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Epitaxial growth and magnetic properties of Fe„111… films on Si„111… substrate
using a GaSe„001… template
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We report the growth of Fe~111! overlayers on unstrained GaSe~001! epitaxied on a Si~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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I. INTRODUCTION

The direct integration of ferromagnetic thin films on sem
conductors is more than just a growth challenge, it
also a way to take advantage of the two spin states of
electrons leading to hybrid spin-injection devices f
microelectronics.1,2

Currently, the majority of experiments with hybri
ferromagnetic/semiconductor heterostructures deals with
systems such as Fe/GaAs,3 Fe/ZnSe,4 and Mn-based com
pounds grown on GaAs and Si substrates.5–8 Despite the
majority of solid-state devices that are presently being m
using Si as the semiconductor, only a few works have b
devoted to the Fe/Si system,9,10 which is inherently complex
due to various problems.

It was shown that epitaxial growth of ferromagnetic m
als is possible on H-terminated Si surfaces, although m
ferromagnetic/silicon interfaces are reactive. In this ca
stable and metastable silicides are formed after metal d
sition by solid-state interdiffusion,10 even at room tempera
ture. In the Si-based technology, its native oxide could
used as an insulating and interdiffusion barrier, but
Si-SiO2 interface is not atomically flat, thus destroying th
epitaxial ordering of subsequent metal deposition. A hig
quality CaF2 epilayer grown on Si~111! substrates11 has been
considered as a suitable alternative for SiO2 since it produces
an atomically flat interface. Although Fe grows epitaxia
on CaF2, the Fe/CaF2 growth proceeds by three-dimension
islanding rather than continuous film covering.12 Besides,
ferromagnetism is only observed when the Fe island radiu
larger than 3 nm, a chemical reaction between Fe and C2
being rejected from thermochemical considerations.13

In a previous work, the epitaxial growth of very thin GaS
films on various Si~111! surfaces has been reported usi
molecular-beam epitaxy~MBE!.14–17 GaSe is a lamellar
0163-1829/2001/63~9!/094428~9!/$15.00 63 0944
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semiconductor with ag-rhombohedral structure consisting o
a hexagonal Se-Ga-Ga-Se stacking sequence along the@001#
direction18 ~hereafter, this latter sequence is called an
emental sheet of GaSe with a thickness of 7.95 Å!. The at-
oms in a sheet are bound to each other through ionocova
forces, whereas the sheets are held together via weak va
Waals-like forces. All bonds are confined within the she
with its surface being terminated by Se atoms and arran
in a sixfold triangular lattice with a Se-Se distance of 3.7
Å.18 From the van der Waals character of the intersheet
teractions, one could expect that the strain lattice misma
~22.6%! between GaSe and Si is accommodated through
first van der Waals gap@by half of a GaSe sheet strained
an Si~111! surface followed by upper relaxed sheets#.14–17In
such a way, the lamellar GaSe films on Si~111! are expected
as helpful in growing materials that are hardly compatib
with Si and could even be used to avoid the reactivity b
tween Fe and Si that conspicuously form stable and m
stable compounds with Si.10

In this study, we report on the epitaxial growth, stra
relaxation, and magnetic properties of body-centered-cu
Fe ~a-Fe! films on a 20-Å-thick GaSe~001! grown on a
H-terminated Si~111! substrate. 100-Å-thick ZnSe overlaye
were used to prevent Fe oxydation. Fe~111!/GaSe~001! epil-
ayers on an Si~111! substrate have been prepared using st
dard MBE conditions.

II. EXPERIMENT

Nominal Si~111! (r;10V cm) wafers have been used a
substrates for these experiments. In order to promoteg-type
GaSe films14–17 the growth has been performed on an o
dered hydrogenated Si~111! surface19 following a procedure
described elsewhere.14,16 The GaSe has been deposited
coevaporating Ga and Se from solid source Knudsen cel
©2001 The American Physical Society28-1



m

os

S

er

irs
t

h

a

p
S
h

iz

n
b
r

-
ing

a

e
fe
.

e
n
nd
m
e
p

ro

a

ea

r-
th

aS

ace
ide

sti-

by

-

h the
pa-
e of
etic
ick-

in
b-

lms
yer

eri-
w-
8 Å
ilar

nd

Fe

he

e

he

t

ut,
agg

Fe
ated

-Å
rn
agg
with

M. EDDRIEF et al. PHYSICAL REVIEW B 63 094428
a Riber 32 MBE system, with a base pressure below 10210T.
The Se/Ga flux ratio was selected around;8, which pro-
vides a growth rate of about 11 Å/s, while the substrate te
perature was kept at 450 °C. The GaSe~001! film thickness
was fixed at 20 and 12 Å for x-ray photoelectron spectr
copy ~XPS! and transmission electron microscopy~TEM!,
respectively, corresponding to a fully relaxed Ga
epilayer,14–17and exhibiting van der Waals gaps~two or one,
respectively! through which the strain of the Fe overlay
could be relaxed in respect to the Si substrate.

