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Orbital memory from individual Fe atoms on black phosphorus
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Bistable valency in individual atoms presents an approach toward single-atom memory, as well as a building
block to create tunable and stochastic multiwell energy landscapes. Yet, this concept of orbital memory has
thus far only been observed for cobalt atoms on the surface of black phosphorus, which are switched using tip-
induced ionization. Here, we show that individual iron atoms on the surface of black phosphorus exhibit orbital
memory using a combination of scanning tunneling microscopy and spectroscopy with ab initio calculations
based on density functional theory. Unlike cobalt, the iron orbital memory can be switched in its nonionized
ground state. Based on calculations, we confirm that each iron valency has a distinct magnetic moment that is
characterized by a distinguishable charge distribution due to the different orbital population. By studying the
stochastic switching of the valency with varying tunneling conditions, we propose that the switching mechanism

is based on a two-electron tunneling process.
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I. INTRODUCTION

Atomic arrays of coupled orbital memory have been used
to demonstrate tunable multiplicity, namely multiwell energy
landscapes which can be controllably shaped [1,2]. Us-
ing scanning tunneling microscopy/spectroscopy (STM/STS),
the observation of a tunable multiplicity was evidenced by
stochastic multistate noise with vastly different time scales
generated from Co atoms on black phosphorus (BP) [2].
This observation was used to mimic a Boltzmann machine
at the atomic level, based on the long-range nature of the
interactions between individual atoms [3]. Coupled arrays of
magnetic atoms on surfaces that exhibit orbital memory are in
stark contrast to arrays of magnetic atoms on other surfaces
coupled via exchange mechanisms [4-7]. In these examples,
the local and strong nature of the exchange interactions leads
to strongly favorable ordered states, often observable in two-
state telegraph noise. Understanding the role of spin in orbital
memory and the presence of other time scales is fundamen-
tally important toward understanding glassy dynamics [1] and
may provide a route toward tuning exchange interactions [8].

In order to explore tunable multiplicity, it is imperative
to understand the physical mechanisms responsible for or-
bital memory and the nature of its switching mechanism.
Orbital memory in individual atoms is based on the con-
cept of bistable valency, where two distinct values of the
atomic magnetic moment are stable and reversible. Orbital
memory and the switching between two distinct magnetic

“Correspondening author: a.khajetoorians @science.ru.nl

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2022/4(3)/033047(9) 033047-1

moments is reminiscent of high/low spin transitions seen
in individual molecules [9], or so-called spin crossover
molecules, however scaled down to an individual atom. While
a multistable valency was first discussed for individual Co
atoms on graphene/graphite [10-14], it has thus far only
been experimentally observed for individual Co atoms on
BP [2]. For Co on BP, the interplay between the popula-
tion of the various hybrid orbitals and dielectric screening
leads to a state-dependent spatially distributed charge density
and distinct relaxations, which can be directly imaged with
STM/STS. This mechanism is different than the aforemen-
tioned spin crossover molecules, where transitions are also
strongly linked to conformational changes of the molecule.
Complementary, it was shown that individual Co atoms can
be ionized due to tip-induced band banding (TIBB), similar
to other impurities on semiconductor surfaces, and used to
switch between the orbital memory states [2,15]. Sufficiently
large TIBB leads to stochastic switching between the two
ionized orbital states, where the occupation lifetimes can be
strongly tuned by the selected tunneling conditions. The in-
fluence of electrostatic fields was further illustrated in recent
experiments where it was shown that the electrostatic field
generated by a local Cu dopant strongly modified the stochas-
tic switching behavior of an individual Co atom, distinctive
from the local TIBB [15]. The sensitivity of Co to local elec-
trostatic fields and the absence of current-induced switching in
the unionized state makes it extremely challenging to explore
the nature of the switching mechanism as well as the role
of spin in orbital memory, motivating the search for orbital
memory in other materials.

