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Abstract. Interface reaction and magnetism of epitaxially-grown Fe on InAs(100) are studied by core-level
photoemission (As 3d and In 4d) and Fe 2p X-ray magnetic circular dichroism using synchrotron radiation.
The reactivity of Fe/InAs(100) is relatively low compared to that of other interfaces involving deposition
of 3d metals on III-V semiconductors. As a consequence, we observe a magnetic signal at Fe L2,3 edges
for the lowest thicknesses studied (1 ML). The atomic magnetic moment reaches a value close to that of
the bulk α-Fe (2.2 µB) for Fe coverages exceeding 5 ML. A ferromagnetic compound with approximate
stoichiometry of FeAs is formed at the interface. The orbital magnetism represents between 12 and 20% of
the total momentum, due to 3d density of states depletion and to crystal-field modification of the electronic
levels. These properties make the Fe/InAs(100) interface very promising for spin-tunneling devices.

PACS. 61.10.Ht X-ray absorption spectroscopy: EXAFS, NEXAFS, XANES, etc. – 68.35.Fx Diffusion;
interface formation – 75.70.Ak Magnetic properties of monolayers and thin films – 82.80.Pv Electron
spectroscopy (X-ray photoelectron (XPS), Auger electron spectroscopy (AES), etc.)

1 Introduction

Magnetism of transition metals grown on semiconductors
has attracted special interest during the last two decades
since these structures open new possibilities yet unex-
ploited in microelectronics [1]. Among these possibilities,
spin injection devices, which offer the possibility of a high-
degree control of the tunneling current by means of ap-
plied magnetic fields [2], occupy a central role. One of the
most important properties of interfaces used for spin in-
jection processes concerns the orbital magnetism since it
was recognized that the itinerant d states are the major
component of the tunneling current [3].

However, to date only a few X-ray magnetic circu-
lar dichroism (XMCD) results were reported on these in-
terfaces, although this technique is able to separate be-
tween spin and orbital magnetism through well-known
sum rules [4]. XMCD on Fe/GaAs(100) showed a huge
increase of about three times of the Fe orbital magnetic
moments [5] and this increase was attributed to the local-
ization of 3d states due to the presence of surface rough-
ness and of interdiffusion [6]. In the present contribution
we present new results from XMCD on 3d metals grown on
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III-V semiconductors and considerations about the origin
of the orbital moment enhancement.

Of the 3d metal / III-V semiconductor interfaces the
most studied is Fe/GaAs [7–9] since it implies the use of
the most magnetic 3d metal grown on the most commonly
used semiconductor material of this class. The properties
of this interface can be summarized as follows: (i) the in-
terface is strongly reactive, metal deposition induces in-
terface disruption, formation of interface FeGaxAsy com-
pounds, diffusion of Ga and As through the Fe layer,
and segregation of As at the surface [7]; (ii) the mag-
netism of Fe layers is reduced; for very thin films of less
than 10 Fe atomic layers the magnetic moment per atom
(MMA) is about 50% of the MMA of bulk bcc Fe (ap-
proximately 1.1 µB [8]); (iii) the formation in some cases
at the interface of a magnetically dead layer of 5–6 Fe
monolayers (ML) [8]; below this Fe coverage no mag-
netism is detected [9]. More recent work established a
critical thickness for the onset of the ferromagnetic order
of 3.5 ML [5,10], with the ferromagnetic polarisation of the
whole amount of Fe when the coverage exceeds this critical
thickness due to Fe cluster percolation. All these proper-
ties reduce the potential of possible applications and sug-
gest needs for the study of other interfaces.