The Fe deposition has been performed as follows. F
the substrate temperature was raised to 120 °C, which is
lowest temperature for obtaining good epitaxial Fe films. T
iron was deposited with a growth rate close to 1.3 Å/min@i.e.
;0.8 ML/min since 1 ML51.65 Å of a-Fe~111!# and thick-
nesses ranging from 0.65 to 1000 Å. The growth rate w
evaluated~within an uncertainty of about 10%! by cross-
sectional TEM images. After the deposition, each sam
was cooled down to room temperature, and a 100 Å Zn
cap layer was deposited on each sample. This procedure
been tested as very efficient to protect samples from oxid
tion under ambient atmosphere for a few months.

In-situ reflection high-energy electron diffractio
~RHEED! measurements were performed using a varia
incidence Staib RHEED system operating at 12 keV unde
grazing angle~below 1°!. For quantitative analysis, the dif
fraction pattern was recorded on a fluorescent screen us
high-sensitivity charge-coupled-device~CCD! camera linked
to a computer image-processing system. Streak positions
distances were measured as a function of time by making
intensity profile along a predefined region. The peaks w
numerically analyzed thus enabling an accuracy of a
tenths of a percent in the lattice parameter determination

In-situ x-ray photoelectron spectroscopy~XPS! has been
used to probe the core level of the chemical species. At s
eral stages of deposition, the samples were cooled dow
room temperature and transferred to an XPS chamber u
UHV. The XPS spectra were taken with a Mac II spectro
eter using a Mg anode~1253.6 eV!. The photoelectrons wer
collected at an average exit angle of 43° from the sam
normal. The overall energy resolution was about 1.27 eV@as
measured by the full width at half maximum~FWHM! of an
Ag-3d5/2 photoelectron line#. Ga-2p3/2, Se-3p, Se-3d, and
Ga-3d ~for the GaSe epilayer!; Si-2p ~for the Si substrate!;
and Fe-2p3/2, Fe-3s, and Fe-3p ~for the Fe overlayer! core
levels were collected and analyzed as a function of i
thickness@over the 20-Å-thick GaSe~001!/Si~111!#. Since the
effective photoelectron escape depths of Ga-2p3/2 and
Ga-3d are estimated at;5.2 and;17.6 Å, respectively,20

one can assume that Ga-3d photoelectrons probe all G
atomic planes of the 20-Å-thick GaSe film~five atomic
planes of Ga and five atomic planes of Se!. In contrast, the
Ga-2p3/2 photoelectrons probe only subatomic planes n
the surface of the film. We report only Ga-3d spectra results
in order to follow the evolution of all Ga atomic planes du
ing the Fe/GaSe interface formation. Also, by assuming
the escape depth of Si-2p and Ga-3d photoelectrons are
quite close due to their close kinetic energies, the 20 Å G
does not completely screen the Si-2p photoelectrons@30%
09442
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emission for bare H-terminated Si~111! substrate17#. Thus,
the Si-2p core level has been used to probe the Si surf
stability below the GaSe epilayer in respect to the silic
formation during the Fe deposition.

The crystalline structure of the Fe films has been inve
gated by x-ray diffraction~XRD! with u-2u scans using
CuKa radiation.

The magnetic properties of the iron films were probed
using an alternating-gradient force magnetometer~Princeton
Measurements Corporation Micromag! and a superconduct
ing quantum interference device~SQUID! magnetometer
~Quantum Design MPMS! with magnetic fields applied
along the@11̄0#, @112̄#, and@111# axes of Si. All magnetic
measurements were performed on samples prepared wit
same above-mentioned conditions with the only varying
rameter being the iron thickness. The magnetic respons
the Fe films has been studied by measuring the magn
saturation moment per area of the Fe layer versus its th
ness using the SQUID magnetometer operating at 30 K
magnetic fields up to 40 kOe. No significant change is o
served on the saturation magnetic moment of the Fe fi
grown onto ZnSe and covered with a ZnSe capping la
deposited at room temperature.21 Thus, we will focalize on
the magnetic properties of the Fe/GaSe interface.

