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Magnetic transition in nanocrystalline soft magnetic alloys analyzed via ac inductive techniques
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The magnetic transition in a FeSiBCuNb nanocrystalline alloy, associated with the decoupling of ferromag-
netic crystallites around the Curie point of the residual amorphous matrix, is analyzed in this work through the
temperature dependence of the ac axial magnetic permeability and impedance of the samples. The temperature
dependence of both complex magnitudes presents a maximum in the irreversible contribution at a certain
transition temperature. While for low values of the exciting ac magnetic field the transition temperature lies
below the Curie temperature of the amorphous phase, a shift above this Curie point is observed increasing the
amplitude of the applied ac magnetic field. The detected field dependence is interpreted taking into account the
ac nature of the inductive characterization techniques and the actual temperature dependence of the coercivity
of the samples.
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|. INTRODUCTION a maximum in the irreversible contribution is detected at

The magnetic properties of nanocrystalline materials comMeasuring temperaturép, aroundTc,. Surprisingly, a shift

posed of crystals of a nanometer-range surrounded by a r&! Tp towards higher measuring temperatures is experimen-
sidual amorphous matrix has been extensively studied durinhally Observed with the amplitude of the exciting magnetic

the last decad&ln these nanocrystalline materials the mag- eld. N :
netic interactions between the two constituent magnetic. OUr @m in the present work is to further analyze the
phases mainly determine the macroscopic magnetic behavi@aractenstlc magnetic transition in a soft nanocrystalline

. ; SiBCuNb alloy around the Curie point of the residual
and its 'temperallt.ure dependence. In' this Sense, the opserv orphous phase by means of ac inductive techniques, that
magnetic transition around the Curie point of the residua

h h : iated with iic d i s, the ac axial magnetic permeability and the electrical im-
amorpnous phase IS associated with a magnetic decoUplingh yance. While the ac magnetic permeability is a well known

be.twgen the ferromagnetic crystallites with higher Curi€characterization technique widely employed in the character-
point® Within the framework of the random anisotropy j;ation of different magnetic transitior@e., freezing tem-
model the occurrence of this magnetic transition is basicalljyerature in spin glassé&martensitic transformation in mag-
ascribed to a decrease in the effective exchange constagktic memory shape alloy$,spin reorientation transition in
around the Curie point of the residual amorphous phi&sg, rare earth®), the ac impedance has recently been proved as
leading to a sharp increase in the effective magnetocrystak very simple and versatile characterization technique. Basi-
line constang* Accordingly, the magnetic transition is ex- cally, when an ac current flows through a soft magnetic
perimentally detected as a sharp increase and decrease, sample, the associated transverse magnetic field magnetizes
spectively, of the coercivify and magnetic permeabily it, giving rise, for high enough current frequencies, to the
aroundT,. so-called skin effect. In this high frequency region, where the
The magnetic properties of these two-phase systems, iourrent keeps mainly concentrated in a reduced region close
particular, the temperature dependence of their soft magnetio the sample surface, the complex impedance of the sample
behavior, represents a research topic of continuous interes mainly determined by the associated transverse magnetic
from both basic and applied point of views. As an example permeability*® Thus, the temperature dependence of the ac
the shift of the magnetic transitiqmagnetic decoupling be- impedance can be directly employed to characterize those
tween ferromagnetic crystalliteaboveT, has been exten- magnetic transitions associated with noticeable changes in
sively reported and correlated to the occurrence of exchangde magnetic permeability of the samples: metal-insulator
coupling between the ferromagnetic grains through the pararansition in manganite’, Curie point in Heusler alloy¥’
magnetic amorphous matrh€ However, there are some ex- spin reorientation in Gé® the martensitic transformation in
perimental facts related with the analysis of the magnetianagnetic memory shape alld§sand the magnetic decou-
transition and the magnetic decoupling of ferromagnetigling of the ferromagnetic crystallites in soft nanocrystalline
crystallites that needs to be analyzed in further detail. Irsamples aroundc,.!”*®
particular, when this magnetic transition is analyzed through In the present work, the temperature dependence of the ac
the temperature dependence of the ac magnetic permeabilityxial magnetic permeabilityu=pu,+iy;, and impedance,
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FIG. 1. TemperaturéT) dependence of the reak,, (symbol9
and imaginaryy;, (lines) components of the magnetic permeability, ) ) - -
= +ig of the nanocrystalline Fg Sis BeClNbs alloy (tan crystalline Feg_58|13..589Cu1Nb3 alloy .(Fann:GO min) folr dlfferent
=60 min for different values of the amplitude of the exciting mag- Values of the amplitude of the exciting ac magnetic fit(f
netic field,H,(f=500 H2 (O) and(—) for H,.=9.6 A/m;(V) and =500 H2: (—) 9.6 A/m, () 48 A/m and () for Hg
() for Hae=48 A/m; () and (- --) for Hae=62.5 A/m. =62.5 A/m.

