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Epitaxial growth of Fe„001… on CoSi2„001…/Si„001… surfaces: Structural and electronic
properties
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Ultrathin Fe films, in the thickness range 0–40 monolayers~ML !, have been grown on Si~001! by molecular-
beam epitaxy and characterized by low-energy electron diffraction, inelastic medium-energy electron diffrac-
tion, x-ray photoelectron spectroscopy, angular-resolved ultraviolet spectroscopy, x-ray photoelectron diffrac-
tion, ion scattering spectroscopy, and transmission electron microscopy. For Fe depositions onto Si~001! at
room temperature, a disordered layer is obtained due to a high degree of intermixing between the Fe deposit
and the Si substrate. Successful epitaxial growth of Fe at room temperature is achieved by use of a thin~;10
Å! CoSi2 silicide interlayer epitaxially grown on the Si~001! substrate prior to the Fe deposition, which
prevents the intermixing of the Si substrate atoms into the Fe overlayer. Below a coverage of;2 ML, a
reacted ordered iron-rich phase forms at the surface. At higher coverages, there is growth of an
epitaxial essentially body-centered cubic~bcc! Fe~001! overlayer with the orientational relationships
Fe~001!^001&iCoSi2~001!^001&iSi~001!^001&. Finally, a well-ordered Fe/CoSi2 interface is formed even at
room temperature.@S0163-1829~99!12335-X#
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I. INTRODUCTION

The ability to grow high-quality magnetic epitaxial thi
films of 3d metals on semiconductor single crystal is
important field, since for many technological applications
well as for fundamental physics studies one wants to exp
the magnetic anisotropy of the material. On the other ha
the growth of magnetic thin films offer unique opportuniti
for exploring the correlation between atomic structure a
magnetic properties in these systems.

The Fe-Si system is of great interest due to the poss
incorporation of magnetic elements into silicon-integra
optoelectronic or microelectronic devices. A number of
vestigations dealing with the interlayer coupling in Fe-
multilayers have been reported.1–4 However, concerning the
spacer, its nature metallic or semiconductor is poorly und
stood, and it is not well established how it affects the co
pling in the Fe-Si multilayers.

Several structural and magnetic studies of Fe on Si~001!
at room temperature5–8 ~RT! have already been reporte
However, it has been observed that a spontaneous and
nificant chemical intermixing occurs between the
transition-metal overlayer and the semiconductor Si s
strate. The first-deposited Fe atoms react with the surfac
forming an ;20–30-Å-thick amorphous FexSi12x silicide-
like overlayer. For subsequent Fe deposits the reaction s
down probably due to the diffusion barrier through the int
facial disordered silicide layer and the Si dissolution in t
overlayer diminishes. Thus, a metallic disordered Fe la
develops. The Fe-Si interfacial interdiffusion can be redu
by lowering the temperature of the substrate during the
PRB 600163-1829/99/60~15!/11123~8!/$15.00
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evaporation. By this way, sharper interfaces between the
strate and the overlayer are obtained but the resulting
films are found to be highly defected with rough surfaces5,9

The Si interdiffusion of the RT as-grown Fe films is know
to have strong influence on its magnetic behavior.

Recently, we have reported the connection between
structure and the magnetism on epitaxial FexSi12x (0.5,x
,1) films grown on Si~111! at RT.10 Magneto-optic Kerr
effect ~MOKE! measurements showed an increase of
magnitude of the uniaxial anisotropy constant with incre
ing Si concentration. Furthermore, x-ray magnetic circu
dichroism measurements indicated a diminution of the lo
magnetic moment on the Fe atoms with increasing the
concentration in the layer. So, the presence of Si in the
layer strongly affects ferromagnetism and is found to que
it completely in the FeSi stoichiometry.10

