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The growth and magnetic properties of thin Fe films deposited at room temperature on ultrathin iron silicide
seed layer epitaxially grown on Sis111d single crystal were investigated as a function of Fe thicknesss0
, tFe,300 monolayersd. The growth mode and structure have been determinedin situ by means of scanning
tunneling microscopy, low energy electron diffraction, and x-ray photoelectron diffraction. The magnetic
properties were characterizedex situ by conventional polar and longitudinal magneto-optical Kerr effect,
transverse biased initial inverse susceptibility and torquesTBIISTd measurements, and superconducting quan-
tum interference device magnetometry. Fe growth is of Volmer-Weber typesisland growthd and the epitaxial
film adopts the bcca-Fe structure. Onset of long-range ferromagnetic order occurs at 4.7 monolayerssML d, in
the vicinity of the percolation threshold of the Fe islands. The Curie temperature increases continuously with
Fe coverage, varying from 135 K for 4.7 ML to 260 K for 7.3 ML. Two different spin reorientation transitions
have been observed versus Fe coverage. First, the magnetic easy axis rotates from normal to the film plane, for
coverage below 6 ML, to in plane, for thickness above 7 ML. Then, in-plane magnetized films present tiny
sanisotropy fields less than 4 Oed uniaxial and sixfold magnetic anisotropies. From sixfold anisotropy the small
higher order cubic anisotropy constantK2 was measured precisely by TBIIST. It decreases monotonously with
increasing coverage and changes its sign at approximately 20 ML, which in turn results in a switching of the
sixfold anisotropy easy axis fromk1–10l to k1–21l directions. It appears that TIBIIST magnetometry is a
powerful method for a quantitative determination of the various contributions to in-plane magnetic anisotropies
in ultrathin films.
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I. INTRODUCTION

During the past two decades, a great number of studies
have been devoted to the growth and magnetic properties of
thin ferromagnetic transition metals on semiconductors.
Quite a few of them concerned the systems Fe/GaAssRefs.
1–9d and Fe/ZnSe.10–12 It has been shown that it is possible
in both systems to obtain epitaxial Fe layers with a strong
uniaxial in-plane magnetic anisotropy, and without interdif-
fusion at the Fe/semiconductor interface. The integration of
magnetic layers in Si-based devices has motivated recent
studies concerning Fe films grown directly on Si wafer.13–21

Unfortunately, a strong intermixing occurs at the Fe/Si inter-
face even at room temperature.14,17,18 The thickness, struc-
ture, and stoichiometry of the interface Fe-Si alloy depend
critically on the preparation conditionsssubstrate tempera-
ture, substrate orientation, deposition rate, iron thickness…d
and are not controlled. At any rate, Si diffusion in Fe can
result in the formation of undesirable so-called “magnetic
dead layers.” To avoid this strong and uncontrolled Fe/Si
chemical reaction, several approaches have been proposed.
Growth of epitaxial Fe layers without interdiffusion suc-
ceeded on Si substrate by inserting thin buffer layers such as
metallic Cu,22–24 semiconducting GaSe,25 or insulating

CaF2.
26,27The insertion of ultrathin deposit of Au, which acts

as a surfactant, reduces significantly the Fe/Si intermixing.28

The passivation of the Si surface with Sb is another method
proposed in the literature to suppress the uncontrolled sili-
cide formation at the Fe/Si interface.29 Alternatively, a well-
controlled epitaxial silicide seed layer can be intentionally
formed to limit Si migration from the substrate and promote
Fe epitaxy, as it has been previously demonstrated for the
Fe/FeSi2/Sis001d system.30

Recent results showed that high quality epitaxial iron sil-
icide with cs438d periodicity can be obtained by solid phase
epitaxy on Sis111d substrate.31,32 As the surface of this sili-
cide is homogeneous, atomically flat and thermally stable up
to 850–900 K, this ultrathin silicide could be an interesting
template for the integration of Fe films on Sis111d.

In the present article, we investigate first the growthsmor-
phology and structured at room temperaturesRTd of thin Fe
films deposited at normal incidence on thiscs438d iron sil-
icide seed layer. We focus then on the magnetic properties
sonset of ferromagnetism and magnetic anisotropyd of these
Fe films. In particular, we show that two spin reorientation
transitionssSRTd occur as a function of Fe thicknessstFed.
The first one corresponds to a rotation of the magnetic easy
direction from the film normalsfor tFe,6 monolayersd to-
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ward in the film planesfor tFe.7 monolayersd, as usually
observed in the case of thin FesRefs. 16, 22, and 33–37d and
Co sRefs. 38–40d layers. The second one is specific to the
s111d orientation of the Fe films and has never been observed
previously, to our knowledge. It is associated with a reorien-
tation of the sixfold in-plane cubic magnetic easy axis at
approximately 20 monolayers, as evidenced by highly sensi-
tive transverse biased initial inverse susceptibility and torque
sTBIISTd measurements.

