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The present article investigates the relation between magnetoimpe@dahcand the evolution of

the magnetic domain structure along the magnetization curves of commercig, Fsi®eets cut at
different angles with respect to the easy magnetization d%i81l. The role of the
magnetocrystalline anisotropy on Ml is studied and the correlation between the basic features of the
Ml vs H and magnetizatiofM) vs H curves is established. From data obtained at appropriate
frequency ranges, the frequency dependence of the effective transverse differential permeability is
obtained. The frequency and field spectra of the impedance allow the identification of the rotation
of the magnetization as the main contribution of the magnetization processes to the Ml effects in the
studied samples. €998 American Institute of PhysidsS0021-897@08)04419-3

I. INTRODUCTION II. EXPERIMENT

The dependence on frequency, of the impedance of a The samples were spark cut from an ANSI M5 commer-
conductor carrying an alternating current has been a knowoial sheet(produced by Nippon Steein rectangular shapes
issue for a long timé&:2 Recently, this dependence attracted a(10.0 mm long, 1.0 mm wide, and 0.3 mm thick anglesy
great deal of attention and has been widely studied in sofyetween th¢001] easy axis and the sample’s length, ranging
magnetic conductors in view of its potential application infrom 0° to 90°(10° steps The samples are textured, with
magnetic-field sensofs’ The underlying mechanism in- |arge graingdiameter~5 mm, in such a way that each one
volved is the skin effect, whose main parameter is the skinpas just a few grain boundaries. The magnetizing field
depth 6= Vp/ mperf and the dependence of the effective yas provided by a long solenoid and applied always parallel
transverse permeabilityc(H,l 5, f), on the external dc field thel . and to the sample’s length.

(H), as well as on the frequendf) and amplitude of the ac Ml measurements were carried out using a standard

6,7 :
probe current ). So far, these magnetoimpedance ef'four—probe ac method. For frequencies up to 100 kHz, a dual

fects ('\:I.I) havte _be;en Srt]Ud'eg n det%'één _sb(:t argé)rphousphase lock-in amplifier was used to detect the voltage pro-
magnetic materiais, snaped as wires, rbbons,™ or portional to the impedanc&* =V} i/l For the fre-

S 9-11,,, 0 13 i
films >~ with both largé® and nearly zert¥**magnetostric quency range 100 kHzf<20 MHz, the absolute value of

tion. These materials exhibit high permeability and Iow(glle complex voltage was measured by means of a rf differ-

losses at high frequencies, desirable characteristics in order . e . .
to exhibit large MI ratios. As the main anisotropy sources inentlal amplifier followed by a diode-based detector. Electric

amorphous materials are the induced and magnetoelasffoNtacts were spark welded, giving ultralow contact resis-
anisotropies, the effect of these particular anisotropies on thi&nce and avoiding possible effects from stray capacitances

MI have been extensively investigat®#-15 at high frequencies. The voltage leads were nearly 7 mm
Recently, we reported a large MI effect in grain-oriented@part for fi" samples. _ _
highly anisotropic FeSi,,'® which exhibited very interest- Coaxial cables for the probe current and signal detection

ing MI vs H curves for different angles between tf@01] were carefully 5000 matched and made as short as possible
axis and the applied field direction. In this work, a morein order to reduce eventual cable effects. As the sample re-
complete analysis of the MI effect on (1]0P1]FeSk,, is  Sistance and its variation underandf are small(~30 m(2)
made and the correlation between the MI and the magneticompared to the cable matching resistance, the probe current
domain structure evolution along the hysteresis curve foamplitude was determined as the voltage drop across the
each sample is established. matching plus sample resistances divided by the value of the
matching one.

