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The long-range dipole-dipole interaction in an array of ferromagnetic microwires is studied through mag-
netic hysteresis measurements and Monte Carlo simulation. The experimental study has been performed on
glass-coated amorphous F€Si; sB,5 microwire with diameter of 5um and lengths from 5 to 60 mm.
Hysteresis loops performed at room temperature for an arrdy wiicrowires N=2, 3, 4, and b exhibit
jumps and plateaux on the demagnetization, each step correspondent to the magnetization reversal of an
individual wire. A model has been constructed taking into account the fact that the magnetization reversal is
nucleated at the ends of each wire, under the influence of a dipolar field due to all other wires. Measurements
for two wires allowed us to conclude that the dipolar fiedd constant couplingis independent of distance, at
least for an array of a few wires. With the exception of three wires, where frustration seems to be present, the
predicted reversal fields of our model are in good agreement with measurements. In order to study the role
played by the number of wires on the demagnetization process, we calculate hysteresis loops for a large
number of wires through the Monte Carlo method.

[. INTRODUCTION the parity of the systerhweak chaotic behavidrand even
the possibility to tailor the value of the coercivity, in the case

Long-range interactions are very common in nature in af nanoscopic flat wire$.The complication in the study of
wide range of sizes, varying from astrophysical to atomicdipolar interactions is that the magnetic fields resulting from
scales. In condensed matter physics, one of the more remarttie interaction depend on the magnetization state of each
able manifestations of long-range interactions is in magneentity, which, in turn, depend on the effective field of neigh-
tism. Interactions among magnetic entities are the core dboring elements. In spin systems the long-range character of
basic and applied studies of modern magnetic materials. Fa dipole-dipole interaction is an inherent difficulty to solve
instance, in magnetic materials the long-range dipolar interthe Hamiltonians due to the large number of neighbors that
actions can play a fundamental role in the magnetic properene has to take into account in calculations. Several works
ties, being responsible for the formation of certain domairhave been made using Monte Carlo simulations calculating
structures and the dynamics of magnetization reversal pradhe magnetic domain structure and magnetic hysteresis in-
cesses. In addition, advances in fabrication technidires cluding the dipolar interaction term in the Ising or Heisen-
cluding lithography have given rise to the possibility of pro- berg Hamiltoniarf:®
ducing nanostructured solids with especially interesting An intrinsic difficulty in the study of magnetic interac-
physical properties. In particular, it is possible to obtain con-tions is the fact that it is extremely difficult to characterize a
trolled arrays of magnetic wires with diameters of a fewsingle magnetic element using most conventional magnetom-
nanometers, which are of practical interest in the design andtry techniques. Also, the predictions of numerical simula-
optimization of magnetoresistive heads for ultrahigh-densitytions are intricate to compare with real systems, owing to the
data storage applications. In such systems the contribution afecessity to introduce several approximations in the modeled
the dipole-dipole interaction on the magnetic properties beproblem. However, in this work we make use of a conve-
comes yet more relevant, because long-range interactions carent macroscopic configuration, placing together several
strongly modify the magnetic response of the system to aferromagnetic microwires covered with glass. Such microw-
external excitation. ires exhibit a strong magnetic anisotropy with an easy mag-

Although an array composed of a few ferromagnetic wiresnetization direction along the axis of the wire with a main
could in principle seem a quite simple problem to study andsingle domain practically extending along the whole wire.
model, it is striking to notice how complex this problem can This fact will allow us to consider each one of such micro-
turn out to be. Some recent investigations have dealt with thevires as a elemental magnetic moment. The stray fields cre-
dynamics of magnetization processes, which can include loated by the microwires couple the magnetization of the
calized excitations and/or collective modes, independent afieighboring wires, affecting the magnetic state of each single
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wire. This system is relatively easy to study both experimen- [ .
tally and theoretically, and, in the case of few wires it is 1 wire Fr
possible to obtain analytical solutions. Some interesting as- 4
pects of the long-range character of dipole-dipole interaction
and their influences on the magnetic properties appear
clearly in the obtained results. The exact solutions and ex-
perimental data can be compared with Monte Carlo simula-

tions, which are necessary to employ when the array is al

formed by a large number of wires. As mentioned before, J

although this arrangement seems to be rather simple, it dis- p e , ,

plays a variety of interesting aspects which certainly would -6 -4 2 0 2 4 6
apply in other physical systems. H(Oe)

FIG. 1. Hysteresis loop for one microwire at room temperature.