In this work, we demonstrate orbital memory from in-
dividual Fe atoms on BP using a combination of scanning
tunneling microscopy/spectroscopy (STM/STS) and ab ini-
tio calculations based on density functional theory (DFT).
Using constant-current imaging, we observe two stable
configurations of an individual Fe atom residing in a hollow
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site, denoted Fejoy, and Fey;gn, which are electrically reversible
and possess distinguishable charge densities. Based on our
calculations, we attribute these two different charge densities
to a charge redistribution between the 4s and 3d orbitals of
the Fe atom, where each configuration has a distinct spin
moment (Myow ~ 24 and myigy ~ 3.5 up). By comparing the
experimental data with ab initio calculations of the electronic
structure, we link spectroscopic features to hybrid atomic
orbitals. We also observe stochastic switching between Fejqy,
and Fepg, where the relative favorability of the two states and
their residence lifetimes can be tuned by the applied tunneling
conditions. However, unlike previous observations for Co on
BP, this stochastic switching is observed in the ground state,
i.e., without ionization, and is seen at both bias polarities. By
specifically studying the current-dependent response of the
residence lifetimes, we propose that the switching mechanism
is governed by a two-electron process.

II. EXPERIMENTAL OBSERVATION OF ORBITAL
MEMORY FOR INDIVIDUAL FE ATOMS

After deposition, the signature of individual Fe atoms is
manifested by the appearance of an isotropic species of ad-
sorbates with an apparent height of 252 £+ 3 pm [Fig. 5(a)].
Based on atomic imaging of the BP lattice, we identified the
binding site of the deposited Fe atoms as a top site. Tun-
neling into individual atoms above voltages of V; = 700 mV
causes the apparent height and shape of the atoms to change
irreversibly [Figs. 5(b) and 5(c)], which we confirm is a
binding site shift from a top to hollow site. When imaging
an individual hollow-site Fe atom at various tunneling con-
ditions, the apparent height and spatial distribution can be
switched reversible between two distinct and stable config-
urations, Fejow and Fepign [Figs. 1(a) and 1(b)]. We detail
the tunneling depending switching further below. Binding site
analysis (Fig. 6) reveals that both observed configurations re-
side in the same hollow site of the BP lattice. The species can
further be distinguished via their apparent height (measured
with V; = —400mV), with Azjow = 92 £ 2pm and Azyigh =
59+ 2pm. We therefore attribute Fejy and Fepgn to two
distinct orbital configurations.

III. THEORETICAL/EXPERIMENTAL
CHARACTERIZATION OF THE ELECTRONIC
STRUCTURE OF FE ATOMS

In order to identify the electronic structure of Fejo, and
Fenign, we performed DFT and DFT + U calculations [16-24].
The calculations confirm the existence of two distinct valen-
cies, contingent upon the Hubbard-U parameter used in the
calculations, reminiscent of orbital memory [2]. The results
for low-U calculations (from U = 0eV to U = 1.5eV) show
a larger d-orbital occupation and smaller spin moment com-
pared to the high-U calculations (U > 2eV) (Table I, see also
Fig. 7). Integrating the total density of states (DOS) over an
energy window near the valence band edge, we calculated
the spatial distribution of the charge density for both Fejoy
and Fepen [Figs. 1(c) and 1(d)]. We observed qualitative
agreement between the STM constant-current image shown
in Fig. 1(a) [Fig. 1(b)] and the calculated charge density
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FIG. 1. (a) STM constant-current image of Fej,. (b) STM
constant-current image of Fepg. (c) DFT calculation of the expected
charge density distribution for Fe,o,, with the relaxed atomic struc-
ture (e). (d) DFT + U (U = 3¢eV) calculation of the expected charge
density distribution for Fe,,y, and the relaxed atomic structure (f).

distribution in Fig. 1(c) [Fig. 1(d)], enabling us to confirm
that each configuration can be attributed to a distinct and
stable valency of the Fe atom. We also calculated the re-
laxed vertical positions of the Fe atoms (djow = 109 pm and
dhigh = 142 pm), which are pictorially depicted in Figs. 1(e)
and 1(f). Consistent with the picture of screening based orbital
repopulation [2], the lower spin state resides closer to the BP
surface than the higher spin state.

