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Abstract

In this report we investigate single Fe impurities in GaAs by cross-sectional
scanning tunneling microscopy (X-STM). Two different kinds of anisotropic
electronic contrasts were found to be caused by Fe atoms. The first has a cross-
like shape similar to the shapes found for Mn in GaAs. We argue that these
are caused by Fe atoms in their [Fe2++h+]0 neutral acceptor configuration. A
general depth dependence pattern was found. The Fe shapes compared to the
Mn shapes and were found to be more symmetric, spreading over more atomic
rows. This contrast is less intense that the one originating from Mn. This is
in reasonable agreement with what is expected from the tight binding model,
which suggest a more localized contrast with more symmetric shapes for deeper
acceptors.

The second kind of electronic contrast observed consisted of a dark circular
depression with a bright anisotropic feature inside. The shape of this bright
feature were found to vary strongly. Thirteen shapes could be distinguished.
From the intensity of the contrast, no clear depth dependence was found for
these features. We suggest that these could be caused by Fe impurities in their
(Fe3+)0 isoelectronic configuration. Additionally, some Fe impurities showed a
switch in contrast from the second type of feature to the first type of feature
indicating that both electronic contrasts can originate from the same atom.
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1 Introduction

The word semiconductor was first used by Alessandro Volta in 1782 [1], as he
was doing experiments on the speed at which different materials discharged an
electrometer by touching it’s knob. He found that metals instantaneously dis-
charged the electrometer, the semiconductors slowly discharged the electrometer
while insulators didn’t discharge it at all. But research on semiconductors re-
ally started with Michael Faraday. He copied an experiment of Humphry Davy
on different metals, but then also including sulfides and oxides. Where Davy
found an inverse relationship between temperature and conductivity for metals,
Faraday found the opposite trend for Ag2S. In 1874 Karl Ferdinand Braun
was the first to observe rectification and conduction in metal sulfides probed
with a metal point. Walter Schottky experimentally confirmed the presence of
a barrier in a metal-semiconductor junction in 1927 [2]. However at that time,
research on semiconductors was subject to controversy. Many scientist called
it scientific suicide and Wolfgang Pauli doubted whether semiconductors really
existed at all [1].

But in 1947 research on metal-semiconductor junctions lead John Bardeen and
Walter Brattain to the creation of the first ’point contact’ transistor [3]. Just
a month later Shockley came with a theory about p-n junctions and the first
junction transistor [2]. Bardeen, Brattain and Shockley got the Nobel prize in
1956 for the invention of the transistor. The transistor sparked research in solid
state physics and nowadays, a life without semiconductors is unimaginable.

Many more applications of semiconductors have been found and for a large
part, the usefulness of semiconductors stems from their doping. As semicon-
ductor devices have to become smaller and smaller - the newest Intel ivy bridge
processors are based on 22nm transistors [4] - the importance of a single dopant
atom on the properties of these devices are becoming more and more important.
Cross-sectional scanning tunneling microscopy (X-STM) has proven a powerful
method to investigatee the structural and electronic properties of semiconduc-
tors and impurities at the atomic scale. X-STM gives the possibility to really
look inside the semiconductor matrix with a very high spatial resolution and a
reasonable energy resolution. Not only STM can resolve dopant atoms on the
surface, but also dopants up to about 2nm below the surface [5]. Many new
physical phenomena have already been uncovered using X-STM, while many
more haven’t been investigated yet.

In this report, a short introduction to the fundamentals of STM and dopants
in semiconductors is given first. Then results of the investigation of Fe in GaAs
is given divided in two sections. The first section is about the empty states
topographic images, in which we will mainly focus on describing the shapes of
the electronic contrasts and identifying a depth dependence. The second section
describes the I-V spectroscopy, in which we will focus on finding the gap states
of the Fe atoms. In each section two types of electronic contrast are studied.
Finally in a short section the charge state of the Fe atoms depending on the
electronic contrast observed is discussed.

1



2 Theory

2.1 STM

2.1.1 Fundamentals of STM

The Scanning Tunneling Microscope (STM) was developed in 1981 by Bin-
nig and Rohrer. STM has a very high spatial resolution and a good energy
resolution compared to other microscopy technique, like for instance, Atomic
Force Microscopy (AFM) and Transmission Electron Microscopy (TEM). STM
is based on the concept of quantum tunneling. A sharp conducting metal tip
(here W) is brought close to a (semi-) conducting surface and a voltage differ-
ence is applied between tip and sample. If the distance between tip and sample
is small enough (typically several Å ) electrons can start tunneling through
the vacuum barrier creating a tunnel current (I ). The tunnel current has an
exponential dependence on the tip-sample distance z [8], given by:

I ∝ Vsexp(−2κz), with κ =

√
2mφ

~2
+ |k|||2 (1)

where Vs is the tip-sample voltage, m is the free electron mass, φ is the tunneling
barrier height and k|| is the parallel wave vector of the electrons on the surface.

The decay factor κ has a typical value of about 1 Å. In constant current mode,
the tunnel current is kept constant by means of a feedback loop which controls
the vertical position of the tip with a piezo element (see figure 1. The vertical
movement of the tip is recorded while scanning over the sample surface giving
a 2D constant-current image. This type of image is called a topography image,
even though it also contains electronic information.

The tunnel current does not only depend on the tip-sample distance, but also on
the local electronic structure and on the spatial extension of the wave functions.
Equation 1 is deduced from the modified Bardeen’s formula [5, 9, 10], which
calculates the tunnel current at T=0 K, but is also a good approximation at
higher temperatures,

I =
4πe

~

∫ eV

0

ρs(EF,s + ε)ρt(EF,t − eV + ε)|M |2dε. (2)

In this equation ρ is the local density of states (LDOS) and EF is the Fermi
level. Subscripts s and t refer to sample and tip respectively. M is the tunneling
matrix element between the states of the tip and the sample. If we assume the
tip to have an s wave function, the matrix element becomes |M |2 = exp(−2κz)
[5, 9, 10]. Which gives

Section based on section 2 from [5], section 2 from [6], and section 2 from [7]
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I ∝
∫ eV

0

ρs(EF,s + ε)exp(−2κz)dε (3)

The derivative of equation 3 with respect to V gives a direct relation between
dI/dV and the LDOS of the sample,

dI

dV
(eV ) ∝ ρs(EF,s + eV )exp(−2κz). (4)

If the tip-sample distance is kept constant, dI/dV and the LDOS of the sample
are directly proportional, and the LDOS is energetically resolved. This relation
is used in scanning tunneling spectroscopy.

