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Epitaxial growth and magnetic properties of Fg111) films on Si(111) substrate
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We report the growth of F&11) overlayers on unstrained Ga861) epitaxied on a $111)-H terminated
substrate. The GaSe prevents chemical reaction between Fe and Si and enables the achievement of fully
relaxed Fe films above monolayer coverage, despite the 8% lattice mismatch between Fe and GaSe. The
evolution of the magnetic properties and chemical reactivity of the iron layer has been studied as a function of
thickness. The reduction of magnetization for very thin Fe films has been correlated with a self-limited
solid-state reaction at the Fe/GaSe interface.
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[. INTRODUCTION semiconductor with a-rhombohedral structure consisting of
a hexagonal Se-Ga-Ga-Se stacking sequence alor@atig
The direct integration of ferromagnetic thin films on semi- direction® (hereafter, this latter sequence is called an el-
conductors is more than just a growth challenge, it isemental sheet of GaSe with a thickness of 7.95 Fae at-
also a way to take advantage of the two spin states of thems in a sheet are bound to each other through ionocovalent
electrons leading to hybrid spin-injection devices forforces, whereas the sheets are held together via weak van der
microelectronicg:? Waals-like forces. All bonds are confined within the sheet
Currently, the majority of experiments with hybrid with its surface being terminated by Se atoms and arranged
ferromagnetic/semiconductor heterostructures deals with thi@ a sixfold triangular lattice with a Se-Se distance of 3.755
systems such as Fe/GaAse/ZnSe' and Mn-based com- A.'® From the van der Waals character of the intersheet in-
pounds grown on GaAs and Si substratésDespite the teractions, one could expect that the strain lattice mismatch
majority of solid-state devices that are presently being madé—2.6% between GaSe and Si is accommodated through the
using Si as the semiconductor, only a few works have beefirst van der Waals gafby half of a GaSe sheet strained to
devoted to the Fe/Si systehi® which is inherently complex an Si111) surface followed by upper relaxed shdets*’In
due to various problems. such a way, the lamellar GaSe films or{13il) are expected
It was shown that epitaxial growth of ferromagnetic met-as helpful in growing materials that are hardly compatible
als is possible on H-terminated Si surfaces, although moswtith Si and could even be used to avoid the reactivity be-
ferromagnetic/silicon interfaces are reactive. In this casetween Fe and Si that conspicuously form stable and meta-
stable and metastable silicides are formed after metal depstable compounds with 31.
sition by solid-state interdiffusiot. even at room tempera- In this study, we report on the epitaxial growth, strain
ture. In the Si-based technology, its native oxide could beelaxation, and magnetic properties of body-centered-cubic
used as an insulating and interdiffusion barrier, but theFe (a-Fe) films on a 20-A-thick GaS@01) grown on a
Si-SiQ, interface is not atomically flat, thus destroying the H-terminated Sil11) substrate. 100-A-thick ZnSe overlayers
epitaxial ordering of subsequent metal deposition. A highwere used to prevent Fe oxydation(F&1)/GaS€001) epil-
quality Cak epilayer grown on $1L11) substrate’s has been ayers on an $111) substrate have been prepared using stan-
considered as a suitable alternative for S#hce it produces dard MBE conditions.
an atomically flat interface. Although Fe grows epitaxially
on Cak, the Fe/Cakgrowth proceeds by three-dimensional
islanding rather than continuous film coveritfgBesides,
ferromagnetism is only observed when the Fe island radius is Nominal S{111) (p~10€) cm) wafers have been used as
larger than 3 nm, a chemical reaction between Fe and Cafsubstrates for these experiments. In order to prometige
being rejected from thermochemical consideratibhs. GaSe film&*~'" the growth has been performed on an or-
In a previous work, the epitaxial growth of very thin GaSe dered hydrogenated @il1) surface® following a procedure
films on various Sil11) surfaces has been reported usingdescribed elsewhefé!® The GaSe has been deposited by
molecular-beam epitaxyMBE).}*"*” GaSe is a lamellar coevaporating Ga and Se from solid source Knudsen cells in
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a Riber 32 MBE system, with a base pressure below!d®.  emission for bare H-terminated ($11) substrat&’]. Thus,
The Se/Ga flux ratio was selected aroun@, which pro- the Si-2p core level has been used to probe the Si surface
vides a growth rate of about 11 A/s, while the substrate temstability below the GaSe epilayer in respect to the silicide
perature was kept at 450 °C. The G&EH) film thickness formation during the Fe deposition.

