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ABSTRACT: Controllable switching an adatom position and its magnetization could lead to a
single-atom memory. Our theoretical studies show that switching adatom between different surface
sites by the quantum tunneling, discovered in several experiments, can be controlled by an external
electric field. Switching a single spin by magnetic fields is found to be strongly site-dependent on a
surface. This could enable to control a spin-dynamics of adatom.

Bistability and multistability of internal states of a system
have received a considerable attention in physics,1−4

chemistry,5,6 and biology.7−9 One can switch a system between
two alternative states by an external stimulus. Progress in
condensed matter physics has enabled us to study bistability
(multistability) on the atomic scale. The first atomic switches
were demonstrated by Eigler et al.10 and Lyo and Avouris.11

The functionality of an atomic switch is determined by the
motion of single atoms. In other studies, a charge bistability of
single adatoms was reported. For example, Steurer et al. by
attaching or detaching single electrons by the tip to the
adatoms have achieved a charge bistability of single adatoms.12

Recently, switching of Si dopants in GaAs(110) between a
positive and a negative charge configuration has been observed
by Smakman et al.13 The STM tip could serve for writing and
reading the information on a single Si atom. Yang et al. have
reported on the bistability of individual atoms in nanostruc-
tures.3 These results, suggest that single adatoms and single
dopants can be used as a memory elements. A single-atom
memory has been recently demonstrated by Schirm at al.14

They have provided evidence that a metallic atomic-scale
contact can be operated as a switch. The switching process is
caused by the rearrangement of single atoms. Locally bistable
switching of magnetic states was found in the experiment on
molecular magnets.1 Magnetic bistability of adatoms on metal
surfaces has been predicted by ab initio calculations and spin-
dynamic simulations.15−17 The progress in STM made it
possible to study single magnetic adatoms and determine their
spin-polarization and magnetic anisotropy.18−21 Local control
of adatoms position, their magnetic anisotropy, and the
bistability of the magnetization might lead to them being
used as memory bits. Lateral switching of adatoms between
different lattice sites demonstrated by Stroscio and Celotta22

has opened a new possibility in realizing atomic switches. They
have controlled the dynamics of the Co adatom on Cu(111)

that switches between neighboring (energetically nearly
degenerate states) the fcc and the hcp sites at low temperature.
Switching the Co adatom leads to a random two-state telegraph
noise in tunneling current. The underlying mechanism driving a
lateral atomic switch is based on the quantum tunneling of the
Co adatoms.22 At first glance it seems to be improbable due to
the large mass of the Co adatom. However, a small distance
between the fcc and the hcp sites and small barrier height (<37
meV) can significantly enhance a tunneling rate. There have
been several interesting studies on the quantum tunneling of
large-mass adatoms. For example, Repp at al. have reported on
the tunneling of a heavy Cu atoms on Cu(111) at low
temperatures.23 Surface diffusion of Cr adatoms on Cu and Au
substrates by the quantum tunneling has been discovered by
Ohresser et al.24 and Bulou et al.25 Heinrich at al. have found
that the motion of CO molecules on Cu(111) can be initiating
by the quantum tunneling.26 Ronci et al. have presented
evidence of the Sn adatom quantum tunneling at the α-Sn/
Si(111).27

The above-discussed works on atomic switches have
demonstrated a remarkable possibilities for using a single
atoms as memory bits; however, controlling the position and
the magnetization of a single adatoms by an external stimulus
has not been investigated so far. The aim of our paper is 2-fold
(cf. Figure 1). First, performing ab initio calculations, we show
that a lateral atomic switch can be tuned by an external electric
field (EEF). We reveal that an EEF can significantly affect the
rate for quantum tunneling of adatom between the fcc and the
hcp sites. We concentrate on the Co adatom on Cu(111).
Second, we study the spin-dynamics of the Co adatoms in

the fcc and the hcp sites on Cu(111) in an external magnetic
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field. Our results reveal a strong site dependence of the spin
dynamics of the adatom. We demonstrate that the single spin
can be switched on a time scale of several tenths of
picoseconds.
Our calculations are performed by using the VASP code

(Vienna simulation package),28 with the projector augmented-
wave technique29 and the local Ceperly−Alder exchange and
correlation functional (LDA).30 We mimic the Cu(111) surface
by 3 × 3 supercell of four layers. A criterion of force-on-nuclei
convergence to within 10−4 eV/Å is chosen for geometry
optimization. The energy cutoff of 450 eV for the plane-wave
expansion and a 13 × 13 × 1 Monkhorst-Pack grid for k-point
sampling are used. A static electric field is introduced by a
planar dipole layer and applied perpendicular to the surface.31

