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We report on the influence of the($11) surface preparation on both the structural and the magnetic
properties of iron thin films grown onto them. Two different substrate preparation procedures were
used, in one of which the substrate was purposely oxidized. The surface analysis was performed by
using atomic force and scanning tunneling microscopies, and the magnetic behavior of the films was
observed by magneto-optic Kerr effect polarimetry. A strong relationship between the substrate
preparation procedure, morphology, and the magnetic response of the iron films was found. A
phenomenological model was used to interpret the experimental magnetization data and to derive
the anisotropy parameters for both types of Fe samples. It was found that the magnetic response of
the film grown onto the oxidized substrate is dominated by the uniaxial anisotropy originated from
the substrate topologya terracelike structujethe behavior of the other film, grown onto the
unoxidized substrate, is determined by both cubic and easy-plane anisotropB303cAmerican
Institute of Physics.[DOI: 10.1063/1.1588363

I. INTRODUCTION The aim of the present study was to investigate the rela-
tionship between the AF-etched(&l1) substrates prepara-

Substrate preparation conditions play an important rolgion conditions(with or without subsequent controlled oxi-

in the growth of magnetic materials and on the generation oflation, the morphology of iron films grown onto them, and

sophisticated magnetic nanostructutein particular, the  their magnetic behavior.

surface preparation of @i11) by itself is an actively pursued This was done for two different samples: In one of them,

area of research, especially as a means of generating periodlite Fe was deposited onto a bare AF-etched substrate, and

cally ordered structures to be used as templates. Recentlfje other was deposited onto an AF-etched and subsequently

ltaya et al* demonstrated that etching (811) surfaces in  oxidized substrate.

neutral to basic ammonium fluoridé&F) solutions leads to

the formation of atomically flat terracelike structures. Other

v_vorks have s_hown the formation o_f triangula_lr _e_tched Pits, Il. EXPERIMENT

findings obtained from the analysis of the initial stages of

oxidation of Si surfaces in AF solutions and that have not  The substrates used weretype S{111) wafers, with

been Ar sparged to eliminate the presence of the oxygen. resistivities in the range of 2—8cm. The samples were
Wang and Chehand Chenget al® have found thai-Fe initially cleaned in two volumes of sulfuric acidlerch, ana-

is formed when iron thin films are deposited o(13il) at  lytical grade and 1 volume of 30% by weight aqueous hy-

room temperature; the formation of twihduring the epitax- drogen peroxideMerck, analytical grade for 20 min at

ial growth in thesen-Fe films has been observed. 100°C. The wafers were rinsed with 18Mm water before
Several studies on epitaxial Fe films, and on self-and after each cleaning step. The clean silicon wafers were

assembled Fe nanostructures, grown ontd13) substrates then immersed and held vertically in AF solutions contained

have been reportéd'* where it has been shown that the in Teflon vials, and sparged with argon for 20 min via a

silicon surface morphology can induce very unique magnetiJef|On tube inserted into the solution. A 40% by weight aque-

behavior on these deposits. Our recent works have demous AF solution(Carlo Erba, clean-room gradevas used.

strated that the observed negative remanent magnetization hen two distinct procedures were used:

such a system can be attributed to a very small misorienta) one of the etched Si substrates was kept in nonoxidizing
tion of the Fe layer from th€l11) plane and/or to competing atmosphere, here named “bare” Si: and

i 1’12 . . . . .
anisotropy effects: (2) The other was maintained in air for 24 h in order to
produce an oxidized substrate, here named “oxidized”
¥Electronic mail: cougo@if.ufrgs.br Si.
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FIG. 1. 400 nnx400 nm AFM and
STM images. () AFM image of
H-Si(111) after 20 min immersion in
NH,4F solution;(b) AFM substrate sur-
face image after 24 h exposure to
moist air; (c) and(d) STM images af-
ter the growth of 6nm thick iron layers
onto the substrates shown {a) and
(b), respectively.

Subsequently, Fe films with a thicknesstef6 nm were  double Si atomic layer. In contrast, the AFM image of the
sputtered onto both substrates. oxidized Si substratgpanel(b) in Fig. 1] shows different but

The iron films were deposited by rf sputtering in a 3.2 expected standard triangular-shaped its.