2.1.2 Tip-induced band bending (TIBB)

An important effect that has to be taken into account when analyzing STM data
from semiconductors, is the so-called tip-induced band bending (TIBB). TIBB
results from the different alignment of the tip and sample Fermi levels. The
Fermi level in GaAs is unpinned and lies somewhere in the band gap between
the conduction and valence band. When the sample and tip are brought into
tunneling contact, without an applied voltage between tip and sample, electrons
will start tunneling from the higher Fermi level to the lower Fermi level, creating
an electric field between the two. So if the Fermi level of the sample is higher
then the Fermi level of the tip , electrons will start tunneling from sample to
tip (see figure 2b). This is called filled states imaging, because the electrons
tunnel from the filled states of the sample to the tip. If the Fermi level of the
tip is higher then the Fermi level of the sample, electrons will tunnel from the

Figure 1: Schematic image of a STM in constant current mode with a feedback
loop to control the vertical position.
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tip to the empty states of the sample (see figure 2a). This process is called
empty states imaging. When a voltage is applied between tip and sample (Vs),
the alignment of the Fermi levels can be controlled. A positive voltage will shift
the tip Fermi level higher in respect to the sample Fermi level, and a negative
voltage will pull the tip Fermi level down in respect to the sample Fermi level.

The electron tunneling from the higher to the lower Fermi level region creates
and electric field between tip and sample. This electric field will be shielded by
a space charge region caused by ionized donors or acceptors or an accumulation
of electrons or holes. This results in the bending of both the conduction and
valence band near the surface in order to align the Fermi levels of the tip and
sample. Applying a voltage between tip and sample will increase or decrease
the band bending. This process is shown in figure 2(c)-(f). In figure (c) and
(d) a positive voltage is applied between the tip and sample, resulting in an
upward band bending. This process creates a depletion region just below the
conduction band, which is an additional tunneling barrier for the electrons. If
the Vs is sufficiently high, the total tunnel current consist of a part tunneling
from tip to sample through only the vacuum, and a part tunneling through both
the vacuum and the depletion region, as in figure 2d. Figures 2(e) and (f) show
TIBB for negative Vs. The bands are now bend down , and if Vs is sufficiently
high, the conduction band edge is found the sample Fermi level. This creates an
accumulation of charge in the conduction band, from which electrons can also
tunnel to the tip, see figure 2(f).
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Figure 2: (a) shows a schematic image of empty states tunneling, electrons
tunnel from the tip to the sample. (b) shows a schematic image of filled states
tunneling, electrons tunnel from the sample to the tip. In both (a) and (b) TIBB
is disregarded. (c) and (d) show schematic images of the TIBB in the case of
a positive applied voltage between tip and sample. The band are bend up and
electrons tunnel from tip to sample. (e) and (f) show schematic images of TIBB
in the case of a negative applied voltage between tip and sample. The bands are
bend down and electrons tunnel from sample to tip. In the image EF is the Fermi
level, with s and t indication sample and tip respectively. Φ is the magnitude of
the TIBB
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2.2 Doping of semiconductors

Semiconductors are found in most of modern technology products. Transistors
are a fundamental element in almost any electronic devices and LED technology
is replacing many of the older illumination devices. The great advantage of
semiconductors stems from their tunable electronic properties under applied
electric fields or illumination. Another powerful way of modifying the electronic
properties of a semiconductor is to introduce impurities in the semiconductor.
By adding dopant atoms in a semiconductor host, the carrier concentration can
be adjusted. If the dopant atom lacks an electron to donate for the bonds with
its neighboring atoms, it is called an acceptor, and the semiconductor becomes
p-type. Holes are the dominant carrier in p-type semiconductors. If the dopant
atom has an electron left to donate after all bonds are filled, it is called a donor
and the semiconductor becomes n-type. In n-type semiconductors, electrons are
the dominant carriers.

Dopant atoms create allowed energy states in the band gap of the semiconductor.
Usually these energy states are close to the band corresponding to the type of
dopant . Donors create states close to the conduction band and acceptors create
states close to the valence band. The energy between the state and the nearest
band is called the dopant-site binding energy. This energy typically needs to be
low to easily ionize the dopant atoms at room temperature and create the free
charge carriers.

Several dopant atoms, for instance Mn and Fe, also introduce ferromagnetic
properties in the semiconductor. Semiconductor materials doped with such
ferromagnetic dopants are then called diluted magnetic semiconductors, and
exhibit both ferromagnetism and semiconductor properties. Diluted magnetic
semiconductors are especially useful in the field of spintronics, as they could
allow control over the quantum spin state.

An acceptor with a binding energy EB close to the valence band (typically
around 30meV) is called a shallow acceptor. Examples of shallow acceptors in
GaAs are Zn, Be and C. In empty states X-STM topographic images, shallow
acceptors appear as bright triangular features superimposed on the GaAs lattice
(see figure 3a). The triangle points into the (001) direction [11, 12, 13] when
imaging the (110) plane.

Examples of deep acceptors are Mn and Fe. Deep acceptors have higher binding
energies and create states deeper in the band gap compared to shallow accep-
tors. Mn for instance has an EB of 113meV in GaAs [7]. Deep acceptors are
known to create anisotropic cross-like shaped electronic contrasts when imaged
at low positive voltage in a X-STM measurement (see figure 3b). For Mn, these
cross-like features are symmetric with respect to the (001) mirror plane, but
asymmetric with respect the the (11̄0) mirror plane. Atoms closer to the sur-
face give rise to more asymmetry features than atoms deeper below the surface.
The electronic configuration of Mn in GaAs imaged at positive voltage is the
neutral [Mn2++h+]0 acceptor state [7, 14].

The fact that Cd in GaP (EB = 102 meV) shows a cross-like contrast while
Cd in GaAs (EB = 35 meV) shows a triangular contrast [7] proves that the
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cross-like feature and triangular feature are indeed caused by the acceptor state
(deep or shallow) and not by the intrinsic properties of the dopant.