FIG. 2. Loss factor, ta@, versus temperaturd, for the nano-

oy o . value of the real component at 200 °C fbi,,=9.6 A/m
LRt |>S<{B|scar’:ﬁ)lyzlied in é‘bbhon a”dl wire shape d”a“OCWSta'%Mmf: 14:(200 °C H,.=9.6 A/m)]. As Fig. 1 shows, the tem-
Ine FeSIBCUND alloys. Both complex magnitudes present e oy e dependence of the réa}) and imaginary(u;) per-

tr?::émgnm t\efﬁlqug]tJ?ée' 'rr_?r\]/:r;'eafctce%n;irgg%oen sageﬁig"’g?meability components are characterized by a sharp decrease
P P P and a maximum value, respectively, around a certain transi-

Tp (i-e., an increase ifip with the amplitude of the exciting tion temperature. This maximum ja is a characteristic fea-

ﬁ;tﬁilad ;Ciwg %%Lifi\?:ngﬁgf;g;ﬁggg 'tgéirnrpsuz];tgengihture of different magnetic transitionge., freezing tempera-
q re in spin glasse¥, blocking temperature of

actual temperature dependence of the coercivity of th%uperparamagnetic partici8s In the present case, the oc-
samples. currence of such a maximum could be ascribed to the mag-
netic decoupling between ferromagnetic crystallites for tem-
Il. EXPERIMENTAL PROCEDURE peratures close to the Curie temperature of the residual
amorphous phasd,, (Tc;=340 °C estimated from previ-
ous thermogravimetry studies, that is, the temperature depen-
dence of dc saturation magnetizatidg(T).)>* Note that the
magnetic transition surprisingly shifts towards higher tem-

The samples, amorphous ribboriss1 mm wide and
20 um thick) and wires(diameter= 120 um) with nominal
compositions Fg Sij3 BeCuNbs were obtained by rapid
quenching frqm the ”.‘e'(me“ Spi”r?ing and ‘F"mta“”g' peratures with the amplitude of the ac magnetic fielg,
water-quenchmg techniques, rgspectlyeTme Qe3|red nano- The temperature dependence of the loss factor,dtan
crystalline structure was obtained through isothermal treat-:,ui/,ur, related to the irreversible contribution of the mag-

ments In vacuum atmosphere at 55.’0 C. The temperaturesi; ation process, enables the characterization of the mag-
dependence of the ac axial magnetic permeability and im

q h terized b tional inducti netic transition in these nanocrystalline sampfesince
pedance was characterized by a conventional induclion, , 55 associated with the energy loss per cycle, it should

methtod and theffour—g:)oob? tejf:gglgée,_rrﬁspectl;]/ely, N %temdisplay a similar temperature dependence than the coercive
perature range trom 0 - The In-phase and OUlge|y ¢ the samples, that is, a maximum valueTatTp as-

of-phas_e v_oltage components with respect o the_ exciting  iated with the uncoupled state of the single domain ferro-
magne_'uc f|e|d(a|ong the aX|a|.§nd tran_sverse directions formagnetic particle®.Figure 2 shows the temperature depen-
the axial magnene permgab|l|ty and |mpe_dance MeasUrance of tans for the different values oH,. Notice the
ments, respectivejywere suitably detected with the help of a increase of» (close to 100 ° Gwith the amplitude of the ac

lockin-amplifier. magnetic field.
In order to analyze the influence of the exciting frequency,
Il. RESULTS f, in the observed shift of 5, Fig. 3 displays the temperature
evolution of tans for f=200, 500 and 1000 Hz anHl,;
=6.9 and 63.5 A/m. First, the increase fofjives rise, irre-
Figure 1 shows the temperature dependence of the magpectively of the amplitude of the exciting ac field to an
netic permeability,u=u,+iu;, for the Fe;Si;3sB9CuNb;  overall increase in the values of tdnrcompatible with the
ribbon (5 cm in length annealed at 550 °C during 60 min associated increase in the energy losses per dgtey-
for different values of the amplitude of the applied axial accurrent losses At constantH,. the position of maximum
field, H,.=9.6, 48 and 62.5 A/m(frequency, f=500 H2. does not noticeably change, except for a slight shift towards
The displayed permeability values are normalized to thdower temperatures with [also detected in;(f)]. Thus, the

