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Orbital memory is defined by two stable valencies that can be electrically switched and read out. To
explore the influence of an electric field on orbital memory, we studied the distance-dependent influence of
an atomic Cu donor on the state favorability of an individual Co atom on black phosphorus. Using low
temperature scanning tunneling microscopy and spectroscopy, we characterized the electronic properties of
individual Cu donors, corroborating this behavior with ab initio calculations based on density functional
theory. We studied the influence of an individual donor on the charging energy and stochastic behavior of
an individual Co atom. We found a strong impact on the state favorability in the stochastic limit. These
findings provide quantitative information about the influence of local electric fields on atomic orbital
memory.
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A single magnetic atom on a surface can exhibit multiple
valencies, as predicted for various 3d transition metal atoms
on the surface of graphene [1,2]. This concept was
experimentally demonstrated, using scanning tunneling
microscopy and spectroscopy (STM=STS), with individual
Co atoms on the surface of semiconducting black phos-
phorus (BP) [3]. In this study, the two stable valencies of an
individual Co atom residing in a hollow site were observed
via their different charge densities, and could be switched
electrically, serving as a so-called orbital memory.
Moreover, the electric field generated by the probe could
be used to ionize an individual Co atom, leading to
stochastic fluctuations between the stable configurations
characterized by telegraph noise in the tunneling current. It
was later shown that the stochastic behavior of arrays of
coupled orbital memories exhibits tunable multiplicity, a
precursor to glassy dynamics characteristic in multiwell
systems [4–6]. In this way, arrays of orbital memories are a
promising platform to mimic machine learning at the
atomic scale, due to their long-range connectivity and
competing interactions.
Understanding the influence of an electric field on orbital

memory is vital both fundamentally as well as for its utility,
in analogy to the effect of a magnetic field on spin-based
memory [7–9]. One way to quantify the role of an electric
field on the bistable valency is to place well-defined
atomic-scale dopants near individual orbital memories
and probe the response of the bistable valency. In this
vain, it has been shown that alkali atoms are charge donors
on the surface of BP. For instance, it was shown that K
atoms can be used to n-dope BP [10–12] and probe the
anisotropic dielectric screening of the material [13].
However, K atoms are relatively challenging to use for
STM-based studies, as they easily diffuse on the surface of

BP and can be laterally perturbed by the tip-generated
electric field.
Here, we explore the influence of a single donor, derived

from an individual Cu atom, on the bistable valency of an
isolated Co atom on BP. Using first principle calculations
based on density functional theory (DFT), we find that
individual Cu atoms residing in various binding sites as
well as hydrogenated species can be modeled as individual
positively charged ions on the surface. Based on these
findings, we measured the changes in measured ionization
energy of one of the orbital states of individual Co atoms, in
proximity of a positively charged Cu donor, using
STM=STS with atomic manipulation. Considering the
various sources of electrostatic interactions, we show that
the changes in ionization energy originate from local band
bending arising from a screened Coulomb interaction of the
Cu donor. We additionally observe a strong change in the
orbital state-dependent lifetime of the ionized Co atom, in
the stochastic limit, depending on the separation between a
Co atom and Cu donor. This strong orbital state dependence
in the measured lifetimes results from the interplay between
the influence of the Cu gating field and the different
dielectric screening of the two orbital states. We further
find, from first principles calculations based on DFT, that
each valency exhibits a significant electric dipole moment
oriented perpendicular to the surface, leading to a sub-
stantially different response to the local electric field
generated by the STM tip.
Figure 1(a) illustrates an STM image of a cleaved BP

surface after deposition of Co and Cu atoms [14–27]. In
agreement with previous experiments [28], intrinsic
vacancies are identified as elongated dumbbell-shaped
protrusions. An individual Co atom preferentially adsorbs
onto a top site, and its charge density can be identified as a
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bilobed, butterflylike shape. The Co atom can be manip-
ulated into a hollow site, using the STM tip [3]. In constant-
current STM imaging, Co atoms residing in a hollow site
can exhibit two different charge densities (Cohigh and
Colow). These two unique charge densities result from
the bistable valency of the Co atom [3], and can be
reversibly switched with a voltage pulse. Cu atoms can
be differentiated from Co atoms due to their distinguishable
charge densities in constant-current imaging. Three differ-
ent Cu species were observed, all characterized by an
ellipse-shaped outer depression whereas the internal pattern
is distinct between all three species [Figs. 1(b)–1(d) and the
Supplemental Material [14] ].
In order to quantify the electronic properties of each Cu