The sample diamagnetic signal was removed by a num
cal fit from the ferromagnetic response of the Fe films. Ho
ever, the magnetic response of the Fe films thinner than 7
showed a low remanence and its magnitude became sim
to the diamagnetic signal. A reacted interfacial layer a
ultimately the characteristic two-dimensional~2D! island
growth of the Fe dominated the magnetic response at low
coverage.

III. RESULTS AND DISCUSSION

A. Epitaxy and structure

The RHEED diffraction has been monitored during t
growth of Fe thin films on a GaSe epilayer. Figures 1~a! and
~b! show the RHEED diagram taken along@11̄0# and@112̄#
azimuths, respectively@direction labeled with respect to th
~111! surface of silicon# after growth of 20-Å fully relaxed
GaSe epitaxied on H-terminated Si~111! substrate.14,17These
two main directions differ from each other by 30° and t

@213̄0#GaSe streak spacing~which is parallel to@112̄#Si is
larger by a) factor when compared to the@101̄0#GaSeone
~parallel with@11̄0#Si!. The beginning of the Fe deposition a
120 °C is characterized by the GaSe 2D diffraction~streak
patterns! that fades into an increasing background witho
however, complete disappearance. In this diagram, the Br
diffraction spots of Fe appear superimposed above 1 Å thick-
ness. This spotlike feature~i.e., 3D diffraction! indicates that
Fe islands dominate the early stages of growth. Once the
coverage increases, the Fe spots are considerably elong
but still superimposed with a spotty diagram. At around 7
Fe coverage~;4 ML!, one observes that the streak patte
becomes sharper in spite of the persistence of the Br
spots. No other RHEED pattern changes are observed
subsequent growth as illustrated in Figs. 1~c! and ~d!, taken
8-2
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from a 91-Å-thick Fe film. Similar to a GaSe~001! surface,
the Fe diagram shows two main in-plane azimuths that di
from each other by 30°; the streak spacing along@112̄#Fe
being larger by a) factor than that of the pattern alon

@11̄0#Fe. The Fe thin film shows a surface sixfold symmet
axis. It is important to emphasize that the appearance of
three-dimensional diffraction spots for thick Fe films refle
a roughening of the Fe film surface. This behavior is sim
to the surface morphology observed by scanning tunne
microscopy for Fe/Fe~100! homoepitaxy22 in which the sur-
face is formed by mosaic mounds. Such mounds are de
oped in the earliest stages of the growth and conti
through thicker films.22,23

Figures 1~e! and~f! display the RHEED diagram scheme
that help to identify the Bragg diffraction spots associa
with the reciprocal lattice of aa-Fe~111! film as taken along

@11̄0#Fe and @112̄#Fe ~30° apart! azimuths, respectively. As
usual in the Fe~111! growth, the iron can adopt two differen
stacking sequences along the~111! direction during growth,
which is the case when Fe is epitaxied on the Si~111! sub-

FIG. 1. ~a! RHEED patterns of the 20-Å-thick GaSe surfa

taken along@11̄0#Si and~b! @112̄#Si azimuths, respectively.~c! and
~d! RHEED patterns of a 91-Å-thick Fe film taken at the sam
azimuths shown in~a! and ~b!, respectively.~e! and ~f! RHEED
diagram schemes identifying Bragg diffraction spots of the Fe fi

from the reciprocal lattice ofa-Fe~111! along@11̄0#Fe and@112̄#Fe

~30° apart! azimuths, respectively, forA type ‘‘oriented’’ ~open
ellipses! and B type ‘‘twinned’’ ~full ellipses! obtained by 180°
rotation ofA type around its@111# axis.
09442
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strate, one aligned and the other one rotated by 180° in
spect to the Si substrate.24,25 If the film is perfectly 2D, the
RHEED diagram is composed of streaks and, in this ca
one cannot make a difference between the two twinned
entations. However, if one has a 3D pattern due to so
surface roughness, as is the case of Fe here, one can d
guish two stacking sequences that will produce two differ
epitaxies. By considering Fig. 1~e!, the aligned epitaxy~open
ellipses! provides the reciprocal lattice point 110̄ on the right
side of the Fe@111# axis @the Fe@111# axis is aligned in the
~0,0! streak direction#. Conversely, the twinned epitax
~filled ellipses! provides the reciprocal lattice point 11̄0 on
the left side of the@111# axis. These twoa-Fe orientations
have a twinning relationship. Namely, the latter is theB-type
structure that has a 180° rotation around its@111# axis rela-
tive of theA-type structure. According to the RHEED patte
shown in Fig. 1~c!, these two orientations clearly exist bu
the twinned orientation seems to be predominant because
intensity of the (1̄10)Fe spot is stronger than that of th
(11̄0)Fe spot. In a 150-Å-thick Fe film,B-type orientation
has been essentially evidenced by cross-sectional T
analysis. Below, we summarize our results on the epita
Fe films grown on GaSe epilayer: matching pla
relationship: ~111!a-Fe//~001!GaSe//~111!Si; azimuthal
orientation relationship: * A type ~aligned epitaxy!:

