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Magnetization reversal of ferromagnetic nanowires studied by magnetic force microscopy
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The magnetization reversal of two-dimensional arrays of parallel ferromagnetic Fe nanowires embedded in
nanoporous alumina templates has been studied. By combining bulk magnetization measusipentsn-
ducting quantum interference device magnetometith field-dependent magnetic force microscdpjFM),
we have been able to decompose the macroscopic hysteresis loop in terms of the irreversible magnetic re-
sponses of individual nanowires. The latter are found to behave as monodomain ferromagnetic needles, with
hysteresis loops displacédsymmetri¢ as a consequence of the strong dipolar interactions between them. The
application of field-dependent MFM provides a microscopic method to obtain the hysteresis curve of the array,
by simply registering the fraction of up and down magnetized wires as a function of applied field. The observed
deviations from the rectangular shape of the macroscopic hysteresis loop of the array can be ascribed to the
spatial variation of the dipolar field through the inhomogeneously filled membrane. The system studied proves
to be an excellent example of the two-dimensional classical Preisach model, well known from the field of
hysteresis modeling and micromagnetism.
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I. INTRODUCTION minum films, and nanoporous silica phases are attractive ex-
amples in this respect. A particular advantage of the alumina
Magnetic nanoparticles or nanowires are attracting mucliemplates is that the nanopores all run in parallel, with the
attention because they offer the opportunity to study magndong axis perpendicular to the film surface, and with aspect
tism in between the atomic and bulk limfitand because ratio’s that can be as high as*@\Iithough these nanoporous
ordered arrays of ferromagnetic particles or wires are of pofilms have been known for quite some tiffeecent research
tential interest for applications such as ultra-high-densityin self-organized nanostructured materials has revived inter-
magnetic recording devicédn the last decade, the introduc- €st in them and several groups are trying to optimize their
tion of new experimental techniques, such as electrogtructural properties as regards homogeneity of pore size,
holography? micro-SQUID magnetometf,and magnetic pore distance, pore filling, and regularity of the super-
force microscopy, has provided direct ways to probe the lattice’**° Pore diameters now extend from well below 10
magnetic properties of individual nanoparticles. These stud?m up to several hundreds of nanometers, with lengths of the
ies show that the magnetization reversal of small, singleorder of 1-100um.
domain particles is rather well described by the classical In our group we have previously prepared Fe, Co, and Ni
Néel-Brown model for rotation in unisohThe situation is, alumites and studied their magnetic propertftBore diam-
however, different for elongated partictd€ or magnetic ~ etersD,, varied from 50 nm down to 6 nm, i.e., of the same
wires*919 for which flipping of the magnetization appears order and even lower than the values of the domain-wall
to proceed via an inhomogeneous reversal mode, such &§dth \,,=2(A;/Ky)"% whereA; andKg are, respectively,
curling or nucleation of a reversed domain followed by thethe exchange constant and the shape anisotropy. For the Fe
propagation of the domain wall. In addition, experi- and Ni nanowires, one has,~6-8 nm and 22-28 nm,
menté8-1%s well as theoretical modélsppear to agree on respectively® From the size dependence of the low-
the fact that nucleation occurs preferentially at the wire’'stemperature coercive fielB;, as measured at 5 K, a clear
ends or at defects. Furthermore, when the particles beconteviation from the curling mode prediction was found for
more and more densely packed in ordered arrays, the ma@p,< J7\y, with B, levelling off to a value of about one-
netization reversal processes become affected by interpartictbird of the prediction for rotation in unisofthe so-called
interactions. Depending on the symmetry of the array, thes&toner-Wohlfarth modglat lowestD,,. This appears to be in
may either enhance or reduce the switching fields of the ingood agreement with the theoretical prediction of Brador
dividual particles. On the basis of the above, it is clearly ofnonuniform magnetization reversal by means of solitonic ex-
prime importance to study the switching properties of indi-citations near the ends of the wires. The small values ob-
vidual wires as well as their mutual interactions. served for the involved activation energy, and its proportion-
A relatively simple procedure to fabricate arrays of metal-ality to the cross section instead of the volume of the wires,
lic nanowires is to start from nanoporous materials as temeonfirm such an interpretatiofi.
plates and fill the pores with metal by electrochemical The aim of the present work is to further investigate the
methods'? Track-etched polymer membranes, anodized alumanner in which the dipole-dipole interactions modify the
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Stoner-Wohlfarth magnetic response of a single wire, and
whether these interactions determine the distribution of
switching fields and, therefore, the overall shape of the mac-
roscopic hysteresis loop. To achieve this, we combine stan-
dard bulk magnetization measuremefntsing superconduct-
ing quantum interference devidgSQUID) magnetometry
with microscopic techniques such as atomic and magnetic Fa