A. Temperature dependence of the magnetic permeability
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FIG. 3. Temperature evolution of the loss factor, &aat differ-
ent values of the ac magnetic figlsymbols:H,.=9.6 A/m; lines:
H,.=62.5 A/m) and exciting frequency:(Xx) and (---) for f
=200 Hz;(¢) and(---) for f=500 Hz;(O) and(—) for f=1 kHz.
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FIG. 4. Temperature dependence of the real(symbolg and

imaginary, u; (lines) components of the magnetic permeability,

iy, of the relaxed amorphous $26Si;3 B9CuyNbs alloy for

different values of the amplitude of the exciting magnetic figld

=500 H2: (@) and (---) Ha=9.6 A/m; (O) and (—) Hg

detected increase ifi with the amplitude of the exciting ac
field, should be correlated with some basic characteristics of
the magnetic transition arounft,, independent of the dy- 30

=48 A/m.

min (T1 and T2 and T3 nanocrystalline states, respec-

namical characteristics of the decoupling process. In fact, ifively). Figures %a) and §b) show the temperature depen-
the maximum in the irreversible contribution is interpreteddence of the complex impedance componedtsR+iX, for

within the classical models associated with relaxation pro-
cessegDebye theorya differentTp(f) should be foundi.e.,
an increase ofp with f in thermally activated fine particles
system?® Therefore, in the present case, the detected de-
crease offp with f would have basically an inductive origin
associated with the eddy-current contribution in the metallic
sample(decrease witli of the effective magnetic field acting
on the sample

To further check whether this shift witH,. is a specific
feature of the analyzed magnetic transitiomagnetic decou-
pling of the ferromagnetic crystallitgesthe amorphous alloy
was analyzed under similar experimental conditions. A pre-
vious annealing at 360 °C for 10 min was performed to sta-
bilize the amorphous sample. Such an annealing gives rise to (
a relaxation of the amorphous structure without any further
structural modification. As Fig. 4 shows, where the tempera-
ture evolution of both permeability components are shown
for H,.=6.9 and 48 A/nif=500 H2, the magnetic transi-
tion (Curie point, T,) takes place al = T.,=340 °C irre-
spectively of the amplitude of the applied field. It is also
remarkable that in this amorphous state the imaginary com-
ponentu; does not present any noticeable maximum around
TC2.

B. Temperature dependence of the impedance

To clarify the origin of the detected field dependence of
Tp, the magnetic transition was characterized through the
temperature dependence of the ac imped@egtrnal mag-
netic field H=0). In order to enhance the magnetoinductive
contribution(increase of the transverse magnetic permeabilz -
ity) a wire shaped nanocrystalline alloy was selected for they|
impedance measurements. A piece 5cm in length,;
(Fey3 sSii3 BoCuNbs nominal compositionwas submitted
to subsequent annealing3,,,=550 °Q during 5, 10 and
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FIG. 5. Temperature dependence of the impedance components,
R+iX, for (a) f=1 kHz and(b) f=100 kHz for theT3 nanocrys-

ine wire as a function of the amplitude of the exciting current,
(—) 5mA, (O) 10 mA, (A) 15 mA and(---) 20 mA. [The

