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High coercivity in ultrathin epitaxial micrometer-sized particles with in-plane magnetization:
Experiment and numerical simulation
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Arrays of 2.5< 10" ultrathin epitaxial W110/Fe(110/W(110 submicron particles with in-plane magneti-
zation were fabricated using x-ray lithography and dry-etching techniques. A large coercive-field increase as
compared to continuous films is observed which is ascribed to the short range of self-demagnetizing fields for
ultrathin particles with in-plane magnetization. A method to extract the mean hysteresis loop of a single
particle and the coercive field distribution function from measurements over the whole array is proposed. The
analysis is in good agreement with the picture of single-domain particles and of nucleation volumes much
smaller than particle dimensions. It is corroborated by micromagnetic calculations performed on isolated
ideally square particle$S0163-18208)07804-1

[. INTRODUCTION replication time is shorftypically 1 min) and does not de-
pend upon the sample area.
Magnetization reversal understanding in thin and ultrathin  The replication masks realized at the L2M laboratory con-
films is of considerable interest both for fundamental re-Sist of an x-ray transparent silicon carbit®C) membrane
search and for applications to storage media. In continuouUPPOrting x-ray-absorbant tungstefw) or gold (Au)

films the magnetization reversal is often governed by extrinStructure -Mask patterns are defined by a vector scan nano-

sic phenomena such as nucleation at local defects, so th Fttern generator working at 50-keV energy. Using a lift-off
P S 5 ocess with Ni, the patterns are transferred in W by reactive
global reversal loops do not reflect the material intrinsic

: e ) ion etching. In the case of gold absorber, gold features are
properties. Recent results have shown that it is possible tgrown by an electroplating process. Special care was needed
reduce the influence of these extrinsic sources of reversal by realize large patterned areas on the maésg to 5
patterning the film into micrometer-sized isolated parti&les. x5mn?) in order to allow macroscopic magnetic
Most of the corresponding studies reported so far dealt withmeasurements.In the present case x-ray lithography was
perpendicular magnetization systems. In this paper, the magerformed in a close proximity with a mask-to-wafer dis-
netization reversal in patterned epitaxial ultrathifM0)/  tance of 40um using an x-ray stepper. The different steps
Fe(110/W(110) films is examined. These systems offer sev-involved in the sample patterning are summarized in the
eral simplifying advantages for studying magnetizationscheme of Fig. (8). X-ray exposures were done on a high
reversal mechanism§;) the magnetization vector is uniform sensitivity negative resist SAL60Bhipley), resulting in ar-
throughout the thickness of the film so that only two-rays of holes as shown in Fig(H). The resist duplication
dimensional magnetic configurations are involvéid) the  was followed by a lift-off with aluminum(400 A) resulting
magnetization is maintained in-plane for all thicknesses,in an array of Al patterngFig. 1(c)]. The film was then
which favors single domain states; andii) self- etched using successively §EHF; RIE to increase the
demagnetizing fields are weak because particles are very flahask aspect ratio by duplicating it into the W protective
layer, and Ar-ion-beam-etchingBE) to etch the Fe layer. A
1500-A Cu capping layer wais situ evaporated to prevent
Il. SAMPLE PREPARATION oxidation of the Fe particles edgéBig. 1(d)]. Such a pro-
tection appears to be essential as recent measurements on

The results presented here were obtained on a 60-A-thiclsolated particles have shown dramatic dependence of nucle-

buffer and protective W layers. The growth was performed Tpe sample examined in the present study consists of a
under UHV conditions using pulsed-laser-deposition. Details; w 5_mn? array of square particles with 0/6m edges
about preparation conditions were given elsewHefthe separated by Jum. The edges of the particles are parallel to

submicron patterning was achieved using x-ray lithographype in-plane magnetic axes of the film, i.6001] and
implemented at the L2M facility at the super-ACO storage_, —

ring in Lure, France. X-ray lithography presents several spe[1 10] (Fig. 2).
cific advantages with respect to other lithography techniques:
(i) the short wavelength of x rays allows high resolution
(<1000 A) and high aspect ratios to be achiev@d.due to
diffraction limited phenomena the mask-to-sample distance For W/Fe/W continuous filmgreferred in the following

is not so critical as for optical or uv lithography, afiil) the  as cj it was shown in Ref. 2 that the magnetization remains

IIl. MAGNETIC MEASUREMENTS
OVER THE WHOLE ARRAY
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FIG. 1. The lithographic preparation procdss Scanning-electron-microscopy pictures(ip and(c) show, respectively, the revealed
resist(step 2 and the lifted-off Al(step 4. Particles covered by thia situ evaporated 1500-A-thick Cu layer were imagedsituusing

contact-mode AFMstep 7 (d).

in plane whatever the thickness. This is because the interfadbeir temperature dependences, the easy axis direction varies
anisotropy favors in-plane magnetization and thus reinforcewith temperature: for the 60-A-thick sample presented here,
shape anisotropy. It is found in addition that the in-planer1 1 07 is the easy axis ar[d01] a hard axis at 300 K, while
magnetization easy-axis changes as the film thickness is rgy 10 K both axes show a similar easy-axis-like behavior
duced: above 100-A bulk anisotropy sourdesagnetocrys-  (rig. 2). This interesting property allows us to vary the an-
talline and magnetoelasfidominate, and the easy axis lies jsotropy field in the same film just by changing temperature.
along the in-plan¢001] axis, as in bulk Fe. Below 50 Athe A detailed discussion of this temperature-driven transition
interface anisotropy overcomes the bulk anisotropy, and thgzn pe found elsewhere.

