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Switching-field distribution in amorphous magnetic bistable microwires
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We present the temperature dependence of the switching field distribution of amorphous magnetic bistable
microwires, which has unusual behavior in comparison with the experimental data presented up to now. The
distribution is solved in terms of the thermoactivated model and its unusual temperature dependence is ex-
plained by the two contributions to the domain wall pinning in the amorphous microwires. The distribution
width is found to be proportional to the switching field.
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I. INTRODUCTION namics of the domain wall movement in amorphous materi-

An analysis of the micromagnetism of the magnetizationals- ) o ) )
reversal process of mesoscopic magnetic materials with a [N this contribution, a detailed model is developed for the
Simp'e domain structure is of basic interest as it allows Onéiescrlptlon Of the SW|tCh|ng f|e|d d|str|but|0n CharaCterIStICS
to gain information about its intrinsic magnetic and thermo-in amorphous alloys microwires as well as for its tempera-
dynamics characteristics. While magnetization rotation proture dependence.
cesses are mainly determined by the strength of magnetic
anisotropies considered at long range scale, in the case of
wall displacements, short range scale ordering/disordering  Il. THERMOACTIVATED MECHANISM MODEL
characteristics may play a decisive role. Thus, nucleation, _ o
propagation, and depinning phenomena are connected to AS men_t|oned above, the magnetization process of mag-
short range ordering relaxation, disaccommodation effectsﬂet'ca”y bistable f';\morphous microwires runs by a single gi-
Most commonly, a large number of walls are involved in theNt Barkhausen jump between tWO. stable remanent states.
reversal process, and only in a few cases a relatively simpl&n€réfore, the depinning of a domain wall from the closure
reversal process model can be modeled, as, for example, ﬁ{ructure at one end is responsible for the coercivity mecha-
the classical case of iron whiskérss a consequence of the nism.

well defined domain structure determined by magnetocrys. Before the action of the _externa_l magnetic f'fald' the POsI-
talline anisotropy. tion x of the pinned domain wall is given by its potential

Alternative nearly ideal materials are considered in theW(X) minimum which in amorphous materials is mainly de-

present  study: positive-magnetostriction ~ amorphoud®mined by the magnetoelastic potentfal. _
microwires? Their quite simple domain structure, deter- JUnder the action of the applied magnetic fieiti(see Fig.

mined by magnetostrictive and shape energy terms, consistd: the total free energ(x) of the domain wall is given by

of a single-domain in_ner core with magnetization oriented G(X) = WIX) — 2gMHAX, (1)
parallel to the wire axis that is surrounded by the outer do-
main shell with the magnetization oriented perpendicular tovhere ug is permeability of vacuumMj is saturation mag-
the wire axis® Only small closure domain structures appearnetization andh is the area of the domain wall assumed to be
at the end of the microwires in order to decrease the otherigid. When the applied fieldH;, reaches the value of the
wise very large stray fields enerfjyThis domain structure switching field,Hs,, the energy barrier exists no more and
results in the specific magnetization process when the wire is
magnetized in a field parallel to its axis. Then, at the switch-
ing field, the magnetization reversal process runs in a single
giant Barkhausen jump as a domain wall depins from the
closure structure at one of the ends and propagates along the
entire microwire®

In contrast with previous attempts to study the reversal

G

g4

process of other relatively simple domain structur@she H,
outstanding case of bistable amorphous microwires gives us Hs

the possibility to study the magnetization process by a single

domain wall displacement without any interaction with other X

walls. Due to the intrinsic fluctuations, the measured switch-

ing field shows distributed values instead of being single FIG. 1. Dependence of the free ene@yof the closure domain
valued, as has been quite recently repoft&tis distribution ~ wall on its position x at different external magnetic field
can give us valuable information about intrinsic thermody-H; <H,<Hs.
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the domain wall jumps into the more favorable position. But The 3/2-power law has been also found when calculating

if the external field H is lower than the switching field, the the energy barrier dependence on the external magnetic

domain wall lays in a minimum o6(x) until it can over-  field 141>

come the maximunG(x,,, €ither by thermal fluctuations Due to thermal fluctuations of the switching field, its

(when at high enough temperatures by tunnelling(at low  probability, dp, lies within the range betweeAH and AH

temperatures!? +d(AH) and is given byf

In order to obtain the dependence of the energy barrier B

AG on the external magnetic field, let us callx, the equi- dp=A exp(- AG/KT)d(AH), (1)

librium position of the domain wall in the zero external mag- whereA is a constant, anlT is a thermal energy.

netic field. The potential of the domain wall can be expanded Inserting the field dependence of the energy barrier Eq.

as a function of the positior close toxy(Ax=x-xo) as® (10) into Eq. (11) and introducing the reduced fluctuation
1 1 Ah=AH/H,,, a linear dependence of the logarithm of the

WI(X) = Wy + W) . Ax + EW(S(AX)2+ 6W6’(Ax)3, (2)  probability density Igdp/d(Ah)) on the(Ah)*? is found:

