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Magnetic properties and changes of impedance upon external¥i)dare studied in amorphous

CoP magnetic layers obtained by galvanostatic electrodeposition over cylindrical Cu substrates. The
magnetic layer thickness is controlled by deposition time and varies between 3amd Due to

the columnar growth of Co, thicker layers have stronger perpendicular radial anisotropy. The field
and frequency dependence of the impedance is measured in the kHz/MHz range. Although it is
generally accepted that a radial anisotropy should be unfavorable to the Ml effect, an increase of the
Ml ratio with the thickness of the magnetic layer, and thus with anisotropy, is observed. Results are
explained in terms of a model considering the current distribution along the sample thickness with
two well-defined regions having different transport and magnetic propertie20@ American
Institute of Physicg.S0021-89780)57108-4

Soft magnetic materials exhibit expressive changes of adensity of 200 mA/crh(galvanostatic modeBy keeping the
impedance as a function of applied magnetic field, the mageurrent density constant, the layer thickness could be con-
netoimpedancéMI), that can be explained using the classi-trolled by the deposition time. In this work, three samples
cal skin effect shown in ferromagnetic conductbrs. have been obtained with layer thickness of approximately 7,

MI can be observed in rapidly quenched materials like4 and 3um, respectively. The layer composition was deter-
amorphous wirés® and ribbong, thin films’ and mined by Atomic Emission Spectroscopy as being, g
microwires® Recently, Ml has been also observed on non-and was the same in all samples.
magnetic conducting wires electroplated with magnetic lay- The magnetoimpedance has been measured in a fre-
ers. Beactet al. found Ml in BeCu wires electroplated with quency range between 0.05 and 10 MHz using a setup based
NiFe thin layers’ and explained their results without consid- on a description given previously.The main difference of
ering the skin effect. Afterwards, Us@t al. developed a Ml the set-up used here is that an optimized ac current intensity
theoretical model based on the skin effect for such compositeontrol has been developed allowing real and imaginary
wires® Finally, Faviereset al. have reported Ml on twisted separation of the Ml effect based on lock-in techniques. The
CoP multilayers electrodeposited onto Cu wires which exsinusoidal ac current is applied to the sample by means of a
hibit helical anisotropy! The importance of Ml studies lies HP33120A signal generator, which in fact is a voltage
on the development of magnetic field sensing devices.  source. In order to measure and keep the current intensity

In this work we present M results measured at differentconstant during the experiments, a Tektronix P6022 ac cur-
frequencies on CgP, single layers electrodeposited onto rent probe has been employed to monitor the flow of current
Cu wires. We report the existence of MI measured in thethrough the sample. Such current probes gives a voltage out-
MHz range on samples with radial anisotropy. An importantpyt which is in phase and is proportional to the current flow
observed feature is the almost absence of the two-peald mv/mA), with a flat frequency response between 100 kHz
behaviot? in the MI spectra, that could be correlated with and 200 MHz. This signal is then used to measure the current
the existence of the radial anisotropy. This particular behavintensity with the aid of a SRS840 RF lock-in amplifier. The
ior for the MI with an applied field is envisaged to be very yoltage source is adjusted by means of a software feedback
promising for applications in sensing devices. control to keep the current intensity constéhmAgys) dur-

The 10 cm long pieces of noninsulated commercial CYng the whole experiment. As a result of this control, any
wire, with a diameter of the order of 19Am have been cphange in the sample’s measured voltage can be ascribed to
carefully cleaned and mounted inside an electrodepositioehanges in the sample’s impedance. The voltage drop across
cell in which a chemical solution was kept in a constantihe sample is measured as a function of an external DC field.
temperature of 74 °C. In all samples, a thin layer of CoP wasrhjs external DC field is generated in a long solenoid, along
grown over the Cu wire using a constant electrolytic curreng,q longitudinal axis of the sample, using a KEPCO power

supply, and reaches a maximum value of 30 kA/m. Finally, it
dElectronic mail: jps@if.ufrj.br should be mentioned that the current signal is also used to
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FIG. 1. Real(R), imaginary(X) and total(Z) magnetoimpedance ratios as a FI_G. 2._ Regl magnet_oimpedance ratio measured in CoP electrodeposited
function of frequency in the electrodeposited wire with . thick Cop  Wires with different thicknesses, &) 50 kHz, (b) 500 kHz,(c) 1 MHz and
layer. (d) 10 MHz.

