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Determination of closure domain penetration in electrodeposited
microtubes by combined magnetic force microscopy and giant
magneto-impedance techniques
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The domain structure of electrodeposited,§Pg, microtubes exhibiting radial magnetic anisotropy

and giant magneto-impedance effect has been characterized by combined magnetic force
microscopy imaging and impedance measurements. It has been shown that the size of the closure
domains increases with the CoP layer thickness. Furthermore, the depth of the closure domains has
been quantitatively determined from the high frequency behavior20@1 American Institute of
Physics. [DOI: 10.1063/1.1346998

I. INTRODUCTION electrodeposited GgP;, microtubes which exhibit radial
magnetic anisotropy and GMI effect. It is shown that quan-

The search for magnetic materials exhibiting new transtjtative values of the size and depth of the closure domains
port properties is a matter of the utmost importance from a&an be deduced from these studies.

technological point of view to develop novel sensors and

actuqtors. Nowadays, particular interest is being d_evo.ted 19 ABOUT CoP AMORPHOUS MAGNETIC

the giant magneto-impedance eff¢@MI) observed in dif-  \icROTUBES

ferent families of very soft magnetic materials. It consists of

the very large change in the impedance due to a dc applied COP amorphous magnetic microtubes have been pre-

magnetic field-? Recently, GMI has been observed in mag-Pared by means of the electrodeposition technique as de-

netic microtubes, i.e., heterogeneous samples which consigéribed elsewhergCaygP;, thin layers with thickness rang-

of nonmagnetic wires electroplated with magnetic layers exing from 3 to 20um have been electrodeposited onto Cu

hibiting circular®* helicaP or radiaP magnetic anisotropy. Wires (diameter: 20Qum). Electrodeposited CoP amorphous

The origin of GMI is ascribed to the skin effect by which m!crotubes gxmblt magnetic anisotropy that depe_nds on their

high frequency current is restricted to a very thin film nearthickness."**The anisotropy of severaim deposited CoP

the surface of the conducting material€hanges in the im- alloy is mainly perpendicular to the _surfgce as a consequence

pedance represent a unigue tool to investigate the magnetf the columnar growth of Co. Taking into account the cy-

properties near the surface of magnetic samples as the peffadrical geometry of the substrates used h@a wires, the

etration depth depends on applied dc field via the transvers@ut-0f-plane anisotropy leads to an easy axis in the radial

susceptibility. In particular, magnetic coatings on nOnmag_dlrectlor_n. Th|s character!stlc has been verified by measuring

netic metallic wires are attracting much attention for theirthe longitudinal hysteresis loops of the samples, whose shape

applications as GMI sensing elements in different devices. indicates that the samples certainly exhibit an easy axis
Full technological exploitation of materials exhibiting Which is perpendicular to the axis of the tube. An anisotropy

GMI requires a deeper understanding not only of their transfi€ld of about 6 kA/m has been measured in all the samples.

port phenomena but also of their magnetization behavior at i SPite of its perpendicular anisotropy, all these samples

basic level. In this sense, magnetic force microscopyeXhibit GMI effect as has been already repofted.

(MFM)®1°s a suitable tool for the proper characterization of

such novel magnetic materials, and in particular of their surdll. MAGNETIC FORCE MICROSCOPY

face, because of its very high lateral resolution on mapping/EASUREMENTS

the magnetic structure with minimal sample preparation. The |, order to analyze the domain structure of the CoP mi-

main part of this work is the combination of MFM imaging ¢rotyhes, MFM experiments have been carried out on the
and high frequency measurements of impedance in the MHg,era) surface of the microtubes using a commercial micro-
range to characterize the domain structure near the surface Qéope from Nanotec™ operating in noncontact mode. The

signal from the mechanically modulated cantilever is ana-
dElectronic mail: aasenjo@renfe.es lyzed with the help of a lock-in amplifier and the force gra-
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a)

FIG. 1. MFM imagegsize: 28umX 28 um) of CogyP;o microtubes with a
thickness of 4um (a), and 20um (b).