was fixed at 20 and 12 A for X-ray photoe|ectron Spectros- The Crystalline structure of the Fe films has been investi-
copy (XPS) and transmission electron microscopyEM), ~ gated by x-ray diffraction(XRD) with 6-26 scans using
respectively, corresponding to a fully relaxed GaSeCuK, radiation.

epilayer*~!"and exhibiting van der Waals gafi®/o or one, The magnetic properties of the iron films were probed by
respectively through which the strain of the Fe overlayer Using an alternating-gradient force magnetomégeinceton
could be relaxed in respect to the Si substrate. Measurements Corporation Micromagnd a superconduct-

The Fe deposition has been performed as follows. Firsing quantum interference devic€SQUID) magnetometer
the substrate temperature was raised to 120 °C, which is tHQuantum Design MPME with magnetic fields applied
lowest temperature for obtaining good epitaxial Fe films. Thealong the[110], [112], and[111] axes of Si. All magnetic
iron was deposited with a growth rate close to 1.3 A/fiie.  measurements were performed on samples prepared with the
~0.8 ML/min since 1 Ml=1.65A of a-Fg(111)] and thick- same above-mentioned conditions with the only varying pa-
nesses ranging from 0.65 to 1000 A. The growth rate wasameter being the iron thickness. The magnetic response of
evaluated(within an uncertainty of about 10pdy cross- the Fe films has been studied by measuring the magnetic
sectional TEM images. After the deposition, each sampleaturation moment per area of the Fe layer versus its thick-
was cooled down to room temperature, and a 100 A ZnSeess using the SQUID magnetometer operating at 30 K in
cap layer was deposited on each sample. This procedure hasagnetic fields up to 40 kOe. No significant change is ob-
been tested as very efficient to protect samples from oxidizaserved on the saturation magnetic moment of the Fe films
tion under ambient atmosphere for a few months. grown onto ZnSe and covered with a ZnSe capping layer

In-situ reflection high-energy electron diffraction deposited at room temperatiffeThus, we will focalize on
(RHEED) measurements were performed using a variablehe magnetic properties of the Fe/GaSe interface.
incidence Staib RHEED system operating at 12 keV under a The sample diamagnetic signal was removed by a numeri-
grazing anglegbelow 19. For quantitative analysis, the dif- cal fit from the ferromagnetic response of the Fe films. How-
fraction pattern was recorded on a fluorescent screen usingever, the magnetic response of the Fe films thinner than 78 A
high-sensitivity charge-coupled-devi@8CD) camera linked showed a low remanence and its magnitude became similar
to a computer image-processing system. Streak positions and the diamagnetic signal. A reacted interfacial layer and
distances were measured as a function of time by making amltimately the characteristic two-dimension&D) island
intensity profile along a predefined region. The peaks wergrowth of the Fe dominated the magnetic response at low Fe
numerically analyzed thus enabling an accuracy of a fewcoverage.
tenths of a percent in the lattice parameter determination.

In-situ x-ray photoelectron spectroscof}PS) has been IIl. RESULTS AND DISCUSSION
used to probe the core level of the chemical species. At sev- _
eral stages of deposition, the samples were cooled down to A. Epitaxy and structure

room temperature and transferred to an XPS chamber under The RHEED diffraction has been monitored during the
UHV. The XPS spectra were taken with a Mac I spectrom—growth of Fe thin films on a GaSe epilayer. Figurés) Aind

collcted at a1 average. oxi angle of 43 ffom the sampld?) S1OW the RHEED diagram taken alofio] and(112]
9 9 P azimuths, respectiveljdirection labeled with respect to the

normal. The overall energy resolution was about 1.27 &3/ i
; . (112) surface of silicof after growth of 20-A fully relaxed
measured by the full width at half maximufWHM) of an — ~° epitaxied on H-terminated Bi1) substraté*!’ These

Ag-3ds; photoelectron ling Ga-25,,, Se-3P, Se-31, and two main directions differ from each other by 30° and the

