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Searching for single-atom systems with large magnetic anisotropy energies and tunable magnetic states is
of vital importance for both fundamental research of magnetism at the atomic scale and realization of future
spin-based quantum computation or information storage schemes. Single 5 f electron based actinide atoms
are potential candidates for inducing large magnetic anisotropy energies (MAEs), yet they have been much
less studied as compared with 3d or 4 f single-atom systems. Here we present the adsorptive, electronic,
and magnetic properties of a single 5 f electron based uranium atom on two-monolayer MgO/Ag(001) by
combining scanning tunneling microscopy/spectroscopy (STM/STS) and density functional theory. Our results
reveal that single U atoms spontaneously adsorb at the hollow sites of the MgO/Ag(001) surface and they can
be controllably switched between the hollow and the O-top sites of MgO/Ag(001) via STM atom manipulation.
Most importantly, single U atoms at the O-top sites reveal complex tunneling spectral features, including a
symmetric dip at the Fermi energy, which is the manifestation of the existence of a relatively large 5 f -driven
magnetic anisotropy energy, whereas single U atoms at the hollow sites exhibit a two-lobe subatomic structure
stemming from the valence electron orbitals of U itself and show no signs related with magnetic anisotropy. This
work proves that single 5 f electron based U atoms can possess a considerable uniaxial magnetic anisotropy via
adsorbing at the appropriate sites on the carefully chosen supporting surface, and their magnetic states can be
tuned by atom manipulation techniques.
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I. INTRODUCTION

Magnetic atoms adsorbed on nonmagnetic surfaces provide
important platforms for both deepening the understanding
of fundamental aspects of magnetic quantum properties on
the atomic scale and realizing the ultrahigh density infor-
mation storage or quantum spin processing by individual
atomic spins [1–5]. On one hand, the fabrications of stable
and reliable atomic-scale spin-based devices require magnetic
adatoms with a large magnetic anisotropy energy (MAE),
which describes the tendency to maintain a stable orientation
of the magnetic moment against random fluctuations over
time [6–8]. On the other hand, seeking for a viable way to
alter the adsorption positions as well as the magnetic states
of the individual magnetic adatoms on substrates also plays
a key role in the process of constructing spintronic devices
atom by atom [9–11]. Thus, it is imperative to find suit-
able supported elements and supporting surfaces to guarantee
a large MAE, and also feasible routes to manipulations of
the magnetic anisotropies of these adatoms. Scanning tun-
neling microscopy (STM) has been proved as an effective
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tool for fabricating atomic-scale structures and studying the
magnetic properties of individual atoms [1,4,5,11,12]. Un-
til now, STM combined with other experimental techniques
identified various single-atom systems with large MAE, such
as individual atoms and clusters of Fe and Co on Pt(111)
[6,13], individual Co atoms on MgO/Ag(100) [8], single Fe
and Mn atoms on CuN/Cu(100) [7], single Ho atoms on
Pt(111) [14] and MgO/Ag(100) [1,15,16], individual Fe atoms
on MgO/Ag(100) [17], Gd atoms and dimers on Pt(111) and
Cu(111) [18], and so on [4,5,12]. Large magnetic anisotropy is
usually developed on those individual 3d or 4 f electron based
magnetic adatoms by the interplay between the crystal field,
a large orbital moment, and strong spin-orbit coupling (SOC)
interaction [6,8,16,17,19], and the special- or low-symmetry
bonding geometry for those adatoms is also crucial for further
enhancing the MAEs [8,14,17].

