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Intralayer coupling in self-organized Fe nanoclusters grown on vicinal Si(111)
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This paper reports on the magnetic properties of Fe thin film grown on vicitEl®i The surface analysis,
performed via scanning tunneling microscopy, showed that the iron grows in a form of two distinct types of
elongated nanosized grains, aligned parallel and perpendicular to the substrate steps, respectively. A phenom-
enological model was used to interpret the experimental magnetization data which considers the two types of
Fe nanoclusters with both cubic and uniaxial anisotropies, where those of each type are all identical and
aligned. Every particle of the first type is coupled to the adjacent particle of the other type only via direct
exchange coupling through the corresponding surface atoms. The experimental hysteresis loops as well as the
coercivity and remanent magnetization angular variations are very well reproduced by the model, demonstrat-
ing that the magnetic behavior of this system is mainly determined by the ferromagnetic intralayer exchange
coupling.
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I. INTRODUCTION Direct (interfacia) exchange coupling is found to play an

Studies on magnetic thin films have shown a strong coriMportant role in materials with nanograin structusee,
relation between the substrate’s surface and the morphologd-+ the recent Skomski's review on nanomagn&icst is
of the magnetic layers, whose properties can be significanti?€ll known that in the case of high-remanent magnets, the
modified as compared to those in the respective bulk mateeffect of the exchange coupling between the magnetic grains
rials. It has been shown that, in addition to the magnetocryseads to a significant enhancement of the remanence and en-
talline anisotropy, a uniaxial magnetic anisotropy is inducecergy product as compared to the decoupled matfnét.
when the film is either obtained by means of obliqgue-Clementeet al. proposed a model for this enhancement
incidence deposition* or grown on a stepped surfag€, which requires the magnetic grains to be in intimate contact
even in the absence of magnetic field. In the case of iron thiin order to maximize the ferromagnetic exchange interaction
films, this induced anisotropy can favor magnetic momenbetween adjacent graifg.
alignment perpendicular to the stémss well as parallel to In this paper we report experimental and theoretical re-
the step edges. ) ) sults for a single 3 nm thick Fe layer grown on vicinal

Model calculations based on single-phase models havgj111). The origin of the anisotropies involved, as well as
successfully reproduced inverted hysteresis loops measurgde dependence on the Fe thickness of the morphological and
for Fe films on Si111) conS|der|n1% vicinal surfaces and com- maqgnetic evolutions of the film, will be discussed in more
peting anisotropie$.Gesteret all® have also explained the r?etail in a forthcoming work. Here, our attention will be

magnetic behavior in their Fe/GaAs films by coexistence ok, sed on the complex magnetic properties of the film and
cubic and uniaxial anisotropies. Systems consisting of twq the model adopted to explain them

distinct magnetic phases show different behaviors, suggest-
ing antiferromagnetic interstripe coupling of dipolar orijin

in the case of double-layered nanostripes of Fe on vicinal
W(110) showing out-of-plane anisotropy. A ferromagnetic
coupling of magnetostal;izc type is found instead for stripes A. Sample preparation
with in-plane easy axis: Antiferromagnetic coupling of , .
nonmag?wetostatic i/yp(mdirect exchangg couplir)glngs b%en The substrate we used wastype S{111) wafer with a
observed in parallel Fe nanostripes on a vicin&ll¥0) cov-  miscut angle of 0.5° towards tti¢12] direction as estimated
ered by Au'® The negative differential magnetization when by conventional x-ray diffractometry. The substrate cleaning
switching between magnetically saturated states in ultrathiprocedure used here is very similar to the one described in
Fe films grown on stepped {00 has been explained by Refs. 24-26. Initially, the wafer was cleaned in two volumes
theoretical simulations that incorporates antiferromagnetiof sulfuric acid and one volume of 30% by weight aqueous
exchange coupling between nanodomdfh¥alvidareset  hydrogen peroxide for 20 min at 100 °C. It was rinsed with
al.’® showed that, for small angle between the individual18 MQ cm water between and after each cleaning step. The
magnetizations, the anisotropy of two ferromagneticallyclean wafer was then immersed and held vertically in 40%
exchange-coupled uniaxial anisotropy layers can be substNH,F contained in Teflon vials, and sparged with argon for
tuted by competing twofold and fourfold anisotropies acting20 min. The 3 nm thick iron film was deposited at room
on the average magnetization of the sample. temperature by rf sputtering in 321072 Torr argon atmo-

II. RESULTS AND DISCUSSION
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FIG. 1. Left panel: Zum X1 um STM image
of the 3 nm thick Fe film as well as a schematic
perspective view of the grains oriented in-plane
parallelly and perpendicularly to the steps. Right
panel: 0.35umXx0.35um STM images of six
different areas of the film’s surface.

sphere with base pressure before depositing better thamave vectoy. Structural parameters were obtained from least
1077 7" and deposition rate of 0.2 A/s. squares fitting using experimental phase shift and amplitude
functions extracted from a Co metal foil.