easy axis is along the in-plaf& 1 0] axis(Fig. 2). Between Magnetization loops of the array of particles measured
50 and 100 A, interface and bulk anisotropy contributionswith a custom high sensitivity vibrating sample magnetome-
nearly compensate for each other. Because of differences ter (VSM) at different temperatures are shown in Fig. 2. In
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FIG. 2. Superimposed normalized in-plane hysteresis loops of
the same W(110)500 A/Fe(110)60 A/W(110)500 A sample, as a

continuous film @) and as an array of particlgs-). y etc.

this figure, the data were renormalized and superimposed on
the continuous film loops for comparison. The patterned film
differs from the continuous one in three aspe¢isthe co-
ercive field is increased, especially for easy-axis-like loops
(se€[001] at 10 K for examplg (ii) the reversal is broadened
and an earlier departure from saturation occurs; @ndan
irreversible contribution to hard-axis loops is observed.

In order to interpret these results one needs first to deter-
mine whether particles behave independently or whether in- 7
terparticule dipolar interactions play a dominant role in mag-
netization reversal. Stray fields generated by a uniformly ° ) > . :
magnetized particle on its neighbors were caiculated, usingartlcle, created by surrounding particles uniformly magnetized

PP e long they axis. Contributions have been summed for particles
the surface poles analogy. Calculation is simplified in the : . S
. X . . . . included in concentric squares. Contributions have been added al-
limit of ultrathin particles, i.e., when the ratio of particle

. . . . . ebraically(open symbolsand in absolute values for an estimation
thickness over interparticle spacirg=t/L is much smaller g y(open symbols

N of the highest possible stray fie{€ull symbols.
than unity(in the present case=0.012). The center of the
uniformly magnetized particle was used as origin.
a=x/L andB=y/L are the in-plane reduced coordinates.
When the magnetizatiom lies alongy, the stray field on the
surrounding particles can be expressed as
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FIG. 3. Calculated stray fields alongandy in the angle of a

i.e., as if the directions of magnetization of these particles
(along +y or —y) were taken such that all contributions
were of the same sigffull symbols in Fig. 3. The resulting
contribution coming from nearest neighbors is less than 2
mT. Farther particles can be viewed as localized dipoles,
generating a 1P stray field. As all particles lie on a two-
€pom 616> dimensional2D) array, the overall stray field is bounded by
mohx(a,B)= a5 \/( 51) > ( 52) > a series with zrr/r3~1/r2 terms. This series converges with
+

S==1 a— —

B — a 1t error, which means that dipole-dipole interactions are
2 2

short ranged in our system. This can be understood as the

(1) stray fields generated by particles expand into a 3D space,

whereas the magnetic material is confined to a 2D space: the

resulting magnetostatic energy is small. Generally the mag-

€M 5.6, netic materigl shape is 3D and the magnetogtatic energy is
large, resulting in a long-range dipole-dipole interaction. In

4 5=+1 \/( 51)2 ( 52>2 our case it is found numerically that convergence is achieved

MOhy(a!ﬂ): -

Sp=*1 with second or third neighbors, resulting in total fields which

never exceed 3 m{Fig. 3. Such fields will be neglected to
8, first approximation, given the values of experimental coer-

a— — cive fields (=15 mT). One might object that the magnetiza-
2 tion distribution in real particles may not be homogeneous,

P 2 showing flower or even multidomain configuratiohkong-

B— — distance stray fields for such configurations will, however, be

2 smaller than for uniformly magnetized single-domain states,
so that the stray fields calculated above represent an upper
An upper bound to the total stray field acting on a givenbound for experimental stray fields.
particle and originating in surrounding particles is obtained The increase of the mean coercive field in patterned films
by assuming that all contributions add up in absolute valuesyith respect to the continuous film is clearly illustrated by
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FIG. 5. In-plane-anisotropy second-order constdpt and
fourth-order constarB as deduced from the hard-axis cycle on the
continuous film.A4=B can be extrapolated at 10 K, which ex-
plains why both axis show an easylike behavior at low temperature
(Fig. 2).

=150 K) andB4(T=150 K). This assumption is supported
by the fact that the relatively small anisotropy values in the
present system result from the near cancellation of larger
LoH (mT) anisotropy sources opposite in sigimagnetocristalline/
magnetoelastic, and interface so that the large relative
change of the total anisotropy observed in our system comes
from small relative changes in the different contributions to
. . . . .. the total anisotropy. The thermal variations of the involved
comparing respective hystere_S|s loops. This is done in Fig. nisotropy constantéot to be confused with temperature-
for H parallel to[001] and[ 11 0], respectively. In order to  and system-dependent coercive fi¢gldspend on band struc-
analyze these hysteresis loops, phenomenological anisotropyres, which are not expected to be much different in par-
constants must be determined. For the continuous film thecles than in a continuous film. We therefore expect the

experimental hard-axis loops could be well fitted using thethermal variation of the anisotropy constants to be nearly the