FIG. 2. MFM image(size: 12.5umX 12.5m) of a CayP;o microtube with

a 10 um thicknesga). Scheme of the MFM tip influence on the flux closure

dient is deduced from the phase shift of the signal. Bottflomain structureb).
topographic and magnetic images are obtained simulta-

neously. Co-covered commercial tips from P ark SCIentIfICsequence of the tilting of magnetization in the closure do-
Instruments(resonant frequency-90 kHz, spring constant

0.5 N/ tized al thei idl axis h b mains towards the tip magnetization direction, as shown
: m) magnetized along their pyramid axis have eenschematically in Fig. @). Thus, by means of MFM imaging

employedt. Surlther ge}‘g'l'g?;f’?#t ';\r)”ezl\r/lneasurgmerlt tﬁChn'qlfﬁe existence of main domains together with closure domain
2re reporfe eje_wthe ) N ; texgeﬂr:men S Iave structure has been detected in CoP microtubes thicker than 7
een performed In the remanence state of the samples. m. The size of the closure domains increases with the CoP

The MFM if“ages of t_he thinnest Samples .Sh(.)W strip ayer thickness, and above gm, gives rise to a magnetic
domains[see Fig. 1a)] typical for materials exhibiting an signal which is strong enough to be detected using MFM.
out-of-plane anisotropy, with dark and bright areas corre-

sponding to domains with up and down magnetization, re-
spectively. As first considered by Kitt&,the domain struc- V. HIGH FREQUENCY IMPEDANCE MEASUREMENTS
ture should provide flux closure within the film since the Valuable information of the closure domains and in par-
anisotropy field is much smaller than the demagnetizingdicular of their size has been additionally estimated from im-
field. However, no direct evidence of the existence of closurggedance measurements in the MHz frequency range. These
domains with in-plane orientation of the magnetization canmeasurements have been performed using a coaxial trans-
be deduced from the MFM images of the thinnest samplegnission line whose inner conductor has been replaced by the
This fact can be ascribed to the small volume of the closurenagnetic sampl&® A detailed description of the measuring
domains if the size of such closure structures is not largéechnique can be found elsewhéfeFigures 3a) and 3b)
enough. The MFM magnetic signal emerging from these arshow the frequency dependence of both real and imaginary
eas is smaller than the one rising from the main domainsomponents of the impedanc@+£€R-jX) at zero external
with perpendicular magnetization. Consequently, the closuréeld for two microtubes with CoP layer thickness of 3 and
domains cannot be detected by analyzing only the MFM im-20 um, respectively. This frequency dependence of imped-
ages of the thinnest samples. ance is governed by the classical skin efféct.
When the CoP layer thickness reachegrii and above, As previously describetf, the magnetic permeability of

an undulation of the stripe domains is obser{fig. 1(b)] so  the samples can be deduced from the measured impedance
that the magnetostatic energy due to the presence of free
poles on the sample surface is reduced. In addition, an in-
crease in the domain width is observed. In such a case, main @)
and closure domains can be distinguished in MFM experi- T
ments performed with a magnetic tip allowing high spatial 304 Ty
resolution (tip radius of about 10 nin i.e., domains with R
perpendicular and in-plane magnetization, respectijfeigy. 201
2(a)]. It is important to mention that the image shown in Fig.
2(a) has been obtained using a small tip-to-sample distance

. 104
(about 25 nm Consequently, some features of the image are o
induced by the strong magnetic interaction between the I
MFM tip and the samplé’ In particular, in the gray scale 01 B "
used, bright contrast is ascribed to an attractive interaction 0 100 200 300 400 0 20 40 60 80 100
between tip and sample, whereas dark contrast corresponds f (MHz) f(MHz)
to a repulsive interaction. Thus, the asymmetric contrast Obﬁe. 3. Frequency dependence of both @3l and imaginary(X) compo-

SerV_e_d in the t_:losure domain region, corresponding t0 afents of the impedance of G, microtubes with thickness of gm (a),
additional density of poles at the surface, appears as a coaad 20um (b).

