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Core-state manipulation of single Fe impurities in GaAs with a scanning tunneling microscope
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We demonstrate that a scanning tunneling microscope tip can be used to manipulate the tightly bound core
(d-electron) state of single Fe ions embedded in GaAs. Increasing tip-sample voltage removes one d electron from
the core of a single Fe, changing the dopant from the (Fe2+)− ionized acceptor state to the (Fe3+)0 isoelectronic
state, which alters the spin moment and dramatically modifies the measured local electronic contrast in topographic
maps of the surface. Evidence of internal transitions among the d states of the Fe core is also seen in topographic
maps where dark anisotropic features emerge from the interference between two paths: the direct tip-sample
tunneling and tunneling which excites a d-state core exciton of the Fe dopant.
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I. INTRODUCTION

Control and measurement of the electronic, magnetic, and
optical properties of a single electronic state in a semiconduc-
tor has advanced rapidly over the past several years1 and is ap-
proaching the point of significant technological importance.2–5

Achievements include controlled positioning of small numbers
of dopants within the semiconducting host,4,6–9 with quanti-
tative theoretical descriptions of their wave functions,10,11 as
well as local perturbations of their properties including optical
orientation of their spin,12 electrical control of their charge
state,13,14 and electrical probing of their spin excitations.15

Electronic manipulation of dopant charge states has been
predominately limited to ionization of Coulombically bound
(shallow) donor and acceptor levels,14,16 although switching a
Si dopant between a substitutional and interstitial position with
an associated charge change has also been demonstrated.17

Electronic manipulation of tightly bound states, especially the
spin-polarized core d electrons of transition-metal dopants,
would permit a wider range of novel phenomena, including
changing the core spin and magnetic interactions of a dopant.
Such transitions have been measured optically for ensembles
of transition-metal dopants in semiconductors,18 and there
is evidence of multiple d states associated with single
transition-metal dopants embedded in the surface layer.19

Direct electrical manipulation of the charging of these core
states, however, has not been demonstrated, especially for a
single dopant that is tetrahedrally bonded with the host and
hence has the symmetry of a bulk substitutional site.

Here we directly demonstrate the electrical manipulation
of the core electronic state of a single substitutional Fe atom
deeply embedded within GaAs using a scanning tunneling
microscope tip. We directly observe the different charge and
valence states of Fe on the atomic scale using cross-sectional
scanning tunneling microscopy (X-STM) and remove a
d electron from the core by increasing the tip voltage, causing
the transition from the 3d6, ionized acceptor configuration
(Fe2+)− to the 3d5, isoelectronic state (Fe3+)0 of iron. This
manipulation differs from shallow-state ionization of dopants,
such as the ionization of a Mn acceptor in GaAs (Ref. 13),
because of this change in d-state occupation. We note the
3d6 (Fe2+)− acceptor state of an Fe atom in the top layer

of a p-type GaAs surface has been observed, but the charge
state was not demonstrated to be manipulated.19 We also
find evidence of the internal transitions of the d states in
the core, through identification of anisotropic dark features
in the topography, which are associated with the interference
of a tunneling path that excites a d-state core exciton with
the tunneling path corresponding to direct tunneling from the
tip to the sample. The spatial range and dark character of the
feature are consistent with our calculations.

The known possible electronic configurations of an Fe atom
in GaAs20 are illustrated in Fig. 1. Like most 3d transition
metals, Fe impurities in III-V semiconductors act as charge
traps and recombination centers, pinning the Fermi level at
a deep energy level and inducing semi-insulating properties
within the host. An I(V) curve acquired on the clean GaAs
surface in the Fe-doped region of the investigated sample is
displayed in Fig. 2.

These deep levels, called charge-transfer (CT) levels,
correspond to a change in the valence state of the Fe atom
and are expected to have a localized atomiclike character. The
stable electronic configuration is determined by the position
of the Fermi level in the semiconductor relative to the CT
levels. Thus, in GaAs, when substituting for the Ga cation site,
an Fe atom can be in two different valence states: Fe3+ or
Fe2+. Fe3+ has a half-filled d shell and acts as an isoelectronic
impurity, whereas Fe2+ with six electrons in the d shell acts as
an acceptor. Fe will be in its acceptor state or in its isoelectronic
state depending on whether the Fermi level is found above or
below the Fe2+/Fe3+ CT level which is located 510 meV above
the valence band edge.20 Moreover, Fe in its acceptor state
Fe2+ can be in two different charge states, A0 or A−, where
A− corresponds to the ionized acceptor (Fe2+)− and A0 to the
neutral acceptor state [Fe2+, h+]0. This neutral state, consisting
of a hole bound to the ionized acceptor (Fe2+)− carrying a
single negative charge,20,21 is expected to have a delocalized,
hostlike character. The ionization energy associated with these
charge states, i.e., the energy needed for (Fe2+)− to bind a
free hole and form the [Fe2+, h+]0 complex, is 25 meV. To
summarize, the three electronic configurations reported for Fe
impurities in GaAs and described in Fig. 1 can be denoted by
the following: (Fe3+)0, (Fe2+)−, and [Fe2+, h+]0.
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FIG. 1. (Color online) Possible electronic configurations of an Fe
atom in GaAs. The 3d electrons of Fe populate core levels (orange),
as well as delocalized anti-bonding states (blue) arising from their
hybridization with As neighbors. The charge transfer level from Fe2+