FIG. 4. The in-plane reorientation transition in the patterned
film is found to be around 150 K.

phenomenological in-plane anisotropy energy same in particles than in a continuous film. It is also inter-
esting to note that although the total anisotropy constagts
E,=AgSirt(¢)+Bysirt(e), (3 andB in the continuous film vary significantly between 100

and 300 K (see Fig. 5 the coherent-rotation Stoner-

Wohlfarth (SW) field along the[1 1 0] axis uohgyw= (2A¢
+4B)/M4 remains almost unchangedt{hsy~550 Oe)

by the patterning: th 110 ] axis tends to be “less an easy pecause the thermal variationsAg; and B tend to cancel
axis” for the particles than for the continuous filtfig. 2;  each other. We stress that the assumption made above may
see, for instance,110] at 10 K). This modification could perhaps lead to only semi-quantitative results.

be the consequence of the strain being different in the con- According to the above discussion we analyzed the re-
tinuous film and in the patterned film. The anisotropy modi-spective reversal properties of the continuous film at 150 K
fication could also be due to the fact that the particle edgeand of the particles at 300 K. In-plane anisotropy energy
are associated with an interface anisotropy, which originateprofiles can be drawn at the coercive fields of the film
in the symmetry breaking of local environments of Fe atomq uohg=—4 mT at 150 K and at that of the array of par-
in contact with evaporated Cu atoms. However, both systemticles (uoh,=—14 mT at 300 K (Fig. 6). It can be seen that

(particles and continuous filnshow the same type of anisot- starting from saturation along tfié¢ 1 0] direction, the mag-
ropy variation with temperature: magnetization alignmentnetization in the continuous film reverses when the absolute

along[1 10] is favored at room temperature wher¢@61]  energy minimum for the final stat§ { 10] direction is only

tends to become the easy axis of magnetization when the. I S
temperature is decreased. The transition temperature is nesj}ghtly lower than for the initial state[{ 10] direction,

0o the contnous i, and jus above 150Rg. 4 or | "¢ MIONeU7alr fevetses Amost as s as ore sate
the array(see also Ref. 3 for the cf analysig\s A andB g Y P X

vary nearly linearly with temperature between 10 and 300 K’plcture is very different in a particle, where it is found that at

we made the simplifying assumption that the values of théhe reversal field, the energy minimum in tha 10] direc-
anisotropy constants of the particles at 300 Ky,(T  tion is far deeper than in tHel 1 0] direction, i.e., the initial
=300 K) andB,(T=300 K), are equal to the values of the state has already become highly metastable against the final
anisotropy constants of the continuous film at 15084 T  state. This difference can be analyzed in the framework of

where ¢ is the angle betweef001] and the magnetization
direction® Unfortunately the anisotropy has been modified
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[001] [001] [001] mental coercive field may in principle reach the SW coherent
rotation value when the film thickness reduces toward zero.
I | | . , ;
Film:  Hoh, = —4mT It may, however, be dn‘flcul'_[ to obtaih—hgy experimen-
tally, as the SW energy barridre(h) to be overcome during
/\‘ reversal varies more rapidly thah—hg,: Ae(h)~(h
—hgw)¥, with k ranging from 26— hgy,) to more than 4 at
small field. Moreover the above simple picture of a particle
located in a two-well energy profile is valid only for a system
characterized by a single degree of freedom. In reality, the
energy of the nucleation volume may be obtained by a com-
plex weighted integration over a large range of spin angle,
due to the nonuniform configurations of the nucleation vol-

Anisotropy energy

Particles:

Uohe =—14mT ume (in particular because spins tend to align along the
neighboring edges of the parti¢leThe combined effect of
reducing the barrier height and the angle extension of the

300K local minimum of the energy profile may be viewed as lead-
| | | ing to an effective barrier varying much more rapidly with
[1i0] [i10] thanAe, thus considerably lowerinig, as compared tbhgy.

- It is worth noting that the picture is very different in the
In-plane direction case of in-plane anisotropy for nonultrathin particles, or for
nperpendicular anisotropy particles for which the surface
spoles are located on a two-dimensional surface. The influ-
ence of these poles is dominant in the nucleation process:
hé]jultidomain states may appear, and the reversal behavior is
not very different from that of the continuous fitras long as

the particle size is well above the domain-wall widftNote

that the criterion for an in-plane anisotropy particle to be
considered as 2D i¥'\,<1, wheret is the film thickness
and\, the Ne¢ wall width. The demagnetizing field due to
surface poles is then non-negligible over a small fraction
only of the nucleation volume, and the mean demagnetizing
ggnergy in this nucleation volume is small. In the present case
~1000 A, so that the conditioti\ ,<1 is well fulfilled.