Apparently, the reported experimental studies in this field
mainly focus on the MAEs and magnetic properties of sin-
gle 3d transition-metal adatoms [4,6–8,12,13,17] and 4 f
rare-earth adatoms [1,4,12,14–16,18]. Theoretical studies also
predict the existence of large MAEs in 4d or 5d transition-
metal adatoms [19]. Except for these transition-metal and
rare-earth adatoms, actinide atoms with unpaired 5 f electrons
are in principle promising candidates for building atomic-
scale magnets, because 5 f electrons exhibit an intermediate
character between the relatively more itinerant 3d and rel-
atively more localized 4 f electrons, and 5 f electron based
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elements have more extended valence orbitals and stronger
spin-orbit coupling than 4 f elements do, which may guarantee
a large MAE. Indeed, slow magnetic relaxations were detected
in some carefully designed actinide-based single-molecule
magnets [20–22] and a large MAE up to 48 meV and long
coherence time were predicted in a U atom substituting Al
on Al2O3(0001) by first-principles calculations and model
analyses [23]. Yet, there is little direct experimental obser-
vation and evidence of the existence of MAE in single 5 f
electron based actinide adatoms. Among all the 5 f electron
based actinide elements, uranium is widely used in nuclear
industry and nuclear engineering and provides a rich platform
for both fundamental research and engineering application.
However, the high chemical reactivity and the high evapora-
tion temperature (∼2100 K) of U metal impose a challenge
on constructing low-dimensional U-containing samples on the
atomic scale. As a consequence, the properties of single U
atoms have been rarely investigated by experimental methods.
Until recently, individual U atoms adsorbed on conducting
surfaces were prepared and then investigated by STM in our
group [24,25]. The properties of single U adatoms exhibit rich
diversity, including 5 f -driven Kondo resonance on multilayer
graphene/6H-SiC(0001), Cu2N/Cu(100), Bi(110) [25], and
Ag(111) [24]; subatomic features on graphene/6H-SiC(0001),
Cu2N/Cu(100), and Bi(110) [25]; and intermetallic surface
reactions on Cu(111) and Ag(111) at low substrate temper-
atures [24]. However, more work needs to be done regarding
the observation of experimental signs related with the 5 f elec-
tron induced magnetic anisotropies in these systems. Further
exploration of single U atoms adsorbed on various substrates
is crucial for verifying the possibility of inducing MAE by 5 f
electron based atoms.

Here we report the observation of magnetic anisotropy
revealed by the inelastic tunneling spectroscopies (IETSs)
in single U atoms and the successful manipulation of the
magnetic states of single U atoms by STM. Our STM ob-
servations combined with first-principles calculations show
that the hollow site of the 2 ML MgO/Ag(001) surface is
the spontaneous and energetically most favorable adsorption
site for a U atom. Meanwhile, a U atom can be controllably
switched from the hollow site to the O-top site and vice versa
via STM atom manipulation techniques. Single U atoms on
the O-top sites show complex features in the tunneling differ-
ential conductance (dI/dV ) spectra, including a symmetric
dip located at the Fermi energy (EF ); a peak and a hump,
respectively located within the negative and positive sample
biases. While the peak and hump originate from the resonance
tunneling via the discrete atomic orbitals of U adatom in the
double-barrier tunnel junction (DBTJ) [26–28] formed by the
tip–vacuum layer–U adatom–MgO–Ag(001), the symmetric
dip at EF is attributed to the spin-flip excitation with an ex-
citation energy Esf of about 7.7 meV, which is induced by an
out of plane magnetic anisotropy confirmed by both theoreti-
cal calculations and experimental characteristics. In contrast,
a U atom at the hollow site exhibits a two-lobe subatomic
structure, arising from the sdf suborbitals of U itself, in the
dI/dV maps, but it does not reveal any signatures relevant
with MAE. These results signify that a switching of the MAE
and magnetic state of the U atom is realized via repositioning
it between the hollow and O-top sites on MgO(001)/Ag(001).

Our study corroborates that single 5 f electron based atoms
can exhibit a detectable MAE through adsorbing on an ap-
propriate supporting surface, and the atomic coordination and
bonding geometry with the supporting surface determined by
the specific adsorption configuration are vital for the creation
of a considerable MAE.

II. EXPERIMENTS AND METHODS

The preparation of the Ag(001) substrate and growth of
ultrathin MgO films were carried out in an ultrahigh-vacuum
(UHV) chamber with a base pressure below 8 × 10–11 mbar.
Ag(001) single crystal was cleaned by repeated cycles of
Ar+ sputtering and annealing to ∼620 K. We grew 2 ML
MgO(001) films on a clean Ag(001) surface by depositing
Mg under an oxygen pressure of 8 × 10–7 mbar for 3–4 min
while keeping the Ag(001) substrate at 470 K. To avoid ox-
idation and contamination of the highly reactive uranium, its
deposition and the following STM measurements were per-
formed in another UHV chamber with a base pressure greater
than 1.5 × 10–11 mbar. U metal with a purity of 99.9% was
degassed and purified by a procedure presented in Ref. [24]
before deposition. Then a small amount of U atoms were
deposited onto 2 ML MgO film grown on Ag(001) by keeping
the substrate at 7 K. All the measurements were performed
by utilizing a commercial low-temperature STM operated at
4.2 K. Clean tungsten tips were used after Ar+ sputtering and
after being treated on a clean Cu(111) surface. The differential
tunneling spectra (dI/dV ) were recorded through a standard
lock-in technique with a modulation frequency of 731 Hz and
a rms modulation amplitude of Vmod = 4 mV.