To further characterize the electronic properties of the Fe
atom, d1/dV spectra of Feo,, were taken [Fig. 2(a)]. Unfortu-
nately, the valency switches unidirectional from Fepigp to Fejow
near |Vs| = 500mV, strongly favoring Feyo,, precluding the
possibility of collecting a dI/dV spectrum (at |V;| > 500 mV)
for Fepign. The spectrum in Fig. 2(a) shows two resonances at
Vs = =700 mV and V; = 580 mV. The resonances have large
linewidths (full width at half maximum = 160 mV) and the
peak positions are insensitive to the set-point conditions of the
spectra. This allows us to rule out the influence of tip-induced
band bending (Fig. 8), which is distinctly different compared
to Co on BP. Examining the total DOS for Feyo, [Fig. 2(b)],
we see several hybrid d orbitals below the Fermi energy. As

TABLE I. Orbital occupation (n; and n,) and magnetic moment
(m) for each Fe valency.

Valency ng n m
Fejow 7.54 0.24 2.0 ug
Fehigh 7.07 0.46 3.5 UB
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FIG. 2. (a) Tunneling spectroscopy reveals the presence of two
peaks in the STS on the Fe adatom. The peak energies are approxi-
mately —700 and 580 mV. (b) DFT + U calculation for the low-spin
Fe state with U = 1.5¢V, revealing Fe based peaks in the DOS at
energies of —700, —500, and —300 mV. (¢) DFT + U calculation for
the high-spin Fe state with U = 3 eV.

the DFT calculations include only one monolayer of BP, we
cannot make a direct comparison of the theoretical and ex-
perimental peak energies; however, we can note that the peak
calculated at approximately —0.5 eV is composed primarily
of out-of-plane orbitals and should thus be most apparent in
STM/STS measurements. Furthermore, calculations show that
this peak is also spin polarized (Fig. 9). Several peaks also
appear in the total DOS above the Ef [Fig. 2(b)]. In the energy
range 0.3-0.8 eV, both Fe s orbitals and d orbitals hybridize
with the p orbitals of the BP, which most likely accounts for
the origin of the peak seen in STS at V; = 580 mV. Finally,
the calculated DOS for Fey;g indicates that the Fe 3d states
are generally shifted away from the Fermi energy, a common
consequence of a higher U parameter.

IV. STOCHASTIC SWITCHING OF
INDIVIDUAL FE ATOMS

Above an applied DC threshold voltage (|V;| > 380mV),
we observed stochastic switching as evidenced by telegraph
noise in the measured tunneling current (/) [Figs. 3(a)
and 3(b)]. We define the state-dependent residence times
as Tow and Tpigy, the mean residence lifetime as 7, =
(Tiow + Thigh)/2, and the lifetime asymmetry as A = (Tiow —
Thigh)/ (Tiow + Thigh)- In order to extract Tiow, Thigh, and Tpm,
we measured telegraph noise in both constant height (Fig. 3)
and constant current (Fig. 4) on the highest point (the center)
of the Fe atom. We measured a minimum of 1000 switches
at a given set of tunneling conditions. We then utilize the
procedure described in Ref. [25] to extract Tiow, Thigh, and
Tm. We observed, as shown in Fig. 3(c), that increasing |V;|
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FIG. 3. (a),(b) Current traces of the two-state telegraph signal
with the atom switching stochastically between the two valencies
at (a) V; = —420mV and (b) V; = 420mV. (c),(d) Residence life-
times of Fejo, (blue) and Feyz, (purple) states, in addition to the
mean residence lifetime (gray), tm = (Tiow + Thign)/2, as a function
of applied bias. (e),(f) Asymmetry, A = (Tiow — Thigh)/ (Tiow + Thigh)
of the valencies with varying bias.

leads to a monotonous decrease of t,,. As we discuss below,
a similar trend is observed with increasing I. In Figs. 3(e)
and 3(f), we clearly see that the favorability between Feyyy,
and Fep;en depends on both the magnitude and polarity of
Vi. Given Vi < 0, it can be seen that the magnitude of Vj
strongly modifies the asymmetry. At V; < —460mV, Fejqy
is more favorable (A > 0), with its favorability increasing
with increasing magnitude, while the situation is reversed for
Vs > —460mV (A < 0) and the overall asymmetry is close to
0. The qualitative behavior of the switching is dramatically
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FIG. 4. (a) Mean switching frequency as a function of current
(both plotted using a logarithmic scale) for four different applied
biases. (b) Power-law exponents (v, = IN) to the various data sets.
The data cluster around N = 2, indicative of a two-electron process
involved in overcoming the ground state barrier.
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modified at positive polarities, namely for V5 > 0, as seen in
Fig. 3(b). In this bias regime, the residence lifetime of Fepigp
is strongly suppressed, with Ax1 for all measured values of V;
[Fig. 3(f)]. As with the opposite bias polarity, 7, [gray curve,
Fig. 3(d)] decreases with increasing V; (and ).

