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In scanning tunneling microscopy, orbital selectivity of the tunneling process can make the topographic
image dependent on a tip-surface distance. We have found reproducible dependence of the images on the
distance for a monatomic layer of iron nitride formed on a Cu(001) surface. Observed atomic images
systematically change between a regular dot array and a dimerized structure depending on the tip-surface
distance, which turns out to be the only relevant parameter in the image variation. An accompanied change
in the weight of Fe-3d local density of states to a tunneling background was detected in dI/dV spectra.
These have been attributed to a shift in surface orbitals detected by the tip from the d states to the s/ p states
with increasing the tip-surface distance, consistent with an orbital assignment from first-principles

calculations.
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Scanning tunneling microscopy (STM) is one of the
most powerful tools to investigate surface topographic and
electronic structures with an atomic resolution. Surface
nanostructures are often discussed based on the topo-
graphic image. However, its image contrast mainly reflects
the electron tunneling processes between the STM tip and
the surface orbitals at each position, i.e., local electronic
states [1]. As a consequence, the image does not always
correspond to the real surface morphology [2,3].
Systematic changes of the image contrast as a function
of the sample-bias voltage V; have been widely interpreted
in terms of energy-dependent electronic structures [4—6].
The STM tip-surface distance d is the alternative for the
image change. The strength of the STM tip-sample inter-
action changes at different d, which can occasionally cause
the image variation [7,8]. The d-dependent image change
can be expected also for the surface consisting of several
orbitals with different decay length of the wave function
into the vacuum, e.g., compound systems. In such systems,
the image change could be induced by the shift of the
dominant surface orbital contributing to the tunneling
process at different d, while a certain surface state usually
dominates throughout the vacuum region for elemental
systems [9]. The importance of this orbital selective
tunneling process on the d-dependent images was sug-
gested for O/Ru(0001), O/Fe(001), and the rutile
TiO,(011) — (2 x 1) surfaces [10-13]. However, the lack
of the strong experimental evidence reinforced by the solid
theory still complicates achieving a common understanding
of the impact of the orbital selectivity on the d-dependent
imaging.

In this Letter, we advocate the importance of in-depth
d-dependent STM imaging and spectroscopy to fully
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characterize the orbital selective tunneling as the origin
of the topographic image changes. A monatomic layer of
iron nitride (Fe,N) on Cu(001) with the ferromagnetic
FeyN stoichiometry [14,15] is chosen so as to highlight the
role of the orbital selectivity. Because of the strong bonding
between Fe and N atoms typical for the nitride compounds
[16,17], we expect hybridization-induced non-negligible
contributions of s/p orbitals relative to 3d orbitals in the
local density of states (LDOS), and the robust surface
structure against the tip-induced effect, which meets the
purposes of this study.

We here show that the topographic image of the Fe,N
layer changed from a dimerized atomic image reflecting the
atomic surface structure to a square lattice of atomic-size
dots with increasing d. Corresponding systematic d
dependence of the tunneling spectra implied the shift in
the dominant electronic states contributing to the tunneling
process. Combining with the LDOS calculations by first
principles, we have attributed these to the change of the
dominant orbitals detected by the STM tip from the Fe 3d
states to the s/p states with increasing the tip-surface
distance. The results resolve the discrepancy for the topo-
graphic images of the previous STM studies between the
p4g(2 x 2) structure for thick films and the ¢(2 x 2) one
for atomic-layer films [14,15].

Monatomic-layer iron nitrides were prepared in ultrahigh
vacuum (UHV) with a base pressure of better than
1.0 x 107'° Torr in the following process. First, a clean
surface of Cu(001) was obtained by several cycles of
sputtering with Ar" jons and subsequent annealing at
820 K. Then, N ions with an energy of 0.5 keV were
bombarded to the clean surface and submonolayer
Fe was subsequently deposited at room temperature
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FIG. 1. (a) Large scale topographic image at V; = 100 mV,
I =5 nA. (b) LEED pattern obtained with an incident electron
energy of 100 eV. (c) Close view of a topographic image for the
Fe,N islands revealing a dimerization of Fe atoms (V, = 50 mV,
I =5 nA). The dimerization is indicated by encirclement.
(d) Crystal structure model of Fe,N. A dotted parallelogram
represents an Fe,N plane. (¢) Schema of p4g(2 x 2) surface
reconstruction corresponding to the LEED pattern. From an
unreconstructed coordination (dotted circles), each two of Fe
atoms dimerizes in two perpendicular directions indicated by
arrows.

