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We have studied the growth and magnetic properties of thin Fe-Ge films synthesized �codeposited at room
temperature and postannealed at 250 °C� on Ge�111� wafers versus stoichiometry. Morphology and crystal
structure have been investigated in situ by means of scanning tunneling microscopy, low-energy electron
diffraction, and x-ray photoelectron diffraction and ex situ with x-ray diffraction. The magnetic properties were
characterized ex situ by conventional polar and longitudinal magneto-optical Kerr effect and transverse biased
initial inverse susceptibility and torque measurements. It is found that the growth is epitaxial for Ge content up
to �48 at. % ��Fe1.1Ge composition�. In particular, the film is homogeneous and flat and adopts a crystalline
structure of hexagonal symmetry derived from the B82 �Ni2In� structure over a wide stoichiometry range
extending from Fe2Ge to Fe1.1Ge. The epitaxial orientation between the Ge substrate and the germanide layer

is �0001�Fe-Ge� �111�Ge with �112̄0�Fe-Ge� �1̄10�Ge. We found however that the surface periodicity and the
out-of-plane lattice parameter c evolve within this stoichiometry range and two distinct stoichiometry regimes
appear on both sides of a critical stoichiometry ��Fe1.5Ge�. Indeed, from Fe2Ge to Fe1.5Ge the surface
periodicity is p�2�2� and c continuously decreases with Fe content, whereas from Fe1.5Ge to Fe1.1Ge the
surface periodicity is ��3��3�R30° and c remains constant. These features have been interpreted as a clear
fingerprint of a minor transformation of the crystalline structure but without any change in symmetry. This
structural order transformation is discussed in relation to previous results reported in the case of macroscopic
single-crystal Fe-Ge ingots. On both sides of the wide �Fe2Ge,Fe1.1Ge� composition range the layer is no more
homogeneous. More precisely, for higher Fe content the film contains both the above mentioned Ni2In-derived
phase and a Fe-richer phase �probably bcc Fe� whereas for higher Ge content the layer is amorphous. Magnetic
characterization showed in particular that the homogeneous Ni2In-derived epilayers are ferromagnetic with a
Curie temperature that varies drastically with the stoichiometry, rising up to a high TC value of �450 K for the
Fe-rich Fe1.9Ge composition. Finally, whatever the stoichiometry, the magnetic easy axis of the homogeneous
phase lies in the film plane and a small uniaxial anisotropy is superimposed on a sixfold order one that results
from the hexagonal symmetry of the crystallographic structure.
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I. INTRODUCTION

Ferromagnetic/semiconductor �FM/SC� hybrid structures
are interesting candidate for the realization of spintronic de-
vices. These potentialities led in the past two decades to an
impressive number of studies concerning the growth and the
magnetic properties of epitaxial thin films of 3d transition
metals on semiconductor single crystal. Most of them fo-
cused on Fe epilayers grown on GaAs �Ref. 1� and ZnSe
�Ref. 2� substrates. On the other hand, since 2000 very few
papers deal with the growth of 3d ferromagnet directly on Si
or Ge despite the fact that Si is overwhelming in the semi-
conductor technology and Ge is compatible in the integration
of Si based electronic. The major reason of this is that the
growth of elemental FM �Co, Fe, etc.� directly on Si �Ge�
leads to the formation of silicide �germanide� compounds at
the FM/SC interface. These �uncontrolled� interfacial layers
are nonmagnetic even at low temperature �the so-called mag-
netically dead layers� and therefore detrimental to the elec-
tron spin injection from the FM to the SC. To reduce this
intermixing the insertion of a thin insulating tunnel barrier
has been proposed in the case of Fe deposited on Si.3 An-
other possible way to prevent these nonmagnetic alloys

could be the growth of ferromagnetic intermetallic FM-SC
alloys directly on the semiconductor SC. Indeed, we may
expect that these intermetallic compounds that are usually
synthesized in stable bulk phases at high temperature are
much less reactive with the semiconductor than pure elemen-
tal FM. However, the crystalline intermetallic compounds
that show ferromagnetic order above room temperature �RT�
are scarce. Up to now, Fe3Si,4 Fe3−xMnxSi,5 and Mn5Ge3
�Ref. 6� thin ferromagnetic intermetallic films have been suc-
cessfully epitaxially grown on Ge�111�. Nevertheless no data
on the magnetism and the reactivity at the interface �or in the
ultrathin thickness regime� have been reported so far for
these systems. Very recently we have shown that room-
temperature ferromagnetic Fe1.7Ge thin epilayers of high
quality can be synthesized on Ge�111� with no magnetically
dead layers at the interface up to at least 300 °C.7

Let us now consider the equilibrium phase diagram of the
binary Fe-Ge alloy as reported in Fig. 1�a�. In fact, the Fe-Ge
system is of particular interest because of the formation of
different magnetically ordered phases in the wide range of
compositions. Besides the ferromagnetic Fe3Ge phase that
adopts either a hexagonal �the high temperature � phase� or a
face-centered-cubic �the low temperature �� phase� crystal
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structure, most of the papers reported in the literature fo-
cused on the antiferromagnetic FeGe and FeGe2 phases. For
the narrow stoichiometry range extending from about Fe2Ge
to Fe1.5Ge the stable bulk phase adopts the hexagonal �
phase derived from the B82-Ni2In structure �inset of Fig.
1�a��. This phase has been investigated by different groups in
the past and has led to a wide spread of conflicting
results.8–18 It was synthesized as macroscopic single-crystal
ingots after several days or weeks of heat treatment. It con-
sists of alternate planes of Fe �Fe 2a� atoms and mixed Fe
�Fe 2d� plus Ge �Ge 2c� atoms along the c direction. This
phase is stabilized by the formation of vacancies �mainly� on
the Fe 2d sites when the composition evolves from Fe2Ge to

Fe1.5Ge. Indeed, the progressive formation of the vacancies
leads to a continuous increase of the Fe-Ge distance in the
mixed Fe 2d plus Ge 2c atom planes, this distance being too
short ��2.30 Å� in the ideal �without vacancy� B82 structure
with respect to the shortest Fe-Ge distances �between
�2.37 Å for the � phase and 2.58 Å for the � phase� of the
other bulk stable Fe-Ge phases. Malaman et al.16 showed
that the �-phase space group symmetry is not P63 /mmc as
proposed in Refs. 8 and 10–12 but close to P3�m1 as sug-
gested by Forsyth and Brown.9 It has been found that the
Curie temperature of this � phase varies significantly versus
stoichiometry from �520 K for Fe1.85Ge to 430 K for
Fe1.5Ge. As depicted in Fig. 1�b� the lattice parameter a�
decreases from �4.04 Å for Fe1.85Ge to �3.99 Å for
Fe1.5Ge. It suggests clearly that Ge�111� could be an ideal
substrate for the growth of this hexagonal Fe-Ge phase since
the lattice parameter of Ge in the hexagonal �111� plane is
�4.001 Å. A perfect lattice matching is indeed expected for
a composition with about 38% Ge atomic concentration as
marked by the dotted arrow in Fig. 1�b�. Thus, the relatively
high Curie temperature, the high magnetic Fe moments
��2.1�B for Fe 2a and �1.4�B for Fe 2d �Ref. 15��, and the
tiny lattice mismatch �between −0.3% and +1.2% according
to the Ge content� with the Ge substrate as well are appealing
facts that make the growth of single-crystal � layers on Ge
an attractive challenge. In addition, we think that this bulk �
phase has to be reinvestigated because of the wide spread of
controversial results concerning the atom or vacancy site dis-
tribution, the magnetic moment amplitude on the two distinct
Fe atomic sites, and the magnetic order as well, which can be
found in the literature.