DFT calculations were carried out using the Vienna Ab
initio Simulation Package (VASP) [29]. Within the projector
augmented wave (PAW) [30] framework, the plane-wave cut-
off energy was set to be 400 eV. The exchange-correlation
functional was treated within the Perdew-Burke-Ernzerhof
(PBE) [31] version of generalized gradient approximation
(GGA). Our periodic slab model is a 3 × 3 × 1 supercell
consisting of two Ag(001) layers and two layers of MgO(001)
whose O atoms sit above the Ag atoms. To be consistent with
the underlying Ag lattice, the in-plane lattice parameter of
MgO was compressed by 2%. A vacuum layer of 15 Å was
added towards the z direction to eliminate the interactions be-
tween the neighboring slabs. During geometric optimization,
we fixed the bottom two Ag layers and relaxed the other atoms
fully until the residual atomic force on each atoms was smaller
than 0.02 eV/Å. The magnetic anisotropy energy (MAE) was
calculated by including spin-orbit coupling (SOC), and here
the k-point mesh and energy convergence criterion were raised
to 5 × 5 × 1 and 1 × 10−6 eV, respectively. The GGA+U
method was adopted to deal with the on-site Coulomb interac-
tion between the 5 f electrons in uranium [32,33]. The effect
of varying the Hubbard U value will be discussed later and
is also shown in the Supplemental Material (Figs. S6 and S7
[34]; this includes Refs. [26–28,35–37]).

III. RESULTS AND DISCUSSION

Figure 1(a) shows a typical topographic image of MgO
film (or island) grown on Ag(001). Surface defects appearing
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FIG. 1. U atoms on MgO/Ag(001) surface. STM topography of MgO/Ag(001) surface (a) before and (b) after the deposition of a small
amount of U atoms (Vb = 1.0 V, I = 100 pA). White arrows indicate two examples of surface defects on the MgO film. Atomically resolved
STM image of (c) clean Ag(001) surface (Vb = 2 mV, I = 1.6 nA) and (d) 2 ML MgO grown on Ag(001) (Vb = 4 mV, I = 15.7 nA).

as irregular depressions are commonly observed on the MgO
films [35]. From Figs. 1(c) and 1(d), the surface atoms of
MgO and Ag(001) are arranged in the same direction and
the MgO film has a lattice constant of 2.94 Å. This value is
very close to but a little bit smaller than

√
2/2a0 = 3.0 Å,

where a0 = 4.25 Å is the lattice constant of bulk MgO [38].
These results corroborate that the grown MgO surface is the
(001) plane and only one type of element, i.e., either Mg or
O, is imaged by STM. Since ab initio calculations indicate
that oxygen atoms have the highest density of electrons on the
MgO(001) plane [39], the imaged atoms in Fig. 1(d) should
be oxygen. The slight shrinkage of the STM-measured surface
lattice constant (2.94 Å) on MgO/Ag(001) films compared to
their bulk counterpart (3.00 Å) originates from the contraction
of the grown MgO films caused by the 2% lattice mismatch
between the Ag(001) substrates (a0 = 4.16 Å) and bulk MgO.
Furthermore, through carefully comparing the height profile
of the MgO film measured under low biases with that taken
above the energy level of the MgO(001) surface state (see
Sec. SM I of the Supplemental Material [34]), we can deter-
mine that the thickness of the MgO film is two monolayers.
After the deposition of U atoms, spherical protrusions with
almost uniform heights and diameters are randomly dis-
tributed on the clean region of MgO/Ag(001) as shown in
Fig. 1(b). The apparent sizes of these protrusions [also see
Figs. 2(a)–2(d)] are comparable with those of single U atoms
adsorbed on graphene/6H-SiC(0001), Cu2N/Cu(100) [25],
and transition-metal surfaces [24]. Therefore we can confirm
that most spherical protrusions with uniform height are single
U atoms rather than U clusters.