force microscopy(AFM/MFM). Recent reports by other )

groups®>*’~*°have shown such an approach to be very fruit-  ¥igomm Py ,
ful indeed. When compared to these studies, the nanowires . e

prepared in alumite membranes are ideal systems for inves- ;5 1 (a) Typical AFM picture taken on an area of about
tigating the sole effect of interactions, i.e., separated fronyng.900 nm at the top of the empty alumina membraii SEM
other effects such as thermal relaxation or inhomogeneousiciyre with a size of 1810 wm? nm after the alumina membrane
remanent states. Because of the large aspect rati68) of  has been partially dissolved. One may distinguish a large bundle of
our wires, they have a remanence close to unity and reversgres originating from a region of filled pores with highly uniform,
their magnetization via irreversible jumps. These propertiestraight, and parallel Fe nanowires.

ensure, as our results indeed show, that the average magne-

tization of an array can be obtained by counting the numbefayation effects become importal®t.Just before the AFM
of wires with magnetization up and down in MFM pictures. 54 MFM measurements were performed, the remaining Al
Furthermore, thermal effectseduction of the coercive field |ayer as well as the barrier layer located underneath the bot-
and remanengeare g_reayly suppre_ssed by the_larg% volumeom of the wires were eliminated from the film by chemical
(and the related activation energiesf the particles’ We  gtching. The pictures presented below correspond to the thus
show that our arrays of magnetic wires behave exactly agptained bottom surface, which turns out to be flatter than
predicted by Preisach-type models, in which the Stoneryne ypper surface for all samples. Although we only present
Wohlfarth responsésquare hysteresis lopis modified by  gata obtained for two representative sampllebeled Fe-1
interactions. This simplifies considerably the interpretationg,q Fe-2, similar results were obtained for other samples
and enables us to draw conclusions with a minimum modelyith gifferent filling fractions and/or aspect ratios of the
ing of the data.. Last but npt least, the field created by the tiRuires. Cross-sectional side-view TEM and SEM pictUiefs
has an appreciable magnitude only over the small region ofjg. 1(h)] show that each alumite membrane is divided into
the wires(the apex that is closest to it. Therefore, the ex- regions of pores completely filled from top to bottom, sepa-
perimental situation is ideal to use MFM as a noninvasiveated by regions of completely empty pores. The length of
probe to measure the hysteresis loop, as our experimenife wires is quite uniform, typically of the order of few mi-
show. The comparison between hysteresis loops of S'”9|€rometers{3—6 um for the investigated sampledlossbauer
wires in different regions of the sample and the macrosc‘)pi%pectroscopy measureméfitsonfirm that the Fe is predomi-
loop indicates that the dipolar interactions between wires ar@antly in thea-Fe phase, with a magnetic moment per atom
not only responsible for the shearing of the hysteresis 100Rqyal to the bulk value. They also show that the needles are
but also provide the main contribution to the observed dis'apparently monodomain with the easy magnetization direc-
tribution of switching fields. This distribution originates from j5, along the wire axis as a consequence of the shape an-
the different possible environments of the wires in the inho'isotropy. Only a few percent of the Fe is found to be oxi-
mogeneously filled array, and from the different sizes of theyjzeq, Jikely corresponding with the surface layers at the
filled regions in a sample. ~ cylinder walls. Recent extended x-ray-absorption fine-
The outline of this paper is as follows. In the following girycture and x-ray diffraction studies on our samfliese
section we describe experimental details. Section Il is deggnsistent with these conclusions.
voted to the presgntation and discgssio_n of the experiments. e magnetization of about 3 mg of each membrane was
Our main conclusions are summarized in Sec. IV. measured with a commercial SQUID magnetometer. For the
data shown here the magnetic field was always parallel to the
wires (for the perpendicular data see Ref).1@ commercial
NanoScope llI(Digital Instruments scanning probe system
Fe-filled alumite membranes were prepared and charactewith a MultiMode™ microscope was used for the AFM/
ized as described in Ref. 10. The morphology and size of tht1FM measurements. The probes consist of cantilevers with
pores were determined by scannif®=M) and transmission single-crystal silicon tips coated with a thin magnetic film
electron microscopyTEM), and by AFM. Top-view AFM  (Co-Pt-Cr alloy. These high coercivity tips, withB,
and top-view and side-view SEM picturésee Fig. 1 con- =0.5T, have a conical shape, with an end that can be mod-
firm that the pores are uniform in size, are well separatedeled as a sphere with radius 40—60 nm. They were premag-
and form a regular hexagonal structure. For this work, wenetized to saturation. Although it is rather difficult to give an
chose samples witlD,=50 nm (interpore distanceDn, accurate value for the field exerted by the magnetic tip, we
=85 nm), since for such a value the hexagonal order of thestimated it to be a few tens of millitesla for the distances
two-dimensional(2D) superlattice is known to extend over involved. As discussed below, we found no evidence for an
large distances. Moreover, for smaller sizes the thermal reinvasive magnetic effect of the tips.

