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Controlling adsorption and spin configurations of Co atoms on Si(111)-(7 × 7)
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Combining scanning tunneling microscopy and first-principles calculations, we have shown that single Co
atoms adsorbed on a Si(111)-(7 × 7) surface have eight different configurations that possess different spin
magnetic moments. Despite the large adsorption energy, we have demonstrated that both the position and the
spin state of single adsorbed Co atoms can be well controlled through the vertical atomic manipulation and the
“tip-touch” operation that converts Co atoms among various adsorption configurations. Our approach to construct
atomic-scale magnetic structures on a semiconductor surface can provide a new pathway to realize spin-based
devices, including a scalable solid-state quantum computer.
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I. INTRODUCTION

Precise placement of a single dopant atom with net electron
and nuclear spins on a semiconductor surface is a necessary
prerequisite but long-standing problem for constructing a
scalable solid-state quantum computer [1–4] and other atomic-
scale spin-based devices [5–7]. Tremendous research has
been dedicated to fabricate atomic-scale spin arrays [1,2,4,8]
since the publication of the silicon-based quantum computer
proposal in 1998 [3]. To date, the most successful technique
to achieve such a goal is the so-called scanning tunneling
microscope- (STM-) based hydrogen lithography [1,2]. This
method circumvents direct manipulation of dopant atoms
but suffers subsequent troubles, including how to avoid
the diffusion of the incorporated atom when removing the
hydrogen-resist layer at high temperatures. Although direct
manipulation of an atom or molecule by STM seems a
straightforward method to solve the problem, it unfortunately
has not been realized because of the large adsorption energies
of such atoms/molecules on a silicon surface [1,2,8]. Until now,
only a few successful atom manipulation experiments have
been achieved on a silicon surface at room temperature (RT) by
atomic force microscopy, including vertical interexchange of
Si-Sn atoms between tip apex and substrate [9], lateral manipu-
lation of native Si adatoms [10,11], and assembling metal atom
clusters by mechanical gate control [12]. Yet, conventional
STM manipulation techniques, successfully demonstrated for
atoms/molecules on smooth metallic surfaces [13–16], have
obviously encountered serious challenges on semiconductor
surfaces.

The motivation of our study is to find whether Co/Si(111)
can be a potential system for constructing atomic-scale spin-
based semiconductor devices, such as a quantum computer,
etc. [1–7]. To achieve the goal of constructing atomic spin-
based devices in a Co/Si system, three prerequisites [1,3,4,17–
19] must be satisfied: First, single Co atoms adsorbed on
Si(111)-(7 × 7) must have remaining net spins; second, Co
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atoms can be reproducibly manipulated on the surface; and last,
if the Co atoms have various spin states induced by different
couplings with a silicon substrate, these states must be con-
trollably adjustable. To check whether the Co/Si(111)-(7 × 7)
system can meet these three requirements, both the spin-related
properties and the manipulations of single Co atoms, which
were unexplored before, must be investigated.

We have first systematically studied all existing adsorption
configurations of a single Co atom on Si(111)-(7 × 7) and
refuted some points in an early study [20]. We have developed
a new STM-based manipulation mode which can reproducibly
manipulate strongly bonded magnetic atoms on a silicon
surface and precisely transform their adsorption configura-
tions. As a prototype, we demonstrated the successful precise
placement of Co atoms on Si(111)-(7 × 7) first by a “tip-touch”
operation to convert a single Co atom among various surface
and subsurface adsorption configurations and then by a vertical
atom manipulation to rearrange them into arrays with a care-
fully Si-modified STM tip. Combining with first-principles
density functional theory (DFT) calculations [21,22], which
reveal that the identified eight single Co atom adsorption
configurations have different remnant spin magnetic moments,
we, through manipulating the adsorption configurations, have
effectively achieved precise and reproducible conversions
among these spin states and constructed designed spin arrays
of Co atoms. Our approach can not only provide a solution
to construct scalable atom arrays for a solid-state quantum
computer and other spin-related technologies [1–7,16,23], but
also provide an indispensable tool to study basic physical
phenomena on a semiconductor surface, such as substrate-
induced magnetic anisotropy of individual atoms [24,25],
Kondo effect [26,27], and magnetic atom coupling [15,28].

II. EXPERIMENTS AND METHODS

Our experiments were carried out with an Omicron
variable temperature STM installed in an ultrahigh vacuum
chamber with a base pressure better than 1 × 10−10 mbar.
N -type Si(111) wafers with a RT resistivity of ∼0.026 � cm
and a doping concentration of 7.3 × 1017/cm3 were used
as the substrate. The substrate surface was cleaned to form
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FIG. 1. (Color online) Schematic showing the basic steps for
(a) vertical manipulation and (b) adsorption sites conversion, re-
spectively, via the tip-touch method. The black arrow indicates the
moving direction of the STM tip in each step. �Z is the approaching
or retracting distance of the tip. A−D represent different adsorption
sites on the substrate.

