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Growth and magnetic anisotropy of Fe films deposited on Si(111) using an ultrathin
iron silicide template
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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 &iL1) single crystal were investigated as a function of Fe thickr(@ss
<1pe<300 monolayens The growth mode and structure have been determimeitu by means of scanning
tunneling microscopy, low energy electron diffraction, and x-ray photoelectron diffraction. The magnetic
properties were characterizezk situ by conventional polar and longitudinal magneto-optical Kerr effect,
transverse biased initial inverse susceptibility and torfG®1ST) measurements, and superconducting quan-
tum interference device magnetometry. Fe growth is of Volmer-Weber (igfzad growth and the epitaxial
film adopts the bce-Fe structure. Onset of long-range ferromagnetic order occurs at 4.7 mondlsiyersn
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
(anisotropy fields less than 4 Deniaxial and sixfold magnetic anisotropies. From sixfold anisotropy the small
higher order cubic anisotropy constait 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 frofil—10 to (1-21) 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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l. INTRODUCTION CaF,.262"The insertion of ultrathin deposit of Au, which acts
as a surfactant, reduces significantly the Fe/Si intermiXing.
During the past two decades, a great number of studieshe passivation of the Si surface with Sb is another method
have been devoted to the growth and magnetic properties gfroposed in the literature to suppress the uncontrolled sili-
thin ferromagnetic transition metals on semiconductorscide formation at the Fe/Si interfaéAlternatively, a well-
Quite a few of them concerned the systems Fe/GdRefs. ~ controlled epitaxial silicide seed layer can be intentionally
1-9 and Fe/ZnS&%12|t has been shown that it is possible formed to limit Si migration from the substrate and promote
in both systems to obtain epitaxial Fe layers with a strong™€ epitaxy, as it has been previously demonstrated for the
uniaxial in-plane magnetic anisotropy, and without interdif- Fe/FeSi/Si(001) systen
fusion at the Fe/semiconductor interface. The integration of Recent results showed that high quality epitaxial iron sil-
magnetic layers in Si-based devices has motivated receiftide with c(4 X 8) periodicity can be obtained by solid phase
studies concerning Fe films grown directly on Si wafe?!  epitaxy on Si111) substraté!32As the surface of this sili-
Unfortunately, a strong intermixing occurs at the Fe/Si intercide is homogeneous, atomically flat and thermally stable up
face even at room temperatufe:” 18 The thickness, struc- to 850-900 K, this ultrathin silicide could be an interesting
ture, and stoichiometry of the interface Fe-Si alloy dependemplate for the integration of Fe films on(811).
critically on the preparation conditionsubstrate tempera- In the present article, we investigate first the groyvtior-
ture, substrate orientation, deposition rate, iron thickngss phology and structujeat room temperaturéRT) of thin Fe
and are not controlled. At any rate, Si diffusion in Fe canfilms deposited at normal incidence on tiig x 8) iron sil-
result in the formation of undesirable so-called “magneticicide seed layer. We focus then on the magnetic properties
dead layers.” To avoid this strong and uncontrolled Fe/Sionset of ferromagnetism and magnetic anisotjagfythese
chemical reaction, several approaches have been proposdee films. In particular, we show that two spin reorientation
Growth of epitaxial Fe layers without interdiffusion suc- transitions(SRT) occur as a function of Fe thicknegt,).
ceeded on Si substrate by inserting thin buffer layers such a@bhe first one corresponds to a rotation of the magnetic easy
metallic Cu??7?* semiconducting GaS®, or insulating direction from the film normalfor tr,<6 monolayers to-
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ward in the film plane(for t-.>7 monolayers as usually surements with a RT-operating MOKE setup. The recently
observed in the case of thin HRefs. 16, 22, and 33—3and  developed TBIIST method is described in detail in Ref. 41.
Co (Refs. 38—-4D layers. The second one is specific to theFor both MOKE magnetometers, the incidence angle of the
(112) orientation of the Fe films and has never been observethser beam(A\=633 nn) is about 45° with respect to the
previously, to our knowledge. It is associated with a reoriensample normal.

tation of the sixfold in-plane cubic magnetic easy axis at
approximately 20 monolayers, as evidenced by highly sensi-