impedance data fof=75 Hz andl,.=5 mA are included in Fig.
3(@)].
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f=1 and 100 kHz, respectively, at different values of the vﬁk‘l‘d‘a
amplitude of the exciting ac current,, for the final T, Keft = A3 Q)
nanocrystalline sample. For comparison, Fi@) &lso shows
the temperature dependence of the impedance componentsvéth k; andd the magnetocrystalline anisotropy constant and
f=75 Hz. mean grain size, respectively, of the crystalline phasefand
First, at low frequency[see Fig. 8a)], the impedance the mean exchange constant of the coupled syst&m,
components directly reflect the inductive contribution asso=(A;A,)Y? (A; and A, the mean exchange constants of the
ciated with the temperature dependence of the circumferererystalline and amorphous phases, respectjivefor T
tial magnetic permeability,e,. In this low frequency region, <Tc, and assuming; and A; roughly constantskeg(T)
the sample voltage can be expressed as would be mainly governed by the temperature dependence of
_ . A,. Thus, the decrease 85(T) around the Curie point of the
V=Ryd +i{(Ex)L, (1) . . :
residual amorphous phase has associated a magnetic harden-
where Ry, and L are the Ohmic resistance and the sampleng correlated with the parallel increase kg(T) [see Eq.
length, respectively, an¢E;) is the average electrical field (3)]. Thus, for T=T., the effective magnetic anisotropy
originated by the circumferential magnetization procesgeaches a maximum value closekpand the magnetic de-
((Ez) = uy). Thus, taking into account the complex nature of coupling between the ferromagnetic grains takes place.
the circumferential permeabilitye ,= e, +ipy), the occur-
rence of the maximum value R and the sharp decreaseXn
aroundT, basically reflect the main characteristics of tem-
perature dependence of the imaginary and real components . ) N .
of u,, respectively. Notice the clear shift of the magnetic The displacement of the magnetic transitiaecoupling
transition withl,.. This behavior reflects the dependence ofof the ferromagnetic crystallitgsaboveTc, in nanocrystal-
114(T) on the mean circumferential magnetic figld, 1,0  line soft magnetic samples has been previously repdited,
acting on the sample. mainly through the analysis of the temperature eren_dence
With respect to the impedance responsefat00 kHz, ©Of the coercivity,Hc. In those reports, the shift is mainly
the increase of the exciting frequency gives rise in thePPserved in samples with high crystalline fractidng~1)
coupled statglow temperaturgto a clear increase in both Where the mean distance between the ferromagnetic grains
impedance valuefsee Fig. B0)]. In this range of high fre- (width of the paramagnetic amorphous phaisewithin the
quency values, where the so-called skin effect takes plac&anometer range=1 nm. Its origin was generally ascribed
the electrical current is mainly concentrated in the sampldo the exchange coupling between ferromagnetic grains
region close to the wire surface. According to the classicathrough the paramagnetic amorphous matfi&in a similar
electrodynamical modéP the complex impedancé, is di-  way as the widely reported effect in multilayered syst€ms
rectly expressed in terms of the Bessel functions of the firstindirect or RKKY exchange interactionin fact, Monte
kind J(ka), Z:%Rdckav"o(ka)/Jl(ka), with a: wire radius and ~ Carlo simulations have been recently employed to explain
k= \;m_ The decrease qi,, associated with the mag- the enhancement _of the Curie temperature of.the_ residual
netic decoupling of the ferromagnetic crystallites Tor T, amorphous phase in terms of the magnetic polarization of the

has associated, as Fighf shows, a drastic decrease in both matrixsg)y exchange fields arising from the nanocrystalline
impedance components. Again, as in the previous cases, ti§§&INS: o _
increase of the exciting magnetic figliticrease in,) gives Therefore, considering thafp (measuring temperature
rise to a clear displacement of the magnetic transition to¥Where tan reaches a maximum valuespresents the actual
wards higher measuring temperatures. temperature ascrlbgad to the .exchange decoupling of the fer-
romagnetic crystallites, the field dependencelpfcould be

IV. DISCUSSION explained according to the previous discussion, with a paral-

lel increase ofT -, with H. However, this assumption would

The basic magnetic characteristics of these biphasic nan?r'nply according to the present experimental results an in-

crystalline materials can be.sunably described W|t.h|n thecrease Off s, close to 100 K, incompatible with previous dc
framework of the random anisotropy modé&f.In particu-

lar, in the coupled state where the magnetocrystalline anisc}permogravimetry measurements in the afaynaximum dc
’ P 9 y applied magnetic field=4 kA/m) and with the reported,

tropy of the ferromagnetic crystallites is averaged out via th‘?/alues in similar compositiors Therefore, assuming.
magnetic interactions between both constituent magneti(r: ' c2

S . . oughly constant witiH, the detected changes T can be
phases, the initial magnetic permeability can be expressed Eﬁ'ﬁerpreted to be a consequence of the reinforcement of the