FIG. 6. Calculated anisotropy free-energy profile as a functio
of the in-plane magnetization direction, at 300 K, for the continuou
film (top) and an isolated particlgottom. The profile is drawn for
the respective experimental mean coercive fields, using the p
nomenological anisotropy constamtg and B from Fig. 4.

the nucleation-expansion-propagation motlée magneti-
zation reversal is described as a three-stage proGgste
nucleation of a reversed domaigenerally located at anisot-
ropy and/or surface defegiqii) a reversible quasistatic ex-
pansion of that domain, up to a critical size; atid) the
explosion of the reversed domain through the whole materi
via propagation of a domain wall. The coercive field is theMn
maximum value between the propagation field and the low-
est nuc!eat_ion-expan_sion fie[d in the samplg. IQeaI i_n—plane IV. SINGLE-PARTICLE REVERSAL-DECONVOLUTION
magnetization Fe epitaxial films have no pinning sites, so MODEL
that the magnetization reversal is expected to be governed by
the lowest existing nucleation-expansion field. The presence The description of the exact reversal mechanism from the
of numerous defects throughout the filstratches, irregular  global magnetization reversal of a X80'-particle array is
edges, et¢g. may considerably lower the nucleation- complex due to statistical differences between particles. As-
expansion field, and thus the coercive field, as compared teemblies of magnetically coupled particles are commonly
the anisotropy field. However, an isolated defect, whichstudied in the framework of Preisach mod&lsf some sta-
would reverse the whole sample in a continuous film, affectdistical knowledge about both the irreversible and reversible
only a single particle in an arragat least as long as the contributions to individual particle reversal loops is desired,
particle density is much larger than the mean defect densityone has to use the nonlinear Preisach model, whose resolu-
In the classical theory of magnetization reversal it is astion requires a two-dimensional set of experimental curves
sumed that in an ideal system where local defects can bg.e., a three-dimensional set of datavhich is experimen-
neglected, coherent rotation of the magnetization occurdally time consuming. Moreover, Preisach models were in-
This is the well-known Stoner-Wohlfar®W) model® Ac-  troduced to fit the behavior of an assembly of strongly inter-
tually, nonuniform magnetization configurations may appeasacting particles. In the case of weakly interacting or
in order to minimize the self-dipolar energy, thus lowering noninteracting particles, as is the case here, the statistical
the reversal field as compared to the coherent rotation fieldstudy of the system may be considerably simplified. Also,
In the case of ultrathin particles with in-plane magnetizationgven a detailed resolution of the nonlinear Preisach model
the surface poles are located on a nearly one-dimensionalould lead to incomplete information about the statistical
surface(the edges of the partigleThese poles therefore have distribution of the reversible contribution to the hysteresis
a limited influence on the two-dimensional nucleation vol-loops of particles characterized by different values of coer-
ume, and the single-domain state is the most stable one. Thaive fields(see Ref. 13, p. 86 The hypothesis made in the
this is true was actually confirmed experimentally by mag-simpler method presented in the following proves to be not
netic force microscopyMFM) imaging on W/Fe/W particles too restricting as compared to the Preisach model.
prepared by Nevet al!! Highly metastable states may thus ~We managed to reconstruct the mean reversal loop of a
be obtained, resulting in high coercive fields. The experi-single particle when the magnetic field is applied along the
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material easy axis. The method is based on the separation of -2

; . , . e 1.210 -
the global loop into reversible and irreversible contributions. T R
The foIIo'wing hypothe_ses are ma_d@) as previog_sly dis- 3 . 7 —_14mT
cussed, interparticle dipolar coupling is neglectéd. Par- 810~ |
ticles remain single domain for any applied magnetic field. h ° ° T

. . . X( ) exp o Tot.

Consequently the hysteresis loop of a single particle can be 3 (hjdC R °| . Rev.
decomposed into the following multistage process: at first a 410 ° Fieasurement -
reversible magnetization variation occugsven that the field S
is applied along the easy axis of the particles, this can only 0 kgt ol e T eegen
be due to nonuniform magnetization configurations, such as 30 20 10 0
field-dependent flower statgs Then, ath., an irreversible ) ) () )
reversal occurs, that is characterized by a magnetization -1
. . - . . mT 0.1
jump Am. Finally a progressive and reversible alignment of ( ) )
the magnetization along the field takes plagi&) To first 0.08 R
approximation, it is assumed that the reversible contribution - -,
to the total magnetization reversal in a single particle is the 0.06 3
same function, calledn,, for all particles. The question plhe) . ~,

arises of whether the argument of this function shouldhbe 0.04 .

orh=h—h,. my(h) would describe systems where the re- 0.02 + , .
versible and irreversible magnetization variations take place [ "“'m
independently. This is the case in most materials where the 0 !
irreversible magnetization reversal is triggered by the nucle- 25 =20 <15 10 -5 0
ation at local defects, whereas the reversible magnetization (b)

variation involves all the momentm,(h) corresponds to the (au.)
case where the reversible magnetization variation before the
reversal reflects a nucleation process that will trigger the ir-
reversible jump. This description is justified for defect-free _
systems, as is expected to be the case here. To verify this m.(h)
hypothesis the analysis described below was tentatively per-
formed with h as an argument fom,, and the results ob-
tained appeared to be unphysical.