(5 d-electrons) to Fe3+ (6 d-electrons) corresponds to a localized
energy level found 510 meV above the VB edge. The energy level
associated with the bound hole state (Fe2+)− + h+ is found 25 meV
above the VB edge. The most stable configuration is determined by
the position of the Fermi level relative to these energy levels.

II. EXPERIMENT

The presented data are the result of different X-STM mea-
surements performed both at room temperature and 77 K under
UHV conditions (5 × 10−11 Torr). Several electrochemically
etched tungsten STM tips were used. The STM was operated
in constant current mode on a clean and atomically flat GaAs
(110) surface obtained by in situ cleavage. The molecular
beam epitaxy grown sample contains a 100-nm Fe-doped
GaAs layer (nominal concentration of 2 × 1018 cm−3) and
a Fe monolayer incorporated in GaAs. The growth temper-
ature was 580 ◦C during the entire growth procedure. The
nominal layer structure consisted of GaAs substrate/100 nm
Fe:GaAs/200 nm GaAs/Fe monolayer/500 nm GaAs. The
growth was monitored by RHEED. As expected for transition

FIG. 2. I(V) curve acquired on the clean GaAs surface in the
Fe-doped region. This plot is consistent with the Fe doping (5 ×
1017 cm−3 in this area) of the otherwise intrinsically doped GaAs.
The sample Fermi level is found deep in the band gap. The shift of
the I(V) curve from 0 is a known effect of the I-V converter.

FIG. 3. (Color online) (a)–(d) 23 × 23-nm topography images of
single Fe impurities in GaAs taken at the same position but different
voltages. Bringing the W tip close to the sample surface induces a
bending of the semiconductor bands and shifts the associated energy
levels as seen in the corresponding band diagrams (a′)–(d′). Thus,
changing the voltage between tip and sample locally changes the
Fermi level and brings the Fe impurities into different electronic
states. (a) isoelectronic acceptor Fe3+. (b),(c) Ionized acceptor
(Fe2+)−. (d) Ionized acceptor (Fe2+)− screened by an accumulation
of electrons at the surface. The Fe impurities are located at different
positions from the cleaved surface: in the surface layer (S), near the
surface (NS), and deep below the surface (DS).

metals in III-V semiconductors,22 the Fe atoms in our sample
strongly segregate along the growth direction. The concentra-
tion of Fe in the region where the STM measurements were
performed is 5 × 1017 cm−3, as determined by Secondary Ion
Mass Spectrometry (SIMS). The details of the incorporation
of Fe in GaAs are reported elsewhere.23

This dilute distribution allowed us to probe single
Fe atoms and determine the local electronic contrast induced
by each impurity. Figure 3 shows constant current filled states
topography taken at different voltages at a position where three
Fe atoms are visible. The local electronic contrast induced by
each Fe impurity is strongly dependent on the applied voltage.
We distinguish four regimes for which Fe atoms give rise to
images with distinctly different contrasts and shapes, caused by
local manipulation of the Fermi level position from tip-induced
band bending (TIBB) due to the applied voltage. The Fermi
level position within the band gap controls the electronic
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configuration of Fe atoms in the semiconductor. Thus, tuning
the voltage is expected to change the charge state and/or the
valence of the impurities as described in Fig. 3. Impurity charge
manipulation using an STM tip or a nearby charged defect
has already been demonstrated for various impurities in III-V
semiconductors;9,14,16 however, a change of the d-state core
occupation has not been observed before.