JSZ exchange coupling of the ferromagnetic crystallites with the
“=Py k' (2)  applied magnetic field. Thus, the occurrence of exchange
Hroeft coupling abovel, and its reinforcement witlid, would be
with p, a dimensionless factods=vcJ; +(1-v)Jp, with J; associated according to E(B) to a parallel increase of the
=uoMg, Mg; saturation magnetization with=1 and 2 for ~mean exchange constant of the paramagnetic residual amor-
the crystalline and residual amorphous phases, respectivelphous phasef,, i.e., magnetization of the paramagnetic
v.: crystalline volume fraction; ankly the effective magne- phase under the action of the effective molecular field gen-
tocrystalline anisotropy defined as erated by the remainder ferromagnetic ph#sEhis simple

A. Enhancement of the exchange coupling with the applied
magnetic field
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TG FIG. 7. (a) Coercive fieldHc, versus measuring temperatuife,

for (@) T1, (O) T2 and(A) T3 annealed states of the nanocrystal-
line wire. (b) Transition temperaturelp, as a function of the am-
plitude of the exciting ac magnetic fielt,., for (®) T1, (O) T2
and(A) T3 annealed states of the nanocrystalline wire.

FIG. 6. Temperature dependence of the loss factorg,ta f
=500 Hz for theT2 nanocrystalline wire aH,.=38 A/m (solid
line), Hyc=152 A/m (dashed ling and H,.=38 A/m plus Hy.
=150 A/m (symbo).

line wire. As can be observed, there is an inverse correlation
assumption would explain the main experimental facts obbetweenH, and Tp, that is, the sample with the smoother
tained in the present study, that is, the increase of the transincrease inH.(T) and thus the lowest coercivity in the un-
tion temperature with the applied magnetic field Tor Tc,  coupled stat€T3 annealed stajalisplays the strongest field
as a consequence of the parallel increase in the mean effegependence 6T (highestT, valueg. This behavior can be
tive molecular field(alignment of the ferromagnetic crystal- well understood taking into account the ac nature of the mag-
lites). netic field employed in th@p characterization. Consider an

However, we must keep in mind the alternati\a®) na-  amplitude of the exciting ac magnetic field higher thégat
ture of the magnetic field employed in the present magnetifow measuring temperaturése., H,.=100 A/m). As T in-
characterization. If the main origin of the detected field de-creases, the progressive magnetic hardening aroigd
pendence of the magnetic transition is correlated with anmmagnetic decoupling of the ferromagnetic crystallitpso-
enhancement of the mean exchange constant, the magnetitotes a parallel decrease and increase, respectively(T
field effect should be independent of its alternat{ae) or and u;(T) (see for instance Fig.)1However, at a certain
constant(dc) characteristics. Figure 6 displays the temperameasuring temperatur&*, the amplitude of the ac magnetic
ture dependence of tar{f=500 H2 for the nanocrystalline field equals the coercivity of the sampild ,.=Hc). A further
wire (intermediateT2 annealed stateat H,.=38 A/m(solid  jncrease ofT above this critical point leads to a parallel
line) and under a bias dc field;.=150 A/m(symbol3. For  decrease in both permeability components since the applied
comparison, tad(T) for Hae=152 A/m (Hy=0) is also in-  magnetic field is not able to magnetize the assembly of fer-
cluded (dashed ling First, the application of the dc field romagnetic single particleéH,.<H¢). Thus, the detected
gives rise to a clear decrease in i@as a direct consequence temperature dependence of both permeability components
of the decrease in the irreversible component of the ac magan be easily explained in terms of the relationship between
netic permeabilityapproach to saturationHowever, the ap-  H__andHc(T), that is, a continuous decrease sf around
plication of the bias dc field just surprisingly promotes aT_, and a maximum value ip; at the measuring temperature
slight increase in the defined transition temperatdie,in T+ where H,.=He.
comparison with the detected displacement fét, The temperature and field evolution of both permeability
=152 A/m. Therefore, although the occurrence of some encomponents mainly determine the impedance response of the
hancement of the exchange interaction with. cannot be  samples. As Fig. 5 shows, the increase of the amplitude of
completely excluded, the different response ofd@f) under  the ac exciting current,, (increase in the mean ac circum-
ac or dc magnetic fields, points to a different origin of theferential field,H,;), promotes a similar shift in the tempera-
detected field dependence Bf. ture dependence of both impedance components. Thus, the
detected maximum in the imaginary circumferential perme-
ability (maximum in the resistive component at low fre-
quency, f=1 kHz) would correspond with the measuring
temperature where the mean amplitude-Hgfequals the cir-