Ga-3d (for the GaSe epilayer Si-2p (for the Si substrade — _ o —
and Fe-D4,, Fe-3, and Fe- (for the Fe overlayércore [2130]gase Streak spacingwhich is parallel to[ 112]g; is

levels were collected and analyzed as a function of irorfarger by av3 factor when compared to tHd.010]gaseOne
thicknesgover the 20-A-thick GaS601)/Si(111)]. Since the  (parallel with[ 110]s;). The beginning of the Fe deposition at
effective photoelectron escape depths of Gm;2 and 120°C is characterized by the GaSe 2D diffractisireak
Ga-3d are estimated at-5.2 and~17.6 A, respectively® pattern$ that fades into an increasing background without,
one can assume that Gat3Jphotoelectrons probe all Ga however, complete disappearance. In this diagram, the Bragg
atomic planes of the 20-A-thick GaSe filifive atomic  diffraction spots of Fe appear superimposed &b thick-
planes of Ga and five atomic planes of)Se contrast, the ness. This spotlike featuee., 3D diffraction) indicates that
Ga-2p3» photoelectrons probe only subatomic planes neaFe islands dominate the early stages of growth. Once the Fe
the surface of the film. We report only Gald 3pectra results coverage increases, the Fe spots are considerably elongated
in order to follow the evolution of all Ga atomic planes dur- but still superimposed with a spotty diagram. At around 7-A
ing the Fe/GaSe interface formation. Also, by assuming thaFe coveragd~4 ML), one observes that the streak pattern
the escape depth of Sip2and Ga-8 photoelectrons are becomes sharper in spite of the persistence of the Bragg
quite close due to their close kinetic energies, the 20 A GaSspots. No other RHEED pattern changes are observed with
does not completely screen the 3i-photoelectrong30%  subsequent growth as illustrated in Figéc)land (d), taken
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FIG. 2. In-plane lattice mismatditeft scalg as a function of the
Fe equivalent coverag@leposition time is given in top axisob-
tained from the profile analysis of the RHEED pattern. Sketch of
the measured window profile of the RHEED pattern is shown in the
inset. The spacing between the,Q) and(1,0) streaks of 20-A-
GaSe epilayer were used to normalize the results.

strate, one aligned and the other one rotated by 180° in re-
spect to the Si substraté?® If the film is perfectly 2D, the
RHEED diagram is composed of streaks and, in this case,
one cannot make a difference between the two twinned ori-
entations. However, if one has a 3D pattern due to some
surface roughness, as is the case of Fe here, one can distin-
guish two stacking sequences that will produce two different
FIG. 1. (a) RHEED patterns of the 20-A-thick GaSe surface epitaxies. By considering Fig(d), the aligned epitaxyopen
taken alond 110]s; and(b) [112]s; azimuths, respectivelyc) and  ellipseg provides the reciprocal lattice point DJon the right
(d) RHEED patterns of a 91-A-thick Fe film taken at the samesijde of the FEL11] axis [the F§111] axis is aligned in the
azimuths shown irfa) and (b), respectively.(e) and (f) RHEED  (0,0) streak directioh Conversely, the twinned epitaxy
diagram schemes identifying Bragg diffraction_spots of the_Fe ﬁlm(filled ellipses provides the reciprocal lattice poﬁlﬂ) on
from the reciprocal lattice of-Fe(111) along[110]r.and[112]¢.  the left side of thg111] axis. These twar-Fe orientations
(30° apart azimuths, respectively, foA type “oriented” (open  have a twinning relationship. Namely, the latter is Bygype
ellipses and B type “twinned” (full ellipses obtained by 180°  strycture that has a 180° rotation around[it41] axis rela-
rotation of A type around it111] axis. tive of theA-type structure. According to the RHEED pattern
shown in Fig. 1c), these two orientations clearly exist but

from a 91-A-thick Fe film. Similar to a Gag#01) surface,  ha twinned orientation seems to be predominant because the
the Fe diagram shows two main in-plane azimuths that differ . — :

. — intensity of the (1L0)Fe spot is stronger than that of the
from each other by 30°; the streak spacing al¢dd?]q.

being larger by a/3 factor than that of the pattern along (110)Fe spot. In a 150'Afth'Ck Fe filmB-type or|e_ntat|on

- g , has been essentially evidenced by cross-sectional TEM
[110]ee. The Fe thin film shows a surface sixfold symmetry nqysis. Below, we summarize our results on the epitaxial
axis. It is important to emphasize that the appearance of the,  fjms grown on GaSe epilayer: matching plane

three-dimensional diffraction spots for thick Fe films reﬂeCtSrelationship' (111 a-Fe/(001)GaSeN111)Si;  azimuthal
a roughening of the Fe film surface. This behavior is Sim"arorientation ' relationship: *A  type (align’ed epitaxy:

