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We report on the influence of the Si~111! 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 topology~a terracelike structure!; the behavior of the other film, grown onto the
unoxidized substrate, is determined by both cubic and easy-plane anisotropies. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1588363#
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I. INTRODUCTION

Substrate preparation conditions play an important r
in the growth of magnetic materials and on the generation
sophisticated magnetic nanostructures.1–3 In particular, the
surface preparation of Si~111! by itself is an actively pursued
area of research, especially as a means of generating pe
cally ordered structures to be used as templates. Rece
Itaya et al.4 demonstrated that etching Si~111! surfaces in
neutral to basic ammonium fluoride~AF! solutions leads to
the formation of atomically flat terracelike structures. Oth
works have shown the formation of triangular etched pits5,6

findings obtained from the analysis of the initial stages
oxidation of Si surfaces in AF solutions and that have
been Ar sparged to eliminate the presence of the oxygen

Wang and Chen7 and Chenget al.8 have found thata-Fe
is formed when iron thin films are deposited on Si~111! at
room temperature; the formation of twins9 during the epitax-
ial growth in thesea-Fe films has been observed.

Several studies on epitaxial Fe films, and on se
assembled Fe nanostructures, grown onto Si~111! substrates
have been reported10,11 where it has been shown that th
silicon surface morphology can induce very unique magn
behavior on these deposits. Our recent works have dem
strated that the observed negative remanent magnetizati
such a system can be attributed to a very small misorie
tion of the Fe layer from the~111! plane and/or to competing
anisotropy effects.11,12

a!Electronic mail: cougo@if.ufrgs.br
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The aim of the present study was to investigate the re
tionship between the AF-etched Si~111! substrates prepara
tion conditions~with or without subsequent controlled ox
dation!, the morphology of iron films grown onto them, an
their magnetic behavior.

This was done for two different samples: In one of the
the Fe was deposited onto a bare AF-etched substrate,
the other was deposited onto an AF-etched and subsequ
oxidized substrate.

II. EXPERIMENT

The substrates used weren-type Si~111! wafers, with
resistivities in the range of 2–3V cm. The samples were
initially cleaned in two volumes of sulfuric acid~Merch, ana-
lytical grade! and 1 volume of 30% by weight aqueous h
drogen peroxide~Merck, analytical grade!, for 20 min at
100°C. The wafers were rinsed with 18 MV cm water before
and after each cleaning step. The clean silicon wafers w
then immersed and held vertically in AF solutions contain
in Teflon vials, and sparged with argon for 20 min via
Teflon tube inserted into the solution. A 40% by weight aqu
ous AF solution~Carlo Erba, clean-room grade! was used.
Then two distinct procedures were used:

~1! One of the etched Si substrates was kept in nonoxidiz
atmosphere, here named ‘‘bare’’ Si; and

~2! The other was maintained in air for 24 h in order
produce an oxidized substrate, here named ‘‘oxidize
Si.
0 © 2003 American Institute of Physics
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FIG. 1. 400 nm3400 nm AFM and
STM images. ~a! AFM image of
H–Si~111! after 20 min immersion in
NH4F solution;~b! AFM substrate sur-
face image after 24 h exposure t
moist air; ~c! and ~d! STM images af-
ter the growth of 6nm thick iron layers
onto the substrates shown in~a! and
~b!, respectively.
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Subsequently, Fe films with a thickness oft56 nm were
sputtered onto both substrates.

The iron films were deposited by rf sputtering in a 3
31024 Torr Ar atmosphere for a base pressure before dep
iting lower than 1028 Torr, and a deposition rate less than
Å/s. Both substrate preparation and Fe deposition were d
at room temperature. The surface analysis was performed
atomic force microscopy~AFM! and scanning tunneling mi
croscopy~STM! using a Digital Instruments Nanoscope III

The magnetic properties of the samples were charac
ized by anex situmagneto-optic Kerr effect polarimetry. Th
instrument consists of a linearly polarized diode laser sou
with 5 mW output~operating at 638–680 nm!, two polariz-
ers, and a photodiode system. Measurements in the tran
sal geometry were performed with the magnetic field,H,
applied along different directions in the plane of the sam
and perpendicular to the plane of incidence of the light. T
angle of incidence was maintained at 60° with respect to
normal direction of the film.