Il. EXPERIMENTAL DETAILS
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10— g ol ® SQUID data FIG. 3. Typical AFM/MFM picture for sample Fe-2. The left

' TT I © MFM data picture is the topographtheight image and the right is the mag-
, , , Preisach fit netic contrastphase image

Lok |£| Fe2 One may observe a high ratio of remanence to saturation

' (i.e., squarene$sM, /M ¢=0.97. This indicates that the re-
versible part of the magnetization is very small, as expected
051 1 for high aspect-ratio wires. Moreovey], /M at room tem-
= perature does not deviate much from its value at 5 K, which
0.0 . .

shows that even at 300 K all wires remain in the initial state
after the saturating magnetic field is removed. Apparently,
. the activation barriers for the irreversible switching of the
magnetic moments are high enough that thermally activated
1 . sesssese relaxation can be almost completely neglected. Only after a
0 e SQUID - L - . . . . :
sizable magnetic field is applied in the opposite direction

Preisach fit

. s s ! . - doesM start to decrease. Since we wish to compare the mac-
03 02 0.1 B(i(;ioT) 0r 02 03 roscopic SQUID measurements with the results obtained
with pulsed fields from the MFM pictures, we also measured
FIG. 2. Hysteresis loops of samplés Fe-1 andb) Fe-2 mea- the hysteresis loop of the remanent magnetizatiby(B)
sured at room temperature with the SQUID magnetomgiksd with the SQUID by setting the field at a given value and then
dotg. Values found for the coercive field aB,=0.151 T (Fe-1) switching it to zero again. The so-obtainkt} (B) is found
andB.=0.119 T(Fe-2, respectively. The included open circles for to be very close to the magnetization loop as measured in the
Fe-1 were obtained from MFM pictures taken on this sample, asisual way, which confirms that the magnetization changes
described in the text. The full line in both panels is the result of themain|y via irreversible flips. In what follows, we shall show
fit with a Preisach model using parameteps=0.03 and og  that the macroscopic hysteresis loop can be reproduced by
=0.03 T(Fe-) andp=0.03 andoz=0.035 T(Fe-2(see the tejt  just summing up the responses of individual wires as ob-
tained from MFM measurements. The corresponding data
The MFM images were recorded using the Digital Instru-points are included already in Fig. 2.
ments Dynamic Lift Mode option, which allows to image  In Fig. 3, we give an example of the AFM/MFM pictures
relatively weak but long-range magnetic interactions, whileof sample Fe-2, corresponding to a region of about 3
minimizing the influence of the topography. In order to per-x3 um?. It can be seen that the topograptigft) and the
form MFM experiments in an external magnetic field, amagnetic contragtight) are well separated indeed. Both pic-
home-built coil(similar as in Ref. 2Pwith a 5 mminternal  tures were recorded at room temperature after a saturating
diameter and a 15 mm external diameter was mounted on th@agnetic-field pulse of 0.5 T had been applied. The results
scanner. The coil could generate field pulses up to 0.5 T, witkhow that the surface investigatéabttom of the sampleis
a 160us rise time and a relaxation time of about 1Z6.  not perfectly flat, probably as a result of nonuniform chemi-
The field was applied parallel to the long axis of the wii®s  cal etching of the barrier layer. The MFM picture, obtained
and is constant within less than 5% over 6 mm along thishy scanning the same area at a height of 40 nm above the
direction. Before each scan, a short pulse corresponding teurface of the sample, is related to the magnetic signal. Since
the target field value was first applied, with the magnetic tipnot all the pores are filled with Fe, the wires appear in bright
retracted. After a few seconds, the magnetic tip was thegolors and the empty pores in da@l wires have the same
engaged to the sample and the AFM/MFM pictures werecolor because the pulse field applied was high enough to
recorded. saturate the sample magnetization and sivigéM =1, cf.
Fig. 2.
Il RESULTS AND DISCUSSION _ As the externa_l fi_eld was varied, we observed no change
in the topographic images but only in the magnetic ones,
Figure 2 shows the hysteresis loops of sample Fe-1 andonfirming that the magnetic images are not appreciably in-
sample Fe-Zfilled pointy as measured at room temperaturefluenced by the topography. As a consequence, when discuss-
by SQUID magnetometry, with the field along the wire axis.ing the response of the wires as a function of field, we shall

M/M

051
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The MFM pictures do not show any noticeable change
until a field opposite to the tip magnetization of abet.08
T is applied[Fig. 4(b)], at which some of the bright spots
turn into dark indicating the magnetization reversal of some
of the wires. By increasing the amplitude of the magnetic-
field pulse along the same direction, the number of reversed
wires grows gradually. In Fig.(4) one may observe that near
the average coercive field(=0.151 T), the amount of re-
versed and not-yet-reversed wires has become roughly equal;
thus the average magnetization on this microscopic scale is
approximately zero, just as expected on the basis of the mac-
roscopic hysteresis curve. Finally, by increasing the field still
further, all wires become reversed whBr —0.23 T [Fig.
4(d)]. This last picture is just the negative of the fifFig.
4(a)], and the empty regions now appear as the brightest. As
shown in Ref. 1, this is consistent because the magnetization
directions of the tip and wires are now parallel. Images taken
when performing subsequently the same cycle frBm
—0.23 T toB=+0.23 T show the same changes of contrast
of the individual wires but with opposite colors, as it should.

y / It thus appears that the MFM pictures indeed provide a
means to construct the magnetization curve, namely, by sim-
' - ply counting the number of wires with “up” and “down”
directions observed for each applied field. The hysteresis