Bulk tight-binding calculations are able to correctly calculate the cross-like
shape of Mn acceptors located deep below the (110) GaAs surface. However
these calculations fail to predict the high level of asymmetry of the Mn features
for atoms close to the surface, and also fail to find a relation between the tri-
angular shape of shallow acceptors and the cross-like shape of deep acceptors.
However if the strain caused by surface relaxation is taken into account, the
model is able to predict the asymmetry of Mn atoms near the surface,as well as
the triangular shape of shallow acceptors. Shallow acceptors have a larger effec-
tive Bohr radius then deep acceptors and their wave functions is more affected
by the asymmetry of the surface. A higher EB is therefore related to a weaker
coupling to the surface, leading to a spatially more localized and symmetric
feature.

Figure 3: (a) 1.5V empty state topography image of a C atom in GaAs. The
triangular shape is typical for a shallow acceptors. (b) empty state topography
image of a Mn atom in GaAs. The cross like shape is typical for deep acceptors.
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3 Experimental setup

3.0.1 STM setup

Figure 4: Schematics of the LT-STM indicating the UHV system and several
other systems used for the preparation of the samples and tips.

The LT-STM is an UHV system consisting of three chambers, see figure 4 for
a schematic image of the STM chambers and pumps. First the newly prepared
samples and tips are loaded into the load lock at atmospheric pressure. The load
lock is then pumped down to 10−8mbar. Next the samples and tips are moved
to the preparation chamber for several additional preparation steps which are
described in the next sections. The preparation chamber is pumped down to
10−10mbar before the samples and tips are moved into the STM chamber. The
STM chamber is kept at 10−11mbar. To prevent contamination of the surface
after cleavage, the sample is cleaved in the STM chamber at the last moment.
Once the tip and cleaved sample are in the STM head, the tip is positioned
above the sample with piezo steppers, while monitoring the movement of the
tip with a CCD camera attached to a microscope. The tip can be brought up to

All images in this section are from [5]
Section based on section 3 from [5] and sections 2.1 to 2.5 from [7]
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about 200µ m above the sample, with a lateral precision of about 20µ m. The
last part of the approach is done automatically with a feedback control.

For measurements at low temperatures, a cryostat with two concentric baths is
in place. The outer bath is filled with liquid nitrogen, while the inner bath is
filled with either liquid nitrogen or liquid helium. The STM unit can be placed
in a special cooling down position in which it is pressed against the cryostat.
This cools down the entire STM unit, such that during measurements both
the tip and sample are at low temperature. When the STM reaches its lowest
temperature, the system is put in the measurement position. The STM hangs
in springs in this position. The system is further decoupled from the rest of the
setup by eddy current damping, and the whole UHV system is placed on an
active damping system itself positioned on a foundation pillar separated from
the building.

3.1 Sample preparation

Samples for X-STM are prepared by cleaving small rectangular pieces of about
4 by 8 mm from the wafer of interest. Because the sample needs to be cleaved
inside the UHV STM chamber, and the resulting surface needs to be atomically
flat, the sample’s thickness is decreased to less then 150 µm using mechanical
grinding with aluminum oxide powder. Next Ohmic contacts are deposited on
the edges of the sample. This is done because an insulating oxide layer on the
surface of the semiconductor material and the formation of a Skottky diode can
reduce to conductivity between the sample and the mechanical contacts dras-
tically. The ohmic contacts are made by thermal evaporation. Three metallic
layers are deposited n-type material : Ge(20nm), Ni(10nm), and Au(150nm)
and on p-type material Zn (10 nm) , Ni (5 nm) and Au (150 nm). Figure 5
shows a sample with the contacts on the edges.

After the contacts are in place, the sample is clamped in a special holder for
the X-STM. First a scratch is made on the epilayer side of the sample. The
scratch is made with a diamond pen and is about 0.5mm long and extents to a
little notch at the end of the sample. The scratch is the position at which the
sample is going to cleave in STM chamber. It is positioned in such a way that
it will be just above the clamping bars of the STM holder. After the scratch is
made, the sample is placed in the STM holder. The STM holder consists of a
plate fit for placement in the STM, with two bars on top that can be screwed
together to clamp the sample in between them. A thin slice of indium is placed
against each bar. The indium provides and even pressure on the sample while
it being clamped. This is important because if the sample is prepared correctly,
it will cleave when just a slight pressure is applied on one end. The holder with
the sample are heated to the melting point of In and as soon as the indium is
melted, the screws are tightened and the sample is clamped. Figure 5 shows the
sample in the sample holder.

At that stage, holder and sample are ready to be loaded in the STM. Once in
the preparation chamber, the sample is baked at 200◦C for 30 min. This is
done to remove any contamination. After baking, the samples are transferred
to the STM chamber and just before the measurement the sample is cleaved by
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pushing gently against the top of the sample with the wobble-stick.

Figure 5: (a) sample with the two strips of contacts on the edges. (b) picture
of a clamped sample in the STM holder, the scratch is positioned just above the
clamping bars and is the starting point of the cleavage.

3.2 Tip preparation

Having a sharp tip is extremely important for a good STM measurement. The
sharpness of the tip defines the spatial resolution the measurement. The tips are
made of poly-crystalline tungsten wire with a diameter of 250µm. A couple of
centimeters of the W wire is cut and placed in a special carrier. The top 2 mm
of the W wire is put in a 2 molar KOH solution for etching. A platinum-iridium
(90% / 10%) spiral acts as a counter electrode. A glass plate is put between the
spiral and W wire to prevent the hydrogen bubbles that are generated at the
spiral to disrupt the flow around the W wire. A schematic image of this setup
is shown in figure 6(b).

The etching start when a voltage of 6.3V is applied over the system. Because the
reaction products flow down at the sides of the W wire, shielding the W partially,
the etching goes the fastest at the interface between the KOH solution and the
air. This creates ”necking” at this spot, until eventually the W wire breaks at
this position. The voltage over the system is then automatically removed within
a µs by the current delimiter. This process usually creates a very sharp tip.

