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Evidence of B- and Si-type magnetic relaxations in Co-based amorphous alloys
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The kinetics of the structural magnetic relaxatiaifdRs) in the Co-based amorphous alloys has been
investigated by magnetic after-effect spectroscopy. The experimental evidence and characterization of two
types of MRs in the amorphous &8,5 and CasSijsB;, alloys are rendered in this work. The binary CoB
alloy shows only the B-type MR with the most probable energy of the activation energy spe@tum
=1.35 eV and the preexponential factge=2X 1072 s. In the ternary CoSiB amorphous alloy, the additional
Si-type MR with Q*=1.96 eV and7,=6x 10718 s occurs. Low-temperature annealing shifts either of the
relaxation parameters of both alloys to higher values. Roles of the free volumes, the dimension, and affinity of
the B and Si atoms for Co in the MR are discussed.
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The structural magnetic relaxation significantly influences By the magnetostrictive modélthe magnetostriction of
the magnetic properties, processibility, and stability of thealloy contributes to the MAE level and the MAE appears as
amorphous alloys. The Co-based amorphous alloys play aindependent of the actual alloy composition. The possible
important role in technical applications because of their exsole played by the compositions of the amorphous and nano-
cellent soft magnetic propertiég.They exhibit good proces- crystalline alloys in the MRs is not definitely clarifi€d.It
sibility by the magnetic annealinwhich the atomic mecha- looks to be reasonable to start an investigation of the MR in
nism lies in the magnetic relaxiaiViR). A powerful tool for ~ Co-based amorphous alloys with a binary CoB alfb¥he
investigating the MR is magnetic after-effedAE)  only composition of the CoB-based amorphous alloy in
spectroscopy. which the atom-scale mechanism of the MAE was suggested

There are two theoretical approaches to MAE in the amoris the hydrogen-charged G&i;B;o.'* At 190K, a
phous alloys. The micromagnetic model of the MRbased hydrogen-related relaxation process with a mean activation
on the reorientations of the atom-pair axes near free volumesnergy of 0.42 eV was observed. The amorphous CoZr alloy
to the directions related to the local magnetizatigfig. 1). shows an MAE peak from the atom-pair reorientations at
A driving force for the reorientation is a reduction of the 325 K12

interaction energy of a given atom pair with the local mag- In this report we are dealing with the MRs in simple rep-
netization resentative Co-based amorphous alloys—Bg and
Ae = £4(CO2 0, - coL 0y) < 0, (1) Co;55i15B1p, in the as-quenched state as well as after the

low-temperature annealing. The MAE isochrones with char-
where ¢, and ¢, denote the initial and final angles between acteristic peaks related to different relaxation mechanisms
the atom-pair axis and the local magnetizatiggis the local ~ were obtained in a wide temperature range, from which char-
interaction energy consisting from exchar(g&, spin-orbit  acteristic activation energy spectra of the MRs were calcu-
(€5), and magnetoelastit=®) parts,eq=e+eK+°. Each lated.

atom pair acts as an individual two-level system. Assuming All samples were produced by the melt spinning tech-
the first-order reaction, the time-temperature dependence of
the reluctivity influenced by the MR can be expressed by the
equatiof

o

r(t,T):rO(T)+Ar.Jp(r)(l—e't’f)dr, (2a)

0
7= 75 exp(Q/KT), (2b)

To= Tooexq_ S/k), (20)

wherery(T) is reluctivity att=0, Ar ~ng is the maximum
reluctivity change(ng—concentration of mobile atom pajrs
p(7) is the distribution function of relaxation times 7, is FIG. 1. Reorientation of the atom-pair axis during the structural
the preexponential facto is the activation energ¥ is the  magnetic relaxation, minimizing the free energy of the systety.
Boltzmann’s constanty, is a constant of the order of s is the local magnetizationp; is the initial angle,¢, is the final
related to Debye frequency, aigls the activation entropy. angle.
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nigue in the form of 1 mm narrow ribbons. The amorphicity 0.4+

was checked by x-ray diffraction. The time dependences of €08,
the initial reluctivity was measured by a PC controlled auto- as-cast
matic apparatus based on th€ oscillator techniqu¥ in the

time interval 1-180 s after demagnetization. Temperatures
from the region of 100—623 K were stabilized with accuracy
+0.1 K. The MAE spectrum is represented by a set of tem-
perature dependences of the relative changes of reluctivity
Ar(T)/ry=[r(ty)-r(t)]/r(ty), t;=1 s,t,=2, 3, 5, 10, 20, 30,