The assembly of particles is eventually characterized by
two functions only: the coercive field distribution function

T

T
3
-

T
(4
+

-40 -20 0 20

| 1

— -40 -20 0 20 40
p(h) and the reversible contribution to the reversa(h). ©
This can be respectively summarized for a single particle and
for the array in the formulas Hoh (mT)
dm dm FIG. 7. Experimental data used for the deconvolution mgabel
d—(h) =Amé(h—hg)+ d—hr(h— he), (4) and the corresponding outputs of the mogslh,) (b) and m,(h)
single (c). The inset in(c) displays the reconstructed mean reversal loop of

a single particle. The high irreversible contributigBversible con-

dm, tribution) ratio justifies the single-domain hypothesis used in the
:Amp(h)"‘f p(hc)m(h_hc)dhc- (5 model.

array

The two experimental functions used to solve E@.and  Experimental ¢m/dh)(h)|gf" and x(h)[G™ curves along

(5) for p(h) andm,(h) are the total magnetization decrease[1 10] at 300 K are shown in Fig.(@. x(h)|$' was mea-

(dmvdhy ()| and the dc reversible susceptibility sured performing a reversible backward minor cycle contain-

x(h)|&XP, ing no irreversible contributiofisee the insert in Fig.(@)].
These two experimental functions are respectively identip(h) andm,(h) are reported in Figs.(B) and 7c).

fied in Eq. (5) to the total term dnvdh)(h)|,may and the The above deconvolution procedure yields very sound

dm
ﬁ(h)

reversible termf p(h.)(dm,/dh)(h—h.)dh., yielding outputs which give credit to the modél) the main contri-
bution to the magnetization reversal of the array of particles
N o expt H expt 5 is irreversible(80%), which would not be the case for mul-
p(h)= Am dh( ) ot x(h) e ' ® tidomain particles(ii) the m,(h) function shows an angular

_ . . _ ~ point for h=0, which is consistent with the picture of a
m,(h) is then obtained by deconvolution using fast Fourierthree-stage nucleation-jump-saturation reversal; @@ndthe

transform(FFT) reversible deviation from saturation is larger before the irre-
o versible jump than after. Indeed, this is consistent with the

m(h)= fh }_[}'(Xdcpt)} R discussion about the deviation from saturation in Se(sde

' —= | Fp) | Fig. 6): at h; the anisotropy energy well along thel 10]
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61078 tinuous film. Ash.=0.25, this would finally lead to a
coercive field distribution of about 2 mT. These two contri-
3108 butions add up to 4 mT at the most; they are insufficient to
M fully account for the observed 8-mT distribution. Other po-
tot tential sources for the nucleation field distribution between
(A‘mz) particles could be patterning—process-indgced defects and/or
310 8 a small amount£5%) of twmneq crystallites. ' .
Eventually the mean hysteresis loop of a single particle
610 -8 was obtained from‘n,(ﬁ) and the numerical value dim
provided by the numerical deconvolution analydtse inset
-40 -30 -20 -10 0 10 20 30 in Fig. 7(c)]. This individual particle mean reversal loop
U, h (mT) turns out to be very similar to that directly measured with the

micro-superconducting-quantume-interference-device  tech-
FIG. 8. Experimenta(+) and simulated ) minor loops. The  nique for a single isolated Co particle.
discrepancy may be ascribed to a small amount of in-plane 70°
twinned crystallites.
V. NUMERICAL CALCULATIONS

direction (final stat¢ is much deeper than in thel 10] In this section, we describe the calculation of magnetiza-
direction (initial state, so that the free-energy minimization {jon reversal in an in-plane magnetization ultrathin particle,
will favor more aligned configurations after the reversal thanyng compare the results of numerical calculation to experi-
before. mental ones. In the continuous medium approximation, the
The validity of the model can be further tested by com-gjpps free-energy density{m(r)} of a ferromagnetic sys-

paring simulated and e_xperimental minor Ioop; at differe_nttem of magnetization vectov (r)= M m(r) can be written
stages of the reversal in the array: after positive saturatiogg

(h=+x), the field is reduced to a negative fielfigy and
increased againh(=+«). When increasing the field from
hg, unreversed(up) particles (for which h.<hg) and re- _ ) 2_ .

versed(down) particles(for which ho<<h.) have to be taken F{m(r)}= fvdr(A (M) 1= Pt m(r)] (10
into account separately in the simulation. According to the

time-reversal symmetry a down patrticle is characterized by a .

p(—h) coercive field distribution and adn /dh)(— ) re- ~ HoMHexr m(”_WOMSm(”’Hs{m(”})&ll)
versible contribution. The change of magnetization during

the minor cycle can accordingly be written _ _ . .
whereu, is an anisotropy direction anBy is a polynome

dm ho dm, +oo dm, expliciting the magnetocristalline anisotropy energy.
an =f P(hc)m(h—hc)dhﬁf p(—hdgr  Hs{m(n)} is the stray field due to the magnetostatic
- ho _
array volume chargesp,= —M(V-m(r)) and surface charges
X (—h—hy)dh, (8) om=Mg-m(r)-n (n is the surface normal, pointing out-
wardsg. Hg is derived from a scalar potential such that
—Amp(—h)Hd—h=ho), 9
whereH, is the Heaviside functiofiH(x)=0 whenx<0 VZin= P, (12)
and 1 whernx>0]. Experimental and simulated minor loops
for differenth, fields are superimposed in Fig. 8. The agree- V2¢0u=0, (13)

ment is satisfactory. The discrepancy between experimental

and simulated minor loops might be the consequence of a . o L .
. : o respectively, inside the materiéPoisson equationand out-
small amount of growth-induced in-plane 70°-twinned _: . ) . S
o 14 ' side the materialLaplace equation This set of partial dif-
crystallites” in the film.