make the phase adjustments for each measured value. Therepy changes from planar to radial depending on the layer
fore the in phase signal corresponds to the real part of thehickness:>~*" The different anisotropies lead to distinct per-
sample’s impedance, while the out phase signal can be assmeability values, and, therefore, to different Ml behavior.
ciated to the reactance of the sample. The MI ratios werdhe sample with thicker ferromagnetic layer shows the larg-
defined in the conventional way, considering the impedancest Ml effect. The anisotropy should be approaching the ra-

at the maximum applied field as reference. dial direction in this case, and the changes of permeability
Figure 1 shows the real, imaginary and total componentslue to the external DC field are larger than in thinner layers.
of the magnetoimpedance ratio for the sample withri of A new behavior is observed at 500 kHz and 1 MHz

CoP measured at different frequencies using an ac current gfFigs. 2b) and Zc)]. At low DC field values the current is
1 mAgus A dramatic increase of the real Ml ratio, reaching flowing mainly in the CoP layer, in which the conductivity
about 1000% at a frequency of 1 MHz, was found in the realind permeability are very differéfitfrom the Cu core. The
component. This maximum ratio has been observedncrease of the DC field increases the penetration depth, and
previously* a monotonic reduction of the impedance is observed. When
In Fig. 2 we report the thickness dependence of the reahe penetration depth crosses the CoP/Cu interface a sudden
Ml ratio for all samples measured at 50 kk&g, 500 kHz(b) change of behavior in the MI is expected, as observed in
and 1 MHz(c) and 10 MHz(d). These results can be ex- Figs. 2b) and Zc). By changing the CoP layer thickness, the
plained considering the particular geometry of the ferromagbDC field on which this crossing effect is observed also
netic layer with respect to the sample. The electrodepositedhanges. In summary, at 500 kHz and 1 MHz the crossing
layers form a thin tube over the Cu substrate. When the aeffect is dominant.
current is flowing through the sample, considering a certain  Finally, at 10 MHz the penetration depth is very small,
magnetic permeability, its frequency will settle a definedand the current is flowing mainly in the CoP layer, even at a
penetration depth. At 50 kHz, the penetration deftls ap- maximum DC field. As a consequence, changes of imped-
proximately 300um for Cu. Even though the presence of theance by the DC field should mainly follow the magnetic
magnetic layer can change this penetration depth substabehavior of the layer, and no crossing effects should be ob-
tially, it is expected that the current would be flowing almostserved. In fact, the 10 MHz curves are very similar to the 50
through the whole cross section. The Ml observed is due t&Hz curves, since the impedance variation in both cases are
the ferromagnetic behavior of the CoP layer. In electrodeposenly related to the permeability changes of the CoP layer,
ited layers it is known that a magnetic anisotropy is devel-and no crossing effects are expected to be dominant.
oped during the deposition procedure, and that this anisot- Some theoretical models of Ml effects in ferromagnetic
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wires have been proposed recently.nded and co-worket$ 1.0 T y T T T - T y T
as well as Krau® developed models based on the simulta-
neous solution of the appropriate Maxwell equations and the -
Landau—Lifshitz equation of spin motion. In these models,
the impedance of a ferromagnetic wire is described as a func- 0.9 |
tion of the frequency, current intensity, magnetic external
field applied to the sample and some other parameters. Thez
solutions are given in terms of Bessel functions of the first < \g
kind. 08 |- \’{i‘ .
In this work we also developed a model to describe the ‘:::figzzfﬁgmoooooooooooooooooooooo
impedance, but considering the special geometry of our r 1
samples, in which we have a tubular CoP ferromagnetic e I A e s e |
layer over a nonmagnetic Cu cylindrical core. Taking the
suggestion given by ferd et al’® we have considered 1.0 - T
Bessel functions of the second kind in the general solution
for the components of the magnetic fields and magnetiza-
tions (h,, hy, h, andm;, m,, m,),
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—4&—7um
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h,,hg,m;,myeca; Jo(Kr)+aNy(kr);

hz,mz‘xalJo(kr)‘i‘azNo(kr). (3)
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After considering the proper boundary conditions in the kiam...
CoP/Cu interface, it is possible to obtain a homogeneous
linear system in which the complex superficial impedance
can be determined as a function of the applied field, fre- Applied Field [KA/m]

uency and the layer thickness. It has been shown by YeloRIG. 3. Calculated impedance, at 1 MHz current frequency, of the electrode-
q y Y/ y
et al.that the superficial impedance of a wire is, except for aPosited system as a function of the magnetic field.
geometrical factor, equivalent to the total impedaficé.
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