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Sensing the Spin of an Individual Ce Adatom
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The magnetic moment of rare earth elements originates from electrons in the partially filled 4 f orbitals.
Accessing this moment electrically by scanning tunneling spectroscopy is hampered by shielding of
outerlying orbitals. Here, we show that we can detect the magnetic moment of an individual Ce atom
adsorbed on a Cu,N ultrathin film on Cu(100) by using a sensor tip that has its apex functionalized with a
Kondo screened spin system. We calibrate the sensor tip by deliberately coupling it to a well characterized
Fe atom. Subsequently, we use the splitting of the tip’s Kondo resonance when approaching a
spectroscopically dark Ce atom to sense its magnetic moment.
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Recently, the magnetism of surface-supported rare earth
elements has come newly into focus, because individual
atoms with 4f electrons on ultrathin insulators have been
found to show long relaxation times [1], making them
interesting candidates for atomic scale memory and pos-
sible qubit realization. Because of their large orbital angular
momentum, which results in less extended orbitals than the
3d orbitals of transition metals like Fe or Co, f orbitals do
not usually take part in chemical bonds and only hybridize
weakly. This isolation is both a blessing and a curse as
this promotes magnetic stability, but at the cost of easy
detection and manipulation by electrical means.

Accordingly, scanning tunneling microscopy (STM) and
spectroscopy measurements on Ho and Gd adatoms on Pt
(111) revealed only low or no detectable interaction cross
section between the tunneling electrons and the localized
spin [2-4]. Nevertheless, the 4f moment of Ho atoms
adsorbed on a thin insulating film of MgO on Ag(100) was
detected as a change in the electron spin resonance
frequency of a single Fe adatom [5] and changed the
spectrum of a Co atom in HoCo dimers [6].

Furthermore, in compounds and thin layers of Ce, a
lanthanide which hosts only one 4f electron, Kondo
screening has been observed [7-11]. In Kondo systems,
the magnetic moments get compensated by itinerant
electrons leading to a highly correlated singlet state and
a resonance at the Fermi energy below a characteristic
Kondo temperature T, [12—15]. Kondo features have been
found on surface-supported double-decker molecules con-
taining Dy [16], however, measurements on Ce atoms on
Ag(111) showed ambiguous results. While first results
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hinted at Kondo screening [17], subsequent investigations
revealed that single Ce adatoms diffuse on the Ag(111)
surface even at 4.7 K [18-21] suggesting that the earlier
measurement was taken on an immobile Ce cluster and that
hydrogenated 4f atoms can show low-energy vibrational
excitations mimicking a spin signal [22]. However, small
Ce clusters showed a clear Kondo resonance [15].

Therefore, we readdressed the question of the magnetic
moment of single Ce adatoms by codepositing individual
Fe and Ce atoms onto a monolayer of Cu,N on Cu(100)
[23] and performing experiments with a homebuilt STM at
Tep, = 0.7 K. As shown in Fig. 1(a), single Ce and Fe
atoms as well as small clusters formed during deposition at
~10 K are imaged as stable protrusions. The single atoms
adsorb on the Cu sites of the Cu,N [24]. Measuring the
differential conductance dI/dV of Fe atoms revealed
characteristic features originating from spin-flip excitations
[32,33]. To interpret these spectra we use a model
Hamiltonian for the magnetic atom,

ﬁimp:DS§+E(si_S§)_gﬂBESv (1)

where the spin system is described by the generalized spin
operator § = (8, S‘y, S.), D and E are the axial and
transverse magnetic anisotropy parameters. The Zeeman
energy is accounted for with g~ 2 as the gyromagnetic
factor, up the Bohr magneton, and B the applied mag-
netic field.