species and relate this to the experimental observations, we
performed DFT calculations for a Cu atom on the BP
surface [14]. We calculated the band structure of Cu atoms
residing on a top site (CuT) and in a hollow site (CuH) on
BP, as well as of hydrogenated Cu in the hollow site
(CuHH) (Supplemental Material [14], Fig. S3). In case of
CuH and CuHH, the system is nonmagnetic, whereas a

small magnetic moment of ∼0.5 μB appears for CuT. We
also calculated the spatial distribution of the charge densi-
ties projected on the valence states of BP [Figs. 1(e)–1(g)],
which can be directly associated with the STM images
[Figs. 1(b)–1(d)]. Based on these calculations, we conclude
that the experimentally observed species in Figs. 1(b)
and 1(d) are the hollow and top site, respectively. We also
confirm that the charge density observed in Fig. 1(c)
coincides with CuHH. From DFT calculations it follows
that CuH=CuHH=CuT species donate 0.7=0.12=0.24 elec-
trons to the BP substrate, respectively. The electrons are
mostly donated from the 4s shell of Cu, whereas the 3d shell
remains fully occupied. These calculations are consistent
with experimental observations of n doping at higher Cu
coverages (Supplemental Material [14], Fig. S2). Therefore,
we consider all Cu species as donors in the subsequent
discussion, in line with previous literature [29–32]. In the
following experiments, a relatively low areal density of
nCu ¼ 0.165 × 1012 cm−2 was used to ensure minimal band
shifts in the BP (<8 meV).
In order to probe the influence of Cu donors on the

bistable valency of individual Co atoms, we first studied the
response of the Colow atom charging peak as a function of
distance (r) from a single, isolated Cu atom. As shown in
Ref. [3], Co impurity states near EF can be pulled above
EF, via tip-induced band bending [33–35]. This leads to a
peak in STS near VS ¼ 370 mV, which depends on the tip
and tunneling conditions. We observed that this charging
peak shifts to higher energy [ΔVr ¼ 118 mV, defined with
respect to the peak energy of an isolated atom, ΔVr ¼
VðrÞ − Vðr > 10 nmÞ] when the Co atom is near CuHH
(r ¼ 3.8 nm) (Fig. 2).
In order to quantify this influence of the Cu donor,