2(Q)

Downloaded 16 Jun 2010 to 161.111.235.252. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



3890 J. Appl. Phys., Vol. 89, No. 7, 1 April 2001 Garcia et al.

a) 3000 two layer system: an external layer with in-plane magnetiza-
tion (the closure domainsand an inner layer with out-of-
- 2000'_ plane magnetizatiofthe main radial domainsAs a conse-
3— 1000 quence, at the critical frequency, and above, the single layer
- 0_‘ model can be applied, whereas at lower frequencies such
: m model does not hold, i.e., the real component of permeability
-1000+ o~ H ' . falls to zero and the imaginary component acquires negative
0 100 2()0 360 4(')0 560 values as shown in Fig. 4. Thus, the skin depth at the critical
f (MHz) frequency where the above mentioned change of slope oc-

curs denotes the depth of the closure domains. At some fre-
quency below that transition the skin depth should reach the
copper so actually the sample would become a three layer
system and a new change of the slope for the impedance
versus frequency curve should be observed. That additional

T

) - _

V H ] transition frequency is not clearly observed in our case. Ac-
0

A i cording to a recent work! this transition takes place at

T T T T T T M 0.5—-1 MHz.
100 200 300 400 500 Introducing the values of CoP microtube resistivity (
f(MHz) =9x10 ' Q m), critical frequency {=180MHz) and per-
o meability at this frequencyy =2600u,) into Eq.(3) results
FIG. 4. Frequency dependence of both real) and imaginary f") com-

ponents of the permeability of GgP;, microtubes with thickness of gm m_a depth of closure domain of O’(Zm for,the 3#m_thl.Ck.
(@), and 20um (b). microtube. In the case of the Z0m-thick microtube, a simi-

lar analysis can be considered. From Fi¢h)3 critical fre-
quency around 10 MHz is now deduced: only the closure
domain regions contribute to the measured impedance above

assuming transverse electro-magnetic-mode propagation Tb MHz, whereas the main domains with perpendicular mag-

the coaxial line, strong skin effect, and that the sample be- " . ° . ;
. L etization play the determinant role below 10 MHz. Equation
haves as a single layered system. Under these conditions, t -
. : . (3) for a critical frequency of 10 MHz and a reduced perme-
correlation between impedancg, and the propagation con- . . .
stantk, is given by’ ability at this frequency of 3800 results in 2u4n-deep clo-
" sure domains for the 2@m-thick microtube. Therefore, as
Z=—i(2lw)klog(b/a)tan(kl) (1) expected from the MFM experiments, the size of the closure
domains of the 2Qsm-thick microtube is larger than that of

for given geometrical factor&@ andb being the diameter of
gven 9 ! & n9 ! the 3um-thick microtube(2.4 and 0.7um, respectively.

the sample and of the coaxial cell, respectively, arttie
length of the microtubeand angular frequencyp. The
propagation constant is expressed as V. CONCLUSIONS

k?=(w/c)’[1+(1+]j)/2](8la)w/log(bla) (2 In summary, the domain structure of £&B,q electrode-

with k=(1+i)/8, and the skin deptlé=c/(2morwou) 2 o posited microtubes exhibiting radial anisotropy and GMI ef-

and u being the conductivity and transverse permeability offeCt has been determined using combined MFM 'maging and
the material, respectively. impedance measurements in the MHz range. The existence

Thus, by plotting the impedance as a function of theof closure domain structures has been first observed by MFM

frequency, information is gained about the permeability of Mages that allow us to conclude that the size of such do-

the effective radial region contributing to the impedance. In_mains increases with the CoP layer thickness. In addition, the

other words, when the slope of the impedance versus fre'—.mp.edance measurements have allowed us to calculate quan-
guency curve changes significantly as frequency is Iowerec}!tat'vely the depth of such closure domains.
it may be assumed that a new region with a significantly

different magnetic permeability is now involved in the skin ACKNOWLEDGMENTS

effect. Figure 4 shows the frequency evolution of both real
and imaginary components of the permeability deduced fro”&is
Egs.(1) and(2) for two microtubes with different CoP layer
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