@11̄0#a-Fe//@101̄0#GaSe//@11̄0#Si; *B type ~twinned epi-
taxy!: @ 1̄10#a-Fe//@101̄0#GaSe//@11̄0#Si.

We have also followed the in-plane lattice parameter
the growing Fe film through the RHEED profiles using
high-sensitivity charge-coupled-device camera. The resul
in-plane lattice mismatch as a function of the equivalent
coverage~deposition time is given in the top axis! is pre-
sented in Fig. 2 with a thickness sampling of 0.005 Å tak
along the@11̄0#Si azimuth~@101̄0#GaSeaxis!. The reference
lattice parameter used for normalization was measured f
GaSe (1̄,0) and~1,0! streak spacing, which corresponds

FIG. 2. In-plane lattice mismatch~left scale! as a function of the
Fe equivalent coverage~deposition time is given in top axis!, ob-
tained from the profile analysis of the RHEED pattern. Sketch
the measured window profile of the RHEED pattern is shown in

inset. The spacing between the (1,̄0) and ~1,0! streaks of 20-Å-
GaSe epilayer were used to normalize the results.
8-3
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aGaSe* 51.93 Å2152p/(aGaSecos 30°), where cos 30° take
into account the angular twisting between real and recipro
lattices of a hexagonal surface. The in-plane lattice cons
~right scale! is given in terms of the in-plane lattice consta
of the bulk Fe, which is& times the~111! surface lattice
constant~dashed line with double arrows on the plot!. From
the beginning of the growth, a quite-quick evolution is o
served fromaGaSe53.755 Å toafilm54.05 Å. The measured
afilm value @corresponding toafilm* 52p/(&aa-Fecos 30°)
51.79 Å21# is in very good agreement with the Fe bu
value, i.e.,aa-Fe52.867 Å, indicating that the Fe grew wit
its own lattice constant even on the monolayer regime, ra
than straining to match the GaSe epilayer as it would
expected to in a usual heteroepitaxy. However, we not
small deviation of the in-plane lattice of the film between
thickness of 1 and 5 Å. This suggests the existence o
in-plane expansive strain~'10.6%! of the Fe overlayer di-
rectly in contact with GaSe epilayer. Photoemission stud
presented in the next section reveal a chemical reacti
between the iron and GaSe at around 1.65 Å of cover
~corresponding to 1 ML! that corresponds to the maximu
deviation observed in the in-plane lattice parameter. App
ently, a full-monolayer nucleation is needed to induce
chemical reaction between Fe and the topmost sheet o
GaSe epilayer. The formation of some compound can
responsible for the observed strain in the Fe islands. T
lateral strain is probably accommodated at the interface
the first atomic planes of Fe~111!.

The good crystal quality of the GaSe and Fe epilayers
been confirmed by XRD inu-2u scans. The XRD pattern o
a 1000-Å-thick Fe film grown on GaSe~150 Å!/Si~111! is
shown in Fig. 3. Only one Fe diffraction peak is observe
corresponding to the interplanar spacing of 0.827 Å, ide
fied as the~222! reflection ofa-Fe.26 The rocking curve re-
veals a FWHM for this reflection of;0.3°, which is compa-
rable to the Si~333! peak. This small FWHM value of the
a-Fe~222! Bragg reflection combined with the absence
any other Fe peaks confirms the good quality of iron t

FIG. 3. X-ray diffraction pattern showingu-2u scan of a 1000-
Å-thick Fe film grown on a 150-Å-thick GaSe epilayer previous
grown on a Si~111! substrate. Bragg reflection peaks correspond
to the Fe film, GaSe epilayer, and Si substrate are identified.
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films that have their~111! plane ofa-Fe parallel to the~001!
plane of the GaSe epilayer and to the~111! plane of the Si
substrate. The~00l! peaks of theg-rhombohedral structured
GaSe epilayer were also observed underlying the Fe fi
indicating the integrity of the GaSe epilayer after the
deposition.