Upon increasing the Ge content �between Fe1.5Ge and
FeGe� the germanide compound crystallizes in two phases,
called � �for composition between Fe1.4Ge and Fe1.3Ge� and
Fe6Ge5 �for composition around Fe1.1Ge�, which have a close
structural relation to the � phase. Indeed the � phase has also
a hexagonal structure but with lattice parameters a�=2a�

�8.0 Å and c=2c��5.0 Å. This structure is not merely a
superstructure related to the � phase by an order-disorder
transformation but is a distinct ordered phase.11 On the other
hand the crystal structure of Fe6Ge5 corresponds to a rela-
tively strongly distorted B82-type subcell �monoclinic C2 /m
space group symmetry� with c�=4.983 Å, b�=3.913 Å, and
a�=4.162 Å.16,19

In this paper, we report on a detailed study of the growth,
the structure, and the magnetic properties of thin �thickness
below 40 nm� Fe-Ge layers synthesized by molecular-beam
epitaxy �MBE� on Ge�111� wafers versus stoichiometry. The
Fe-Ge layers were codeposited onto the Ge substrate held at
RT and postannealed at �230 °C. The structural investiga-
tion of these germanide layers has been carried out by means
of scanning tunneling microscopy �STM�, low-energy elec-
tron diffraction �LEED�, x-ray photoelectron diffraction
�XPD�, and x-ray diffraction �XRD� in the �-2� configura-
tion. The major result is that the germanide layer crystallizes
in a hexagonal phase derived from the � phase over a wide
composition range extending from �Fe2Ge to �Fe1.1Ge.
Tiny changes of the atomic local order inside the layer occur
within this stoichiometry range leading in particular to a sud-
den p�2�2�→ ��3��3�R30° surface periodicity change at

FIG. 1. �Color online� �a� The equilibrium Fe-Ge phase diagram
and �inset� the hexagonal B82-� phase for the stoichiometry Fe2Ge
�without vacancy�. One Fe atom �Fe 2a� is located in the Wyckoff
position 2a �0, 0, 0�, one Fe atom �Fe 2d� occupies the position 2d
�1/3, 2/3, 3/4�, and the Ge atom �Ge 2c� is found in the 2c �1/3, 2/3,
1/4� position. �b� In-plane lattice parameter a of the hexagonal
B82-derived phases �i.e., � and � phases� versus Ge atomic percent
in the case of macroscopic Fe-Ge ingots. The horizontal dashed line
corresponds to the lattice parameter a=4.001 Å of the �111� ger-
manium plane. The dotted arrow indicates the Fe-Ge composition
for which perfect lattice matching is expected between
�-Fe-Ge�0001� layers and Ge�111� substrate.
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a critical stoichiometry ��Fe1.5Ge�. On both sides from the
�Fe2Ge,Fe1.1Ge� stoichiometry window the layer is no more
homogeneous; i.e., it contains several phases. Magnetic mea-
surements performed mainly with magneto-optical Kerr ef-
fect �MOKE�-based setup show that the Curie temperature of
the homogeneous hexagonal phase strongly depends on the
stoichiometry and rises up to 450 K for composition close to
Fe2Ge. Finally the structural and magnetic properties of our
epilayers will be discussed in the light of the aforementioned
studies performed in the past on macroscopic single-crystal
Fe-Ge ingots.

II. EXPERIMENT

Sample preparation, as well as LEED, STM, and XPD
measurements, was carried out in three interconnected ultra-
high vacuum �UHV� chambers with pressure below 1
�10−10 mbar. The Fe-Ge thin films were grown on Ge�111�
using homemade Fe and Ge thermal evaporators. Ge�111�
substrates were first cut from nominally flat single side pol-
ished �p doped ��0.2 	 cm� wafers. After a short rinse in
acetone, ethanol, and hydrogen peroxide, the substrate was
inserted into the UHV chamber and degassed by direct heat-
ing up to 800 K for 10 h. After repeated flashes at 1000 K for
increasing durations �up to 1 min�, the substrate was cooled
rapidly to 900 K and then slowly �at a rate of 1 K/s� down to
RT. A sharp c�2�8� pattern was observed by LEED and
STM images indicate that the surface consists of irregular
monoatomic step terraces of several tens of nanometer width.
Fe and Ge were first codeposited onto Ge�111� substrate held
at RT. Then, the sample was annealed 12 h around 230 °C.
The thickness of the germanide layer will be given in nomi-
nal Fe coverage �0
 tFe
200 monolayers �MLs�, 1 ML cor-
responding to the atomic density of a Ge�111� plane, i.e.,
�7.2�1014 atoms /cm2�. Fe and Ge deposition rates were
determined by water-cooled quartz crystal microbalances and
were adjusted to a few tenths of ML/min at the desired stoi-
chiometric ratio. From the calibrated microbalances, both the
y parameter of the nominal FeyGe stoichiometry and the film
thickness are given with a precision better than 10%. As the
stoichiometry is a crucial parameter in this study we con-
trolled it more precisely, before and after the annealing treat-
ment, through the measurement of the ratio between the
Fe 2p and Ge 3d photoelectron line intensities. From this we
estimate that the relative stoichiometry �i.e., from one sample
to the other� is given with an uncertainty below 5%. The film
composition will be expressed both as FeyGe �for clarity� and
as Fe100−xGex �x=Ge atomic percent�20 in order to facilitate
the comparison between our results and part of the “old”
literature. XPD measurements were carried out using a 125
mm radius hemispherical analyzer operating at an angular
resolution of about 2°. XPD scans were obtained by measur-
ing the intensity of the Fe 3p and Ge 3d core levels excited
with an unmonochromatized Al K� x-ray source �h�
=1486.6 eV�. Polar angular scans were recorded along azi-
muths of high symmetry. The polar angle � is referred to the
surface normal of the sample. XPD calculations were com-
puted using the MSSPEC package.21 This package allows us to
model several spectroscopies where the electron is the probe

using different algorithms. STM measurements were per-
formed with a commercial RT-operating microscope �STM
atomic force microscopy Omicron�. The STM tungsten tips
were electrochemically etched and cleaned in situ by e-beam
heating. The STM images were collected in the constant-
current mode. After completion of the in situ LEED, STM,
and XPD analyses, the sample was covered at RT by a pro-
tective 30-Å-thick Ge layer for the magnetic characterization
and the XRD experiments. XRD measurements were per-
formed in the �-2� configuration with either a monochroma-
tized Cu K� source �=1.541 Å� or a unmonochromatized
Cu radiation. The magnetic properties were investigated
ex situ by means of two distinct MOKE polarimeters. With
the first MOKE magnetometer, magnetization loops were
collected from 20 to 500 K in longitudinal geometry, i.e.,
with the external magnetic field applied in the film plane and
in the incidence plane at the same time. In order to determine
accurately the different tiny contributions of the magnetic
in-plane anisotropy, we have performed transverse biased
initial inverse susceptibility and torque �TBIIST� measure-
ments with a RT-operating MOKE setup. This TBIIST
method is described in detail in Ref. 22. For both MOKE
magnetometers, the incidence angle of the laser beam �
=633 nm� is about 45° with respect to the sample normal.