The carrier with the tip is now placed in a holder for the STM, see figure 6. This
holder is then loaded into the load lock of the STM, and then transferred to
the preparation chamber. In the preparation chamber the tip is baked, just like
the samples. After the baking process, the tip undergoes a glowing procedure,
heating the tip to about 900 to 1100 ◦C to partially remove the oxide layer.
Finally the the tip is treated with an argon bombardment, to remove further
oxide mechanically stabilize the tip.
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Figure 6: (a) The tip carrier and STM holder the tip carrier is placed in before
loading into the STM. (b) Schematic of the etching setup.
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4 Fe in GaAs

4.1 Introduction

Fe is a transition metal with one more electron than Mn with an electronic
configuration of [Ar] 3d6 4s2. It has an partially filled d -shell. In GaAs, Fe
substitutes for the Ga cation. Ga donates three electrons to the bonds with
three As neighbors. To perfectly substitute for Ga, the Fe atom should donate
both 4s and one 3d electron to the bonds. This leaves the Fe atom with a 5
electrons in the d -shell corresponding to the isoelectronic (Fe3+)0 configuration.
However, if the Fe atom keep 6 electrons in the d -shell, the Fe atom will be in the
Fe2+ acceptor state. Whether the Fe atom is in the Fe3+ or Fe2+ configuration
depends on the position of the Fermi level in the band gap relative to the charge
transfer level. The charge transfer level is positioned 510meV above the valence
band [15]. If the Fermi level is above the charge transfer level, the Fe atom is in
it’s Fe2+ state, and if the Fermi level is below the charge transfer level, the Fe
atom is in it’s Fe3+ state. Additionally the Fe2+ acceptor state can be in the
(Fe2+)− ionized acceptor state or in a [Fe2++h+]0 neutral acceptor state. The
energy needed for (Fe2+)− to bind a hole is 25meV. This neutral acceptor state
for Fe is similar to the neutral acceptor state for Mn in GaAs.

The valence and the charge state of Fe in GaAs has been investigated by STM at
liquid helium temperature (4K) under UHV conditions. The sample consisted
of a Si doped GaAs substrate, a 20nm marker layer of AlGaAs, a 100nm layer
of GaAs, a 10nm marker layer of AlGaAs, 100nm of C and Fe doped GaAs, a
100nm layer of undoped GaAs, a 15nm marker layer of AlGaAs, a monolayer
of Fe and finally about 300nm of C doped GaAs (see figure 7). The density of
C is 2 ∗ 1018cm−3. The density of Fe fluctuates over the sample as shown in
figure 8. C is known to act as a shallow acceptor in GaAs and was introduced
to increase the conductivity of the sample.
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Figure 7: Structure of the sample used in the STM measurements. The density
of the Carbon atoms is 2 ∗ 1018cm−3

Figure 8: Secondary ion mass spectrometry (SIMS) profile of the Fe concentra-
tion as a function of depth in the sample.
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4.2 Empty states imaging

Empty states topographic images were taken in the Fe/C doped GaAs region
above the 10nm marker layer. Typically the images were made using a tip-
sample voltage of 1.5 V or 1.55 V and the used current was set between 30 and
150 pA. Figure 9 is a typical image of the Fe/C doped region.

Figure 9: 100 x 100nm empty states topographic image of the (110) plane of
GaAs doped with Fe and C (V=1.5V, I=50pA). Three different electronic con-
trasts can be distinguished. The triangular electronic contrasts marked with C
are caused by C atoms. The contrasts indicated with A and B are new and
attributed to Fe atoms. All the others features are unidentified defects or adsor-
bates.

In this image the atomic corrugation of the GaAs crystal is visible, along with
multiple localized electronic contrasts. The image is made at positive voltage so
the Ga sub-lattice is imaged. Most of the elevations (bright contrast) are caused
by C atoms. Three C atoms are labeled by the letter (C). These elevations show
a triangular shape typically observed for shallow acceptors.

Two additional and new types of electronic contrasts are identified as (A) and
(B). Contrast (A) is a bright anisotropic contrast consisting of a bright and
central feature lying on top of the two joined angles of two triangles point-
ing towards each other along the (001) direction. Contrast (B) consists of an
anisotropic bright as contrast (A) superimposed with a dark isotropic contrast.
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The bright part is less bright than contrast (A) but shows more detailed features.

We argue that these contrasts are caused by the Fe atoms. The first argument
in favor of this hypothesis the agreement between the density of the Fe atoms in
the sample and the density of these features. Because Fe does not incorporate
easily in GaAs, we performed Second Ion Mass Spectrometry to determine the
exact Fe profile over the sample. Figure 8 shows the Fe profile as function
on the depth. The second argument is the anisotropic shape of the contrasts
labeled (A) and (B). This anisotropy is typically observed for deep acceptors
(Eb > 80meV ), like Mn in GaAs [7] and is thus expected for Fe in GaAs.

In the remainder of the report, the contrasts labeled (A) and (B) are respectively
referred to as ’Type I Fe’ and ’Type II Fe’. Both of these contrasts are studied
with more detail in the next sections. In this report, only features clearly
identified as either type I or type II Fe have been considered. All other contrasts
have been left out of the analysis to prevent any confusion.

4.2.1 Type I Fe

The shape of this contrast show a strong resemblance with the Mn contrasts
in GaAs (see Figure 13). Both contrasts have a bright anisotropic bow-tie like
shape. This contrast becomes more asymmetric as the Mn atoms are located
closer to the surface. Also near the surface, more protrusions become visible
and the amount of atomic rows over which the contrast is spread over reduces.
In the case of Mn, this contrast has been attributed to the neutral acceptor
state [Mn2++h+]0, where the empty state image correspond to the image of
the wavefunction of the bound hole [7]. Therefore we argue type I Fe contrasts
are caused by Fe atoms in a similar electronic configuration, the bound hole
[Fe2++h+]0 configuration.

Because we also observed a difference in shape and intensity of the contrast for
Fe atoms, an attempt has been made to assign the different shapes to a specific
layer. To determine the depth dependence , we looked at the symmetries and
the intensity of the contrast.

Figure 10 shows five distinct shapes that regularly occur in order of their prob-
able depth based on symmetry arguments, with contrast (e) being an odd one.

Contrast (a) in Figure 10 is identified as originating from an Fe atom located
in the top most layer. This shape matches the one observed by Richardella and
al. [16] for an Fe atom at the surface. However, two bulges are missing on the
right side of the contrast on top of the two ”wings” and in our measurement the
contrast is spread over 8 atomic rows instead of 5 atomic rows in Ref[16]

Table 1 shows the descriptions and spatial extension of the other four contrasts.

15



Contrast Description Atomic rows

b A rectangular shaped basis with the protru-
sions on the left side along an atomic row, and
two legs on the right side.

7

c A rectangular shaped basis with a cross like
shape on top of it. The edges of the cross
have small and faint protrusions.

8

d Two triangles joined together at one of their
angles.

9

e A rectangle with a more prominent cross on
top of it then contrast (c) has.

9

Table 1: Table with the descriptions and spatial extension of the electronic con-
trasts for type I Fe.