60, 90, 120, and 180 s so-called isochrones. The MAE spec-
tra were measured for as-cast samples as well as for annealed (a)
ones. The Curie temperatuiie. of the amorphous GgBys
alloy exceeds its crystallization temperaturg=683 K, for
Co0;5SiisB1p Tc=663 K and T,=750 K. The samples
Co75B,; were annealed at 653 K and the samples
Co;5Si;5B1p at 683 K. Annealings were performed in the ar-
gon atmosphere for 1800 s.

The relaxation process in an amorphous alloy is generally
characterized by an asymmetric continuous spectrum of the
activation energiesAES). A real distribution function of the
activation energiep(Q) can be approximated by a set ot Y03 06 09 12 15 18 21 24
box-type distribution functions witp(Q;) constant inith in- (b) Q (eV)
terval(Q; 1, Q; »). The fitting function for the measured MAE _
spectrumr(t, T)/r, gives such an approximated ABSQ) FIG. 2. The amorphous GgB,s alloy in the as-cast state) the
for the given amorphous alloy. We have derived such a step'\-/IAE spectrum fort; =1 s andt=2, 3, 5, 10, 20, 30, 60, 90, 120,

. - . nd 180 sy----) are the measured poinis;-) is the fit(b) the AES
\rlélﬁjitﬁ\/ﬁfl“from an expression for the time dependence Of - iculated from the MAE spectrum on Figal

A/t

Ei(-t/7;,) - Ei(-t/7; ) was divided into 30 intervals. The obtained AES is charac-
' = (3)  terized by a wide continuous distribution from 0.3—2.18 eV
with a relatively narrow peak at the most probable value of
the activation energyQ*=1.35 eV. The best fit gives the
7ij,2 = To €XP(Q+1/KT) and 7 1 = 70; eXp(Q/KT),  (4)  preexponential factor in the Arrhenius formulab) 7,=2
X 107 s for the amorphous GgB,s as-cast alloy. Its small
value is attributed to large hopping entropy in Egc). It
indicates that the MR is due to reorientations of the atom-
Spair axes with respect to the local magnetization.

r(t,T) =ro(T) + X X Ar;
j i

In(7j o/ 7ij 1)

where | means a number of the particulate relaxation
processes, Ei is an exponential integral Ei(—x)
=-=[[(e)/u]du, and ry; is the relevant preexponential fac-

tor. Values p;(Q)) were calculated uiing the least-square In the amorphous GgB. alloy, the atom pairs B-Co and

method and the efquat'cm(Qi)=Ar”/2i=1Ar”' Co-Co exist. The existence of B-B pairs is rather improbable
No AES of a simple amorphous Co-based alloy has beefg;qyse they do not occupy the nearest-neighbor %ites.

presented till now. The MAE spectrum of the investigated, case, the narrow MAE spectrum and the consequent AES

amorphous CgB,s alloy in the as-cast state can be seen injygicate the only dominant relaxation process. The Co-Co

Fig. 2a). The MAE spectrum consists from a set of
isochrones distinguished one from one another by thetime  TABLE I. Parameters of the MAE spectra and the AESs: The
Individual isochrones are characterized by their heigtits  asterisk denotes as-cast, the double asterisks denote annealed, MR
MAE intensity) and temperatures of their peaks. The 180 Ss the type of the MR70 is the preexponential facto@* is the
isochrone was chosen as a reference. The MAE spectrum @fost probable activation energyr/r is the intensity of the MAE,

the CoB amorphous alloy is characterized by a single 38%, is the temperature of the MAE peak, and is the half-width of

high peak situated to the temperatdig=-383 K with a half-  the peak.

width AT=118 K (Table ). The shifts of the isochrones

peaks to lower temperatures are seen for the incredsing 70 Q*  Arlrg T, AT
which is typical for the MAE governed by the magnetic re- Sample MR (9 ev) (% (K) (K
laxation.