In order to obtain sharper semiconductor-metallic int
faces and to better control the nature of the interface, i
desirable to prevent outdiffusion of Si by a barrier laye
Moreover, it is noteworthy that body-centered cubic~bcc! Fe
and Si crystals have closely related lattice parametersaSi
>2aFe with a misfit of 5.6%, which suggests thata-Fe may
be epitaxially grown on Si~001!. Here, we have chosen a
one such possibility a CoSi2 silicide layer. CoSi2 crystal-
lizes in the CaF2 structure with very close lattice match to S
~1.2%! and is known to be of high-crystalline quality whe
grown epitaxially on Si~111!.11–13Previous studies14–17have
also demonstrated that single-orientation epitax
CoSi2~001! films can be grown on top of Si~001! in the CaF2
cubic-crystal structure. The CoSi2 silicide is metallic but pre-
sents no magnetic ordering.
11 123 ©1999 The American Physical Society
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11 124 PRB 60P. BERTONCINIet al.
In this study, we have employed low-energy electron d
fraction ~LEED!, inelastic medium-energy electron diffrac
tion ~IMEED!, x-ray photoelectron spectroscopy~XPS!,
angular-resolved ultraviolet spectroscopy~ARUPS!, x-ray
photoelectron diffraction~XPD!, ion scattering spectroscop
~ISS!, and transmission electron microscopy~TEM! tech-
niques to determine the atomic and electronic structure o
ultrathin films grown on CoSi2~001!/Si~001! surfaces at RT.
It is shown that the addition of an ultrathin-ordered silici
layer ~;10 Å! on top of the Si~001! surface prior to Fe
growth can drastically change the growth mode of this s
tem. We demonstrate that nearly pure epitaxial bcc Fe ca
formed on Si~001! by use of thin-CoSi2 silicide template
layers epitaxially grown on Si~001! substrates. This epitaxia
interlayer acts as a seed and enables the epitaxial grow
essentially bcc Fe at RT, with sharp interfaces, and a
serves as a diffusion barrier of Si substrate atoms in the
overlayer, thereby decreasing drastically the Si concentra
in the Fe overlayer. This is the first demonstration of epit
ial Fe~001! layer growth on Si~001! substrate at RT.

II. EXPERIMENT

Sample preparation and all measurements, with excep
of TEM, were performed in a two-chambers ultrahig
vacuum~UHV! system including a molecular-beam epita
~MBE! preparation chamber and an analysis cham
equipped with facilities for LEED, IMEED, XPD, XPS
ARUPS, and ISS techniques. The base pressure of the
vidual chamber was better than 10210mbar.

The Si~001! substrates were cleaned by cycles of A1

sputtering and followed by annealing to 850 °C. This tre
ment produced contamination free surfaces with a high
gree of crystallographic order with a long coherence len
as attested by sharp (231) two-domain LEED patterns.

The CoSi2 template layer was grown on Si~001! by depo-
sition at RT of a thin~4 ML! film of Co followed by heating
to 400 °C for 30 min. This produces a fairly well-ordere
single-domain CoSi2 film with the ~001! orientation, which
exhibits a sharpc(232) (&3&R45°) LEED pattern. In
previous studies,17,18 it was proposed that, CoSi2 layers pre-
pared in such way, are arranged in the CaF2 structure termi-
nated by a Si layer with an additional half monolayer of
atoms in ac(232) arrangement.

The Fe films were deposited onto substrates by MBE
rate of ; one monolayer~ML ! per minute from an Al2O3
crucible of a knudsen cell. The deposition rate was mo
tored by a quartz-oscillator thickness monitor. Here, we
fine one ML of Fe as the atomic density of a single b
Fe~001! monolayer (1 ML51.2 1015 atoms/cm2) which is
twice that of the Si~001! surface. The substrate temperatu
was held at RT. During growth the background pressure
mained always below 2.10210 mbar.