In addition, Fe forms a rectifying contact on GaAs
leading to a Schottky barrier height of about 0.8 eV,
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which prevents efficient spin injection into the semicon-
ductor [11–13]. Recent work on Fe/AlGaAs interface [14]
has achieved a spin injection efficiency of 30% by a careful
choice of the doping profile of the top AlGaAs layer such
that the Schottky contact had a narrow depletion width
and forms a triangular shaped tunnel barrier. However,
it appears interesting also to study 3d metals deposited
on narrow gap and high carrier mobility semiconductors,
such as InAs with a direct band gap as small as 0.36 eV
at 300 K [13]. Recently it was demonstrated that in spite
of the large mismatch (5.4%) between twice the lattice
constant of Fe (2.866 Å) and that of InAs (6.058 Å), bcc
Fe can be stabilized on InAs(100) and exhibits magnetic
properties [11,15–18]. The aim of the present study is to
extend the analysis of the properties of Fe/InAs(100) by
addressing the points (i–iii) mentioned above, if possible,
in a quantitative way. We investigated the interface chem-
istry by photoelectron spectroscopy (PES) and the mag-
netism by Fe L2,3 XMCD.

2 Experimental

The experiments are performed in a UHV chamber
equipped with a VSW hemispherical electron spectrom-
eter and a magnetic field (±400 Oe = 0.04 T) sup-
ply, connected to a molecular beam epitaxy (MBE) in-
stallation where the samples are prepared and to the
SU23 beamline at the Super Aco storage ring in Orsay
(70% of circular polarization). All chambers operate in
low 10−10 mbar pressure range. For XMCD, absorption
spectra are recorded with the circular polarization vector
of the X-rays either parallel or antiparallel to the applied
magnetic field by using the total electron yield (TEY)
method [19]. The XMCD signal is defined as the differ-
ence of the two absorption spectra µ+ − µ− and further
corrected by 1/ cosα0, where α0 is the angle between the
magnetic field vector and the easy magnetization axis of
Fe [110] [16,18]. As 3d and In 4d PES spectra are recorded
with a photon energy of 200 eV, in order to get essentially
surface and interface contribution. The photoelectron es-
cape depth at the respective kinetic energies is estimated
to around 7–8 Å. All measurements presented here (PES
and XMCD) were performed at room temperature.

InAs(100) c 8×2 were obtained by Ar sputtering and
annealing. Fe films were grown in the MBE chamber at
rates around 1 Å / min on the substrate held at 450 K [16]
and subsequently characterized by reflectance high energy
electron diffraction (RHEED), Auger and X-ray photo-
electron (XPS) spectroscopies. No C or O contamination
were detected by Auger or XPS. The Fe coverage was de-
termined by using a quartz microbalance and periodically
checked by Auger spectroscopy, XPS and RHEED oscil-
lations of Fe/V(100). The typical error in coverage deter-
mination is estimated to ±5%. Each sample was freshly
prepared. The RHEED and XPS spectra are subject of a
former communication [17]. In the above conditions, one
observes nearly layer-by-layer growth with a quick relax-
ation of the lattice parameter to that of Fe for a few mono-
layers. From the intensity of the Al Kα excited XPS peaks

(As 2p and In 3d) we derived that approximately 1 ML of
As is floating on the top of the Fe film even for the thick-
est films investigated (≈ 36 ML) whereas the In signal is
exponentially attenuated.

3 Results and discussion

3.1 Core-level photoemission

3.1.1 In 4d and As 3d core-level photoemission

Figure 1 presents In 4d and As 3d intermediate-resolution
electron distribution curves (EDCs). The overall Gaussian
full width at half maximum, responsible for beamline and
electron spectrometer instrumental broadening, was de-
termined to be 200 ± 20 meV. The nominal coverage of
Fe is expressed in ML with respect to bulk bcc Fe (1 ML =
1.433 Å). Both core level EDCs can be well decomposited
into two components, one which is attributed to the bulk
component and another which is attributed to In and As
atoms reacted at the interface. The fit was performed us-
ing Voigt profiles and their integrals for the inelastic back-
ground [20] as follows: firstly all parameters were allowed
to vary with starting parameters set randomly. Then, the
branching ratio (BR), the spin-orbit splitting (SOS) and
the Lorentzian width (LW) were fixed to the average value
obtained from all trials and all EDCs (BR = 1.500, iden-
tical to the theoretical value; LW = 0.164 eV for As 3d
and 0.193 eV for In4d; SOS = 0.7 eV for As 3d and 0.87 eV
for In 4d; all values are in good agreement with those re-
ported previously [12]). No improvement of the quality
of the fit was observed by unblocking these parameters.
The relevant fitting variables were: the Gaussian width,
the inelasting background amplitude, the amplitudes and
energies of the 3d5/2 lines.

