.
For frequencies lower than the ferromagnetic resonance �fr�
one, as shown in Fig. 3, the MI curves present just one peak
�for clarity, only the field increasing branch is shown in this
figure for each sample�. Although the obtained MI values
were high, these results will not be discussed here as this
paper is mainly concerned with the effect of the annealing
and stress on the micromagnetic structure of these wires.

When stress is applied, the MI behavior is drastically
changed, as seen in Fig. 3�b�, where the MI curves for the
same frequencies used in Fig. 3�a� are shown. The absence of
an OS in the as-cast sample, as proposed above, is confirmed
by the single peaks centered at H=0 in Fig. 3�a�. As the
stress is applied, a transverse anisotropy clearly develops in
both samples as depicted from the double peak structure ex-
hibited on the MI curves. A yet richer peak structure is pre-
sented by the MI curves for the sample annealed at 250 °C,
the MI�H curve still exhibiting a transverse anisotropy
character. These features in the MI curves will be discussed
below.

C. FMR dispersion relations

1. Zero stress

The FMR dispersion relations for the samples measured
under zero stress are shown in Fig. 4. From this figure, the

FIG. 1. Cross view of the experimental setup for the impedance measure-
ments showing the tracking system.

FIG. 2. Magnetization hysteresis loop of the as-cast and annealed �at
250 °C� microwires.

FIG. 3. Representative magnetoimpedance curves of the studied samples
measured at 11.5 MHz: �a� zero applied stress and �b� �=18 MPa. For
clarity, only the increasing field branches are shown.
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longitudinal character of the effective anisotropy can be
identified from the minimum in the resonance frequency at
H�0. As it is well known,8,9 the minimum fr for a material
with longitudinal anisotropy occurs when the volume probed
by the ac field is in the demagnetized state, which explains
the shift from zero applied field. This situation is attained
when the volume, limited by the skin depth, is demagnetized.
In fact, the coercive field of the layer effectively sensed by
the probe current is higher than that of the inner portion of
the wire. This occurs because the magnetization of the exter-
nal layer is pinned by the roughness between the metal and
the glass cover. The volume sensed by the probe current is
about 4% of the total wire volume, as can be inferred from
the skin depth presented in Fig. 7 �see discussion below� and
from the fact that the saturation field �Fig. 2� is about 3 Oe,
larger than the bulk Hc. The inset in Fig. 4 presents the
field-up and field-down branches of fhe FMR dispersion re-
lation for the as-cast sample. A hysteresis is clearly seen in
this curve. It must be noted that if only a field-up curve �from
0 to Hmax� was measured, an inaccurate conclusion about the
anisotropy of that sample would be drawn.

2. Applied stress

In Figs. 5 and 6, the dispersion relations for the as-cast
and annealed samples under stress are shown. In both fig-
ures, the resonance frequency axis �y axis� is shifted for each
curve for the sake of clarity.

The effect of the applied stress is to change the aniso-
tropy axis from longitudinal to transverse, as clearly seen in
the FMR dispersion relation curve of Fig. 5 for the as-cast
sample. The dashed line follows roughly the evolution of the
transverse anisotropy field. This increase in the transverse
anisotropy field is expected for a sample with a negative
magnetostriction. A similar trend can be observed in Fig. 6
for the sample annealed at 250 °C. In this case, however, two
distinct anisotropy fields �indicated by the dashed lines�
seem to be present for higher stress values.

IV. DISCUSSION

In what follows, the above results will be analyzed by
taking into consideration �a� the skin depth ��m� which de-
fines the sample’s volume effectively sensed by the ac probe
current, and �b� the stress distribution in the wire.

In a first approximation, �m can be estimated using the
value of the measured ac resistance and its variation with the
frequency of the probe current. More specifically, current
flows through the effective cross section, which is limited by
the skin depth that decreases when the frequency and/or the
transverse permeability increase. For high frequencies �such
that FMR is present� and high permeabilities �such as �m

��m�, �m can be approximated by

�m =
Rdc�m

4Re�Z�H, f��
, �1�

where Rdc is the dc value of the resistance and Re�Z�H , f�� is
the ac resistance of the sample at magnetic field H and probe
current frequency f . The �m values calculated for H=0 at the
FMR frequency are shown in Fig. 7. As it can be seen, �m

FIG. 4. FMR dispersion relation for the three studied samples with zero
applied stress. The inset shows the hysteresis observed in all measured FMR
dispersion curves.

FIG. 5. FMR dispersion relation of the as-cast sample with applied stress.
The symbols ��� 9, ��� 36, ��� 54, and ��� 63 MPa represent the experi-
mental data, and the curves are the corresponding fittings. The dashed line
roughly follows the anisotropy field.

FIG. 6. FMR dispersion relation of the sample annealed at 250 °C with
applied stress. The symbols ��� 9, ���36, ���54, and ��� 72 MPa repre-
sent the experimental data, and the curves are the corresponding fittings. The
dashed lines roughly accompany the anisotropy fields.
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increases with both the annealing temperature and applied
stress. The increase in �m, as well as the observed decrease of
the MI ratio with applied stress �Fig. 3� is due to a decrease
of the transverse permeability, as already reported in the lit-
erature �see, e.g., Ref. 1�.