Si(111)-(7 × 7) through a standard procedure [29] and a
Co coverage up to ∼0.01 ML (monolayer) (1 ML = 7.83 ×
1014 Co atoms/cm2) were deposited onto the surface at RT by
electron-beam evaporation. A tungsten tip was used for STM
imaging and manipulation. In the manipulation experiments,
two techniques, i.e., tip-touch operation and vertical manip-
ulation, were used. Figure 1 shows the basic procedures in
the two techniques. In the vertical manipulation [Fig. 1(a)],
three stages, including the Co atom pick-up (1–3), translation
(4), and drop-off processes (5 and 6), are achieved by applying
various combinations of bias voltages and tip motions [30]. As
shown in Fig. 1(a), the pick-up action involves three steps: (1)
to move the tip above the target Co atom under normal scanning
set-point condition and then switch the sample bias to +0.05
V, tunneling current to 5 pA, and turn off the feedback loop, (2)
to vertically approach the tip towards the Co atom for a certain
distance �Z. In this step, the atom may be transferred to the
tip and stay on it. The result can be reflected by monitoring
the tunneling current and subsequent image change, (3) to
retract the tip back to normal imaging height and resume the
feedback loop. In the translation stage (4), the tip is moved
to a designated position under the normal scanning set-point
condition. The last stage, dropping off the Co atom (5 and
6), consists of the same operations as the pick-up procedure,
except for setting the sample bias to −0.05 V. In this stage,
the Co atom is transferred from the tip back to the substrate.
In order to obtain a tip which is suitable for manipulation, one
needs to prepare it by tip crash into the sample surface [13,30].
The basic procedures of the tip-touch operation [Fig. 1(b)] are
the same as the pick-up operation except without transferring
the Co atom from the surface to the tip. Here, the STM tip
is first placed at a designated position of the surface and then
used to apply a mechanical force to the surface at a highly
controlled advancing distance �Z to squeeze the Co atom from
its original adsorption site to a nearby new adsorption site. The
success of vertical manipulation and tip-touch operation rely

on the properly chosen tip position, tip advancing distance,
and especially the purposely modified tip apex. Since the
basic procedures of vertical manipulation and tip touch are
the same, how to immediately tell which one takes effect
after the tip’s action is important. As discussed in Ref. [30],
two-state flipping signals in the I -Z spectrum taken in the tip-
approaching process and the sudden changes in the subsequent
STM images [also see Figs. 3(b) and 3(d)] always occur if a
Co atom is successfully vertically transferred between the tip
and the substrate. None of these two effects should occur in
the tip-touch operation. So these two characteristics can be
used to distinguish between vertical transfer of Co atoms and
adsorption configuration conversions.

First-principles calculations based on DFT were performed
to investigate the Co adsorption sites with the energies
computed by the Vienna ab initio simulation package [21,22].
We employed the projector augmented-wave method [31]
and the exchange-correlation functional with the generalized
gradient approximation (GGA) [32] in the configuration
optimization. The supercell was a slab consisting of one
Co atom, six Si layers, and one H layer passivating the
bottom surface. With the initial position of the Co atom
properly chosen, the Co atom and the upper five Si layers
were then relaxed until the residual forces become smaller
than 0.02 eV/Å. The GGA + U method was further used to
study the spin magnetic moment and the spin-polarized partial
density of states (PDOS) of each Co adsorption configuration.
One effective Hubbard parameter Ueff = U − J with U and
J representing the Hubbard repulsion and the intra-atomic
exchange, respectively [33,34], was used in our calculations.

III. RESULTS AND DISCUSSION

A. Adsorption configurations of single Co atoms
on Si(111)-(7 × 7)

Eight types of single Co atom adsorption configurations
have been identified through comparing the topographic STM
images before and after in situ Co deposition on Si(111)-(7 ×
7). All these configurations were verified to contain only
one Co atom as discussed later. Figure 2(a) displays the
topographic STM images and simulated filled state images of
a pristine faulted half unit cell (FHUC) and an unfaulted half
unit cell (UHUC) of Si(111)-(7 × 7) for reference. Figure 2(b)
shows the corresponding filled (A-H ) and empty (A+ -H+)
states STM images of each Co adsorption configuration. Based
on their STM features and Ref. [20], we denote them as
faulted pair (A), faulted center (B), faulted corner (C), faulted
bright (D), unfaulted hopping (E), unfaulted center (F ),
unfaulted corner (G), and unfaulted bright (H ), respectively.
For instance, in a faulted pair configuration, two center Si
adatoms equally dim in the filled state STM image. In a
center/corner (B, C, F , and G) configuration, one center or
corner Si adatom is much dimmer than the other Si adatoms in
their corresponding half unit cells (HUCs). In the two bright
configurations (D and H ), three Si adatoms arranged in the
shape of a triangle are brighter than their normal height contrast
in the filled state STM images. By setting various initial Co
positions, optimizing the configurations to obtain their ad-
sorption energies, and simulating the respective STM images