In Fig. 2 the F&K edge XANES spectra for the 3 nm thick
Fe film and for standard Fe are presented. The similarity of

In addition to the conventional x-ray diffractometry, the XANES structures in the film and in bulk Fe demon-
which indicated(111)-textured Fe, the structural character- strates that the Fe structure in the film is bcc. The smooth-
ization was performed by x-ray absorption spectroscopyehing in the XANES featurefFig. 2a)] points to a higher
(XAS) measurements as well as via Scanning tunne"ng midisorder(thermal and statbcin the film. The Fourier trans-
croscopy(STM) using a Digital Instruments Nanoscope llla. forms (FT’s) of the EXAFS oscillationgFig. 2(b)] recorded

The 0.5° tilt of the substrate from th@11) plane pro- for the 3 nm thick Fe film exhibit peak positions similar to
duced approximate|y 1.8 nm h|gh bunched Steps with a Spaéhat for bulk Fe. In fact, the quantitative analysis of the first
ing of about 180 nm. Figure 1 shows a STM topographyP€ak of the FT for the 3 nm thick Fe film yields crystallo-
images of the film, whose morphology is characterized by
self-organized elongated Fe nanoclusters, grown on the suk
strate’s steps, the latter being clearly visible in the left panel
of the figure as well. About half of the graifgith mean
length of 70 nm and standard deviation of 5)reme aligned

along the[110] direction, i.e., parallel to the steps. The rest

of these graingwith a mean length of 50 nm and and the
sameo as the othensare oriented in plane along a direction

B. Structural characterization

(@) AN . TTm-

—— 3 nm Fe film
---- bulk Fe

Absorption

perpendicular to the steps, and are slightly larger than the
others. A schematic perspective view of this structure is alsc
shown in Fig. 1.

XAS measurements at the Reedge were performed at
the National Synchrotron Light Laboratory—LNLS, using the
XAS beam line?” A “channel cut” S{111) crystal was used.
The monochromator was calibrated at thekFedge using a
Fe metal foil. The spectrum of the 3 nm thick Fe film was
recorded at room temperature in fluorescence mode using .
Ge 15 detector and the standard compou(fels and Co §
meta) in transmission. The sample was placed at 45° with~
respect to the incident beam. The spectra were collected WitlE
a point frequency of 0.8 eV in the near edge regjigfray
absorption near edge structu8ANES)] and 2 eV in the
extended x-ray absorption fine structufexXAFS) region.

The wiNxAS progrant® was used for the data analysis. The

trary units)

arpll

7080

Energy (eV) 7160

®) S\

— 3 nm Fe film
-—-- bulk Fe

Neighbor distance (A)

EXAFS signal between 3 and 13.6 Awas Fourier trans-
formed with ak? weighting and a Kaiser windowk is the

FIG. 2. (a) XANES spectra recorded at the Reedge;(b) Fou-
rier transform of FeK edge EXAFS signal.
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graphic parameters which correspond to bulk Fe. The XAS
results, although obtained at room temperature and after the
magnetic characterization, demonstrate the formation of bcc
Fe and no trace of oxide or silicide formation.

C. Magnetic characterization

The magnetic characteristics of the sample were measured
at room temperature and in ambient air via a homemade
magneto-optical Kerr effect magnetometer. The direction of
the magnetic fieldH was varied in the sample’s plaribere

the field anglegy equals to zero foH along the[110] di-

Normalized Magnetization
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In order to understand the physics behind the magnetic
behavior of the sample, a phenomenological free energy
model was used. To prevent misleading interpretations based
on this approach, however, some basic rules of thumb were FIG. 3. In-plane hysteresis loop datsymboly and the corre-
followed. sponding calculated curve$ines) for six representative magnetic