When examining the switching efficiency as a function of
tip position, the Fe only showed appreciable switching rates
with the tip positioned within roughly 500 pm from the atomic
center (Fig. 10). This is in stark contrast to the Co atom, which
switched with the tip as far as 2 nm away from the center of the
atom [2]. We attribute the difference to the role of tip-induced
band bending. For the case of Fe, the switching occurs in the
neutral state, whereas Co is first ionized via tip-induced band
bending and switching is observed near and above voltages
where this occurs.

To gain further insight into the switching mechanism be-
tween Fejoy and Fepign, we studied the dependence of the
mean switching frequency (v, = 1/7,) on the magnitude of
the tunneling current () [Fig. 4(a)]. Telegraph noise was
acquired with the tip parked on the center of the Fe atom
at a fixed voltage with the feedback on to maintain constant
current. As seen in Fig. 4(a), v, increases monotonously
with increasing /;. When plotted with a logarithmic scale on
both axes, v, shows a power-law dependence with respect to
the tunneling current: v, = IV. Fits to the experimental data
[Fig. 4(b)], reveal that N ~ 2 for the measured range of /.

Switching processes with a power-law dependence on the
tunneling current have been observed in studies of individual
atoms and molecules in STM-based experiments, e.g., in atom
manipulation, molecule dissociation, molecule rotation [26],
and hydrogen tautomerization [27,28]. In these experiments,
the associated switching rate has a power-law dependence,
n= ItN . Here, N is related to the number of events that are
needed to overcome the energy barrier associated with the
switching process. It was shown theoretically that the required
energy can be provided via inelastic tunneling processes. For
Fe on BP, the N~2 power-law dependence suggests that there
is an intermediate state that mediates switching of the va-
lency, i.e., overcoming the energy barrier. There are multiple
processes that can potentially link an intermediate state to
facilitate switching. Quasiparticle excitations involving the
lattice, which are activated via inelastic tunneling, for exam-
ple phonons or polarons, can induce vertical motion of the
Fe atom. An induced motion of the Fe atom may lead to a
nonzero probability to switch to the opposing orbital state, due
to the distinct relaxation height of each valency state. Such
motion would otherwise be frozen out at our measurement
temperature. However, phonon-driven excitations via inelastic
tunneling should be symmetric with respect to bias polarity,
and alone could not explain the polarity-dependent switching
behavior. The observed switching may also be induced by
local charging of the Fe atom. While we do not observe
evidence of charging, the lifetime associated with charge oc-
cupation of the Fe atom may be longer than the flux associated
with the tunneling current. Such a mechanism would imply a
charge-mediated switching mechanism and would potentially
require tunneling electrons with sufficient energy to over-
come to charge occupational energy associated with single
charge occupation. Based on the current experimental data, we
cannot rule out such potential mechanisms. However, it is

FIG. 5. (a) Representative overview image of a BP sample after
deposition of Fe atoms. (b),(c) Fe atoms adsorbed on a top site
can irreversibly be pushed into a hollow site by a bias pulse. In
(c), both hollow site species Fejo, and Fey,, are visible. Parame-
ters for (a)—(c): V; = —400mV, I, = 20-60 pA, scale bar = 5nm,
Az =290 pm.

most likely that the ground-state energy barrier between the
two valency states is larger than the energy needed to activate
such processes; otherwise, we would expect the switching
process to be directly excited by inelastic tunneling yielding a
N~=1 power law.