Interestingly, although clear 8×2 RHEED patterns
were visible, the clean substrate EDCs were well fitted
with only one component. This seems to indicate that the
energy position of the surface In and As adatoms is very
close to that of bulk atoms. We did not detect any con-
cludent shift in the binding energy of the bulk component
upon Fe deposition. As soon as Fe is deposited, the bulk
components decrease and interface components appear.
These components are shifted with respect to bulk com-
ponents by around 0.95 eV towards higher binding energy
for As, and by around 0.42 eV towards lower binding en-
ergies for In. If we assume that the In-As bond in the solid
has a partial ionic character Inδ+Asδ− (δ ≈ 0.2 [21]), the
results of the above analysis imply that in the reacted
layer the In and As atoms are more neutral.

3.1.2 Data interpretation

These results should be compared with those of the widely
studied interface Fe/GaAs [7]. Here one observes the oc-
curence of a reacted component shifted by around 1 eV
towards lower binding energy for Ga, and of two reacted
components shifted by around 0.4 and 0.7 eV towards
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Fig. 1. In 4d and As 3d electron distribution curves. The
dashed components represent contributions from reacting In
and As.

lower binding energy for As. The main differences between
Fe/GaAs and Fe/InAs (the present study) need to be em-
phasized: (i) the extent of the reaction is much lower in
Fe/InAs than in Fe/GaAs; (ii) the reacted As is repre-
sented by only one 3d component which is shifted towards
higher binding energy; (iii) the shift of the reacted In 4d
component in Fe/InAs is about one half of the shift of the
reacted Ga 3d component in Fe/GaAs; (iv) the reaction
seems to be mainly Fe-In driven whereas for Fe/GaAs it is
Fe-As driven. However, the last statement should be con-
sidered with care. As will be discussed below, the “bulk”
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Fig. 2. Ratios between In 4d and As 3d interface and substrate
components, as function of Fe coverage.

component of the As 3d peak contains contributions from
As atoms which have reacted with Fe and are a in ioniza-
tion state close to that of As into bulk InAs.

XPS experiments have shown that about 1 ML of
As is floating at the surface [17]. Taking into account
the present data, we can affirm that this quantity of As
(the interface component from Fig. 1) is neutral [12,22].
Scanning tunneling microscopy (STM) experiments have
shown the presence of extended In islands while Fe is de-
posited. At this point, we can also remark that the bi-
nary phase diagram Fe-In do not show any intermediate
compound [23] whereas the phase diagram Fe-Ga shows
several compounds (α, β− Fe3Ga, α, β− Fe6Ga5, Fe3Ga4,
and FeGa3) [24]. Therefore, it is not surprising that at
surface Fe and In regions are distinct and no intermedi-
ate compound is formed. The In atoms in these islands
(interface component in Fig. 1) can also be considered as
neutral.

The next point to be considered concerns the conser-
vation of the number of As and In atoms that have been
disrupted from the semiconductor interface. We assume
that the photoelectron escape depth for the two core lev-
els with 200 eV excitation energy is nearly the same; Fig-
ure 2 shows that the ratio between interface and the bulk
In 3d component is about 4 times larger than the cor-
responding ratio for the As 3d core level. The interface
As 3d component corresponds to 1 ML of As. If we then
neglect effects due to different surface coverage by In or
As, we could infer that about 4 ML of In are disrupted
from the substrate. Thus, some 3 ML of As should re-
act with Fe giving As atoms in a ionization state which
is similar to that of bulk InAs and whose core level con-
tribution cannot be separated from the bulk component.
The Fe-As phase diagram shows stable FeAs2, FeAs, and
Fe2As compounds [25] from which the last two are anti-
ferromagnetic [26]). At this point we cannot infer which
is exactly the stoichiometry of the interface Fe-As com-
pound. It will be investigated below through the analysis
of the magnetic properties of the interface, since it has
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already been shown that 3d metal-As reactions lead to a
reduction of the magnetic moment of the 3d metal [27].