The steplike increase in dI/dV is due to excitations from
the ground to energetically higher eigenstates |¥) of Eq. (1)
via Kondo-like interactions between the localized magnetic
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(a)—(c) Schemes and STM images (5 x 5 nm?, V = 10 mV, I = 1 nA) illustrating the formation of the functionalized tip by

picking up (a — b) and dropping down (b — ¢) a small Ce cluster. (d)—(g) Spectra (black lines) and fits using the scattering model
(dashed red lines) or a Fano line shape (dashed green lines). (d) Spectrum of a Fe atom with spin S = 2 and axial anisotropy along the
nitrogen rows of the Cu,N surface (right inset) with D = —1.6 meV, E = 0.3 meV (left inset: state diagram), Jp, = —0.09 and
U = 0.35 (bottom), and a Ce atom with flat spectrum (top). (e) Ce cluster showing Kondo resonance having I' = 1.3 = 0.1 meV,
q~0.45,and Tg ~ 15 K [cross in (a)]. (f) Same Ce cluster after transfer to the tip apex with S = 3/2 (inset: state diagram) measured
against the bare surface [cross in (b)] and (g) after transfer back to the surface showing again a Kondo resonance having

I'=0.80+£0.02 meV, g~ 3, and Tx = 9.3 K.

moment and the tunneling electron. The tunneling electron
has states |¢) and spin matrices 6 = (6,. 6. 6), leading to
the transition matrix elements between initial (i) and final
(f) states:

1, & . oa
Mi.;= Z<¢f",Tf'| <§°' S+ Us - 1) g, W), (2)
i/,f/

Here, |, ¥;) = |¢;)|¥;) are product states, 6, and 1 are
identity matrices in their corresponding Hilbert subspaces,
and U is a Coulomb scattering parameter which accounts
not only for a background dI/dV, but also leads to
interference induced bias asymmetries in the spectra, when
higher scattering orders are considered [34].

We find an excellent fit to the Fe data using the
previously found effective spin S = 2, easy-axis anisotropy
(D < 0) which favors the high magnetic moment along the
N rows of the Cu,N [33], and a transport model which
includes scattering processes up to 3rd order in the matrices
[34,35] [Fig. 1(d)]. For 3rd order processes, we additionally
take the dimensionless coupling Jp, into account, where J
is the interaction strength between the many electrons of the
substrate and the atom’s magnetic moment and p, is the
density of states at Fermi energy.

Interestingly, while the dI/dV of Fe atoms show
strong steps that indicate spin excitations, single Ce
atoms do not. Their spectra are essentially flat and
featureless [Fig. 1(d)]. This changes when measurements
are taken on a small cluster of Ce atoms [15]. Figure 1(e)
shows that we detect an asymmetric feature centered near
V = 0 which can be well described by a Fano line shape
[36,37]:

(g+€)?

dl/dV « e + (1 4 a€')pg. (3)

In this equation, ¢ = (eV —¢€g)/T is the normalized
energy where ex ~ 0 is the position and I" the half-width
of the resonance, ¢ is the Fano parameter, and
(1 + a€’)py accounts for a background dI/dV. We find
'~ 1.3 meV which is due to Kondo screening of the
cluster’s magnetic moment with Tgx = I'/kg ~ 15 K. The
q~0.45 indicates a relatively strong direct tunneling
channel between the tip and the substrate [38]. Because
T < Tk the cluster is in the strong screening regime [39].

Surprisingly, when we transfer this Ce cluster to the STM
tip, by applying +1 V bias pulses at close to point contact,
the spectrum changes drastically, now revealing a narrow

167202-2



PHYSICAL REVIEW LETTERS 124, 167202 (2020)

Kondo resonance, and a spin excitation at about £2.5 meV
[Fig. 1()]. This spectrum is typical for an effective S = 3/2
system in which the zero-bias Kondo peak originates from
scattering between the two degenerate ground states that
have weights in the m, = +1/2 projections, and the steps
from transitions to states that are energetically higher by
Ae = 2v/D? + 3E? [inset Fig. 1(f)]. Similar to Fe, this
spectrum can be fit with the scattering model even though
the central peak is only partly represented, since Kondo
screening includes multiple higher-order scattering. This
spectrum is very similar to that of a single Co atom on
Cu,N [40-42], but here the magnetic moment originates
from the Ce cluster at the apex of the metallic tip, enabling
us to exploit it as a mobile sensor as shown below.
Transferring the cluster back to the surface as a control
experiment by moving the tip to near point contact and
withdrawing while applying V = —1 V leads to a similar
spectrum as before pickup [Fig. 1(g)]. Both spectra show a
Kondo signal, but the transfer of the cluster to a new
location on Cu, N has changed the Kondo signal from dip to
a peak. However, I" is changed only modestly, with T
changing by about 40%, which might be due to different
adsorption geometries [43]. In contrast to the relatively
weak coupling of the cluster when attached to the tip apex,
the apparently stronger coupling to bulk electrons on the
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surface quenches the magnetic anisotropy [41,44] and
moves the spin system into the strong-coupling Kondo
regime.