First, we present a spatial distribution of the screening charge
around the Co adatom. As an example, our results for the Co
adatom in the fcc site in the EEF = 0.9 V/Å are shown in Figure
2. It is obtained by subtracting the charge around the adatom in

the EEF and without the EEF. One can see that an applied EEF
induces a strongly inhomogeneous distribution of the screening
charge. The screening of the bulk from the EEF occurs in a
close proximity of the adatom (∼1 Å). In our case the field is
oriented to pull electrons out of the surface. A major part of the
screening charge is found above the adatom. The screening
density of electrons is not following the sharp contour of the
adatom. This is the manifestation of the Smoluchowski
effect.32,33 A strong depletion of electrons in the area between
the adatom and the surface indicates that the electron
corrugation of Cu(111) near the adatom should be affected
by the EEF. As the result of such effect, the bonding of the
adatom with the surface and the potential barrier between the
fcc and the hcp sites could be also modified by the EEF. To

gain a detailed insight into this effect, we have calculated the
barrier height in different EEF: ΔE(EEF)= Efcc(hcp)(EEF) −
Ebr(EEF), where Efcc(hcp) is the energy of the adatom in the
fcc(hcp) site in the EEF and Ebr(EEF) is the energy in the
bridge position. Results presented in Figure 3b reveal that the

barriers for both sites decrease with increasing EEF. The
physical mechanism responsible for this effect is related to the
reduction of the corrugation of the charge density in a positive
EEF due to spill out of electrons from the surface area (Figure
2). It was found that when the corrugation of the potential
acting on adatoms decreases, the barrier between the fcc and
the hcp sites also decreases.34

Despite the fact that changes in the barriers are rather small
(∼7 meV), they can significantly affect the quantum tunneling
of the Co adatom on the surface. We have calculated the rate
for the quantum tunneling Rfcc and Rhcp between the fcc(hcp)
and the hcp(fcc) sites. We have used the Wentzel−Kramer−
Brillouin (WKB) approximation, similar to the work of Stroscio
and Celotta:22 Rfcc(hcp) = ν exp{[−d(2mΔEfcc(hcp))−1/2]/ℏ},
where ν = 1012 s−1, d = 0.74 Å, the effective distance being a
half the fcc-hcp separation, and ΔE is the potential barrier (see
Figure 3). The results depicted in Figure 3a show that the rate
of the quantum tunneling can be significantly enhanced for a
positive EEF and suppressed by a negative EEF. These finding
unambiguously prove that a switching of a single adatom
between two surface sites by means of the quantum tunneling
can be controlled by an EEF.
It is important to note that controllable switching an adatom

between the fcc and the hcp sites can allow to engineer an
electric conductance at a single atom level. Very recently, such
experiments have been reported by Kim and Hasegawa.35

Now, we turn to the discussion of the effect of an external
magnetic field on the Co adatom. We find distinctive site-
dependence of a single spin dynamics. These dynamics have
been studied by the Landau−Lifshitz−Gilbert equation36,37

Figure 1. Adatom in an external electric and magnetic field.

Figure 2. Spatial distribution of the screening charge around the Co
adatom in the fcc-site. The results for the hcp-site are similar.

Figure 3. Rate of the quantum tunneling (a) and the barrier height (b)
for the fcc and the hcp site in an EEF.
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Here μs is atomic moment, (S ≡ μs/μs) is magnetization unit
vector, γ = 1.76 × 10−11 T−1 s−1 is gyromagnetic ratio, α = 0.01
is the damping parameter, and Heff is the effective magnetic
field
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where K is anisotropy energy of the atom and ea denotes the
direction of the easy axis.
Using the spin magnetic moments and the magnetic

anisotropy energies (MAE) determined from our ab initio
calculations, we study the time evolution of the magnetization
of the Co adatom placed in the fcc and the hcp sites in external
magnetic fields (Figure 1). Because of an increased
coordination of the hcp site (the existence of the atom in the
second layer below the adatom), the reduction of the MAE in
the hcp cite compared with the fcc site is expected. The adatom
is excited by the magnetic field in the direction perpendicular to
the easy axis (see inset in Figure 4). As an example, we present

results for H = 6.3 T and EEF = 0.9 V/Å. An EEF reduces the
interaction of the adatom with the substrate due to a spill out of
electrons making the adatom more free-like. Therefore, the
reduction of the MAE in the EEF oriented toward the surface is
expected because a limiting case, a free atom, has a zero MAE.38