; ; loop obtained by this microscopic technique is compared to
P — the SQUID data in Fig. @), where the magnetization data
[a] found from MFM were scaled to the SQUID value at satu-
ration. They show a remarkably good agreement as regards
FIG. 4. Succe_ssio_n of MFM pictures in the same area of samplghape, symmetry, and the values of coercive and saturation
Fe-1. The scan size is 3.5 um” and the scan height is 35 nm.  fje|qs. We note that regions such as those shown in Fig. 4
The applied magnetic field is varied as follows) B=+0.23T 564 to count up and down wires contain typically several
an_d in oppogte dlrectlc_nmb) B=-0.08T, (¢ B_: —-0.16 T, (d) . hundreds of wires, i.e., enough for reliable statistics. We can
Ii ;p—0.23 T; (¢) the points(a)—(d) are marked in the hysteresis w0 ofore conclude that the macroscopic hysteresis loop as
: measured by conventional magnetometry, is actually com-
restrict to the magnetic imagesl Figure 4 shows picturegosed of the contributions from the irreversibly SWitChing
taken for sample Fe-1, which has a smaller filling fraction ofindividual nanowires, and that the rounding of the hysteresis
the pores, making it easier to observe the switching of théoOp, as observed even at the lowest temperat(§s), is
magnetization of individua' Wires_ We point out that, a|_ related to a d|Str|bUt|On of SW|tCh|ng fields among the wires
though the magnetic contrast of the empty regions in Fig. 4nd not to reversible magnetization processes. Although
also changes gradually and uniformly with the field, this isSimilar MFM studies were recently performed by other
only due to the change of the average magnetization of th@roups on different types of samples, most of these involved
sample, which modifies the average contrast. This overafarticles with(very) much lower aspect ratid$:******For
variation can easily be separated from the rapid and localize¥ires with such high(>60) aspect ratios as ours, the above
changes of contrast observed in the regions containing thiesult is certainly nontrivial since the AFM/MFM is only
magnetic wires. sensitive to the ends of the wires, whereas the SQUID mea-