The uniform heights and diameters of U adatoms on
MgO/Ag(001) imply that they spontaneously adsorb at the
equivalent sites, which should be the most energetically stable
adsorption sites for U. Intriguingly, we find these single U
atoms can be controllably and reversibly repositioned among
the spontaneous adsorption sites and a different kind of
adsorption site on MgO(001) by STM atom manipulation.
Figure 2(a) shows a small-scale topographic image includ-
ing five U atoms on MgO/Ag(001) and one impurity atom
with relatively lower apparent height. The impurity atom can
act as a hallmark in the following manipulation operations.
Via using a STM lateral manipulation method [40,41], we

pushed two U atoms to a different kind of adsorption site
[the white arrows mark the pushing direction in Fig. 2(a)],
resulting in obvious enlargement of the apparent size as shown
in Fig. 2(b). The measured height profiles [Fig. 2(d)] indicate
the apparent sizes of these two U atoms are ∼0.08 nm higher
and 0.1 nm wider than before. Through applying 0.3 V voltage
pulses, these two U atoms were switched back to their initial
adsorption configurations [see Fig. 2(c)]. To figure out these
adsorption configurations, we performed first-principles cal-
culations in the framework of DFT, and four high-symmetry
binding sites on MgO(001), including O-top, Mg-top, hollow,
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FIG. 2. Switching the adsorption configurations of single U
atoms on MgO by STM atom manipulations. (a)–(c) A series of
STM images showing the process of pushing two individual U atoms
[the white arrows mark the pushing direction in panels (a)] from
the hollow sites to the O-top sites by a STM lateral manipulation
method [40,41] and then moving them back to the hollow sites by
applying voltage pulses (Vb = 0.1 V, I = 200 pA). (d) Comparison
of the height profiles measured across a U atom before [black line in
panel (a)] and after [red line in panel (b)] the lateral manipulation.
DFT calculated atomic structure of a U atom adsorbed (e) at hollow
site and (f) atop an O atom of 2 ML MgO/Ag(001). Gray, red, and
orange balls, respectively, represent U, O, and Mg atoms.
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FIG. 3. Subatomic structure of single U atom adsorbed at the
hollow site of MgO/Ag(001) observed by STM. (a) Topographic
image and (b) dI/dV map of an isolated U atom adsorbed at the
hollow site of 2 ML MgO film on Ag(001) (Vb = −0.1 V, I=400 pA).
(c) Comparison between typical dI/dV spectra taken on clean area
of MgO surface and that taken above a single U atom adsorbed
at the hollow site of MgO. (d) Calculated PDOS of a single U
adatom adsorbed at the hollow site of MgO. (e) Isosurface of charge
density around a single U atom at the hollow site of MgO in the
energy range of −0.15 to −0.05 eV. The isosurface value is taken
as 1.5 × 10−3 e Å−3. Red and orange balls represent O and Mg
atoms, respectively. The results shown correspond to U = 1 eV (see
Sec. SM IV in the Supplemental Material [34]).

and Mg-O bridge sites, were considered. During geometry
optimization, the U atom on the hollow site stretches out two
neighboring O atoms as shown in Fig. 2(e). The U atom on
the Mg-top or bridge site transfers to the hollow site and
forms the same structure. On the O-top site, the U atom can
remain stable after pulling out the O underneath [Fig. 2(f)],
and it is about 0.29 eV higher in energy than on the hollow
site. As shown by the side view of the structural models in
Figs. 2(e) and 2(f), the height of the U atom on the O-top site
is 0.34 Å higher than that on the hollow site. The increased
height naturally leads to a larger apparent size in the STM
constant current image. Based on these results, we confirm
that single U atoms spontaneously adsorb on the hollow sites
after deposition, and they migrate to the neighboring O-top
sites after STM lateral manipulations and hence appear larger
in the topographic images.

Figure 3(a) shows the topographic image of an individual
U atom adsorbed at the hollow site of MgO(001), and its
characteristic dI/dV spectrum together with the spectrum
on bare MgO are shown in Fig. 3(c). Several peak features
observed in the U spectrum are not the intrinsic features that
arose due to the U atom itself. Instead, these features may
stem from the specific density of states of either the STM
tip or the MgO/Ag(001) substrate, since the same features