III. RESULTS AND DISCUSSION

A. Growth and structure

1. Layer morphology

We have first performed a detailed STM analysis of the
film morphology versus film thickness and stoichiometry.
Since the evolution of the film morphology as a function of
thickness is very similar within the stoichiometry range
�Fe2Ge,Fe1.1Ge� investigated here, we will focus only on a
fixed composition, namely, Fe1.2Ge ��Fe55Ge45�. The modi-
fication of the surface morphology versus nominal Fe thick-
ness is depicted in Fig. 2. After deposition of 0.3 ML �Fig.
2�a�� less than 10% of the surface is covered by small dis-
connected Fe-Ge islands �bright area� surrounded by the pris-
tine Ge substrate �dark areas� that presents small randomly
distributed domains of p�2�2� or c�2�8� periodicity. We
clearly observe that the Fe-Ge clusters have a height distri-
bution that is roughly bimodal. Indeed one half of the islands
�the smaller ones� are nearly triangular with an apparent
height between 2 and 3 Å, whereas the other half consists of
�5–6�-Å-thick clusters. Inside the Ge substrate area small
domains �marked by the circle in the inset of Fig. 2�a�� are
also visible. These domains have a typical loop shape that
results likely from the presence of a Fe atom located below
and at the center of six Ge adatoms as observed previously in
the case of small Co deposit on Si�111�.23 We found that the
mean lateral extension of the Fe-Ge islands increases con-
tinuously with the coverage and, after 1 ML coverage �Fig.
2�b��, only the �5–6�-Å-thick islands are present. These flat
and disconnected clusters cover about 50% of the sample
surface. Above 1 ML, the island thickness increases with
coverage and the island coalescence occurs around 3 ML.
Above 5 ML coverage, most of the sample surface is covered
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by the Fe-Ge layer. This is illustrated in Fig. 2�c� collected
after 6 ML deposit. The Fe-Ge layer represents about 80% of
the surface. The darkest areas that are located �1.5 nm be-
low the top iron germanide surface correspond to the pristine
Ge substrate. These uncovered Ge substrate areas decrease
with further deposition and no pinholes are visible for cov-
erage higher than about 15 ML �Fig. 2�g��. Let us focus now
on the Fe-Ge layer surface. As clearly visible on images
�b�–�f� of Fig. 2, the germanide layer is atomically flat what-
ever the coverage. Indeed only three height levels are present
for a given pristine Ge substrate terrace �delimited by a white
dotted line in Figs. 2�d� and 2�e�� and the roughness �rms� is
typically below 2–3 Å �for 50�50 nm2 area�. In fact, most
of the germanide surface is on the same height level and only
some small areas are either 2.5 Å above or 2.5 Å below this
reference level. It indicates that two consecutive germanide
terraces are separated by about 2.5 Å along the surface nor-
mal. It is relevant for the following to note that all the above
mentioned results concerning the thickness dependence of
the surface morphology have been obtained for any compo-
sition between Fe2Ge and Fe1.1Ge.

2. Surface periodicity

The surface periodicity versus film thickness and stoichi-
ometry has been investigated with STM and LEED. All
the results are summarized in Fig. 3. Unlike the morphology
we found first that the germanide surface periodicity
depends on the composition within the stoichiometry range
�Fe1.1Ge,Fe2Ge�. Indeed for composition between �Fe1.1Ge
and �Fe1.5Ge �region labeled III in Fig. 3� both LEED pat-
terns and atomically resolved STM images �Fig. 2�f�� reflect

a ��3��3�R30° periodicity. The periodicity turns into p�2
�2� for composition between Fe1.5Ge and Fe2Ge �region II�.
It is worth noting that the periodicity change does not affect
the honeycomb structure revealed by atomically resolved

FIG. 2. �Color online� A series of STM images showing the evolution of the surface morphology of 230 °C annealed Fe1.2Ge films as a
function of nominal Fe deposit �0–30 ML�. All the images are taken at a positive sample bias of 2 V and a tunneling current of 0.1 nA. The
surface area is 150�150 nm2 for �a�–�e� and the atomically resolved zoom �inset �f�� reflects a ��3� �3�R30° periodicity. The white dotted
line in �a�, �d�, and �e� delimits two consecutive Ge�111� substrate terraces separated by a step height of �3.3 Å. The curves in �g� indicate
the uncovered Ge substrate surface area versus nominal Fe deposit for two distinct compositions, Fe1.8Ge and Fe1.2Ge.

FIG. 3. �Color online� Evolution of the surface periodicity as a
function of stoichiometry and thickness. The three LEED patterns
have been measured with 57 eV electron energy. The vertical
dashed arrows delimit four regions labeled I–IV of distinct surface
periodicity: p�1�1� for I, p�2�2� for II, ��3��3�R30° for III,
and no periodicity for IV.
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STM images. Indeed both the enlarged images of Figs. 1�e�
and 2 from Ref. 7 exhibit a hexagonal network but with a
distinct lateral spacing d—�0.7 nm for ��3��3�R30°
against �0.8 nm for p�2�2�—between two consecutive
bright �or depressed� “spots.” Figure 3 also shows that for a
fixed composition the periodicity remains unchanged what-
ever the thickness of the continuous germanide layer. We
have also recorded the LEED intensity spectra—the so-
called I�V� of first-order integer spots—�10�, �11�, �01�, and

�1̄0�—as a function of electron energy �in the 30–300 eV
range� for samples with either ��3��3�R30° or p�2�2� pe-
riodicity. We observed that for each periodicity the four I�V�
curves �not shown here� are nearly identical. It clearly shows
that the symmetry of the surface layer is hexagonal for the
wide �Fe2Ge,Fe1.1Ge� stoichiometry range.

On the other hand it is no more the case on both sides of
this range. Indeed for composition richer in Fe than Fe2Ge
�region I� the germanide layer is still crystallized since the
LEED pattern reflects a p�1�1� periodicity. However the
�left� LEED pattern in Fig. 3 clearly exhibits a threefold
symmetry and the background intensity is significantly en-
hanced with respect to one of the two other periodicities. For
samples with Ge content higher than the composition Fe1.1Ge
�region IV� no LEED diffraction spot could be observed
which suggests that the layer is amorphous or of poor crys-
tallinity.

From the above described STM and LEED observations,
it is reasonable to speculate that, over the wide
�Fe2Ge,Fe1.1Ge� stoichiometry range, the homogeneous ger-
manide layer could adopt a crystallographic structure close
to the hexagonal � phase mentioned earlier, with the �0001�
direction along the surface normal. Indeed the observed
2.5 Å spacing between the germanide terraces is exactly half
the lattice constant c along �0001�, and the honeycomb net-
work with its hexagonal symmetry is not unexpected for a
lamellar structure like the � phase.24 In fact, we have shown
previously using high-resolution transmission electron mi-
croscopy �HRTEM� that the diffraction patterns are actually
consistent with the hexagonal � phase structure for the com-
position Fe1.7Ge of p�2�2� periodicity.7 We have also col-
lected HRTEM images and diffraction patterns both in cross
section and in plane view geometries for a sample with the
Fe1.2Ge composition �of ��3��3�R30° periodicity�. The dif-
fraction patterns suggest that the layer phase is also close to
the � phase for this stoichiometry. Unfortunately, since �i�
the 200 kV acceleration voltage of our microscope was too
weak with respect to the high density of the Fe-Ge ger-
manide layer and �ii� part of the intense Ge substrate spot
positions coincide with the weak germanide spots on the
diffraction patterns, we were not able to detect the tiny, if
any, structural differences between samples with distinct pe-
riodicity. Thus, there is no interest to show this HRTEM
analysis here.