For theex situTEM analysis, the films were capped wit
a nonmagnetic FeSi layer~;20 Å! and a Si layer~;20 Å! to
protect them from oxidation prior to removal of the com
pleted sample from the growth chamber. The FeSi capp
layer grows epitaxially on the Fe-deposited layers by
evaporation of Fe and Si at RT in stoichiometric ratio. T
TEM samples were prepared by mechanical thinning~tripod
method!.
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All in situ experiments were conducted using a Leybo
EA200 spectrometer equipped with a 150-mm radius he
spherical analyzer, selectable angular resolution from61° to
68°, and a multichannel detector with 18 discrete chann
capable of high-count rate. The measurements of the ph
electron diffraction modulations of the Fe2p3/2 core line at a
kinetic energy of 779 eV, were performed with an unmon
chromatized Alka radiation (hv51486.6 eV). Polar angula
scans along the two principal azimuths,@100# and @110#, in
the CoSi2~001! surface plane, were recorded by rotatin
~angleu! the sample in a geometry with a fixed angle b
tween the incidence photons and the photoelectron collec
directions. The polar angleu is referred to the surface norma
of the sample. The ARUPS experiments were done usin
standard He discharge lamp. The XPD and ARUPS ang
resolutions of the electron detector were set to61°. In XPS,
monochromatized Alka radiation was used to measure th
Fe2p3/2 core lines. With the same analyzer in constant ret
ratio mode the ISS spectra were recorded using a prim
He1 beam of 1000 eV kinetic energy. The incidence an
and the emission angle could be varied but the scatte
geometry~scattering angle5130°) was kept fixed. The ac
ceptance angle in ISS was set to the maximum value of68°.
IMEED maps were collected at a primary energy of 900
by means of a conventional LEED optics.

Electron microscopy was performed employing a TO
CON EM 0023 microscope operating at a beam voltage
200 kV.

III. RESULTS AND DISCUSSION

LEED results

The surface order and morphology of Fe/CoSi2~001!c(2
32) is investigated by means of LEED. The LEED patte
of the CoSi2~001! surface shows a very clear and sharpc(2
32) reconstruction indicating a very flat and we
crystallized surface with typical terrace widths larger th
the LEED beam coherence~;200 Å!. When Fe is deposited
at RT onto the clean CoSi2~001! surface thec(232) spot
intensity slowly decreases and the LEED pattern gradu
evolves into a (131) periodicity. Thec(232) spots vanish
after deposition of 4–5 ML of Fe and only the (131) inte-
gral order spots are now visible indicating the pseudom
phic growth of a well-ordered phase with the (131) period-
icity. One point of interest is that the (131) spots show
specific intensity profiles, which exhibit periodic variation
of their width and intensity distribution with increasing ele
tron energy even for deposit as small as 1 ML of Fe. Th
oscillations of the width of LEED (131) spots with incident
electron energy are explained in terms of constructive
destructive interferences of the electron wave function
flected from the~001! terraces, which are separated b
monoatomic steps.19,20 This is consistent with the growth o
films with rough surfaces, i.e., surface morphologies with
high density of steps. The LEED spot widths at an out-
phase condition, which allows us to estimate the aver
terrace width, indicate mean step separations of the thin-
surface of typically;10 Å. At large thicknesses~>40 ML!
the LEED show an increased background intensity an
reduction of the (131) spot intensity, suggesting a poor
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PRB 60 11 125EPITAXIAL GROWTH OF Fe~001! ON . . .
long-range order of the growing films. No indications f
faceting can be detected by LEED.

Finally, the LEED patterns show that Fe layers grown
RT are epitaxial on CoSi2~001! surfaces, despite the larg
lattice mismatch of the two materials~;7%!, while they are
polycrystalline on Si~001!. The stepped Fe surfaces durin
the growth seem to be connected with the limited diffus
length of the Fe adatoms at RT. The surface topogra
should be examined with scanning tunneling microsco
~STM! in order to obtain a better idea of the level of surfa
roughness exhibited.

ISS results

In order to determine the chemical identity of the atoms
the surface as the interface is formed, ISS measurem
were carried out during the Fe deposition. In ISS, the ine
tically scattered ions are analyzed, and information on
atomic species in the topmost or two topmost atomic lay
at the surface can be obtained by considering how the kin
energy of the incident ions is divided between the scatte
atoms and the substrate atoms. Figure 1 shows ISS sp
recorded at various Fe coverages. The inset display
scheme of the geometrical conditions for data recording.
clean CoSi2~001! surface spectrum shows only a peak
;591 eV kinetic energy corresponding to Si atoms. T
observation points out that at least one or more Si topm
atomic layers terminate the CoSi2~001! surface, in good
agreement with the surface structure model suggested in
literature.17,18 Fe deposition gives rise to a new peak
;760 eV kinetic energy corresponding to Fe species. Fig
2~a! shows the Si and Fe ISS intensity variation upon de
sition of the Fe onto the CoSi2~001! surface. As is apparen
the Fe intensity rapidly increases, whereas the Si rapidly