II. EXPERIMENT

The substrate wasB-doped Sis111d wafer sr,0.2 V cmd.
After a short rinse in ethanol, the substrate was inserted into
the ultrahigh vacuumsUHVd chamber. The substrate was
degassed by direct heating up to 900 K for 10 h and flashed
afterwards at 1450 K to remove the native oxide layer. After
repeated flashes at 1450 K for increasing durationssup to
one minuted, the substrate was cooled rapidly to 1200 K and
then slowlysat a rate of 1 K/sd down to RT. A sharp 737
pattern was observed by low energy electron diffraction
sLEEDd. Scanning tunneling microscopysSTMd showed ter-
races larger than 100 nm and a defect-free 737 atomic
structure. The ultrathins,8 Åd iron silicide template was
formed by solid phase epitaxy: 1.7 monolayersML d Fe sone
monolayer is defined as the atomic density of a Sis111d
plane, i.e., 7.831014 atom/cm2d is deposited at RT and the
sample is postannealed for 20 min at,850 K. The template
covers homogeneously the Si substrate and is atomically flat,
as previously described in Ref. 31. The Fe films were grown
at normal incidence by keeping the substrate at RT. The
deposition rate determined by a water-cooled quartz crystal
microbalance was fixed to about 0.3 ML per minute. The
nominal Fe thicknessstFed is given with a precision better
than 10%. The sample preparation as well as the LEED,
STM, and x-ray photoelectron diffractionsXPDd measure-
ments were performed in three connected UHV chambers
with a base pressure below 1310−10 mbar. After completion
of the LEED, STM, and XPD analysis, the sample was cov-
ered at RT by a 50-Å-thick Ge layer and removed from UHV
for the magnetic characterization. XPD measurements were
carried out using a hemispherical analyzer operating at an
angular resolution of±1°. XPD scans were obtained by mea-
suring the intensity of the Fe 2p3/2 core level doubletskinetic
energy of 779 eVd excited with an AlKa x-ray sourceshn
=1486.6 eVd. The LEED patterns were collected at normal
incidence with a four-grid optics. STM measurements were
performed with a commercial RT-operating microscope
sSTM-AFM Omicrond. The STM tungsten tips were electro-
chemically etched and cleanedin situ by e-beam heating.
The STM images were collected in the constant-current
mode. The magnetic properties were investigatedex situby
means of two distinct magneto-optical Kerr effectsMOKEd
polarimeters and a superconducting quantum interference de-
vice sSQUIDd magnetometer. With the first MOKE magne-
tometer, magnetization loops were collected from 77 to 400
K both in polar and longitudinal geometries. In order to de-
termine accurately the different tiny contributions of the
magnetic in-plane anisotropy, we performed TBIIST mea-

surements with a RT-operating MOKE setup. The recently
developed TBIIST method is described in detail in Ref. 41.
For both MOKE magnetometers, the incidence angle of the
laser beamsl=633 nmd is about 45° with respect to the
sample normal.