The annealing and the applied stress modify the wire’s
internal stress, which results in modifications of the magnetic
anisotropy. For a glass-covered amorphous microwire, the
magnetoelastic energy determines the domain structure and
plays the major role in the magnetic behavior. Even for the
studied wires �with vanishing magnetostriction�, this is true
due to the high induced and frozen stress levels associated to
the fabrication process. In Ref. 10 a model explaining the
wire’s stress distribution has been proposed. The model takes
into consideration the fact that the stress arises during wire
solidification as a consequence of the difference between the
thermal-expansion coefficients of the metal core and the
glass cover, as well as due to the mechanical drawing in the
preparation process. In this case, two regions can be identi-
fied: �i� an internal volume, where the axial stress component
is the highest and positive, and �ii� an external volume, in
which the circumferential stress component is the highest
and negative. This stress configuration, associated to the
negative sign of the magnetostriction, would give rise to a
cylindrical IC with a radial anisotropy and an OS with a
circumferential magnetization. Based on the calculations of
the internal stress distribution applied to a sample with simi-
lar characteristics, one of the authors �Chiriac et al.11� found
that the OS thickness would be around 0.7 µm, which means
that 90% of the sample’s volume would be occupied by
the IC.

By considering the magnetization, MI and FMR mea-
surements presented in Figs. 2, 3�a�, and 4, respectively, it
can be concluded that in the absence of applied stress, the
as-cast and the annealed samples do not show the above-
described domain configuration. The domain structure that
can be inferred from these curves, however, corresponds to a
wire with a longitudinally magnetized IC, with essentially no
OS contribution to the magnetization process.

The skin depths of the studied samples, without applied
stress, are in the range of 0.5��m�1 �m �see Fig. 7�. The
presence of a longitudinally magnetized IC can be explained
in view of the high demagnetizing energy, which would arise

from a radially oriented domain structure, and/or due to a
different stress distribution as compared with that reported in
Ref. 10. This explains why the OS signature is not clearly
observed in the magnetization loops. On the other hand, the
circumferential character of the OS should be detected in
both MI and the FMR measurements as the OS and �m thick-
ness are of the same order of magnitude. A further evidence
for the nonexistence of the OS structure in nonstressed
samples is the fact that the interface between IC and OS
requires a transition region for the magnetic moments, like in
a domain wall �DW�.12 This DW-like structure would have a
thickness ��W� of

�W 	 
A/K , �2�

where A �=5�10−12 J /m �Ref. 13�� is the exchange constant
and K�=130 J /m3� the effective anisotropy energy density
�extrapolated from Fig. 8 by fitting the FMR dispersion re-
lation, as, discussed below�. Expression �2� would give �W

�0.3 �m, a value very close to the OS thickness �0.7 µm
calculated in Ref. 11�. Therefore, according to this evidence,
the circularly magnetized OS probably is not present in the
samples without stress.

When external stress is applied to the microwires, the
internal stress distribution is changed, thus modifying the
thickness of IC and OS. In a first approximation, based on
the sample’s volume conservation, while the axial stress
component adds a positive value due to the contribution from
the external stress �meaning a tensile stress�, the radial and
the circumferential components add a negative value �mean-
ing a compressive stress�. By considering the negative sign
of the magnetostriction, the increase of these stress compo-
nents emphasizes the transverse �circumferential� anisotropy
of the OS, whose signature can be clearly seen in the MI and
FMR dispersion relation curves �Figs. 3�b�, 5, and 6�. The

FIG. 7. Skin depth ��m� values for the as-cast and annealed samples at
different stress conditions. The values were calculated at H=0 and at the
respective ferromagnetic resonance frequency.

FIG. 8. Anisotropy field �HK� and anisotropy angle ��K� as function of the
applied stress. The straight lines in panel �a� are linear fits to the experimen-
tal data, and the lines in panel �b� are only guides to the eye. ��� represents
the data relative to the inner core. ��� represents the data relative to the OS.
��� and ��� represent the outer and inner portions of the OS, respectively.
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increase in the transverse anisotropy energy also promotes a
reduction in the thickness of the DW-like structure estab-
lished between the IC and OS.

The FMR dispersion relation curves were fitted using
FMR models as described in more detail in Refs. 4 and 9. In
a few words, the magnetic system was considered as com-
posed of two noninteracting magnetic layers. The energy
components for each of the two layers were the Zeeman,
demagnetizing, and uniaxial anisotropies. The energy was
numerically minimized in order to find the equilibrium posi-
tion of magnetization. The procedure followed the Smit and
Beljers8 work in which the roots of the determinant of a 4
�4 matrix, involving the second derivatives of the free en-
ergy with respect to the equilibrium angles of the magneti-
zation, gives the dispersion relation of the system. Five pa-
rameters were used to fit the experimental curve: HK1, and
HK2; �K1 and �K2, i.e., the angles between the ith easy axis
�associated to HKi, i=1, 2� and the wire axis; and the spon-
taneous magnetization value MS �same for both layers�.