The series of pictures in Fig. 4 was taken on the samé&ures the volume magnetization. Thus, the apparent agree-
region (3.5¢ 3.5 um?) for different amplitudes of the pulsed ment between the two measurements confirms the conclusion
magnetic field. The experimental procedure was as followsalready drawn from the Masbauer spectra that the Fe
We first applied a pulsed field 6f0.23 T antiparallel to the Nanowires are indeeshonodomairferromagnetic needles.
tip magnetization. Since this field exceeds the saturation In principle, the observed distribution in the individual
field, the magnetic moments of all wires are aligned. For thigWitching fieldsB. can be related either to differences in
configuration, in which the magnetization directions of tip morphology of the wires or to interwire dipolar interactions.
and wires are antiparallel, all wires should appear in theClearly the variation oB,(T=0) with the dimensions of the
same(bright) color, as indeed observed. The darker regiongvires depends on the actual mechanism that drives the mag-
here are the empty pores. Next a hysteresis-type cycle watization reversat-*> According to previous experimental
performed with the pulsed field, following the same proce-evidence’,**°the magnetization reverses by curling @,
dure as for the measurement of the macroscopic remanefty\, (=11-14 nm for Fg whereas wherD <7\,
magnetizatiorithe field values used for Figs(al—4(d) have  the reversal involves the nucleation of a small reversed do-
been indicated on the hysteresis curve in Fig) i main at the wire ends. In the first cady(T=0)x1/D},*
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and it is therefore very sensitive to the size of the wires. By
contrast, for nucleation in aimfinitely long cylindet! B, is
independent ob , and equals the limit for rotation at unison,
7Mgy2=1.1 T. This is, however, different fdinite cylin-
ders because the magnetostatic energy near the end of thg
wire lowers the effective anisotropy, thus reducing the en-
ergy for nucleatioh!® as was indeed observéd.in this
case, the coercive field depends weaklymnbut it can be
sensitive to the presence of defects near the end of the wires.
The wires studied here have, in the region where the
transition between these two limiting situations takes pf8ce.
Hinzke and Nowaf® have recently predicted that the rever-
sal then resembles the nucleation of a domain at one of the
ends of the wire in which the atomic spins in a plane perpen-
dicular to the wire’s long axis are not parallel, as for curling.
We therefore expect th& (T=0) depends oD ,, although
not so strongly as for curling. Top-view and side-view SEM/
TEM pictures for our samplegsee, for example, Fig.)1
show a quite regular structure, with very long and straight
wires and only a small distribution in diameters and length.
The fact that the wires stay intact after dissolving the alu-
mina matrix shows that they are not made up of granular
particles. The morphology is, therefore, unlikely the only
source of broadening. Although thermal fluctuations can also
broaden the switching field distribution, this effect is appar-
ently not very important since the shape and width of the
hysteresis loop does not change much when cooling from ) ©
room temperature down to 2 K. As argued below, the dipole- 0.05T  +0.07T
dipole interactions between the wires can play a major if not
dominant role in the width of the distribution of switching
fields. In view of the inhomogeneous filling of the pores in
the templategcf. Figs. 3 and 4 a large spatial variation in
the dipolar field felt by the wires is indeed to be expected0.05 T, i.e., very much smaller than the average coercive
When dipolar interactions are important, the response of &eld of the array. We then reversed the direction of the ap-
