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Magnetostatic interactions and magnetization reversal in ferromagnetic wires
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We have investigated the effect of magnetostatic interactions on the magnetization reversal behavior of
NiggFe, flat wire arrays using magnetoresistaritdR) measurements. The wires are fabricated from films of
thickness 500 A. As the separatiemf a wire array of fixed widttw=2 um is increased, a crossover from the
behavior characteristic of an interacting wire array to that of a single isolated wire is identifigfavferl. For
the interacting limits/w=<1, a marked reduction in the coercive field occurs as the spacing of wires of fixed
width are decreased. The shape of the MR response to fields applied along the hard axis is also found to be
strongly dependent on the interwire separation. We attribute this behavior to the effect of interwire dipolar
interactions. MR measurements were also made as a function of the orientation of the applied field relative to
the axis of the wire, in order to investigate how the shape anisotropy affects the magnetization reversal process.
In um-size wires we find that “one-jump” switching of the magnetization can occur according to the orien-
tation of the wires with respect to the applied figl80163-18207)00126-4

I. INTRODUCTION beneath~2 um, spin rotation processes are found to domi-
nate and the MR curve is almost reversible, while above this
Studies of the magnetization reversal process and domakire width, domain-wall processes dominate.
structure in small ferromagnetic elements provide an impor- In the present work, we have focused on studying the
tant opportunity to test micromagnetic predictions in neweffect of magnetostatic interactions upon the magnetization
geometries ® Most experimental work on small magnetic reversal behavior in NiFegwire arrays. The arrays have a
structures have been carried out on powdessspension$, ~constant width of 2um and a variable spacing in the range
and array$ 2 since it is difficult to characterize a single between 0.5 to 1m. A crossover in the magnetic proper-
magnetic element using most conventional magnetometrijes from the behavior characteristic of an interacting wire
techniques. The question of how the interelement spacing'ray to that of a single isolated wire is clearly identified for
affects the magnetic properties of an array is therefore rels/W~1, which we discuss in terms of simple models of mag-
evant in understanding and interpreting experimental resultgetostatic interactions. We have also carried out MR mea-
since the interelement spacing can influence both the magn&urements as a function of the orientation of the applied field
tization reversal mechanism and the internal magnetic ddin order to explore the magnetization reversal processes.
main structure$3~*¥The effect of interparticle interactions is
in general complicated. by.the fact that the dipolar fields_ de.— Il. EABRICATION AND MEASUREMENT
pend upon the magnetization state of each element, which in TECHNIQUES
turn depend upon the fields due to adjacent elements. The
effect of the magnetostatic interactions is of practical interest The structures consist of planar wire arrays witk2 um
because it may be used in optimizing deviceand variable separatianin the range from 0.5 to 1am and
performancé®2° a single large wire ofv=200 um used as the reference ma-
Advances in lithographic and other controlled fabricationterial. The wires were each of length 2pfn and the array
techniques have recently given rise to the possibility of exextends over a distance of 2p@n. The structures were fab-
ploring magnetism in laterally controlled magnetic structuregicated from a continuous film structure of 30 A Au/500 A
down to the nanometer scale. A detailed understanding of thWigsFe,/GaAg4001). The polycrystalline continuous film
magnetization reversal processes and magnetoresistane@s grown using electron-beam deposition in an ultrahigh
(MR) response in small ferromagnetic elements is importanvacuum system. A high-purity alloy source of the nominal
in the design and optimization of miniature MR heads forNiggFe,ccomposition was used. No attempt was made to
ultrahigh-density data storage applicatiéhand also in pro-  verify the composition of the deposited film. Theghfie,
posed magnetoelectronic devicés? layers were deposited at a rate of 2.5 A/min. The pressure
We have previously reported the size dependence of theuring growth was about 22610 ° Torr, while the substrate
magnetoresistance in magnetically isolated submicronvas held at 30 °C. The film was annealed at 120 °C for 30
NiggFey, wires! At low field, we found a universal behavior min to remove the uniaxial anisotropy induced during
of the MR vs applied field normalized to the average demaggrowth. The array structures were then fabricated using
netizing field and a strong increase in the coercive fitldas  electron-beam lithography and optimized pattern transfer
the width of the wire is reduced. The evolution of the mag-techniques based on a combination of dry and wet etching.
netoresistance behavior in these noninteracting wire arrays &¥etails of the fabrication process are described in Ref. 25.
the wire width is reduced from 200 to O8n corresponds to For MR measurements, electrical contacts to the arrays
a transition from bulk to mesoscopic magnetic behatfor: were made using standard optical lithography, metallization
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and liftoff of 20 nm Cr/300 nm Au. An initial determination 80
of the device resistance at zero applied field was made and
was found that the resistance scaled approximately inverse
with the proportion of metal remaining after etching. A dc
current of 1 mA was passed along the wires of each arra
and the resistance was recorded automatically using a fol ¢
terminal method as the magnetic field was swept. In eac Q
array there are 15—-100 wires which means that the currenti o 40 |
each wire is in the rangé.1-0.6 uA. The magnetic field =
was applied in the plane of the structures for all the measure
ments reported since the magnetization of the continuou 20 |
films lies in plane. The magneto-optic Kerr effd6iOKE)
measurements on the 500-A gyfe,, unpatterned sample
display almost identicaM -H behavior in both in-plane ori-