155417-2



CONTROLLING ADSORPTION AND SPIN . . . PHYSICAL REVIEW B 91, 155417 (2015)

Faulted half unit cell Unfaulted half unit cell

FIG. 2. (Color online) Filled state and empty state STM topographic images, simulated STM image, and structural models (top view and
side view) of (a) clean Si half unit cells and (b) eight identified adsorption configurations of a single Co atom on Si(111)-(7 × 7). The filled
and empty state images are indicated by “−” and “+,” respectively, in (a). (c) The structural model showing six equivalent adsorption sites for
configuration D and three equivalent adsorption sites for configuration H , respectively, in a basin (the area enclosed by a corner adatom and
two nearby center adatoms in the same HUC [35]). The following images are the superposition of the simulated STM images of a Co atom at
these equivalent adsorption sites. All the filled (empty) state STM images are taken at Vs = −0.5 V (Vs = +1 V) and I = 5 pA. The simulated
images are taken at Vs = −0.5 V.

to compare with experimental observations, we have identified
the Co adsorption site for each configuration. All the optimized
configurations are also displayed in the structural model in
Fig. 2(b) with their computed adsorption energies listed in
Table I. The simulated filled state STM images (Vs = −0.5 V)
which gives the assignment of the adsorption configurations
are also displayed behind the experimental images in Fig. 2(b).
The simulated images of configurations A, B, C, F , and G

accurately reproduce the dimmed features of corresponding
Si adatoms observed in the STM experiments. For example,
the simulated image of faulted pair (A) contains two equally
dimmed center adatoms, the simulations of configurations B,
C, F , and G reveal a significantly dimmed center or corner
adatom, and the simulation image of configuration F even
reproduces the detail that two Si adatoms near the dimmed
center adatom appear slightly brighter than their counterpart.

TABLE I. Adsorption energies E and spin magnetic moments M of eight identified single Co adsorption configurations obtained by DFT
calculations.

M (μB)

Type E(eV) U = 0 eV U = 2 eV U = 3 eV U = 4 eV U = 5 eV U = 5.8 eV U = 7 eV U = 8 eV

A −6.18 0.02 0.05 0.16 0.92 1.10 1.19 0.83 0.90
B −5.26 0.48 0.78 0.95 1.08 1.20 1.26 1.33 1.39
C −5.68 0.00 0.01 0.01 0.52 0.72 0.97 1.21 1.31
D −5.16 0.56 0.88 0.73 1.42 1.45 1.39 1.41 1.56
E −5.71 0.06 0.71 1.07 1.24 1.39 0.84 0.93 1.01
F −5.81 0.00 0.08 0.74 0.97 1.13 0.84 0.91 0.98
G −5.84 0.00 0.09 0.69 0.86 0.98 0.88 0.96 1.04
H −5.59 0.10 0.02 0.71 0.89 1.02 1.11 1.27 1.46

155417-3



LIU, ZHONG, MING, WANG, AND XIAO PHYSICAL REVIEW B 91, 155417 (2015)

The differences between the simulated and the experimental
images observed in configurations D, E, and H are caused by
the fast hopping behavior of the Co atom as discussed below.

As shown in Fig. 2(b), most adsorption configurations show
dark features in the STM images at both negative and positive
sample biases (B, C, E, F , and G), and some of them show
distinct features from the Si(111)-(7 × 7) background only
at negative sample bias and small positive sample bias, i.e.,
<+0.6 V (A, D, and H ). DFT calculations reveal that the
dark configurations (A, B, C, E, F , and G) correspond to
Co atoms adsorbed at the subsurface and the dark features
are caused by charge transfer from the dangling bonds of
Si adatoms to the nearby Si atoms. In contrast, the bright
configurations (D and H ) correspond to Co atoms adsorbed
on the surface but still with a height lower than the outmost Si
atoms. DFT calculations also indicate that the bright features
are due to a charge transfer from the Si rest atom to the nearby
Si adatom. The simulated image shows that only the Si adatom
in close proximity to the Co atom appears bright, different
from the experimentally observed feature. However, the given
adsorption site in configurations D and H in Fig. 2(b) have
other equivalent sites in the “basin” [35] as indicated by the
red circles in Fig. 2(c). With the Co atom adsorbed on the
outmost surface, it may frequently hop among these equivalent
adsorption sites inside the basin at a very high rate [35] and
result in a superposition of the simulated images for the Co
atom at these equivalent sites. The superimposed images in
Fig. 2(c) well reproduce the experimental features with three
brightened Si adatoms. Configuration E, which appears only
in the UHUC, corresponds to a hopping Co atom among three
equivalent subsurface sites. The DFT optimized structural
model of one of the three equivalent adsorption states is shown
in Fig. 2(b). The simulated filled state image exhibits two
obviously dimmed center adatoms and one slightly dimmed
corner adatom. These features agree with the fact that the
density of the black dots on center adatoms is higher than those
on the corner adatoms. When imaged slowly, configuration E