— n_ 3/2
where due taAx smallness, 4th and higher power terms will In(dp/d(Am) = 5~ a(Ah)*, (12
be neglected. At the zero applied magnetic figis0, the  where
domain wall stays at positiorn=x, where the potential wall 5
is minimum: a = (8/3) xoHs/KT, (13)
Wo=0, © B=(2/3)In(a) = In(2) = In[y(a*3)], (14)
The giant Barkhausen jump occurs when the switching fieldgpq
Hs, IS reached at s
G -0 @) y(a'®) = f z exp(x*¥dz, (15)
IX H:st °
As later analyzed, the linear dependence in @) will
and be very useful for the evaluation of the switching field dis-
PG tribution. Parametew gives us information about the shape
2 =0. (5 of the domain wall potential. If the switching field valiig,,
H=How is measured simultaneously with the distribution, the initial
From Eqs.(3)«5) it follows that susceptibilityy, can be obtained which gives us information
2 about the shape of the domain wall potential bottom.
W= “ (6) lll. SWITCHING FIELD DISTRIBUTION
and The switching field distribution was measured on the
. amorphous glass-coated microwire of the composition
"o _ K 7 CosgMn+SiysB g prepared by the Taylor-Ulitovsky method.
2)(3_ st’ The microwire was 17 mm long, with the diameter of metal-

) o o i lic nucleus of 8um and a total diameter of 2@m.

whereyq is the initial susceptibility of the domain wall atthe e switching field distribution was obtained by evaluat-

zero external field ané=2uoM4A. _ ing 2000 consecutive switching processes. The measure-
The dependence of the energy barrier on the externgphents were performed within the temperature range between

magnetic field can be calculated by inserting E@, (3), 77 and 350 K. Further details on the experimental technique
(6), and (7) into Eq. (1). In the local extreme of the free -5n pe found elsewhefe.

energy, The switching field distribution measured at different tem-
9G perature is shown in Fig. 2. As observed, the distribution
X =0. (8)  becomes narrower and the switching field takes smaller val-
H<Hsw ues as the measuring temperature increases. This is in oppo-

The energy barrier given by the difference between théition to previous workS*>" where a 2/3-power depen-

local maximum and minimum of the free energy is dence of the switching field distribution on the temperature
was found. In order to solve this discrepancy, a two-potential
AG(H) = GmalH) = Grin(H), 9) model is considered for the domain wall responsible for co-

and taking into account Eqel), (8), and(9), it can finally be ercivity mechanism of bistable amorphous microwires.
expressed as IV. DISCUSSION

AG(H) = ng\'mAH)3’2, (10) A. Temperature dependence of mean switching field

As recently introduced,the temperature dependence of
whereAH=Hg,—H. the switching field distribution can be interpreted in terms of
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FIG. 2. Switching field distribution at different temperatures.

two pinning mechanisms of the closure domain wall. First,
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FIG. 3. The temperature dependence of the main switching field.
The full lines correspond to the fits to Eq46)—18).

Heu(T) = cMXT)(1 +r (A1) Y2+ nF(T,0)/(MST),  (18)

wherex=1 for a Co based sample, and= (sgpp/k) is pro-
portional to the number of defects whE(T,t) is assumed to
be a monotonously increasing function of the measuring
temperature at the measured times and temperatures.

B. Switching field distribution shape

there is a magnetoelastic pinning of the closure domain Ag it rises out from the measuring method, the probability
structure coming from the mechanical stresses induced dugf the closure domain to overcome the energy barrier in

ing the preparation process of the microwires together withyqme field interval(H:;H,,.,) depends on the fact that the

the additional stresses induced by the glassy coating,
cially as a consequence of their different thermal expansio
coefficients. The corresponding temperature dependence
the coercivity can be expressed in the form
Ho(T) = cMXT)(1 +r(AT)Y2, (16)
Here c=consto,, X depends on the origin of the magneto-
striction, xe (1;1.5 (for Co-based alloysx=1), and r

~E(ay—an)/ 0. o, are the stresses induced during the mi-
crowire productionk is Young's modulus andy and e, are

the thermal expansion coefficients of the glass coating and

the metallic nucleus, respectively.

Second, the pinning of the closure domain on the atomi
level defects was found to be responsible for the increase
the switching field at low temperatures. The coercivity which
rises from this mechanism can be expressed as

1 2
Hp(T) o« — 22T ),

M KT 7

€SPBarrier was not overcome at lower fielt;H). Such a prob-

lem arises purely from the adopted method and is not related
any way to the underlying physics of the effect.

To determine properly the switching field distribution the
distributions given in Fig. 2 can be recalculated using a simi-
lar procedure given in Ref. 16. An approximated expression
can be calculated relating the probability density given in Eq.
(12) as

-1

k
d m N N
d(Aph): > r (19
ISN| SN
i=k I i=k I

here 6,=(Hmax—Hmin)  km @ndk,, is @ number of divisions

f the interval (Hin»—Hmay- Equation(19) takes into ac-
count the fact that conditions for appearance of large and
small fluctuations are nonequivalent due to the experimental
method. Moreover it gives us the possibility to confront the
theory with the experiment by comparing EHG2) with Eq.
(19).