FIG. 1. Ion scattering spectroscopy~ISS! spectra recorded dur
ing Fe deposition on CoSi2~001! at room temperature. The inse
shows a schematic view of the geometrical conditions. The s
tered He1 ions are detected at a fixed angle of;130°.
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creases upon Fe deposition. One can see that for;10-ML Fe
deposit, the Fe signal reached its maximum intensity whil
very weak signal from Si~;5%! is still detected under thes
conditions. The Si signal completely disappears for;40
ML. The ISS data recorded during the early stages of
deposition~coverage below 10 ML! clearly excludes the for-
mation of a pure Fe or Si termination. It can be seen in F
2~a! that deposition of;2 ML of Fe corresponds to abou
60% of the intensity of a single-bcc Fe~001! layer while the
fraction of Si at the surface can be estimated to be;40%.
We can interpreted this result in terms of either intermixi
or formation of three-dimensional Fe islands with segrega
Si. The measurement of the Si to Fe ISS intensity ratio a
function of angle of incidence shown in Fig. 2~b! clearly
indicates that Si segregation certainly takes place si
strong shadowing of the Fe is seen at grazing incidence.
coverages above 5 ML, a largely unreacted Fe overla
forms on top of the intermediate layer, while substantial
segregation is seen at coverages up to 40 ML.

A comparison with results obtained for 10 ML of Fe d
posited at RT onto CoSi2~001!/Si~001! and Si~001! shows a
Si signal three times greater and points to much larger in
mixing and segregation phenomena in the Fe/Si~001! than in
the Fe/CoSi2~001!/Si(001) system.

IMEED results

Structural information concerning the growth o
Fe/CoSi2~001! can be quickly obtained by inelastic medium
energy electron diffraction~IMEED!. IMEED is based on
the fact that inelastic backscattered electrons in the K
range show strong enhancement of intensity along direct
defined by atomic rows, because of the forward scatter

t-

FIG. 2. ~a! Evolution of the Fe and Si ISS peaks intensity as
function of Fe coverage. The Si peak intensity is multiplied by 5
facilitate the comparison with the Fe signal.~b! Ratio of the Si and
Fe ISS intensities as a function of Fe coverage for different angl
incidence~u! of the He1 ions.
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11 126 PRB 60P. BERTONCINIet al.
effect.21 Therefore, IMEED provides information on loca
atomic structure in a way very similar to XPD in real spac
However, IMEED in contrast with XPD is not chemicall
selective, since electrons inelastically scattered by atom
different kinds are superimposed. Figure 3 shows a IME
pattern, also called Kikuchi pattern, measured for 10-ML
deposited at RT onto the CoSi2~001! surface. The pattern is
taken for electron beam at normal incidence with respec
the surface, and at a primary energyEp5900 eV. Only the
electrons emitted with polar angles in the 0–40° range
collected by the fluorescent screen. A well-contrasted pat
is observed, which clearly shows a fourfold symmetry
evidenced by strong-intensity modulations. Essentially,
same IMEED pattern is seen at all coverages in the 1–40
range and corresponds to the one observed on a Fe~001!
single-crystal surface. This immediately indicates that w
ordered films grow on the CoSi2~001! surface, which adopt a
cubic structure.

XPD results

In order to get more specific-site structural informati
about the evolving structure of Fe films as a function of fi
thickness, we have employed x-ray photoelectron diffract
~XPD!. In XPD, the intensity of a specific core-level phot
electron line is studied as a function of the emission dir
tion. This technique is based on the observation of inter
ences between the direct photoelectron wave emerging f
a specific atom and those waves scattered by neighbo
atoms to the emitter. As a result of the interference effect
is well established22,23 that at high kinetic energy~several
hundred eV! XPD angular distributions of photoelectron
emission intensity have intensity maxima corresponding
the internuclear direction, which connect the emitter atom
its nearest-neighbor scatterer atoms. This mechanism oc
when photoelectron waves emitted by specific atoms are
focused in the forward direction~forward scattering! due to
the strong core potential of the atoms neighboring the em
ter. XPD does not require the sample to have long-ra

FIG. 3. IMEED pattern for a 10 ML of Fe deposited at RT on
CoSi2~001! surface taken for a normal incidence electron beam
ergy of 900 eV.
.

of
D
e

to

re
rn
s
e
L

l-

n

-
r-
m
ng
it

o
o
urs
e-

t-
e

order, which makes it complementary to LEED, which
routinely used to monitor long-range order in the films.