jox)
S
o

entations. This shows that there is negligible intrinsic anisot 0 1 2 3 4 5 6 7 8
ropy suggesting that magnetostriction effects are not signifi
cant in the films studied. s/w

lll. RESULTS FIG. 1. A plot of the coercive field as a function of wiséw

obtained from the MR measurements at room temperature for a
500-A thick NigFe,gwire array withw=2 um when the applied

To better understand the effect of magnetostatic interadfield is parallel to the easy axis of the wire array.
tions we carried out systematic studies of the effect of wire
separation on the magnetic properties. MR measuremengsis decreased. Although the actual coupling is at the end of
were used to probe the effect of magnetostatic interactionthe wire, the effect is propagated through the entire sample.
on the magnetic properties in wire arrays since it is difficult This argument may explain the observed decrease in the
to measure the magnetic properties with magneto-optic Kergoercive field fors/'w<1. The value ofH. in the noninter-
effect(MOKE) when the separatiosis large because of the acting limit is ~60 Oe, as is consistent with the results in
increase ins/w ratio and paramagnetic contributions from Ref. 11.
the substrate. Measurements were carried out with the ap- The experimental MR curves plotted as a percentage de-
plied field parallel and perpendicular to the current directiorfined as
to determine the coercive field and the average hard-axis
saturation field, respectively. IR

The field at which the sharp minimum in the longitudinal R
MR curve occurs corresponds to the switching of the mag- _ . o
netization in the wire array, and therefore it is taken as thdor fields applied perpendicular to the current direction for a
coercive field of the wirél?® The average demagnetizing 500-A NigoFeyqwire of constant widthw=2 um but with 0.5
field was determined from the MR response to the field ap#m=s <15 um is shown in Fig. 3. For smal, i.e., s'w
plied perpendicular to the direction of the sense current. The<1, the MR response is hysteretic and saturates at lower

average hard-axis saturation figtt} can be estimated ¥  applied field. However fos/w>1, the hysteretic behavior
observed at lovs disappears and the MR curve retraces itself

3 for s=2 um. For fields applied perpendicular to the wire
Hg~H+ EH"’ axis, magnetic charges are formed along the edges of the
wire which interact with charges from the adjacent wire de-
whereH, represents an estimate of the demagnetizing fieldending on the spacing of the wire array. This results in an
at the wire center. In our film the magnetic anisotrdpyis  a@dditional field produced by the adjacent wire which aids the
assumed to be zero. The average demagnetizing field wapplied magnetic field.

determined from the experimentally measuregvalues, us- A simple model for calculating the effect of magnetostatic
ing the equation above. interactions on the demagnetizing field for fields applied

In Fig. 1, we show a plot of the coercive field as a func-along the width of the wire array has been developed by
tion of s/w obtained from the MR measurements at room

A. Magnetostatic interactions

R(H)—R(H=0)

R(H=0) @

temperature when the applied field is parallel to the direction i Ly Sl +A ket
of the sense current along wire. A clear reduction in the /
coercive field fors/w<1 is observed. Such behavior is con- H,

sistent with the effect of interwire magnetostatic interactions.
For the field applied parallel to the wire axis, there are local
areas in the wire, i.e., at both ends of the wire, where do- =
mains can nucleate and then sweep through the wire as

shown in Fig. 2. The charges created at the end of a wire can FIG. 2. Schematic of the charge distribution for field applied
communicate with that of an adjacent wire due to dipoleparallel to easy axis of the wire for the case of AFM alignment of
coupling between them. The interaction strength increases asljacent wires.