were also detected on the bare MgO surface. Considering
that the MgO layer has a large intrinsic insulating gap below
1.7 eV [35,36] and Ag(001) is metallic and does not have any
surface states around EF , these peak features should originate
from the STM tip. It is noteworthy that the dI/dV signal of
the U atom displays a significant increase within the negative
bias range. Via recording the spectra by other different STM
tips (see Figs. S3(a) and S3(d) [34]), we confirm that the
increase of the dI/dV signal is directly related with the U
atom, instead of any tip states. Meanwhile, the dI/dV map
of the U atom at the hollow site [Fig. 3(b)] taken at −0.1 V
shows a two-lobe structure. The charge distribution calculated
by the GGA+U method via choosing Hubbard U = 1 eV can
precisely reproduce the measured two-lobe structure in the
dI/dV map [Fig. 3(b)], as shown in Fig. 3(e). Our calculations
indicate that Mg atoms nearly show no density of states in
the energy range of −0.15to −0.05 eV and O atoms also
display very small spherical isosurfaces of a charge density
of 1.5 × 10−3 e Å−3, which do not overlap with the electronic
states of the U atom. As shown in Fig. 3(d), there exist only
the s, dxy, dz2 , and fxyz states from the U atom itself in this
energy range. Consequently, we can confirm that the two-
lobe structure arises from the superposition of U’s valence
states. There are few reports of such distinct observations
of subatomic structures in other single-atom systems, except
for our previous study of single U atoms on other metal or
semiconducting surfaces [25]. The significant enhancement of
the dI/dV signals within the negative biases on the U atom
also results from the much larger occupied density of states in
these U suborbitals compared with those on a bare MgO(001)
surface.

In contrast, U atoms adsorbed at the O-top site of MgO
display rich tunneling spectral features. Figures 4(a) and 4(b)
show the dI/dV spectra measured at different sites [marked
by the black dots in the inset of Fig. 4(a)] above an isolated U
adatom at the O-top site as well as on bare MgO. The spectra
on U adatoms are dominated by three typical features: a dip
located at the Fermi energy (EF ), a hump (in other words,
a broadened peak) [indicated by the arrows in Fig. 4(a)] lo-
cated at positive biases, and a peak [indicated by the arrows
in Fig. 4(b)] located at negative biases, whereas the dI/dV
spectra recorded on bare MgO by the same STM tip do not
show any obvious features. This confirms that these observed
spectral features indeed stem from the U adatom rather than
the special tip states. When the STM tip is moved outwards
from the atom center, the hump or peak structures, respec-
tively, shift towards higher or lower energies. The shifting
behavior of a pair of peaks upon leaving the atom center
is a typical manifestation of resonance tunneling through a
double-barrier tunnel junction (DBTJ) [26–28]. Indeed, the
STM tip, vacuum layer, U adatom, MgO layer, and Ag(001)
substrate together can constitute a DBTJ, among which the
vacuum barrier and the insulating MgO layer act as the two
tunneling barriers. In this case, if an appropriate bias voltage
is applied, electrons can pass through the DBTJ via discrete
atomic orbitals (DAOs) of the U adatom, which will cause
a sudden current increase, usually appearing as a peak in the
dI/dV curve [26–28]. Through carefully analyzing the behav-
iors of the two spectral features (see the detailed discussions
in Sec. SM III [34]), we conclude that the hump or peak are
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FIG. 4. Uniaxial magnetic anisotropy effect in a single U atom
at the O-top site and single electron tunneling in the DBTJ formed
by the tip–vacuum layer–U adatom–MgO–Ag(001). dI/dV spectra
(a) around EF and (b) focusing on negative biases taken at different
positions [marked by the black dots in the inset of panel (a)] above an
individual U atom at the O-top site. Inset in panel (a) STM topogra-
phy of the single U atom at the O-top site. For comparison, the typical
spectra of the bare MgO/Ag(001) surface are shown as gray curves in
panels (a), (b). The hump and the peak features in each spectrum are
indicated by colored peaks in panels (a), (b). (c) Inelastic tunneling
spectra (d2I/dV 2) around EF taken at the same positions marked by
the black dots in the inset of panel (a) (Vb = −80 mV, I=600 pA).
(d) The mean square deviation (χ 2) as a function of excitation energy,
i.e., peak position. χ 2 is obtained in the Gaussian fitting of the
dip-peak structure in the d2I/dV 2 spectrum of a U atom at the O-top
site. Inset in (d) shows an example of Gaussian fit (represented by
the yellow dashed line) to the d2I/dV 2 spectra of the U atom. (e),
(f) dI/dV maps of the U atom at the O-top site taken at (e) Vb =
10 mV and (f) Vb = −10 mV (I = 600 pA). (g) Calculated 5 f orbital
decomposed DOS of a U atom at the O-top site.

induced by resonance tunneling through the vacuum barrier
to the lowest unoccupied discrete atomic orbital (LUDAO)
of U or from the highest occupied discrete atomic orbital
(HODAO) in the DBTJ, respectively.