would appear as a dark “triplet” as mistaken by the early
study [20]. Although, in general, many adsorbates were often
observed to symmetrically adsorb on FHUC and UHUC due
to the approximate mirror symmetry existing in the top two
silicon layers in the dimer-adatom-stacking fault model [36],
for Co atom adsorption, the DFT identified adsorption sites
show noticeable asymmetry among faulted center, corner, pair,
bright and unfaulted center, corner, unfaulted hopping, and
bright adsorption configurations, respectively. This is because
Co atoms stay deeply below the surface. They are more
sensitive to the stacking fault existing between the third and
the fourth silicon layers.

The images of dimmed center or corner adsorption
configurations are very similar to the surface defect of a
missing adatom. To demonstrate that dimmed center or corner
configurations (B, C, F , and G) are indeed due to single
Co adsorption instead of from a missing Si adatom, in a
set of vertical manipulation operations in Fig. 3, we show
an example of removing the Co atom in configuration G by
transferring it to the STM tip and then re-depositing it back to
form configuration B. Figures 3(c) and 3(d) clearly show that
the UHUC is intact after the Co atom is transferred to the tip
and the areas of images (b)–(d) taken with the Co atom on the

FIG. 3. (Color online) An example of vertical manipulation
showing that configurations G and B contain only one single Co
atom. (a) Image with configuration G in the dashed triangle before
the Co atom was picked up. (b) and (c) Images depicting the Co atom
being picked up and after pick-up from the position marked by the
green dot. (d) and (e) Images exhibiting the Co atom being dropped
off and after drop off on the green spot to form configuration B. The
two dotted lines in (b) and (d) indicate when the pick-up and drop-off
operations were performed.

STM tip show different resolutions from that with the clean tip.
Similar pick-up and drop-off experiments have been repeatedly
realized in all four dimmed center/corner configurations. So
the manipulation experiment straightforwardly demonstrates
that the observed dimmed feature in configurations B, C, F ,
and G is caused by the adsorption of a single Co atom.

B. Spin-related properties of single Co atoms
on Si(111)-(7 × 7)

We performed theoretical calculations to study the spin-
related properties of the adsorbed single Co atoms on
Si(111)-(7 × 7). First-principles calculations show that single
Co atoms on Si(111)-(7 × 7) have finite magnetic moments
and the spin states for the eight Co adsorption configurations
are different. Because of the strong correlation arising from
the localized 3d electrons in Co atoms, we have to apply
the GGA + U approach to determine their spin magnetic
moments [33,34]. Although the exact value of Ueff is not
known, for a simple model of Co on Si(111)-(1 × 1) our
theoretical estimation by following Refs. [37,38] results in
Ueff ∼ 5.8 eV, which can serve as a good reference. In the
following we used various Ueff’s to calculate the magnetic
moment and the PDOS for each adsorption configuration. As
shown in Table I, if we neglect the correlation effect (Ueff =
0), most configurations except B and D are nonmagnetic.
If we gradually increase Ueff from 0 to 5.0 eV, the spin
magnetic moments of all configurations increase, and all eight
configurations become magnetic when Ueff reaches 4.0 eV. For
configurations D−G, their magnetic moments reduce slightly
at Ueff = 5.8 eV but recover the increased trend with a further
increase in Ueff from 5.8 to 8.0 eV. Similarly, the magnetic
moment of configuration A slightly decreases at Ueff = 7.0 eV
but increases again at Ueff = 8.0 eV.