III. FILM MORPHOLOGY AND STRUCTURE

The evolution of the surface morphology versus Fe thick-
ness is depicted in Fig. 1. The first imagefFig. 1sadg corre-
sponds to the atomically flat template layer. As shown in
detail in Refs. 31,32, its topmost atomic layer consists of a
ps232d Si adatomseach protrusion in the inset is a Si
adatomd network, whereas the periodicity in subsurface is
cs438d. Large cs438d domains—rotated with respect to
each other by 120°—are clearly visible on the STM image
and reflect in the LEED pattern of Fig. 3sad. After deposition
of 1 ML fFigs. 1sbd and 1scdg, four types of domainsslabeled
A, B, C, and Dd are present. A domains are covered by
atomic protrusions forming locally smallps232d networks.
These protrusions are Si adatoms from the initial template
layer. At this stage, a significant part of the original bare
template surface is left unchanged.B domains consist of de-
pressionssdarkest grey leveld whose lateral extension is typi-
cally below 1 nm2. These depressions are missing Si
adatoms. In contrast C and D domains present no atomic
resolution. C domainssbrightest gray leveld consist of ran-
domly distributed small clusters containing typically less
than 5 atoms. These clusters are most likely Fe islands. They
cover less than 20% of the sample surface for a nominal Fe
thickness of 1 ML. It indicates that substantial part of the
incident Fe atoms reacted with Si atoms from the two top-
most Si layers of the seed layer to form an Fe-Si alloy. This
intermixed phase forms D domainsssecond darkest gray
leveld. At a coverage of 2 MLfFig. 1sddg, ps232d Si adatom
networks are no more visible, i.e., the initial Si adatom layer
was entirely consumed to form Fe-Si alloy areas D domainsd.
The size and density of Fe clusters increase in comparison
with 1 ML coverage, but they are still well separated by D
domains. The islands have essentially the same thickness
that, unfortunately, could not be determined accurately from
STM since the basal plane and the islands have different
chemical composition. Nevertheless, if we neglect these
spectroscopic effects and assume that the Fe islands are Si
free, the volume of the islands can be estimated, by multi-
plying their height and area. We found that this volume in-
volves less than half the deposited Fe amount, the remainder
is in the reacted Fe-Si areassconfirming the substantial Fe-Si
reaction that leads to the formation of an iron silicide sea
around the Fe islandsd. The Fe islands start to coalesce
around 3.5 ML, forming meanders on the whole surfacefFig.
1sedg. Some sparse thicker islandssbrightest gray leveld start
to form. For coverage higher than 5 ML, all Fe islands are
connected and entirely cover the surfacefFigs. 1sfd–1sidg.
Consequently, the morphological percolation of the islands
occurs in the 4–5 ML thickness range. The island sizeslat-
eral extension and heightd continuously increases with the
thickness as shown in Fig. 2, where both rms roughness and
island mean diameter are reported versus Fe coverage. Actu-
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ally these parameters plotted versus film thickness show ba-
sically simple power laws as expected from general scaling
theory considerations on film growth.42 Such an island
growth modesVolmer-Weber growth moded was expected.
Indeed, the surface diffusion of Fe atoms at RT is such as the
Schwoebel barriers are effective and suppress the step-down
diffusion of impinging Fe atoms, leading to the formation of
islands.43 A more detailed analysis42 of the STM images for
thick Fe filmsstFe.300 MLd showed that the majority of the
Fe islands have a pyramidlike shape with approximately a
threefold symmetry and exposes110d and equivalent facets.

Fe epitaxy is evidenced by LEED experiments as shown
in Fig. 3. A LEED pattern is visible at any rate in the 0–300
ML Fe deposit range. At the first stage of the growthstFe

ø4 MLd, the spots are sharp and intensefFigs. 3sbd and

FIG. 1. A series of STM images showing the
evolution of the surface morphology of RT-
deposited Fes111d films as a function of Fe cov-
erages0–300 MLd. All the images are taken at a
positive sample bias of 2 V and a tunneling cur-
rent of 0.1 nA. Note that the surface area changes
from 45345 nm2 fsad,sbd,sdd–sgdg to 100
3100 nm2 fshd,sidg. The imagescd is an atomi-
cally resolved zoom collected for 1 ML coverage.

FIG. 2. Island mean diametersad and rms roughnesssbd versus
Fe coverage.

FIG. 3. LEED patterns at 34 eV versus Fe coverage. The LEED
intensities have been inverted black to white.
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3scdg. From 5 to 15 ML, their intensity decreases drastically
whereas their sharpness does not change. Additional large
and diffuse spots appear progressively, superimposed to the
sharp spots. For coverage above 20 ML, only the large and
faint diffraction spots are visiblefFigs. 3sgd and 3shdg. These
large spots become gradually narrower and more intense
upon increasing the thickness.

The evolution of the LEED pattern versus Fe coverage is
in line with the previous STM analysis. Indeed, the initial
sharp and intense spotsfFigs. 3sbd and 3scdg are relevant to
the large iron silicide areasdomains Dd. This silicide that
forms coherently on the initial seed layer adopts most likely
the cubic CsCl-FeSix s0,x,2d structure. The drop of the
sharp spots intensity between 4 and 6 ML results from the
morphological percolation of the Fe islands. These Fe islands
sign as the diffuse spots in the LEED pattern. At a coverage
above the morphological percolation thresholdtFe.5 ML,
the large diffuse spots arise from the 3D Fe islands that cover
the whole surface. The weak intensity and large width of
these spots clearly indicate that Fe islands are smaller than
the coherence length of our LEED equipmentsand roughd.
The continuous decrease of the spot width upon increasing
the thickness above 20 MLs results from the increase of the
mean island size. That is, the lateral extension of coherent
scattering area inside a given island increases progressively,
but remains smaller than the coherence length of the dif-
fracted low-energy electrons, which is estimated to about 10
nm. This is in agreement with the fact that the island mean
diameter gradually increases with the thickness, but remains
below 10 nmsfor the thickest filmd. Finally, the continuous
decrease of the sharp spots intensity for increasing coverage
between 6 and 15 ML results from the gradual attenuation of
the iron silicide signal by the growing Fe islandssthe inelas-
tic electron mean free path being less than 7 Å at 34 eVd.

