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At submonolayer coverage, Mn forms atomic wires on the Si(001) surface oriented perpendicular to the

underlying Si dimer rows. While many other elements form symmetric dimer wires at room temperature,

we show that Mn wires have an asymmetric appearance and pin the Si dimers nearby. We find that an

atomic configuration with a Mn trimer unit cell can explain these observations as due to the interplay

between the Si dimer buckling phase near the wire and the orientation of the Mn trimer. We study the

resulting four wire configurations in detail using high-resolution scanning tunneling microscopy (STM)

imaging and compare our findings with the STM images simulated by density functional theory.
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The large magnetic moment related to a half-filled
d-shell renders Mn atoms attractive building blocks
for fascinating magnetic nanostructures [1–3]. Tunable
ferromagnetism in Mn-doped semiconductors has been
achieved for GaAs, InAs, and Ge [4–7]. For silicon, this
effort has not been as successful because of strong segre-
gation and the interstitial diffusion of Mn in the Si crystal
during overgrowth or annealing, even though Mn-
implanted Si samples exhibit very high Curie temperatures
[8]. During submonolayer deposition at room temperature
(RT), however, Group III (Al, Ga, In), Group IV (Sn, Pb),
and a few other metals (e.g., Sb andMg) are known to form
1D wires perpendicular to the Si dimer rows on the
Sið001Þ � ð2� 1Þ surface [9–17]. These wires consist of
metal atoms in the parallel-dimer configuration linking up
to form atomic chains [18–20]. Recent experiments show
that similar wire formations occur for Mn [21]. Density
functional theory (DFT) calculations proposed several pos-
sible structures for these wires [22–24] with one, two, or
three Mn atoms per Si dimer row [see Fig. 1(a)].

We show that high-resolution scanning tunneling mi-
croscopy (STM) imaging at RT reveals a unique appear-
ance of Mn wires. In contrast to other metal wires, their
signature is characterized by the pinning of nearby Si
dimers in addition to two independent asymmetric realiza-
tions of the Mn wire. We find that only an extended trimer
model can explain our findings and identify a total of four
wire configurations on the basis of the relative orientation
of the Si dimers and an asymmetric Mn trimer unit cell. We
confirm our model using a sequence of STM images, where
we observe sequential changes of the Si dimer and Mn
trimer configurations. Our results are important for the
successful integration of Mn atoms into future silicon
spintronics devices.

The filled-state STM image in Fig. 1(b) shows Mn wires
near a step edge of the Si(001) surface. Here, about a tenth
of a monolayer of Mn was deposited at RT at a rate of
55 pm=min . The wires, with typical lengths ranging from
5 to 50 nm, frequently nucleate at defect sites or step edges,

where clustering of Mn wires is observed (dashed ellipse).
This reflects the high mobility of Mn on the Si(001) surface
at RT [21,25]. Even at these low-temperature growth con-
ditions, a number of larger clusters are found (dashed
circles). In the following, we take a closer look at two
wires, denoted A and B in Fig. 1(b) and shown in higher
resolution in Figs. 2(a) and 2(b). Interestingly, the two
wires have a different appearance even though the recon-
struction of the Si surface looks similar in the two images.
Two things may be noted: First, the Si dimer buckling is
pinned near the Mn wire. It has been argued [26] that strain
along the dimer rows can immobilize the Si dimers, which
otherwise move quickly back and forth, giving the aver-
aged appearance of the well-known Si 2� 1 reconstruction
at RT. From the decay of the apparent dimer buckling (not
shown), we estimate that the strain originates at the wire
and decays over a distance of about 5 nm. The second

FIG. 1. (a) Top and side view of the trimer wire structure (III)
with an atom in the hollow site centered between two dimers of a
dimer row. Mn atom positions for a dimer wire (II) and a wire
with one Mn atom at the cave site (I) (we use the same
terminology as in Ref. [22]). (b) STM image taken at It ¼
0:15 nA and Vs ¼ �2:0 V. The ellipse marks the accumulation
of Mn wires (bright lines) at the Si step edge. The circles denote
Mn clusters.
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observation is that the Mn wires in filled state images have
an asymmetric shape with respect to the wire axis with a
sawtooth-like appearance. In addition to this asymmetry,
Mn subunits between two Si dimer rows are also tilted. In
Figs. 2(a) and 2(d), we highlight this tilt by an open ellipse
in which the filled circle marks the side with the toothed
edge. The phase of the Si dimer buckling stays continuous
across the Mn wire, as indicated by the dashed lines in
Fig. 2. The appearance of the wires does not depend on the
wire length, but can sometimes change abruptly because of
nearby defects. Experimentally, we find four types of wires
as indicated in Fig. 2(c) with equal probability. We refer-
ence these in the text using the symbols , , , and