Figure 4 shows the evolution of the intensity angular d
pendence of Fe2p3/2 core level along the@110# azimuth of
the Si substrate, as a function of the Fe coverages depo
at RT on the CoSi2~001!. All the photoelectron angular dis
tributions are very similar, with three major peaks clea
identified at polar emission angle around 0°, 23°, and 5
Along the@100# azimuth only the profile corresponding to 1
ML of Fe is depicted in Fig. 5. It is typical for all the profile
we obtained at various coverages. The major peaks appe
0°, ;26°, and;45° polar emission angle. Marked intensi
angular modulations with maxima at defined angular po
tions indicate the formation of an ordered phase. Becaus
is expected to be arranged in a bcc cubic structure, we h
reported the corresponding structure model~see inset Fig. 5!.
According to this accompanying structure model a bcc fi
would show forward scattering intensity maxima along t
@110# azimuth, at normal emission (u50°) and 54.7° polar
angle corresponding to beam alignment along the@001# and
@111# atomic rows of a bcc phase, respectively. Similar
along the@100# azimuth, strong enhancement features
expected at 0° and 45° corresponding to the@001# and@101#
atomic rows. Thus, it is immediately apparent from the
results that Fe most likely grows in a bcc structure whate
the film thickness. Intermediate features at around 25° al
the two azimuths are assigned to nonzeroth-order diffrac
and scattering by more distant atoms, but are also typica
a bcc local environment. Actually, the presence of peaks
ible at normal emission and at;52° along the@110# direc-

-

FIG. 4. Fe2p3/2 photoelectron intensity angular distribution
along the@110# azimuth for increasing thickness of the Fe film o
CoSi2~001!. Crystallographic directions correspond to forward sc
tering at nearest or next-nearest neighbors.
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tion for 1-ML Fe deposit reveals that a fraction of photoele
trons emitted from the Fe are scattered by at least of one
two overlying Fe or Si atoms, respectively, thus giving e
dence of multilayer film growth. Consequently, the expe
mental data for low coverages do not support a simple
layer-by-layer growth mode but can be readily explained
intermixing takes place in the early stages of growth, i.e.,
dissolves at least a part of the Si atoms terminating the C2
layer or if three-dimensional bcc Fe islands are formed.

As can be seen the Fe2p3/2 forward scattering peaks a
normal emission and at;52° increase in intensity versus F
coverage according to the focusing effect as the numbe
scatterers along the chains becomes larger and reach fu
tensity after deposition of;8 and;5 ML, respectively. The
saturation of the forward-scattering peak intensity with
creasing film thickness is due to defocusing effect of m
tiple forward scattering, which appears for a number of sc
terers larger than six to eight along close-packed chain
cubic structures.24 The observed anisotropies measured
(Imax-Imin)/I max is ;40% for the 0° peak at 8 ML. The
presence of this strong forward-scattering peak in the Fe
level also confirms high degree of crystalline order in t
deposited layer. The anisotropy as large as 40% is foun
be very sensitive to the template layer crystalline qual
Finally, a small shift of the@111# forward-scattering peak
~Fig. 4! towards higher polar angles is observed for Fe c
erages above;10 ML. We ascribe this shift to the strai
evolution of the Fe films. The Fe overlayers are coheren
matched to the CoSi2~001!/Si~001! surface, with the lattice
parameter larger (aFe52.86 Å) than half that of Si (aSi

FIG. 5. Fe2p3/2 photoelectron intensity angular distribution
along the@100# azimuth from a 10 ML-thick Fe film deposited a
RT on CoSi2. Crystallographic directions correspond to forwa
scattering at nearest or next-nearest neighbors. Also shown ar
main close-packed atomic directions for a bcc~001! crystal cut
along the@110# and @100# symmetry directions.
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55.43 Å) causing in-plane compression of the Fe lattice
the Fe/CoSi2~001! interface and expansion of the Fe lattic
normal to the interface. Thus, this shift indicates that the
lattice undergoes a pseudomorphic tetragonal distortion
the thinnest films but relaxes towards its natural bcc form
the thick layers. This result is in good agreement with TE
investigations~see below!.