magnetic wire thus depends on the magnetic state of itplied field back upward, during which process all wires re-
neighbors, i.e., on the magnitude and the orientation of théain their color. Remarkably, even for an upward field pulse
local dipolar field with respect to direction of the applied of about 0.07 T, i.e., larger than the switching field observed
field. For a single wire, the hysteresis loop can then becoméor downward fields, the reversed wire has not yet switched
very asymmetric. For a sufficiently large array, the sum ofback[Fig. 5(c)]. In fact, it only does so when a much larger
the individual contributions may still produce a symmetric field (at least 0.19 Tis applied in the upward directidirig.
macroscopic hysteresis loop, but it will be substantially5(d)]. From comparable results found for 24 different wires
broadened. As shown next, MFM experiments confirm thisn the array, we obtained similar loops, showing that al-
and enable us to separately estimate the distributions in thtaough the switching of the individual wires occurs in a
dipolar fields and in the local switching fielfiB.(T=0)] of  rather narrow field range, the value of the switching field and
the wires. thus the degree of asymmetry strongly depend on the mag-
The effects of the interwire interactions can be evidencedhetic history and on the configuration of the surrounding
by studying the hysteresis loop of a single wire, or of fewwires. It is of interest to point out that the maximum ob-
coupled wires. In Fig. 5, a series of four MFM images isserved asymmetry of about 0.1 T is of the same order as the
presented, taken from sample Fe-2 under different appliedroadening of the macroscopic loop. As anticipated, this
fields. First a pulsed field of 0.52 T is applied, large enoughasymmetry finds its natural explanation in the dipolar field
to align all the magnetic moments. For convenience, we caljjenerated by neighboring wires in the sample. Since this
it the upward direction since in this initial configuration the type of interaction is energetically favoring the antiparallel
magnetization of wires and tip are parallel, all wires show aorientation of neighboring wires, the switching field of an
dark color[Fig. 5a)]; the bright regions correspond to empty individual wire will be different depending on its direction: it
pores only. This picture remains unchanged until a relativelywill take a higher field to change the direction of a switched
small magnetic field of about 0.05 T is applied in the oppo-wire back from antiparallel to parallel relative to its neigh-
site downward directiofiFig. 5b)]. Then one wire is seen bors.
to change its color from dark to bright, which shows that it From the variation in the observed asymmetry of the in-
has already flipped in a downward switching field of aboutdividual loops, we can conclude that the interwire dipolar

+0.19T +0.52T

& @ @

FIG. 5. (a)—(d) Magnetic force microcopy images obtained for
sample Fe-2 after applying magnetic-field pulses of different ampli-
tudes.(e) Hysteresis loop of a single wire as obtained from MFM.
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interactions can vary from 0.01 T to values as high as 0.1 T, 4 L T T
when expressed in terms of an effective field. We may (a) 3_' e Mtinortoope ]
compare this with a simple estimate of the dipolar coupling, Major loop 1

following a model used by Ishii and S&foand by Lodder 2
and co-workerg® To find the magnetostatic energy between ]
two neighboring wires they are replaced by t@ahysica)

dipoles of length L and having monopole charges
+ (wD,Z,/4)M ==+ ul/L. HereM is the average magnetization
of the wire andu is its total magnetic moment. B, is the

distance between monopoles, the magnetostatic energy for -2
the parallel orientationkE, is given by E”=(,u2/27-rL) ]

m

M (in Am*/Kg)