The structure of the epitaxial Fe films and its orientations
with respect to the substrate were determined by means of
XPD. Figure 4 shows XPD polar scans measured for differ-
ent nominal Fe thickness. The scans were taken in the
Fes110d plane from thef111g surface normalsu=0°d toward
the f1-21gSi substrate direction su=90°d. XPD polar scans
calculated using double scattering codes44 for equivalent
thickness are also reported in Fig. 4. In these simulations,
Fe is assumed to crystallize in its bulk bcc structure with
Fes111d iSis111d and the cluster radius around the emitter
atom was set to 12 Å. The marked modulations of the
experimental scans indicate that the Fe film is well ordered,
in agreement with the previous LEED analysis. The simula-
tions reproduce fairly well the experimental spectra, what-
ever the film thickness.45 In particular, the small structure
around 15° is nicely visible on both the simulated and ex-
perimental curves only for coverage higher than 10 ML.
Moreover, the intense forward-focusing peaks are located at
the same polar anglessu=0°, 30°, and 55°d for both Fe film
and template. These results clearly show that Fe adopts
the bcc structure and the epitaxial relationships between
the Fe layer, the iron silicide template and the Si substrate
are the following: Fes111d ics438ds111d iSis111d and
Fef-12-1g ics438df-12-1g iSif1-21g. Note that similar struc-
tural orientations have been obtained previously using
ps232d iron silicide as seed layer.41

IV. MAGNETIC PROPERTIES

A. Out-of-plane toward in-plane spin reorientation transition

To investigate the presence of ferromagnetic order and the
magnetic anisotropy in the Fe films, we collected Kerr mag-
netization loops both in polar and longitudinal geometries46

between 77 and 300 K. For the thinnest layersstFe,5 MLd
SQUID measurements have also been performed from 10 to
300 K with the external magnetic field applied either in the
film plane, or perpendicularly to the film plane. In the whole
10–300 K temperature range, no ferromagnetic response
si.e., hysteresis loopd was detected for nominal thickness be-
low 4.5 ML. For coverage above 4.5 ML, all films are fer-
romagnetic at 77 K. Kerr hysteresis loops collected for 4.7,
5.7, 6.3, 7.3, and 11 ML films at various temperatures are
shown in Fig. 5. Both polar and longitudinal loops of the two
thinnest filmss4.7 ML and 5.7 MLd indicate that the mag-
netic easy direction is normal to the film planefFigs.
5sad–5sddg. Indeed, whereas the polar loop exhibits a nearly
square-shaped loop with full remanence, a strong field
s.1 kOed is necessary to rotate the magnetization toward the
film plane in the longitudinal geometry. Note that the full
remanence also observed in longitudinal geometry results
from a small misalignment of the external field with respect
to the film plane and from the fact that in vanishing external
magnetic field, the magnetization lies perpendicular to the
film surface, i.e., the Kerr signal corresponds to the out-of-
plane magnetization componentsmixing of polar and longi-

FIG. 4. Experimentalsad and simulatedsbd XPD polar scans of
the Fe2p core line in thes110d plane from thef111g surface normal
su=0°d toward thef1-21gSi substratedirectionsu=90°d as a function
of Fe coverage. The three major peaks atu=0°, 30°, and 55° cor-
respond to the internuclear axesf111g, f131g, and f010g, respec-
tively. Note that the small peak at aboutu=15° appears for both
simulated and experimental scans for coverage above 10 ML.
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tudinal Kerr effectsd. At coverage of 6.3 ML, the remnant
magnetization is less than 20% of the saturation magnetiza-
tion in both polar and longitudinal geometries. Moreover, a
rather small external magnetic fields,200 Oed is sufficient
to align the magnetization along the magnetic field direction
in both geometries. It indicates that in zero external field
either the magnetization is canted if we assume a single do-
main magnetization, or there is a statistical distribution of
in-plane and out-of-plane magnetized domains. For coverage
above 7 ML, Kerr loops are typical for in-plane magnetized
film fFigs. 5sgd–5sjdg. The hysteresis loop in longitudinal ge-
ometry is nearly square and the saturation is reached with a
small field, whereas the signal in polar geometry is typical
for a hard axis loop with no saturation up to the highest
available fields,3 kOed. Note that in Fig. 5sid the hysteresis
loop superimposed on the hard axis loop is due to the longi-
tudinal Kerr effectsin-plane magnetization componentd and
its presence results from both the large incident angle of the
laser beams,45°d and a small misalignment of the external
magnetic field with the sample normal.