In sharp contrast with the shifting behavior of the hump
and peak, the amplitude and energy position of the dip feature
remains almost unchanged upon leaving the U atom center
as shown in Fig. 4(a). In particular, the dip feature is almost
symmetric with respect to EF . To further verify its symmetry,
we numerically differentiate the dI/dV spectra and smooth
them to obtain the curves in Fig. 4(c). The d2I/dV 2 curves

indeed reveal a local dip-peak structure with the local mini-
mum and maximum symmetrically located below and above
EF . The differential conductance maps taken at ±10 meV [see
Figs. 4(e) and 4(f)] indicate that the energetically symmetric
dip feature in dI/dV is nearly homogeneously distributed
inside the U adatom. Several possibilities, including a Kondo
effect, atomic vibrations, or spin-flip excitations, can produce
a dip feature around EF in the dI/dV spectrum. The Kondo
resonance usually behaves as an asymmetric line shape in
the dI/dV curve and it can produce a symmetric dip feature
only when the probability of tunneling into the continuum
conduction bands of the host substrate is much larger than that
of tunneling into the Kondo resonance state [42]. Generally
speaking, the energy position of the Kondo resonance dip is
close to but not exactly coincident with EF and the amplitude
of the Kondo dip distinctly decreases upon leaving the mag-
netic atom center, as observed in single U atoms adsorbed on
graphene/6H-SiC(0001), Cu2N/Cu(100), and Bi(110) [25].
Although the possibility of a Kondo effect cannot be fully
excluded, both the symmetric line shape and the unchanged
amplitude of the dip feature suggest that the Kondo effect
is less likely to be the cause of the observed dip. To detect
atomic vibrations, an extremely high signal to noise ratio is
needed for the STM measurements. However, the vibration
noise of our STM in the z direction, i.e., normal direction
of sample surface, is about 4 pm. Under this condition, our
STM cannot probe the atomic vibrations. So the dip feature is
more likely to be attributed to the magnetic spin-flip excita-
tion driven by the inelastic electron tunneling which transfers
energy and angular momentum to the U adatom. Neverthe-
less, to fully confirm whether the dip arises from magnetic
excitation, a stronger evidence would be to observe a shift of
the excitation energy under a magnetic field. It is necessary
to perform more experiments under magnetic fields to further
verify our point in the future. Even so, such a magnetic exci-
tation manifested as a symmetric dip in dI/dV or a dip-peak
structure in the d2I/dV 2 spectra has been observed in many
other single magnetic atom systems [13,14,18,43]. However,
even giant magnetic anisotropy or magnetic remanence has
been identified for single 3d transition-metal (Co, Fe) atoms
[8,17] or 4 f rare-earth (Ho) atoms adsorbed at the O-top
site on MgO/Ag(100) [1,15,16], experimental indication of
the magnetic excitations of single 5 f electron based actinide
atoms reported here.

The spin-flip excitation energy Es f can be determined from
the Gaussian fitting of the dip-peak structure [e.g., the fitting
curve in the inset of Fig. 4(d)]. Figure 4(d) shows the mean
square deviation χ2 as a function of peak position obtained
from the fitting of the d2I/dV 2 spectrum of a U atom at the
O-top site. A clear minimum appears at 6 meV. We repeated
this operation for several different single U atoms, and all
of them yield a distinct minimum of χ2 at similar energies,
leading to a mean value of 6.1 ± 0.1 meV. Naturally, this
energy, at which the minimum of χ2 appears, can be taken
as the excitation energy Es f . However, it is worth noting that
the instrumental broadening can impose a dramatic effect on
the measured inelastic spectra. According to the studies of
Balashov et al., when the dip-peak distance becomes com-
parable to or smaller than the instrumental broadening, the
peaks appear at positions increasingly deviated from the real
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excitation energy [12,44]. On the contrary, if the dip-peak
distance is larger than the instrumental broadening, the peak
positions appear essentially unshifted [12,44]. In our current
work, the instrumental broadening is mainly contributed by
three factors: thermal broadening (5.4 kBT ), bias modula-
tion amplitude (1.7 eVmod), and the loss of energy resolution
(Wsmooth = 1.95 meV) caused by smoothing the d2I/dV 2.
Therefore, the total instrumental broadening is determined
by Winstrum = [W 2

smooth + (5.4kBT )2 + (1.7 eVmod )2]
1/2

, yield-
ing a value of 7.3 meV. Obviously, the dip-peak distance
(12.2 ± 0.2 meV) is larger than the instrumental broadening.
Therefore we can conclude that the peak and dip positions
are essentially unshifted in our experiments. Even so, it is
important to further check the excitation energy by using a
smaller modulation voltage or performing the measurements
at lower temperatures after we update our instrument in the
future.