Il. EXPERIMENTAL DETAILS AND MEASUREMENTS The reversal field is-0.89 Oe for negative reversal field and 0.79
Oe for positive reversal field. The coercive field is defined as the
Concerning the experimental measurements, they hau@ean value|Hc|=0.85 Oe.
been performed in glass-coated amorphous microwires with
nominal composition Fe sSi; sB15, diameter of 5um, and  measurements performed at room temperature, but also sev-
the thickness of the glass coating of 7ubn. Glass-coated eral loops were performed at low temperatufdssT(K)
amorphous microwires are presently attracting an increasing=300], in several attempts to strengthen the interactions
interest from both basic and applied points of vi€lar re- among the wires. However, at low temperatures there is a
views see Ref. 6 Their metallic core, being structurally change in the domain structure of the microwires, probably
amorphous and with typical diameter from 1 to gfh, is  owing to the increasing internal stresses induced by the dif-
covered by an insulating Pyrex-like coating with thicknessferent thermal expansion coefficients of the ferromagnetic
between 1 and 2Qum. They are fabricated by means of alloy and the covering glass. Therefore, the loops which are
Taylor-Ulitovsky technique by which the molten metallic al- rather square at room temperature turn out to lose this prop-
loy and its glassy coating are rapidly quenched and drawn terty at low temperatures. This characteristic has been also
a kind of composite microwire typically a few kilometers reported for Co-based microwirés.
long. This family of microwires displays quite remarkable In the case of one 5 mm long wirdlE& 1, see Fig. Lthe
magnetic properties, that together with their tiny dimensionsysteresis curve exhibits a typical square loop, with charac-
and the protective coating make them potential candidateteristic large Barkhausen jumps. The observation of such
for many sensor applicatioris. square loops, labeled as magnetic bistability, has been inter-
Owing to the amorphous nature of such microwires, theipreted as in the case of in-water-quenched wires, considering
unique magnetic behavior depends on the strength and ttiee remagnetization processes of the inner core between two
distribution of magnetoelastic anisotropy. That is first deterstable remanence stat@sThat internal core mainly consists
mined by the magnetostriction constant, which is mainly aof a single axial domain, but at the ends of the wire a closure
function of compositiorf. For the present alloy composition domain structure appears at finite applied fields to reduce the
the saturation magnetostriction takes a value &f1® °. In  otherwise quite high magnetostatic energy. Of course, for
turn, the internal stresséas strong as fOMPa) depend on  very short microwires closure structures coming from both
the ratio cover thickness to core diameter, which is conends overlap at the middle of the sample, destroying the
trolled by the fabrication parameters, and also on particulamagnetic bistability:* The critical length to observe bistabil-
processing as thermal treatments and chemical etching of thty in the microwires of the present study is less than 5 mm.
coating® When axially magnetized these wires exhibit low- Nevertheless, in spite of the existence of these closure struc-
field square hysteresis loops with a single and largdures some stray field is generated in the surroundings of the
Barkhausen jump. microwire. Upon application of reversed field a domain wall
We have measured magnetic hysteresis loops in arrays ofepins from one end of the wire and propagates along the
N microwires (I=N<5) placed side by side, all parallel, wire resulting in the observed magnetization jump.
each one touching its nearest neighbors. Their lengths vary Small differences in the measured coercive fieltig)
from 5 to 60 mm, cut from a single long microwire. We were detected when the magnetic field was applied along
performed the measurements by using either a supercondugtesitive or negative directiondn Fig. 1 theH values cor-
ing quantum interference devic€SQUID) magnetometer respond to—0.89 and 0.79 Oe, respectivglyThere can be
(Quantum Design, MPMS XL modelor a very sensitive several origins for the fluctuation df. values. When dif-
magnetic-flux integrator. Essentially, the difference in thesderent samples are investigated, the fluctuatioH gnis prob-
two systems is the sensitivity and the time of measurementbly due to different magnetoelastic anisotropies induced in
Although the hysteresis loops measured in the SQUID do nathe wire ends during the cutting process, which can generate
exhibit either noise or drift, which appear in the flux- different levels of mechanical stresses. Since the nucleation
integrator, a single hysteresis measurement can take a fewf a domain wall starts in defects located at the extremities of
hours in the SQUID, while the same loop in the flux- the wires, and the number and strength of these defects de-
integrator takes about 1 min. The flux-integrator was usegbend on the cutting, the switching field of one wire can be
for rapid measurements, for instance, to measure the distrglightly different for magnetic fields applied in opposite di-
bution of reversal field values. We will focus our attention onrections, and it can also vary in different samples. We have
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FIG. 2. Hysteresis loop for two microwires at room temperature.  FIG. 4. Hysteresis loop for four microwires at room tempera-
The mean reversal fields on the demagnetization &g  ture. The magnetization is normalized to the saturation value. The
=—0.43 Oe anH, = —1.11 Oe. The magnetization is normalized arrows represent the magnetic configuration of the wires.
to the saturation value. The arrows represent the magnetic configu-