Another comment concerns the magnitude of the ra-
tios between the interface or floating (in the case of As)
components and the bulklike ones. For instance, if 3 ML
of As are reacting with Fe before this compound is covered
by some other 7 ML of bulklike Fe, the ratio between the
component representing the floating As and the bulklike
As in the substrate and in the interface compound should
yield λ−1 exp(7 ML/λ) = 0.8 for the electron mean free
path λ = 5 ML. These values are considerably larger than
those represented in Figure 2. Explanations of this dis-
crepancy rely on (i) a stronger interdiffusion of As into
the Fe layer and/or (ii) the formation of Fe agglomerates,
leaving parts of the surface free from deposited metal [15].
In the case of In, similar considerations give the ratio in-
terface/bulk components as being ≈ 1.8 for the same value
of λ. For both In and As, the ratio between the above esti-
mated values and the experimental ones is about three to
four. We suggest that new STM experiments should clar-
ify which area of the substrate is effectively covered with
Fe in the actual experimental conditions. The question of
interdiffusion will be addressed in the following, when the
magnetic properties of the Fe/InAs(100) heterostructures
will be analyzed.

3.2 X-ray magnetic circular dichroism

3.2.1 Overview of the results

We examinate now the Fe L2,3 absorption and XMCD
results. In Figure 3 we present the isotropic absorp-
tion spectra and the integral of (background-subtracted)
both L2,3 white lines, as function of Fe coverage Θ. Owing
to the finite escape depth of the detected electrons, to a
good approximation, the points obey a saturation law:

I(Θ) = I0(1− exp(−Θ/λ)) (1)

where λ is the electron mean free path. The fit (dashed
curve in Fig. 3b) yields λ = 5.31 ML of Fe = 7.61 Å. This
law can be used to scale the TEY signal with respect to
the “true” absorption, proportional to the Fe coverage.
Note that the above value of λ is far too low. The main
component of the electrons detected by the TEY technique
are secondary electrons produced by scattering of the fast
Auger electrons into the sample [28]. The escape depth
of these low-energy electrons is estimated from the study
of interfaces presenting well-defined layer-by-layer growth
such as Fe/V(100), Ni/Cu(100), etc. to be around 17 Å,
in good agreement with reference [29]. This discrepancy
will be clarified in the following.

The XMCD signal (XMCD = µ+−µ−) is represented
in Figure 4 (before correction by circular polarization and
angular factors). As expected, it increases with increas-
ing Fe coverage, but let us remark that a non-vanishing
XMCD signal is present for the lowest Fe coverages in-
vestigated (1 ML) at room temperature. Therefore, we
found ferromagnetic ordering of Fe at these low cover-
ages, unlike the case of Fe/GaAs [5,8–10]. The detectable
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Fig. 3. (a) Fe 2p isotropic absorption spectra. (b) Dependence
of 2p → 3d integrated absorption on Fe coverage, with simu-
lations using a simple saturation law with low electron mean
free path (Eq. (1), dashed curve) or a three layer model with
high electron mean free path (Eq. (3), full curve).

XMCD signal at very low coverages for the relatively low
applied magnetic fields (400 Oe) means that ferromagnetic
instead of superparamagnetic [15] ordering is present in
the Fe films.

We applied the XMCD sum rules in order to derive
the average values of spin and orbital components of the
magnetic moment per Fe atom [4]. The XMCD spec-
tra were integrated; from the isotropic absorption spectra
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(Fig. 2) the continuum contribution was subtracted, then
they were integrated; finally, ratios between XMCD and
absorption integrals provided the kinetic moments 〈Lz〉
and 〈Sz〉 (µtot = −µB(〈Lz〉+ 2〈Sz〉) ). We used the num-
ber of Fe 3d holes of 3.39, as reported previously [4]. In
the spin magnetic moment sum rule, the dipolar magnetic
term 〈Tz〉 was neglected, although this is known to cause
errors in the case of low-dimensionality systems, in par-
ticular for noncubic symmetry [30]. As will be seen be-
low, plausible results are obtained in this approximation
and a possible explanation is that the early stages of Fe
growth is characterized by 3D island formation [17,31]
and by formation of an interface compound with cubic
symmetry. Hence, no real “reduced-symmetry” (2D) in-
terface is present and the dipole magnetic term seems to
be quenched.