The continuous spectra of the activation parameters were C°75_B25* B 2x1077 135 38 383 118
supposed in the amorphous alldysThe stepwise AES of ~ CorsShsBig" B 7x107%7 131 10,2 383 120
the amorphous GgB,s alloy—Fig. 2b)—was obtained by Si  6x10"® 196 72 545 175
computer fitting the curves of the MAE spectrum with the Co;sBos** B 9x10% 155 93 478 200
assistance of formulg3). The number of relaxation types Co,SiB;o** B 2 %10 138 83 442 123
was choserj=1 in Eq. (3) because the only metalloid ele- Si  3x10Y 201 56 576 120
ment “B” is present in the alloy. The activation energy axis
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0.12 means of Eq(3) was performed with the two preexponential
factors 75,j=1 and 2. The preexponential factep,=7
X 107" s was found for the B-Co pairs reorientations, which
is in agreement withry found from the CesB,s spectrum
analysis (7,=2x 10'"s). The agreement inr, indicates
similar configurations of the B-Co atom pairs in both sample
compositions. This finding is supported by the almost iden-
tical AESs in both casggompare Fig. &) and the left inset
in Fig. 3(b)]. The AES for the B-type MR in the CoSiB alloy
, , : R , has the most probable activation enef@y*=1.31 eV. The
100 200 300 400 500 600 AES for the Si-type MR caused by the Si-Co atom-pair axes
(@) T(K) reorientations in the amorphous CoSiB allffyig. 3b)—
014 right insel was calculated with the preexponential factor
T0,=6x 10 s. The obtained AES is characterized by a
wide continuous distribution of the activation energies from
0.32-2.37 eV with a peak at the most probable valy&
=1.96 eV. A part of the Si-type MR processes with the acti-
vation energies from 0.35—-1.42 eV is realized by a constant
probability, which is typical for tunnelling-controlled rear-
rangements in the amorphous structure.
The MAE and AE spectra of the CofFig. 2 and Table)l
ooo— = | and FeB* amorphous alloys are very similar. Because of the
03 06 09 12 15 18 21 24 weaker affinity of the B atoms for Co than for &0 the
) Qev) MAE in the CoB alloy is characterized by a lower activation

FIG. 3. The amorphous GeBi;<B1, alloy in the as-cast state) energy Q* and its peak is situated at a lower temperature

the MAE spectrum[see Fig. 2a)]; (b) is the respective AES. than in the FeB amorphous_ alloy.
There are remarkable differences between the MAE and