To summarize, the different Kerr loops in Fig. 5 clearly
indicate a SRT from out-of-plane toward in-plane with in-
creasing thickness. Such a thickness-driven SRT has already
been observed in the case of thin Fe films.16,22,33–37As often
discussed in the literature, this SRT reflects the competition
between the perpendicular uniaxial surface anisotropy and
the shape anisotropy. For the thinnest layersstFe,6 MLd,
the uniaxial surface or interface anisotropy resulting from the
reduced symmetry in the surroundings of the surface atoms
is larger than the shape anisotropy and forces the magnetiza-
tion to lie perpendicular to the film plane. Since the shape
anisotropy energy due to the demagnetizing field is a volume
effect, it overcompensates the surface anisotropy energy
above a critical thicknesss,7 MC in the present cased, thus
turning the magnetization in the film plane. As the Fe layer is

under compressive strain in the film planefthe lattice mis-
match h=saa−Fe−atemplated /atemplate is about 5%g, a perpen-
dicular rhombohedral distortion that deviates the structure
from that of the bcc structure is present for the thin layers.
Such a distortion and relevant broken cubic symmetry could
also lead to a significant part of the perpendicular uniaxial
anisotropy via magnetoelastic effects. Note that this strain
and related effect on anisotropy is expected to decrease with
increasing Fe film thickness as confirmed by x-ray
diffraction.42 Finally, the XPD analysis showing that the lo-
cal symmetry around a given Fe versus Fe coverage remains
basically cubic, the SRT does not result from some drastic
structural modifications, like the martensitic fcc→bcc trans-
formation, as observed in the case of the Fe/Cus111d system
for instance.22

B. Onset of ferromagnetism

The Curie temperature of the Fe films was determined
from the thermal variations of the remnant Kerr signal. In
Fig. 6sad the remnant Kerr signal recorded in polar geometry
is plotted versus temperature for the 4.7-ML-thick film. The
signal vanishes at a critical temperatures,135 Kd that we
define as the Curie temperaturesTCd, as it is usually done in
the literature. We also reported in Fig. 6sad the remnant Kerr
signal collected in longitudinal geometry to show that this
critical temperature is not an out-of-plane toward in-plane
reorientation temperature. The phase transition from the fer-
romagnetic to the paramagnetic state was confirmed by the
thermal variations of the magnetic susceptibility measured
by SQUID with a small oscillating field. Indeed, the real part
of the ac susceptibility presents a maximum at the tempera-
ture that corresponds to the disappearance of the remnant
Kerr signalsfFig. 6sbdg. The variation ofTC versus nominal
Fe thickness is presented in Fig. 7.TC is considerably re-
duced in our very thin films compared to the bulk value of
a-Fe sTC=1143 Kd, andTC increases continuously with the

FIG. 5. Magnetization Kerr loops collected in polarsleft paneld
and longitudinalsright paneld geometries at various temperatures
for different Fe coverage: 4.7 ML–80 Ksad,sbd, 5.7 ML–170 K
scd,sdd, 6.3 ML–80 K sed,sfd, 7.3 ML–240 K sgd,shd, and 11 ML–
300 K sid,sjd.