Based on the symmetry and the spatial extension of the contrasts, going from
(a) to (d) would correspond to imaging impurities located always further below
the surface. Here (e) does not match with the general trend.

In a second step, we determine the depth of each impurity by looking and

Figure 10: Empty states topographic images (V=1.5V, I=50pA) of the five dis-
tinct shapes identified in the case of the type I iron electronic contrasts. The
colorful scale gives a better idea of the actual limits of the contrasts. The con-
trasts are labeled in order of their probable depth below the surface based on
symmetry, with contrast (e) being an odd one.
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comparing the intensity of each contrast. Figure 11 shows height profiles taken
across the different single Fe atoms, which have been categorized above. From
the graph, it is clear that the intensity alone is not a definite way to divide the
contrasts over the layers. The 6 higher profiles are well defined. Less intense
profiles are strongly overlapping. The category for each profile is indicated on
their right side. Contrast (a) is clearly on top, and is followed by contrasts (b)
and (c), even though the contrasts categorized as (b) seem to be spread over
a wider range of intensities. Contrasts (e) are more intense than (d) contrasts,
which would suggest the order (a), (b), (c), (e), (d) from the surface to the bulk.

Overall, from looking at the symmetries and intensities we can conclude there
is a depth dependence is visible. Assign a particular layer to every contrast is
very challenging due to the poor statistics and slight differences in tunneling
conditions. But, both the symmetry and intensity analysis indicate to similar
order in the depth dependence.
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Figure 11: Profiles taken across the electronic contrast for different Fe atoms.
On the right, the letters indicate the category of the impurity. The most intense
contrasts can be clearly distinguished, while the less intense are overlapping.

For further analysis of the distribution of the contrasts over the layers, the
type I Fe contrasts have been compared to the contrasts for Mn. In Figure 13
the type I Fe contrasts are directly compared to Mn contrasts as measured in
Ref[7]. In a first approximation, the type I Fe contrast (b) shows resemblance
with Mn contrast (c’) and (d’). Type I Fe contrast (c) shows resemblance to Mn
contrast (e’) and type I Fe contrast (d) shows resemblance to Mn contrast (g’).
This suggest that, from the top most layer to deeper below the surface, the Fe
contrasts evolve from (a) to (b) to (c) to (d). Again, contrast (e) does not fit
into this picture. This contrast shows the most resemblance to Fe contrast (c),
except for the thinner legs of the cross and the less distinct protrusions at the
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edges of the cross. Furthermore contrast (e) covers about one atomic row more
then contrast (c). For Mn ,the contrasts were spread over more atomic rows the
further below the surface the atom was situated. For contrasts (a) to (d) this
is also true for Fe atoms. We disregard contrast (e) as no direct explanation is
available.

Overall the data suggest that the depth order starting from the surface is (a),
(b), (c), (d), with contrast (e) not really fitting into the picture. Of course this
entire analysis has been done using very low statistics in each of the categories,
so additional measurements and analysis would probably give slightly different
results. There are several reasons for the low statistics among which the small
number of type I Fe atoms were imaged compared to the type II Fe atoms.

An important difference between the Mn atoms and type I Fe atoms located a
the same depth is the symmetry of contrast shape. The Mn atoms give a contrast
with a symmetry axis along the (001) direction, but along the (110) direction
they show a certain degree of asymmetry. In the top layer, this symmetry
is absent and going down the layers below the surface, a symmetry gradually
appears to the [110] axis. This corresponds to a cut through the center of
the bow-tie. The left side of the contrast is always smaller then the right side
though. For the type I Fe contrasts, the symmetry is along both the [001] and
[110] directions. This is clearly seen for contrast (d). For the contrasts closer
to the surface the [110] symmetry axis is not perfect but remains much more
symmetric then for Mn. Figure 12 shows profiles of type I Fe contrasts (b), (c)
and (d) and profiles of two different Mn contrasts ((e’) and (f’)). These profiles
also show a greater symmetry for the type I Fe contrasts compared to the Mn
contrasts. This is also what was expected from a theoretical point of view. Fe
has a binding energy deeper in the band gap then Mn does. Therefore the Fe
features were expected to be more localized and more symmetric compared to
the Mn contrasts.

An other important difference is the amount of atomic rows the contrasts are
spread over. The Mn contrasts very close to the surface are spread over about 4
or 5 atomic rows, and the deeper contrasts are spread over 8 to 9 rows. For the
type I Fe contrasts, the ones caused by atoms close to the surface, are already
spread over 7 atomic rows, and the contrasts caused by deeper Fe atoms are
spread over 9 atomic rows. In the profiles of Figure 12 this difference is very
hard to spot though. What is very clear though, is that the Mn contrasts have a
higher intensity then the type I Fe contrasts. Both of these observations do not
match with the expected more localized features for Fe. A possible explanation
is that we have filtered out all the close to the surface iron features in the
attempt to focus only on the shapes that are clearly type I Fe. Although this
still does not explain why the surface Fe feature is spread over so many rows.
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Figure 12: Profiles of Fe contrasts (b), (c) and (d) compared to profiles of Mn
contrasts (e’) and (f ’). Especcially the (d) Fe contrasts shows great symmetry.
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Figure 13: Image for comparing the type 1 iron contrasts with the manganese
contrasts taken from Ref.[7]. The first and third column are the manganese
contrasts and the second and fourth column are the iron contrasts.
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4.2.2 Type II Fe

Since the different shapes of the type II Fe contrasts are significantly different
from the type I Fe contrast shapes, we suggest they are caused by Fe atoms
with a different electronic configuration. We argue the type II Fe shapes are
caused by Fe atoms that do release all three electrons required for the bonds
with the arsenic atoms. This leaves them in a (Fe3+)0 configuration, after they
donated both 4s electrons and the sixth electron of the 3d shell to the bonds.
This electronic state is isoelectronic and binds a core-hole to it’s 3d shell.

In the same manner as for the type I Fe contrast, an analysis of the type II
Fe contrast has been done to see if any pattern could be found and possibly
linked to the depth of the Fe atom in the sample. The analysis included the
intensity of the contrast, its shape as well as its symmetry spatial extension.
A total of 98 type II Fe impurities have been analyzed. They were divided in
two different groups, one with topographic images taken at around 1,5V and 50
pA, and one with topographic images taken at 1,5V and 100 to 150 pA. They
were divided based on the current setpoint, because a higher current leads to a
smaller tip-sample distance and a higher resolution. In this case, the features
of type II Fe spread over more atomic rows than if a small current setpoint was
used.