atom-pair reorientation needs much higher activation energyAE spectra of the CoSiBFig. 3 and Table )l and FeSig*
That means that the MAE in the amorphous;£35 alloy = amorphous alloys. They show two peaks for the CoSiB alloy
with the peak at 383 K is caused by the magnetic reorientabut only one for the FeSiB alloy. Both alloys contain the B
tion of the B-Co atom pairs called “the magnetic relaxationand Si atoms which participate in the MR. The Si atoms shift
of B type.” the MAE of the CoSiB alloy to higher temperatures, similar
The MAE is sensitive on the nearest neighborhood of theo the amorphous FeSiB alld§!8 Since the Si atoms are
migrating atoms. The partial substitution of B by Si dramati-much larger than B and have a stronger affinity for the Co
cally changes the shape of the MAE spectrfiig. 3@].  atoms than for the Fe oné$2°the shift of the MAE peak
The MAE spectrum of the amorphous £8i;sB g alloy con-  towards higher temperatures and the shift of the activation
sists of two peaks situated at 383 and 545 K with the intenparameters to higher values are much more expressive in the
sities 10.2% and 7.2% and the half-widths 120 and 175 KCoSiB alloy than that in the alloy based on Fe. Their relax-
respectively. Substitution of the B by Si atoms reduces thation maxima are visibly separated each from another, con-
first MAE peak without affecting its position. It is legitimate trary to the FeSiB alloy.
to assume that the respective MR is realized by the B-Co The influence of the low-temperature annealing on the
atom-pairs reorientations like in the ¢B,s alloy. We iden-  MAE in the amorphous Co-based alloys was also investi-
tified the first peak in the GgSi;sB1g MAE spectrum as a gated. The main results are summarized in Table I. The in-
result of the B-type MR. tensity of the MAE spectrum of the amorphous-£Bys al-
Substitution of the B atoms by Si causes formation of thdoy annealed at 653 K for 1800 s is lowered four times,
second relaxation peak at 545 K, which is connected with @ompared to the as-cast sample. The peak of the spectrum is
relaxation process that is not present in the:Bgs alloy.  shifted by 95 K to the temperature 478 K and is made wider
This MAE peak cannot be induced by the magneticto 200 K. The most probable activation energy is increased
transition!’ Its temperature is well below the Curie tempera-to 1.55 eV and the preexponential factor t&x @07¢s. The
ture (Tc=663 K). Its width is much larger than that caused preexponential factor is a structurally sensitive parameter. Its
by the phase transition. Even though the Curie temperaturéacrease means a change of the alloy structure closer to a
of both alloys are very close, the second MAE peak is crecrystalline one, in whichr, is usually on the order 18® s#
ated only in the alloy with Si. We conclude that the second The MAE spectrum of the amorphous £8i;sB 1, alloy
MAE peak is originating from the Si-Co atom-pair reorien- annealed at 683 K for 1800 s consists again of two peaks
tations, which could be called “the magnetic relaxation of Silocated at 442 K for the B-type MR and at 576 K for the
type.” Si-type MR. Their maximum intensities are 8.3 and 5.6%,
The numerical analysis of the MAE spectrum obtained forthe half-widths are 123 and 120 K, respectivéRable ).
the amorphous GgSi;sB1g alloy gives two separated AESs The attenuation of the second peak results from the dgse
[Fig. 3(b)]—one for the B-type MR and the second for the Both peaks are shifted to higher temperatures and have re-
Si-type MR. The fitting of the obtained MAE spectrum by duced intensities, which are typical features of the low-
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temperature annealing effect. Compared with the CoB alloyation peak, which corresponds to the B-type MR of the B-Co
the relative and absolute changes of the mentioned paramatom pairs with a broad continuous distribution of the acti-
eters are much lower. It shows the stabilization effect of theyation energies. The substitution of B by Si brings in the
Si substitution on the structure of the Co-based amorphougmorphous CoSiB alloy appearance of the second MAE peak
alloys and the higher resistance of the Si-Co pairs against thgt a higher temperature caused by the Si-Co pairs axes reori-
Iow-tgmperatu_re annealing. _ ) entations. The Si-type MR is characterized by higher activa-
This result is supported by the relatively small shifts oftjon energies than the B one. It brings a stronger stabilization
the B-Co and Si-Co AES peaks to higher temperatures anghfiyence on the magnetic properties of the amorphous Co-
by changes of respective preexponential faci@able ).  pased alloys than the B-type one which is widely exploited
The B-Co peak of the AESl;)S shifted only by 0.07 eV 10 j, the design of the Co-based amorphous alloys with excel-
1*=1.38 eV at 7;=2X10"s. The peak of the Si-Co |ant magnetic properties for technical applicati@dsOur
AES s shifted by 0.05eV 10Q,*=2.01 eV at 7,=3  conception of the MR could help to explain the atom-scale
X107"s. o origin of the two-hump MAE spectrum of the other multi-
The annealing influence on our Co-based amorphous al:‘omponent Co-based amorphous alloys, fea., Refs. 9,
loys agrees with the free volume conception of the MXE. 14, and 22
The annealing causes the free volume release and lowering The low-temperature annealing connected with the free
of the mobile atom-pair's concentration, which results inyoyme release brings about the shifts of the MAE peaks to
lowering the MAE peaks, in their shifts to higher tempera-pigher temperatures in both alloys and to higher activation
tures and in an increase of the MR activation energieble energies of both MRs. In both alloys, the increase of the
). The increase of the preexponential factors after annealingsjevant preexponential factors indicates the decrease of the

indicates a decrease of the amorphous system entropy angorphous system entropy and the changes of structural con-
changes in the amorphous microstructure towards the ClY$igurations to the more crystallinelike ones.

tallinelike one.
In summary, the paper demonstrates that the MAE spec- This work was supported by the scientific VEGA agency,
trum of the amorphous GgB,5 alloy shows a single relax- Grants No. 1/8046/01 and 1/1017/04.
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