Although our LEED �sixfold order symmetry�, STM �step
height�, and TEM data as well collected for any stoichiom-
etry between Fe2Ge and Fe1.1Ge are fully compatible with
the � structure, the sudden surface periodicity change around
the composition Fe1.5Ge suggests however that a structural
change occurs on both sides of this critical stoichiometry

but without any symmetry change. We have performed
LEED-I�V� measurements in order to collect additional
structural data. Figure 4 displays LEED-I�V� spectra of the
first-order integer spots25 recorded for two distinct samples
with either p�2�2� or ��3��3�R30° periodicity. It appears
immediately that the intensity modulations are very similar
to each other. In particular the different intensity minima
�corresponding to destructive interferences� are located at the
same energy for the two distinct periodicities. Thus, these
I�V� spectra clearly indicate that, at the depth probed by
LEED, the crystal structures are very close although the
samples exhibit clearly distinct LEED patterns. In addition,
as the intensity minima are close to zero we may assume that
the film contains only one homogeneous single-crystal
phase, in agreement with the above STM analysis. An addi-
tional result may be drawn from the LEED data. The fact that
the first-order integer spots I�V� are nearly identical for the
two distinct periodicities shows that this surface periodicity
is not linked to a drastic modification of the atomic arrange-
ment in the outermost atomic layers. Indeed, such a rear-
rangement in the top atomic layers should lead to a modifi-
cation of the diffraction conditions. It has been observed, for
instance, by Starke et al.26 in the case of thin cubic CsCl
FeSi2 films: upon annealing above 400 °C the initially RT
�1�1�-FeSi2 phase transforms into a �2�2�-FeSi2 phase as
a result of the �2�2� Si atom network segregation on top of
the FeSi2 film. This �2�2� superstructure led to drastic
modifications of the integer order spot I�V� curves between
�1�1�-FeSi2 and �2�2�-FeSi2, although the “buried” layer
keeps both the same CsCl structure and the same stoichiom-
etry. Thus, the clear surface periodicity change detected by
STM and LEED around Fe1.5Ge composition corresponds
very likely to a transition between two phases that have very
similar crystallographic structure. As this critical stoichiom-
etry is the same as the one for which macroscopic Fe-Ge
ingot phase changes from � to � �that have closely related
crystallographic structures�, it is tempting to propose that the
same structural change occurs in the case of our thin ger-
manide layers. This will be discussed later.

FIG. 4. �Color online� I-V LEED intensity curves for two
compositions with distinct surface periodicity: �stars� Fe1.2Ge
�tFe=20 ML� of ��3��3�R30° symmetry and �circles� Fe1.8Ge
�tFe=20 ML� of p�2�2� symmetry. The intensity has
been averaged over the four equivalent—�10�, �11�, �01�, and

�1̄0�—first-order integer spots of the LEED pattern.
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Lastly, it is amazing at first glance that the LEED-I�V�
spectrum remains nearly unchanged over such a wide
stoichiometry window as �Fe2Ge,Fe1.1Ge�. Nevertheless
Starke et al.26 obtained an analogous result in the case of thin
unreconstructed Fe-Si films that were epitaxially grown by
codeposition on Si�111� with the �same� cubic CsCl structure
for stoichiometry ranging from FeSi to FeSi2 �just mentioned
above�. They found indeed that RT �1�1�-FeSi �without Fe
vacancy� and �1�1�-FeSi2 �with Fe vacancies� thin films
exhibit similar LEED-I�V� curves despite well distinct sto-
ichiometry.

3. X-ray photoelectron diffraction

In order to investigate in more detail the stoichiometry
dependence of the crystallographic structure, qualitative and
quantitative data have been acquired with the help of in situ
XPD and ex situ XRD experiments. The XPD technique has
been widely applied in the past to determine local structures
of epitaxial surfaces. If the surface is well ordered, the pho-
toemission intensity of a core-level peak exhibits clear
modulations versus emission angle. In particular, for high
photoelectron kinetic energies �EC�500 eV� strong inten-
sity enhancements occur in the angular intensity distribution
along internuclear axis, which connect the emitter atom to its
nearest- and next-nearest-neighboring scatterer atoms. This
effect, called forward scattering, corresponds to the zeroth-
order approximation of the XPD phenomenon. However this
simple forward-focusing picture usually cannot explain all
the diffraction structures of the polar scan and multiple-
scattering effects have to be considered. It is worth noting
that XPD is more bulk sensitive than LEED, and the coher-
ence length is of the order of the inelastic electron mean free
path ��10–20 Å� whereas LEED pattern arises from elec-
trons coherently backscattered by large ordered domains
��100 Å�. We have recorded Fe 3p �EC�1433 eV�,
Fe 2p3/2 �EC�780 eV�, Ge 3d �EC�1458 eV�, and Ge 3p
�EC�1365 eV� XPD polar plots in different high symmetry
planes of the Fe-Ge film. We found first �not shown here�
that, for any composition between Fe2Ge and Fe1.1Ge, the
polar plots are nearly identical every 60° step rotation of the
azimuthal orientation, which is consistent with the hexagonal
symmetry of the � and � phases. Figure 5 shows the Fe 3p
�Fig. 5�b�� and Ge 3d �Fig. 5�c�� core-level intensities versus

polar angle along the �11̄0� symmetry line of the germanium
substrate measured for four distinct compositions between
Fe2Ge and Fe1.1Ge. We focus here only on this azimuth be-
cause it coincides to the � and � phase planes of highest
symmetry �see below�, and the results inferred from the XPD
analysis in this azimuth are fully consistent with those col-
lected in other azimuths. Note also that we have restricted
here the XPD analysis to the �Fe2Ge,Fe1.1Ge� composition
range since XPD profiles are significantly different outside
this range confirming the LEED data described before and
the XRD analysis �see below�. A much more detailed XPD
analysis will be published elsewhere. It can be seen immedi-
ately that the polar angle distributions of the Fe 3p and
Ge 3d photoelectron intensities are sharp and contrasted con-
firming the high crystallinity of the samples. For each Fe 3p
and Ge 3d photoelectron line the four angular profiles are

very similar to each other. It indicates that the local order
around Fe atoms and the one around Ge atoms as well hardly
change with composition in this azimuth. Let us now com-
ment first on the Fe 3p core line scans. All the Fe polar scans
show a series of pronounced peaks at normal emission ��
=0°�, at �25°, and �59°. The main differences between the
Fe scans reside in the shape of the broad structure centered
around 39° and the amplitude of the different peaks. The
amplitude of a peak can be characterized by an anisotropy
factor F defined as F= �Imax− Imin� / Imax, where Imax is the
maximum intensity of the peak and Imin is the minimum
located immediately close to the peak. We found that the F
factors are quite the same for Fe2Ge, Fe1.7Ge, and Fe1.4Ge
compositions, with F=50��2�% and F=28��5�% for the
two most marked peaks at 0° and �59°, respectively. These
factors are significantly reduced for the composition Fe1.1Ge
with F�40% and F�10% at 0° and 59°, respectively. The
results are slightly different for the Ge 3d polar scans as we
will discuss now. All the Ge polar scans show a series of
marked peaks at 0°, �25°, �40°, and �59°. We clearly
observe that, for each peak, the amplitude is larger for Fe2Ge
and Fe1.7Ge than for Fe1.4Ge and Fe1.1Ge compositions. In-
deed, the anisotropy factors decrease from �37% �at 0°�,
�16% �at 39°�, and 17% �at 58°� for Fe2Ge and Fe1.7Ge to
�29% �at 0°�, �8% �at 39°�, and 8% �at 58°� for Fe1.4Ge
and Fe1.1Ge compositions.