FIG. 6. Remnant Kerr signalssad and real part of the magnetic
susceptibility sbd versus temperature, for 4.7-ML-thick Fe film.
Kerr signals were recorded in polarsopen circlesd and longitudinal
sfull circlesd geometries. The susceptibility was measured by
SQUID with a small ac fieldsamplitude: 3.5 Oe; frequency: 20 Hzd
applied along the film normal.
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thicknesssat a slope of about 60 K/MLd. Both features have
been observed previously in a lot of ferromagnetic thin
films.8,33,47–54They result from finite-size55,56 and spin-spin
interaction range57 effects. In the present case, Fe-Si and
Fe-Ge intermixing also contributes. For coverage above 8
ML, TC is higher than 300 K and, consequently, could not be
reached without irreversible change of the as-grown Fe film
morphology or structure. As mentioned before, the ferromag-
netic response disappears in the whole 10–300 K tempera-
ture range for coverage below 4.5 ML. Several reasons may
be invoked for the delayed onset of ferromagnetism com-
pared to the case of Fe layers deposited on metallic
substrates.33,51 First, here again there is no doubt that some
intermixing between Fe and SisFe and Ged occurs at the Fe
or templatesFe or capping layerd interface. Consequently, the
thinnest Fe layers contain probably a significant amount of Si
and Ge atoms. Previous studies showed that in thick FexSi
films the Curie temperature and the amplitude of the Fe mag-
netic moment decreases drastically withx.58 For instance, Fe
atom loses its magnetic moment at RT forx smaller than 1.35
due to electronic hybridization between 3d Fe and 2p Si
orbitals. In the present case, the absence of ferromagnetic
response for coverage below 4.5 ML should therefore corre-
spond to so-called “magnetic dead layers.” Another possibil-
ity, which is in line with the previous STM analysis and
seems therefore well appropriated to explain the delayed on-
set of ferromagnetic ordering, is a kind of magnetic percola-
tion phenomenon during the coalescence process of the Fe
islands, as suggested previously by Bensch8 in the case of
ultrathin Fe layers deposited on GaAss001d substrate. Indeed,
STM images showed that Fe islands start to coalesce at about
3.5 ML and the island percolation threshold is between 4 and
5 ML. At lower coverage, Fe nanoscale-sized islands are
disconnected and the film could behave as an assembly of
superparamagnetic clusters with a blocking temperature be-
low 10 K. It is also plausible that the dipolar interactions
between the disconnected Fe islands are not negligible and
lead to a superantiferromagnetic coupling between the is-
lands due to the perpendicular anisotropy, as observed for the
Fe/Ws110d system.59 At the morphological percolation
threshold the direct exchange coupling between connected

Fe clusters leads to magnetic percolation responsible of the
sudden long-range ferromagnetic ordering at about 4.7 ML.

C. Rotation of the in-plane cubic sixfold magnetic
easy axis

To analyze the thickness dependence of the in-plane mag-
netic anisotropy for RT in-plane magnetized Fe filmstFe

.8 MLd we used a recently developed method coined
TBIIST. Let us first summarize the principle of this method
described in more detail in Ref. 41. The TBIIST for trans-
versely biased initial inverse susceptibilitysx−1d and torque
sDHd measurements are carried out with a standard MOKE
geometry in a longitudinal configuration but under an in-
plane static bias fieldHper applied perpendicular to the lon-
gitudinal sweep fieldH. The data aroundML=0 sML is the
longitudinal component of the magnetizationd are collected
and the two quantitiesx−1 sinverse susceptibilityd and DH
ssweep field offset atML=0d are determined. It can be shown
that a Fourier analysis of the variations ofx−1sad andDHsad
versus the anglea betweenHperp and a reference direction in
the film planesf1-21gFe in the present cased gives by two
independent ways the symmetry, magnitude, and direction of
the in-plane magnetic anisotropy contributions.41 Both
x−1sad andDHsad variations give within experimental error
identical results. As an example the variations ofx−1 andDH
versusa for 50 ML Fe are reported in Fig. 8. Each curve
presents two contributions reflecting a cubic six-fold symme-
try and a twofold symmetry. It indicates that the in-plane
magnetic anisotropy is the superposition of a cubic sixfold
and an uniaxial contribution. To discuss the magnitude and
the easy axis direction of each anisotropy component we
have to define first the anisotropy energy of the film. The
structural analysis showed that the Fe film adopts the bcc
structure and the film plane corresponds to thes111d plane.
The first two terms of the magnetocrystalline energy density
in this s111d plane can be written as19

Emc
s111d =

K1

4
+

K2

108
s1 + cos 6ad, s1d

wherea is the angle between the magnetization andk1-21l

FIG. 7. Variations of the Curie temperature as a function of Fe
coverage. For coverage below 4.7 MLsi.e., 3.3 ML, 3.7 ML, and
4.3 MLd no ferromagnetic response could be detected in the whole
10–400 K temperature rangessee textd.