The above procedure was applied to the FMR dispersion
relation obtained for the studied samples and under different
applied stress. The fitted curves are shown as solid lines over
the experimental data presented in Figs. 5 and 6 for the
samples as cast and annealed at 250 °C, respectively. The
fitting parameters �HK1, HK2, �K1, and �K2� are shown in Fig.
8. There, the circles stand for the as-cast sample while the
triangles are for the samples annealed at 250 °C. The open
and solid symbols represent parameters relative to the exter-
nal and internal layers respectively. The fitted �K relative to
the IC of the as-cast sample was considered zero �longitudi-
nal� and, for clarity, it is not shown in panel �b� of Fig. 8.

As � is applied to the as-cast sample, HK�=K /2MS� in-
creases and, therefore, the �W decreases as stated by the ex-
pression �2�. Figure 7 shows that �m also increases as � is
increased. In this way, the IC, beyond the OS, is also probed
by the ac current, so the IC gives its contribution to the FMR
dispersion relation. This contribution is responsible for the
initial increase of the resonance frequencies �from 0 to
�5 Oe, Fig. 5�.

From the linear relation between HK and � observed in
Fig. 8�a�, and assuming that the only contribution to the an-
isotropy comes from the magnetoelastic energy, the magne-
tostriction was calculated as 	=−0.5�10−7 for the as-cast
sample. It is interesting to observe that as � is increased,
both fitting parameters HK and �K increase. This is an evi-
dence of the transverse anisotropy improvement as � is in-
creased. It is worth to note that the HK�=2.4 Oe� value found
for the as-cast sample with the lowest applied stress �9 MPa�
is very close to that calculated in Ref. 11 �HK=2.2 Oe�,
based on the internal stress distribution.

The most interesting result was obtained for the sample
annealed at 250 °C. Two clear anisotropy fields can be ob-
served, as depicted by the dashed lines in Fig. 6. The corre-
sponding FMR dispersion relations were fitted considering
that the OS of the studied sample is divided into two mag-
netic layers, each with its own HK and �K. The fits show that
these layers have an almost circumferential anisotropy and
that the division is effectively detected for stress higher than
35 MPa. Once again, this behavior can be explained in terms

of the skin depth and stress distribution in the wire. In other
words, �m increases with �, so the probed volume is larger
and the increase of HK with � results in a thicker OS with an
associated thinner �W. The external layer of the OS, repre-
sented by the open triangles in Fig. 8, exhibits higher HK and
�K values when compared to the internal one, which is rep-
resented by the solid triangles. The proximity with the lon-
gitudinal IC can explain this difference, i.e., the coupling of
the OS with the longitudinally magnetized IC could act to
retain this portion of the OS. Melo et al.13 have suggested
such a kind of coupling. The application of � reinforces the
transversal character of the anisotropy, as observed in the
as-cast sample. The difference in �K for the two OS regions
is also responsible for the peak structure in the Ml curves
shown in Fig. 3�b�. These could be considered as a superpo-
sition of two peaks: the first one exhibits a smaller amplitude
and a larger width when compared to the second one, which
is sharper and has a higher amplitude. Each peak is associ-
ated to one of the OS layers. These differences on the peak
structure can be understood as a consequence of the respec-
tive �K values. The closer �K is to 90° the sharper the corre-
sponding peak will be.14,15

The magnetostriction values, extracted from the HK��
curves for the sample annealed at 250 °C, are −0.5�10−7

and −0.2�10−7 for the external and internal OS, respec-
tively. This difference in the 	S values is not surprising, since
the macroscopic magnetostriction of a ferromagnetic sample
can be either the same defined value at each atomic site or
the average of the local coefficients �see, e.g., Ref. 16�. The
latter is most plausible for the studied samples as the differ-
ence in the local stress level can easily produce differences in
the local 	S values.17

V. CONCLUSIONS

The magnetic structure of glass-covered amorphous mi-
crowires with a slightly negative magnetostriction was stud-
ied by MI and MI-based FMR measurements. The samples
were first annealed by Joule heating and then submitted to an
external stress up to 80 MPa. Substantial differences between
the magnetic structures of the samples with and without ex-
ternal stress, such as the presence of an outer-shell structure
in the stressed samples only, were observed. In the case of
the as-cast sample, as a consequence of the skin depth value,
both the longitudinally magnetized IC and circumferentially
magnetized OS were probed by the ac current resulting in the
FMR dispersion relations shown in Fig. 6. This feature was
confirmed by appropriate fitting of the FMR dispersion rela-
tion by using a phenomenological model. For �
35 MPa,
the sample annealed at 250 °C exhibited its outer shell di-
vided into two layers, each one with a distinct anisotropy
field and orientation relative to the wire’s axis.
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