B. X-ray photoelectron spectroscopy analysis

The line shape of Si-2p ~not shown here! remains un-
changed after a Fe deposition. Its intensity is rapidly atte
ated and vanishes above 30 Å of Fe thickness. This is c
sistent with a Fe overlayer that covers uniformly the Ga
epilayer. The GaSe acts not only as a template to absorb
mismatch strain between Fe and the Si substrate throu
van der Waals gap, but is also efficient to block the chem
reactivity between Si and Fe overlayers.

The Ga-3d core-level evolution is shown in Fig. 4, whic
displays only representative Fe coverages grown on a 20
thick GaSe. The background has been subtracted for e
spectra before their normalization to respect the maxim
intensity corresponding to the 20-Å-thick GaSe~bottom most
spectrum!. In the layered compound, the Ga-3d core level is
composed of one spin orbit@3d3/223d5/2 splitting is 0.46 eV
~Ref. 27!# because Ga and Se atoms are in a single chem
environment.28 Because of our experimental resolution, t
Ga-3d line shape can be described with a single Gauss
component. No change was observed in the Ga-3d peak for
the first Fe monolayer coverage, suggesting that the Fe at
do not induce chemical disruption on the GaSe surface.
intensity decay suggests a uniform wetting of Fe over Ga
despite RHEED results, which reveals a surface roughnes
an early stage of the iron coverage. Above 2 Å, the Ga-d
peak becomes clearly broadened and an extra compone
1.2 eV lower binding energy becomes visible. The relat
intensity of this component increases as a function of the
thickness. A change in this core-level binding energy s
gests that the chemical environment of some Ga atom
modified. Thus, an extra component has been added to fi
Ga-3d core-level spectra; i.e., components represent the t
emission of Ga-3d ~open circles!, unreacted~squares!, and
reacted~triangles! components. The core-level line-shape
has been performed using a standard least-squares-fi
routine. The fitting parameters of the unreacted compon
were kept constant in respect to the ones from the 2
GaSe/Si~111!; only the Gaussian width of the reacted com
ponent has been allowed to increase a little. This is justifi
by taking into account the interface bonding inhomoge
ities.

A chemical environment modification of the Ga sites h
been revealed by the Ga-3d line shape. By following the
intensity attenuation, one can deduce the depth distribu
of Ga atoms within the Fe overlayer. In the inset of Fig.
such attenuation curves have been plotted as ln@Ii(u)/I(0)#
versus equivalent Fe coverage, whereI (0) is the integrated
intensity taken from the 20-Å GaSe epilayer andI i(u) is the
integrated intensity of componenti. As can be seen, emissio
from gallium of the nondisrupted GaSe~squares! monoto-
nously decays while the emission from the Ga-reacted c

g

8-4



.
p

th
t

io
he

al,
gi-
Se
the
ster

cay,

Ga
with

ed
the
cal
The

arly
ting

cent
a
ays

Fe
g-
n

p

w
th
o
n
pt
om

cte
ys

di
e

in
he
o the
er-

EPITAXIAL GROWTH AND MAGNETIC PROPERTIES OF . . . PHYSICAL REVIEW B 63 094428
ponent presents a maximum as a function of Fe coverage
comparing the attenuation of the nondisrupted GaSe com
nent with an exponential attenuation model~reported in the
dashed lines and calculated by assuming a Ga-3d photoelec-
tron mean free path of;17.6 ~Å!, the Fe growth follows a
layer-by-layer mechanism in spite of the dissociation of
topmost sheet of the GaSe epilayer. In the other hand,
emission from reacted Ga atoms~disrupted component!
seems to support the model of self-limited GaSe disrupt
For the 20.8-Å-thick Fe film, the integrated signal of t