ration of the wires. thanH¢. These reversal fields will be namd&d2 andH! ,

. . . L and their values are 0.38 and 1.10 Oe, respectively, for posi-
investigated this fluctuation in several samples, and we hay,

found a maximum variation if ; of about 0.10 Oe. Another five demagne'i[izing ﬁi?ld' For negative demagnetizing field
distribution in theH values arises from thermal fluctua- the values oH; andH; were found to be-0.49 and—1.12

C . . _
tions, and it occurs even when the same sample is measur&e,_respectlvely. As _WIII be shqwn b_e_lovy, the Spllttlng qf the
several times. To determine this distribution, we measuredic in two reversal fields has its origin in the dipole-dipole
H. several times in the same sample and with the field apintéraction between the wires. Varying the number of wires,
plied in the same direction, and it was found that the width ofth€ hysteresis loops exhibit several steps on the demagneti-
this distribution is around 0.03 Oe. However, we cannot exZation(see Figs. 2-b each one corresponding to the rever-
clude that this intrinsic fluctuation of the reversal field cansal of the magnetization of a single wire. As observed, the
arise simply from the fact that after each reversal the closur@umber of jumps equals the number of wires with the excep-
domain structures cannot be exactly the same, thus introdugion of the particular case of 3 wires.
ing a fluctuation in the next magnetization reversal. From the
above discussions we consider the absolute valud Obf

this microwire as the mean value obtained from many differ- IIl. MODEL AND DISCUSSIONS
ent measurements]-=0.85 Oe. ) )
Let us now consider two wire€& mm long placed side In order to understand the existence of jumps and pla-

by side with their axes parallel. In this case the distancd€aux in the demagnetization curves, let us initially consider
between their axes is twice the thickness of the coating plu§1e simplest arrangement: two parallel magnetic wires in the
twice the radius of the ferromagnetic core, i.e., around 2@resence of a positive and saturating magnetic field applied
um. The corresponding hysteresis loops exhibit two cleaParallel to the axis of wires. Such a situation yields the mag-
Barkhausen jumps Steps and a p|ateau near|y at zero magr{éﬁtization of both wires and the applled field to Stay parallel,
tization (see Fig. 2 This plateau corresponds to the configu- pointing in the same direction. Notice that beyond the ap-
ration of two wires with opposite magnetization directions. ItPlied magnetic fieldH) each wire feels the influence of a
is worth noting that the first jump occurs at magnetic fieldsdipolar field H; ;) due to the presence of the other wire,
lower thanH ¢, while the second one occurs for fields largerwhere H; ; is the field of the wirei over the wirej. This
dipolar fieldH; ; is given by
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FIG. 3. Hysteresis loop for three microwires at room tempera-
ture. Note that the second step does not appear. The magnetization FIG. 5. Hysteresis loop for five microwires at room temperature.
is normalized to the saturation value. The arrows represent the mag+he magnetization is normalized to the saturation value. The arrows
netic configuration of the wires. represent the magnetic configuration of the wires.
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Hi,j:_KnMil (1)