Even if the number of type II Fe contrasts was higher then for the type I
Fe contrasts, no clear evolution among the shapes was found. Instead, many
different shapes were found with different occurrences. However, these electronic
contrast showed common features. They all consist of two parts: a bright
anisotropic feature and a dark isotropic depression. The dark depression usually
showed a circular shape and surrounds the bright feature. If these two contrast
are centered alonng the [110] and [1-10] directions, they are not centered in the
[001]. The bright feature is there always found on the left side of the circle as
seen in Fig. 15 and Fig. 16.

Figure 14 shows profiles of type II Fe contrast (b) from Fig. 15. Both profiles are
taken along the [001] direction. The black profile is taken through the middle
of the bright feature, the red profile is taken just below the bright feature on
the dark contrast only. The later shows a Coulomb potential like profile. The
isotropy of this profile is altered if a C atom or other impurities are located
nearby. The intensity of this contrast is variable. When it is less pronounced ,
the visible atomic corrugation inside is clearer.

The contrasts are also less intense than the type I Fe patterns. The brightest
contrasts showed an elevation of (0.2 ± 0.01)nm above the GaAs level, but about
75% of the shapes were only elevated by (0.03 ± 0.01) nm or less . Including
about 20% that were found below the GaAs level, but were visible due to the
black circle surrounding them. Another reoccurring feature of most type II Fe
shape is that it consist of multiple distinct protrusions and lines around a central
cross-like protrusion.

To create some order within all the shapes, they have been categorized depend-
ing on their shape. Fig. 15 shows the categories with 8 to 17 occurrences and
Fig. 16 shows the categories with 2 to 5 members. The weaker contrast have
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been left out, because the shape was difficult to identify.

Table 2 shows the counts, the spatial extension and the intensity of the most
frequent shapes.

Contrast Counts Atomic rows Elevation

a 12 6 - 7 0.16 to 0.01

b 8 3 - 5 0.11 to 0.01

c 17 4 - 6 0.11 to -0.01

d 9 7 - 10 0.03 to -0.03

e 9 7 - 8 0.01 to -0.02

Table 2: Table listing the occurrence, the spatial extension and the intensity
of the most frequent features observed type II Fe contrasts. The more intense
contrasts correspond to a higher tip elevation.

Contrast (a) consists of an oval like shape in the middle with a needle-like shaped
extension pointing towards the right side. It is surrounded by four oval shaped
protrusions that are only faintly connected to the bigger oval in the middle, and
form the corners of a rectangle.

Contrast (b) looks somewhat similar to contrast (a), but the oval protrusions
are replaced by more circle like protrusions closer to the bigger protrusion in

Figure 14: Profiles of a type II Fe feature taken along the (001) direction. The
black profile is taken through the middle of the bright feature. The red profile is
taken below the bright feature and shows the Coulomb potential like.
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Figure 15: Topographic images of the most frequent shapes the type II Fe elec-
tronic contrasts, with 8 to 17 counts (V=1,5V I=50 or 100pA.

.
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the middle. Contrast (b-2) differs from contrast (b) by its intensity, (0.21 ±
0.01) nm above the GaAs level, and the presence of additional natures around
the central shape. It is also more extended (8 atomic rows). It is possible the
contrast (b) also has these features but they are not resolved due to their very
faint presence.

Contrast (c) is one big,very bright protrusion with four faint legs. The angle
between the two legs on the left side of the protrusion is always smaller then
the angle between the two legs on the right side of the protrusion. The spatial
extension is difficult to resolved. Interestingly, the more intense the contrast is
the more atomic rows the shape seems to be spread over. This may be due to
higher current setpoint as explained earlier.

Contrast (d) is a cross (X ) like shape. This shape has only been found when
tunneling at higher current (100 and 150 pA). The contrast shown in figure 15
was the brightest version found. They possibly are the same as the contrast (e)
shapes but the thickness and width of the crosses are somehow altered by the
higher current.

Contrast (e) is also a X like shape but with a wider body. There are no addi-
tional protrusions around the shape. The contrast is homogeneous on the whole
cross. The contrast is not intense and the absence of protrusions suggests they
are created by Fe atoms located deep below the surface. However, it is not
certain that this rule applies to the type II Fe electronic contrasts.

Figure 16 shows less observed shapes with a maximum of 5 counts.

Table 3 shows the counts, the spatial extension and the intensity of the less
frequent shapes.

Contrast Counts Atomic rows Elevation

f 2 6 0.09 to 0.07

g 4 8 0.10 to 0.03

h 5 5 - 6 0.02 to -0.03

i 3 8 - 10 0.06 to 0.02

j 3 9 - 11 0.03 to 0.01

k 3 8 - 9 0.01 to -0.06

l 4 6 0.05 to 0.01

m 4 7 0.03 to -0.00

Table 3: Table listing the occurrence, the spatial extension and the intensity of
less frequent features observed type II Fe contrasts. The more intense contrasts
correspond to a higher tip elevation..

Contrast (f) looks like a bright cross with five dots on the right side of the cross,
aligned along an atomic row.
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Figure 16: Topographic images of the type II Fe contrast shape with less than 5
counts. (V=?V, I=? pA)
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Contrast (g) looks like a cross with a big protrusion in the middle, both on it’s
left and right side the legs of the cross are connected to a line, the right line is
positioned on top of an atomic row, and seems like an extension of this atomic
row inside the black circle. The left line lies on top of two atomic rows and is
positioned further away from the middle protrusion then the right line is.

Contrast (h) consists of a U pointing towards the right, with the bottom of the
U extended. Two very faint legs are connected to the bottom of the U and
point towards the left side. On the right side of the shape are four dots visible,
all aligned on an atomic row. It looks like a lower intensity version of contrast
(f) and could originate from an Fe atom deeper below the surface.

Contrast (i) is on of the three contrasts consisting of rectangles inside the black
circle. On the right side of the rectangle an atomic row covered with five or
six dots is visible in the black circle. Inside of the rectangle the atomic rows
are enhanced and single atoms are well defined protrusions. Additionally a
cross-like shape is sometimes visible like in contrast (j). This contrast seems to
distort the black circle. Contrast (k) is a fainter version to contrast (j). The
black depression is therefore a more pronounced. In both case the central atom
appears very bright.