(RT). After annealing at 570 K, well-ordered iron nitrides
were obtained on the surface. The surface structure was
confirmed by LEED at RT, and STM at 77 K. For the
scanning tunneling spectroscopy, the differential conduct-
ance dI/dV was recorded using a lock-in technique with a
bias-voltage modulation of 20 mV and 719 Hz.

A large-scale topographic image of the surface is shown
in Fig. 1(a). Iron-nitride islands of several tens of nano-
meters in diameter are formed on the Cu(001) surface.
A LEED pattern of the same surface shown in Fig. 1(b)
exhibits the p4g(2 x 2) symmetry identical to that of the
previous studies [14,15]. A close view of the STM image
shows a dimerized structure as shown in Fig. 1(c), which
agrees with the LEED pattern. This STM image is similar
to that reported by Gallego et al. for the thick Fe,N film
[14]. It has been known that, irrespective of the film
thickness, the topmost layer of Fe,N films consists of an
Fe,N single layer [14,15]. In the surface layer, N atoms
occupy the hollow sites of an Fe sublattice as in an Fe,N
crystal model shown in Fig. 1(d). Because of the surface
reconstruction, Fe positions are different from those of an
ideal Fe,N layer of the FeyN crystal; the Fe atoms are
dimerized in the two perpendicular directions indicated by
the arrows in Fig. 1(e), which results in the decrease of the
lattice constant compared to the bulk [14,15]. This surface
reconstruction did occur in the films of any thickness as
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FIG. 2. Current dependence of STM images. (a) Topographic
images taken at Vi = 0.25 V with varying [ from 0.1, 3.0, 10 to
45 nA. (b) Line profiles at V, = 0.25 V, measured along lines
indicated in (a). From the top to the bottom, I varies as follows:
45, 40, 35, 30, 28, 25, 22, 20, 18, 15, 12, 11, 10, 9.0, 8.0, 7.0, 5.0,
3.0, 2.0, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, and 0.1 nA,
respectively. Empty circles indicate peak positions extracted from
one Fe dimer.

confirmed by LEED. Thus, it still remains unclear why the
STM image of the atomic-layer films showed the ¢(2 x 2)-
like symmetry despite the p4g(2 x 2) LEED pattern [15].

To explore the origin of this discrepancy in the previous
studies, we first investigated the tunneling-current (I)
dependence of the STM images by fixing V, at 0.25 V.
Figure 2(a) shows a series of the images with varying [
from 0.1 to 45 nA. At I =45 nA, the image consists of
distinct Fe dimers. With the decrease of 1, the split of the Fe
dimers gradually becomes ambiguous and turns into one
elongated structure, similar to that reported by Gallego
et al. [14]. Finally, at I = 0.1 nA, the image consists of
broad dots, like that reported by Takagi et al [15].
Comparing the structural model with the images for
I > 3.0 nA, we specify that the dots at 0.1 nA are located
at the hollow sites of the Fe sublattice with no N atom [18].

For a further grasp of the STM-image change induced by
I, we extracted line profiles along the Fe dimer for various /
values from 0.1 to 45 nA, as shown in Fig. 2(b). One can see
that a gradual transformation from a double-peak structure to
a single-peak one occurs at around / = 3.0 nA with decreas-
ing I [19]. The separation between the two protrusions is
almost saturated at 7 > 20 nA, and its maximum reaches to
2.23 A. This length is a little smaller [20] than the reported
distance between the dimerized surface Fe atoms of the Fe,N
layer, 2.83 A of the monatomic-layer Fe,N determined by
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FIG. 3. (a) Spin-resolved LDOS of single-layer Fe,N on
Cu(001). Fe and N states are separately shown. (b) dI/dV spectra
of Fe, N (solid) and bare Cu (dotted). The STM tip was stabilized
at I =30 nA and V, =1 V. (c) Threshold d, for the image
change. Empty circles indicate parameter sets when the shift in
the image from the dimerized to the dot structure occurred. Lines
fitted freely to the experimental data with assuming the constant d
(solid), E (dot-dashed), V (fine-dashed), P (rough-dashed), or /
(dashed) in Eq. (1) are also indicated. (d) Distant-dependent
dIl/dV spectra measured at d = 4.2, 3.4, and 2.9 A from the
bottom to the top. Dashed curves indicate a tunneling background
obtained by a Tersoff-Hamann approximation.