Figure 4 presents the dependence of the probability den-

wheree, corresponds to the interaction energy of the mobilesity to overcome the energy barriédp/d(Ah)) on the re-

defects with the local spontaneous magnetizatjgnis the
density of the mobile defectk,is a Boltzmann constant and
F(T,t) is a relaxation functiod® F(T,t)=(1-e"Y?), wheret

is the time of measurement andis the relaxation time,
given by the Arrhenius equatior= 7,e%¥T, 7, being a pre-
exponential factor an@® denotes to the activation energy of
the mobile defects.

duced magnetic fieldAh). In opposition to Eq(12) which
gives a linear dependence of(dip/d(Ah)) on (Ah)®? a
more complex behavior is found. Anyway, it can be under-
stood in terms of the thermoactivated model taking into ac-
count the above considered two domain wall potentials.

As it was shown elsewhefethe coercivity mechanism

which comes from the pinning of the domain wall has two

As observed in Fig. 3, the temperature dependence of therigins in bistable amorphous wires: the magnetoelastic pin-

switching field distribution can be satisfactorily fitted to the

ning at stress centers and the pinning at the defects on an

sum of the contributions of these two mechanisms whichatomic scale. These two interactions have different poten-

have different temperature dependencies:

tials. The magnetoelastic pinning comes from a long-range
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FIG._4._Dependence of the probability density on the reduced[ropy energy. But, as it was deduced from the temperature
magnetic field. dependence of the switching field, their contributions can be
neglected in comparison to the two above mentioned contri-
interaction between stress applied on the microwires an@ytions.
stress centers that are present due to its amorphous nature. ItsContrary to the temperature dependence of the switching
energy density is proportional to the magnetostrictidg,  field, the decomposition of the linear dependence of the
through the equation In(dp/d(Ah)) on (Ah)*? into two linear dependencies corre-
E, = (3/2\.0, (20) sponqling to two pojtentials is not so easy a job. The below
described construction approaches the change of the domain
and due to its long-range nature, the shape of the magnetorall free energy potentials under the action of the external
elastic potential is widésee Fig. 5. field.

On the other hand, the potential coming from the short- So, the total free energy of the closure domain wall with-
range pinning of the domain wall on atomic scale defects iut the action of an applied magnetic field is given as a sum
narrow and its width is comparable to the domain wall. Itof these two potential as schematically shown in Fig).an
rises from the structural relaxation of the mobile atomic scalehe low magnetic field regimé{,, the free energy minimum
defects which lose their mobility when the temperature deis given by the shape of the potential coming from the short
creases. Frozen defects stabilize the local magnetic momentsnge pinning[Fig. 6b)]. At an intermediate fieldH,, two
within the domain wall as well as within the wall. The sta- local minima co-exist in the free energy of the domain wall
bilization energy of the domain wall with the defects can be[Fig. 6(c)]. This happens for specific shapes of the two po-
analytically given by° tentials. For a field close to the switching field, the second

_ 2 _ 2 minimum disappears, but small local minimum still exist
By = (2/1925(pd kD= 26 +XTQIF(TD, - (21) coming from the pinning on the atomic scale defedi.
where &, is the domain wall thickness andis displacement  6(d)].
from the domain wall equilibrium position. Based on this assumption, the specific shape of the prob-

Surely there is another contribution to the long range poability density dependence on the reduced magnetic field can
tential coming from the magnetostatic energy which risede explained. It has no linear dependence, but it consists of
due to the decrease of the stray field energy by the formatiothe addition of two linear dependencies as schematically de-
of the closure domain structure as well as the shape anisgicted in Fig. 7. The slope of the linear curve is given at each

temperaturgaccording to Eq(12)] by the susceptibility and

G T=0 coercivity (through thea) of the corresponding potentials.
i Considering the thermally activated model/ the
i * switching field distribution width should be a function of
/ || ! T?/3, Nevertheless, the width of the distribution experimen-
Magnetoelastic ™ ; tally decreases with the temperature which can be explained
ili— _ considering a temperature dependence of the switching field.
i Tinning on atomic Its value can be determined from the relationship
AH = (1/a)?3CHgp, (22

FIG. 5. Closure domain wall potentials coming from the mag-whereQ is a constant parameter. In the first approximation,
netoelastic pinning and pinning on the atomic scale defects. the distribution width is proportional to the coerciviigee
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Fig. 8), where the temperature dependenceaohas been FIG. 8. The dependence of the switching field distribution width

neglected. AHg,, on the switching fieldHg,, at different temperatures.

given by the addition of the two contributions which results
V. CONCLUSION in the specific shape of the domain wall potential. Under the
-~ . action of the external magnetic field, the minimum of the
The specific experimental temperature dependence of theee energy is given by a different parts of the potential
switching field distribution in bistable amorphous wires haswhich results in the specific switching field distribution.
been interpreted in terms of the thermoactivated model. The The distribution width is found to be proportional to the
model is extended in the sense that two terms are found tewitching field at different temperature in opposition to the
contribute to the total potential wall responsible for theprevious results.
switching mechanism of these microwires: the long range
magnetoelastic and short range pinning of the domain wall ACKNOWLEDGMENT
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