. The tilt of the wire subunits is always the same for a

given Si dimer buckling phase (see dashed lines). For a
given tilt, the sawtooth appearance is found to have two
realizations with a rotation by 180� connecting the two.

The two panels (b) and (e) in Fig. 2 show the asymmetry
of the two wires when imaged at a small empty-state bias
voltage Vs ¼ þ0:75 V. The Si dimer atoms closest to the
Mn wire are again hidden by the wire contrast. However,
the two next-nearest Si dimers exhibit an atom-like appear-
ance similar to that of normal Si dimers when the empty
dangling bond states are imaged at a more positive Vs. The
asymmetry shows up as a dark gap on the side of the wire
that was smooth in the filled-state images. The tilt of the
wire subunits is not clearly visible, and the highest appar-
ent point (marked by�) has moved away from the toothed
edge towards the cave site.

Comparing this behavior to that of other metal wires on
Si [9,11,13] or to the initial stages of Si and Ge growth on
Si(001) [27], it is clear that Mn is quite unique in its
asymmetric appearance. All other metal wires are attrib-
uted to the parallel dimer wire model [see II in Fig. 1(a)]
and are usually explained by a formation mechanism first
described for Al [19]. For these wires, filled-state STM
images taken under similar conditions look completely

symmetric with respect to the wire axis, except that in
some cases a buckling of the metal dimers along the wire
is observed [28]. As far as we know, none of these metal
wires induces significant pinning of the Si dimer buckling
close to the wire when imaged at RT. This suggests that the
Mn wire structure creates more strain along the Si dimer
rows. DFT calculations have shown that the hollow site is
the most stable adsorption site for a single Mn atom on
the Si(001) surface [23,29]. For one, two, or three Mn
adatoms, it is favorable to have an atom in the hollow
site before the parallel dimer sites near the cave site are
occupied. This was suggested to result in a trimer wire
structure as shown in Fig. 1(a) III [23]. The additional atom
in the hollow site could explain the experimentally ob-
served pinning of the Si dimers.
It is more difficult to explain the observed asymmetric

appearance of the Mn wire because all the three proposed
Mn configurations in Fig. 1(a) are symmetric with respect
to the wire axis. However, together with the pinned buck-
ling of the Si dimers, the trimer wire structure is the only
one that clearly breaks the twofold rotational symmetry
present in symmetric metal wires. A rotation by 180� keeps
the dimer buckling on the surface the same, but the con-
figuration of the two buckled Mn atoms near the cave site is
mirrored. We therefore focus further discussion on com-
paring simulated STM images of the trimer wire structure
at various tip-sample biases with our experimental results
in order to identify the source of the unique asymmetric
appearance of the Mn wires.
To this end, we carried out state-of-the-art spin-

polarized DFT calculations [30,31], employing the highly
optimized CPMD code [32]. The Perdew-Burke-Ernzerhof
exchange-correlation functional [33] was applied, and
ab initio norm-conserving pseudopotentials [34] were
used. The semilocal pseudopotentials were further trans-
formed into fully separable Kleinman-Bylander pseudopo-
tentials [35], with the d-potential chosen as the local
potential for the Mn atoms, p for Si atoms and s for H
atoms. Thewave functions at 0 K were expanded into plane
waves with a kinetic energy of up to 100 Ry. A 4� 8
supercell was used with a thickness of seven Si layers, in
which the top five layers with the Mn atoms were relaxed
until the forces were smaller than 1 pN and the back side
dangling bonds were terminated with H atoms. The elec-
tron density was calculated from a 2� 1 k-point grid.
We first tested our approach by comparing the results for