90n leave from Departamento déska, UFSM. The magnetization curves were obtained by integration
BCorresponding author: Electronic mail: sommer@ccne.ufsm.br of the voltage signal sensed by a coil wound on the same
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FIG. 1. Magnetization curves corresponding to the (&land imaginary 0 20 40 60 80 100 120
(X) components of the MI field spectra of some samples takerd at f(kHZ)

=100 kHz andl ;=4 mAs-
FIG. 2. Representative frequency spectra of MI for the set of studied
samples. All measurements were taken at zero applied field.

samples used for the Ml measurement. The field sweep was
guasistatic and all measurements were made at room tem-
perature. angle ¢ is changed, resulting from the magnetocrystalline
anisotropy effect on the transverse effective permeability. At
the extreme angles 0° and 9(ot shown, the Ml vs H
curves are smooth, with a single peak centereld at0. For

The MI vsH curves for6=0°, 30°, 50°, and 80° samples the 20%<6<70° samples, represented by the curves for
are shown in Fig. 1. The curves were obtained with probe#=30° and 50° in Fig. 1, lateral peaks do appear. The field
current amplitude ,.=4 mA,,s and frequency 100 kHz. The value where these features are observed coincide with the
results are presented @sR/Rs=10JR(H)—Rg]/Rg and  appearance of additional knees on the magnetization curves,
AX/Rs=100 X(H) — Xs]/Rs, whereR and X are the real as indicated by the vertical dashed lines in Fig. 1.
and imaginary components of the impedance, respectively, In Fig. 2, the frequency dependence of the impedance
andRg and Xg are their saturation values. By expressing Ml measured aH =0, for the #=0, 50° and 80° samples is
in this way, changes in both components of the impedancehown. From Fig. 2, the general behavior described by
can be directly compared. In the same figure, the correspondraninaet al® for an amorphous wire can be seen, i.e., at the
ing magnetization curves are shown. The connections bdew-frequency rangef(< 10 kHz), X(f) exhibits a linear in-
tween the main features of the magnetization and MHvs crease witH, while R(f) is roughly constantmagnetoinduc-
curves are indicated by dashed vertical lines. As it is wellive effec). For the high-frequency range (15 kH4
known, (110) 001]FeSk,, is a soft magnetic material largely <100 kHz), both components presenf ¥ response, cor-
used in power transformers and machines. Thus, at firsbborated by the fitted lines shown in Fig. 2. From &
sight, the saturation field appears to be highl20 kA/m) response, it can be concluded that the effective transverse
and, as a consequence, the MI sensitivity seems to be vepermeability (o) is constant while this dependence holds.
low. By superimposing both, Ml v&4 and M/Mg vs H The general features of the field and frequency behavior
curves, it becomes clear that the high saturation fields ardo not change under different ac measuring current ampli-
mainly due to the high demagnetization factors of thetudes. Measurements made with current amplitudes in the
samples. These magnetization curves are typical of sampleange 0.05—-35 mAnot shown resulted in roughly constant
cut from a material with(110[001] texture and exhibiting values ofR(f) and X(f) for a given value of the external
high anisotropy constants like Fegi[K;~2.8x10* J/n?  field H.
andK,~10"* J/n? (Ref. 17]. In Fig. 3, Ml vsH curves taken at frequencies of 1, 10,

It can be seen from Fig. 1 that there is an evolution ofand 100 kHz for the#=0°, 50°, and 80° samples are shown.
both, the amplitude and shape of the MIWscurves as the The 6=0° sample shows MI v$i curve with a single peak,

Ill. RESULTS
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FIG. 3. Real and imaginary components of Ml for selected samples at 1, 10, f(MHz) f(MHZz)

and 100 kHz.
FIG. 4. High-frequency Ml field spectra for th@=50° and 80° samples.
(a)—(d) stands for frequencies of 0.1, 0.32, 2.2, and 20 MHz, respectively,

ith Iuti N d h ._while (e)—(h) stands for the frequencies of 0.1, 0.31, 0.65, and 1.6 MHz,
without evolution of a secondary structure as the measu”ngespectively. The bottom layer corresponds to the percent changes in Ml as

frequency is increased. For tlie=50° sample, while th&vs  a function of frequency.
H curves present no evolution &ss increased, thX vs H

curves are strongly affected. For the low-frequency regime, _ _
there is a central valley oX(H,f) while for high frequen- known as the “lancet domain structure.” The evolution of