At this point one may thus conclude for Fe deposited
CoSi2~001! surfaces at RT, that even the thinnest films
vestigated grow epitaxially with a cubic structure. Moreov
the appearance of forward scattering peaks at 0° and
along the@110# azimuth for very low coverages~;1 ML! is
in line with the fact that either a mixed Fe-Si interface or
cluster formation takes place.

ARUPS results

The evolution of the ARUPS spectra yields informatio
on the surface electronic structure and in particular the na
of the bonding between the different species of the pro
region. Figure 6 shows typical ARUPS spectra recorded
normal emission geometry (u50°) for different thicknesses
of RT deposited Fe layers on CoSi2~001! surfaces. The clean
CoSi2~001! surface spectrum mainly exhibits two promine
narrow structures at;1.6 and;2.8 eV binding energy~BE!.
They are assigned to the nonbonding states of Co3d elec-
trons in the CoSi2 silicide layer and to surface related state
respectively. The peak attributed to the bonding Co3d-Si3p
electron states is located at;3.5-eV BE. The origin of the

the
FIG. 6. Angle-resolved photoemission spectra taken at 21.2

(He1) photon energy in normal emission for different thicknesses
Fe overlayers deposited at RT on CoSi2~001!.
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11 128 PRB 60P. BERTONCINIet al.
surface states at;2.8-eV BE is not yet understood. The pre
ence of a such narrow surface-state peak along with stro
angular dependence~not shown here! indicate an excellen
crystallinity of the CoSi2~001! layer in good agreement with
the sharpc(232) LEED pattern. After deposition of 0.5 ML
of Fe the surface states at;2.8 eV is quenched and replace
by a broad peak centered at;1.6 eV. Above 0.5 ML of
deposited Fe a second peak develops close to the Fermi
together with a peak at;1.7 eV. The peak near the Ferm
level is assigned to nonbonding Fe 3d states while the peak
at ;1.7 eV appears to be due to emission from an iron st
which is caused by hybridization effect, i.e., caused by Fe
interactions. Hence, for Fe evaporation in the 0–2 ML
ARUPS spectra evolution suggests the formation of a th
silicide layer at the interface rather then the growth of a p
Fe layer.

In the coverage region between 2 and 6 ML, the spe
are very similar with two prominent peaks at;0.5- and
1.7-eV BE, respectively. Peak positions and energy sep
tions are very close to those reported for Fe3Si.25 However,
we can see that the intensity of the peak close to the Fe
level develops in this coverage range. This behavior can
assigned to the growth of unreacted Fe on top of a sta
iron-rich phase with composition close to Fe3Si by the fact
that the spectra can be obtained simply as a superpositio
pure bcc iron and Fe3Si spectra. A stoichiometry close t
Fe3Si has also been previously assigned by Gallegoet al.8 to
the reacted phase formed at the Fe/Si~100! interface. A close
inspection of the spectra up to;2 ML of Fe reveals the
presence of a broad structure around 4-eV BE, which ma
due to Si 3p states reflecting Si segregated on the depos
layer.26–27 This segregation of Si at low coverage is clea
evidenced by ISS data@Fig. 2~b!#.

Above 6-ML thickness, we see that the overall shape
the spectra are similar to each other. Two main structures
be identified at;0.8- and 2.6-eV BE, respectively, and
broader structure located at;6-eV BE. The overall shape o
the spectra is in very good agreement with published ph
emission spectra for clean bcc Fe~001!.28,29A careful inspec-
tion of the structure close to the Fermi level reveals the p
ence of two components at;0.3 and ;0.8 eV due to
emission from minority-spinG258 and majority-spinG128 sym-
metry bands, respectively.28 The peak at;2.6 eV corre-
sponds to the emission from majority-spinG258 symmetry
band. The peak at;6 eV is attributed to a satellite effec
originating from double-d hole state.