As demonstrated by the calculated spin-polarized PDOS
curves, it is the exchange splitting in d orbitals that gives rise
to the magnetic moments and the Co-s and -p orbitals do not
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FIG. 4. (Color online) Calculated spin-polarized partial density
of states for the d orbitals of configuration D at various Ueff values.
For clarity, the majority and minority states are displayed as positive
and negative values, respectively.

make any contribution as expected. To further elaborate the
origin of the spin magnetic moment and the effect of varying
Ueff , we plot the calculated PDOS for the spin-polarized d

orbitals of configuration D at Ueff = 0, 3.0, 5.8, 8.0 eV in
Fig. 4. At Ueff = 0, the occupation of spin-up (majority)
and spin-down (minority) states is already nonsymmetric
and results in a net spin magnetic moment. When Ueff is
increased to 3.0 eV, the majority d states are pushed towards
the lower-energy region whereas the minority d states do not
undergo any obvious shift. Since the majority d states locate
in the same energy range as the Si extended p states of −4
to −1 eV, they become strongly hybridized and broadened.
The obvious energy splitting in the minority d states is due
to the opposite shifts of the dxy state (pushed towards the
Fermi level) and the dyz state (pushed away from the Fermi
level). Here, x, y, and z represent [112̄], [1̄10], and [111]
directions, respectively. At Ueff = 5.8 eV, the majority d states
are further pushed to the energy region below −4 eV, and the
hybridization with the delocalized Si-p states is weakened,
resulting in a localized majority d peak. In contrast, the
splitting in dxy , dyz, and dzx states becomes larger, and the
minority d states get even less filled. This increases the spin
magnetic moment. Similar variations in the spin-polarized
d states with an increasing value of Ueff are also observed
in other configurations. When Ueff is increased from 5.8
to 8.0 eV, the majority d states are obviously pushed to
an even lower-energy region (below −5.0 eV), whereas the
occupied minority d states slightly shift towards the Fermi
level. Compared with the results at Ueff = 5.8 eV, the slight
enhancement of the magnetic moment at Ueff = 8.0 eV mainly
originates from the less filling in the minority dz2 orbital. In
general, increasing Ueff enhances the exchange splitting in
d orbitals and results in larger spin magnetic moments. The
reduction of magnetic moment of configurations E, D, F ,
and G from Ueff = 5.0 to Ueff = 5.8 eV and configuration A

from Ueff = 5.8 to Ueff = 7.0 eV is due to the fact that the
minority d states are also pushed to the lower-energy region,
resulting in higher occupation and thus a smaller net spin
moment. Further increasing Ueff to 8.0 eV, some minority d

suborbitals become less filled, leading to a slight increase in
the magnetic moments. The existence of finite spin magnetic
moments for the above eight Co adsorption configurations at
various given Ueff values was in strong contrast to bulk CoSi2
and CoSi for which the null spin magnetic moment was always
found by calculations independent of Ueff . This agrees well
with previous experimental results for 1.4–2.1-ML Co films
on the Si(111) surface where cobalt disilicide is formed at the
interface [39,40]. Therefore, we confirm that the use of Ueff

in the above theoretical calculations does not introduce any
artificial effects.

Although around Ueff = 5.8 eV all the eight adsorption
configurations have finite spin magnetic moments (Table I),
the origins of their spin moments are different. To clarify
it, we have displayed the computed spin-polarized density
of states for five d suborbitals for each configuration in
Fig. 5. For all eight configurations, the majority d states are
pushed to the lower-energy region, whereas the splitting of the
minority d states is increased when Ueff is increased to 5.8 eV.
For configuration A, the magnetic moment at Ueff = 5.8 eV
originates from the less filling of minority states caused by
the splitting among dxy , dyz, and dzx states. For configuration
B, the splitting in minority dyz and dzx states results in a

FIG. 5. (Color online) Calculated spin-polarized density of states
of five d suborbitals for configurations A−H at Ueff = 5.8 eV.
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large net spin magnetic moment. For configuration C, the
spin magnetic moments originate from the splitting in the
minority d states caused by the shifts in the dz2 and dxy

states (pushed above the Fermi level). For configuration E,
the spin magnetic moments at Ueff = 5.8 eV originate from
the difference of fully occupied majority d states and partially
occupied minority dxy and dx2−y2 states. For configuration
F , the spin magnetic moments are mainly ascribed to the
small amount of unoccupied minority dz2 and dxy states and
the almost fully occupied majority d states. For configuration
G, the full occupation of the majority d states and some
unoccupied minority dz2 , dzx , and dxy states together contribute
to a finite spin magnetic moment. For configuration H , the
spin magnetic moment is mainly caused by the obvious
increased splitting in the minority dz2 states. To summarize,
at our estimated value of Ueff = 5.8 eV, the eight adsorption
configurations of single Co atoms on Si(111)-(7 × 7) are
magnetic, and each configuration represents a spin state with
different spin magnetic moments.

C. Controllable adsorption/spin state conversions by the
tip-touch method

To facilitate applications in quantum computer and other
spin-based technologies, it is desirable to have identical spin
states from the Co atoms adsorbed at designated sites. As
shown before, different adsorption configurations of single Co
atoms represent different spin states with certain spin magnetic
moments. With Co atoms adsorbed in different configurations
after thermal deposition on Si(111)-(7 × 7), we must be able
to convert them into a given configuration, and even the Co
atom is adsorbed in the same HUCs. We here have applied
the tip-touch method to successfully “tune” the spin states of
single Co atoms through adsorption configuration conversions.