to the surface morphology observed by scanning tunneling, — — — . .
microscopy for Fe/R&00 homoepitax§? in which the sur- ?110]a;Fe/l[1010]Ga_Se/[110]S|,_*B type (twinned epi-
face is formed by mosaic mounds. Such mounds are develaxy): [110]a-Fe/[1010]GaSe/[110]Si.
oped in the earliest stages of the growth and continue We have also followed the in-plane lattice parameter of
through thicker filmg$223 the growing Fe film through the RHEED profiles using a
Figures 1e) and(f) display the RHEED diagram schemes high-sensitivity charge-coupled-device camera. The resulting
that help to identify the Bragg diffraction spots associatedn-plane lattice mismatch as a function of the equivalent Fe
with the reciprocal lattice of a-Fe(111) film as taken along ~coverage(deposition time is given in the top axiss pre-
[110]s, and[112]s, (30° apart azimuths, respectively. As sented in Fig. 2 with a thickness sampling of 0.005 A taken
usual in the FEL11) growth, the iron can adopt two different along the[110]s; azimuth([1010]gaseaxis). The reference
stacking sequences along ttel1) direction during growth, lattice parameter used for normalization was measured from
which is the case when Fe is epitaxied on th€l8l) sub- GaSe (10) and(1,0 streak spacing, which corresponds to
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— T [= T PN — T films that have theif111) plane ofa-Fe parallel to th¢002)
g &l ol g plane of the GaSe epilayer and to tfiel1) plane of the Si
= 3 é;: @ :f e % substrate. Thé€00l) peaks of they-rhombohedral structured
= R = *‘g g N GaSe epilayer were also observed underlying the Fe film,
3 E— % o< ?dicat_ing the integrity of the GaSe epilayer after the Fe
g @ @ eposition.
8 | (¢} [0}
> = = A90 100 110 X120 130 14(
z’ g % g g :g‘ B. X-ray photoelectron spectroscopy analysis
£ . % ¢ & ¢ 3 N\ The line shape of Sif (not shown hereremains un-
= 148 ¢ ¢ ol i changed after a Fe deposition. Its intensity is rapidly attenu-
E‘? 3 | i ated and vanishes above 30 A of Fe thickness. This is con-
. l B Al sistent with a Fe overlayer that covers uniformly the GaSe
20 80 100 120 140 epilayer. The GaSe acts not only as a template to absorb the

mismatch strain between Fe and the Si substrate through a
van der Waals gap, but is also efficient to block the chemical

FIG. 3. X-ray diffraction pattern showing-26 scan of a 1000- reactivity between Si and Fe overlayers.
A-thick Fe film grown on a 150-A-thick GaSe epilayer previously — The Ga-31 core-level evolution is shown in Fig. 4, which
grown on a Sil11) substrate. Bragg reflection peaks correspondingdisplays only representative Fe coverages grown on a 20-A-
to the Fe film, GaSe epilayer, and Si substrate are identified.  thick GaSe. The background has been subtracted for each

spectra before their normalization to respect the maximum

agase= 1.93 A" 1=27/(ag,sL0s 30°), where cos30° takes intensity corresponding to the 20-A-thick Ga®ettom most
into account the angular twisting between real and reciprocadpectrunm. In the layered compound, the Gal-8ore level is
lattices of a hexagonal surface. The in-plane lattice constaromposed of one spin orli8d;,— 3ds), splitting is 0.46 eV
(right scalg is given in terms of the in-plane lattice constant (Ref. 27)] because Ga and Se atoms are in a single chemical
of the bulk Fe, which is/2 times the(111) surface lattice environment® Because of our experimental resolution, the
constant(dashed line with double arrows on the pldtfrom  Ga-3d line shape can be described with a single Gaussian
the beginning of the growth, a quite-quick evolution is ob-component. No change was observed in the @gp8ak for
served fromag,se=3.755 A toag,,=4.05A. The measured the first Fe monolayer coverage, suggesting that the Fe atoms
anm Vvalue [corresponding toag,,= 27/ (v2a,.r.c0s30°) do not induce chemical disruption on the GaSe surface. The
=1.79A 1] is in very good agreement with the Fe bulk intensity decay suggests a uniform wetting of Fe over GaSe
value, i.e.,a,.r.=2.867 A, indicating that the Fe grew with despite RHEED results, which reveals a surface roughness at
its own lattice constant even on the monolayer regime, rathean early stage of the iron coverage. Above 2 A, the @a-3
than straining to match the GaSe epilayer as it would bgeak becomes clearly broadened and an extra component at
expected to in a usual heteroepitaxy. However, we note 4.2 eV lower binding energy becomes visible. The relative
small deviation of the in-plane lattice of the film between aintensity of this component increases as a function of the Fe
thickness of 1 and 5 A. This suggests the existence of athickness. A change in this core-level binding energy sug-
in-plane expansive straif~~+0.6%) of the Fe overlayer di- gests that the chemical environment of some Ga atoms is
rectly in contact with GaSe epilayer. Photoemission studiesnodified. Thus, an extra component has been added to fit the
presented in the next section reveal a chemical reactivit{sa-3d core-level spectra; i.e., components represent the total
between the iron and GaSe at around 1.65 A of coveragemission of Ga-8 (open circley unreactedsquares and
(corresponding to 1 MLthat corresponds to the maximum reacted(triangle3 components. The core-level line-shape fit
deviation observed in the in-plane lattice parameter. Apparhas been performed using a standard least-squares-fitting
ently, a full-monolayer nucleation is needed to induce theoutine. The fitting parameters of the unreacted component
chemical reaction between Fe and the topmost sheet of theere kept constant in respect to the ones from the 20-A
GaSe epilayer. The formation of some compound can b&aSe/Sil11); only the Gaussian width of the reacted com-
responsible for the observed strain in the Fe islands. Thigonent has been allowed to increase a little. This is justified
lateral strain is probably accommodated at the interface ipy taking into account the interface bonding inhomogene-
the first atomic planes of F&ll). ities.