In order to recognize forward scattering features in the
polar scans and thus associate them with internuclear axis
directions, we have sketched in Fig. 5�a� a cut of the ideal

�without vacancy� �-Fe2Ge compound through the �101̄0�
plane. In fact, in this �101̄0� azimuth, the plane contains
either only Fe �Fe 2a� atoms or a 50%-50% mixture of Fe
�Fe 2d� and Ge �Ge 2c� atoms, but the arrangement of the
atomic species is the same in both cases. In particular, we
clearly see that there are three atomic rows for which an
intensity peak can be produced by forward scattering of
high-kinetic photoelectrons for nearest or next-nearest neigh-
bors. These expected forward-focusing directions and the

corresponding crystal low index are 0° �0001�, 38.7° �112̄1�,
and 58.4° �224̄1�. It turns out that, with the exception of the
peak centered around 25°, the polar angles of the major
peaks collected for both Fe 3p and Ge 3d lines coincide
fairly well with these three forward-focusing directions. In
order to see whether the peak at �25° �that we also detected
in both Fe 2p3/2 and Ge 3p core line profiles� and/or the
complex shape of the broad peak centered �39° in the case
of the Fe 3p XPD profile are either the signature of an addi-
tional ordered Fe-Ge phase or merely result from higher-
order interference effects, we have performed multiple-
scattering spherical wave cluster calculations for the ideal
Fe2Ge phase, i.e., without vacancies. These calculations were
carried out using a series expansion algorithm based on the
Rehr-Albers separable method.27 We used a cluster of 631
atoms with a radius of 15 Å. The multiple-scattering expan-
sion was truncated at order 4. As can be seen in Figs. 5�b�
and 5�c�, there is a good agreement between the calculated
curve and the experimental profile �in particular for the
Fe2Ge and Fe1.7Ge compositions� for both Fe 3p and Ge 3d
core lines. Whatever the core line, the calculated modula-
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tions are clearly sharper than the experimental ones for the
whole profile since the calculations do not take into account
the angular acceptance of the analyzer which is estimated
between 1° and 2°. This allows us to show that the broad
peak centered at �40° �for the Fe 3p core line� exhibits a
triple-peaked structure �for the calculated curve� that results
from interference effects due to neighboring atoms located

on both sides of the �112̄1� atomic row. Similar splitting
effects have been previously reported in the literature.28 Note
also that the angular position shift of the forward-focusing

�224̄1� direction �at �56° for the calculations instead of the
expected 58.4°� for the Fe core line profile is not understood
yet. We think that the above mentioned slight modifications
of the Fe 3p and Ge 3d core line polar profiles when the
composition changes from Fe2Ge-Fe1.7Ge to Fe1.4Ge-Fe1.1Ge
merely originate from local distortion of the hexagonal Ni2In
structure. Indeed, the systematic reduction of the overall
XPD anisotropy clearly visible when we compare the Fe2Ge
and Fe1.7Ge Ge 3d profiles with respect to the Fe1.4Ge and
Fe1.1Ge ones suggests an increase in static disorder. Thus,
from the XPD data at hand, it is reasonable to assume that,
first, the film contains only one ordered phase over the whole
�Fe2Ge,Fe1.1Ge� composition range and, second, this phase
has a structural order similar to the one of the hexagonal
Ni2In phase. Lastly, the epitaxial relationships between the
Fe-Ge film and the Ge substrate were determined from the
comparison between the substrate and the Fe-Ge overlayer
polar scans. It turns out that �0001�Fe-Ge� �111�Ge and

�112̄0�Fe-Ge� �1̄10�Ge.

4. X-ray diffraction and discussion

Figure 6 shows a typical XRD �-2� spectrum measured
on a relatively thick �200 ML Fe coverage� Fe1.4Ge film with
a monochromatized Cu �=1.540 56 Å� source. For the
thinnest germanide films �typically for coverage below 40
ML� it was necessary to collect the spectrum with unmono-
chromatized Cu source in order to obtain sufficiently intense
signal to noise ratio. Besides the three lines—�111�, �222�,
and �333�—of the Ge substrate, the spectrum clearly exhibits
two peaks centered on about 36° and 77°. As indicated these

FIG. 5. �Color online� �a� Cut through the �101̄0� plane of the
ideal �without vacancy� �-Fe2Ge phase. This plane contains either
only Fe atoms or a 50%-50% mixture of Ge and Fe atoms. The
arrows indicate crystallographic directions corresponding to for-
ward scattering at nearest and next-nearest neighbors. �b� Calcu-
lated and experimental XPD polar scans of the Fe 3p core line in

the azimuthal �101̄0� plane from the �0001� surface normal ��
=0°� toward the �112̄0� direction ��=0°�. The calculated curve
�line� corresponds to the ideal �-Fe2Ge phase. The experimental
data have been collected for samples with the same nominal Fe
coverage �tFe�40 ML� but with four distinct compositions: Fe2Ge,
Fe1.7Ge, Fe1.4Ge, and Fe1.1Ge. The experimental spectra are nor-
malized to the same intensity at normal emission ��=0°� but shifted
vertically for clarity. �c� Same as in �b� but for the Ge 3d core line.

FIG. 6. �-2� x-ray diffraction scan for a thin film �tFe

=200 ML� of Fe1.4Ge composition. Collected with a monochroma-
tized Cu source.
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two peaks correspond to the �0002� and �0004� diffraction
lines of the �-Ni2In phase, respectively. Although XRD mea-
surements in the Bragg-Brentano �-2� configuration probe
only the periodicity along the surface normal, the absence of
any additional peak �even with the highest flux� in this ge-
ometry for all samples within the �Fe2Ge,Fe1.1Ge� composi-
tion range suggests that only the hexagonal Ni2In phase is
present in the layer. This result is in support to the XPD
analysis. In order to get additional information on the crys-
talline quality of the films we have determined the vertical
coherent length �L�� that is the mean length along the sur-
face normal for which the planes diffract coherently. The
vertical coherence length has been calculated by two inde-
pendent methods, first, with the help of the Scherrer formula
that connects L� to the full width at half maximum of the
Bragg peak. This method is usually employed and gives ac-
curate L� value for thickness between 3 and 500 nm typi-
cally. The second method is obtained by considering the
small Laue oscillations �if any� localized on both sides of the
Bragg peak and required in our case to work with the un-
monochromatized source for getting intense signal. More
precisely if the crystal consists of N meshes with parameter d
along one direction, x for instance, then the intensity of the
diffracted beam is given by the Laue function L�x�
=sin2��Nx� /sin2��x�. Its representative curve for N=7 is de-
picted in the inset of Fig. 7. We can see that the Laue oscil-
lations between the main peaks are separated by a fixed dis-
tance �. This distance is related to N and d by N��=d. Let
us consider now the �-2� XRD spectra of the 50 ML
Fe1.7Ge, 200 ML Fe1.4Ge, and 50 ML Fe1.1Ge samples
around the peak position Fe-Ge�0002� �Fig. 7�. For each
spectrum, oscillations are visible on both sides of the main
peak indicating the good crystallinity along the surface nor-
mal. In fact, we found that the vertical coherence lengths
measured by the two methods are nearly identical and are as
large as the total thickness �estimated with the quartz mi-

crobalance� of the germanide layer. It means that the out-of-
plane order is coherent over all the film thickness. We have
also collected for some “thick” �tFe�200 ML� germanide
layer XRD spectra in the rocking curve geometry at the
�0002� and �0004� peak positions �not shown here� in order
to get the mosaicity and the lateral coherence length. Values
around 0.3° and 20–30 nm, respectively, have been obtained,
which confirm the high crystallinity for the whole
�Fe2Ge,Fe1.1Ge� stoichiometry range.