[++++
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FIG. 3. The magnetoresistant®R) response to field applied
along the hard axis measured at room temperature for a 500-A thick

. . ; f ; FIG. 4. A comparison of the experimental and theoretical de-
NiggFeygwire array withw=2 um as a function of separation

magnetizing field for field applied along the hard axis for a 500-A

28 ) ) .. thick NiggFe,, wire array withw=2 um as a function ok/w.
Pant:® For an array of magnetic wires, the demagnetizing

field of entire wire arr is given in Sl uni . . . . .
eld of entire wire arrays is give Sl units as angular orientation @f the applied field relative to the easy

t axis of the wires. The samples consist of wire arrays ef2
Hy=Ms— a(k), pm; s=5 um and a single large wire wittv=200 um. For

w MR measurements, the field was applied in the plane of film
oK K and at different in-plane orientations. In Fig. 5 we show rep-

a(k)=

2
77__4), (2)  resentative MR curves for various field orientations relative
2 to the easy axis of the wire for a 500-A thick yfe, wire
wherek=s/w, t is the film thickness. In the limit ok—0,  &Tay With(@ w=2 um and separatios=>5 um (b) a single
wire with w=200 um. Forw=2 um, the MR response for

the factor «(k)—0; in the opposite limit of k—oo, e . .
a(k)—1. In the first limit, the wires are assumed to be in ¢—90 is seen to be almost reversible with no Barkhausen

physical contact corresponding to the continuous film, inlumﬁs;j -fr|h||3 'Si (r:i1uethto the fac):(ti tri‘atzt?e %Sirt?]porﬁﬂt cl)fnthie
which case there is no demagnetizing field. The second ”mi?pdﬁnel em a: ngt fetheasy a” Sd ﬁ Ig ?h r?tLrj | n? On gti-
corresponds to the case of an isolated wire array. dhar udinal component of the applied 1ield, the central magne

>2 the effect of magnetostatic interactions on the demagnez-atlon region within the wire will not undergo a domain-wall

tizing field is found to be negligible displacement and therefore, there is no domain formation.
A comparison of the experimental and the theoretical de%:rcév\\//:sglgo.z/rfgso ihtgitr':ﬂlt?hée?cﬁcv)\?asrz Izn%h?é?/gri,relzidc?gs
magnetizing fields is shown in Fig. 4. Both the experimental jump y

data and calculated values follow the same form, howeverd "9 NS€ to sharp displacements in the MR curve. These
jumps are due to the component of the applied field along the

the experimental values are slightly higher than the calcug asy axis of the wire which forces the central region of the

lated values. One of the assumptions in the theory is that

magnetization is uniform in the wire arrays. This assumptionw're to undergo magnetization reversal. This results from the

is valid only for the case of an ellipsoidal sample. The dif- f’rz?tr':;;ganryc')?%hievrafgr\:ﬁﬁzﬁggg'?%ag?g;ﬁ:g?;;:‘:;;gﬁ;ﬁg'
ference in the two results may therefore be due to the NOMeld Hg4. This may lead to the formation of a structure which

uniformity of the magnetization in the wire studied. The ; S
theory also assumes a uniform edge definition of each wireCan be modeled as a three-domain stafeFor the interior

however there is a limitation imposed by the processing orﬁ‘g'on' H exceedsHy resulting n mz_agnetlzatlon reversal.
how sharp the wire edge can be. Komine, Mitsui, and OWEVer, for the tWO. ed_ge regions, is Iesg tharH.d’ re-
Shiiki?® have carried out micromagnetic calculations of theSUItIng in no magnetization reversal. The jumps in the MR

role of edge defects on the magnetization reversal in softcSPONse are due to sudden switching of the magnetization

magnetic thin films and observed that defects can trap a ma ather than domain-wall motion and annihilatidnFor the

netic vortex wall. For the wire width studied, both the easy- ingle wire withw=200 zm, the MR curves show identical

and hard-axis results show that the magnetostatic interactior!?seh"’“’Ior of all applied field orientatiorisee Fig. &)]. This

in a wire array are very important when the separation belS due to the fact that for such a large wire width, the demag-

tween neighboring wires in an array is less than or Compaljetlzmg_ flel_d is too small to cause a significant change in the_
; ; magnetization reversal process, and therefore the process is
rable to the width of the wires. . . . . ) ;
dominated by domain-wall motion, as in the continuous film.
In Fig. 6, the angular variation of the “jump” field for a
wire array withw=2 um ands=5 um made from the 500 A
In this section, we present detailed studies of the magneNiggFe,film is shown and compared with the equivalent

tization and magnetoresistan€¢®IR) as a function of the measurements on a large single wire witk-200 um. For