. ;i _T L Il. FILM MORPHOLOGY AND STRUCTURE
tive transverse biased initial inverse susceptibility and torque

(TBIIST) measurements. The evolution of the surface morphology versus Fe thick-
ness is depicted in Fig. 1. The first imaféig. 1(a)] corre-
Il. EXPERIMENT sponds to the atomically flat template layer. As shown in

detail in Refs. 31,32, its topmost atomic layer consists of a

The substrate waB-doped Si111) wafer(p~0.2 {2 cm). p(2x2) Si adatom(each protrusion in the inset is a Si
After a short rinse in ethanol, the substrate was inserted intadatom network, whereas the periodicity in subsurface is
the ultrahigh vacuumUHV) chamber. The substrate was c(4x 8). Large c(4% 8) domains—rotated with respect to
degassed by direct heating up to 900 K for 10 h and flashedach other by 120°—are clearly visible on the STM image
afterwards at 1450 K to remove the native oxide layer. Afterand reflect in the LEED pattern of Fig(é8. After deposition
repeated flashes at 1450 K for increasing duratiansto  of 1 ML [Figs. 1b) and Xc)], four types of domainflabeled
one minutg, the substrate was cooled rapidly to 1200 K andA, B, C, and D are present. A domains are covered by
then slowly(at a rate of 1 K/sdown to RT. Asharp X7  atomic protrusions forming locally smat(2x 2) networks.
pattern was observed by low energy electron diffractionThese protrusions are Si adatoms from the initial template
(LEED). Scanning tunneling microscog$TM) showed ter-  |ayer. At this stage, a significant part of the original bare
races larger than 100 nm and a defect-free 77 atomic  template surface is left unchang&idomains consist of de-
structure. The ultrathi(~8 A) iron silicide template was pressiongdarkest grey leveélwhose lateral extension is typi-
formed by solid phase epitaxy: 1.7 monolay®tL) Fe (one  cally below 1 nm. These depressions are missing Si
monolayer is defined as the atomic density of &1Bl)  adatoms. In contrast C and D domains present no atomic
plane, i.e., 7.& 10" atom/cn) is deposited at RT and the resolution. C domaingbrightest gray levelconsist of ran-
sample is postannealed for 20 min-a850 K. The template domly distributed small clusters containing typically less
covers homogeneously the Si substrate and is atomically flathan 5 atoms. These clusters are most likely Fe islands. They
as previously described in Ref. 31. The Fe films were growrtover less than 20% of the sample surface for a nominal Fe
at normal incidence by keeping the substrate at RT. Thehickness of 1 ML. It indicates that substantial part of the
deposition rate determined by a water-cooled quartz crystahcident Fe atoms reacted with Si atoms from the two top-
microbalance was fixed to about 0.3 ML per minute. Themost Si layers of the seed layer to form an Fe-Si alloy. This
nominal Fe thicknesstry) is given with a precision better intermixed phase forms D domair(second darkest gray
than 10%. The sample preparation as well as the LEEDIevel). At a coverage of 2 MI[Fig. 1(d)], p(2x 2) Si adatom
STM, and x-ray photoelectron diffractioflKPD) measure- networks are no more visible, i.e., the initial Si adatom layer
ments were performed in three connected UHV chambergas entirely consumed to form Fe-Si alloy areas D domains
with a base pressure belowx110-*° mbar. After completion  The size and density of Fe clusters increase in comparison
of the LEED, STM, and XPD analysis, the sample was covwith 1 ML coverage, but they are still well separated by D
ered at RT by a 50-A-thick Ge layer and removed from UHV domains. The islands have essentially the same thickness
for the magnetic characterization. XPD measurements werghat, unfortunately, could not be determined accurately from
carried out using a hemispherical analyzer operating at aBTM since the basal plane and the islands have different
angular resolution of1°. XPD scans were obtained by mea- chemical composition. Nevertheless, if we neglect these
suring the intensity of the Fepg, core level doubletkinetic  spectroscopic effects and assume that the Fe islands are Si
energy of 779 eY excited with an AIK, x-ray source(hv  free, the volume of the islands can be estimated, by multi-
=1486.6 eV. The LEED patterns were collected at normal plying their height and area. We found that this volume in-
incidence with a four-grid optics. STM measurements werevolves less than half the deposited Fe amount, the remainder
performed with a commercial RT-operating microscopeis in the reacted Fe-Si are@nfirming the substantial Fe-Si
(STM-AFM Omicron. The STM tungsten tips were electro- reaction that leads to the formation of an iron silicide sea
chemically etched and cleaneéd situ by e-beam heating. around the Fe islanilsThe Fe islands start to coalesce
The STM images were collected in the constant-currenaround 3.5 ML, forming meanders on the whole surfid€g.
mode. The magnetic properties were investigardituby  1(e)]. Some sparse thicker islan@srightest gray levelstart
means of two distinct magneto-optical Kerr effésf OKE)  to form. For coverage higher than 5 ML, all Fe islands are
polarimeters and a superconducting quantum interference deennected and entirely cover the surfdéggs. 1f)—1(i)].
vice (SQUID) magnetometer. With the first MOKE magne- Consequently, the morphological percolation of the islands
tometer, magnetization loops were collected from 77 to 40®ccurs in the 4-5 ML thickness range. The island glae
K both in polar and longitudinal geometries. In order to de-eral extension and heightontinuously increases with the
termine accurately the different tiny contributions of thethickness as shown in Fig. 2, where both rms roughness and
magnetic in-plane anisotropy, we performed TBIIST mea-island mean diameter are reported versus Fe coverage. Actu-
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FIG. 1. A series of STM images showing the
evolution of the surface morphology of RT-
deposited F@.11) films as a function of Fe cov-
erage(0-300 MD). 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 45x45nn?  [(a),(b),(d)<(g)] to 100
X100 nn? [(h),(i)]. The image(c) is an atomi-
cally resolved zoom collected for 1 ML coverage.