As clearly visible in Fig. 7, the angular position of the
�0002� peak depends on the sample, suggesting a composi-
tion dependence and/or a thickness dependence of the out-
of-plane lattice parameter. We have calculated this parameter
that corresponds here to the lattice constant c using the
two—�0002� and �0004�—Bragg peaks. Note also that with
the help of the three very narrow Bragg peaks from the Ge
substrate we could have calibrated the peak positions of all
samples with a high accuracy. Thus the out-of-plane param-
eter c was determined with a high precision �
1%�. The
lattice parameter c values as a function of stoichiometry are
reported in Fig. 8. It is noteworthy that these values have
been collected for the same nominal Fe coverage, of about
50 ML. Figure 8 clearly shows that the lattice constant varia-
tions can be divided into two distinct parts. In the first region
�labeled II� the lattice constant decreases continuously when
increasing the Ge content from 33% �Fe2Ge� to 40%
�Fe1.5Ge�. In the second region �labeled III� c is nearly con-
stant between Fe1.5Ge and Fe1.1Ge. For Ge content higher
than about 50% �region IV�, only the diffraction peaks from
the Ge substrate were detected in the �-2� scan. As no LEED
diffraction could also be detected for this composition re-
gion, it is likely that the Fe-Ge layers are amorphous for Ge

FIG. 7. �-2� x-ray diffraction scan around the Fe-Ge�0002� dif-
fraction line for Fe-Ge thin layers with distinct composition and
thickness. Collected with an unmonochromatized Cu source. The
arrows mark the Laue oscillations. Inset: Laue function calculated
for N=7 periodic meshes along one direction �x�. The Laue oscil-
lations between two main diffraction peaks are marked by arrows.

FIG. 8. �Color online� Evolution of the out-of-plane lattice pa-
rameter c versus stoichiometry for thin �tFe around 50 ML� Fe-Ge
films on Ge�111�. This parameter has been measured from the po-
sition of the �0002� and �0004� lines in the �-2� XRD scan. c values
reported in the literature in the case of macroscopic ingots are also
displayed for comparison. In regions II and III �full squares� only
the �-derived phase is present. In region I �crossed squares� this
phase is still present but the �0002� and �0004� line areas are dras-
tically reduced with respect to the ones in regions II and III.
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content above 50%. On the other side of the �Fe2Ge,Fe1.1Ge�
range, the �0002� and �0004� aforementioned peaks are still
visible up to stoichiometry around Fe2.3Ge. These peaks are
however much less intense �peak area divided by about 100�
and broader than the ones in regions II and III. Thus, the
InNi2-type phase is still present but the major part of the film
crystallizes in another structure whose determination is be-
yond the scope of this paper.

Let us compare now the composition dependence of the
lattice parameter c of our epilayers in region II with the
results previously reported in the case of macroscopic single-
crystal ingots �Fig. 8�. A similar but slightly less pronounced
decrease of c with increasing Ge content was also found for
the ingots. This decrease merely results from the reduction of
the Ni2In-derived � phase unit cell volume with increasing
Ge atomic percent. Indeed as mentioned in Sec. I the � struc-
ture is stabilized through the progressive substitution of va-
cancies for the Fe 2d atoms when the composition evolves
from Fe2Ge to Fe1.5Ge. In the case of A-B alloys, it has been
found empirically that the substitution of B atoms for A at-
oms leads usually to a linear decrease �increase� of the lattice
parameters if B is smaller �bigger� than A. Despite small
deviations from this linear variation �the so-called Vegard
law� have been reported for different systems, the continuous
decrease or increase of the lattice parameters versus stoichi-
ometry always occurs for a given stoichiometry range. In the
case of the macroscopic Fe-Ge ingots, the lattice parameter a
follows the same variations as c �the ratio c /a remains nearly
constant to 1.25� for any composition between Fe2Ge and
Fe1.5Ge �compare Figs. 1�b� and 8�. Although it was not pos-
sible with our STM, LEED, and TEM techniques to measure
the in-plane parameter a with a sufficient accuracy in order
to probe its concentration dependence, it is reasonable to
assume that the continuous formation of vacancies �with in-
creasing Ge content� leads also to a continuous decrease of
the volume of the unit cell. But in our case, the in-plane
lattice parameter of the thin germanide layer is undoubtedly
different from the one of the bulk compound with the same
stoichiometry. Indeed for the �Fe2Ge,Fe1.1Ge� composition
range the mismatch �m� between the germanide compound
and the Ge substrate is very small, lying between about
+1.3% �for �Fe1.9Ge� and −0.3% �for �Fe1.5Ge� as dis-
played in Fig. 1�b�. For such a small value it is likely that the
germanide layers grow coherently �i.e., homogeneously
strained with its lateral lattice parameter perfectly matched to
the substrate lateral lattice parameter� on the substrate up to
a critical thickness �that depends of course on the stoichi-
ometry� above the thickness of the layers investigated here.
That is, our thin �total thickness smaller than 10–15 nm�
layers should be coherent �undoubtedly for m values bet-
ween −0.3% and +0.3%� or at least partially relaxed �plau-
sible for m values higher that �1%�. By taken into account
the in-plane lattice parameter a values of the bulk Fe-Ge
compounds and the substrate in-plane lattice parameter as
well, we may therefore assume that our thin Fe-Ge layers
are under compressive strain up to about 38��1�% Ge
��Fe1.63�0.07Ge composition� and under tensile strain for
further Ge content. Thus, if our thin layers have the same
density as the bulk ingots, we would expect that the decrease
of c with increasing Ge content is more marked in the case of

our thin layers than for the macroscopic ingots, which is
actually the case. However, we also expected a higher value
of c for the in-plane compressed layers than for the ingots at
variance with the data of Fig. 8. Different propositions could
be speculated to explain this. It is first possible that we un-
derestimated slightly the Ge content in our thin films. Nev-
ertheless as both the Ge and Fe evaporation rates were mea-
sured with the same �water-cooled and stable� microbalance,
we think that the ratio between these two incident fluxes is
estimated with a high precision. It is therefore reasonable to
admit that the stoichiometry is well determined before the
annealing treatment. On the other hand a slight increase of
the Ge content through the diffusion of Ge atoms from the
substrate into the germanide layer during the annealing pro-
cedure is not impossible. Our recent magnetic neutron mea-
surements �not shown here� indicate however that the anneal-
ing does not affect the Fe magnetic moment, which suggests
that the influence of the annealing on the stoichiometry is
negligible. Therefore we believe that the fact that the c pa-
rameter of our in-plane compressed layers is slightly lower
than the c values measured for the ingots indicates that the
thin films are either slightly denser than the ingots �not per-
fect single crystal� and/or fully relaxed �very unlikely�.