we measured the charging peak shift ΔVr at various values
of r and for the three different Cu species (Fig. 3 and
Supplemental Material [14], Fig. S4). The studied Co-Cu
pairs were created utilizing atomic manipulation of Co
atoms. At distances of approximately r > 10 nm, there is
no shift of the ionization energy, i.e., ΔVr is negligible. At
smaller distances, we observe a monotonously increasing,
strongly nonlinear trend in ΔVr. The observed charging
peak shift corresponds to a shift of the Co energy level that
is being swept through EF, as depicted in the inset of
Fig. 3. This can stem from three effects: (i) Local band
bending (i.e., gating of the conduction band) induced by the
positively charged Cu atom. In the simple limit that the Cu
atom can be approximated as a point charge, the generated
electric field is not fully screened. Therefore, we can appro-
ximate this band bending by a Yukawa potential due to the
screening from the substrate: VCu ¼ ðg=rÞeð−r=rcÞ. Here,
g is a scaling constant and rc the effective screening
length. (ii) Changes in the tip-induced band-bending (TIBB),
that additionally contribute when another mechanism
[e.g., point (i)] shifts the overall charging peak onset. We
can assume that the TIBB scales linearly with applied bias in
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FIG. 1. (a) STM image of individual Co and Cu atoms on the
surface of BP. (VS ¼ −400 mV, It ¼ 20 pA, scalebar ¼ 5 nm).
(b)–(d) STM images of the charge density of three Cu species:
(b) Cu residing in a hollow site (CuH), (c) hydrogenated Cu
residing in a hollow site (CuHH) and (d) Cu residing on a top
site (CuT). (VS ¼ −400 mV, It ¼ 60 pA, scalebar ¼ 1 nm).
(e)–(g) Ab initio calculations of the relaxed charge density
of (e) a CuH atom, (f) CuHH, and (g) a CuT atom. (h)–(j)
Schematics of the relaxed atomic adsorption geometries of
(h) CuH, (i) CuHH, and (j) CuT.
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the relevant energy range (see, for example, Ref. [36]). Such
linear changes cannot explain the nonlinear behavior observed
in Fig. 3, but itmay change the scaling constant of theYukawa
potential. Furthermore, TIBB is strongly tip dependent. To
account for these differences, we use ΔVr instead of VS and
the measurement was performed using different tips. As we
show in Fig. 3, ΔVr is roughly the same independent of the
given tip. Therefore, we expect the variations in TIBB in the
applied voltage range to be negligible. (iii) DFT calculations
reveal that the Co atom has an electric dipole moment (pi),
where i labels the orbital state (see Supplemental Material
[14], Fig. S6). This calculated moment is oriented per-
pendicular to the surface. In the simplest limit, the sub-
sequent change in energy equalsΔVdipole ¼ p · E. The electric
field of the tip can lead to a strong change in this energy, but
this does not depend on the distance of the Cu atom (r). The
electric field of the tip does depend on the tip-sample
separation and the bias VS. The tip-sample separation is
constant in the experiments, but the bias is not. Like in (ii), the
consequential changes to the experimentally probed ΔVr are
expected to be linear and cannot explain the nonlinearity
observed. Aswe detail in the SupplementalMaterial [14], this
may explain why there are differences in the overall asym-
metry as a function of applied voltage (as reported in our
original paper [3]), compared to changing r. In the sameway,

the electric field of aCu atomcan couple to the dipolemoment
of the Co atom. However, since the field and dipole are nearly
orthogonal, we can neglect this effect. Therefore, the only
nonlinear factor governing the shift of the charging peak
energy level is point (i), the band bending induced by the
presence of a Cu donor. Using this information, we fit the data
in Fig. 3 with a Yukawa potential. The extracted effective
screening length equals rc ¼ 1.93 nm.
To understand the influence of a local electric field on

orbital memory, we studied the influence of a Cu-based
donor on the stochastic noise of a nearby Co atom as a
function of r (Fig. 4). By applying voltages typically above
VS > 400 mV, isolated Co atoms exhibit telegraph noise
resulting from stochastic switching between the bistable
valencies: Cohigh and Colow [Fig. 4(a)] [3]. We subsequently
measured the telegraph noise of a Co atom, within the
proximity of a Cu species. We measured the telegraph noise
until we approach steady state (typically ∼800 switching
events), in order to be able to extract the state dependent
lifetime (τhigh and τlow), as done in Refs. [3,37]. We
extracted τhigh and τlow for multiple tips and atoms, with
varying values of r [Figs. 4(b)–4(c)] at two sample biases:
VS ¼ 500 and 550 mV (more biases are shown in
Supplemental Material [14], Fig. S5). As in Fig. 3, the
results in Figs. 4(b)–4(c) include Co-CuT, Co-CuH, and
Co-CuHH pairs in various orientations and directions. The
most striking feature is that the lifetime of the Cohigh state
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FIG. 2. (a) dI=dV spectrum taken on an isolated Colow
atom (distance to nearest Cu species r > 10 nm). Inset: STM
image of the isolated Colow atom (VS ¼ −400 mV, It ¼ 60 pA).
(b) dI=dV spectrum taken on a Colow atom in the vicinity of
CuHH (distance r ¼ 3.8 nm). The shift of the ionization peak
with respect to the isolated atom is indicated by ΔVr and equals
118 mV. Inset: STM image of the Colow-CuHH pair. The red X in
both insets (a)–(b) mark the locations where the dI=dV spectra
were taken. (VS ¼ −400 mV, It ¼ 60 pA).
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FIG. 3. Shift of the ionization peak energy ΔVr of single Colow
atoms as a function of distance to a Cu species r. The shift is
defined with respect to the peak energy of an isolated atom:
ΔVr ¼ VðrÞ − Vðr > 10 nmÞ. Different colors represent differ-
ent microtips. The solid line is a fit to the Yukawa potential, with
parameters g ¼ 4.88; rc ¼ 1.93 nm. In the inset, a schematic
band diagram shows downward band bending of the Co energy
level (which is pulled through EF by TIBB) in the presence of a
Cu species.
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(τhigh) is dramatically decreased by the proximity of the Cu
donor, whereas the Colow state is only weakly perturbed in
comparison. At VS ¼ 500 mV, lifetime τhigh decreases
from approximately 170 to 30 ms for decreasing r from
∼16 to 4 nm and at VS ¼ 550 mV, τhigh decreases more
than an order of magnitude, from roughly 70 to 5 ms. We
propose that the dependence of τhigh=τlow on r, is derived
purely from the gating effects of the Cu—a local shifting of
the bands. The reason why τlow is not affected in proximity
to Cu, is that the effective screening length of the given
orbital state is roughly 2 nm (derived from the Yukawa fit in
Fig. 3), thus the Cu is only a weak perturbation at
r > 4 nm. As we know from Ref. [3], the dielectric
screening of the Cohigh state from the substrate is weaker,
meaning the effective screening length should increase.
Therefore, the onset of changes to τhigh should occur at
larger values of r compared to τlow.
It is interesting to compare the effect of the electric field