ally these parameters plotted versus film thickness show ba- 2ML

sically simple power laws as expected from general scaling
theory considerations on film growtA. Such an island
growth mode(Volmer-Weber growth modewas 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 - . . B
islands?® A more detailed analyst$ of the STM images for 4ML 6 ML d
thick Fe films(tg.> 300 ML) showed that the majority of the
Fe islands have a pyramidlike shape with approximately a
threefold symmetry and expo$&l10 and equivalent facets. « a

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 grovith, . . . _
<4 ML), the spots are sharp and intengégs. 3b) and ST 15 ML
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FIG. 2. Island mean diametéa) and rms roughnes$) versus FIG. 3. LEED patterns at 34 eV versus Fe coverage. The LEED
Fe coverage. intensities have been inverted black to white.
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3(c)]. From 5 to 15 ML, their intensity decreases drastically 20| s [010]
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 visiblgFigs. 3g) and 3h)]. 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 spdiSigs. 3b) and 3c)] are relevant to
the large iron silicide areédomains D. This silicide that
forms coherently on the initial seed layer adopts most likely
the cubic CsCl-FeSi(0<x<2) 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 threshtig>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 equipméahd rough.

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, g 4. Experimentala) and simulatedb) XPD polar scans of
but remains smaller than the coherence length of the diffhe Fg, core line in the(110) plane from thg111] surface normal
fracted low-energy electrons, which is estimated to about 1Qg=0°) toward the[1-21]s; sypsraredirection(6=90°) as a function

nm. This is in agreement with the fact that the island meamf Fe coverage. The three major peakg9a0®, 30°, and 55° cor-
diameter gradually increases with the thickness, but remaingspond to the internuclear axgkll], [131], and [010], respec-
below 10 nm(for the thickest film. Finally, the continuous tively. Note that the small peak at abo@it15° appears for both
decrease of the sharp spots intensity for increasing coveragémulated and experimental scans for coverage above 10 ML.
between 6 and 15 ML results from the gradual attenuation of
the iron silicide signal by the growing Fe islandke inelas- IV. MAGNETIC PROPERTIES
tic electron mean free path being lessrttaA at 34 eV. ) ) _ ) .