We will now discuss the c variations in region III. At first
sight the fact that c remains constant for such a wide com-
position range is rather surprising. Indeed, bearing in mind
the earlier discussion we could have expected that the unit
cell volume and therefore the c parameter continue to shrink
with further vacancy formation. However, it is noteworthy to
recall that the empirical Vegard law was observed in the case
of substitution of one type of atom A for another atom B and
was valid only up to a limited B atom concentration. Despite
a widespread of conflicting results concerning the atom or
vacancy site distribution in the case of the bulk �-phase
Fe-Ge �stabilized only for composition between Fe2Ge and
Fe1.5Ge�, it is very likely that the vacancies are located only
on the Fe 2d sites for composition up to Fe1.6Ge.11,18 That is,
for composition between Fe2Ge and Fe1.6Ge the Fe 2d site is
occupied either by a Fe atom or by a substitutional vacancy.
It was found that by increasing further the Ge concentration
Ge atoms start to occupy also the Fe 2d sites for composi-
tions between Fe1.6Ge and Fe1.5Ge. At higher content �be-
tween Fe1.45Ge and Fe1.3Ge�, the occupation rate of the Fe 2d
sites by Ge atoms increases further, but Kanematsu11 also
found that the vacancies start to occupy the Fe 2a sites. It
means that the substitution mechanism changes significantly
around Fe1.55��0.1�Ge in the case of the macroscopic single-
crystal ingots. To these particular vacancies distributions on
both sides of this Fe1.55��0.1�Ge composition are associated
specific atomic shifts. This leads to the structural transforma-
tion from the � phase to the � phase which is only an or-
dered superstructure of �.11 Thus, by taking into account
these data, we speculate that the drastic deviation from the
Vegard law around the critical composition Fe1.5Ge is also
the result of a modification of the vacancy formation mecha-
nism but with no change of the hexagonal symmetry. How-
ever, different features seem to indicate that the statistical
atomic or vacancy site distribution may be different in our
case than for the ingots. First, in region III the lattice param-
eter c of the ingots is larger than the one of our epilayers.
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Second, the hexagonal phase is stabilized up to the Fe1.1Ge
composition, i.e., for significant higher Ge content as the
stability range of the � phase. Again, these two facts likely
could be the results of the �pseudo�coherent growth of the
present thin layers. Indeed, from Fig. 1�b� it is reasonable to
assume that these thin pseudomorphic films are under in-
plane tensile strain ��−0.3% mismatch�. Consequently, from
linear elasticity, c is reduced to compensate this tensile
strain. It is well know that in the case of relatively large
misfit �typically above a few percent� between the expected
bulk phase and the substrate the epitaxial overlayer may
adopt a crystal structure that differs from the bulk phase but
which is well lattice matched to the substrate. If we look at
the bulk phase diagram in Fig. 1�b� it appears that for Ge
content around 45% the stable phase is Fe6Ge5. Its space
group symmetry is monoclinic �C2 /m� and the cell param-
eters are a=9.965 Å, b=7.826 Å, c=7.801 Å, and �
=109.67°.16 As mentioned in Sec. I, this cell corresponds to
a strongly distorted � phase with c=4.983 Å, b=3.913 Å
�−2.4%�, and a=4.162 Å �+3.84%�. The epitaxial growth of
this phase is therefore unexpected on Ge�111�. Thus, it is
possible that our thin germanide layers are stabilized and
keep the same hexagonal symmetry in the whole region III,
thanks to the coherent growth. It is rather amazing that c and
a �thus, the cell volume� do not vary with stoichiometry in
region III. A possible explanation is that within this stoichi-
ometry range the Ge concentration increase in the cell is due
to vacancy formation �mainly on the Fe 2d sites� up to a
critical composition and results from the Ge atom substitu-
tion for Fe for higher Ge content.

To summarize, XPD, TEM, and �-2� XRD analyses show
that the thin layers adopt a defect InNi2-B82 structure of
hexagonal symmetry similar to the bulk �-Fe-Ge phase but
over a wider stoichiometry range—extending from Fe2Ge to
Fe1.1Ge—than in the case of single-crystal macroscopic in-
gots. This remarkable result may be the consequence of the
thin layer pseudomorphic growth on the Ge�111� substrate.
Such a wide composition range of stability implies that the
local order within the cell must change with stoichiometry. It
has been qualitatively confirmed by both the XPD and XRD
data. In particular the XPD modulations are significantly at-
tenuated for compositions between Fe1.4Ge and Fe1.1Ge in
comparison to the modulations for lower Ge content. This
suggests that the local atomic order both around the Fe atoms
and around the Ge atoms is the lowest for this composition.
It likely results from marked atomic site shifts with respect
to the ideal �-Fe2Ge phase due to the vacancy formation.
Indeed, Albertini et al.18 found that for macroscopic ingots of
Fe1.67Ge composition the Ge atom is slightly displaced
�about 0.2 Å� from the �2c� site toward an adjacent vacancy
in a �2d� site. For higher Ge concentration we may speculate
that slight atomic displacements also occur along the �0001�
direction. This is qualitatively supported by the XRD spectra
in Fig. 7. Indeed, the Laue oscillations are much more
damped �and the background of the main peak is enhanced�
for the Fe1.1Ge composition than for the Fe1.7Ge stoichiom-
etry, indicating that the atomic disorder in the out-of-plane
direction is more pronounced for Fe1.1Ge than for Fe1.7Ge.

Another striking finding is that, though the hexagonal
symmetry does not change with stoichiometry within the

wide �Fe2Ge,Fe1.1Ge� window, the surface periodicity sud-
denly changes around the critical composition Fe1.5Ge.
Moreover, the stoichiometry dependence of the c out-of-
plane parameter is also strongly modified at the same critical
stoichiometry. As this stoichiometry is identical to the one
for which the macroscopic ingot structure evolves from the
hexagonal � phase toward the hexagonal � phase, it is
tempting to assert that the surface periodicity change is a
fingerprint of this �-� phase transformation. Since the ��3
��3�R30° periodicity remains up to significantly higher Ge
concentration than the maximum Ge concentration for which
the � phase still exists in the bulk phase diagram we prefer
however to remain cautious. We just speculate that the peri-
odicity change around 40% Ge atomic percent ��Fe1.5Ge
composition� could arise from a minor modification of the
local atomic order �through tiny displacements of both Fe
and Ge atomic positions� due to a subtle modification of the
Fe site occupation �via Fe vacancy formation or Ge substi-
tution for Fe� mechanism at this critical stoichiometry as
mentioned earlier.

B. Magnetic properties

1. Curie temperature

We have studied the onset of ferromagnetic order and the
magnetic anisotropy in the thin Fe-Ge films as a function
of stoichiometry and thickness. Kerr magnetization loops
�not shown� collected both in polar and longitudinal geom-
etries clearly indicate that the magnetic easy axis lies in the
film plane for all the ferromagnetic samples investigated
here. It means that the out-of-plane c axis is the hard axis
of magnetization, in agreement with torque measurements
previously performed on macroscopic single-crystal �-Fe-Ge
ingots.8,29,30 Thus, we could have determined the Curie
temperature �TC� from the thermal variations of the longitu-
dinal Kerr amplitude measured in an external magnetic field
of �100 Oe amplitude, which is well larger than the tiny
in-plane saturation field ��10 Oe�. Indeed the Kerr ampli-
tude decreases continuously with increasing temperature �see
Fig. 3b in Ref. 7� and vanishes at a critical temperature that
we define as the Curie temperature, as usually done in the
literature. We found that for a fixed stoichiometry TC in-
creases continuously with the layer thickness. It is shown in
the inset of Fig. 9 for the Fe1.7Ge ��Fe63Ge37� composition.
Note that the onset of long-range ferromagnetic order occurs
around �5 ML Fe coverage, i.e., in the vicinity of the per-
colation threshold of the flat Fe-Ge islands. Such a monoto-
nous TC increase with increasing thickness has been ob-
served previously in a lot of ferromagnetic thin films.31

It results from finite size effect.32 In order to determine
the Curie temperature versus stoichiometry we have there-
fore chosen a sufficiently large film thickness ��30 ML Fe
coverage� for which TC should be close to the one of in-
finite thickness layer. Figure 9 shows the variation of TC
as a function of stoichiometry. We observe immediately
that long-range ferromagnetic order may be present over
the wide �Fe2Ge,Fe1.1Ge� composition range for which
the Fe-Ge layer is homogeneous and crystallizes in the
�pseudo-�Ni2In-derived structure. We also see that TC con-
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tinuously decreases with increasing Ge content. It results
merely from the progressive reduction of the Fe neighbor
coordination number of the Fe atoms with decreasing Fe
content. The most interesting result is that the Curie tempera-
ture for the Fe-rich Fe1.9Ge composition is above 450 K, i.e.,
well above RT. For still Fe-richer thin film �region I�, the
Curie temperature could not be determined since it is higher
than 500 K which is the maximum temperature we can reach
with our setup. Figure 9 also shows that no long-range fer-
romagnetic order exists for Ge content above �48%.