To characterize the magnetic properties of the Ce cluster
at the tip apex, we probe Fe atoms using the Ce-function-
alized tip, which results in a complex spectrum [Figs. 2(a)
and 2(b)]. Interestingly, the second derivative d’I/dV>
closely resembles the convolution of the individual spectra
of tip and sample, similar to recent observations of coupled
molecular spins in a junction [45]. However, while the
convolution yields the correct transition energies, the peak
intensities differ significantly between data and convolution
[Fig. 2(b)].

This difference has two origins: First, transport which
excites both spin systems is complex because the scattering
events can occur in different sequences, which must be
summed coherently. An electron tunneling from tip (#) to
sample (s) can scatter first with the spin on the tip and then
with the spin on the surface, and it can also first interact
with the surface spin before interacting with the tip spin
[Fig. 2(c)]. Destructive quantum interference between these
different scattering channels cancels all scattering proc-
esses, except those that obey [6, 6'5] + # 0. For spins on tip
and surface, this results in a different form for the
interaction matrix than Eq. (2), giving [24]:

Ce, on
tip

Fe on
surface

coupling J (meV)
) 0 0102030405
— T

6_'|'|

w

energy difference (meV)
(98]

bias V (mV)

FIG. 2.
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(a),(b) Spectra measured with the Ce cluster tip against the Fe adatom of Fig. 1(d) (black lines) and simulated curve (dashed

blue line). For comparison, spectra of the Ce cluster tip, the Fe adatom, and the convolution of both are shown [vertically shifted colored
lines in (b)]. Vertical dashed lines mark transition energies. (c) Scheme of the interaction processes for an electron tunneling from tip to
sample. (d) Visualization of the magnetic anisotropy of the Ce cluster and the Fe/Cu,N surface spin. Red arrows mark the easy axes,
while the black arrow marks the intermediate axis of the tip. (e) Set-point dependent spectra (top to bottom: G = 50, 100, 200, 500 nS)
over a different Fe atom having slightly increased anisotropy parameters (D = —1.85 meV, E = 0.3 meV). (f) Extracted step positions
(symbols) and transition energies of the model calculations using J* o G (lines).
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Here, the first two terms account for scattering in which
spin-spin interaction occurs at only one of the two localized
moments, while on the other only a Coulomb-like inter-
action takes place. The last term accounts for spin-spin
scattering on both the tip and sample moments.

Second, while the anisotropy axis of the Fe adatom is
well known, the anisotropy axis of the Ce cluster on the tip
is unknown and might point in an arbitrary direction. To
determine this direction, we use a model that employs
Eq. (4) up to 3rd order and a Hamiltonian H=H ce, T Hre
in which the Ce cluster and the Fe adatom are both
described by Eq. (1) using their individually found
anisotropy and coupling parameters [24]. This model
allows us to determine the relative alignment of the two
spins. As illustrated in Fig. 2(d) we find a ~70° angle
between the two magnetic easy axes. Furthermore, the
Ce cluster’s magnetic intermediate axis, that is the y
direction in Eq. (1), is tilted by only ~18° from the surface
normal. Note, that the simplicity of the model limits its
accuracy [24].

To determine the magnetic coupling between the tip and
surface spins, we proceed by changing the set-point
conductance G =1/V and consequently the tip-sample
distance z. We observe a shift in intensity and energy of the
excitations [Fig. 2(e)]. In particular, the energy of the first
excitation changes from 0.2 to 1.0 meV, when G is varied
by one order of magnitude, i.e., when z is reduced by =1 A.
This shift can be well described by assuming an antiferro-
magnetic Heisenberg-like exchange interaction Jis8 . 8
between both spins [Fig. 2(f)]. The linear dependence,
J® =(1.14+0.2) meV/uS x G, implies an exponential
dependence on z and points to an orbital overlap as origin
of the interaction [46—48].