Hence, a thin-ordered iron-rich phase is formed at
interface for coverages up to;2 ML of Fe deposited at RT
onto the Si~001! surface. The first Fe atoms react with th
surface as testified by the quenching of the CoSi2~001! sur-
face state and the appearance of new structures in
ARUPS spectra. With increasing Fe coverages, the ARU
spectra demonstrate that an ordered (131) bcc Fe~001!
phase begins to grow on the iron-rich-ordered silicide int
facial film, for coverages above; 2 ML. The ISS spectra
indicate that very small amounts of Si~a few percent of an
atomic layer! still persist at the Fe film surface~up to 40 ML!
but this is not detectable in the valence-band spectra.

Core-level photoemission results

In order to gain additional information concerning the n
ture of the chemical bonding states of iron in the layers,
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examined the coverage-dependent emission from the Fe2p3/2
core-level transition. In Fig. 7 a typical series of norma
emission monochromatized Alka-excited Fe2p3/2 core-level
spectra is displayed for increasing Fe coverage
CoSi2~001! at RT. Also shown for comparison is the spe
trum corresponding to a thin FeSi2 layer ~;10 Å! epitaxially
grown on Si~001!. Note that the Fe2p3/2 core levels of FeSi2
are within accuracy identical in binding energy to those
FeSi.26 For coverages up to 8 ML, the Fe2p3/2 core-level
intensity increases and are progressively shifted towa
lower binding energies. This weak shift~;0.1 eV! of the
spectra with increasing Fe coverage indicates an increa
Fe coordination of the Fe atoms at or near the interfa
Above 8 ML, the energy position is indistinguishable fro
that of pure bcc Fe. This behavior corresponds to the p
ence of largely unreacted Fe on top of the reacted interf
region. As can be seen in Fig. 7 the binding energy of
Fe2p3/2 core levels measured on the deposited layers,
lower by about 0.2–0.3 eV than those of FeSi2 or FeSi sili-
cides even for 1-ML Fe deposit. Thus, it can be conclud
that the interfacial reaction product has a higher Fe conc
tration than FeSi. The relevant energy shifts~;0.2 eV! are
actually detected for Fe3Si with respect to FeSi or FeSi2.

27

These results clearly confirm the ARUPS observations,
at low coverages a chemical interaction between Fe an
takes place and that an ultrathin iron-rich silicide close
Fe3Si stoichiometry is formed at the interface.

Moreover, concerning the Fe2p3/2 linewidths, drastic
changes are observed. In comparison with the meas
Fe2p3/2 core-level spectrum of FeSi2 which exhibits only a
small asymmetry, typical of metals with anspFermi surface,
the spectra become more and more asymmetric upon incr
ing the Fe coverage. After deposition of 8 ML the Fe2p3/2
line shapes and the binding energy are comparable with

FIG. 7. Fe2p3/2 core-level spectra measured for increasing
coverages on CoSi2~001! at RT. The spectra are taken at norm
emission using a monochromatized AlKa source~1486.6 eV!. Also
shown is the spectrum recorded from a thin FeSi2 ~;10 Å! epitaxi-
ally grown on Si~001!.
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value previously published in the literature for pure iron27

These spectra present an intense tail at high-binding en
of the Fe2p3/2 line. This asymmetry in core-level lines can b
essentially interpreted as originating from two effects. T
first, related to many-body effects is the creation of electr
hole pairs in the valence band simultaneous to core-hole
ation. This leads to a small tail at the high-binding ener
side of the core lines and is present in all metals. T
strength of this asymmetry is chiefly determined by the d
sity and symmetry of the electronic states near the Fe
level. The second effect is originating from the spin and
orbital angular momentum coupling between the core h
and the open valence 3d shell that leads to final state mu
tiplet structure in an atomic model.30 This is the stronges
effect of direct relevance here. Previous spin-resolved x-
photoemission spectroscopy31 as well as photoemission32

magnetic circular dichroism~MCD! measurements on th
Fe2p3/2 have revealed exchange splitting of about 0.5 eV
ferromagnetic Fe due to the atomic moment of 2.2mB . We
have recently carried out XPS measurements of the Fe2p3/2
core level for epitaxial thick films~100 Å! on Si~111! with
compositions ranging from FeSi to Fe.33 Strong change of
the asymmetry versus stoichiometry was observed and in
preted as the result of the evolution of the local magne
moment in the layers. The shape of the Fe2p3/2 for coverages
around 2 ML of Fe is very similar to that recorded for th
Fe3Si compound. It is less asymmetric than in pure Fe
cause of a smaller atomic magnetic moment. We can c
clude, as for the core-level shift, that the shape evolution
the Fe2p3/2 core level is quite consistent with the ARUP
data, i.e., the initial formation of an Fe3Si film and growth of
essentially pure Fe on top.