In Fig. 6 we show four examples of tip-induced Co adsorp-
tion configuration conversions. With the tip positioned above
the middle of three center Si adatoms of the UHUC [Fig. 6(a)]
for the tip-touch operation, the unfaulted bright configuration
H could be converted into the unfaulted corner configuration

FIG. 6. (Color online) (a)–(d) Four sets of STM images show-
ing adsorption configuration conversions realized by the tip-touch
operation. In each example, panels (i) and (ii) show the image
before and after the conversion, respectively. The triangles mark the
corresponding Co adsorbed HUCs. The green dots indicate the tip
position in the tip-touch operation. The uppercase letters near the
triangles in each panel indicate the adsorption configuration of the
Co atom. The images are taken at Vs = −0.5 V and I = 5 pA.

G. The reverse was also realized and shown in Fig. 6(b)
by positioning the tip right on the corner dark atom for the
tip-touch operation. Similarly, reversible conversions among
unfaulted center and unfaulted bright configurations were also
realized by this method (not shown here). Figures 6(c) and 6(d)
depict that an unfaulted hopping Co atom (configuration E)
was converted into an unfaulted center configuration F or
forced to a nearby FHUC to form a faulted pair configuration
A. The mechanism of the tip-touch mode is different from
the vertical manipulation used in the next section (Sec. III D)
and the vertical atom interexchange used in Ref. [9]. In the
tip-touch mode, no vertical transfer of the targeted atom occurs
between the Si substrate and the tip apex. In the examples
shown in Fig. 6 for the tip-touch operation, the targeted atom
is forced from its original adsorption site into a nearby site on
Si(111)-(7 × 7) by the approaching STM tip without leaving
the Si surface. In contrast, the targeted atom adsorbed on the
substrate is exchanged with an atom originally on the tip apex
in the manipulation mode of Ref. [9], and there is one and only
one atom vertically transferred between the tip apex and the
substrate surface in our vertical manipulation mode presented
in Sec. III D.

Many other conversions were achieved as well. For the
sake of simplicity, we give a schematic in Fig. 7 to outline
all 14 kinds of experimentally realized conversions with their
respective conversion directions and the tip-touch positions
labeled by the same numbers. Most conversions are reversible.
However, configuration A is very hard to be converted into

FIG. 7. (Color online) Schematic of all 14 types of realized
adsorption configuration conversions. Black arrows indicate the
directions of conversion with labeled numbers near the green dots
for the tip-touch positions and near the arrow for the conversion type.
The success rate of each conversion is shown in parentheses.

155417-6



CONTROLLING ADSORPTION AND SPIN . . . PHYSICAL REVIEW B 91, 155417 (2015)

other configurations except a metastable configuration I ,
which is also shown in Fig. 7 and can be converted back
into configuration A immediately by the tip-touch operation
or spontaneously after a few minutes at RT. In our experiments,
configuration A has been converted to configuration I with a
success rate of ∼15%. In addition, configuration A can be
converted to its other two equivalent adsorption sites in the
same FHUC, i.e., a dimmed pair in a different arrangement,
with a success rate of 26% (not shown in Fig. 7). Although we
have successfully converted configuration A into configuration
B a number of times, the success rate of ∼10% is much
lower than the other conversions. Moreover, the conversion
from configuration A to configuration E (hopping atom)
has never been realized. Based on these observations, we
infer that configuration A is very stable and has a large
adsorption energy, supporting the DFT calculation results that
configuration A has the largest adsorption energy among all
adsorption configurations (Table I). Our experiments above
have not only demonstrated that nearly all the identified single
Co adsorption configurations can be converted to each other
directly or indirectly by the tip-touch operation, but also proved
that these eight adsorption configurations all contain only a
single cobalt atom. More important is that we in fact realized
the conversions among different spin states via the tip-induced
adsorption configuration conversions since each configuration
represents a different net spin.