FIG. 4. Photoemission spectra of the Ga-3d core region re-
corded as a function of Fe coverage onto a 20-Å-thick GaSe e
ayer on Si substrate. Only GaSe epilayer~in bottom! and represen-
tative Fe coverage are shown. For all spectra, the background
subtracted and the intensity was normalized to the maximum of
intensity corresponding to the 20-Å-thick GaSe epilayer. The c
lected spectra~open circles! were fitted by adjusting two Gaussia
components: one associated with Ga atoms in the nondisru
GaSe~squares! and the other with Ga-reacted atoms released fr
the dissociation of the topmost GaSe sheets~triangles!. In the inset
are shown the relative changes of the intensities of the colle
Ga-3d signal and their two components. Our plot displa
ln@Ii(u)/I(0)# versus equivalent Fe coverage~deposition time is
given in top axis!, whereI i(u) is integrated intensity of peaki at
coverageu and I (0) is the total Ga-3d integrated intensity for
20-Å-thick GaSe. The Ga photoemission associated with non
rupted GaSe~squares! follows a layer-upon-layer growth mod
~dashed line! as expected.
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disrupted component reaches 40% of the initial Ga sign
which corresponds to two atomic planes from the five ori
nal ones. This implies that dissociation is limited to the Ga
topmost sheet from the 20-Å GaSe epilayer. Increasing
Fe film thickness, the Ga-reacted signal is attenuated fa
and asymptotically superimposes the total emission de
indicating once again, the limitation of the reacted zone.

The Se behavior shows a different feature than the
one. Once Se is released by the same process associated
Ga atoms, the Se-3p emission line shape remains unchang
as a function of the Fe coverage suggesting that within
intrinsic sensitivity of the XPS measurements, a chemi
reaction between the Se and Fe epilayer is not observed.
persistence of the Se signal much beyond 91 Å of Fe cle
attests that Se segregates at the growth front, probably ac
as a kind of surfactant. This has also been reported in re
work by Bourgognonet al. in the epitaxy of Fe or FePd on
ZnSe epilayer, where a Se floating monolayer was alw
observed.29

The Fe-2p3/2 spectra are shown in Fig. 5 for the same
coverages reported in Fig. 4. It is known that in ferroma
netic iron, the Fe-2p core level is usually constituted by a

il-

as
e

l-

ed

d

s-

FIG. 5. Photoemission spectra of the Fe-2p3/2 core region for Fe
on 20-Å-thick GaSe~001! taken at the same Fe coverage shown
the figure of the Ga-3d photoemission spectra. For all spectra, t
background was substracted and the intensity was normalized t
maximum of the intensity corresponding to the 91-Å-thick Fe ov
layer.
8-5



on

t-
si
F

al
in

th
ye
rri
it

in
e
a

m
t
e

f
ro
o-
ith
in
s
fo
th
d
ul
th
m
ve

c
t
tio
fa

the
ile

ture
EM
ring
c-

ys-
°

er-

and
ary
ow

he
ig.

e
ch
er-

in
Ga
the

etic

ing
ent

rst

eti-
e
to

e
ge
at
se

al to

M. EDDRIEF et al. PHYSICAL REVIEW B 63 094428
asymmetric line shape interpreted in terms of the electr
core hole excitations across the Fermi level.30 In fact, as
shown for some Fe-2p3/2 spectra, we find only an asymme
ric line shape broadening at a higher binding energy con
tent with a metallic character even at the first stage of
deposition. However, for sufficiently low coverage a sm
tail effect is observed in the line shape at higher bind
energy~second spectrum from bottom to top of Fig. 5!. This
behavior could be correlated with island formation and
onset of the metallic character of the deposited Fe overla
because neither dissociation of the GaSe surface is occu
from XPS analysis nor is residual straining associated w
the lattice mismatch apparent from the RHEED profile.

The overall XPS results can be understood by assum
the formation of iron gallium alloying with trapping of th
released Ga atoms in a reaction region nearby the Fe/G
interface. Since no more than two Ga atomic planes see
be released in the reacted zone~the XPS signal is peaked a
20.8-Å thick of Fe and smeared out up to 91-Å thick of F!
a Fe-rich content is expected for this Fe-Ga alloying.31 How-
ever XRD and RHEED analyses do not show evidence o
solid phase or metastable surface phase originating f
nonstandard thermodynamic equilibrium in a tw
dimensional structure. The formation of a solid solution w
weak dilution of Ga atoms into a Fe sublayer could be
voked, but magnetic measurements discussed in the next
tion reveal a strong reduction of the Fe magnetic moment
very thin Fe layers. Thus, a most probable picture is that
Ga atoms incorporate into microscopic patches embedde
a Fe matrix in which the local magnetism of Fe atoms co
be strongly changed. Here, it is important to emphasize
a weak selenization of the Fe film and the existence of
cropatches cannot be excluded. In the next section, we in
tigate the interfacial zone by cross-sectional TEM.