The good crystal quality of the GaSe and Fe epilayers has A chemical environment modification of the Ga sites has
been confirmed by XRD if-26 scans. The XRD pattern of been revealed by the Gai3liine shape. By following the
a 1000-A-thick Fe film grown on Ga@ks0 A)/Si(111) is  intensity attenuation, one can deduce the depth distribution
shown in Fig. 3. Only one Fe diffraction peak is observed,of Ga atoms within the Fe overlayer. In the inset of Fig. 4,
corresponding to the interplanar spacing of 0.827 A, identisuch attenuation curves have been plotted &s(d1(0)]
fied as the(222) reflection ofa-Fe?® The rocking curve re- versus equivalent Fe coverage, wheg@) is the integrated
veals a FWHM for this reflection 0f0.3°, which is compa- intensity taken from the 20-A GaSe epilayer dn@) is the
rable to the SB33 peak. This small FWHM value of the integrated intensity of componentAs can be seen, emission
a-Fe(222) Bragg reflection combined with the absence offrom gallium of the nondisrupted GaSequares monoto-
any other Fe peaks confirms the good quality of iron thinnously decays while the emission from the Ga-reacted com-
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FIG. 5. Photoemission spectra of the Fps2 core region for Fe
FIG. 4. Photoemission spectra of the Gd-8ore region re- 0On 20-A-thick GaS@01) taken at the same Fe coverage shown in
corded as a function of Fe coverage onto a 20-A-thick GaSe epilthe figure of the Ga-8 photoemission spectra. For all spectra, the
ayer on Si substrate. Only GaSe epilagiarbottom and represen- background was substracted and the intensity was normalized to the
tative Fe coverage are shown. For all spectra, the background waBaximum of the intensity corresponding to the 91-A-thick Fe over-
subtracted and the intensity was normalized to the maximum of théayer.
intensity corresponding to the 20-A-thick GaSe epilayer. The col-

lected spectrdopen circleg were fitted by adjusting two Gaussian disrupted component reaches 40% of the initial Ga signal
components: one associated with Ga atoms in the nondisrupt '

GaSe(squaresand the other with Ga-reacted atoms released fromn:;g?]ecsor[reég?gdsliég :\k/]v:t gggggistliigeiz rirrz?ezihteof;xz gr;gsl_e
the dissociation of the topmost GaSe shétangles. In the inset ) P