whereK,, is a geometric factor anil; is the magnetization o]
of theith wire. As the coefficienK,, depends in principle on
the distance between interacting wires, the subscij@gnotes
the distance between the wird§; corresponds to nearest
neighborsK, to second neighbors, and so on. Thus, for two
wires one can easily write down the mutual dependence pro-
duced by the dipole-dipole interaction through the functions
M]_: Ml(H'f‘HZ']_) and M2: M2(H+H1V2) W|th Hi,j:
—KM;, . T
Applying now a reversal magnetic field, one notices that T
both applied field and dipolar fields act in the same direction,

2K M(Oe)

I I I i
0 10 20 30 40 50 60

antiparallel to the magnetization of both wires. Let us sim- Length(mm)
plify the analysis by considering two quasi-identical wires, _ _ _ _
i_e_, both wires have the same magnetizaﬁband coercive FIG. 6. Width of the plateau n Compensated magnetic ConflgU'

field He. It is important to emphasize that on the ideal de-ration (zero m.agnetizati(jn measured from the Qemagnetizqtion
magnetization process the field necessary to reverse the magirve of two wires. It represents the strength of dlpole-dlpollenter-
netization of an individual wire has always the same valugiction(see text The line is a fitting following the power latv™"~
(the coercive fieldH¢) and this value, but for the above- o ' .
mentioned fluctuations, is characteristic of the internal mag- Second, it is important to further discuss some details
netic propertieganisotropiesof that particular wire. Hence, about the coupling consta#t,. We consider that the mag-
at the first jump H)), in spite of the fact that the applied Netization reversal is nucleated at the ends of the wires when
field isH),, the effective field is equal tbl . Therefore, the the effective magnetic field acting on the wire is equal to
condition to the first wire to reverse its magnetization isHc- Calculating the dipolar field nearby one of the wires it
given by —HL—K,M=—Hc, and thus: is easy to show that the component of its dipolar field along
2 © ' the axis of the second wire at its ends is given by

Hy=Hc—K;M. (2)

Once the first wire reverses its magnetization, the configura- Hq=pL/(rf+L?)%? (4)

tion of the system is given by two wires with compensated

magnetization {|), which is more stable than the previous Where p is the strength of the point poles, located at the
configuration since the dipolar fields now act parallel to theextremeties of the wire of length andrj; is the distance
magnetization of both wires. Now, to reverse the magnetizabetween the wiresandj.** Note that in our configuration the
tion of the second wire a stronger external field is requirednagnetizations of the wires are either parallel or antiparallel,
because this field has to compensate the dipolar contributiognd the distances among wires are well known. Since the
Therefore, at the second jumpif), the effective field is Magnetization ipL, one identifieX, as given by
—Hj+K;M=—H¢, and therefore:

i Kn=1/(r5+12)%2 5

Hi = He+ KoM, 3 n= ML ®

Actually, the dipolar interaction acts on the wires as a biasve write K,=K; wheni—j=1 (first neighbory K,=K,
field with opposite direction, decreasing and increasing thevheni—j=2 (second neighboysand so on. Since our sys-