III. RESULTS AND DISCUSSION

Figure 1 shows the morphology of the bare Si and of
oxidized Si substrates, as well those of the Fe films depos
onto them, respectively. Panel~a! in Fig. 1 shows the AFM
image of the bare Si substrate, where large terraces
uniform step distribution can be observed. The mean s
height is approximately 3.2 Å, which corresponds to
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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double Si atomic layer. In contrast, the AFM image of t
oxidized Si substrate@panel~b! in Fig. 1# shows different but
expected standard triangular-shaped pits.6

The STM images of the Fe deposits, shown in Figs. 1~c!
and 1~d!, demonstrate that the different preparation con
tions of the substrates result invery different iron growth
modes. Clearly, a random distribution of grains with a me
width equal to (8.660.6) nm and height of (6.060.5) nm is
observed in the image of the bare Si substrate@~Fig. 1~c!#.
Cheng et al.8 have also observed grains about 10 nm
width aligned along the@111# direction in their epitaxiala-Fe
thin films grown onto Si~111!. The growth mode for the
sample sputtered onto the oxidized Si substrate is comple
different. Formation of self-assembled 120° wing-shaped
lands is observed, i.e., this oxidized substrate creates a
tern for a self-organized iron growth. Our previous work11

reported that iron thin films grown on vicinal Si~111! treated
with a HF solution showed a very clear striped structure. T
absence of the latter in the present case does not neces
mean that the Si surface is exactly the~111! plane. Itaya
et al.4 showed that striped structures are observed when
Si surface is treated with HF solution; in contrast, very flat
surfaces are obtained if they are treated with NH4F solution.

The magnetization measurements showed that the
teresis loops, measured for various in-plane field directi
for the sample grown onto bare Si, are practically identic
which means that this system is magnetically isotropic
representative hysteresis loop is plotted in panel~a! of Fig. 2.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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Panel~b! in Fig. 2 shows the corresponding hysteresis lo
calculated using a phenomenological model; the details
the model and the discussion of the fittings curves are gi
next.

Figure 3 shows three representative hysteresis loops
fH50°, 55°, and 80° for the Fe sample grown onto t
oxidized Si substrate, wherefH is the angle between th
positive field direction and the in-plane easy magnetizat
axis, andM and Ms are the magnetization and saturati
magnetization of the sample, respectively. As can be seen
behavior is characteristic of a system with in-plane uniax
anisotropy, where the loops range from almost rectang
~measured along the direction of one of the wings of
wing-shaped islands!, to almost anhysteretic, low remanen
~e.g., forfH580°) curves.

The phenomenological model used to interpret the
perimental data, plotted in Figs. 2~a! and 3, takes into con
sideration a ferromagnet whose anisotropy has cubic ma
tocrystalline and uniaxial components; its magnetizat
vectorMs is characterized by the direction cosinesa1 , a2 ,
anda3 , referred to the cube axes. For fixed magnitude a
direction ofH, neglecting the thermal activation effects a
considering only coherent magnetization rotation, the to
free energy per volumeE can be written as

E5K1~a1
2a2

21a2
2a3

21a3
2a1

2!1K2a1
2a2

2a3
2

2Ku~M s"u/Ms!
22Kd~M s"n/Ms!

22M s"H, ~1!

whereK1 andK2 are the first two cubic anisotropy constan
Ku is the uniaxial anisotropy constant, and the last two ter
refer to the demagnetization energy~with constantKd) and

FIG. 2. ~a! Representative experimental in-plane hysteresis loop for
sample whose surface topology is illustrated in Fig. 1~c! ~the line is only a
guide for the eyes!; ~b! Calculated curve for a system of noninteractin
~111!-textured particles with random orientation in the film plane with
shape of an oblate spheroid with height-to-width ratio equal to 0.68,Ms

51708 emu/cm3, K154.803105 erg/cm3, K252.563104 erg/cm3, and
Ku50.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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the Zeeman energy terms, respectively. The unit vectoru
andn represent the direction of the uniaxial anisotropy a
the normal-to-the-film direction.

In zero applied field, ifKu50, and for magnetization
rotation in the~111! plane, it can be easily shown that th
anisotropy is given byK2 only, with easy axes along th
^110& directions for positiveK2 , and along the three projec
tions of the cube axes in the~111! plane for negativeK2 .