are shown the relative changes of the intensities of the collecte meSt s_heet from the 20-A GaSe_ eplla_yer. Increasing the
Ga-ad signal and their two components. Our plot displays ' © film th|ckn_ess, the Ga_—reacted signal is atte_nu_ated faster
In[1;(6)/1(0)] versus equivalent Fe coveraddeposition time is ?‘”‘?‘ a;ymptotlcally _Superlrr.]p(.)se-s the total emission decay,
given in top axis, wherel,(6) is integrated intensity of peakat indicating once again, the Ilmltapon of the reacted zone.
coveraged and I(0) is the total Ga-8 integrated intensity for The Se behavior shows a different feature than the Ga
20-A-thick GaSe. The Ga photoemission associated with nondisPn€. Once Se is released by the same process associated with
rupted GaSe(square follows a layer-upon-layer growth mode Ga atoms, the Sep3emission line shape remains unchanged
(dashed lingas expected. as a function of the Fe coverage suggesting that within the
intrinsic sensitivity of the XPS measurements, a chemical
ponent presents a maximum as a function of Fe coverage. Bygaction between the Se and Fe epilayer is not observed. The
comparing the attenuation of the nondisrupted GaSe comp@ersistence of the Se signal much beyond 91 A of Fe clearly
nent with an exponential attenuation modedported in the attests that Se segregates at the growth front, probably acting
dashed lines and calculated by assuming a Gat3otoelec- as a kind of surfactant. This has also been reported in recent
tron mean free path 0f£17.6 (A), the Fe growth follows a work by Bourgognoret al.in the epitaxy of Fe or FePd on a
layer-by-layer mechanism in spite of the dissociation of theZnSe epilayer, where a Se floating monolayer was always
topmost sheet of the GaSe epilayer. In the other hand, thebserved®
emission from reacted Ga atomglisrupted component The Fe-24, spectra are shown in Fig. 5 for the same Fe
seems to support the model of self-limited GaSe disruptioncoverages reported in Fig. 4. It is known that in ferromag-
For the 20.8-A-thick Fe film, the integrated signal of the netic iron, the Fe-p core level is usually constituted by an
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with the 1.9-A resolution of the equipment. Circled zone is a pat- Fe layer thickness (A)
terned contrast characteristic of precipitates or alloyed phases, ) _ )
present in high density in the vicinity of the interface. FIG. 7. Saturation magnetic moment per‘cuersus Fe thick-

ness. Solid line is a linear fit assuming thmt increases linearly

asymmetric line shape interpreted in terms of the electronwith the Fe thickness. Dotted and dashed lines have a slope equal to
core hole excitations across the Fermi ledeln fact, as that of bulk Fe and interfacial magnetizations, respectively.
shown for some Fe{2;, spectra, we find only an asymmet-
ric line shape broadening at a higher binding energy consisial layer appears to be discontinuous: in some parts, the
tent with a metallic character even at the first stage of Fé]ominal thickness of the GaSe depOSited is not ViSible, while
deposition_ However, for Sufﬁcienﬂy low coverage a Sma”in Others, its apparent thickness is about 40 A The structure
tail effect is observed in the line shape at higher bindingn these parts appears also to vary in high-resolution TEM
energy(second spectrum from bottom to top of Fig. Bhis  (HRTEM) images, perhaps due to ion-beam damage during
behavior could be correlated with island formation and thesample thinning. Above the interface layer, electron diffrac-
onset of the metallic character of the deposited Fe overlayefion confirms that the Fe layer is indeed perfectly monocrys-
because neither dissociation of the GaSe surface is occurriglline and[111] oriented, with an in-plane rotation of 180°
from XPS analysis nor is residual straining associated wittVith respect to the Si substratawin orientation. In the vi-
the lattice mismatch apparent from the RHEED profile. cinity of the Si interface, the Fe layer includes nanometer-

The overall XPS results can be understood by assumingized grains of other phases, with a density in th& ¢@ >
the formation of iron gallium alloying with trapping of the range. These grains have different shapes, structures, and
released Ga atoms in a reaction region nearby the Fe/Gagentrasts, which indicate that the composition may also vary
interface. Since no more than two Ga atomic planes seem f6om one to the other. However, a majority of them just show
be released in the reacted zaftiee XPS signal is peaked at UP as a simple superstructure on the Fe lattigg. €), which
20.8-A thick of Fe and smeared out up to 91-A thick of Fe shows that they are in full 3D epitaxial relationships with the
a Fe-rich content is expected for this Fe-Ga alloythglow- ~ Fe matrix. The Fourier transform of the circled zone in Fig.
ever XRD and RHEED analyses do not show evidence of & gives, for example, a diagram resembling th&0) projec-
solid phase or metastable surface phase originating frorfion of Si(in a twin orientation with respect to the substjate
nonstandard thermodynamic equ”ibrium in a two- with a lattice parameter Iarger than that of Si by 2—-3%. Such
dimensional structure. The formation of a solid solution with@ pattern matches the Joint Commission for Powder-
weak dilution of Ga atoms into a Fe sublayer could be in-Diffraction Standard files for tetragonal FeSa. Qualita-
voked, but magnetic measurements discussed in the next sdtte energy dispersive x-ray spectroscopy confirms that in
tion reveal a strong reduction of the Fe magnetic moment fothis interfacial zone the Fe layer contains a few percent of Ga
very thin Fe layers. Thus, a most probable picture is that th@nd Se. In the next section, we address the influence of the
Ga atoms incorporate into microscopic patches embedded fpuried-reactive zone close to the interface on the magnetic
a Fe matrix in which the local magnetism of Fe atoms couldProperties of the Fe films.
be strongly changed. Here, it is important to emphasize that
a weak selenization of the Fe film and the existence of mi- D. Magnetic properties
cropatches cannot be excluded. In the next section, we inves-