reversal field of the first step and the second jumps, respetems are composed of a few wires with distances never ex-
tively. Note that the plateau or difference between the revereeeding a few tenths of millimeters, with length of the wires
sal fieldsH}, andH} corresponds to dipole-dipole interaction of about 5 mm we have always the conditign<L fulfilled.
between the wires, and it is given byK2M. Therefore, the constants of coupliKg become independent
Before proceeding with the discussion and extending thef distance, at least in the range of a few wires.
reasoning to the case of several wires, let us discuss several In order to better understand the role of the constant of
important points regarding the dipole-dipole interactions ofcoupling and its dependence of andL we have evaluated
two wires. First, it is worth noticing that although we have the dipole-dipole interactionk;M for various lengths of the
considered, for the sake of simplicity, two wires with the wires. The distance between the wires is fixed since the wires
same magnetization and coercive field, the fluctuations irare placed side by side adjacent to each other as mentioned
these values are essential to observe the effects of dipolabove. The experimental value oK2M was obtained from
interaction? If both wires would have exactly the same mag- the width of the plateau of the hysteresis loops measured for
netic properties they would feel exactly the same effectivewo wires using the flux-integrator setup. The results are
field, and would reverse at exactly the same field vatlle,  shown in Fig. 6. Note that the coupling rapidly increases for
However, in real situations the wires are not identical, andhe shortest wires and seems to become negligible for wires
they can display fluctuations in both magnetization and colonger than around 40 mm, at least within our experimental
ercive fields(see abovg and therefore one of the wires re- sensitivity. For the range of lengths larger than 5 mm the
verses the magnetization before the other one, leading to adrysteresis loop for one wire exhibits bistabiliisquare loop
intermediate, more stable structure, and to the splitting of thend the hysteresis loop for two wires are all identical differ-
reversal field. ing only on the width of the plateau. However, for wires with
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length of about 1 mm the hysteresis loop for one wire does TABLE I. Magnetic configuration, expressions and measured

not exhibit bistability anymore, preventing equivalent analy-values(in Oe) of reversal fields on the demagnetization for an array
sis. of 2, 3, 4, and 5 wires. The symb@l) in the configuration of three

According to our model the quantitykaM is propor- wires means that respective transitions were not obsepesdtext.
tional toL/(r +L?)¥2[Eq. (4)]. The limitr;;<L produces a

2 wires
power-law decay to B M with L following L ~2, and on the b :
other hand, in the limit;;>L, the factor X;M varies lin- 11 17 Hy=Hc—KiM -0.43
early onL following L/ri3j . The conjunction of the two limits |1 1 Hy=Hc+KM -111

should exhibit a maximum in the plotkZM vs L, which 3 wires
was clearly not experimentally observed. Thus, from Fig. 6

; 2T Tt Hy=Hc—2K M —0.63

we conclude that in our samples we are always working mHT 1t Hi = He— (Kq— K,)M .
the limit r;;<L. In this range of length, the data were fitted Lt I Hi?‘=HC+(Kl+K2)M .
by the power law,L "1 which, however, is not in good . 3o erimT e
agreement with the expected dependerice?]. 4 wires

However, one should always keep in mind that consider{ 111 LT Hy=Hc— (2K +Ky)M 0.16
ing each microwire as a single magnetic dipole with twot1 |1 111t Hi =Hc— (Kqy— Ko+ Kg)M —0.45
magnetic charges at both ends is an idealized apprtheh |14 1Ll HI' = He+ (Ky— Ko+ Kg)M ~1.35
is nevertheless supported by the observation of single jumps; | | 1Ll HIY = H+ (2K, + K)M —2.45

for multiwire loops. Indeed, a fully realistic approach g ires
should have to consider that magnetic charges could be dis- _
tributed along the whole length of the wire, making muchT1111T  TT/77 Hg=Hc— (2K, +2K,)M 0.69
more complex the calculations of the fields created by thesé1 |11 LTI HE=Hc—(Ki—K,+Kg+K)M  —0.13
charges around each microwfreTherefore, the lack of full [ 1[11  [117] HI=Hc—(K;—K,+Kz—K )M  —0.73
agreement between experiments and model can be regarded| 1|  |1]]|| HY=Hc+ (2K, —K,+Kg)M -1.90
as the result of an oversimplification of the model. ITLLL LLLLL HY=Hc+ (2K, + Ko+ Kg)M ~3.0
It is important to clarify that the dependence on length
measured for K, M is not related to the demagnetizing field.
The wires as long cylinders have a very low demagnetizing/ersal of the wire that is in the middle position due to the
factor. For instance, in our samples the wires ared in  greatest dipolar field from the two others—it corresponds to
diameter and for a typical length of 5 mm the demagnetizing; | 1 magnetic configuration. Thus, &ts, identifying the

factor is around 10°,* which, considering a saturation mag- effective field that this wire feels to its coercive fielHl §),
netization of 1240 emu/ctresults in a calculated demag- gne has— Hi3—2K1M — —Hc, and therefore