V. CONCLUSION

We have shown that Fe adsorbed in the hollow site of
BP exhibits orbital memory, namely two distinct and stable
valency configurations. These two memory bearing states can
be read out from the distinct charge densities each configu-
ration exhibits, and can be switched electrically. The valency
configurations of Fe lead to two distinct magnetic moments,
and the electronic structure indicates signatures of the hy-
brid atomic orbitals. Moreover, Fe orbital memory exhibits
two distinct regimes: (a) a regime where the given valency
is frozen, and (b) a regime where the orbital states can be
driven stochastically with tunneling current, as evidenced by
telegraph noise. This finding illustrates that the concept of
orbital memory is not unique to Co on BP. The stochastic
switching of Fe can be driven at both voltage polarities, which
is contrary to Co on BP. Likewise, the stochastic switching
of the Fe atom can be switched without ionizing the atom,
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FIG. 6. Binding site analysis for two different Fe atoms. (a) Binding site analysis for atom 1 in the low-spin state and (b) same analysis in
the high-spin state. Panels (c) and (d) show the binding site analysis for a second Fe atom residing in a mirror symmetric hollow site in the

low-spin and high-spin valencies, respectively. Images taken with V; = —60mV, I,

as there was no clear experimental evidence of significant
tip-induced band bending on the atomic states. Based on this
observation, we probed the switching frequency with tunnel-
ing current which revealed a clear power law suggesting that
the switching mechanism is based on a two-electron process.
Finally, the spatially dependent, bipolar stochastic switching
in the Fe atom strongly contrasts the Co, introducing the pos-
sibility to add complexity into coupled ensembles of orbital
memory.

100 pA.

ACKNOWLEDGMENTS

This project has received funding from the European
Research Council (ERC) under the European Union’s Hori-
zon 2020 research and innovation program (SPINAPSE:
Grant Agreement No. 818399). E.J.K. and A.A.K. acknowl-
edge support from the NWO-VIDI project “Manipulating
the interplay between superconductivity and chiral mag-
netism at the single-atom level” with Project No. 680-47-534.
B.K. acknowledges the NWO-VENI project “Controlling

033047-5



BRIAN KIRALY et al.

PHYSICAL REVIEW RESEARCH 4, 033047 (2022)

1.5

' Low-'spin
High-spin

1 -

05

Energy (eV)
o

0 0.5 1 1.5 2 25 3 35 4
Hubbard-U (eV)

U=0eV U=1eV ‘U_=r_ZeV U=3eV U=4eV
¢
/'\
O : 4 P~
q 13 |9 FQE9
L

FIG. 7. Calculations with varying Hubbard-U correction. The
upper plot shows the total energy (markers) of the Fe,,,, state (purple)
for U < 1.8eV and the Fey;g, state (green) for U > 1.8eV. Solid
lines show fits to the markers. The critical value for the U parameter
is U = 1.8eV, marking a point where both states are stable and
nearly degenerate in energy. The lower panels show the calculated
charge density distributions for varying Hubbard-U parameters.

magnetism of single atoms on black phosphorus” with Project
No. 016.Veni.192.168. For the theoretical part of this work,
AN.R. and M.LK. received funding from the European Re-
search Council via Synergy Grant No. 854843 — FASTCORR.

APPENDIX A: MATERIALS AND METHODS

The STM and STS measurements were performed with
a commercial Omicron STM in ultrahigh vacuum (p < 1 x
107! mbar) and at temperature of 7 = 4.4 K. The bias V, was
applied to the sample. All measurements were performed with
electrochemically etched W tips, prepared in situ by electron
bombardment and field emission. The tips were dipped and
characterized on a clean Au(111) surface, before approach-
ing a BP sample. The BP crystals were purchased from HQ
Graphene. To obtain an atomically clean surface, the crys-
tals were cleaved with scotch tape in UHV directly before
their transfer to the STM for in situ characterization. Sin-
gle Fe atoms were evaporated directly into the microscope
with Tgample < 5K during the dosing procedure. The STM
images in this work were all acquired using constant-current
feedback. STS measurements were performed using a lock-
in technique to directly measure dI/dV. For the stochastic
switching measurements that were acquired with the tip at
constant height, the tip height was stabilized on the bare BP
atl; = 20pA, Vs = —400 mV, before opening the feedback
loop. In constant height telegraph noise measurements, the
tip height was set by stabilizing on the BP surface (Vi =
—400 mV and I, = 20 pA) before measuring at the specified
V in the center of the Fe atom.