Contrast (l) is formed of a main and brighter central protrusion in the middle.
On its left side, two protrusions are visible. On the right side the symmetric
counterparts of the left protrusions are not visible, instead the atomic row is
brighter. This shape was counted four times and occurred only on one specific
day of measuring.

Overall the contrasts do not shown a particular pattern in term of intensity or
shape that could be correlated to the atomic layer they are in. Certain shapes
are very faint, showing elevation within 0.04nm ± 0.01nm of each other. Most
shape categories show a dispersion in term of contrast intensity. The spatial
extension of a particular shape category is consistent up to two rows, and often
the difference in rows is related to the current setpoint. This second point
suggest that there is possibly some depth dependence of the shapes. Especially
the contrasts in category (b) would support this picture with a clear correlation
between intensity and the number of atomic rows the contrast is spread over.
Although in this case the dependence would be reversed compared to the type
I Fe electronic contrast.

4.3 I-V Spectroscopy

4.3.1 Type I Fe

I-V-spectroscopy measurements have been performed on the type I Fe contrasts.
An interesting spectroscopy set was performed on the impurities shown in Fig.
17. The topography image shows a type I Fe contrast labeled (b) in Fig. 10 or
possibly even closer to the surface, a type I Fe contrasts labeled (d) in Fig. 10,
and possibly a top layer Fe atom.
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Figures 18 and 19 show the dI/dV cross-sections and curves of the two type I
impurity contrasts seen in Fig. 17. The top layer impurity has been left out.
Both band gap images show some activity in the band gap, starting at about
+1V. Figure 18 shows the images from the impurity close to the surface and the
curve shows a strong peak at +1.25V as well as 2 weaker peaks between +1 and
+1.25V. The voltages of the three peaks in the graph correspond to the voltages
of the three green lines in thedI/dV cross-section. Furthermore the entire area
from +1V to the top of the gap shows some electronic activity.

Figure 19 taken on Fe atoms located deeper below the surface shows activity
from +1V and onward. Unlike in the spectrum of the Fe atom closer to the
surface, the highest peak is now located at +1V, instead of +1.25V. The peak
at +1.25V remains but is now less prominent. In the dI/dV cross-section, the
+1,25V peak and other small peak in between are barely visible even if some
activity is present in the entire voltage area from +1V till the end of the band
gap. An additional peak is found around +1.6V at the top of the band gap.

ThedI/dV cross-section and curve of the surface impurity showed lots of activity
from +0.6V until the start of the conduction band, however no specific states
could be identified. The results from Fe atoms located deeper below the surface
do show similarity with spectroscopy measurements on surface Fe impurities
from Ref.[16] and Ref. [17]. In both case, two peaks are found in the positive
voltage region, one at around +0.9V and one at around +1.5V. We found peaks
at around +1.1V and +1.6V for the Fe impurity of figure 19. Only the electronic
activity between these two peaks does not match with their observed results.
The graph and image we found for the closer to the surface Fe impurity from
figure 18 does not show much similarity to the references though.

Another interesting spectroscopy set was performed on the contrast shown in
Fig. 20. This spectroscopy was acquired at positive voltage from 0 to +1.6V.
Because the number of points for every I-V curve stay the same, we obtained a
higher energy resolution. This resulted in the observation of an additional peak
at +0.5V . Two other peaks are now located at around +1.0V and +1.5V, as
can be seen in Fig. 21. The new peak at +0.5V is only 50pA/V high, which is
very low compared to the +1.1V peak of 600pA/V from Fig. 19 and can easily

Figure 17: Empty states topographic image showing the area where I-V spec-
troscopy was performed (V= 1,55V, I=150pA).
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Figure 18: dI/dV cross-section and curve of the type I Fe impurity close to the
surface seen in Fig. 17.

28



Figure 19: dI/dV cross-section and curve of the type I Fe impurity deep below
the surface seen in Fig. 17.
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disappear in the noise level if the resolution of the spectroscopy is not high
enough. Also, the +0.5V peak is only visible when taking the profile exactly
through the middle of the contrast. And as the spectroscopy set of Fig. 17
showed some drift, this peak would be hard to resolve. The dI/dV cross-section
in Fig. 21 also shows a lot more activity compared to Fig. 19, and the peak at
+0.5V is clearly visible in the band gap.

Figure 20: Topographic image of the impurity studied by I-V spectroscopy.
This contrast is caused by an Fe atom in depth below the surface (V=+1.5V,
i=150pA).
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Figure 21: dI/dV cross-section and curve of the additional spectroscopy set per-
formed on the feature shown in Fig. 20. The curve shows an additional peak
at +0.5V next to the two peaks at +1.0V and +1.5V. The image only cover
voltages ranging from 0V to +1.6V
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4.3.2 Type II Fe

I-V spectroscopy was performed on several type II Fe contrasts. Unlike the
type I contrasts, in the type II Fe contrast spectroscopy, nothing is visible in the
dI/dV cross-section or curve over the whole band gap. Increasing the resolution
by choosing a small voltage range, in this case +1.4V to +1.7V, instead of the
usual -3.0V to +3.0V allowed us to find some electronic features.

Such detailed spectroscopy in the +1.4 to +1.7V range is shown on the image
of Fig. 22. Figure 23 shows the dI/dV cross-section and the curve taken in the
middle of the contrast. A feature is visible inside the band gap. It is situated
just below the conduction band at around +1.58V. This is the reason why in
the images taken over a larger voltage range nothing was visible in the band
gap, the feature was not resolvable from the conduction band.

The curve in Fig. 23 shows two peaks, the peak marked by the arrow 1 matches
the feature in the band gap image, while the peak with arrow 2 is where the
conduction band starts. The conduction band is bend slightly down where the
iron contrast is situated.

This result shows no similarity with the results found for type I Fe nor with
the results from [16] and [17]. Although they also find a peak just below the
conduction band, the peak in figure 23 is barely visible and no states are visible
at around +1V.

Figure 22: Topographic image of the type II Fe impurity studied by I-V spec-
troscopy.
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Figure 23: On the top, the dI/dV cross-section of a type II Fe contrasts. Below,
the curve taken on the same type II Fe contrast, the peak labeled as 1 matches
with the bar in the dI/dV cross-section and the peak labeled 2 matches with the
start of the conduction band. Only the +1.4 to +1.7V area is shown in this
image.
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4.4 Discussion on charge and valence states of Fe in GaAs

The different electronic contrasts observed for type I Fe and type II Fe at positive
voltage show some similarities. In particular the presence of a cross-like shape,
which anisotropy is explain by the cubic symmetry of the GaAs crystal.