For givenMs , K1 , K2 , Ku , Kd , u, n, andH, the static
equilibrium direction ofM s can be calculated from Eq.~1!
by finding its polar and azimuthal angles in the spheri
coordinates for whichE is at minimum; the projection ofM s

along the field direction gives the magnetization of the f
romagnet. The energy minimization procedure used her
described in our previous works.11,12

In all calculations, the usual room-temperatureK1 and
Ms values for Fe, i.e.,K154.83105 erg/cm3 and Ms

51708 emu/cm3, were used, andn was assumed to be pa
allel to the@111# direction.

The experimental hysteresis loop shown in Fig. 2~a! was
fitted by a curve calculated assuming that the sample con
of 1800 noninteracting~111!-textured Fe particles with ran
dom crystalline orientation in the film plane, each charact

e

FIG. 3. Experimental in-plane hysteresis loops~symbols! and the corre-
sponding calculated curves for the Fe~111! film with surface topology shown

in Fig. 1~d! with easy axis along the@11̄0# direction, for~a! fH50° ~i.e.,

field applied along the@11̄0# direction!, ~b! fH555° ~the dashed lines
represent the irreversible jumps in the measured curve!, and ~c! fH580°.
The parameters used in the calculations areK252.563104 erg/cm3 and
Ku54.033104 erg/cm3.
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ized by an energy as that given by Eq.~1!, with Ku50, and
an oblate spheroid shape. This is an ellipsoid for which t
of the principal axes are equal, saya5b, andc,a; if Na ,
Nb , andNc are the particular values of the demagnetizat
factor for magnetization along thea, b, or c axes, thenNa1
Nb1Nc54p. The demagnetization anisotropy constant~the
anisotropy is an easy-plane one in the present case! is of the
form Kd5 1

2(Na2Nc)Ms
2 , whereNc.Na .

The best fitting curve, shown in Fig. 2~b!, was obtained
for K252.563104 erg/cm3 ~i.e., K2 /K150.053) andKd

522.963106 erg/cm3, which givesNc55.54. Note that in
this case of particulate assembly, the magnetization rota
does not necessarily occur in the~111! plane, and theK1

term must be taken into account in the calculations. Us
the equations of Osborn,13 one can estimate that the form
value ofKd corresponds to a demagnetizing anisotropy c
stant of particles with axial ratioc/a50.68, which is in a
very good concordance with the mean height-to-width ra
of 0.7060.05 obtained from the STM analysis of the ‘‘pa
ticles’’ of our sample; thus, the number of fitting paramete
used can actually be reduced to only one, i.e.,K2 . As can be
seen, there is rather good agreement between experim
and calculated data for this magnetically isotropic samp
The only noticeable discrepancy is that the squareness o
experimental loop is slightly higher than the model on
which has been assigned to intergranular interaction14

which were not taken into consideration in our calculatio
As mentioned herein, the sequence of hysteresis lo

shown in Fig. 3 indicates that the uniaxial in-plane anis
ropy of the iron stripes determines the anisotropy of t
continuous film. Along with the experimental curves, the
are also plotted the corresponding calculated curves for t
representativefH directions; in this case, the anisotropic pa
of the free energy is given by Eq.~1! as well. The best result
were obtained for the sameK2 value as the one used to fit th
data in Fig. 2~a!, and also forKu54.033104 erg/cm3 ~i.e.,
Ku /K251.574, which means that the uniaxial anisotropy
predominant!. The unit vectoru is considered to be paralle
to the @11̄0# direction, as suggested by the surface analy
results shown in Fig. 1. Due to the high value of the dem
netization ~shape! energy constant (Kd522pMs

2.21.83
3107 erg/cm3), the rotation occurs in the~111! plane; as a
consequence, the first term in Eq.~1! is isotropic, so the
value ofK1 does not influence the calculations, as mention
herein.

It is seen that there is excellent agreement between
experimental and the calculated data. The single appa
difference is the earlier irreversible magnetization jump
the coercive field (.14 Oe) in the experimental curve a
compared to the model one. This is here attributed to form
tion of a domain wall, with thicknessesd and energy per uni
area«, followed by a rapid domain-wall unwinding. Mos
probably, this is a Ne´el wall ~with energy«N) which occurs
in very thin films due to the very high demagnetization fie
and is characterized by the fact that the magnetizations in
wall turn about an axis perpendicular to the plane of
film.15