Figures Ta) and 1b) show the temperature dependence ofcumferential coercivity of the sample. For higher exciting
the axial coercive fieldH,, (obtained through the induction frequencieqf=100 kH2 where the skin effect takes place,
method atf =100 H2 and the transition temperaturg; (de-  both impedance components drastically decrease at this mea-
fined from the maximum in tai at f=500 H2 versusH,.in suring temperaturésee Fig. 3. Above this critical tempera-
the three annealed stat@sl, T2 andT3) of the nanocrystal- ture, the mean circumferential field is not able to magnetize

B. Temperature dependence of coercivity and correlation
with the field dependence of the magnetic permeability
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380 V. CONCLUSIONS
/’ The magnetic transition associated with the magnetic de-
b o coupling between ferromagnetic crystallites around the Curie
360+ o ; ; - .
K ./ point of the residual amorphous pha3g,, is analyzed in a
o ./o Fes355i138B9CuUNb; alloy (ribbon and wirg. In particular,
o 340 P4 / two ac inductive techniques and their temperature depen-
= A dence are employed in this study: axial magnetic permeabil-
./ c/ ity and electrical impedance. With respect to the permeability
320{ .° / characterization, a maximum value in the loss factor&da
experimentally detected at a certain measuring temperature
320 340 360 380 400 420 (transition temperaturelp). While for a low value of the
T (C) exciting ac magnetic field{ ., the transition temperature lies

below Tc,, a shift above this Curie point is experimentally
FIG. 8. Transition temperaturd@,, defined from the maximum detected asH,. increases. Similar results are obtained
in (O) the loss factor, tad, or (@) the imaginary component of the through the impedance characterization, both in the low fre-
magnetic permeability,u;, versus the measuring temperature quency region(magnetoinductance effgcand at high fre-
T* (Hae=Hc). The dotted line in the figure represents the linear fitquency(100 kH2 where the skin effect dominates the im-
with slope 1. pedance response of the sample. In this case, the shift of the
apparent magnetic transition takes place with the increase in

) ) ) ) the amplitude of the exciting curredn increase in the mean
the assembly of single domain particles, leading to a sharg. circumferential field acting on the sample

increase in the characteristic magnetic penetration depth, and T origin of the detected field dependence is first ana-
thus to the disappearance of the skin effect of the sample. ;¢4 in terms of the reinforcement of the exchange coupling
According to the previous discussion, a direct relationshigyeween ferromagnetic crystallites with the applied magnetic
between the defined apparent transition temperatlig,  fie|d. However, although the occurrence of some exchange
(maximum in tans) and T* (temperature wherél,c equals  fie|q enhancement cannot be completely excluded, the main
Hc) should be found. Figure 8 showl versusT* for the  gyperimental facts of the field dependencdpfand its evo-
intermediater2 annealed state. For comparison, the temperay,tion with the thermal treatments are suitably explained tak-
ture associated with the maximum value in the imaginarying into account the ac nature of the performed magnetic
component of the axial permeabiliy;, is also showropen  cnaracterization. The results indicate a direct relationship be-
circles. As can be observed, there is a direct correlationyyeen the defined transition temperature and the measuring
between both temperatures. In particular, a linear depe”den‘f'@mperature where the amplitude of the ac magnetic field
(the dotted line in Fig. 8 represents the linear fit with slope 1 equals the sample coercivitfd,.=Hc). Thus, the detected
is directly found at low temperaturglow amplitudeH,). increase ofl with H, results as a direct consequence of the

In conclusion, the main experimental facts of the présenty,, 4 cteristic increase M ascribed to the exchange decou-
St“‘?'y can be summarized as f(?HOWS: ) ) pling process of the ferromagnetic crystallites above the Cu-
. (|)_The occurrence of a maximum in the |rre_verS|bIe CON-tig point of the residual amorphous phase.
tribution (tané or w;) at Tp~T* where the amplitude of the £ a1y the versatility should be remarked, but mainly, the
exciting ac magnetic field equals the sample coercivityginpjicity of the ac impedance as a characterization tech-
(Hac=Ho). nigue in the analysis of those magnetic transitions associated

(i) The increase of p with Hyc as a result of the increase \yith noticeable changes in the magnetic permeability.
of He with T (magnetic decoupling of the ferromagnetic

crystallites around ,), that is, the conditiond ,.=H¢ is ful-
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