The average full width at half maximum (FHWM) of the
dip-peak structures on several single U atoms at the O-top
sites is determined as 15.8 ± 1.2 meV based on the criterion
of minimum χ2 in Gaussian fitting. The lifetime τ of the mag-
netic excitation can be estimated by the uncertainty principle
τW �h̄/2, where W is the intrinsic width of the dip-peak
structure [18]. The relation between the measured FHWM, the
instrumental broadening Winstrum, and the intrinsic width W is
given by FHWM = (W 2 + W 2

instrum )1/2 [45]. Based on these
relations, we can obtain that the intrinsic width W is 14 meV
and the excitation lifetime τ of the U atom at the O-top site
is about 24 fs. The height of the dip in the dI/dV spectrum
reveals that about 42% of the tunneling electrons participate
in the spin-flip excitation, leading to a time of 0.63 ns between
consecutive excitation events for I = 600 pA. This time is
four orders of magnitude longer than the magnetic excitation
lifetime. Therefore, there are no consecutive multilevel exci-
tations and only excitations from the ground state are probed
in our experiments.

The relationship between the classical MAE and the spin-
flip excitation energy Es f can be estimated by this formula:
MAE = Es f × J2/(2J−1) [13,18], where J is total angular
momentum. Since the orbital angular momentum is prone
to decrease or quench when the atom adsorbs on the sub-
strate, the J value of the U atom should be smaller than
6, i.e., the J value of a free U atom. Because the exper-
imentally determined Es f of the U atom at the O-top site
is ∼6.1 meV, the corresponding MAE should be smaller
than 20 meV. Since SOC is the prerequisite to inspire mag-
netic anisotropy, we included the SOC effect and adopted
the GGA+U method to compute the MAE of the U atom
at the O-top site. Figures S6(a) and S6(b) [34] show that
the value of Hubbard U has a dramatic effect on the cal-
culated MAE. The MAEs of both sites calculated by GGA
are negative, corresponding to an in-plane easy magnetic
axis. After including on-site Coulomb interaction, the MAE
changes drastically and the easy magnetization axis switches
to the z axis. Therefore, to match the measured value of Es f

and the easy magnetization axis, a Hubbard U value around
0.5 eV is a reasonable result for a U atom adsorbed at the
O-top site. To obtain further understanding of the origin
of the perpendicular MAE, we consider the second-order

perturbative contribution of spin-orbit coupling (SOC) to
MAE depending on the atomic site and the spin transi-
tion process [10,46,47]. The orbital-decomposed densities
of 5 f states of a U atom at the O-top site with a
Hubbard U = 0.5 eV were calculated and are shown in
Fig. 4(g). Since the minority-spin occupied states are almost
zero, the main contributions of MAE arise from the spin-
conservation term �EU

↑⇒↑ and the spin-flip term �EU
↑⇒↓.

To estimate �EU
σ⇒σ ′ , the angular momentum matrix ele-

ments are considered. It is found that the minority-spin
unoccupied U- fx(x2−3y2 ) and U- fz(x2−y2 ) states are much larger
than the majority-spin unoccupied U- fx(x2−3y2 ) and U- fz(x2−y2 )
states, as shown by the black and red curves. Conse-
quently, the spin-flip term �EU

↑⇒↓ of 〈yz2|Lx|x(x2−3y2)〉,
〈xyz|Lx|x(x2−3y2)〉, and 〈yz2|Lx|z(x2 − y2)〉 make a posi-

tive contribution to MAE, while the spin-flip term �EU
↑⇒↑

of 〈y(3x2 − y2)|Lx|x(x2−3y2)〉 and 〈xyz|Lz|z(x2 − y2)〉 makes
the primary negative contribution. Furthermore, the positive
contribution and negative contribution to MAE from other an-
gular momentum matrices are almost equal due to the similar
majority-spin unoccupied states and minority-spin unoccu-
pied states. Meanwhile, the contributions from the 6d states
of U are negligible. To sum up, the MAE contributed from
all nonvanishing angular momentum matrix elements is posi-
tive, resulting in an effective 5 f -driven out of plane magnetic
anisotropy.