TEM results

High-resolution transmission electron microscopy~HR-
TEM! yields interesting complementary information. It
very appropriate to investigate the coherency of the Fe
interface and gain further insight into the epitaxial grow
mechanism in this system.

Figure 8 shows cross-sectional HRTEM images along
@110# zone axis and the plane-view diffraction pattern for
ML of Fe deposited onto CoSi2~001! at RT. In Figs. 8~a! and
8~b! the dark deposited layer is seen on the Si~001! substrate.
We can see that a fairly uniform epitaxial Fe layer is form
on the~001! Si substrate with a sharp Fe/Si interface. The
layer is continuous and has an uniform thickness. In F
8~c!, the diffraction pattern shows the presence of the diffr
tion spots from bcc Fe and Si. The diffracted beams comm
to both systems almost coincide with each oth
which indicates that an epitaxial~001! Fe is grown
on the Si~001! substrate. The diffraction pattern give
the following orientation relationship
Fe~001!^001&iCoSi2~001!^001&iSi~001!^001& in agreement
with LEED, IMEED, and XPD measurements. The sm
difference in spot positions reflects a partially relaxed
layer. The;5.6% lattice mismatch between the Si latti
constant and the Fe lattice constant results in a compres
of the Fe lattice at the Fe/CoSi2 interface. For a 10-ML film
a strained bcc structure is observed to form. The depos
layer tends to grow pseudomorphically on the CoSi2~001!
gy
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surface. For thicker film thicknesses~.40 ML! we find that
the accumulated misfit strain is essentially released, pres
ably by introducing point defects or dislocations, the stru
ture evolves to the relaxed bcc Fe~001! phase.

IV. CONCLUSION

In this study, we have proposed a procedure for
growth, at RT, of epitaxial ultrathin bcc Fe~001! films on
Si~001!, by using an epitaxial thin CoSi2~001! template layer
that prevents the interdiffusion of the Si through the Fe ov
layer. The CoSi2~001! seed layer has permitted the growth
epitaxial as opposed to polycrystalline ultrathin Fe layers
Si~001! in the thickness range 0–40 ML. At low coverag
~< 2 ML! an ordered epitaxial Fe-rich interfacial layer ha
ing a composition close to Fe3Si is formed. On top of this
reacted stable layer, growth of well-ordered essentially p
bcc Fe~001! layers occurs with small Si surface segregati
visible at coverages up to 40 ML. The use of such a temp
both blocks the reaction with the Si substrate and perm
epitaxial growth of the Fe in the form of sharp heterostru
tures or multilayers. Preliminary results indicate that su
ultrathin epitaxial Fe films present magnetic anisotrop
strongly modified by interfacial effects when compared
those in the respective bulk material. MOKE investigatio
to be published elsewhere34 indicate that ordered~001! Fe
layers stay ferromagnetic down to coverages around 4 M
RT. Moreover, we observe that the use of an epitaxial Fe2
silicide template layer~;10 Å! prepared by deposition o
;4 ML of Fe and subsequent annealing to 550 °C also
sults in the growth of well-ordered bcc Fe~001! layers at RT.

FIG. 8. ~a! ~b! Cross-sectional high-resolution TEM photo
graphs of a sample with 10 ML of Fe deposited at RT
CoSi2~001!/Si~001! taken along the@110# direction at two different
magnifications.~c! Typical plane-view diffraction pattern take
from 10 ML of Fe deposited at RT on CoSi2~001!/Si~001! with the
electron beam along the@001# direction. Marked on the diffraction
pattern are the 400 and 220 spots from bulk Si reflections al
with the 200 and 110 spots from Fe reflections.
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