cies, central and lateral peaks are observed. #a80° this structure has been extensively studied due to its connec-
sample exhibits field and frequency dependencies similar t§on to power losses in Fegj.'® ??Each “lancet domain”
the =50° sample, except for the central valley in the lower-can, in fact, be divided in three parts, as shown in Fig. 5,
frequency range. The general field and frequency deperwhere a schematic drawing of this structure for a sample in
dence of the§=70°-90° samples are similar to the=0° the demagnetized state is shown. Two of them are located at
sample, while for 20%4<60°, the samples present the samethe opposite(top and bottom surfacgof the sheet. They
general trend as the=50° sample. have the shape of a pyramid whose triangular basis is in the
The MI vs H curves obtained for frequencies between(110 plane. The third part connects the first two through
100 kHz and 20 MHz are shown in Fig. 4 for tAe-50° and ~ magnetization vectors aligned along {{ts.0] or [100] axis,
9=80° samples. In Fig. 4, Ml is expressed as [[@)  Which are also magnetic easy directidfs®
—Z)/Zg, whereZ(H) is the impedance at field, andZ; is
its saturation value. The main feature of M| Mscurves for
these higher frequencies is the increase of the lateral peaks The domain structure of the (1]@01]FeSk,, samples
while the central peaks decrease, in a way consistent with th@long the magnetization curves must be consistent with a
high-frequency behavior of the MI, as pointed out by Paningcondition of the minimum of the magnetic free energy,
and co-workers.The lower panel in the same figure displays Whose main contributions are the magnetostatic, magneto-

the frequency dependence of the M amplitude, which exhibcrystalline, and magnetoelastic enerdie! In order to
its a maximum for frequencies around 300 kHz. minimize these energies, the domain structure is modified

accordingly when an external magnetic field is applied.

A. Domain structure evolution during magnetization

IV. DISCUSSION

As seen from Fig. 1, the details of the MI ¥& curves
observed in this work can be associated with the magnetiza-
tion processes of the (11@01]FeSk,, samples. In order to G DN

analyze this connection, it is worth remembering that this ‘
particular material is characterized by an average spread of 2 0~ 4°
the angle between th@ 10 crystalline plane and the sam- \\ >
R :
gives rise to free-magnetic poles at the sample surfaceg;g. 5. pomain structure of the (11WOLFeSi,, with a tilt angle of 4°

ple’s surface(tilt angle), of about 4°. This misalignment
which lead to the formation of a closure domain structure[after Imamura and SasakRef. 19].

72/ M, [001]
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Thus, the volume of the sample is divided into two kinds ofprobe current, either with a DW or a rotational permeability,
domains: the main striped domains with magnetizationor both. Although DW motion is the main magnetization
along the[001] axis (volume fraction(),), and the already mechanism at low frequencies, it is strongly damped at fre-
mentioned lancet domair{solume fraction(),). Eventually, —quencies above 1 kHZ.Thus, it is virtually absent in the
the lancet domains coalesce into bulk longitudinal and surrange of frequencies used in this work, as discussed below.
face band domains. Associated with this coalescence, a

maxim_um inQ, appears_at i_ntermediate levels o_f the Mag-g. Connection to the MI features

netization proces¥?*which in turn can be associated with

some features iM vs H curves, as seen on the magnetization All the above-described changes on domain structure are
curves of Fig. 1. Besides domain structure observation bi;eflected in the effective transverse differential rotational
Kerr effect?® this peak in{), is detected through measure- Permeability u.y. Therefore, the distribution of the magne-
ments of permeability? Barkhausen nois®, and magneto- tization and its evolution are mapped in the Ml behavior at

striction curve? In this work, such evolution was detected different fields and frequencies. _
through MI measurements. For the low-frequency rangd €10 kHz), the current is