LEED [-V [15] and 2.73 A of the thick Fe,N film calculated
by first principles [14].

It should be noted that the observed I dependence of the
Fe-dimer image differs from what is generally expected for
two adjacent protrusions in the STM observation. A pro-
trusion in the image tends to be broader with increasing d as
long as the tip state keeps overlapping the identical states at
the surface. Namely, in the present case, the width of the
single dot for / < 3 nA could be broader than the separation
of the two protrusions at higher / if we assumed that the
same state at the surface was detected in the entire / range.
However, this is not the case in the present observations [21].

To understand the role of the electronic states for the
change of STM images, we performed extensive first-
principles calculations of the surface LDOS for the mon-
atomic Fe,N layer on Cu(001) using a self-consistent
Green function method within the density functional theory
(DFT), specially designed for semi-infinite layered systems
[12]. Figure 3(a) shows the total, spin-resolved, and
elementally resolved LDOS of the Fe,N surface. Besides
large contribution of minority spin states originating from

Fe, N majority spin states also contribute to the total LDOS
near the Fermi energy (Ey) at the surface. Typical dI/dV
spectra recorded above the Fe,N and Cu(001) are shown in
Fig. 3(b). In contrast to the Cu spectrum with only minor
features, the Fe,N spectrum shows several peaks located at
V, = —0.35, —0.15, 0.17, 0.52, and 0.79 V, respectively,
which well correspond to the peaks of the calculated total
LDOS shown in Fig. 3(a). Note that, possibly due to the tip
condition, the fine structures at the occupied states in the
calculation are not so obvious in the experimental dI/dV
spectrum. Thus, hereafter we focus on the unoccupied
states (positive sample bias) near the E.

In the STM measurement, local atomic structures and/or
electronic properties of the surface can be modified by the
experimental parameters such as I, Vg, d, the local Joule
heating P = V, x I, and the electric field E = V,/d [22].
To elucidate which parameter is crucial to induce the
transformation of the STM image in the present study,
we have taken the images in various combinations of / and
V. Here, we determine /. and d,., which denote the critical
tunneling current and tip-sample distance that the image
transforms from the dimerized to the dot structure, respec-
tively. The d,. was evaluated from /.. at each V by applying
Simmons’rule [23]

h Rol,
d.=————In , 1
22m® < V, ) (1)

where m is the electron mass, ¢ an average work function
of the tip and the sample, and R, the resistance for a
single-atomic point contact of 12.9 kQ [24]. An average ®
value of 5.5 eV, obtained from the fitting of several
experimental /-d curves is used in the evaluation [25].
Figure 3(c) shows a plot of d, as a function of V (empty
circles). The nearly constant d,. values of 3.3 A (solid line)
are found, suggesting that /. increases (decreases) at
higher (lower) V, and the image change is entirely caused
by d. None of E, V, P, and I can be a threshold for the
image change. Therefore, we can conclude that the
observed image change is triggered by the tip-surface
distance [26].

It has been known that the decay length of the wave
function strongly depends on an orbital character; i.e., the 3d
states decay into the vacuum faster than the s/ p states [27].
The different decay lengths between the d and s/p states
were previously investigated and confirmed in terms of the
spin polarization [28,29]. Thus, the states detected by the tip
with smaller distance could have more Fe 3d character.

To confirm this, we measured dI/dV spectra with
various d values as shown in Fig. 3(d). Here, the tip
was fixed at V; = 0.1 V, and all the spectra are normalized
to the intensity at V, = —0.1 V. Note that the correspond-
ing STM images at d = 2.9, 3.4, and 4.2 A consist of the
distinct, blurred, dimerized structures and the dot structure,
respectively. Atd = 2.9 A, the background contribution is
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FIG. 4. Total and orbital-resolved LDOS of (a) surface and
(b) vacuum (4 A above the surface) layers. The states with
negligible intensity in this energy range are not shown here. In the
vacuum layer, LDOS cannot be separated into each atomic
component due to a strong orbital mixing between Fe and N.