For the success of the tip-touch method, one must choose the
proper parameters in order to achieve the desired conversion.
Three parameters determine the result of the tip-touch process:
the position of the STM tip, the states of the tip apex, and the tip
approaching distance (�Z). Generally speaking, the absolute
value of �Z in each kind of conversion is different. The
required value of �Z depends on the vertical position of the
Co atom in the substrate and the interaction strength between
the tip and the Co atom. The tip position and the states of the
tip apex, including the shape, chemical properties, etc. [13],
together determine the type of the conversion. For example,
configuration D can either be converted into configuration B

or configuration C, depending on the tip positions, as shown
by green circles 4 and 5 in Fig. 7. Once the states of the tip
apex change, the resulting configurations will be different even
if the tip is placed at the same position. Conversions 8 and 9,
which result from placing the tips with different properties at
the same position give an example to illustrate this point. To
obtain a suitable tip-apex state for a designated conversion, we
need to prepare the tip by applying repetitive voltage pulse or
gentle “tip-crash” treatments. Yet, the exact states of the tip
apex (atomic structure) for those conversions remain unknown.
For most conversions, their success only depends on the lateral
tip position and the tip approaching distance �Z. There is no
special requirement on the states of the tip apex. As shown
in Fig. 7, the conversions among dimmed center, corner, and
bright configurations (conversions 3–6 and 11–14) all have a
high success rate beyond 60% with properly chosen �Z and
tip position (indicated by the green circles) in the tip-touch
operation. Other than conversions 1 and 2 discussed above,
conversions 8–10 also have a relatively low success rate of
45%, 29%, and 30%, respectively. These conversions require
special states of the tip apex, and the tip apex is easily altered in
the repetitive tip-touch operation, leading to a different type of

conversion. Nevertheless, if we consider the sum of the success
rate of conversions 8 and 9 (or conversions 10 and 11), the rate
goes as high as 74% (94%). From the above statistics, we
observe that most of the tip-induced conversions in Fig. 7 have
good reliability and repeatability.

D. Vertical manipulation of a single Co atom

In order to construct useful magnetic structures, we often
require an array of identically adsorbed magnetic atoms
periodically positioned in space. As suggested in the proposal
for a silicon-based quantum computer [3], atoms carrying spins
must be placed into the material in an ordered array and sepa-
rated by proper distances. Only the tip-touch operation cannot
meet the requirement of fabricating ordered atom arrays. A
vertical manipulation mode must be used to reposition Co
atoms freely on the surface. Through carefully optimizing
various conditions, the single Co atoms in some adsorption
configurations can be successfully picked up and dropped off
on the Si(111)-(7 × 7) surface.

In Fig. 8 we show four examples of repositioning a single
Co atom via vertical manipulation. As shown in Figs. 8(a)
and 8(c), to pick up a Co atom in a dimmed corner or center
configuration, one must position the tip above the dimmed
Si adatom in the pick-up procedure. In the drop-off process,
one can obtain different adsorption configurations through
choosing a proper position for the tip. If the tip is positioned
above the center or corner Si adatom, one can obtain a dimmed
center (B,F ) or corner (C,G) configuration. Otherwise, if the
tip is placed above the Si rest atom, one can obtain a bright
configuration D or H . For example, when the tip was aimed
right above the Si adatoms in the drop-off process in Figs. 8(a)
and 8(c) [marked by the pink circle in panel (ii)], a dimmed
center or corner configuration was obtained. In Figs. 8(b)
and 8(d), when the tip was placed above the Si rest atom site in
the drop-off process, a bright configuration H was obtained.
This conclusion was applicable to both FHUC and UHUC.

FIG. 8. (Color online) (a)–(d) Four examples of vertical manipu-
lation of a single Co atom on Si(111)-(7 × 7). Panels (i) and (ii) show
the images before picking up and after dropping off the Co atom,
respectively. The dotted blue triangles enclose the HUC where the
Co atom stays before pick-up. The green dotted triangles enclose the
HUC where the Co atom is put down. The uppercase letters near
the triangles in each panel indicate the configuration of the Co
atom. The green and pink circles represent the position of the tip
in pick-up and drop-off processes, respectively. The images are taken
at Vs = −0.5 V and I = 5 pA.

155417-7



LIU, ZHONG, MING, WANG, AND XIAO PHYSICAL REVIEW B 91, 155417 (2015)

Besides, we found that the Si HUCs [enclosed by the dotted
blue triangle in panel (ii) of each example] were not damaged
and remained intact after we removed the Co atom.

In contrast to many other adsorbates with low adsorp-
tion energy, including a Ag atom on Si(111) with only
2.4 eV [30,35], manipulating a strongly bonded atom, such
as Co on a rough Si(111)-(7 × 7) surface with an adsorption
energy of 5.2–6.2 eV (Table I) imposes a big challenge,
especially when picking it up from the surface in the vertical
STM manipulation. To overcome this challenge, we must first
modify the tip apex by repetitively gentle crashing the tip on
the clean Si(111) until it becomes capable of picking up Co
atoms. We speculate that some Si atoms are attached to the tip
apex in this procedure so that the modified tip apex can provide
a similar potential environment as the Si(111) surface to trap a
Co atom. After enormous repetitive tip-crashing experiments,
we found only about 15% of the tips could produce stable
repeatable vertical transfer of a Co atom between a tip apex
and a Si substrate. But once the tip apex is properly modified,
the success rate of vertically manipulating the Co atom (in
configurations B, C, F , and G) is above 60% with optimized
parameters. Second, we have to approach the tip apex very
close to or even touch the Co atom for the pick-up. This is
achieved by setting a very low sample bias of +0.05 V, about
one order of magnitude smaller than that used in manipulating
a Ag atom on Si(111) [30].