The net result of sum rules analysis is represented in
Figure 5. As expected, the moments increase with the
thickness of Fe film. This increase can be modelized by
one- or two-step reaction.

3.2.2 Three-layer model of interface formation

It seems that up to about 4 ML of deposited Fe an in-
terface layer with MMA lower than that of bulk Fe is
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Fig. 5. Atomic magnetic moments per Fe atom, obtained by
applying the XMCD sum rules. The total magnetic moment
was fitted with a three layers model, represented in Figure 5
(see text for details).

formed; then, for increasing Fe coverages, a bulklike Fe
phase is obtained on top. A simple model, drawn in Fig-
ure 6, supposes: (i) formation of a layer with very low
MMA (M1) of maximum Fe coverage Θ1; then (ii) for-
mation of a second layer with intermediate MMA (M2),
for Θ1 < Θ < Θ1 + Θ2; (iii) growth of bulklike Fe with
high MMA (MFe) for coverages exceeding Θ1 + Θ2.

The resulting MMA as function of Fe coverageM(Θ) is
given by the weighted sum of MMA of Fe in the three dif-
ferent layers considered, as discussed also in reference [31]:

M(Θ)Θ = M1Θ1

+M2Θ2+MFe(Θ−Θ1−Θ2); (Θ > Θ1+Θ2)

M(Θ)Θ = M1Θ1+M2(Θ −Θ1); (Θ1 +Θ2 > Θ > Θ1)

M(Θ) = M1; (Θ < Θ1). (2)

The fit using this equation is represented in Figure 5
(dashed curve). The resulting values are M1 = 0, M2 =
1.08 µB, MFe = 2.64 µB, Θ1 = 0.60 ML, Θ2 = 2.96 ML.
The overall agreement is good; nevertheless the MMA of
the Fe film grown on top of the interface layerMFe exceeds
largely the bulk value of bcc Fe (2.2 µB).

Taking into account also the escape depth of the de-
tected electrons λ one needs to reformulate the M(Θ) de-
pendence. Additional parameters in this dependence are
Fe concentrations in the lower two layers a1 and a2 [31].
The corresponding layer thicknesses to be taken into ac-
count in the attenuation law of the electrons are Θ1,2/a1,2

(Fig. 6). But, before modelizing the XMCD one needs
to reformulate also the overall 2p absorption intensity
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I(Θ) = I
(r)
0 [a1Sλ(Θ1/a1)Eλ(Θ −Θ1 −Θ2)Eλ(Θ2/a2) + a2Sλ(Θ2/a2)Eλ(Θ −Θ1 −Θ2)] + I

(Fe)
0 Sλ(Θ −Θ1 −Θ2);

(Θ > Θ1 +Θ2)

I(Θ) = I
(r)
0 [a1Sλ(Θ1/a1)Eλ((Θ −Θ1)/a2) + a2Sλ((Θ −Θ1)/a2)] ; (Θ1 +Θ2 > Θ > Θ1);

I(Θ) = I
(r)
0 a1Sλ(Θ/a1); (Θ < Θ1). (3)

M(Θ) =

a1M1Sλ(Θ1/a1)Eλ(Θ −Θ1 −Θ2)Eλ(Θ2/a2) + a2M2Sλ(Θ2/a2)Eλ(Θ −Θ2) +MFeI
(Fe)
0 /I

(r)
0 Sλ(Θ −Θ1 −Θ2)

a1Sλ(Θ1/a1)Eλ(Θ −Θ1 −Θ2)Eλ(Θ2/a2) + a2Sλ(Θ2/a2)Eλ(Θ −Θ2) + I
(Fe)
0 /I

(r)
0 Sλ(Θ −Θ1 −Θ2)