FIG. 8. Torque amplitudeDH sfull squaresd and inverse suscep-
tibility x−1 sopen circlesd versus in-plane anglea for 47-ML-thick
Fe film. The transverse bias fieldHper is 20 Oe. Fourier analysis
gives the following twofold and sixfold anisotropy fields:KU /MS

=1.8 Oe andK2/MS=0.27 Oe.
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direction, andK1 and K2 are the first two cubic anisotropy
constants. The expressions1d indicates that the cubic magne-
tocrystalline anisotropy exhibits a sixfold symmetry in the
s111d plane and the sixfold anisotropy amplitude is only a
result of the higher order by theK2 term. To describe the
additional uniaxial magnetic anisotropy present in our films
we may define the total anisotropy energy density by the
following expression:

Ea =
K1

4
+

K2

108
s1 + cos 6ad + Ku sin2sa − aud, s2d

whereKu is the uniaxial magnetic anisotropy constant, and
au is the angle between the uniaxial magnetic easy axis and
the k1-21l crystallographic direction.

A Fourier analysis of the torque variationsDHsad yields
K2, au, andKu for all RT in-plane magnetized Fe filmsstFe

.8 MLd. Actually due to the presence of fourth-order aniso-
tropy K1 and finite values of in-plane applied fields, the mag-
netization does not stay exactly in film plane but makes a
small angle with it, typically about 0.1°, depending ona.
This modifies slightly the measured torque and an effective
K2

eff is obtained instead ofK2 that must be corrected accord-
ing to the relation60

K2
eff = K2 −

3K1
2

2pMS
2 . s3d

The correction is found to be negligible except above 60 ML
coverage.K1 is obtained approximately from ratio of polar
and longitudinal contributions to the Kerr signal. It depends
on film thickness in a way fairly similar to the one observed
and extensively discussed previously in the case of iron films
on Sis001d.61

The variations ofK2 versus coverage are presented in Fig.
9. Ku andau values for various Fe coverage are reported in
Table I. Before discussing the different thickness-dependence
of K2,uu, andKu, it is worthwhile to underline the extreme
sensitivity of the TBIIST method. This technique is able to
separate and determine very accurately different tiny contri-

butions of the in-plane magnetic anisotropy for very thin
layers. For instance, anisotropy fields as low as 0.1 Oe can be
readily detected.

We observe first that, except for the thinnest layers10
ML d, K2 decreases monotonously with increasing thickness,
and changes its sign at approximately 20 ML. The sign ofK2
indicates the magnetic easy direction: a positivesnegatived
value corresponds to the equivalentk1-10l sk1-21ld crystallo-
graphic directions. The change of sign versus thickness thus
indicates that the sixfold magnetic easy axis rotates from the
in-plane k1-10l directions toward thek1-21l axes. Different
reasons could explain the monotonous variations ofK2 with
coverage. First, it is common practice in thin film studies to
decompose the effectiveith-order magnetic anisotropy con-
stantKi as follows:

Ki = Ki
v +

2Ki
s

tFe
, s4d

where Ki
v and Ki

s are the so-called volume and surface or
interface terms, respectively. The phenomenological expres-
sion s4d has been verified for second- and fourth-order aniso-
tropy constants in the case of several thin epitaxial ferromag-
netic films.39,40,47,62,63 In the present case,K2 apparently
follows the relation s4d on a large thickness ranges30
→300 MLd as it is clearly illustrated by the dotted line in the
inset of Fig. 9. Nevertheless, the values of the three thinnest
layers clearly deviate from the linear variation. AsTC is
much higher than RT for the 15–20 ML coverage range, we
can exclude that this significant deviation results from ther-
mal effectsstoo large reduced temperatureT/TCd. On the
other hand, it is very likely that the very smallK2 value for
the 10-ML-thick film is related to the fact that its Curie tem-
perature is just above RT, as suggested by theTCstFed varia-
tions reported in Fig. 7. Hence this value will not be included
in the present discussion since theKi are expected to depend
strongly on the reduced temperature. Nevertheless it appears
clear that the thickness dependence ofK2 and the critical
thicknesstc around 20 ML cannot be accounted for by a pure
surface or interface effect, as described by relations4d. Sec-
ondly, the monotonous decrease of the amplitude ofK2 with
the reduction of the thickness could be tentatively explained
by intermixing between Fe and Si. Indeed, it is well known
that Si impurities in Fe reduce significantly the magnetic
anisotropy in comparison with pure Fe. For instance, 10% Si
in thick Fe layer divides the fourth-order anisotropy constant
K1 by a factor two.64 Consequently, the continuous increase
of the amplitude ofK2 with tFe could be related to a continu-
ous decrease of the mean Si concentration in the Fe layer.
Nevertheless, theK2 amplitude fortFe=40 ML is about half