DFT calculations were carried out using the projected
augmented-wave method (PAW) [16] as implemented in the
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FIG. 8. Set-point dependent dI/dV spectra on the Fe,,, atom,
with the raw spectra in (a) and normalized spectra in (b). Grayscale
color used to indicate the varying current setpoint (/) used to
modify the tip-sample separation.

Vienna ab initio simulation package (VASP) [17,18]. Ex-
change and correlation effects were taken into account within
the spin-polarized generalized gradient approximation (GGA-
PBE) [19]. Additional Hubbard-U correction was applied to
the 3d shell of Fe within the GGA + U method [23] in order to
capture the effect of the distance-dependent Coulomb screen-
ing. An energy cutoff of 300 eV for the plane-wave basis
and the convergence threshold of 10°eV were used, which
is sufficient to obtain numerical accuracy. Pseudopotentials
were taken to include 3s and 3p valence electrons for the
P atom, as well as 3d, 3p, and 4s valence electrons for Fe
atoms. The BP surface was modeled in the slab geometry by
a single BP layer with dimensions (3a x 4b) &~ (13.1 x 13.3)
A with atomic positions fixed to the experimental parameters
of bulk BP [20]. Vertical separation between the layers was
set to 20 A. The Brillouin zone was sampled by a uniform
distribution of k points on an (8 x 8) mesh. The position of
the Fe atom was relaxed considering top and hollow surface
sites as starting points. We checked that the inclusion of two
additional BP layers in the slab does not significantly affect
the results. The primary difference between the single-layer
and three-layer slabs is the reduction of a gap between the
valence and conduction BP states. The behavior of Fe atom re-
mains virtually unchanged including the adsorption distances,
charge density distribution, and magnetic moments.

The projection of the electronic bands on specific atomic
states was performed using the formalism of Wannier func-
tions [21] implemented in the WANNIER90 package [22]. The
spatial charge density distributions shown in Figs. 1(c) and
1(d) and Fig. 7 were calculated by performing band decom-
position of the total DFT charge densities and averaging them
over the energy interval of ~0.3 eV in the valence band edge,
similar to Ref. [2] The resulting charge distribution reflects
the surface charge densities typical to the low-energy hole
states in BP with Fe adatoms and therefore can be associated
with the experimental STM images shown in Figs. 1(a) and
1(b). This procedure is closely related to the Tersoff-Hamann
scheme [24]. Possible mismatch between the simulated and
experimental STM images can be related to the effect of the
STM tip, which is not explicitly considered in this approach.
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FIG. 9. Band structure and density of state calculations for both Fe valencies. Spin resolved DOS and band structure for the low-spin
valency (a) and the high-spin valency (b). The color scale marks the contribution of the different orbitals: blue bands stem exclusively from P
orbitals, while red indicates a contribution from Fe orbitals. The occupation of the 3d and 4s shell of Fe are given below the color bar.

APPENDIX B: Fe/BP SAMPLE CHARACTERIZATION

Figure 5(a) shows a typical sample after deposition of Fe
atoms. The characteristic phosphorus vacancies are identified
as dumbbell shaped protrustions with an apparent height that
depends on their depth [29]. Three types of Fe atoms are
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FIG. 10. State lifetimes 7o, and Ty, mean lifetime 7, =
(Tiow + Thign)/2 and asymmetry A = (Tiow — Thigh)/(Tiow + Thigh) S @
function of position, in the (a) [100] direction and (b) [010] direction
(as marked in the STM images in the top panels). Measurements
taken at V, = —460 mV at constant height.

identified. The tallest species is dominant after deposition and
has an apparent height of 252 & 3 pm. Analogous to Co atoms
on BP [2], this is assumed to be Fe adsorbed in a top site,
Fer. Using a bias pulse of approximately |V;| > 700 mV, top
site Fe atoms can irreversibly be pushed into a hollow site
[Figs. 5(b) and 5(c)].