small and the peak around 0.2 V is mainly attributed to the
Fe 3d state, in comparison with the theoretical calculations
[see Fig. 3(a) and the detailed orbital assignment discussed
below]. However, one can clearly see that the contribution of
an integrated background signal monotonically increases as
the tip becomes far. It should be noted that an exponential
background signal is mainly due to the tunneling processes
between the tip states and the sample s/p states [27,30].
Therefore, a series of the d-dependent dI/dV spectra well
supports our interpretation of the observed d-dependent
change of the STM image. Namely, at short d, the tunneling
process through the Fe 3d states dominates that through the
s/ p states, and it results in the STM image of the dimerized
structure.

We have further studied the decay of orbital-resolved
LDOS into the vacuum by first-principles calculations to
understand the tunneling process in detail. In Figs. 4(a) and
4(b), we extract dominant orbitals contributing to the total
LDOS near the Ep. At the surface, the LDOS mainly
consists of the Fe 3d states and the s/ p states are minute as
shown in Fig. 4(a). It means that, at a short tip-surface
distance, the possible states dominantly detected by the
STM tip are 3d5,2_,2, 3d,,, and 3d,,. Another intriguing is
that among 3d states, the d,, state shows no clear LDOS
around E — Er = 0.2 eV. This indicates a strong hybridi-
zation between Fe and N atoms, which leads to delocal-
ization of the d,, state while the other 3d states relatively
remain localized.

The situation drastically changed in the vacuum layer
4 A above the surface. In Fig. 4(b), one can see that the
contributions of isotropic s and out-of-plane-oriented p,
overwhelm those of 3d except for 3d;.2_,2. This is clearly
due to the longer decay lengths of the s/ p states than the d
states. Such large s/ p contributions relative to the 3d ones
and thus the tip-surface distance dependence of the STM
image have not been expected in elemental 3d systems,
where the surface states mainly of d;,_,. character slowly
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FIG. 5. Charge distributions calculated at different distances.
(a) Unreconstructed ¢(2 x 2) surface model used for the calcu-
lation. Large (small) spheres correspond to the surface Fe (N)
atoms. (b,c) Charge distribution atd = 1.8 (b) and d = 6.5 A (©).

decay into the vacuum [9]. The considerable enhancement
of the s/p contribution in the present case is caused by
strong hybridization of N s/ p states with Fe s, p, d states,
which is characteristic of compound systems.

Finally, we confirm how this shift in the s/p and d
contributions at different distances shows up in a spatial
distribution of the charge density using DFT. Figure 5
shows the calculated charge distributions of states at the
energy E = Er 4 0.25 eV, corresponding to our experi-
mental V of 0.25 V. It should be noted that an energy
resolved charge distribution can be associated with STM
topographic images within the Tersoff-Hamann model [1].
An unreconstructed ¢(2 x 2) surface shown in Fig. 5(a)
was used in the calculation for simplicity, instead of the
reconstructed p4g(2 x 2) one. Thus, obtained charge dis-
tributions at d = 1.8 and 6.5 A are shown in Figs. 5(b)
and 5(c), respectively [31]. At a shorter distance of 1.8 A,
the charge intensity is high on top of the Fe atoms, because
of a large contribution of the Fe 3d states. This is consistent
with the fact that the surface Fe atoms were distinctly
imaged at higher I’s [see Fig. 2(a)]. In the case of
d=26.5 A, in contrast, the intensity maxima locate above
the hollow site of the Fe sublattice without N atoms. This
originates from the dominance of states with s/ p characters
at larger distances, and well reproduces the experimental /
dependence of the STM images.

In summary, we have performed the comprehensive
STM work to elucidate the origin of the image changes
for the monatomic-layer iron nitride on Cu(001).
Systematic d-dependent STM imaging and spectroscopy
reveal that the observed image change is attributed to the
orbital-dependent decay length of the wave function at the
surface. The validity of the experimental results is con-
firmed by the first-principles calculations, which success-
fully reproduce that the STM image is dominated by the Fe
3d states at short distance whereas by the s/ p states at long
distance. Since the orbital-selective tunneling process is
inherent in any STM measurements, the atomic morphol-
ogy based on the topographic image should be carefully
discussed, especially in the compound systems.
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