In order to compare the evolution of the domain struc-almost uniformly distributed over the sample’s cross section.
ture, qualitatively obtained from the magnetization curvesS & consequence, the Ml probeg; over the entire sample.
presented in the Fig. 1 to the Ml \ curves, the magneti- As the frequency is increased, the current becomes restricted
zation stages of a typical Fegj sample are described in the 0 the superficial skin layer defined by the skin-defgh In
steps below(the 6=50° sample will be taken as a reference VieW Of that, the MI probeg.; from different parts of the
without any lack of generalify Starting from the demagne- domain structure: from the superficial closu@@ncet or

tized state, the magnetization process will take placd@nd domains and from the maifstriped or longitudinal
through18-22 ones. When the volume fractiofl, of the lancet domain

structure is strongly changesdtep(ii) in the former descrip-

(i) ~ The main striped domain@vith a favorable orienta- tion of the magnetization procesges corresponding feature
tion with respect to the external figldyrow at the s expected to be present in the Ml kscurves,not associ-
expenses of less favorable ones. During this processted with DW motiotbut to the rotation of the magnetization
there is no change in volume fractiofis, and(),.  as excited by the probe current. The field intensity and the
This process occurs at the center of region | shown idetails of these features will be different for each rangé, of
the magnetization curve for th&=50° sample. as follows.

(i) Some lancet domains broaden up while the 180°
domain-wall (DW) motion of the main domains is 1. Small-angle range ( 6<20°)

still taking place. This process occurs at the border of  |n this case, there are few modifications of the main
region |. domain structure, so the MI curves are smooth and have no

(i) Some lancets elongate and possibly coalesce witinodifications in shape as the frequency is increased. This
other lancets, eventually forming longitudindand  behavior is exemplified in Fig. 3, for the=0° sample.
domains. There is a sudden increase on the volume

_ fractic_m Q,. It corresponds to_the center of region Il 2. Intermediate-angle range (30° <6<60°)

(iv)  The final approach to saturation. The most favorably
oriented domains grow at the expense of the less fa- N this range, the growth of the volume fraction occupied
vorable ones. Gradually, the sample becomes a singly the lancet domains(Y,), corresponding to stefi§) and

domain with some lancet domains Spread over its V0|_(|||) of the magnetization process described in Sec. IV A, is
ume (region 1l in Fig. 1). larger than for the low-angle range. The contribution of this

effect tou¢ can be observed in Fig. 3, as the growth of the
By decreasing the external field from the saturated state, thg,ouider peaks at high fieldsee the curves for thé=50°
magnetization process follows the reverse order, and so Olample. It should be also observed that these peaks are bet-
successively. The field intensities where each of the abovgy seen at higher frequencies. This comes from the fact that
processes is active depend on the relative afighetween  the superficial domain structure has a greater contribution to

the applied magnetic—fieI.dH and the easy rrzlagnetic axis e at increasing, as expected from the skin effect.
[001] and also on the size of the sampt&$? For these

samples withg°< 6<50°, the major magnetization process is ) . 3
180° wall motior?® The intensity of the applied magnetic 3 High-angle range (70° <6<90°)
field where there is the sudden growth 8f, is roughly Here, the magnetization process has almost no 180° wall
proportional tod, as well as the volume fraction itself. The motion and stage§i) and (iii) described in Sec. IV A, in-
samples with 60%6<90° have larger volume fractior{3,, cluding the maximum inQ),, happen at low applied mag-
even atH =0. On the other hand, the magnetic-field intensitynetic fields. This feature will be responsible for the smooth-
required to produce the maximum 6f,, is reduced a®is  ness of the Ml vsH curves as seen in the corresponding
increased from 60° to 93%:%? panel of Fig. 3.

In the case of Ml measurements, the magnetization dis- Thus, the MI vsH curves can be connected to the fea-
tributions associated with these mechanisms may contributéres observed in th®l vs H curves which, in turn, follow
depending on the frequency of the ac field generated by thsteps(i)—(vi) stated in Sec. IV A. In other words, the M
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measurements are useful to study complicated evolutions of ' ' ' ' ' " 1750
domain structure, like these seen in (1XW)1]FeSk., .

N A [s]
A o 1500
C. Rotation versus domain-wall motion

One point which has not been thoroughly taken care of
in the above sections concerns the main contribution to the

(121 / Roc))
8 8
8
(o]

&
Q
oO
>0
i
o
ok
(o]
ueff

{250
transverse differential permeabilityeq(H,l ,c, ), responsible 10r /
for the observed MI effects. In the previous sections the ro- ol
tational permeability was pointed out as the main contribu- . . ) ) ) .
tion to wes(H,l5c, T). In order to give a more substantial rea- 0 250 500 750 1000 1250
son for such a statement, it is interesting to make a simple f (kHz)

calculation of the impedance for a sample with the shape , . .

used in the present work. The exact calculation is intricatérzo'f'h?' ‘Czolr?;tinf\fla"l‘{j‘: gﬁf;?n;g";z f‘; th'?eﬁiou;?ﬁeio - Observe the

and should take into account the anisotropies in the differen- i fr &L Tugh 1red '

tial permeability as well as complicated boundary conditions.