netizing field, Hy,, of about 102 Oe. This value is well
below the reversal fiel_d of one Wird-|(3_) ar_ld it does not Hi3=HC—2K1M. (6)
play an important role in the demagnetization process. Even

though the demagnetizing effects are very small compared tg; the second jumpHll) the magnetic configuration of the

the reversal fields, it is easy to calculate how the width ;g goes from |1 to 71|, or | |1, and hence al-lg the
2K ;M would be modified by taking them into account. As resulting field on the wire is- Hi —(K,;—K,)M and again
discussed in Eqs2) and (3), and since the demagnetizing setting it toH, one finds 3 !

field is opposite to the magnetization, the first wire to reverse ¢

the magnetization feels the resulting field;H,+ KM
—Hgm, and the corresponding reversal field is given by

—H,—K;M+Hy,,. For the second wire, because the Mag-Einally, the third step fromi | |, or | |1, to | | |; the mag-

netization is also positive, the demagnetization_ifield has th@etization reversal of the wire at the other extremity occurs at

same sense as before; the resulting field-isl; +K;M
—Hgm- Therefore, the reversal field i; given Wz:H,c Hgi=HC+(K1+ K,)M. (8
+KiM+Hyn,. Hence, note that the width of the stepy
—H.,, the demagnetizing field cancels out and the plateau ifPerforming similar calculations we found the reversal fields
the hysteresis loop remains equal t§2M. with their respective magnetic configuration for four and five
It is worth noting that the above discussion provides supwires, and the corresponding reversal fields are summarized
port to the idea that we are dealing with a magnetic systemn Table I, from two to five wiresNote that our model re-
which displays a dipolar coupling that is independent of dis-veals that the dipole-dipole interaction among the wires, as-
tance, in other words, the dipole-dipole interaction is con-sociated with fluctuations of M and/ordHvalues, is the ori-
stant, at least for a few wires. Furthermore, it reinforces thegin of the splitting of the reversal field in different values
applicability of the model to explain the presence of regular In order to evaluate the applicability of our model, we
steps in the demagnetization curves, as will be shown belownitially compare for the case of two wires the calculated and
for the cases of more than two wires. measured values of the reversal fieldls andH> . In a de-
Now, it is straightforward to extend the above developedmagnetization process, an initially saturating magnetic field
reasoning to an array of a few wires. For example, for thregdefined here as positiveis monotonously decreased,
wires, the first stepH}) arrives from the magnetization re- reaches zero, and then is reversed and increased until it

Hi=Hc— (Ki—Ky)M., @)
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reaches a saturating, negative value. In this way, calculatintively. The fourth and fifth steps{ v andHZ, with opposite

the average oH) andH} we find —0.77 Oe, which should increments inK;M are positioned afteH., and are given
correspond td1 ¢ [see Eqs(2) and(3)]. Calculating the dif- by Hc+2K;M and Hc+4K; M, respectively. Comparing
ference betvveerHiz and g we find —0.68 Oe which their expected valueé—1.53 Oe and—2.21 Oeg with the
should be equal toR;M [see Egs(2) and(3) and Table ). measured qne$—1.9 Oe and—3_.0 06 one _f|nds that the
Since the mean value ¢i. measured for a single wire is agreement is not as good as in the previous case of four
—0.85 Oe, we may consider thhit- obtained from the av- W!'€S:

erage and the one measured are in good agreement. This iSIn conclusion, comparing the reversal fields predicted ac-

really acceptable if we take into account several sources o(f(.)rdmg to the model with r_neasur_ed value_s for fou_r and five
wires, a good agreement is obtained mainly for fields near

fluctuations or peculiarities of each wire, as different defect nd belowH ., while for fields well aboveH . the agreement

structures originated from the cutting, imperfect alignment o is poor

the wires, etc. Note that the term that represents the dipole- The particular situation of three wires, contrary to other