tigate the interfacial zone by cross-sectional TEM. Magnetic measurements were performed at 30 K by using

the SQUID magnetometer. The saturation magnetic moment
per cnt (ms) versus Fe thickness is shown in Fig. 7. In a first
crude interpretation we would assume thatincreases lin-

A trilayer ZnSe/Fe(158.)/GaSe(128)/Si hasbeen pre- early with the thicknesssolid line in Fig. 7. This leads to a
pared by ion milling for the TEM observation in cross sec-solid line obtained by a linear fit whose slofib95 G is a
tion along a silicorK110 axis. A Topcon 002B working at magnetization value 6.7% smaller than the bulk Fe magneti-
200 kV has been used that gives a nominal spatial resolutionation (1710 G. The extrapolation of the line intercepts the
of 1.9 A. In the cross-sectional image of Fig. 6, the interfa-thickness axis at a value of about of 30 A, which will lead to

C. Transmission electron microscopy observations
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the existence of an equivalent magnetically dead layer. How- 600 —~—r—r—rr—r—rrr T
ever, it is very clear in Fig. 7 thaig deviates from this linear LB 1f1560 A T——
behavior in the thinner thickness range. For thickness below o E"o

~60 A, m, is reasonably proportional to the Fe thickness but 500 | 2 -
with a slope of about 850 Gsee dashed line in Fig.).7 | -1

200100 0100 200 -
H(Oe)

a00 o m1-781§/

L Eo p

=1 JV

300} Al ] A

0
H(kOe)

Therefore, a more advanced interpretation needs an interfa-
cial layer, nearly half magnetized with respect to bulk Fe,
covered by a bulk Fe layer with a magnetization loss of 6.7%
as compared to the bulk Fe magnetization. This interfacial
magnetization loss below60 A clearly corroborates with

the above XPS analysis, which indicates an interfacial
chemical reaction between Ga and Fe in the same thickness
range. Certainly, the chemical reaction started near the Fe/
GasSe interface is correlated with this change of the trend
magnetization at the interfacial layer. The significant reduc-
tion of the magnetic Fe moment for Fe film thicknesses be- 100 |

N

[=4

(=]
T

Coercive field (Oe)

1 2 9

0
low ~60 A suggests that the buried-reactive zone with Ga s H(kOe)
atoms is strongly detrimental for the local Fe moment.
Tolk ” A...l....l....l.C.
Our results also suggest an asymptotic “as-bulk” behav- 0
ior with a magnetization of 1595 G instead of the bulk Fe 0 500 .1°°° 1500
Fe layer thickness (A)

magnetization(1710 Q. This significant reduction of the
as-.gultlfl Fe maglnetlz?tlr(])n (}?n k_)e a:;[.rliuted tof eh'thl(ir l}f? FIG. 8. Coercive field as a function of the Fe layer thickness.
avoidable uncertainty of the effective thickness of the Fe ImMagnetic measurements were performed using an alternating-

Olr to ar?elenizati(r)]n Erolf(:ess of the Fe ﬁl(rjns' Ifd?,ne f”‘SSlj'mes g‘ﬂ'adient force magnetometer operating at 300 K with the magnetic
slope that gives t e bu Fe magn_etlzat( Dtte_ IN€ In Fig. . field applied along the in-plarfel 10] direction of the Si substrate.
7), one would obtain an ideal thickness calibration. In thIST e labelsA, B, andC are indicating the Fe layer thicknes<ds
case, the.Fe thickness V_VOUId be over estimated at Iea;t by_ , and 1560 A, respectivélyand their hysteresis loops are shown
A. Such inferred error in the Fe thickness seems high N the inset.

comparison to the thickness value obtained by the TEM im-
age. On the other hand, the presence of Se atoms inside the