X[D;,i—(D2,+L?) 2], whereas that for the antiparallel
orientation is given by-E;. Next, we may equate the dif- L o U —
. . . -0. -0.2 -0.1 0.0 0.1 0.2 0.3
ference between parallel and antiparallel orientatiakE, B(in T)
=2E|, to the difference in Zeeman energyABg, associ-
ated with the difference between the switching fieBls “]
needed to reverse the moment of a wire towards the parallel (b) , | o MajprLoop. i

or the antiparallel configurations. If the reference wire is part
of a filled region, we may estimate the maximum energy 24
difference involved by switching it with respect to a parallel ]
background of successive shells of neighbors in the hexago-
nal array. Inserting typical experimental values far
=3 um (sample Fe-RandD;,;=85 nm, we obtain for two
neighboring wiresABg=1.3 mT. Including contributions ]
from the first 20 neighboring shells, it yields a value 0B -2+
of about 0.13 T. Thus, in spite of the crudeness of the model,
we may state that the strong interwire interaction observed is
as expected on the basis of just dipolar interactions. We point 4 , ,
out that including neighboring shells up to the 20th neighbor 0.3 02 0.1
already yields a surface area within the array of about
1 wm?, which approaches the estimated size of the filled FIG. 6. SQUID magnetization data measured at room tempera-
regions[cf. Fig. 1(b)]. Dipolar couplingsbetweerfilled re-  ture, on the sample Fe-2, illustratit@ the wiping-out property(b)
gions are calculated to be quite sm@Hl mT), so they can the congruency property.
safely be neglected. It is also clear from the model that wires
at the periphery of a filled region will experience a quite particles studied by Ross and co-workéta\Ve shall now
different dipolar field as that in the center. demonstrate in more detail its applicability to our present
Summing up the magnetic properties of the system of Farray, in which the individual particles are smaller, have a
nanowires embedded in the alumina template we can stateuch bigger aspect ratio, and also much stronger interac-
that the arrays can be described as consisting of singlgions.
domain particlesi.e., the nanowirgsthe particles have only According to the theorem proven mathematically by
two possible states for magnetizatiomp and dowit each Mayergoyz> the “congruency” and the “wiping-out” prop-
isolated particle has a square hysteresis loop; the interpartickyties of the minor loops are necessary and sufficient condi-
interaction is magnetostatic, leading to a shift of the indi-tions for a hysteretic system to be described by a classical
vidual loops by an interaction field; there is no reversible orPreisach model. In order to check this, appropriate sets of
apparent reversible component of the magnetization. In factpagnetization data were measured for sample Fe-2 with the
all these properties are the assumptions underlying the welBQUID magnetometer. Figure 6 demonstrates that the sys-
known classical Preisach model for hysteréSidccording tem has indeed the wiping-out property, i.e., all the minor
to this model, the statistics of the system determines thé&ops originating from the major loop close at the same point
shape of the macroscopic major and minor loops. and, in addition, the congruency property, i.e., all the minor
The majority of real materials do not satisfy the assump4oops with identical upper and lower field limits are congru-
tions made in the classical Preisach approach, and modifieght in the geometrical sense. In Figaba few minor loops
Preisach models have therefore been proposss, for are shown that were measured starting from the major loop.
example, Refs. 30 and B1Recently however, a 2D array If one considers the minor loops initiating in the poiAtgo
of strongly uniaxial magnetic garnet particleshas been F, it is seen that they all close at the initial value of the
shown to be described by the classical Preisach model. Imagnetization. This means that the variations of the field
that system the particles are large, i.e., of the order of 4Mave erasedwiped-ou} the past history. In Fig. (®) a few
X 40 um?, and are separated by 1@n nonmagnetic re- measured minor loops are shown that have the same limiting
gions. More recently, the 2D Preisach model was invoked tdield 0.1 T. One can easily see that all the minor loops have
describe the response of the arrays of low aspect-ratio Nhe same shape and the same enclosed area. In other words

lessssnesed—s

npniig i

“ 1

0 st

D T 3 2 SRS i

4-..-- Py e e /
o

M (in Am’/Kg)

m
-~
1
NI
N

00 0.1 I 0.2 ) 0.3
B(in T)