In contrast to the distinct spectral structure driven by the
magnetic excitations for a U atom at the O-top site, the U
atom at the hollow site does not show any spectral features
related with the spin-flip excitation at EF [see Fig. 3(c)],
suggesting the absence of magnetic excitation or a negligible
excitation magnitude, which is hard to detect under the current
experimental condition. By considering the effective instru-
mental broadening, its MAE should be smaller than 4.2 meV.
According to Figs. S6(b) and S7 [34], the calculated MAE
at a Hubbard U � 1 eV agrees well with the experimental
result for the U atom at the hollow site. By considering the
second-order perturbative contribution of SOC to MAE from
our calculations, the out of plane contribution and in-plane
contribution to MAE are comparable with each other and
hence being offset, leading to a very small total MAE for a
U atom at the hollow site. The large discrepancy between the
MAE of a U atom at the O-top and hollow site indicates that
the specific adsorption configuration (or site) of the magnetic
atom on the supporting surface plays an important role in
the formation of magnetic anisotropy. Different adsorption
configurations result in significantly different coordination
numbers and bonding geometries. The distinct reducing of the
coordination number (from 4 to 1) for the U atom switching
from the hollow site to the O-top site is probably one of the
decisive factors for inducing a visible MAE. It is noteworthy
that the XMCD (x-ray magnetic circular dichroism) study
of the 3d cobalt nanoparticles also confirm that the MAE
depends on the single-atom coordination and MAE decreases
strongly with increasing Co coordination, which is in line with
our result [6].

Another important factor for inducing a visible MAE
is choosing an appropriate supporting surface. Previ-
ously, we have systematically studied single U atoms
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adsorbed on various surfaces, ranging from metal [Cu(111),
Ag(111), Au(111), Ru(0001), Bi(110)] to semiconducting
[graphene/6H-SiC(0001)] to insulating [Cu2N/Cu(100)] sur-
faces [25], yet none of them show any experimental signatures
connected with magnetic anisotropy. Previous studies on a 4 f
adatom performed by Donati et al. indicate that choosing a
proper tunnel barrier to decouple the spin of a magnetic atom
from the underlying metal is crucial for the realization of a
large atomic MAE [16]. Also, the MgO thin film has been
demonstrated as a useful decoupling layer for the 3d- [8,17]
and 4 f - [1,15,16] as well as the 5 f -U single atoms. The
MgO layer is insulating and hence can provide a large gap to
somehow isolate the thermal bath of the substrate electrons.
However, having only an insulating layer is not enough to
guarantee a large MAE; this is demonstrated by the absence
of magnetic anisotropy in the U atom (with a coordination
number of 4) on Cu2N/Cu(100), where the Cu2N thin film
is also insulating [25]. Another important characteristic mak-
ing the MgO thin film special is that it provides a special
adsorption site, i.e., the O-top site, which allows the lowest
coordination number (of 1) for the surface magnetic adatom,
ensuring a large MAE or even a stable symmetry-protected
magnetic ground state [16].

IV. CONCLUSION

To summarize, our STM and theoretical studies provide
an overall picture about the adsorptions, and electronic and
magnetic properties of a single 5 f electron based uranium
atom on a 2 ML MgO/Ag(001) surface and present a direct
observation of a considerable MAE in single U atoms. The U
atom at the hollow site of MgO displays a two-lobe subatomic

structure, arising from the U’s s, d , and f states, in the dI/dV
map and it does not exhibit any experimental signatures of
magnetic anisotropy. In contrast, the U atom at the O-top
site reveals complex spectral features, including two features
related with resonance tunneling through U’s atomic orbitals
in the DBTJ and a symmetric dip at EF induced by the inelas-
tic spin-flip excitation, which reflects a nearly perpendicular
magnetic anisotropy under the presence of SOC and a proper
correlation effect. The notable difference between the MAEs
of U at the O-top and hollow sites emphasizes the importance
of the specific atomic bonding geometry and the coordination
number of the magnetic adatom on the supporting surface for
attaining a large MAE. The capability of repositioning the U
atom between the hollow and O-top site by STM atom ma-
nipulation techniques thus equivalently enables us to tune the
individual atomic spins on the metal-supported insulating thin
films, which is a crucial step towards building nanoscale or
atomic-scale spintronic devices. Our work offers inspiration
of how to create an atomic MAE via choosing proper sup-
porting substrates for individual 5 f electron based adatoms
and thus provides an opportunity to investigate the possibility
of constructing nanoscale or atomic-scale 5 f electron based
spintronic devices or quantum memory in the future.
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