. Below te,=78A, the hysteresis loops dramaticall
Fe overlayer could also be related to the reduction of th Fe y P y

b d “as-bulk” tizati d 1o the b I'%:hangeHc diminishes with the decrease in the Fe thickness,
observed 'as-bulk’ magnetization as compared to theé bulk, e eag hysteresis loops with higher saturation fields and
Fe magnetization. However, according to our XPS analysis 'Femanence below 10% have been obserigee bottommost

seerr;s t'haf[.Se IS acting afs t?] sulgfa?lant r?thler ”:ag probmtotl steresis loops In principle, deep changes could be ex-
a selenization process of the e Tim at elevated Substrai§a eq in the magnetism of a Fe layer if its thickness be-

132
ten_:%eratfures,tﬁs reportetc_J b¥ Taza?_a_ﬂhal. 798 ob d comes comparable to the roughness height. However, the
erefore, the magnetization deficien(8;79 observe three-dimensional diffraction reflects a small surface rough-

‘f‘or istbuf":h Fe l?ygrf segmtsr] t(t) tb?than eﬁeth?rf] tEe ening of the Fe film, such as discussed in Sec. IlIA. Follow-
weignt™ of the reacted layer in the total thickness orthe =€ ing this, roughness cannot be responsible for strong modifi-

film rather than an eventual selenization process of Fe f”mﬁations in the magnetic coupling and ferromagnetism. Thus

or m'CknefS calibration ert[or. | ‘ d usi the buried-reacted layer is more likely to be acting as a det-
agnetic measurements were aiso periormed Using af,qntq) factor for the ferromagnetism than the ultimate sur-
alterlnatlng-gradlent.forcg magngtometer Operating at 300 ce morphology of the thinner Fe films. The measurements
In' Fig. 8, the coercive f'.eldIﬂC) IS shown versus Fe 'aYer carried out with magnetic fields applied in plane and out of
fchlckness. Thfee ilustrative hystere_ms loops are shown n thﬁlane suggest that the spontaneous magnetization remains in
inset of the figure. Clearly, the thickness evolution Hbf the film plane. Additionally, fortre<78 A a negligible in-

depicts a drastic change of behawor_ arounﬂqf 78A. plane magnetic anisotropy is observed, whatever in-plane di-
Above tee=78 A, H, decreases almost linearly with the re- rocion of the applied magnetic field. Eventual antiferromag-
ciprocal Fe thickness. Sinde reflects the volume distribu- otic pehavior of the byproducts of the chemical reaction
tion of the pinning centers for the magnetic domains in the,q,r the Fe/GaSe interface could also be hidden in this mag-
films, such as magnetic inclusions, it is suggested that thEqyic response. Such a strong modification of the local mag-

number of pinning centers remains almost constant per Unletism of Fe atoms corroborates with the hypothesis of mi-

area 'of the Fe films. All Fe films prese.nt ferromagnetic hys'croscopic patches embedded in a Fe matrix.
teresis loops at room temperature with remanences above

80%. The in-plane magnetic anisotropy does not differ ap-
pre&iably for magnetic fields applied along th&£10] and

[112] axes of the Si substrate, as expected for bulk We have shown that epitaxial-F&111) films can be
a-Fe(117). grown at 120°C on unstrained Gd8@l) epilayers grown

IV. SUMMARY AND CONCLUSIONS
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themselves on surface hydrogenatédl) silicon substrate. gradually buried by a pure iron layer that presents a nearly
The Fe relaxation is almost immediate and the film is fully “as-bulk” magnetization.

relaxed in the monolayer regime. This demonstrates that the The use of layered materials as a buffer for ill-adapted
GaSe lamellar structure is efficient to absorb the strain beFe-Si epitaxial growth seems to be a promising approach to
tween the Si substrate and the Fe overlayer, even throughtegrate magnetic properties of Fe overlayers in silicon

only a few sheets of GaSe. More interestingly, a 20-A-thicktechnology, but more information on the Fe interaction with
GaSe epilayer is sufficient to block the interdiffusion be-the |amellar template are still needed.

tween Fe and Si. However, the interaction between Fe and
the topmost GaSe sheet induces a Se segregation towards the
Fe growth front and a chemical Fe-Ga reaction near the in-
terface due to the metallic Ga exposure. As a consequence,
nanometer-sized grains of ordered Fe alloys are revealed in One of us(D.H.M.) acknowledges the Brazilian agency
the reacted interfacial layer. This interfacial layer is nearlyCAPES for partial support. We would like to thank M.
half magnetized as compared to the bullFe magnetiza- Lemal for the kind help during x-ray-diffraction measure-
tion; it appears in the early stage of the Fe growth and it isnents.
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