;

(Θ > Θ1 +Θ2)

M(Θ) =
a1M1Sλ(Θ1/a1)Eλ(Θ −Θ1) + a2M2Sλ((Θ −Θ1)/a2)

a1Sλ(Θ1/a1)Eλ(Θ −Θ1) + a2Sλ((Θ −Θ1)/a2)
; (Θ1 +Θ2 > Θ > Θ1);

M(Θ) = M1; (Θ < Θ1). (4)
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Fig. 6. Proposed structure for the reacted Fe/InAs(100) in-
terface. The coverages Θ are related to the quantity of de-
posited Fe. Hence, the thickness of a layer whose Fe concen-
tration is a is Θ/a.

dependence on the Fe coverage in the three layer model
considered. The equation to be used is:

see equation (3) above.

In the above formula Eλ(x) = exp(−x/λ) and Sλ(x) =
(1− exp(−x/λ)). I(Fe)

0 and I(r)
0 are absorption intensities

corresponding to bulk Fe and to Fe which has reacted
with As. These two intensities are different, I(Fe)

0 < I
(r)
0 ,

for the following reasons: firstly, Fe in coordination with
As is in a positive ionization state; hence, the number of
available 3d states increases. Secondly, in the presence of
an anionic neighboring formed by Asδ− the 3d Fe orbitals
become more localized on the absorbing Fe atom. Hence,
the overall Fe 2p → 3d absorption cross section increases
for Fe in the intralayers. The fit using equation (3) is also
represented in Figure 3b (full curve). The relevant fitting
parameters are λ = 12 ML = 17 Å, Θ1 = 0.70 ML, Θ2 =
3.0 ML, a1 ≈ 0.05, a2 = 0.5.

We use these parameters as input for the simulation
of the XMCD results. Escape depth effects and different
absorption cross sections for the metal and the reacted Fe
layers are taken into account by the following equation:

see equation (4) above.
The fit using equation (4) is also represented in Fig-

ure 5, continuous curve (M1 = 0 and λ = 12 Å= 17 ML
were fixed). Resulting values are M2 = 1.0 µB, MFe =
2.3 µB, Θ1 = 0.70 ML, Θ2 = 3.0 ML, a1 ≈ 0.05, and
a2 = 0.50. Remark that one obtains this time a value of
the MMA for the Fe metal layer which is close to that
of the bulk Fe (2.2 µB). Several fitting trials both of the
Fe 2p absorption cross section (Fig. 3b) and of the effec-
tive MMA derived by sum rules (Fig. 5) yielded an esti-
mate of the error bars: ±0.05 for Fe concentrations a1,2,
±0.2 ML for effective coverages of the reacted layers Θ1,2,
and ±0.10µB for the momenta.

The interface evolution during Fe deposition can then
be modelised as follows: (i) for coverages lower than
about 0.6 ML, Fe atoms are diffusing into the substrate
forming diluted Fex(InAs)1−x (x ≈ 0.05); (ii) for coverages
between 0.7 and 3.7 ML, an interface compound is formed.
From the PES results, about 3 ML of As are forming this
reacted layer. The modelization of both M(Θ) and I(Θ)
give a quantity of Fe of 3 ML participating to the for-
mation of this layer with Fe dilution of 0.5 and MMA of
about 1 µB. Consequently, it seems that a compound with
approximate stoichiometry of FeAs is formed at the inter-
face. The major difference with respect to bulk FeAs [26]
is that this time FeAs is ferromagnetic. This should not
be surprising in the presence of the topmost Fe magnetic
layer which can polarise the intralayer; however, the in-
terface FeAs is ferromagnetic even in the absence of the
polarising outer layer. This effect could be related to a
distortion of the FeAs induced by the large lattice spacing
of InAs. Note here that the value of 1.06 µB obtained for
the Fe atoms in the interface layer uses the number of 3d
holes of 3.39 for the bulk Fe. FeAs should have a partly
ionic character. From the PES position of the correspond-
ing As component, which coincides with the position of
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As in bulk InAs, a charge transfer of 0.2e from Fe to As
could be inferred. Consequently, the number of 3d holes of
Fe in FeAs increases to approximately 3.6 and the effective
MMA per Fe atom derived from the above considerations
has to be corrected by a factor of 1.06. At this point we can
specify that trials to get an As XMCD signal at both 3p
and 3d edges failed. Hence, no As magnetism is detected
and the magnetism of the interface layer is driven just by
the magnetism of Fe.