Let us now discuss the physical meaning of figh) ferential equations has to be solved wihmeeting boundary

function yielded by the analysis. The total half-width at half conditions at the material surface

maximum ofp(h) amounts to 8 mT. As discussed in Sec. Il,

interparticule dipolar coupling may account for approxi- bin= dout» (14
mately 2 mT in the field distribution gf(h.). A fraction of

the coercive field distribution may also be ascribed to sample

thickness inhomogeneities: the SW reversal-field reduction (Véin=Vouw - N=0m, (19
due to the adjunction of a single Fe monolayer isnj2/

X(2As/ uoM ) =—6 mT. A, is the interface contribution to and the Dirichlet conditionp,,—=0 at infinity. We used the
the second-order anisotropy const@nh is the number of finite-difference method to calculate the poteng#akssoci-
Fe monolayers of the film, andis the film thickness. The ated with a given magnetization distributiom(r). The val-
surface roughness was estimated to about 1.5 ML by analyazies of ¢ and m(r) were sampled at the cell centers of a
ing the hard axis reorientation field distribution for the con-regular parallelepipedic mesh with grid spacireg (@, ,a,).
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a 2a breaking in the absence of an external perturbation cannot be
; correctly described. To bypass the bifurcation problem we
Iy adopted the method which consists in integrating the dy-
%@ namic Landau-Lifshitz-Gilbert equatiofthe LLG equation
I %%%_ 11 hereaftey.
% % dm
)2 ; T =~ MXHer(®), (16
| i l
T T T X
() (b) with
IR Heg(t) = H(t) + am(t) X H(t), (17)
- ﬂ 7 Iy wheret is an evolution variablegq is the Gilbert damping
T ZBI T constant andH(t) denotes the field derived from the mag-
- = netic energyF{m(r)} such as
el e ok e 5F:—M0Msf dr om- H(b). (19
() Y%
FIG. 9. Scaling transformation of a 2D mesh with a fadlor At equilibrium, the torque created by the effective field on

:_2. The dashed squares correspond to the magnetized system to g, magnetization vector must vanish at any point of the

simulated. system. This condition is automatically fulfilled in the bulk
of the system when Equatiofi6) is solved. Equation{18)

The value ofp,, on each node was evaluated using a secondapplied near the system surface gives rise to the so-called

order interpolation of the vector field between the cell and itthomogeneous Brown condition, expresseddam=0, as-

first neighbors. suming no surface anisotropy contribution.

In order to obtain an accurate estimate ¢f the grid Classical numerical methotfswere used to solve Eq.
should be extended over a large region outside the magn¢i6). Both equilibrium and transient magnetization configu-
tized system, which increases computer time. In order toations were obtained. The evolution mf, governed by Eq.
lower this time we developed an iterative renormalization(13), may be described by the explicit formulation
method, allowing, in principle, the projection of the grid
outer limit to infinity. Consider for example a 2D bounded m(t+ 5t) =m(t)cog Hex(t) 6t]
square domaiD in which the physical system is enclosed, i
and placed into a square mesh with paramatdret us note sin Her(t) 6t] [Her(H)Xm(t)] (19)

T', the line joining the set of the outer noddsg. 9a)]. We Her(t) eff

apply a scaling transformation defined by a fadidb=2 in

Fig. Aa)] so as to obtain a coarser mesh with paramieter He(t) - m(t)
[Fig. Ab)]. In each of the new cells the magnetization vector +{1—cogHgu(t)St]} >

is determined as a vectorial average over the underlying ini- Her(t)
tial cells. A contraction of the grid with the same factois (20
tmhgl?zgﬁgr? rirgefg[rli;]gérgf(rcg% -I;Es %ugg:]élt?zeggas;fstteermretrﬁ%:n This deyelopment allqws the numerjcal intgg_ration of the
was before renormalization. The Poisson equation is thehl-C €quation to be obtained correctly in the limit of a weak
solved while imposingb,,=0 on T, in the fine mesh of t dgpendgr_pe of the effective fieltly. OtherW|se, numeri-
Fig. 9(0), leading to a first set of approximated values for €@ instabilities may be encountered, which means that out-
dpa- P2 ONT 4 is then obtained by a linear interpolation of side a certain stability domain the explicit formulation given

dpa- The system is finally reexpanded to its initial size, andabovg does not converge to the true SOIU“.On O.f the LLG
a first approximation of the magnetization configuration is€9uations. A stability criterion may be determined in the case
obtained. This renormalization procedure may be further it—Of fgrromagnetlc systems were _the evo!ut|on of the system is
erated. However the accuracy of the setdof cannot be mainly governed by exchange interactions. Let us consider,

indefinitely improved, because at each step some informatiopfJr egarr:ple, a cEaln ﬁf Spins Ioc_ated Ol?l XIS %nc(ij di- h
on the magnetized system is lost due to the grid coarseningEcted along. When the system is weakly perturbed, eac
agnetization vectam(r) remains aligned essentially along