X 10 * Torr Ar atmosphere for a base pressure before depos- The STM images of the Fe deposits, shown in Figs) 1
iting lower than 108 Torr, and a deposition rate less than 1and Xd), demonstrate that the different preparation condi-
AJs. Both substrate preparation and Fe deposition were dongons of the substrates result irery differentiron growth

at room temperature. The surface analysis was performed Viaodes. Clearly, a random distribution of grains with a mean
atomic force microscopyAFM) and scanning tunneling mi- - width equal to (8.6:0.6) nm and height of (6:00.5) nm is
croscopy(STM) using a Digital Instruments Nanoscope llla. ghserved in the image of the bare Si substfaFég. 1(c)].

The magnetic properties of the samples were charactezheng et al® have also observed grains about 10 nm in
ized by arex situmagneto-optic Kerr effect polarimetry. The igth aligned along thg111] direction in their epitaxiak-Fe
in;trument consists of a I_inearly polarized diode Iaser_sourcg,,in films grown onto SiL11). The growth mode for the
with 5 mW output(operating at 638—680 nmtwo polariz-  sample sputtered onto the oxidized Si substrate is completely
ers, and a photodiode system. Mgasurements m_the_ transVe(irerent. Formation of self-assembled 120° wing-shaped is-
sal geometry were performed with the magnetic fittl, |5n4g js observed, i.e., this oxidized substrate creates a pat-
applied along different directions in the plane of thg sampletern for a self-organized iron growth. Our previous whrk
and perp.enfhcular to the pl.ane. of muder:ce'of the light. Thereported that iron thin films grown on vicinal($L2) treated
angle of incidence was maintained at 60° with respect to thQ\Iith a HF solution showed a very clear striped structure. The

normal direction of the film. absence of the latter in the present case does not necessarily
mean that the Si surface is exactly thEL1) plane. ltaya
et al* showed that striped structures are observed when the
Si surface is treated with HF solution; in contrast, very flat Si
Figure 1 shows the morphology of the bare Si and of thesurfaces are obtained if they are treated with,RIsolution.
oxidized Si substrates, as well those of the Fe films deposited The magnetization measurements showed that the hys-
onto them, respectively. Pan@) in Fig. 1 shows the AFM teresis loops, measured for various in-plane field directions
image of the bare Si substrate, where large terraces witfor the sample grown onto bare Si, are practically identical,
uniform step distribution can be observed. The mean stegrhich means that this system is magnetically isotropic. A
height is approximately 3.2 A, which corresponds to arepresentative hysteresis loop is plotted in paaebf Fig. 2.

Ill. RESULTS AND DISCUSSION
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FIG. 2. (a) Representative experimental in-plane hysteresis loop for the
sample whose surface topology is illustrated in Fig) 1the line is only a
guide for the eyes (b) Calculated curve for a system of noninteracting
(111)-textured particles with random orientation in the film plane with a
shape of an oblate spheroid with height-to-width ratio equal to O\68,
=1708 emu/cr, K,;=4.80x10° erglcn?, K,=2.56x10* erg/cn?, and 6 =80°
KU:O' il il ] 1 " 1
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Panel(b) in Fig. 2 shows the corresponding hysteresis l00prIG. 3. Experimental in-plane hysteresis loosymbol$ and the corre-

calculated using a phenomenological model; the details ofponding calculated curves for the(EleriIm with surface topology shown

the model and the discussion of the fittings curves are givein Fig. 1(d) with easy axis along thg110] direction, for(a) ¢=0° (i.e.,

next. field applied along thg 110] direction, (b) ¢,="55° (the dashed lines
Figure 3 shows three representative hysteresis loops, fgfPresent the imeversible jumps in the measured guaie (c) by, =80°.
—0° 55° d 80° f he E | i,] The parameters used in the calculations Kge=2.56x 10° erg/cnt and

¢H— 1 997, an or the : e sample grown onto t eKu=4.O3><104 erg/crﬁ.

oxidized Si substrate, wheré,, is the angle between the

positive field direction and the in-plane easy magnetization

axis, andM and M are the magnetization and saturationthe Zeeman energy terms, respectively. The unit veators
magnetization of the sample, respectively. As can be seen, ighd n represent the direction of the uniaxial anisotropy and
behavior is characteristic of a system with in-plane uniaxiathe normal-to-the-film direction.