112k T 2(11 k)2

B. Orientation-dependent magnetization reversal
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FIG. 5. Representative MR curves for various field orientations

relative to the wire axis for a 500-A thick MFey, wire array with
(@ w=2 um and separatios=5 um (b) w=200 um measured at
room temperature.

w=2 um, the “jump” field increases with increasing field

angle. This is likely to be due to an increase in the compo
nent of the applied field along the easy axis of the wire as

increases. This orientation dependence of the “jump” field
suggests that the magnetization reversal mechanism

incoherent? i.e., that domain structures mediate the jump
process, as occurs in continuous epitaxial fifthslowever
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FIG. 6. The angular variation of the “jump” field for a 500-A
thick NiggFeyg wire array withw=2 um ands=5 um compared to
that for whichw=200 um for the same field orientation measured
at room temperature.

FIG. 7. R-H response to field applied at a few degree away from
the hard axis measured at room temperature for a 500-A thick
NiggFegwire array withw=2 um ands=5 um.

further studies with domain imaging are needed to determine
he precise processes involved. As expected the “jump”
ield for w=200 um as a function of the field angle remains
glmost constant.

In order to better understand the variation of the jump
features seen in Fig. 5 for a wire array with=2 um, we
carried out a careful measurement of the MR response as a
function of the orientatior(6=n/2—@) of the applied field
angle only a few degrees from the hard axis of the wire. As
shown in Fig. 7, the observed jump in the magnetization
state developed gradually and became obvious at around
6=10° from the hard axis. The exact value of this angle
varies depending on the film preparation conditions. The
magnetization reversal process for an applied field a few de-
grees away from the hard axis of the wire has been described
by Crosset al3* We have adopted this approach to describe
the reversal process in the=2 um wire array. For an ap-
plied field angle/e=80°, at pointA in the MR curve as
shown in Fig. 8, the magnetization is saturated along the
field direction (i.e., the direction which minimizes the en-
ergy), which is at a maximum negative value. As the field is
swept towards positive values, the magnetization rotates
away from the field direction towards the nearest easy axis.
At point B, (H=0) M is aligned parallel to the easy axis of
the wire, resulting in maximum MR. At poir€, the magne-
tization reaches an unstable configuration and jumps fvbm
to M’, resulting in a jump in the MR response fro@h to
C’. The component of the applied field parallel to the current
direction then drives the magnetization over to the new,
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9.65 . . . : lithographically controlled NjgFe,q wire structures. Our sys-
tematic studies have shown that the reversal process is
strongly dependent on the size and separation via internal
and interwire dipolar fields. For the wire array with constant
width w=2 um and variable separatiom in the range be-
tween 0.5 and 1%um, a crossover is identified in the mag-
netic properties from the behavior characteristic of an inter-
acting wire array to that of a single isolated wire whsw
~1. The shape of the MR response to fields applied along
046 , , , , the hard axis is also found to be strongly dependent on the
21000 -600 -200 200 600 1000 magnetostatic interactions fefw<<1. Finally, we have pre-
Field(Oe) sented detailed studies of MR as a function of the orientation
of the applied field relative to the easy axis of the wire. We
EA observed that fow=2 pum, the magnetization reversal is
IT dominated by spin rotation for fields applied perpendicular to
A the wire axis in contrast to the wall motion and wall dis-

e ~ad Mo~ S placement processes observed for a single wire wi#200
\ M S R N ) pm. For fields applied at an angle to the wire axis, reversal
AN ~ proceeds by a combination of spin rotation and abrupt jumps,
~ . H +ve
B c D

9.602 |

9.555 |

Resistance(£2)

9507 +

as evidenced by the additional features which appear in the

angle-dependent MR curves. However at the jump field it-

self, the jump process is likely to involve domain formation,

by analogy with studies of jumplike switching in continuous

FIG. 8. Analysis and schematic diagram of the magnetic reverepitaxial Fe films>

sal process for a 500-A thick e, wire array withw=2 um and These studies show that magnetoresistance measurements

s=5 um for the field applied af #80° relative to the wire axis. ~ provide a sensitive tool for probing the effect of magneto-
static interactions in ferromagnetic array structures. In the

stable energy state. The magnetization is again saturated ®iture, more detailed computational studies are needed to

point D along the field direction. The entire process is theninterpret the fine details in the magnetic response revealed by
repeated for the field sweep from positive to negative fieldsthese studies.

with the jump now occurring for negative field values. While
the jump process can be qualitatively predicted from consid-
erations of the anisotropy energy, predicting the jump field is ACKNOWLEDGMENTS
difficult since domain structures are likely to be involvé&d.
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