We can identify two Fe species in a hollow site, with dif-
ferent apparent heights of 92 4+ 2 pm and 59 + 2 pm. We can
assign these species to different valencies Fejoy (92 £ 2 pm)
and Fepjgn (59 & 2 pm), where the labels low and high refer to
the magnetic moment. To confirm that the binding site of the
two different hollow site species is identical, binding site anal-
ysis was performed using atomic resolution constant-current
STM images (Fig. 6). After determining the positions of the
phosphorus atoms in the topmost monolayer (green gridlines
in Fig. 6 show every other atom in the zigzag rows), the geo-
metric center of the Fe atom was determined using the contour
plots in the lowest panels of Fig. 6. As seen in Figs. 6(a)
and 6(b), the Fe atom in both valencies resides in precisely
the same hollow binding site. Furthermore, when comparing
another atom [Figs. 6(a) and 6(d)], it is clear than again both
valencies also reside in the same binding site, which is the
mirror symmetric site to the atom in Figs. 6(a) and 6(b).
The binding site symmetry is reflected in the constant-current
STM images shown in the top panels of Fig. 6, and was also
observed for Co and Cu atoms on BP [2,15].

APPENDIX C: CHARGE DENSITIES FOR Fe AS A
FUNCTION OF HUBBARD-U

To demonstrate that the two orbital configurations occur
for a range of Hubbard-U parameter values, we plot the
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FIG. 11. (a) Contour plot of an STM constant-current image of two Fe atoms in the top binding site (FeT) with an apparent height of
250 pm (Vs = —400mV, I, = 20 pA, scale bar = 1 nm). (b) Contour plot of STM constant-current image of the same two atoms, where one
Fe atom is hydrogenated (FeHr), distinguished by its larger apparent height of 270 pm (V; = —400mV, [, = 20 pA, scale bar = 1 nm ).

total energy of the Fej,, and Fepg, state as a function of
the Hubbard-U parameter in Fig. 7. Here, it is seen that for
U < 1.8¢V the Fey, state is energetically favorable, and for
U > 1.8¢V, the Fepg, state is favorable. This difference is
also reflected in the calculated charge density, seen in the
lower panels of Fig. 7. It is seen that the shape of the charge
density is qualitatively similar for U > 1.8eV, as well as for
U < 1.8eV.

APPENDIX D: INSENSITIVITY TO TIP-INDUCED
BAND BENDING

To understand the origin of the observed peaks in the
dl/dV spectra on the Fe,, atom, we studied the influence
of the tip height on those same dI/dV spectra. As seen in
Fig. 8, bringing the tip closer to the atom during the dI/dV
measurement (using the initial set-point current) does not
strongly influence the position of the observed peaks in the
d1/dV spectra. The insensitivity of the peaks to the tip height
indicates a minimal influence from tip-induced band bending,
confirming that they do not originate from ionization events.
Hence, we can attribute the peaks to local hybridized orbitals.

APPENDIX E: ELECTRONIC STRUCTURE OF
Felow AND Fehigh

Calculations of the spin-resolved band structure and den-
sity of states (DOS) for the Fe on BP system are shown
in Fig. 9. The Fej,, atom has multiple primarily d-hybrid
orbitals below the Fermi energy [Fig. 9(a)]. These hybrid

states correspond to the peak observed at V; = —700mV in
the d1/dV spectra taken on the low-spin state (Figs. 2 and 8).
Furthermore, as seen in the spin-up vs spin-down calculations,
this state is also highly spin polarized. Conversely, when ex-
amining the characteristics of Fepio, atom, we find that the Fe
d orbitals are pushed quite far from the Fermi energy.

APPENDIX F: POSITION-DEPENDENT SWITCHING

Figure 10 shows the sensitivity of the telegraph noise to
the precise tip position. The state-resolved residence times
and mean residence times as a function of position along the
[010] and [100] directions are plotted. In both directions, the
residence times decrease rapidly when approaching the center
of the Fe atom, as visible in the upper panels. As the tip
moves away from the center of the Fe atom, the switching
probability decreases significantly. This is in stark contrast to
Co/BP, where the switching persists to up to approximately
3.5 nm from the atom in the [100] direction [2].

APPENDIX G: HYDROGENATION OF Fe ATOMS

In our experiments hydrogenated Fe atoms were only ob-
served in the top binding site (see Fig. 11). In one given study,
where we have co-deposited both Co and Fe, our observations
of Fe indicate that Fe is less sensitive to long-term hydro-
genation compared to Co (all top site) [2]. In an analysis of
nearly 750 atoms, we found that nearly 43% of the Co was
hydrogenated, while only 8% of the Fe was hydrogenated.
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