The Simplest but useful apprOXimation is to consider thq:”’]a”y, introducing the expression f@’m and Squarying ex-

studied samples as infinite plate3his approximation be- pression(5), one obtains:

comes reasonable when one considers that the ac current will S

be confined to a thin superficial layer due to the skin effect. |2(H.D) _ t_ T Heft

The validity of this approximation rests on the comparison of Rﬁc 2 p

its re;ults to the e.>'(per|ment<_':1lly obtamed'values for the dif- A representative plot de(H,f)|2/R§c is shown in Fig. 6

ferential permeability and skin depth at high frequencies. for the =50° and ¢=80° samples. In the same figure, the
Suppose initially that the plate surfaces are separated b .1 Vs f curves obtained from expressié8) are also plotted.

a distance much larger than the skin depth, the samples ¢ e values ofuy; Were about 420 and almost constant above
be approximateq by a semi_—infinite met_al bIO(_;k' In this 9€-about 150 kHz? These values are reasonable for bulk speci-
ometry the solution for the impedance is easily obtained 4Hens which exhibit large losses at high frequencies like the
shown below. o FeSko, samples used in this work. The highest value ob-
For a semi-infinite metal block the current densigy tained for the permeability corresponds to a skin depth of
falls off from the surface as about 55.m at 100 kHz(17 zm at 1 MH2. Both values
X characterize a strong skin regim@he skin depth obtained
J=Jo exp{ —(1+1) 5 (1) for f=1 MHz and the observedZ(Ry)?2 vs f plots confirm
m
_ o o that the initial approximation can be held above 30 kHz.
whereJ, is the superficial current densityjs a length mea-  These values also confirm that the Ml experiments in these
sured from the surface toward the center of the cross SeCt'Oéhmples are probing the rotational response of the closure
andi= J=1. The Ohmic losses at any point in a current- gomain structure to the field generatedigy. For thed=10°
carrying conductor are given By=p|J|* (W/m?), wherep sample, however, the approximation fails because the sample
is the resistivity of the material. The eddy-current loss pelig o longer in the strong skin regime, even for frequencies
square meter of cross-section surface is then given by 55 high as 100 kHz. This fact is consistent with the behavior
o PO of the transverse differential permeability as a function of the
W= J plJ|?dx= - |30l 2. (20 angled. The permeability first increases withup to ~60°,
0 decreasing for higher angles. Therefore, the range of fre-
In this approximation, the loss per unit length for the quencies where the semi-infinite block approximation is

(6)

FeSk,, samples can be written as valid depends on the angle between [A81] axis and the
AR direction of the current density.
|Z||1]2= 0 Sm2W, ©) From the comparison between the experimentally ob-
2 tained data and the above calculations, it is reasonable to

where 2v accounts for both skin layers active in each side ofassume that for all samples studied in this work the dynamic
the sample. In the above expressj@his the impedance per magnetization process excited by the field associatedlyith

unit length. |1 |2 can be calculated from expressi@h as is predominantly the rotation of the magnetization. So, the dc
) ) ) field H changes the distribution of the magnetizatjas de-
[12=2w?57| 3l (4)

scribed in steps(i)—(v), Sec. IV A], which in turn will
Introducing expressiofd) into expressior(3) and normaliz- change the transverse rotational differential permeability, as
ing by the dc resistance per unit lengtRy(=p/wt), the  probed by Ml measurements. Another feature which con-
impedance can be expressed as firms the assumptions made at the beginning of the present
calculation is the observed current independence of the MI.
_ (5) Also, as can be seen from Fig. Bef~constant over a wide
Ric 2 0m frequency range. That means that just one magnetization pro-
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