The structure of the epitaxial Fe films and its orientations A- Out-of-plane toward in-plane spin reorientation transition
with respect to the substrate were determined by means of To investigate the presence of ferromagnetic order and the
XPD. Figure 4 shows XPD polar scans measured for differmagnetic anisotropy in the Fe films, we collected Kerr mag-
ent nominal Fe thickness. The scans were taken in th@etization loops both in polar and longitudinal geomeffies
Fe(110 plane from the 111] surface norma(#=0°) toward  petween 77 and 300 K. For the thinnest lay&gs<5 ML)
the [1-21]g; supstrate direction (§=90°). XPD polar scans SQUID measurements have also been performed from 10 to
calculated using double scattering catfefor equivalent 300 K with the external magnetic field applied either in the
thickness are also reported in Fig. 4. In these simulationsfjlm plane, or perpendicularly to the film plane. In the whole
Fe is assumed to crystallize in its bulk bcc structure with10-300 K temperature range, no ferromagnetic response
Fe(111)11Si(111) and the cluster radius around the emitter (j.e., hysteresis loopvas detected for nominal thickness be-
atom was set to 12 A. The marked modulations of thelow 4.5 ML. For coverage above 4.5 ML, all films are fer-
experimental scans indicate that the Fe film is well orderedromagnetic at 77 K. Kerr hysteresis loops collected for 4.7,
in agreement with the previous LEED analysis. The simula5.7, 6.3, 7.3, and 11 ML films at various temperatures are
tions reproduce fairly well the experimental spectra, whatshown in Fig. 5. Both polar and longitudinal loops of the two
ever the film thicknes® In particular, the small structure thinnest films(4.7 ML and 5.7 ML) indicate that the mag-
around 15° is nicely visible on both the simulated and ex-netic easy direction is normal to the film plaj&igs.
perimental curves only for coverage higher than 10 ML.5(a)-5(d)]. Indeed, whereas the polar loop exhibits a nearly
Moreover, the intense forward-focusing peaks are located afquare-shaped loop with full remanence, a strong field
the same polar angld®=0°, 30°, and 55°for both Fe film  (>1 kOe is necessary to rotate the magnetization toward the
and template. These results clearly show that Fe adopfim plane in the longitudinal geometry. Note that the full
the bcc structure and the epitaxial relationships betweepremanence also observed in longitudinal geometry results
the Fe layer, the iron silicide template and the Si substratérom a small misalignment of the external field with respect
are the following: F&L11)Ic(4X8)(11D1Si(111) and to the film plane and from the fact that in vanishing external
Fe-12-1]lic(4 x 8)[-12-1]lISi[1-21]. Note that similar struc- magnetic field, the magnetization lies perpendicular to the
tural orientations have been obtained previously usindilm surface, i.e., the Kerr signal corresponds to the out-of-
p(2x 2) iron silicide as seed layét. plane magnetization componemixing of polar and longi-

Fe 2p,,, INTENSITY

POLAR ANGLE 6 (deg)
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MAGNETIC FIELD (Q¢) MAGNETIC FIELD (O¢) susceptibility (b) versus temperature, for 4.7-ML-thick Fe film.

Kerr signals were recorded in poléspen circleg and longitudinal
FIG. 5. Magnetization Kerr loops collected in poléft pane) (full circles) geometries. The susceptibility was measured by
and longitudinal(right pane] geometries at various temperatures SQUID with a small ac fieldamplitude: 3.5 Oe; frequency: 20 Hz
for different Fe coverage: 4.7 ML-80 Ka),(b), 5.7 ML-170 K applied along the film normal.
(c),(d), 6.3 ML-80 K (e),(f), 7.3 ML-240 K(g),(h), and 11 ML—

300 K (i),(j)- under compressive strain in the film plaftee lattice mis-

i match 7]:(aoz—Fe_atempIatsg/a{emplate is about 5%1 a perpen-
tudinal _Ker_r effect}s At covera(l)ge of 6.3 ML, t_he remnant  gicylar rhombohedral distortion that deviates the structure
magnetization is less than 20% of the saturation magnetiza: , that of the bee structure is present for the thin layers.