III. RESULTS AND DISCUSSIONS

At positive voltage, some Fe atoms appear as bright
localized features, even though the majority are not visible.
Locally under the tip the semiconductor’s bands as well as
the CT level are pushed upwards and the sample Fermi level
will be located below the Fe2+/Fe3+ CT level. Under these
conditions the Fe atoms are expected to be in their isoelectronic
configuration Fe3+. The contrast observed for isoelectronic
Fe atoms originates from the difference in local density of
states (LDOS) of the Fe atoms and the Ga atoms. This should
give rise to such a localized contrast that only impurities
located in the surface layer (S) are expected to appear
in the STM images. The contrast shown in Fig. 3(a) is
therefore consistent with Fe atoms in the Fe3+ configuration.
The slightly delocalized features can be understood as a
consequence of a hybridization of Fe with the valence band
wave functions. The absence of electronic contrast for the
large majority of the Fe impurities at positive applied voltage is
better shown in Fig. 4. From these observations we can confirm
that at positive voltage Fe atoms are in their isoelectronic
configuration Fe3+.

Figure 3(c) shows that for an applied voltage of ≈−3.0 V
the Fe atoms appear as bright disks. Such disks are associated
with the ionization of either donors14 or acceptors.9 In
these studies, the onset of the disk indicates the spatial
separation between the tip and the impurity resulting in a local
TIBB sufficient to ionize the neutral impurity. The isotropic
Coulomb field created by an ionized impurity induces a local
enhancement of the states available for tunneling and thus the
tunnel current. For tunneling conditions like Fig. 3(c), the Fe
impurities are in their isoelectronic configuration when the tip
is far away. However, at negative voltage locally under the
tip, the bands and energy levels are bent downwards. Thus, as
the tip is brought closer to the impurity, the Fe2+/Fe3+CT
level crosses the semiconductor Fermi level and the most

FIG. 4. (Color online) 30 × 50-nm topography images of Fe
impurities in GaAs taken at different voltages. At negative voltage the
Fe impurities give rise to different electronic contrasts. The absence
of electronic contrast at positive voltage is attributed to the position
of the impurities below the surface.

FIG. 5. (Color online) Illustration of the ionization mechanism,
displaying the height profile across the disk. (a) The tip is far from
the Fe impurity, in its Fe3+ state. (b) The tip is close enough to the
Fe impurity to bring it in its (Fe2+)−. The band diagrams indicate
the position of the Fe2+/Fe3+CT level relative to the sample Fermi
level. (Insets) 10 × 10-nm filled state topography image of a single
Fe impurity in GaAs taken at −3.0 V. The disk is induced by the
presence of an isotropic Coulomb field around the (Fe2+)− ionized
impurity.

favorable valence state for Fe switches from Fe3+ to (Fe2+)−.
This mechanism, illustrated in Fig. 5, is consistent with
the increasing disk diameter found with increasing applied
voltage. Taken note of the change the Fe impurities release a
core d-state hole, whereas former studies on Mn acceptors and
Si donors report, respectively, on the loss of a bound valence
hole or a bound conduction electron. Here the neutral state
is Fe3+, not the effective-mass-like complex [Fe2+, h+]0. The
filling of the 3d-shell changes from five to six electrons, and
therefore the core spin state changes from S = 5/2 to S = 2.
The presence of these bright disks in our topography images
is a clear manifestation of the manipulation of the d states of
single Fe impurities by the STM tip.

Figure 3(d) shows the electronic contrast appearing for
Fe atoms at very large negative voltage. In this case, the
semiconductor’s bands are bent further downwards such that
an accumulation of electrons is created at the surface of the
semiconductor. These electrons screen charged defects and
lead to charge density oscillations around each negatively
charged (Fe2+)− ion. The presence of such Friedel-like oscil-
lations has already been reported for ionized dopants in n-type
semiconductors such as Si (Ref. 24) and Mn (Ref. 25) in GaAs.
This observation requires a sample Fermi level relatively high
in the band gap; in our Fe-doped GaAs sample, the Fermi level
is close to the CT level, located deep in the band gap, but is
shifted much higher, near the surface and at these voltages, by
the TIBB.

Having described the features associated with changing the
charge state of the Fe by the tip, we now discuss the peculiar
features of the electronic contrast in the topography for a single
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FIG. 6. (Color online) 12 × 14-nm filled states topography im-
ages of the same Fe impurity deep below the surface in GaAs, taken at
different negative voltages. The dark feature corresponds to a decrease
in conductivity. The shape becomes smaller and more asymmetric as
the TIBB becomes larger.

Fe atom at low negative bias voltage [Fig. 3(b)], in which all
Fe atoms appear as dark anisotropic features on a brighter
background. The shape of this feature for a single impurity is
very sensitive to the applied voltage and the current set point,
and its voltage dependence is shown in Fig. 6. From very
low to moderate negative voltage, the lateral extension of this
dark feature decreases and becomes more asymmetric before
disappearing. The same dependence is found when decreasing
the current set point.