The method illustrated here for a 2D system may be equiva: X . X
lently applied to 3D systems. the Oz axis, so that its components,p) in the (x,y) plane

Equilibrium magnetization configurations in a static field @€ much smaller than 1. Within this limit, the LLG equa-
may be determined using iterative free—energy-gradient'{ons may be solved by introducing the complex notazon
based methods. These methods are very efficient when onfy Y10
one local free-energy minimum exists. However, when the q

. . . . . . . Z
system configuration is close to a bifurcation point, i.e., —D(a—i)V?z, 21)

when it may evolve into several possible states, symmetry dt

Heff(t)-
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where D=2A/uoMs. The Von Neumann stability analysis 3D formulation for anisotropies, roughness over distances
shows that a time step upper limit exists above which amrmuch smaller thai,,, moderate rounding of the corners, etc.
unstable evolution of the system may appear. This upper The grid extension outside the magnetized particle was

limit is given by chosen to be 90 A along, and 1250 A along andy. We
used a one-step renormalization for the evaluationgof

ai 2u which proved to be the best optimization between gains due

&ﬁr?:B—A,MoM ST a? (22)  to the grid expansion and losses due to the grid coarsening

during a renormalization step.
. , The anisotropy in thin films comes from volume and sur-
A similar analysis may be performed for 3Dzsysztems, andace contributions. The former appears in ), whereas
leads to the same value, substitutingaf aj+aZ) for  the latter should be taken into account by modifying the
1/aZ. In our calculation, we tookr= 1, the maximum value Brown condition. In the present case, however, the particle’s
of &ﬁr? then obtained corresponding to the computationathickness(60 A) is negligible as compared to the’ &levall
time being reduced to its minimum. A more detailed discuswidth (A,~1000A), the magnetization should thus be
sion about stability criteria taking into account the anisotropynearly homogeneous throughout the thickness of the film, so
of the material will be published elsewhére. that the interface anisotropy can be renormalized to the vol-
A key issue in micromagnetics is the choice of the gridume and taken into account as a volume contribution in Eq.
spacing. The calculation outputs are all the more accurate §30). No interface anisotropy coming from the edges of the
the grid spacing is small, but this has to be paid by a larggarticles was taken into account, mainly because of a lack of
computing time. It is usually assumed that the grid spacincknowledge about its natuf@&e/W or Fe/Cland microstruc-
has to be taken much smaller than all relevant magnetieure. However, this approximation should not be too drastic,
lengths in the system: the exchange length,, as explained as follow$1) As for the out-of-plane contribu-
=7T\/A/,u0|\/|32 and the wall width, which corresponds to a tion (i.e., perpendicular to the filmit is unlikely to over-
Neel wall width \, in the case of thin films. The evaluation come the particle shape effect as the former takes effect over
of A, generally requires numerical calculations because exthe thickness of the filng60 A) whereas the latter takes ef-
change, anisotropy, and magnetostatic energies are relevafect over the surface of the 5000-A-wide partici@) The
For ultrathin films with inplane magnetization, the magneto-case of the in-plane contributigne., in the plane of the film,
static influence is short rangésee the discussion in Sec),V  either perpendicular or parallel to the egigemore tricky, as
so that essentially exchange and anisotropy energies are rélwas recently reported that the island edge’s contribution to
evant, the minimization of whose yields,= 77\/A/_K (for a  the anisotropy could be non-negligiblI%We think that this
first order anisotropy as in the case of a Bloch wall. The contribution is not so important in our case because the sym-
difference lies in the fact that the magnetization rotatas ~ Metry broken at particle edgéfourfold to twofold) is also
allel to the wall plane for a Bloch wall anperpendicularto ~ broken on the particle Fe/W interface, which was not the
it for a Neel wall. As a conclusion, even if the micromag- case in Ref. 18, so that the edge contribution should remain
netic configuration is very different in each situations, relatively small. We indeed observed experimentally that
~\,, for ultrathin films. In the sample presented hexg, hard axis magnetization loops were not very different in the
~80 A and\,~1000 A at 150 K. particles than in the continuous film and used the phenom-
The exchange length,, results from the competition be- €nological aniso_tropy constants in the caIcuIat(ege Sec.
tween magnetostatic and exchange energies. In the presdHp- The magnetization vector in the present case is expected
case, where surface poles are located on the particle edgsremain in plane, so that the anisotropy energy in the par-
only, Aoy may be relevant only in the close vicinity of an ticle may be described by E¢3). However, to check this
edge. In the bulk of a particle the magnetization-variationP0int, we once performed a single calculation with magneti-
characteristic length is the ewall width \,. Nucleation ~ Zzation free to point out of plane, so that the 3D form of the
volumes have to grow up to dimensions comparable tto ~ anisotropy freg energy had to be used in Fhe calculations. The
expand into the particle, and thus to reverse its magnetizatioffagnetoelastic, volume magnetocrystalline, and surface an-
state. Using a grid with a lateral extensiariarger than,,  1SOtropy contributions are expressed, respectively, as
but smaller than\,, may lead to errors near the edges, but
should well describe the bulk behavior of the particle. For Emc=Keus 5080+ zsin* 6 sin'e+sirt g cos'e sinfe
the present numerical calculation, where we are mainly in- (23
terested in the shape of the reversal loop and not in the ac- ) ) _
curate magnetization configuration in the vicinity of the —3C0S 6 sint 6 sirf+cos 6 sing cose), (24
edges,\, can be considered as the characteristic length of
the system. Thus we chose=125 A anda,=30A. How-
ever, in order to check the argument given above about the
irrelevance of\, in the present case, we once performed a
calculation witha=50 A anda,=30A. The m(h) curve €
and the value of the coercive field were the same than with Eme=[(b??—b?)sin?0 cos 6— 2b“*cos 4] 5
a=125 A anda,=30 A within a 0.5% accuracy. More gen- (26)
erally, the same argument stands for all the anisotropy
sources(discussed belooriginating in or relevant to the K¢y, is the cubic first-order magnetocrystalline anisotropy
vicinity of the particle edges only: edge interface anisotropyconstantAg andAg ,, respectively, are in-plane and out-of-