tlotr;l n both”polflr anld longmtj.d'?.al izzrg%ne;. M?ffe.o"‘;‘“ such a distortion and relevant broken cubic symmetry could
rather small external magnetic iel e,'s sutlicient 3150 lead to a significant part of the perpendicular uniaxial
to align the magnetization along the magnetic field direction, nisotropy via magnetoelastic effects. Note that this strain

in both geometries. It indicates that in zero external fieldy,q rejated effect on anisotropy is expected to decrease with
either the magnetization is canted if we assume a single d(?hcreasing Fe film thickness as confirmed by x-ray

main magnetization, or there is a statistical distribution ofjittraction 42 Finally, the XPD analysis showing that the lo-

int;plane and out-m;—plane magngtizled domains. For coverage,| symmetry around a given Fe versus Fe coverage remains
?I ove 7 ML, Kerr OOF;IS ak\]re typica :‘or ml—pllane.magn?uzedbasica”y cubic, the SRT does not result from some drastic
iim [Figs. 9g)-5())]. The hysteresis loop in longitudinal ge- q,ctyral modifications, like the martensitic fedcc trans-

ometry is nearly square and the saturation is reached with fdrmation, as observed in the case of the Fe(cLd) system
small field, whereas the signal in polar geometry is typicalror instan;:ezz

for a hard axis loop with no saturation up to the highest
available field(~3 kOe. Note that in Fig. &) the hysteresis
loop superimposed on the hard axis loop is due to the longi-
tudinal Kerr effect(in-plane magnetization compongrand The Curie temperature of the Fe films was determined
its presence results from both the large incident angle of th&om the thermal variations of the remnant Kerr signal. In
laser bean{~45°) and a small misalignment of the external Fig. 6(@ the remnant Kerr signal recorded in polar geometry
magnetic field with the sample normal. is plotted versus temperature for the 4.7-ML-thick film. The
To summarize, the different Kerr loops in Fig. 5 clearly signal vanishes at a critical temperatyre135 K) that we
indicate a SRT from out-of-plane toward in-plane with in- define as the Curie temperatui.), as it is usually done in
creasing thickness. Such a thickness-driven SRT has alreadlye literature. We also reported in Figabthe remnant Kerr
been observed in the case of thin Fe filthd233-37As often  signal collected in longitudinal geometry to show that this
discussed in the literature, this SRT reflects the competitiowritical temperature is not an out-of-plane toward in-plane
between the perpendicular uniaxial surface anisotropy anckorientation temperature. The phase transition from the fer-
the shape anisotropy. For the thinnest laydpg<<6 ML), romagnetic to the paramagnetic state was confirmed by the
the uniaxial surface or interface anisotropy resulting from thghermal variations of the magnetic susceptibility measured
reduced symmetry in the surroundings of the surface atomBy SQUID with a small oscillating field. Indeed, the real part
is larger than the shape anisotropy and forces the magnetizaf the ac susceptibility presents a maximum at the tempera-
tion to lie perpendicular to the film plane. Since the shapdure that corresponds to the disappearance of the remnant
anisotropy energy due to the demagnetizing field is a volum&err signals[Fig. 6(b)]. The variation ofT versus nominal
effect, it overcompensates the surface anisotropy energdye thickness is presented in Fig. T is considerably re-
above a critical thicknesg~7 MC in the present cagethus  duced in our very thin films compared to the bulk value of
turning the magnetization in the film plane. As the Fe layer isa-Fe (Tc=1143 K), and T¢ increases continuously with the

B. Onset of ferromagnetism
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FIG. 7. Variations of the Curie temperature as a function of Fe . .'.:IG' E_gi Torque _amplltudaH (_fuII squares and inverse suscep-
coverage. For coverage below 4.7 Mie., 3.3 ML, 3.7 ML, and tibility x™* (open circleg versus in-plane angle for 47-ML-thick
’ f ) oo T T Fe film. The transverse bias field,., is 20 Oe. Fourier analysis
4.3 ML) no ferromagnetic response could be detected in the whole. . P . ) )
10-400 K temperature randsee text gives the following twofold and sixfold anisotropy fieldsy,/Mg
=1.8 Oe anK,/Mg=0.27 Oe.

thicknesgat a slope of about 60 K/ML Both features have Fe clusters leads to magnetic percolation responsible of the
been observed previously in a lot of ferromagnetic thinsudden long-range ferromagnetic ordering at about 4.7 ML.
films 8:3347-54They result from finite-siZ&°% and spin-spin

interaction rang¥ effects. In the present case, Fe-Si and C. Rotation of the in-plane cubic sixfold magnetic