Having carefully characterized the magnetic tip, we use
it to probe spectroscopically “dark” Ce adatoms. Figure 3
(a) shows typical spectra, which for small G (tip far from
the surface) are almost identical to the ones measured
against the bare surface [Figs. 3(a) and 3(b)] except for a
slight reduction of the zero-bias Kondo peak height.
Prominent differences emerge at increased G. We observe
that the central peak becomes asymmetric and for G >
0.15 uS splits while spectra taken at similar G values on the
bare surface do not change significantly [Fig. 3(b)].

This result clearly reveals the presence of a magnetic
moment in the Ce adatom that influences the spectrum of
the probing tip. We can model the observed behavior
by using Eq. (1) and assuming that the spectroscopically
dark Ce adatom acts as an effective, set-point depend-
ent, magnetic field oriented in a direction approximately
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FIG. 3. (a) Spectra (black lines) measured with the function-

alized Ce cluster tip positioned above a “dark” Ce adatom with
increasing conductance (top to bottom: G = 20, 50, 100, 150,
200, 500 nS) and simulations (dashed red lines) using a
perturbation model (S =3/2, D = —1.3 meV, E = 0.18 meV,
Jpy = —0.17) and a G dependent effective B field. (b) Same tip
measured against the bare Cu,N surface. (c) Extracted step
positions (symbols) and calculated transition energies (lines)
for different G and B values, respectively. The inset shows
schematically the experimental setup. (d) From the data in
(a) extracted asymmetry 7 of the central peak and B field. The
lines are guides for the eyes.

out-of-surface having a strength of By ~ (11 £ 1) T/uS x
G [Figs. 3(c) and 3(d)].

While part of the spectral asymmetry can be attributed to
Fano-like interference [Eq. (3)], we interpret the asym-
metric intensity of the split central feature to originate
primarily from an imbalance 7 = [py(1) — po({)]/[po(1)+
po({)] between majority (1) and minority (J) sample
states [42,49]. Such polarization can be induced by the spin
moment of the Ce adatom [46,47]. The decrease with G
suggests an antiferromagnetic interaction as the origin of
the exchange field B and the formation of a combined
nonmagnetic singlet state of both spins. This indicates a
half-integer moment of the Ce adatom and assuming
S =1/2, the Ising-like coupling leads to a strength of
JP =(2.5£0.3) meV/uS x G. We found that using iso-
tropic Heisenberg or dipole-dipole interactions instead of
Ising interactions leads to much less adequate fits. We also
have indications of a reduced tip-adatom interaction
strength for Ce adsorbed close to the bare metal [24].

To summarize, our results point to an effective spin S =
1/2 of single Ce adatoms on the Cu,N surface. The very
localized 4 f orbital is inaccessible to ordinary spectroscopy
because the interaction cross section with the tunneling
electron is too small. This is also the reason for the absence
of Kondo screening at our accessible temperatures.
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Nevertheless, we sensed the magnetic 4f moment by a
“detector” spin at the apex of a functionalized STM tip. The
particular coupling mechanism between the two spins is not
yet fully known, but the observed exponential dependence
of the Ising-like interaction points to some 4f-5d orbital
mixing [50].

As a detector we used a Ce cluster which showed a very
narrow Kondo resonance at Er. Such a tip is ideally suited
to spin detection, in particular, when T'g is of the order of
Texp- Then, the tip shows a clear Kondo resonance at E
and its sensitivity to exchange interactions and spin
polarization is only limited by the unavoidable thermal
broadening of the spectra. In contrast, tips with high
T > Teyp or very low Tg < Ty, are contraindicative.
While in the former the exchange interaction has first to
overcome the Kondo energy kzT'x before spectral changes
can be observed [51], the latter do not show a pronounced
resonance. Note, however, magnetic molecules at the tip
apex can be exploited in a similar manner as sensor and
may be prepared more reproducibly [47,52].

Our results open a new route for studying 4 f elements on
well-defined surfaces. For example, the method outlined
here could be used to measure the interactions in artificially
created or self-assembled [18,21] atomic or molecular 1D
and 2D 4f nanostructures.
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