Similar anisotropic shapes, but with bright contrast, have
been reported for the wave functions of holes bound to
individual acceptors in GaAs (Refs. 13, 19, and 26). Bound
hole wave functions are imaged at low positive voltage, when
electrons can tunnel from the tip to the empty acceptor state
and appear as bright anisotropic features. There the anisotropy
of the contrast originates from the cubic symmetry of the host
crystal,13 and the asymmetry is related to the interaction with
the surface and the binding energy of the acceptor.27 Thus,
the shape variation of these features from one Fe atom to
the other is attributed to the depth dependence of the charge
distribution contrast, as shown for Mn impurities in GaAs.28

The voltage dependence is understood as a consequence of the
TIBB. The shapes become smaller and more asymmetric as
the TIBB becomes larger. The current dependence however,
is weaker and cannot be understood as a result of a change in
TIBB. The asymmetry of the shape of the measured contrast
becomes stronger when the current set point decreases, i.e.,
when the tip-sample distance is large and the TIBB smaller.
This suggests an influence of the overlap between tip and
sample wave functions on the anisotropy of this electronic
contrast.

IV. THEORETICAL FRAMEWORK

Decreases in conductivity appearing at a single impurity
in filled states topography images are rare and only a few
electron tunneling mechanisms have been reported that can
account for it. The contribution to the tunneling current of an
inelastic tunneling path is small and positive. However, within
the framework of inelastic electron tunneling spectroscopy,

for single magnetic adsorbates29 or single molecules30 on
a metallic surface, decreases in tunneling current have been
observed. In the case of a magnetic atom, the LDOS directly
above the impurity can be reduced by tunneling through
the Kondo resonance that develops due to the screening
of the moment localized on the magnetic adatom. The
phenomenon we observe is particularly robust (present at
room temperature) so Kondo-like resonances in our system are
unlikely.

Instead, our interpretation draws on observations of a
decrease in tunneling current due to interference between
two elastic tunneling paths through a single molecule, one
path virtually exciting a vibrational resonance.31–34 Here we
consider a similar scenario with two distinct elastic paths
from the tip to the sample: one passing directly through
without disturbing the Fe impurity core electrons and one
virtually exciting an electronic transition from the E to the
T2 crystal-field-split states in the d shell. In this case and using
similar formalism as Ref. 31, the contribution of the second
elastic path that virtually excites the core exciton, ∂I/∂V ,
normalized to the path that does not excite the core exciton,
can be written as in Ref. 31:

∂I

∂V
= δε2

(Ea − Ef,s)2 + (�/2)2

×
[

(Ea − Ef,s + ω)2 − (�/2)2

(Ea − Ef,s + ω)2 + (�/2)2
� (V + ω)

+ 1

π

(Ea − Ef,s + ω)�

(Ea − Ef,s + ω)2 + (�/2)2
ln

∣∣∣∣V + ω

	

∣∣∣∣
]
, (1)

where δε ∼ 0.35 eV is a measure of how much the acceptor
level energy, Ea , changes due to the virtual excitation of the
core Fe electron, � = 0.2 eV is the width of the acceptor state
Ea , Ef,s is the position of the Fermi level at the surface of the
sample, ω = 0.37 eV (Ref. 35) is the energy splitting of the E

and t2 Fe d-level states, 	 � � is a cutoff energy, and V is
the applied voltage. The value of δε has not been calculated;
however, the energy of the exciton is 0.3–0.4 eV and it is
plausible that the shift of the electron state Ea will be similar
to that energy. This expression for the interfering contribution
is valid for regions where the other path is the dominant feature.
The path that does not virtually excite a core exciton yields
a feature in the dI/dV that is a relatively wide Lorentzian
centered around −Ef,s , and thus it is the dominant feature in
the dI/dV for a range of Ef,s ± 0.2 eV.

This results in the dI/dV plot of the virtual-exciton-
exciting path ∂I/∂V , normalized to the nonexciting path,
shown in Fig. 7. In this figure, there are two main trends
of interest. The first is the transition of the height of the spike
near eV = −0.37 eV (corresponding to the energy splitting
of the E and T2 Fe d-level states) from negative to positive.
This switch occurs for an increase in Ef,s . The second trend
is the decrease of the dI/dV in voltage regions outside the
main feature. This decrease happens for an increase in Ef,s .
The switching of the spike from negative to positive does not
substantially affect the topography due to the narrow voltage
range of the peak; however, the decrease in the other regions
of ∂I/∂V has a substantial effect because it demonstrates that
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FIG. 7. (Color online) Calculated contribution to dI/dV from
the tunneling path that virtually excites a core exciton, in units of
the dI/dV from the other tunneling path (that does not), for several
potential values of the Fermi energy Ef,s near the impurity. Negative
values indicate a suppression of the tunneling current. The calculated
local density of states of the lowest-energy d state, of E symmetry,
using the formalism of Ref. 10 is shown in the inset.

for a large range of negative voltages the Fe image should be
dark relative to its surroundings.