Why is a domain-wall formed and whi is a wall motio
observed forH applied in between the easy and the ha
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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magnetization directions and not forHiu? In order for a
domain wall to be formed, it must be energetically mo
favorable for the spins to change their directions gradua
rather than to have all moments rotating coherently, i.e.
have all spins parallel. It can be demonstrated that for
case considered here, at least up to the coercive field va
«N /d is always higher thanE, the latter being the energ
corresponding to the case when all moments rotate co
ently @Eq. ~1!#. The calculation procedure and the ener
expression used are given in the Appendix. Fort56.0
31028 cm, fH50° ~field along the easy direction!,
Ms51708 emu/cm3, exchange constant A51.97
31026 erg/cm3, K252.563104 erg/cm3, and Ku54.03
3104 erg/cm3, the domain-wall thicknesses is estimated
d.2.8331025 cm ~i.e., d@t), and the corresponding 180
domain-wall energy per unit area is«N(180°)
.6.65 erg/cm2. In this particular case ofHiu, «N does not
depend on the field, contrary toE which, up to the irrevers-
ible magnetization jump in the second and third quadrant,
example, is a linear function ofH ~negative!, E52MsH.
Thus, one can estimate the critical fieldHcrit above which
E becomes higher than«N(180°)/d from the equality
2MsH5«N(180°)/d, which gives Hcrit

.2138 Oe. Even if the wall is a cross-tie one,16 which has
an even lower domain-wall energy, i.e.,«ct.0.6«N(180°),
the corresponding critical field is.283 Oe. The absolute
values obtained for the critical fields are higher than the
ercive field of 46 Oe for the case of coherent rotation, so t
latter magnetization mode will occur.

The numerical calculations of the fitting curve in Fi
3~b! indicate that the measured irreversible magnetizat
jump takes place between two energy states with an equ
rium angle difference ofDu.150°; therefore, a 150° Ne´el
domain wall could be formed. In this case, it is much mo
difficult to estimateHcrit because of the dependence of t
Néel domain-wall thickness and energy onH; another ob-
stacle for the calculations of« is thatH does not lie exactly
in the middle between the equilibrium angles.E is not a
linear function of H as well. In any case, howeve
«(150°),«(180°), Hcrit could be rather lower than that fo
a 180° case, and the magnetization transition due to dom
wall formation and unwinding could be observed.

The fact that the same values forMs , K1 , andK2 were
used to fit both the nanoparticle sample and the continu
film magnetization data indicates that the intrinsic~bulk!
properties of the deposited material have not been chan
for any of the iron growth modes, as compared to the b
values for Fe.

In summary, the morphology and the magnetic prop
ties of Fe thin films grown on deliberately modified Si~111!
substrates were studied. The structural analysis indicated
different iron growth modes; the first one resulted in ra
domly distributed iron grains, and the second one in win
shaped iron islands. These differently grown patterns are
rectly related to the preparation of the Si~111! substrate
surface, thus demonstrating that the proper choice of the
strate preparation conditions and the magnetic film thickn
can lead to the generation of sophisticated magnetic na
structures. A phenomenological model was used in orde

interpret the experimental magnetization data and to deriveject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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the anisotropy parameters of both types of Fe samples. It
shown that the magnetic response of the continuous film
determined by the uniaxial anisotropy induced by the s
strate topology~a terracelike structure!, and that of the nano
particle sample by both cubic~magnetocrystalline! and shape
~easy-plane! anisotropies.
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APPENDIX

In very thin films ~i.e., d@t, where d and t are the
domain-wall and film thicknesses, respectively!, due to the
very high demagnetization field, the magnetization rotat
occurs in the plane of the films. For rotation in the~111!
plane, theK1 term in Eq.~1! is isotropic, and the anisotropi
part of the free energy per unit volume becomes

E1115
1

108
K2~12cos 6u!1Ku sinu

2HMs cos~fH2u!,

whereu is the angle between the magnetization and a dir
tion normal to the wall and in the film plane. According
Néel,15 by takingu5Du(x/d) for 2d/2<x<d/2 ~whereDu
is the maximum spin direction variation in the wall!, the
domain-wall thickness may be found by minimizing the to
free surface energy«N , given by

«N /d5AS p

d D 2

1
1

d E2d/2

d/2

E111dx1
pt

d1t
Ms

2 ,
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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with respect tod for given A ~the exchange constant!, Ms ,
K2 , Ku , t, H, andfH . By substituting the value ofd thus
obtained, the corresponding Ne´el domain-wall energy can be
calculated.

Note that theE111 expression contains, besides the us
cubic and/or uniaxial anisotropy terms, the Zeeman te
i.e., the influence of the magnetic field, is taken into acco
as well.
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