Finally (iii), for larger Fe coverages Θ > 3.7 ML, bulk-
like Fe with high magnetic moment grows on top of the
interface compound.

Interestingly, the Fe coverage for the onset of metal-
lic Fe growing derived here (3.7 ML) is sensibly close
to the onset of Fe islands coalescence, as examinated by
STM [11,15]. The majour difference between the present
data and the previously-published results concerns the on-
set of the Fe ferromagnetic order instead of superparam-
agnetism for Fe coverages lower than 3.5 ML. This low-
coverage behaviour may be caused by different substrate
preparation: the actual experiments were performed on
sputter-annealed InAs(100)c 8 ×2 substrates [17], whereas
previous experiments [11,15,16,18] were performed on
InAs(100) c 4 × 2. Template effects have been recognised
to play an important role in the structural and magnetic
properties of the grown films [32]. In some cases, films
with similar magnetic properties are obtained on differ-
ent substrate reconstructions [9], but this is not a general
rule. Surface roughness also affect the magnetic proper-
ties [6]. In the early stages of Fe film growth, we could
think about the formation of extended FeAs ferromag-
netic regions in the present case, compared with forma-
tion of 3D Fe superparamagnetic clusters in the case of
InAs(100) c 4 × 2 substrates. One possible origin of this
different behaviour could be that the c 8 × 2 surface is
more flat than the c 4 × 2 one, therefore favourising layer-
by-layer growth.

3.2.3 Enhancement of orbital magnetism

It has been proved that electron saturation effects could
affect the correct determination of orbital moments by the
XMCD sum rules [29]. Nevertheless, previous calibration
experiments performed with the same setup in our group
were able to derive the correct orbital and spin moments
for bulk Fe, Co, and Ni by using L2,3 XMCD. This allows
us to interpret the anomalous increase in the orbital to
spin moment ratio observed in Fe/InAs(100) interfaces.
Similar effects were already reported on ultrathin mag-
netic films grown on metal substrates [33]. Particularly, for
Fe/GaAs(100), an enhancement of 300% of the Fe orbital
magnetic moment was recently reported by XMCD [5].

In the present Fe/InAs(100) measurements, the ratio
between the orbital and spin moments vary between 6.5%
for 3 ML and 19.8% for 1 ML. Note that the bulk Fe shows
a value of this ratio of 4.3% [4]. Increased values of the or-
bital moment are usually connected to (i) the narrowing
of the d bands at the surface, causing increased spin mo-
ments which enhance the orbital moments by spin-orbit

EF

E T2 

E T2 

E 

E 

T2 

T2 

energy 
(a)

(b)

m = 0, ± 2

m = ± 1, ± 2

m = ± 1, ± 2

m = 0, ± 2

Fig. 7. Spin-polarized Friedel-type density of states, used to
compute the orbital moment via first-order perturbation the-
ory applied to the spin-orbit splitting term. The shaded areas
represent occupied states. (a) represents the model for bulk
bcc Fe; (b) the proposed model for Fe/InAs(100), which could
explain the enhancement of the orbital moment.

interaction [6]; (ii) the lowering of symmetry which result
in reduced crystal field quenching of the orbital moment;
and (iii) to the increase of the density of states at the
Fermi level [33].

All these effects can appropriately be treated only by
first principle theoretical calculations [30,34] which re-
quire the complete structural knowledge of the interface.
In absence of these data, in the following only a qualita-
tive attempt of explanation for the increase of the orbital
moment will be given.