We have also calculated the local density of states of the
lowest-energy d state, of E symmetry, using the formalism of
Ref. 10, but with a tight-binding spds∗ Hamiltonian for bulk

GaAs, with an on-site potential on the d orbitals of the Fe
atom. The potential for the d orbitals is chosen to produce
midgap states with energies corresponding to those found
experimentally in Ref. 20. The resulting local density of states
is shown as an inset in Fig. 7. The large range of voltage for
which the calculated ∂I/∂V is negative, which should produce
in topographic maps a dark region (relative to surroundings)
which has roughly the size and shape of the E wave function,
support an interpretation for the dark anisotropic shapes shown
in Fig. 3(b) and indicate that interference effects could be the
cause of the decrease in tunneling current for negative applied
voltages.

We achieved, via STM, the manipulation of the core state
of single Fe impurities in GaAs by controlling the TIBB
via the applied voltage. Fe atoms were brought from their
isoelectronic state (Fe3+)0 into an ionized acceptor state
(Fe2+)−. The observed local electronic contrast of a single
Fe atom was found to change strongly due to different charge
states. Finally, a peculiar contrast was observed, in which Fe
atoms appear as dark anisotropic features, which we explain
by an interference between two elastic tunneling paths.
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A. Yazdani, Nature (London) 442, 436 (2006).

8D.-H. Lee and J. A. Gupta, Science 330, 1807 (2010).
9D.-H. Lee and J. A. Gupta, Nano Lett. 11, 2004 (2011).
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Lett. 104, 086404 (2010).

075421-5

http://dx.doi.org/10.1038/nmat2940
http://dx.doi.org/10.1109/TED.2003.815862
http://dx.doi.org/10.1038/nature04086
http://dx.doi.org/10.1038/nature04086
http://dx.doi.org/10.1038/nnano.2012.21
http://dx.doi.org/10.1038/nature11449
http://dx.doi.org/10.1038/nature11449
http://dx.doi.org/10.1103/PhysRevLett.91.136104
http://dx.doi.org/10.1038/nature04971
http://dx.doi.org/10.1126/science.1197434
http://dx.doi.org/10.1021/nl2003686
http://dx.doi.org/10.1103/PhysRevLett.92.047201
http://dx.doi.org/10.1103/PhysRevLett.106.017202
http://dx.doi.org/10.1103/PhysRevLett.106.017202
http://dx.doi.org/10.1002/pssa.200671403
http://dx.doi.org/10.1103/PhysRevLett.92.216806
http://dx.doi.org/10.1103/PhysRevLett.92.216806
http://dx.doi.org/10.1103/PhysRevLett.101.076103
http://dx.doi.org/10.1103/PhysRevLett.101.076103
http://dx.doi.org/10.1126/science.1101077
http://dx.doi.org/10.1126/science.1101077
http://dx.doi.org/10.1016/j.spmi.2004.03.055
http://dx.doi.org/10.1016/j.spmi.2004.03.055
http://dx.doi.org/10.1103/PhysRevB.84.075459
http://dx.doi.org/10.1103/PhysRevB.80.045318
http://dx.doi.org/10.1103/PhysRevB.80.045318
http://dx.doi.org/10.1002/pssb.200743315
http://dx.doi.org/10.1002/pssb.200743315
http://dx.doi.org/10.1103/PhysRevB.47.16267
http://dx.doi.org/10.1103/PhysRevB.47.16267
http://dx.doi.org/10.1063/1.3293296
http://dx.doi.org/10.1063/1.3293296
http://dx.doi.org/10.1103/PhysRevLett.76.1075
http://dx.doi.org/10.1063/1.2694511
http://dx.doi.org/10.1063/1.2694511
http://dx.doi.org/10.1103/PhysRevLett.94.026407
http://dx.doi.org/10.1103/PhysRevLett.104.086404
http://dx.doi.org/10.1103/PhysRevLett.104.086404


J. BOCQUEL et al. PHYSICAL REVIEW B 87, 075421 (2013)
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