Fe-Ge intermixing also contributes. For coverage above 8 easy axis

ML, Tcis higher than 300 K and, consequently, could not be  1q gnalyze the thickness dependence of the in-plane mag-
reached without irreversible change of the as-grown Fe filngtic anisotropy for RT in-plane magnetized Fe filfta,
mo_rphology or str_ucture. As _mentioned before, the ferromags, g ML) we used a recently developed method coined
netic response disappears in the whole 10-300 K tempergg st | et us first summarize the principle of this method
ture range for coverage below 4.5 ML.. Several reasons Mayescribed in more detail in Ref. 41. The TBIIST for trans-
be invoked for the delayed onset of ferromagnetism COMyersely biased initial inverse susceptibility ™)) and torque

e s s aga e ottt syl AH) meastrements are caried out wilha sandard MOKE
intermixing between Fe and SFe and Ggoccurs at the Fe geometry in a longitudinal configuration but under an in-

) . plane static bias fieltH,., applied perpendicular to the lon-
or templatgFe or capping layerinterface. Consequently, the gitudinal sweep field. The data around, =0 (M, is the

thinnest Fe layers Cof“a‘” probably a significant'amolunt_ of S1ongitudinal component of the magnetizaticare collected

and Ge atoms. Previous studies showed that in thiglSiFe and the two quantitie® (inverse susceptibilityand AH

films the Curie temperature anq the amF%”tUde. of the Fe mag('sweep field offset a¥l, =0) are determined. It can be shown

gfcflr; mgg;ei?; ?neacrﬁﬁgsmdﬁséﬁag{p?m?;|'Qrstﬁgrcle1' gg that a Fourier analysis of the variationspf (@) andAH(«)

due to electronicghybridization betweerd Fe and P 'Si versus the angle betweerH,.,and a reference direction in

orbitals. In the present case, the absence of ferromagnetﬂ:]e film plane([1-21], in the present _cag;egwes b)_/ tW(.)
independent ways the symmetry, magnitude, and direction of

response for coverage below 4.5 ML should therefore corre

spond to so-called “magnetic dead layers.” Another possibil-the in-plane magnetic anisotropy contributidhsBoth

ity, which is in line with the previous STM analysis and _X_l(a_) and AH(a) variations give within_egperirpental error
seems therefore well appropriated to explain the delayed offdentical results. As an example the variationsyof andAH

set of ferromagnetic ordering, is a kind of magnetic percolaVersusa for 50 ML Fe are reported in Fig. 8. Each curve
tion phenomenon during the coalescence process of the gesents two contributions reflec'glng a cubic S|x-fold'symme-
islands, as suggested previously by Befischthe case of try and a twofold symmetry. It indicates that the in-plane

ultrathin Fe layers deposited on G4881) substrate. Indeed, magnetic anisotropy is the superposition of a cubic sixfold
pd an uniaxial contribution. To discuss the magnitude and

STM images showed that Fe islands start to coalesce at abo i directi h ani
3.5 ML and the island percolation threshold is between 4 and1® €asy axis direction of each anisotropy component we
ave to define first the anisotropy energy of the film. The

5 ML. At lower coverage, Fe nanoscale-sized islands ar ) :
disconnected and the film could behave as an assembly Siructural analysis showed that the Fe film adopts the bcc

superparamagnetic clusters with a blocking temperature b&tructure and the fim plane corresponds to thel) plane.
low 10 K. It is also plausible that the dipolar interactions The _f'rSt two terms of the me_lgnetocrystallme energy density
between the disconnected Fe islands are not negligible arlfl tis (111 plane can be written &

lead to a superantiferromagnetic coupling between the is- K

lands due to the perpendicular anisotropy, as observed for the Ene? = Zl + 528(1 +COS @), (1)
Fe/W(110) systent® At the morphological percolation

threshold the direct exchange coupling between connecteghere « is the angle between the magnetization dhe1)