It is known that if one uses a large number of fitting field angles; the parameters used Wg#V,=1.5,H;=170 Oe,H},
parameters, it is possible to reproduce well, in practice, any 36 Oe,H,=9 Oe,H3=13.5 OeH=18.7 kOe, andHg=3.8 Oe,
particular experimental hysteresis loop. So, the number ofthose definitions are given in the text.
these parameters should be kept to a minimum. Afterward, as _ o
much parameters as possible should be related to values tHgfice of the sharp maxima at the vicinity of 180°, for ex-
are already accepted by the scientific community as star@mPple, cannot be explained by no means using such an ar-
dards(extracted from published data, such as lattice paramgument. Al our attempts to reproduce the measue@by)
eters, anisotropy constants of known structures),etnd the ~ andM;(¢y) variations, assuming twimdependenmagnetic
validity of their application should be evaluated for any par-phases, each characterized by cubic magnetocrystalline and
ticular casgwhich is the one of nanostructures in the presenin-plane uniaxial anisotropies with any orientations and
work). strengths, have failed. Recently, e al?® observed very

A strong validation of true representation of the physicssimilar shape for the coercivity angular variation in their Per-
associated to the parameter set is thus obtained if one applies
the sameset to adjust a systematic series of different data
curves(of the same systemthat were measured varying an _
extensive parameter such as, e.g., the in-plane angle of th@
applied field in relation to a fixed reference line on the sam- o
ple’s surface. Hence, a series of 36 experimental hysteresi 5
loops, measured along different in-plane directions, were
successfully fitted with only one minimal set of parameters.
Moreover, an excellent agreement between the experimente
and the calculated angular dependences of the coertility
and the remanent magnetizatibhy was found.

Representative hysteresis loofsy/mbolg for six mag-
netic field angles are plotted in Fig. 3. There, the lines are the
corresponding calculated curves obtained using the mode
described below. As can be seen, the type of the anisotropjg”
cannot be determined from these loops since, excluding thés
one for ¢;=0° and the peculiarity in the shape at 90°, the
other loops are rather similar. More information can be ob-
tained from Fig. 4, which shows the angular dependence o 0-5
the measuredH, and M,/Mg (where My is the saturation
magnetization

At first sight, it seems that the competition between
uniaxial and cubic anisotropies determines the observed be-

havior sinceHc(¢) for ¢y € (30°,1509 has almost identi-  ¢oercivity, normalized remanent magnetizatiaymbols, and the

cal shape to the one for pure sixfold anisotrgpgt shown, corresponding calculated variatiodies). The fitting parameters
and the deep minima at,=0° and 180° could be attributed ysed in the calculations are the same as those given in Fig. 3. The
to a superposition by a uniaxial anisotropy with axis parallelinsets show the polar plots of the same variations, where the gray
to the steps. If so, however, the maximaggt=90° and 270° lines correspond to model hysteresis loops calculated ulsiag
should be much higher than those observed; also, the exis-1.9 Oe instead of 3.8 Oe.
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FIG. 4. Angular dependences of the experimentally measured
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malloy film on Mo stepped surface, and also did not succeethentally measured ones. It is most likely that the net dipolar
to fit it considering coexisting cubic and uniaxial anisotro-field, if one considers the effect of all neighboring particles,
pies. is negligible. Thus,the dipolar energy term has been ne-
Based on the STM images and on XAS atomic structureglected in the present model. The four-variable minimization
information, as well as on the discussion above, we adopteBrocedure used here for the hysteresis loop calculations was
the following model. Let us consider the Fe film as a mag-established in our previous worRg? .
netically heterogeneous system composed of two parts, de- The lines in Figs. 3 anq 4 correspond to the calculations.
noted asA andB, consisting of elongated magnetic particles AS ¢an be seen, all experimental hysteresis Idepsept, to
whose anisotropy has both cubic magnetocrystalline an§0Me extend, the one fah,=0°) as well as thed. and M,
uniaxial components. The particles in each part are all iden@ngular variations are very well reproduced by the model.
tical and aligned, with magnetization vectoks. (where 1n€ small asymmetry in the model(¢) is due to the tilt
ML=M,, i=A or B), characterized by the direction cosines from the(111) plane. Such an asymmetry has begn opserved
ay:, ar;, andas, referred to the cube axes, and volunves by Fu et al?® as well. Four nonequivalent maxima in the
respectively. EvenA particle is coupled to the adjaceBt ~ M:(¢) have also been observealthough not explaingdn
particle only(via direct exchange couplipghrough the con-  Fe on Si11) films 3! _ _
tact areas. For fixedH, neglecting the thermal activation ~ The effective fields used the calculations are the cubic
effects and considering only coherent magnetization rotatiordnisotropy fieldsH; =2K} /Mg andH3=2Kj;/ My, the uniaxial

the anisotropic part of the total free energy of this system ignisotropy onesd,=2K\/Mj, the effective demagnetization
fields (which contain any surface anisotropy contribujion