a monoatomic wire [see Fig. 1(b) I] with the data in the
literature [22,29], finding good agreement. We also find an
integrated magnetic moment of 8�B independent of super-
cell size (4� 4 and 4� 8), in agreement with the DFT
calculations in Ref. [22]. For the trimer wire, the relaxed
structure agrees well with that published previously [23];
however, for the same 4� 4 supercell we find a smaller
magnetic moment of 6�B and thus amore antiferromagnetic
coupling of the Mn atoms. The magnetic moment is reduced
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FIG. 2. STM images of two wires A ðaÞ þ ðbÞ and B ðdÞ þ ðeÞ.
Tunneling parameters were It ¼ 0:2 nA and Vs ¼ �1:7 V ðaÞþ
ðdÞ, �0:75 V ðbÞ þ ðeÞ. The four wire types that occur in our
experiments are shown schematically in (c).
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further to 2�B when we increase the supercell size to 4� 8.
We suspect this cell size dependence to be linked to the
observed strain relaxation perpendicular to the Mn wire.

The calculated wave functions from the � point were
analytically extended in z-direction away from the surface
and integrated over the bias window. Finally, the z-value of
constant density surfaces was plotted on the same gray
scale as in the experiment. The results are shown in Fig. 3,
where the top row shows the experimental constant-current
images. Here, the sample bias voltage Vs is varied from
filled- to empty-state imaging, from left (a) to right (f). The
bottom row shows the corresponding simulated images,
taking into account a slightly smaller effective band gap in
the calculations. The images show very good agreement
for the Si surface, where the change in contrast for the Si
dimers in all images is accurately reproduced up to the
second Si dimer away from the Mn wire. The observed
change in appearance of the second Si dimers in the empty-
state images at low bias [Figs. 3(d), 3(e), 3(j), and 3(k)] is
related to a charge-transfer effect from the wire to the
second Si dimers. The atom positions of these Si dimers
[see Fig. 3(m)] exhibit the usual buckled behavior, with a
buckling angle of 18�. This is not significantly different
from the 18.7� found for the fourth dimer pair, consistent
with the bare Si value of 19� 1� in the literature [27,36].
Nevertheless, the appearance of the second dimers in
Figs. 3(d) and 3(j) is roughly that of the third and fourth
dimers in Figs. 3(e) and 3(k) taken at a bias, which is
0.35 eV higher. This indicates higher filling of the Si dimer
states near the wire. A similar shift in contrast was ob-
served for Ge [27] and Al [10] wires, even though in these
cases the hollow site is not occupied by a wire atom.

If we look at the wire appearance itself, the most obvious
discrepancy between the experiment and simulation is
found in Figs. 3(d) and 3(j). The experimental image
shows a horizontally elongated contrast centered on the
hollow site, whereas the simulation displays a double-
lobed vertical contrast centered over the highest Mn
atom. In addition, the filled-state images in the simulation
show nearly no bias dependance, whereas the experimental
images exhibit a shift of the highest apparent point in the
wire subunits, indicated by� in Figs. 3(a)–3(c). We might
expect such deviations owing to several factors. For one,
the simulation is done at T ¼ 0 K, whereas all the experi-
mental images are taken at RT. Additionally, our assump-
tion of a flat density of states of the STM tip reduces the
variations between the simulated filled-state images, espe-
cially at a large bias. The periodic boundary conditions in
the simulation further limit the appearance of wire asym-
metries, because the supercell has to be dipole free, and
charge transfer from one Mn wire edge to the other may be
suppressed. Moreover, even if pure DFT simulations are
accurate enough to describe the interaction and atomic
structure of the Mn on Si surfaces [22–24,29], the contrac-
tion of partially occupied d-shells is often underestimated,
resulting in a modified orbital hybridization and magnetic
moment. Nevertheless, we show that a closer look at the
relaxed atom positions allows us to identify the origin of
the observed asymmetry.
Despite significant differences between the empty-state

images at low bias in Figs. 3(d) and 3(j), the simulation
also reveals a slightly darker appearance of the second
dimers above the wire. This arises from a combination of
two asymmetries, one due to the buckling of the Mn atoms

(a) (b) (c) (d) (e) (f)

(g) (h) (i) (j) (k) (l) (m)