anisotropy, where the loops range from almost rectangular |n zero applied field, ifK,=0, and for magnetization
(measured along the direction of one of the wings of theotation in the(111) plane, it can be easily shown that the
wing-shaped islandsto almost anhysteretic, low remanence anisotropy is given byK, only, with easy axes along the
(e.g., for¢=80°) curves. (110 directions for positiveK,, and along the three projec-

The phenomenological model used to interpret the eXtions of the cube axes in tHa@11) plane for negative.
perimental data, plotted in Figs(& and 3, takes into con- For givenMy, K4, K5, K, K4, U, n, andH, the static
sideration a ferromagnet whose anisotropy has cubic magnequilibrium direction ofM can be calculated from Edl)
tocrystalline and uniaxial components; its magnetizatiorby finding its polar and azimuthal angles in the spherical
vector Mg is characterized by the direction cosines, @,,  coordinates for whiclE is at minimum; the projection d¥l
and a3, referred to the cube axes. For fixed magnitude anglong the field direction gives the magnetization of the fer-
direction ofH, neglecting the thermal activation effects and romagnet. The energy minimization procedure used here is
considering only coherent magnetization rotation, the totafjescribed in our previous work$!?
free energy per volumg can be written as In all calculations, the usual room-temperatite and
M, values for Fe, i.e.K;=4.8x10° erglcnt and Mg
=1708 emu/crh, were used, and was assumed to be par-
allel to the[111] direction.

The experimental hysteresis loop shown in Fi@) 2vas
whereK; andK, are the first two cubic anisotropy constants, fitted by a curve calculated assuming that the sample consists
K, is the uniaxial anisotropy constant, and the last two term®f 1800 noninteracting111)-textured Fe particles with ran-
refer to the demagnetization energyith constantKy) and  dom crystalline orientation in the film plane, each character-

_ 2. 2, 22, 22 2 2 2
E=Ki(afa5+ asa3+ aja]) +Krajasa]

_KU(MS'U/MS)Z_Kd(Ms°n/Ms)2_Ms°Ha (1)
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ized by an energy as that given by Ed), with K,=0, and  magnetization directions and not fét|u? In order for a
an oblate spheroid shape. This is an ellipsoid for which twajomain wall to be formed, it must be energetically more
of the principal axes are equal, say-b, andc<a; if N,,  favorable for the spins to change their directions gradually
Ny, andN, are the particular values of the demagnetizationrather than to have all moments rotating coherently, i.e., to
factor for magnetization along the b, orc axes, themN,+  have all spins parallel. It can be demonstrated that for the
N,+N.=47. The demagnetization anisotropy constéhe  case considered here, at least up to the coercive field value,
anisotropy is an easy-plane one in the present)dasef the ¢, /d is always higher tharfE, the latter being the energy
form Kg=3(N,— NC)Mﬁ, whereN.>N,. corresponding to the case when all moments rotate coher-
The best fitting curve, shown in Fig(l®, was obtained ently [Eq. (1)]. The calculation procedure and the energy
for K,=2.56x10" erg/cn? (i.e., K,/K;=0.053) andKy  expression used are given in the Appendix. Fer6.0
=—2.96x 10° erg/cn?, which givesN.=5.54. Note thatin  x10 8 cm, ¢,=0° (field along the easy direction
this case of particulate assembly, the magnetization rotatioh ;=1708 emu/crf, exchange constant A=1.97
does not necessarily occur in tli&ll) plane, and theK; x 10" ° erglcn?, K,=2.56x10" erg/cn?, and K,=4.03
term must be taken into account in the calculations. Using< 10* erg/cn?, the domain-wall thicknesses is estimated as
the equations of Osbori,one can estimate that the former d=2.83<10"° cm (i.e., d>t), and the corresponding 180°
value ofK4 corresponds to a demagnetizing anisotropy condomain-wall energy per unit area iseyn(180°)
stant of particles with axial ratic/a=0.68, which is in a =6.65 erg/cr. In this particular case dfillu, £y does not
very good concordance with the mean height-to-width ratiodepend on the field, contrary #® which, up to the irrevers-
of 0.70+0.05 obtained from the STM analysis of the “par- ible magnetization jump in the second and third quadrant, for
ticles” of our sample; thus, the number of fitting parametersexample, is a linear function dfl (negativg, E=—MgH.
used can actually be reduced to only one, Kg., As can be  Thus, one can estimate the critical fidhtl,; above which
seen, there is rather good agreement between experimental becomes higher tharey(180°)/d from the equality
and calculated data for this magnetically isotropic sample—Mg¢H =&, (180°)/d, which gives H et
The only noticeable discrepancy is that the squareness of the — 138 Oe. Even if the wall is a cross-tie offawhich has
experimental loop is slightly higher than the model one,an even lower domain-wall energy, i.e.=0.6ey(180°),
which has been assigned to intergranular interactibns, the corresponding critical field is- —83 Oe. The absolute
which were not taken into consideration in our calculations.values obtained for the critical fields are higher than the co-
As mentioned herein, the sequence of hysteresis looparcive field of 46 Oe for the case of coherent rotation, so this
shown in Fig. 3 indicates that the uniaxial in-plane anisot-atter magnetization mode will occur.
ropy of the iron stripes determines the anisotropy of this  The numerical calculations of the fitting curve in Fig.
continuous film. Along with the experimental curves, there3(b) indicate that the measured irreversible magnetization
are also plotted the corresponding calculated curves for thrggmp takes place between two energy states with an equilib-
representativepy, directions; in this case, the anisotropic part rium angle difference ofA §=150°; therefore, a 150° ¢
of the free energy is given by E¢l) as well. The best results domain wall could be formed. In this case, it is much more
were obtained for the sankg, value as the one used to fit the difficult to estimateH,; because of the dependence of the
data in Fig. 2a), and also fork ,=4.03<10* erg/cn? (i.e.,  Neel domain-wall thickness and energy &h another ob-
K,/K,=1.574, which means that the uniaxial anisotropy isstacle for the calculations @f is thatH does not lie exactly
predominant The unit vectoru is considered to be parallel in the middle between the equilibrium anglds.is not a
to the[110] direction, as suggested by the surface analysignear function of H as well. In any case, however,
results shown in Fig. 1. Due to the high value of the demag#(150°)<&(180°), H,; could be rather lower than that for
netization (shapé energy constantK = — ZWMgz —1.83 @a180° case, and the magnetization transition due to domain-