094430-6



GROWTH AND MAGNETIC ANISOTROPY OF Fe FILMS. PHYSICAL REVIEW B 71, 094430(2005

. . TABLE |. Uniaxial anisotropy field and orientatioay, of the
¢ K, <0<=><1-21>magnetic easy axis . C . X o
004 in-plane uniaxial magnetic anisotropy easy axis with respect to the
- T+ - [1-21]g, crystallographic direction, for different Fe coverage.
B S s
8 ;;,_0:2 + tre (ML) 11 15 20 30 47 90 120 300
S© -021 + 5*-0.3 + KJ/Mg(OCe 14 14 15 14 18 28 1.1 40
N + 04 __4,,4* o, (deg 5 8 25 40 35 38 20 5
034 002 004 006 0.08
+ 14, ML")
-0.4- + butions of the in-plane magnetic anisotropy for very thin
layers. For instance, anisotropy fields as low as 0.1 Oe can be
50 100 150 200 250 300 readily detected. .
NOMINAL TRON THICKNESS t,, (ML) We observe first that, except for the thinnest lay&d

ML), K, decreases monotonously with increasing thickness,
FIG. 9. Thickness dependence of the sixfold magnetic anisoand changes its sign at approximately 20 ML. The sigK of

tropy fields. Inset: sixfold anisotropy field versus reciprocal film indicates the magnetic easy direction; a positimegative
thickness. value corresponds to the equivaléht10) ((1-21)) crystallo-

graphic directions. The change of sign versus thickness thus
direction, andK, and K, are the first two cubic anisotropy indicates that the sixfold magnetic easy axis rotates from the
constants. The expressi6h indicates that the cubic magne- in-plane(1-10 directions toward the1-21) axes. Different
tocrystalline anisotropy exhibits a sixfold symmetry in the reasons could explain the monotonous variation& pfith
(111) plane and the sixfold anisotropy amplitude is only acoverage. First, it is common practice in thin film studies to
result of the higher order by thi, term. To describe the decompose the effectiviéh-order magnetic anisotropy con-
additional uniaxial magnetic anisotropy present in our filmsstantK; as follows:

we may define the total anisotropy energy density by the oKS

following expression: Ki=KV+—, (4)
Fe
E,= Ky + ﬁ(l +coS @) + K, sirf(a - ay) (2)  WwhereK{ and K} are the so-called volume and surface or
4 108 '

interface terms, respectively. The phenomenological expres-
) . sion (4) has been verified for second- and fourth-order aniso-
whereK, is the uniaxial magnetic anisotropy constant, andiropy constants in the case of several thin epitaxial ferromag-
ay, is the angle between the uniaxial magnetic easy axis andetic films394047.:62.63|n the present casek, apparently
the (1-21) crystallographic direction. _ follows the relation(4) on a large thickness rang€30
A Fourier analysis of the torque variatiodsi(a) yields  _, 300 ML) as it is clearly illustrated by the dotted line in the
Kz, @y, andK, for all RT in-plane magnetized Fe filnM&.  inset of Fig. 9. Nevertheless, the values of the three thinnest
>8 ML). Actually due to the presence of fourth-order aniso-jayers clearly deviate from the linear variation. Asg is
tropy K, and finite values of in-plane applied fields, the mag-much higher than RT for the 15-20 ML coverage range, we
netization does not stay exactly in film plane but makes &an exclude that this significant deviation results from ther-
small angle with it, typically about 0.1°, depending en  mal effects(too large reduced temperatui@Tc). On the
This modifies slightly the measured torque and an effectivesther hand, it is very likely that the very sm#, value for
K,*"is obtained instead df, that must be corrected accord- the 10-ML-thick film is related to the fact that its Curie tem-
ing to the relatiof perature is just above RT, as suggested byTiké-o) varia-
5 tions reported in Fig. 7. Hence this value will not be included
3Ky 3) in the present discussion since tieare expected to depend
2aMG’ strongly on the reduced temperature. Nevertheless it appears
clear that the thickness dependenceKgfand the critical
The correction is found to be negligible except above 60 MLthickness, around 20 ML cannot be accounted for by a pure
coverageK; is obtained approximately from ratio of polar surface or interface effect, as described by relat®n Sec-
and longitudinal contributions to the Kerr signal. It dependsondly, the monotonous decrease of the amplitudi ofvith
on film thickness in a way fairly similar to the one observedthe reduction of the thickness could be tentatively explained
and extensively discussed previously in the case of iron film@y intermixing between Fe and Si. Indeed, it is well known
on Si001).62 that Si impurities in Fe reduce significantly the magnetic
The variations oK, versus coverage are presented in Fig.anisotropy in comparison with pure Fe. For instance, 10% Si
9. K, and o, values for various Fe coverage are reported inin thick Fe layer divides the fourth-order anisotropy constant
Table |I. Before discussing the different thickness-dependendé, by a factor twd®* Consequently, the continuous increase
of Ky, 6,, andK, it is worthwhile to underline the extreme of the amplitude oK, with tg, could be related to a continu-
sensitivity of the TBIIST method. This technique is able toous decrease of the mean Si concentration in the Fe layer.
separate and determine very accurately different tiny contriNevertheless, th&, amplitude forte,=40 ML is about half