FIG. 3. (a)–(f) Drift-corrected STM images as a function of bias (a) Vs ¼ �1:75 V, (b) �1:00 V, (c) �0:65 V, (d) þ0:65 V,
(e) þ1:00 V, and (f) þ1:75 V. The tunneling current was It ¼ 74 pA for ðcÞ þ ðdÞ and 154 pA for all other images. The calculated
positions of the Si dimer atoms are marked by the black overlay. (g)–(l) Simulated STM images from DFT (g) EB ¼ �1:50 eV,
(h) �0:75 vV, (i) �0:40 eV, ( j) þ0:50 eV, (k) þ0:85 eV, and (l) þ1:60 eV. (m) Relaxed atomic positions of the 4� 4 supercell.
Arrows to the right of panel (f) indicate the positions of the first to fourth Si dimers away from the Mn wire.
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along the wire, and the other linked to the pinned Si dimers
near the wire. The situation is shown schematically in
Fig. 4(a). The two Si atoms (3,4) close to the highest Mn
atom (B) are found to be 7% further apart than Si atoms 1
and 2. Bond lengths 1–4 and 2–3 (see the dashed lines) are
the same on both sides and, with 3.1 Å, about 30% longer
than that of normal Si dimers. The bond buckling angle is
3.4� for bond 1–4 and 1.8� for bond 2–3 such that Si atoms
3 and 4 are slightly higher than 1 and 2. Distance 2–7 is 4 Å
and identical to 3–8. In contrast to this, 4–6 is 3% smaller
and 5–1 is 3% larger. This difference in proximity explains
the higher contrast between the two atoms of the second
dimer (5,6) above the wire and the lower contrast for the
second dimer atoms below the wire (7,8) in the simulation.
Furthermore, it leads to an overall darker appearance of
the second dimers above the wire, in agreement with the
experiment.

The mechanism for the asymmetric appearance relies on
the relative orientation of the pinned Si dimer buckling and
the buckling direction of the two Mn atoms near the cave
site. Following our previous notation, the wire in Fig. 4(a)
is a wire and, together with , has the highest

Mn atom to the left of the cave site. Similarly, and

have the highest Mn atom to the right of the cave site.

Figures 4(b) and 4(c) show an example to highlight how the
buckling directions of Si and Mn determine the appearance
and atomic structure of the Mn wire, as evidenced in
sequential STM scans of wire B done shortly after Mn
deposition. A rearrangement of Mn atoms during these
scans changed the local environment sufficiently, so
that both the Si dimer buckling phase and the buckling

direction of the Mn atoms along the wire were modified.
Starting at the bottom in Fig. 4(b), the wire initially has a

appearance. In the top part, imaging shows instability

followed by a switch to for the last two wire subunits.

This arises from a change in the buckling phase of the
surrounding Si dimers. Scanning back down in Fig 4(c),
the Si dimer buckling phase is now continuous over almost
the entire image, but the apparent wire asymmetry still
changes. This points to a switch of the Mn dimer buckling
between the top and the middle part of the wire.

Both the Si buckling phase and the Mn atom buckling
change again at the bottom end of the wire, where two
subunits in the configuration remain. A further re-

arrangement of the Mn atoms at the lower end of the
wire finally converted almost the entire wire to , as

presented in Fig. 2(d). The two topmost subunits of the
wire remained pinned in and made scanning in that

area unstable (not shown). This can be explained by a
pinning of the Mn trimer orientation in opposite directions
at the two ends of the wire, leaving an unstable boundary
that is not present in other wires, even though the Si dimer
buckling phase is the same along the entire wire.
In conclusion, the unique asymmetric appearance of Mn

atom wires on the Si(001) surface agrees best with an
extended trimer model. The asymmetry arises from the
interplay between the orientation of the Si dimer buckling
and the buckling of the Mn atoms near the cave site.
Although many features seen experimentally could be
reproduced in the simulated STM images, more refined
models are needed to reproduce the exact appearance of the
observed asymmetry. This is of particular interest in light
of the recent predictions of exciting spin and transport
properties of Mn wires [24], which, if proven to be correct,
may open the door to develop novel atomic-scale spin-
tronic devices in silicon.
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