A A
E= Tssinz0+ %sinza coop, (25)

€

S,p?
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FIG. 11. Mean experimentdline) and simulateddiamonded
line) hysteresis loop for a single particle. The experimental loop is
superimposed to the simulated one by choogighj,= —20 mT for
easier comparison.

[110]

lateral dimensions close to,. This calculated static magne-
tization configuration clearly illustrates the discussion on co-
ercivity in Sec. Il: h<hgy, because the magnetization is
not saturated in the nucleation volumes, even befgrés
reached. The simulation yieldgh.=—20 mT, whereas
mohsw=—55mT. The coercive field is considerably re-
duced with respect tpghgyy, due to the nonsaturated initial
b) magnetization configuration in the particles. This calculated
[oo1] value is obtained for a perfect particle, i.e., a large reduction
in h. occurs which is an intrinsic effect associated with the
FIG. 10. Simulated static magnetization configurations at zergspecific shape of the particle.
field (a) and just beforen,, (b). Finally we compare the calculated reversal loop to that

i . it 2 ., deduced experimentally by the deconvolution method. The
plane first-order surface anisotropy constarits:” and b experimental valueugh,=—14 mT is much closer to the

are magnetoelastic constants, afdnde, respectively, are  5iculated valueugh,= — 20 mT than toughy=—4 mT,

the in-plane and out-of-plane strains. As there appeared 10 Qe experimental coercive field of the continuous film. It also
no significant deviation from the results associated with thg, g that the reversible magnetization variation closely fol-
2D form of the 'anlsotropy, we used t.he simpler 2D form of |5ws the experimental onéFig. 11). This good agreement
the anisotropy in all calculations. This decreased the calcUsgtyeen experiments and calculation curves suggests that the
lation time, and partly justifies the above-mentioned approxix | reversal in the particles corresponds to the mechanism
mation about edge-induced anisotropies. In a first approXigescribed by the numerical calculation, and not to nucleation
mation the calculation was done for perfectly squarey |ocql defects, as is the case in the continuous film.
particles, using parallelepipedic unit cells with heigt,

and with a square base(=a,=a).

Static magnetization configurations at different stages of
the reversal loop are shown in Fig. 10. In zero field there are We have optimized a process to obtain nonoxydized
four symmetrical regions in the particle, each located on awW(110/Fe(110/W(110) quasi-2D submicron particles with
upper or lower edge of the square, not far from a corner, inn-plane magnetization using x-ray lithography. The coercive
which the magnetization deviates significantly from the easyield of the film along the easy axis was increased by 300%
axis direction. In the following we will denote these regions by the patterning. This dramatic increase is thought to be the
as “non-saturatedn.s) volumes.” Each of these n.s. vol- combined consequences of the reduction of the influence of
umes breaks all the symmetries of the uniaxial-anisotropyocal defects for isolated particles on the one hand, and of the
cubic particle, but the set of the four n.s. volumes retains alsmall demagnetizing influence of the one-dimensional sur-
the symmetries of the uniformly magnetized particle. As face poles for in-plane magnetization two-dimensional par-
approache#, each of the n.s. volumes grows up to a do-ticles on the other hand. The coercive field is therefore ex-
main with magnetization perpendicular to the field, and ofpected to remain quite as high for wider particlas long as
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the mean defect density in a particle is far smaller thgn 1 with all main experimental features of the reversal loop. The
and should tend toward the coherent-rotation coercive fieltnagnetization reversal process can be described as the emer-
when thickness is progressively reduced toward zero. Furthgfence of four symmetric nonsaturated volumes at the edges
studies are in progress in order to check this point. of the particle, which allows a considerable reduction of the

We propose a method that allows the determination of thoercive field as compared to the SW coherent-rotation field.
distribution function of coercive fields and of the mean hys-Thijs reduction inh. is an intrinsic phenomena which is in-

teresis loop of a single particle, using macroscopic magnetigependent of any defect sources.
measurements over the whole array of particles. The distri-
bution function width is found to be larger than expected
from interparticle dipolar contributions and thickness fluc-
tuations only.

We performed careful micromagnetic calculations on ide- We acknowledge the helpful contributions of B. Pannet-
ally square particles by solving the LLG equations and usinder, J. Chaussy, and T. Fourni€@RTBT-CNRS concerning
a renormalization technique. Good agreement was founthe etching processes.
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