TABLE I. Uniaxial anisotropy field and orientationau of the
in-plane uniaxial magnetic anisotropy easy axis with respect to the
f1-21gFe crystallographic direction, for different Fe coverage.

tFe sML d 11 15 20 30 47 90 120 300

Ku/Ms sOed 1.4 1.4 1.5 1.4 1.8 2.8 1.1 4.0

au sdegd 5 8 25 40 35 38 20 5

FIG. 9. Thickness dependence of the sixfold magnetic aniso-
tropy fields. Inset: sixfold anisotropy field versus reciprocal film
thickness.
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than the value for 300 ML coverage. It would suggest that at
least 10% Si is in the 40-ML-thick film, which corresponds
to a nominal Si thickness larger than 4 ML. As the homoge-
neous iron silicide template prevents the diffusion of Si from
the substrate toward the Fe film, only the two topmost Si
atomic planesswhich represent a nominal thickness of 1.25
ML d from the seed layer may react with the Fe film. More-
over, the sign of the magnetic anisotropy constant does not
change with the Si concentration in thick Fe-Si film.64 We
must thus conclude that this second explanation plays only a
minor role. A third possible effect of Fe thickness change on
K2 is similar to the one we proposed in the case of thin Fe
films deposited on Sis001d.61 It was observed that the fourth-
order anisotropy constantK2 increases continuously from 10
to 80 ML and changes sign around 18 ML. We showed that
the evolution of this anisotropy versus thickness results
mainly from a monotonous decrease of the in-plane com-
pressive biaxial strain in the film with increasing thickness
via magnetoelastic effects. Preliminary x-ray diffraction ex-
periments indeed indicate a strong thickness dependence of
the in-plane strain in the present Fe films, too.

Let us finally consider the uniaxial component of the in-
plane magnetic anisotropy. It appears that the uniaxial aniso-
tropy field is actually a very small effectsless than 4 Oed.
The azimuthal orientation of the uniaxial magnetic easy axis
relative to thef1-21gFe direction fluctuates randomly between
5° and 40° versus Fe thickness. Thus, it seems not related to
any peculiar crystallographic axis. Moreover, distinct
samples with the same nominal thickness and prepared under
identical conditions present different uniaxial directions.65

This tiny uniaxial anisotropy does not result from symmetry
breaking due to the deposition geometry, the incident Fe
atomic flux impinging the surface at normal incidence. In-
deed, in case of off-normal Fe deposition66,67 the surface
topography consists of long-range iron stripes leading to
large uniaxial anisotropiessmuch stronger than the present
oned with magnetic easy axis parallel to the stripes. The ori-
gin of the tiny uniaxial anisotropy in our films is not yet clear

but may be due to a small vicinalitys,0.1°d of the nominal
s111d surface.

V. SUMMARY

Thin bcca-Fe films have been epitaxially grown by mo-
lecular beam epitaxy on Sis111d single crystal using an ultra-
thin high quality iron silicide as seed layer. STM analysis
showed that the growth mode is of Volmer-Webersislandd
type leading to a rather rough surface. Conventional MOKE,
TIBIIST, and SQUID magnetometers have been used to in-
vestigate magnetic properties versus Fe thickness. The onset
of ferromagnetism occurs in the vicinity of the Fe islands
percolation threshold, i.e., fortFe,4.5 ML. The Curie tem-
perature increases continuously with Fe coverage, varying
from 135 K for tFe=4.7 ML to 260 K for tFe=7.3 ML. A
switching of the magnetic easy axis from out-of-plane to-
ward in-plane is observed attFe,7 ML. For coverage above
8 ML, the films are very soft in-plane as expected and the
magnetic anisotropy is the superposition of a small but well
reproducible thickness dependent cubic sixth-order contribu-
tion and a tiny uniaxial component with random character.
Specifically the uniaxial anisotropysanisotropy field ampli-
tude usually much less than 4 Oed seems to be thickness-
independent and not related to any crystallographic sample
direction whereas the sixth-order cubic anisotropy easy axis
rotates fromk1-10l to k1-21l directions at a coverage of
about 20 ML. At this thickness an extremely soft film can
therefore be prepared. Finally, the present study shows that
TIBIIST is a highly sensitive method to investigate quantita-
tively even extremely fine details of in-plane magnetic aniso-
tropy in ultrathin films.
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