014402-6



MAGNETIZATION REVERSAL OF FERROMAGNETC.. . . PHYSICAL REVIEW B 67, 014402 (2003

they are geometrically congruent. We conclude that, even fowas put in evidence. In agreement with theory, the hysteresis
our highly diluted (low filling fraction) 2D arrays, the re- loops of individual wires are found to be rectangular, with
quirements for the Preisach model are met. Apparently, thevell-defined switching fields. However, since each wire feels
intrinsic distribution in the interaction arising from incom- a local dipolar field from its neighbors in addition to the
plete filling does not render the model invalid. applied field, the individual loops are displaced with respect
Once that we have shown its applicability, we can use théo the origin. As a consequence of the inhomogeneous Fe
Preisach model to fit the hysteresis loop for the present affilling of the membranes, the dipolar field is spatially vary-
rays and to extract in this way quantitative information oning, so that the loop displacement is also varying from one
the distribution of switching fields. Since the numif24) of  wire to another. Although the asymmetry of the individual
individual wire reversals detected is too limited for reliable loops is averaged out for the response for the membrane as a
statistics, we used the same method as in Ref. 10, but revhole, the macroscopic hysteresis logphich should be
stricted forT=0. In order to calculate the dipolar field for rectangular in the absence of the interactjaasubstantially
these disordered arrays of wires we content ourselves withroadened by the spatial distribution in dipolar fields. This
the simplest approximation and taBg;,=uopM, as for a  confirms the conclusion stated already in our earlier Work
slab whereM is the magnetization of the wires in a region that the observed broadening is not primarily caused by the
andp accounts for the filling fraction of the region and for its thermal fluctuations or inhomogeneities in the size and the
finite size. For the sample Fe-1 the model accounts well foshapes of the wires.
the shearing of the hysteresis loop for 0.03, which corre- As part of the analysis, it was confirmed that also for our
sponds to an average dipolar field of about 0.065 T for aarrays, field-dependent MFM measurements can provide in-
magnetically saturated region, as can be seen from the solideed a microscopic method to measure the magnetization,
curve in Fig. Za). In order to account for the rounding of the namely, by simply counting the number of wires with mag-
hysteresis loop, we have averaged the calculated results etization up and down in the MFM pictures. The hysteresis
assuming a distribution in the values of the switching fieldloop resulting from this surface technique was shown to
B.. For this sample we find a very good agreement for sagree quite well with that obtained by bulkolume magne-
Gaussian distribution iB, with width ¢5=0.030 T. Per- tization measurements. This shows implicitly that the high
forming the same analysis with the data of sample fse2  aspect-ratio Fe nanowires in these templates are indeed be-
Fig. 2(b)], we get the valuerg=0.035 T (in this case the having as monodomain ferromagnetic needles that switch
best fit is also obtained fqu=0.03). their magnetic moments irreversibly from up to down orien-
We may compare these results to the data on the inditations along the wire axis.
vidual loops coming from the MFM measurements. On basis Finally, it was shown that, in agreement with the above-
of the 24 individual loops detected, we obtained the estimentioned properties, the investigated templates can be re-
mates of the average dipolar field and switching field aggarded as an archetypical example of the 2D classical Prei-
Bgip=0.060 T andB,=0.115 T, whereas the corresponding sach model, well known in the field of hysteresis modeling.
widths of the distributions were found to be of the order of
0.03 T for both. These values agree well with those obtained ACKNOWLEDGMENTS
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