C. Transmission electron microscopy observations

A trilayer ZnSe/Fe(150Å)/GaSe(12Å)/Si hasbeen pre-
pared by ion milling for the TEM observation in cross se
tion along a silicon̂ 110& axis. A Topcon 002B working a
200 kV has been used that gives a nominal spatial resolu
of 1.9 Å. In the cross-sectional image of Fig. 6, the inter

FIG. 6. HRTEM cross section of a sample ZnSe/Fe~150 Å!/
GaSe~12 Å!/Si. Note the epitaxial relationship between Si, GaS
and Fe. In the Fe layer, only one family of planes can be ima
with the 1.9-Å resolution of the equipment. Circled zone is a p
terned contrast characteristic of precipitates or alloyed pha
present in high density in the vicinity of the interface.
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cial layer appears to be discontinuous: in some parts,
nominal thickness of the GaSe deposited is not visible, wh
in others, its apparent thickness is about 40 Å. The struc
in these parts appears also to vary in high-resolution T
~HRTEM! images, perhaps due to ion-beam damage du
sample thinning. Above the interface layer, electron diffra
tion confirms that the Fe layer is indeed perfectly monocr
talline and@111# oriented, with an in-plane rotation of 180
with respect to the Si substrate~twin orientation!. In the vi-
cinity of the Si interface, the Fe layer includes nanomet
sized grains of other phases, with a density in the 1012cm22

range. These grains have different shapes, structures,
contrasts, which indicate that the composition may also v
from one to the other. However, a majority of them just sh
up as a simple superstructure on the Fe lattice~Fig. 6!, which
shows that they are in full 3D epitaxial relationships with t
Fe matrix. The Fourier transform of the circled zone in F
6 gives, for example, a diagram resembling the~110! projec-
tion of Si ~in a twin orientation with respect to the substrat!
with a lattice parameter larger than that of Si by 2–3%. Su
a pattern matches the Joint Commission for Powd
Diffraction Standard files for tetragonal FeGa2Se4. Qualita-
tive energy dispersive x-ray spectroscopy confirms that
this interfacial zone the Fe layer contains a few percent of
and Se. In the next section, we address the influence of
buried-reactive zone close to the interface on the magn
properties of the Fe films.

D. Magnetic properties

Magnetic measurements were performed at 30 K by us
the SQUID magnetometer. The saturation magnetic mom
per cm2 (ms) versus Fe thickness is shown in Fig. 7. In a fi
crude interpretation we would assume thatms increases lin-
early with the thickness~solid line in Fig. 7!. This leads to a
solid line obtained by a linear fit whose slope~1595 G! is a
magnetization value 6.7% smaller than the bulk Fe magn
zation ~1710 G!. The extrapolation of the line intercepts th
thickness axis at a value of about of 30 Å, which will lead

,
d
-
s,

FIG. 7. Saturation magnetic moment per cm2 versus Fe thick-
ness. Solid line is a linear fit assuming thatms increases linearly
with the Fe thickness. Dotted and dashed lines have a slope equ
that of bulk Fe and interfacial magnetizations, respectively.
8-6
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the existence of an equivalent magnetically dead layer. H
ever, it is very clear in Fig. 7 thatms deviates from this linear
behavior in the thinner thickness range. For thickness be
;60 Å, ms is reasonably proportional to the Fe thickness
with a slope of about 850 G~see dashed line in Fig. 7!.
Therefore, a more advanced interpretation needs an inte
cial layer, nearly half magnetized with respect to bulk F
covered by a bulk Fe layer with a magnetization loss of 6.
as compared to the bulk Fe magnetization. This interfa
magnetization loss below;60 Å clearly corroborates with
the above XPS analysis, which indicates an interfac
chemical reaction between Ga and Fe in the same thick
range. Certainly, the chemical reaction started near the
GaSe interface is correlated with this change of the tr
magnetization at the interfacial layer. The significant red
tion of the magnetic Fe moment for Fe film thicknesses
low ;60 Å suggests that the buried-reactive zone with
atoms is strongly detrimental for the local Fe moment.

Our results also suggest an asymptotic ‘‘as-bulk’’ beh
ior with a magnetization of 1595 G instead of the bulk
magnetization~1710 G!. This significant reduction of the
‘‘as-bulk’’ Fe magnetization can be attributed to either u
avoidable uncertainty of the effective thickness of the Fe fi
or to a selenization process of the Fe films. If one assum
slope that gives the bulk Fe magnetization~dotted line in Fig.
7!, one would obtain an ideal thickness calibration. In t
case, the Fe thickness would be overestimated at least b
Å. Such inferred error in the Fe thickness seems high
comparison to the thickness value obtained by the TEM
age. On the other hand, the presence of Se atoms insid
Fe overlayer could also be related to the reduction of
observed ‘‘as-bulk’’ magnetization as compared to the b
Fe magnetization. However, according to our XPS analys
seems that Se is acting as a surfactant rather than prom
a selenization process of the Fe film at elevated subs
temperatures, as reported by Takahashiet al.32

Therefore, the magnetization deficiency~6.7%! observed
for ‘‘as-bulk’’ Fe layers seems to be an effect of th
‘‘weight’’ of the reacted layer in the total thickness of the F
film rather than an eventual selenization process of Fe fi
or thickness calibration error.