E=VaEa+ VgEg + 0Fin:. (1) HEM=4mMe" and the exchange coupling fielcHe

The energies involved if; are of the form :O'JE/(V.AMS).. For magnetization rotation in th@1l) plane,
o y by 5 the cubic anisotropy is given bi, only. In the case of
Ei=Kilajjas; + a5 a5; + ag;a1)) vicinal surface, however, thi€; must be taken into account

i 2 2 2 g O 2 in Eq.(2) as well. The 0.5° tilt from th€111) plane, obtained
* Kzalvi%'ia&i K“(Mls TUiMy) by the conventional x-ray diffractometry, has been provided
-KEMML-AIM92 - ML - H, (2) by taking the polar and the azimuthal anglesidb be 55.2°

hereK! andKi the first two cubic anisot t t,and 45°, respectively. We also toak||[110], uB||[112],anq
WeTert andih, are e first tvo cubIc anisorropy consian's Ve/Va=1.5, in compliance with the STM topography im-

K|, the uniaxial ones, and the last two terms refer to the .
effective demagnetization energiesith constantsS™ and ~ 29eS: The best results have been obtainecHipr 170 Oe,

g gl a.) an H,=36 Oe, H§"=18.7 kOe, H}=9 Oe, H?=13.5 Oe, and
the Zeeman energy terms, respectively. The unit veators ~=3.8 Oe. The difference betweehrﬁ and HB can be at-
andn represent the directions of the corresponding uniaxia[_r'ibuted to the more elongated shape of thg clusters which
anisotropy axes and the normal-to-the-film direction. The Iasﬁre perpendicular to the steps.

term in Eq.(1), oy, where At first glance, the number of parameters used seems to

Eie = - JeM2 - MB/M2 (3)  be rather large. However, althougtf andH}, influence the

, ) . ) general shape and the mean values of the coercivity and the
is the exchange coupling one. As the particleandB are in - remanence dependences, deviations of even 15% from these
direct contact, they are exchange coupled via the correspongdy,ameters do not significantly modify the fine details of the
ing surface atoms, and this interaction is represented by th?nape of these curves. The same holdsHg]: values 15%
effective coupling constanie (positive). As seen, the cou- pigher or lower than that used here do not change signifi-
pling term is directly proportional to the surface contact aredcantly the shape of the curves. Moreover tHiP and Hgf_f

. . . . " 1 Y|
and the influence of the intergrain exchange coupling prey,j,es are in a very good agreement with those obtained by
dominates as the ratio of the surface area to volume, Gesteret all0 for Fe films of similar thickness.
increases with decr_easmg the grain size. The negative sign in Tpe fine adjustment of thel, andM, angular variations,
t_he above expression corresponds to ferromagnetic interagznich was one of the challenging tasks of the present study,
tions. has been actually done by changihtj and He only. We

h As seen, th? exEresgiorll (&, does nqtlinglude aterm  gptained that variations df” andH? strongly influence the
that accounts for the dipolak-B interparticle interactions. \a,es of the coercivity and the remanence in the global

Actually, we have examined such a possibility, considering 3ninimum and local maximum regions, i.aby~180° and
dipolar energy of a form 90°, respectively. For example, 15% deviations from the best
M’Q-ME—3(MQ-?)(M§-?) fitting parameter values led to variations 50% in the
Eqip = R , correspondindH.. in these regions.

It is worth noting that although thEg value of 3.8 Oe is
wheref is a unit vector along the direction that connects therather small as compared to the other effective fields, taking
magnetic momentMQ andME, andR is the distance be- into account the exchange interactions is of crucial impor-
tween them. Taking into account the above energy termtance for the fittings(This value is low mainly becaudé: is
however, led to calculatefusing a wide range of possible proportional to the contact area, the latter being very small in
combinations of the other parametec®ercivity and rema- the present caseDecreasing theHg value to 1.9 Oe, for
nence angular dependences very different from the experexample, the “butterflylike” polar plots dfi, andM, change
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considerably(the gray lines in the insets in Fig.,4thus cates that the ferromagnetic intralayer exchange coupling
demonstrating the strong influence of the intralayer couplingyreatly determines the magnetic behavior of this system.
on the magnetic behavior of the sample.

In summary, STM topography images of our 3-nm-thick
Fe film deposited on vicinal 8ill) showed that the iron ACKNOWLEDGMENTS
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