In a recent measurement on Fe, the voltage dependence of a type I Fe feature
as function of the applied voltage was investigated. The progression at negative
voltage is shown in figure 24. The feature starts as a bright circle at high negative
voltage, at around -3.0V a tiny dark feature appears in the middle of the bright
cicle. The dark feature grows as the voltage rises towards 0V. Between about
-1.5V and -1.0V the dark feature resembles the bow-tie like shape we see as a
bright feature at +1.5V for type I Fe. Around -1.0V a bright spot appears in
the middle of the dark shape, the dark shape extends further and disappears.
Meanwhile the bright spot forms the middle of an asymmetric cross at -0.7V.

Figure 24: Shape progression of a type I Fe feature as function of the applied
voltage. Only the negative voltage region is shown here.

The same dependence at negative volatge has been observed in the dI/dV map
taken on type II Fe. The only difference with the type I Fe shape progression,
is the absence of the bright spot in the middle of the dark bow-tie at voltages
around -1.0V. In the LDOS map of type II Fe nothing was visible anymore
higher than -1V. This observation is a good indication than type I and type
II Fe are indeed caused by Fe atoms in GaAs. Another stronger proof is the
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presence of switching events. Within all the topography images analyzed, a
total of six switching events between type I and type II Fe have been observed.
The switches occur while scanning over a type II Fe contrast, which switch to
a type I Fe contrast when the tip goes over the middle of the contrast. Figure
25 shows a topography image of such a switch. A switch from contrast II to
contrast I has not been spotted during any of the measurements. This suggests
the type I Fe is a more stable configuration than type II Fe at positive voltage.
However, with 6 switches only this spontaneous reconfiguration is a fairly rare
event. It is interesting to note that at 5K, changing the voltage, its polarity
as well as the current setpoint does not change the occurrence of the switches
nor allow to switch back to type II Fe. Also all the switches occurred when the
scan was halfway on the type II iron contrast. This correspond to the position
of the Fe atoms below the surface and suggests that the switch is induced by
the very close proximity of the tip to the Fe impurity. This is different from
switches or ionization processes which are caused by tip induced band bending.
The exact mechanism behind this switching event remains unclear. Since the
different shapes of the type II Fe contrasts are significantly different from the
type I Fe contrasts, we suggest they are caused by Fe atoms with a different
electronic configurations.

It is however difficult to attribute an exact charge or valence state to each con-
figuration. At negative voltage, we clearly observed the ionized state (Fe2+)−.
At the positive voltage, Fe impurities are neutral. The strong resemblance be-
tween the type I Fe electronic contrast and the electronic contrast for Mn atoms
leads us to attribute this contrast to a similar charge state. Type I Fe would
then correspond to a neutral charge state of Fe2+ binding a hole in an effective
mass-like state. Such charge state is indeed expected to give a anisotropic fea-
ture with a relatively large spatial extent. Moreover, Fe atoms on the surface
give the same contrast as in Ref. [16]. This article reports on the wavefunction
of neutral transition metals acceptors in GaAs. The spectroscopic data also
shows the presence of two peaks in the band gap.

On the contrary, type II Fe electronic contrast have never been reported. We
argue the type II Fe shapes may be caused by Fe atoms that do release all three
electrons required for the bonds with the arsenic atoms. This leaves them in a
(Fe3+)0configuration, after they donated both 4s electrons and the sixth electron
of the 3d shell to the bonds. This is the isoelectronic state which has core-hole in
the 3d-shell. This state is expected to give a more localized electronic contrast.

Attributing those contrast in this way allows the following explanation for the
Fe switch events. When scanning at positive voltage, electrons are injected in
the semiconductor sample. When the tip is located above the Fe atom, there
is a probability for an electron injected in the empty core hole state of Fe3+)0

and remains there. This would induce a change of the valence state of Fe from
Fe3+ to Fe2+ . In these tunneling conditions, the sample Fermi level is locally
lower and the Fe2+acceptor is empty, creating the complex Fe2++h+]0which
we related to the type I Fe contrast. This mechanism as well as the charges
state of Fe are hypothetical and additional measurement need to be perform
to gain more insights. Among others. we suggest looking at the temperature
dependence of the switching events, scanning with a spin polarized tip or address
the impurity optically.
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Figure 25: Electronic contrast created by an Fe atom switching from a type II
Fe contrast to a type I Fe contrast while the scan is halfway over the contrast.
The scan direction was upwards in this topographic image
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5 Conclusion

In this study, we investigated the charge and valence state of single Fe im-
purities in GaAs by X-STM . At positive voltage, two different features were
identified as caused by Fe impurities. Due to the significant differences in shape
between these features, we believe them to be the results of different electronic
configurations.

The first type of feature showing a great resemblance to the features observed for
Mn in GaAs from [7] were argued to be caused by a hole bound the negatively
charged Fe2+ acceptor, forming the neutral complex [Fe2++h+]0. The general
shape of this feature is a bright bowtie. A depth dependence analysis has been
performed and a general pattern was found, showing a higher symmetry for
the features caused by an iron atom deeper below the surface, these features
were also spread over more atomic rows compared to the features nearer to
the surface. Comparing the features with the Mn features, shows that the
Fe features show a higher symmetry, as is expected from a deeper acceptor.
Surprisingly the shapes are not more localized.

The second type of feature related to Fe was a dark depression, with a Coulomb
profile, associated to a bright feature inside. This bright feature is located
on a specific side in the circular dark depression. These features have much
more diverse shapes but reflect the cubicity of the host crystal. These features
are less intense compared to the first type of features but show more detailed
protrusions. No clear depth profile could be found but the shape have been cat-
egorized based on their symmetry. This showed that a less intense contrast, and
probably deeper located Fe atom, was spread over less atomic rows compared
to a contrast from an Fe atom closer to the surface. This is opposite trend of
what is expected. However this could also be caused by the low intensity of
the features. We argue these features are caused by Fe atoms in the (Fe3+)0

isoelectronic state.

Finally, the observation of switching event from the second type to the first type
of Fe features together with the observation that both the first and the second
type of Fe features show the same shape at negative voltage, prove that they
are both caused by the same Fe atom. The observation of only one direction for
the switch suggest that the [Fe2++h+]0 is the most stable configuration.
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