Magnetic measurements were also performed using
alternating-gradient force magnetometer operating at 300
In Fig. 8, the coercive field (Hc) is shown versus Fe laye
thickness. Three illustrative hysteresis loops are shown in
inset of the figure. Clearly, the thickness evolution ofHc
depicts a drastic change of behavior aroundtFe578 Å.
Above tFe578 Å, Hc decreases almost linearly with the r
ciprocal Fe thickness. SinceHc reflects the volume distribu
tion of the pinning centers for the magnetic domains in
films, such as magnetic inclusions, it is suggested that
number of pinning centers remains almost constant per
area of the Fe films. All Fe films present ferromagnetic h
teresis loops at room temperature with remanences ab
80%. The in-plane magnetic anisotropy does not differ
preciably for magnetic fields applied along the@11̄0# and

@112̄# axes of the Si substrate, as expected for b
a-Fe~111!.
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Below tFe578 Å, the hysteresis loops dramatical
change.Hc diminishes with the decrease in the Fe thickne
whereas hysteresis loops with higher saturation fields
remanence below 10% have been observed~see bottommost
hysteresis loops!. In principle, deep changes could be e
pected in the magnetism of a Fe layer if its thickness
comes comparable to the roughness height. However,
three-dimensional diffraction reflects a small surface rou
ening of the Fe film, such as discussed in Sec. IIIA. Follo
ing this, roughness cannot be responsible for strong mo
cations in the magnetic coupling and ferromagnetism. Th
the buried-reacted layer is more likely to be acting as a d
rimental factor for the ferromagnetism than the ultimate s
face morphology of the thinner Fe films. The measureme
carried out with magnetic fields applied in plane and out
plane suggest that the spontaneous magnetization remai
the film plane. Additionally, fortFe,78 Å a negligible in-
plane magnetic anisotropy is observed, whatever in-plane
rection of the applied magnetic field. Eventual antiferroma
netic behavior of the byproducts of the chemical react
near the Fe/GaSe interface could also be hidden in this m
netic response. Such a strong modification of the local m
netism of Fe atoms corroborates with the hypothesis of
croscopic patches embedded in a Fe matrix.

IV. SUMMARY AND CONCLUSIONS

We have shown that epitaxiala-Fe~111! films can be
grown at 120 °C on unstrained GaSe~001! epilayers grown

FIG. 8. Coercive field as a function of the Fe layer thickne
Magnetic measurements were performed using an alterna
gradient force magnetometer operating at 300 K with the magn

field applied along the in-plane@11̄0# direction of the Si substrate
The labelsA, B, andC are indicating the Fe layer thicknesses~13,
78, and 1560 Å, respectively!, and their hysteresis loops are show
in the inset.
8-7
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themselves on surface hydrogenated~111! silicon substrate.
The Fe relaxation is almost immediate and the film is fu
relaxed in the monolayer regime. This demonstrates that
GaSe lamellar structure is efficient to absorb the strain
tween the Si substrate and the Fe overlayer, even thro
only a few sheets of GaSe. More interestingly, a 20-Å-th
GaSe epilayer is sufficient to block the interdiffusion b
tween Fe and Si. However, the interaction between Fe
the topmost GaSe sheet induces a Se segregation toward
Fe growth front and a chemical Fe-Ga reaction near the
terface due to the metallic Ga exposure. As a conseque
nanometer-sized grains of ordered Fe alloys are reveale
the reacted interfacial layer. This interfacial layer is nea
half magnetized as compared to the bulka-Fe magnetiza-
tion; it appears in the early stage of the Fe growth and i
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gradually buried by a pure iron layer that presents a ne
‘‘as-bulk’’ magnetization.

The use of layered materials as a buffer for ill-adap
Fe-Si epitaxial growth seems to be a promising approac
integrate magnetic properties of Fe overlayers in silic
technology, but more information on the Fe interaction w
the lamellar template are still needed.
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