2. In-plane magnetic anisotropy

As we mentioned above all the samples investigated here
have an in-plane magnetic easy axis. Longitudinal Kerr loops
showed that the saturation field amplitude is less than 10 Oe
for any sample orientation with respect to the field direction.
Consequently, the in-plane magnetic anisotropy is very
small. To determine it precisely we have performed TBIIST
measurements. Let us first summarize the principle of the
TBIIST method described in more detail in Ref. 22. The
TBIIST—for transversely biased initial inverse susceptibility
��−1� and torque ��H�—measurements have been carried out
with a standard MOKE setup in a longitudinal configuration
but under an in-plane static bias field Hper applied perpen-
dicular to the longitudinal sweep field H. The data around
ML=0 �ML is the longitudinal component of the magnetiza-
tion� are collected and the two quantities �−1 �inverse sus-
ceptibility� and �H �sweep field offset at ML=0� are deter-
mined. It can be shown that a Fourier analysis of the
variations of �−1��� and �H��� versus the angle � between
Hperp and a reference direction in the film plane gives in two
independent ways the symmetry, magnitude, and direction of
the in-plane magnetic anisotropy contributions.22 As an ex-
ample the variation of �−1 versus � for a sample of Fe1.8Ge

�with about 50 ML Fe coverage� is reported in Fig. 10. It
appears clearly that �−1��� is an oscillating function around a
mean value corresponding to the intensity of the in-plane
static bias field Hper �20 Oe in the present case�. More pre-
cisely, the curve exhibits clearly a sixfold symmetry but with
nonequivalent amplitude for the six maxima indicating the
presence of other anisotropy contributions. In fact, by per-
forming the Fourier analysis of �−1��� we found that a tiny
contribution of twofold symmetry is also present. This is
illustrated in Fig. 10 by the fact that the addition of the two
Fourier components, of second and six orders, fits nicely the
experimental curve. It shows clearly that the in-plane mag-
netic anisotropy is the superposition of the hexagonal sixfold
and uniaxial contributions. From the amplitudes of the Fou-
rier spectra determined from �−1��� data we found that the
field amplitude of the sixfold symmetry anisotropy is about 7
Oe and its corresponding easy axis lies always along the

	112̄0
 directions, confirming the magnetocrystalline origin
of this anisotropy component. Note that torque measure-
ments performed on � Fe-Ge macroscopic ingots showed
also that the a axis is the easiest direction in the basal
plane.8,29 As to the uniaxial component, its field amplitude is
also very small �less than 2 Oe� but, unlike the sixth-order

FIG. 9. Variations of the Curie temperature �TC� for thin �tFe

�30 ML� Fe-Ge epilayers as a function of Ge content. The four
regions labeled I–IV correspond to the ones in Figs. 3 and 8. For Ge
content below about 33% TC is above 500 K, the maximum tem-
perature that we can reach with our Kerr setup. Inset: evolution of
TC as a function of nominal Fe coverage for the composition
Fe63Ge37 ��Fe1.7Ge�.

FIG. 10. �Color online� �a� Experimental inverse susceptibility
�−1 �filled black circles �� versus in-plane angle � for a thin �tFe

=50 ML� Fe1.8Ge film. The transverse static bias field Hper ampli-

tude is 20 Oe. �=30° corresponds to the �112̄0� direction. One
notes four major maxima at ��90°, 150°, 270°, and 330° and two
minor maxima at ��30° and 210°. The Fourier analysis gives the
following twofold and sixfold anisotropy fields: KU /MS=0.9 Oe
and K6 /MS=6.7 Oe and the easy axis associated to the sixfold

symmetry magnetic anisotropy is along the equivalent 	112̄0
 direc-
tions. The curve �full green line� is a simulation using the deter-
mined anisotropy constants KU and K6 and taking into account the
amplitude and phase of the Fourier spectrum for both second- and
six-order components. �b� Simulations corresponding either only to
the second-order component �full blue line� or only to the sixth-
order component �open red circles ��.
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contribution, is not related to any crystallographic sample
direction. The origin of this tiny uniaxial anisotropy is not
yet clear but may be due to the small vicinality ��0.3°� of
the nominal Ge�111� wafer surface.

IV. SUMMARY AND CONCLUSION

The growth, structure, and magnetism of thin �total thick-
ness below 40 nm� Fe-Ge films synthesized by MBE codepo-
sition on Ge�111� have been investigated as a function of
stoichiometry and thickness. Detailed STM, LEED, XPD,
and �-2� XRD measurements showed that for a wide com-
position range extending from about Fe2Ge to Fe1.1Ge the
layer is homogeneous, atomically flat, and well crystallized.
It adopts a crystallographic structure of hexagonal symmetry,
which is derived from the B82 �Ni2In� structure. The epitax-
ial orientation between the Ge substrate and the Fe-Ge layers

is �0001�Fe-Ge� �111�Ge and �112̄0�Fe-Ge� �1̄10�Ge. It was found
however that �i� the surface periodicity reflected by LEED
and STM and �ii� the amplitude of the out-of-plane lattice
parameter c vary within this composition range. Indeed two
distinct stoichiometry regimes appear on both sides of the
critical stoichiometry Fe1.5Ge �about 40% atomic Ge�. From
Fe2Ge to Fe1.5Ge �region II� the surface periodicity is p�2
�2� and c continuously decreases with Fe content, whereas
from Fe1.5Ge to Fe1.1Ge �region III� the surface periodicity is
��3��3�R30° and c remains constant. These features have
been interpreted as a clear fingerprint of a tiny transforma-
tion of the crystalline structure but without any change in
symmetry. In particular �-2� XRD and XPD experiments
showed an increase of the local atomic disorder from region
II to region III. As this critical composition coincides to the
ones for which it has been previously reported that macro-
scopic Fe-Ge ingots undergo a transition between the � and
� hexagonal parent phases, it is possible that the same occurs

for our thin Fe-Ge epilayers. Detailed XRD measurements
on thicker films should be performed to eventually explore
this tiny structural transformation. On both sides of the wide
�Fe2Ge,Fe1.1Ge� composition range the layer is no more ho-
mogeneous. More precisely, for higher Fe content the film
contains both the above mentioned Ni2In-derived phase and
a Fe-richer phase �probably bcc Fe�, whereas for higher Ge
content the layer is amorphous.

Magnetic characterization showed that the thin Fe-Ge lay-
ers are ferromagnetic up to about 48 at. % Ge. Interestingly,
the Curie temperature of the homogeneous Ni2In-derived ep-
ilayers is tunable between about 7 K ��Fe1.1Ge composition�
and 450 K ��Fe1.9Ge composition� with increasing Fe con-
tent. Finally the magnetic easy axis of this homogeneous
phase lies in the film plane as found previously in the case of
� Fe-Ge macroscopic ingots. More precisely, a small
uniaxial anisotropy is superimposed on a sixfold order one
that results from the hexagonal symmetry of the crystallo-
graphic structure. Finally, since the synthesis of this single-
crystal Ni2In-derived phase is very quicker and easier as thin
epilayers than as macroscopic ingots it opens the way to
reinvestigate the controversial results reported previously on
some magnetic properties of this phase.
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