dipole interaction K4M) corresponds in modulus t0 0.34 rays with two, four, and five wires, is characterized by the
Oe. i _ absence of one of the jumps. This situation has been exhaus-
_The discussion can be extended for an even number Qfyely tested for different samples both in the SQUID and in
wires, i.e., for four parallel microwires. One can immediately the flux integrator, but we could not obtain the missing jump.
remark that the first and fourtH(, andHy’) and the second  Actually, all samples measured are in the conditigrsL,
and third reversal fieldsH); and H}') are approximately where allK,'s have the same strength. Hence, it is possible
equidistant fromH¢. In other words, the average of these that the geometry of an array of three wires, whireand
values should be equal td- as should be expected from K have the same approximate value, should be equivalent to
calculations(see Table)lL From Fig. 4, we obtain these av- three wires placed as a triangle. This configuration can favor
erage values to be-0.9 Oe and—1.3 Oe, respectively. As the occurrence of frustration of magnetic interactions, and
previously discussed, we have measured fluctuations arourdight prevent the formation of an intermediate configura-
Hc to be approximately 0.1 Oe, in the case of single wirestion. On the other hand, the elimination of the conditign
However, increasing the number of wires, the error in the<L requires either the increase f in a controllable way
measured values of reversal fields should accordingly iner the decrease df to order of a few tenths of micrometers;
crease. With that consideration in mind, the latest valuef©iowever, both are quite difficult to attain experimentally and
(—0.9 and—1.3 Osg are in reasonable agreement witly. . are not in the scope of our present study. Our model seems
From previous discussions we can consider the dipolanot to be applicable to three wires under the conditign
interactions in our case as almost constant, i.e., independertL possibly because of the existence of frustration.
of distance. In this casd,, is simply K, and the reversal Let us finally discuss the demagnetization process for a
fieldsHY' andH! take a simplified formHc.+K,;M. Actu-  large number of wires. Itis clear that extending the reasoning
ally, this expression is identical as for the reversal fields indeveloped above for a still larger number of wires the calcu-
the case of two wireHiZ andH! , and comparing their re- lation of reversal fields becomes increasingly tedious. There-
spective values, we find, andH} equal to—0.43 Oe and ~ fore, we have used the Monte CarflC) method based on
—0.45 Oe, respectively. Fchig andH‘4” the obtained values & one-dimensional modified classical Ising model. We have

are—1.1 Oe and-1.35 Oe, respectively. Moreover, the first considered a one-dimensional array of magnetic moments
reversél ﬁeldHi4 beéomes ,equal tblc—3'KlM and :substi- interacting through the long-range dipole-dipole interaction.

tuting the value oK, M, we findHi4 equal to 0.17 Oe, which In our model, the Hamiltonian takes a simple form,

is very close to the measured value, 0.16 Oe. Notice that this

field is now positive, i.e., the effective dipolar field is so H=M2D, Jijgigj_(H+Hani)E oy, (9)
strong that it overcomes the applied magnetic field. The

same analysis can be performed for the fourth jurlp,  \ hore the variabler; takes the values-1 on a sitei on a
which turns out in the expressidfic+3K,M, and results in  one_gimensional array, allowing the magnetic moments to
—1.87 Oe, which, however, differs from the measured Va'“epoint up (0= +1) or down (o, = — 1) along an axis perpen-
—2.45 Oe. Thus, using the facit thaﬁ &h's h"f‘i‘i’e, the same  icylar to the axis of the array. The first summation in Eq.
strength, the predicted fields k), , H, , andH, (in excep-  (g) denotes the dipole-dipole interaction acting over all pairs
tion of Hy) are in very good agreement with experiments. of magnetic moments. The constant of couplihgis iden-