of a Cu donor to the effect of the tip electric field on the
stochastic switching of a Co atom. A higher bias VS
presents a larger net electric field from the tip similar to
Cu, and if the effect of a higher tip field is comparable to
that of the field generated by a Cu atom, we should observe
similar trends in both the mean lifetime and asymmetry of

the orbital states. In the case of a higher applied bias voltage
for an isolated atom without a Cu atom in the vicinity, we
most prominently observe a strong decrease in the mean
lifetime of the Co atom [3], whereas the influence of the
gating field of Cu is strongly state selective, mainly
influencing the lifetime of one orbital state (Cohigh). This
illustrates that there are different mechanisms at play
between these two effects. As the tip field is most likely
aligned with the dipole moment of Co, we conclude that the
mechanism at play here likely results from dipolar coupling
(i.e., a Stark-like effect). In this picture, a higher applied
bias would strongly increase the energy in the system and
mimic an effective temperature. In contrast, the Cu donor
strongly influences the local band bending and therefore
locally gates the orbital states of the individual Co atom.
In conclusion, we demonstrated the effect of a controlled

electric field generated by an individual Cu donor on the
atomic orbital memory of Co on BP. Using both STM=STS
and DFT calculations, we quantified the distance-
dependent influence of individual Cu donors on the
ionization energy of Co, as well as on the state-dependent
lifetime in the stochastic limit. The monotonous increase in
the charging energy of Colow with decreasing r maps
the downward band bending associated with the single
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FIG. 4. (a) Two-state telegraph noise signal of an isolated Co atom (nearest Cu donor at r ¼ 14.7 nm), with Colow in purple and Cohigh
in blue. (b)–(c) State lifetime τ of (b) Cohigh and (c) Colow as a function of r. Different symbols represent different microtips and different
colors represent different biases (500 and 550 mV). In the insets, STM images of the corresponding states Cohigh and Colow are displayed
(VS ¼ −400 mV, It ¼ 60 pA).
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Cu atoms and follows the characteristic behavior for a
screened Coulomb interaction. We also find that the
proximity to a local donor strongly influences the lifetime
of the Cohigh state in the stochastic limit, whereas there is no
influence on the lifetime of the Colow state. We attribute this
to a gating effect of the Cu donor, impacting the valencies
differently because of their distinct screening from the
substrate. Notably, we detected no difference in the effect of
the different Cu species on the ionization energy or
stochastic behavior of Co. Furthermore, DFT calculations
provided evidence of a state-dependent electric dipole
moment for Colow and Cohigh, which can explain the
response of the lifetimes as a function of bias VS by a
dipolar coupling between the Co atom and the tip electric
field. Our findings illustrate how the state favorability of an
atomic orbital memory, i.e., the energy landscape, can be
tuned by an external electric field, analogous to a magnetic
field in a spin-based memory. It remains to be seen how the
spin states and crystal field are locally affected by the
presence of the electric field.
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