Yet, we found that among the eight configurations in
Fig. 2(b), only the dimmed configurations B, C, F , and G can
be directly picked up by a STM tip even with all conditions
maximally optimized. The rest of the four configurations A,
D, E, and H cannot be directly picked up. Fortunately, as
shown in Figs. 6 and 7, we can realize the conversions among
different adsorption configurations by the tip-touch method.
In order to pick up Co atoms in other configurations, we
must combine the vertical manipulation and the tip-touch
techniques. Figure 9 shows an example of picking up a Co
atom in the bright configuration H by combining the two
methods. Since the bright configuration H in Fig. 9(a) cannot
be directly picked up by the STM tip, we first convert it to
the unfaulted corner G configuration in Fig. 9(b) via tip touch.
Then we pick up the Co atom from configuration G [Fig. 9(c)]
and set it into a faulted center configuration in the neighboring
FHUC [Fig. 9(e)]. One can obtain different Co configurations
through choosing a proper tip position in the drop-off process
of vertical manipulation. Alternatively, we can also vary the
adsorption configuration via tip touch after putting down Co
atoms on the silicon surface.

E. Fabricating Co atom arrays carrying identical spins

Apparently, via the combined vertical manipulation and the
tip-touch method, we can control both the position and the
spin states of a single Co atom on the Si(111)-(7 × 7) surface.
It implies that we can construct designated atomic-scale
structures with given spin states, which is a prerequisite of
fabricating a semiconductor-based quantum computer [1–4]
and other cutting-edge spin-based devices [5–7]. Here, we
give an example to show our capability of constructing Co
atom arrays carrying identical spins on a silicon surface.
As shown in Fig. 10(b), we have successfully set five Co

FIG. 9. (Color online) An example of combined use of adsorp-
tion configurations conversion and vertical manipulation. (a) and
(b) STM images of converting a Co atom (enclosed by the dotted blue
triangle) from configuration H to configuration G by the tip-touch
operation. The green circle indicates the tip position in the tip-touch
operation. Panel (c) shows the image of picking up the Co atom in the
dotted triangle. Panel (d) shows the image scanned by the STM tip
within an extra Co atom on the tip apex. Panel (e) shows the image
after dropping off the Co atom in the green dotted triangle. The green
and pink circles in (c) and (d) mark the tip position in pick-up and
drop-off processes, respectively.

atoms in five neighboring clean FHUCs in Fig. 10(a) and
converted them into the same faulted bright configuration
D through vertical manipulation and tip-touch conversion.
More importantly, considering the large adsorption energy
of Co atoms on Si(111)-(7 × 7), the successful manipulation
indicates that our techniques can be applied in many other
systems with smaller adsorption energies than Co on Si(111).
Up to now, we have demonstrated that the chosen Co/Si(111)
system can meet the three prerequisites [1,3,4,17–19] for
constructing atomic spin-based devices with the help of our
newly developed STM manipulation techniques.

FIG. 10. (Color online) Filled state STM images of the
Si(111)-(7 × 7) surface (a) before and (b) after transferring five single
Co atoms in the five neighboring clean FHUCs (marked by dotted
blue triangles). All five Co atoms are converted into configuration D

as highlighted by the dashed pink triangles. The images are taken at
Vs = −0.5 V and I = 5 pA.
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IV. CONCLUSION

In conclusion, we have demonstrated that the chosen
Co/Si(111)-(7 × 7) system has the potential to become a
platform for constructing atomic-scale spin-based devices. A
single Co atom on Si(111)-(7 × 7) was discovered to have
multiple adsorption sites and in most cases to stay vertically
below the outermost silicon layers. Through theoretical
computation, the experimentally identified eight adsorption
configurations were further found to possess finite spin
magnetic moments and represent different spin states. With
the combined use of vertical manipulation and the tip-touch
operation, the position and spin state of single Co atoms
were shown to be controllably adjustable. Our demonstrated
capability of arranging Co atoms in precise given positions
with definitive spins can provide a platform for constructing
atomic-scale magnetic structures on semiconductor surfaces.

Moreover, we believe our manipulation techniques have
wide applications and can be applied to many other systems
with adsorption energies comparable or smaller than that
of Co atoms on a silicon surface. Our work offers a
promising pathway to realize quantum computation and other
atomic-scale spin-based devices in a semiconductor matrix.
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