K=K, -
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than the value for 300 ML coverage. It would suggest that abut may be due to a small vicinality<0.1°) of the nominal
least 10% Si is in the 40-ML-thick film, which corresponds (111) surface.
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 planegwhich represent a nominal thickness of 1.25  Thin bcc a-Fe films have been epitaxially grown by mo-
ML) from the seed layer may react with the Fe film. More- |ecular beam epitaxy on Qil1) single crystal using an ultra-
over, the sign of the magnetic anisotropy constant does n@hin high quality iron silicide as seed layer. STM analysis
Change with the Si concentration in thick Fe-Si ffifiwe showed that the growth mode is of V0|mer_Wek‘?B1and
must thus conclude that this second explanation plays only §pe leading to a rather rough surface. Conventional MOKE,
minor role. A third possible effect of Fe thickness change onT|B|IST, and SQUID magnetometers have been used to in-
Ky is similar to the one we proposed in the case of thin Fesestigate magnetic properties versus Fe thickness. The onset
films deposited on $001).* It was observed that the fourth- of ferromagnetism occurs in the vicinity of the Fe islands
order anisotropy constaht, increases continuously from 10 percolation threshold, i.e., fdp,~4.5 ML. The Curie tem-
to 80 ML and changes sign around 18 ML. We showed thaperature increases continuously with Fe coverage, varying
the evolution of this anisotropy versus thickness resultgrom 135 K for tg,=4.7 ML to 260 K for tee=7.3 ML. A
mainly from a monotonous decrease of the in-plane comswitching of the magnetic easy axis from out-of-plane to-
pressive biaxial strain in the film with increasing thicknessward in-plane is observed &t,~7 ML. For coverage above
via magnetoelastic effects. Preliminary x-ray diffraction ex-g ML, the films are very soft in-plane as expected and the
periments indeed indicate a strong thickness dependence gfagnetic anisotropy is the superposition of a small but well
the in-plane strain in the present Fe films, too. reproducible thickness dependent cubic sixth-order contribu-
Let us finally consider the uniaxial component of the in-tion and a tiny uniaxial component with random character.
plane magnetic anisotropy. It appears that the uniaxial anisaspecifically the uniaxial anisotropganisotropy field ampli-
tropy field is actually a very small effe¢tess than 4 Oe  tude usually much less than 4 seems to be thickness-
The azimuthal orientation of the uniaxial magnetic easy aXiSndependent and not related to any Crysta”ographic Samp|e
relative to the 1-21]r direction fluctuates randomly between direction whereas the sixth-order cubic anisotropy easy axis
5° and 40° versus Fe thickness. Thus, it seems not related tptates from(1-10 to (1-21) directions at a coverage of
any peculiar crystallographic axis. Moreover, distinctabout 20 ML. At this thickness an extremely soft film can
samples with the same nominal thickness and prepared undgferefore be prepared. Finally, the present study shows that
identical conditions present different uniaxial directi6fs. TIBIIST is a highly sensitive method to investigate quantita-
This tiny uniaxial anisotropy does not result from symmetrytively even extremely fine details of in-plane magnetic aniso-
breaking due to the deposition geometry, the incident Feropy in ultrathin films.
atomic flux impinging the surface at normal incidence. In-
deed, in case of off-normal Fe deposifif’ the surface ACKNOWLEDGMENTS
topography consists of long-range iron stripes leading to
large uniaxial anisotropieémuch stronger than the present  The authors thank the Centre National de la Recherche
one with magnetic easy axis parallel to the stripes. The ori-Scientifique (CNRS and the Région Alsace for financial
gin of the tiny uniaxial anisotropy in our films is not yet clear support.
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