Let us now analyze the demagnetization curves of arraygfied with 1K, [see Eq(5)], and the distances between the
with an odd number of wires, starting with the case of fivemagnetic moments;;;, are measured in units of the lattice
wires, and assuming again that Kli’s are equal tK;. As  constant. Note that the magnetizatioh, of a wire is given
before, we can compare the predicted and measured valugg Mo,z (z is a unitary vector perpendicular to the axis of
of the reversal fields. It is remarkable that the expression ofne array. The second term denotes the interaction between
the third stepHs' is oversimplified to give simplfH¢, and  the magnetic moments and an external magnetic fiel (
the measured values bif' = —0.73 Oe andc=—0.85 Oe  H,,; being a fixed bias field representing the magnetic an-
are rather close. The first and second stefisandHsz , with  isotropy of one wire, i.e., the reversal field of one wire. It is
corresponding expressiontdc—4K,;M andH-—2K M, re-  easy to realize that the field,,; can be recognized d3..
spectively, result in 0.51 Oe and0.17 Oe, which are also Note that in the experimental case, the wires are glass
close to the measured values, 0.69 Oe adl3 Oe, respec- coated, inhibiting any possibility to interact through ex-
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T which should correspond in real systems to microscopic
ya Barkhaunsen jumps. Notice the presence of a clear anisot-
ropy field, even for 500 wiregFig. 7). Although the under-
lying physical meaning of this field is still unknown, and
needs further experimental and theoretical investigations, it
can be referred to as a “long-range effective interaction an-
isotropy,” which is generated by the intricate superposition
of dipolar fields from many wires in a specific array.
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H(a.u) In this work we have presented experimental hysteresis
loops of sets of long microwires arranged parallel in a dense
FIG. 7. Demagnetization region of hysteresis loop calculatedpacking configuration. Owing to the protective insulating
using the Monte Carlo method for 1 wire and for arrays of 2, 4, 10,glass-coating the magnetic microwires are nevertheless not
and 500 wires. touching each other. The hysteresis loops are characterized
by well-defined Barkhausen jumps corresponding each to the
change interaction, and therefore, the constinttontains  magnetization reversal of individual microwires that are
only the dipole-dipole interaction. Another point to remark is separated by horizontal plateaux. As discussed in the text,
that sinceJ;; is positive, the first term favors an antiparallel these jumps are theoretically interpreted according to a
alignment among the magnetic moments. model based on the nucleation of closure domains at the ends
We used the single-spin-flip Metropolis dynamics andof the wires and the subsequent depinning and propagation
open boundary condition@letails of calculations are given of a domain wall. The dipolar field acting on each individual
in a previous publication The hysteresis loops were calcu- microwire due to all surrounding wires is responsible for the
lated changing the fielt with a sweep rate of 10 MC steps actual value of its observed reversal field. The plateaux have
for each magnetization value. The temperat{Pewas con- been proved to be determined by the dipole-dipole interac-
sidered low enough in order to be well below thetion as well. It has been pointed out how the peculiarity of
antiferromagnetic-paramagnetic phase transition. The valugbe coupling between the wires, namely, the independence of
of parametersM,H,T, are chosen arbitrarily. Notice that distance from the magnetic coupling transforms it in a very
what is here mostly relevant is the relative intensity amongnteresting system.
the terms of the Hamiltonian. In that way, we determine One main achievement of the present work is that al-
trends and not absolute values; thus our results calculateaiough the array of microwires is macroscopic, the dipolar
from the MC method may be qualitatively compared with interaction among them has a similar effect on the magnetic
experiments. We used?, H,,, andT equalto 5,5, and 1, properties as classical spins interacting throughout long-
respectively. This trial of values is good enough to discussange interactions. Therefore, we believe that the studied sys-
the role played by the number of wires on the demagnetizatem can be regarded as a standard system to verify the influ-
tion process. ence of dipolar interactions in the magnetic response of an
Figure 7 shows hysteresis loops for 1 wire and for arraysarray of dipoles, being possible to test micromagnetic predic-
of 2, 4, 10, and 500 wires calculated using the MC methodtions and verify the best conditions to optimize the macro-
As observed in experimentsee Figs. 2—-bthe reversal scopic magnetic behavior for specific applications.
fields for an array of multiple wires are distributed around
the reversal field of 1 wireH¢), and enlarging the number
of wires the width of plateaux decrease. This agreement con-
firms the idea that spin models can be used to study the This work was partially supported by the Brazilian agen-
magnetic properties of macroscopic systems like an eneies CNPq, FAPERJ, and FAPESP. The authors are grateful
semble of microwires. In addition, for 500 wires the systemto Fabio C. S. Silva for his help in the magnetic measure-
demagnetizes monotonically with small jumps and plateausnents with the magnetic-flux integrator.
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