Such EEF reduces the MAE from 1.8 to 1.2 meV and from 1.2
to 0.7 meV for the fcc and the hcp sites, respectively. The spin
magnetic moment is practically unaffected by the EEF, being
∼2μB for both sites.
The magnetic field triggers a precession motion of the

magnetization. Results depicted in Figure 4 reveal a drastic
difference between the spin dynamics in the fcc and the hcp
positions. The striking result is the switching of the
magnetization (Sz) in the hcp site. We have also observed the
switching of the spin in the fcc site but for a significantly larger

magnetic field (>12 T). This is due to a larger MAE in the fcc
site. We would like to stress that the site-dependent spin
dynamics of the adatoms is determined by the site dependence
and the field dependence of the MAE. Electric and magnetic
fields used in our calculations are experimentally achievable in
modern STM experiments.38,39

In summary, our findings have demonstrated the ability to
affect quantum tunneling in the lateral atomic switch by an
external electric field. Site-dependent spin dynamics in an
external magnetic field is revealed for the Co adatom on
Cu(111). We have shown that the adatom magnetization can
be switched by the magnetic field. While we have used a
particular system, Co adatoms on Cu(111) to demonstrate the
possibility of tuning the quantum tunneling by an external
electric field and the site-dependent switching of the magnet-
ization of the adatom, the main conclusions of our work are of a
general importance. It could be possible to control the position
of adatoms and their spin states by an external electric and
magnetic fields.
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(29) Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B:
Condens. Matter Mater. Phys. 1994, 50, 17953−17979.
(30) Ceperley, D. M.; Alder, B. J. Ground state of the electron gas by
a stochastic method. Phys. Rev. Lett. 1980, 45, 566−569.
(31) Neugebauer, J.; Scheffler, M. Adsorbate-substrate and adsorbate-
adsorbate interactions of Na and K adlayers on Al(111). Phys. Rev. B:
Condens. Matter Mater. Phys. 1992, 46, 16067−16080.
(32) Smoluchowski, R. Anisotropy of the Electronic Work Function
of Metals. Phys. Rev. 1941, 60, 661−674.
(33) Polyakov, O. P.; Corbetta, M.; Stepanyuk, O. V.; Oka, H.;
Saletsky, A. M.; Sander, D.; Stepanyuk, V. S.; Kirschner, J. Spin-
dependent Smoluchowski effect. Phys. Rev. B: Condens. Matter Mater.
Phys. 2012, 86, 235409.
(34) Yu, B.; Scheffler, M. Physical origin of exchange diffusion on
fcc(100) metal surfaces. Phys. Rev. B: Condens. Matter Mater. Phys.
1997, 56, R15569−R15572.

(35) Kim, H.; Hasegawa, Y. Site-Dependent Evolution of Electrical
Conductance from Tunneling to Atomic Point Contact. Phys. Rev. Lett.
2015, 114, 1−5.
(36) Landau, L. D.; Lifshitz, E. On the theory of the dispersion of
magnetic permeability in ferromagnetic bodies. Phys. Z. Sowjetunion
1935, 8, 153−161.
(37) Lisovskii, F. V.; Polyakov, O. P. Fractal structure of the phase
equilibrium curve of a system of two oscillating magnetic moments.
JETP Lett. 1998, 68, 679−684.
(38) Brovko, O.; Ruiz-Diaz, P.; Dasa, T. R.; Stepanyuk, V.
Controlling magnetism on metal surfaces with non-magnetic means:
electric fields and surface charging. J. Phys.: Condens. Matter 2014, 26,
093001.
(39) Khajetoorians, A. A.; Wiebe, J.; Chilian, B.; Lounis, S.; Blugel, S.;
Wiesendanger, R. Atom-by-atom engineering and magnetometry of
tailored nanomagnets. Nat. Phys. 2012, 8, 497−503.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b01634
J. Phys. Chem. Lett. 2015, 6, 3698−3701

3701

D
ow

nl
oa

de
d 

by
 M

PI
 M

IC
R

O
ST

R
U

C
T

U
R

E
 P

H
Y

SI
C

S 
on

 S
ep

te
m

be
r 

6,
 2

01
5 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 S
ep

te
m

be
r 

4,
 2

01
5 

| d
oi

: 1
0.

10
21

/a
cs

.jp
cl

et
t.5

b0
16

34

http://dx.doi.org/10.1021/acs.jpclett.5b01634