x 10’ erg/cn?), the rotation occurs in thél1l) plane; as a Wall formation and unwinding could be observed.

consequence, the first term in E() is isotropic, so the The fact that the same values flifs, Ky, andK; were
value ofK, does not influence the calculations, as mentioned!sed to fit both the nanoparticle sample and the continuous
herein. film magnetization data indicates that the intringbulk)

It is seen that there is excellent agreement between thieroperties of the deposited material have not been changed
experimental and the calculated data. The single apparef@’ any of the iron growth modes, as compared to the bulk
difference is the earlier irreversible magnetization jump atvalues for Fe.
the coercive field €14 Oe) in the experimental curve as  In summary, the morphology and the magnetic proper-
compared to the model one. This is here attributed to formaties of Fe thin films grown on deliberately modified Hi1)
tion of a domain wall, with thicknessesand energy per unit Substrates were studied. The structural analysis indicated two
areae, followed by a rapid domain-wall unwinding. Most different iron growth modes; the first one resulted in ran-
probably, this is a el wall (with energyey) which occurs  domly distributed iron grains, and the second one in wing-
in very thin films due to the very high demagnetization field, shaped iron islands. These differently grown patterns are di-
and is characterized by the fact that the magnetizations in the€ctly related to the preparation of the(Hil) substrate
wall turn about an axis perpendicular to the plane of thesurface, thus demonstrating that the proper choice of the sub-
film.1° strate preparation conditions and the magnetic film thickness

Why is a domain-wall formed and whi is a wall motion ¢an lead to the generation of sophisticated magnetic nano-

observed forH applied in between the easy and the hardstructures. A phenomenological model was used in order to
interpret the experimental magnetization data and to derive
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the anisotropy parameters of both types of Fe samples. It wasith respect tad for given A (the exchange constanii,
shown that the magnetic response of the continuous film i&,, K, t, H, and ¢y . By substituting the value ai thus
determined by the uniaxial anisotropy induced by the subebtained, the corresponding &ledomain-wall energy can be
strate topologya terracelike structujeand that of the nano- calculated.

particle sample by both cubiemagnetocrystallineand shape Note that theE ;; expression contains, besides the usual
(easy-planganisotropies. cubic and/or uniaxial anisotropy terms, the Zeeman term,

i.e., the influence of the magnetic field, is taken into account
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