The orbital momentum of bulk bcc Fe is 0.085 ±
0.08 µB [4]. The present data have shown an orbital mo-
mentum as large as 0.22± 0.02 µB for the thickest layer
(10 ML of Fe), which is almost three times larger than
the value for bulk Fe. A very simple model [35] to ex-
plain the orbital magnetism in 3d systems starts with a
Friedel-type of approximation to 3d the density of states
(DOS) with two symmetry-adapted type of states, T2 and
E (Fig. 7). The T2 state is a combination of d wave func-
tions with m = ±1 and m = ±2; E is a combination of
states with m = 0 and m = ±2. In metal Fe, the major-
ity spin T2 state is full and the minority spin E state
is empty (Fig. 7a). To this (normalized) DOS of total
width WD (around 4 eV for bulk Fe) one applies the spin-
orbit interaction in first order perturbation theory. States
which are completely full or empty do not contribute to
the orbital moment. Note by ζ the spin-orbit coupling con-
stant. Summing over the partial components of the major-
ity E states and of minority T2 states yields the following
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orbital moments (details are given in the work of Eriksson
and coworkers [35]):

L↑ = − 4ζ
WD

µB; L↓ =
6ζ
WD

µB;Ltot =
2ζ
WD

µB · (5)

As a consequence, the orbital moment in bulk Fe is small.
Now, we observe that a quantity about three times larger
can be retrieved if one just simply supposes that the ma-
jority E state is empty such that L↑ = 0. Then, the total
orbital momentum has contribution only for minority spin
DOS, which is three times larger than the total momen-
tum in bulk bcc Fe.

The situation is represented in Figure 7b. It implies
that the Fermi level is located between the T2 and E states
for the majority spin DOS, and that it is located in the T2

state for the minority spin DOS. This is, of course, valid
if the E and T2 states are separated by an amount ex-
ceeding the spin-orbit parameter ζ, which is the case for
bcc Fe (see Fig. 1 from Ref. [35]) where this separation
exceeds 0.2 eV. In other words, with respect to the case of
bulk Fe (Fig. 7a), it seems that the overall filling of the d
bands is lower in the case of Fe/InAs(100) and this phe-
nomenon is responsible for the increase of the Fe orbital
magnetic moment. A possible explanation could be that
Fe in coordination with As has a lower 3d population due
to charge transfer, but one cannot exclude modifications
in the Fe 3d DOS due to the (neutral) As atoms on top of
the Fe layer.

4 Conclusion

The (spin- and orbital-resolved) magnetism of
Fe/InAs(100) heterostructures was investigated for
the first time, correlated with photoemission analysis of
the interface reactivity. All data allowed to support a
three-step model of interface formation. In our opinion,
the most important result of this study is that Fe
deposited on InAs(100) presents ferromagnetic ordering
even in the monolayer regime and at room temperature.
The orbital moment is unusually high, about three times
larger than the orbital moment of bulk bcc Fe. Orbital
magnetism is a fascinating but complicated subject; in
this work an attempt to explain this increase has been
given, starting with a very crude model of DOS and
doing the supposition that the 3d DOS is depleted due to
As, such that the Fermi level separates components with
well-defined symmetries in the majority spin DOS. More
serious theoretical investigations are needed in the future
in order to explain this phenomenon.

The Fe/InAs(100) system seems very promising for
spin-injection devices. The carrier mobility in InAs is very
high; InAs is a low-gap semiconductor; the Schottky bar-
rier Fe/InAs is low (we did not observe considerable band
bending effects in the EDCs while depositing Fe); the Fe
MMA stabilizes at a value similar to that of bulk Fe; an
interface ferromagnetic compound with the approximate
stoichiometry of FeAs is formed; the ratio between orbital
and spin magnetism largely exceeds that of bulk α-Fe. As

open questions remain the origin of the ferromagnetism in
the interface FeAs and possible relationship of it to the
structure of the interface layer, as well as the interplay
between In islands and metal Fe: are these islands com-
pletely free of Fe and As on their top? These phenomena
can be investigated by photoelectron diffraction and STM
experiments which are planned in the future.
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