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PHYSICS

Anomalous excitations of atomically crafted

quantum magnets

Sascha Brinker'*, Felix Kiister?, Stuart S. P. Parkin?, Paolo Sessi?, Samir Lounis'3*

High-energy resolution spectroscopic studies of quantum magnets proved extremely valuable in accessing
magnetodynamics quantities, such as energy barriers, magnetic interactions, and lifetime of excited states. Here,
we investigate a previously unexplored flavor of low-energy spin excitations for quantum spins coupled to an
electron bath. In sharp contrast to the usual tunneling signature of two steps symmetrically centered around the
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Fermi level, we find a single step in the conductance. Combining time-dependent and many-body perturbation
theories, magnetic field-dependent tunneling spectra are explained as the result of an interplay between weak
magnetic anisotropy energy, magnetic interactions, and Stoner-like electron-hole excitations that are strongly
dependent on the magnetic states of the nanostructures. The results are rationalized in terms of a noncollinear
magnetic ground state and the dominance of ferro- and antiferromagnetic interactions. The atomically crafted
nanomagnets offer an appealing model for the exploration of electrically pumped spin systems.

INTRODUCTION
Atomic-scale magnetodynamics is at the cornerstone of spin-based
nanoscale devices for future information technology. It defines how
and on which time scales magnetic states can be controllably manip-
ulated. The interaction of local spins with the local environment plays
a crucial role in determining their properties. Orbital hybridization
effects, charge transfer, and the presence of nearby impurities have
all been reported to strongly affect the magnetic ground state, ulti-
mately determining a range of magnetodynamic quantities, including
magnetic anisotropy, spin lifetime, and spin relaxation mechanisms
(1-13). The development of experimental techniques capable of di-
rectly capturing these properties in reduced dimensions allows one
to visualize the breakdown of classical or semiclassical descriptions
of magnetic phenomena at subnanometer scales, revealing the
emergence of exquisite quantum mechanical effects (14-19). These
achievements enabled the understanding of the ultimate limits of clas-
sical computational schemes while simultaneously setting the ground
for testing ideas and concepts that might find direct application in
innovative spin-based quantum computational schemes (2, 20-23).
In this context, scanning tunneling spectroscopy (STS) techniques
occupy a primary role. They were particularly instrumental in de-
tecting not only several ground-state phenomena but also a wealth of
fundamental excitations such as those with magnetic (6, 7, 9, 15, 24-29),
vibrational (30), polaronic (31), excitonic (32), or Kondo character-
istics (14, 24, 33-36). The analysis of the distinct spectral shapes
identified in tunneling transport sheds light on their origin and
ideally a link to a specific excitation process. For instance, measure-
ments in an applied magnetic field have proven extremely useful
in disentangling magnetic and nonmagnetic excitations. However,
dissimilar and, in some cases, competing processes can be simulta-
neously at play, which can make the analysis complicated. This re-
quires a careful theoretical-experimental investigation to unveil the
fundamental mechanisms at play.
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The Kondo effect versus spin-excitation paradigm is a particularly
intriguing case (37-40). Both phenomena share a similar magnetic
origin. However, they are profoundly different in nature, ultimately
leading to opposing technological implications. On the one hand,
spin excitations emerge from the promotion of a magnetic moment
from its ground state to various excited states. Since spin excitations
play a crucial role in how magnetic bits are written, understanding
these processes is key in information technology. In tunneling
experiments, inelastic spin excitations are expected to appear in the
differential conductance as symmetric steps centered around the
Fermi energy, which shift in energy in response to an applied
magnetic field (24). Their spectral shape encodes information directly
related to the reading and manipulation of spins, such as the lifetime
of the excited states and the related energy barriers (e.g., the mag-
netic anisotropy energy) (4, 6, 7, 15). On the other hand, the Kondo
effect emerges from the entanglement of the spin of an atom with
that of the surrounding bath of electrons (33, 34), which leads to
many-body screening of the spin below the energy scale defined by
the Kondo temperature. Consequently, although of great fundamental
interest in the context of many-body physics, the Kondo effect is of
limited technological importance. Spectroscopically, the Kondo
effect is revealed in complicated spectral shapes that are generally
analyzed as Fano resonances (14, 35, 36). Consequently, a clear
identification of the underlying mechanisms is often complex since
many fitting parameters need to be used, especially when multi-
orbitals are involved (41, 42). There are several examples, where the
same spectral shape is found whether one invokes a Kondo effect or
simply considers the molecular/atomic orbitals or a combination of
both, which sometimes can be arbitrary (40, 43-45). In this context,
recent ab initio simulations challenged the Kondo versus conventional
spin-excitation picture. By including spin-orbit coupling, the well-
known zero-bias anomalies experimentally observed for Co adatoms
on Cu, Ag, and Au surfaces (40) were systematically explained as
gapped unconventional spin excitations, calling for new experiments
to verify their origin.

In this contribution, we report on the emergence of anomalous
spectroscopic signatures centered around the Fermi energy for Cr
single atoms coupled to metallic niobium, their magnetic field
dependence, and their evolution once adatoms are coupled through
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the creation of atomically crafted antiferromagnetic and ferromagnetic
nanostructures. Although their spectral shape might be reminiscent
of Kondo resonances, our first-principles simulations identify them
as new paradigmatic spectroscopic manifestations of spin excitations.
While the observation of spin excitations of antiferromagnetic multi-
spin nanostructures has so far been explored to a great extent on
thin insulating substrates [see e.g., (15, 17, 18)] and has been elusive
on metals, here we demonstrate on a metallic substrate the design of
antiferromagnetic or ferromagnetic magnets composed of a few
exchange-coupled Cr atoms that enables the tailoring of the shape
and linewidth of the corresponding spectroscopic features, which
are intimately linked to the adatoms’ weak magnetic anisotropy
energy and the strong dependence of the excitation lifetime on the
underlying magnetic texture.

RESULTS

Adatoms

As a prototypical platform, we focus on Cr atoms coupled to the
(110) surface of Nb. The Nb crystal was prepared according to the
procedures described in (46). Single Cr adatoms were deposited di-
rectly onto a cold substrate, as described in Methods. All atoms are
found to be adsorbed in hollow stacking sites, which are energeti-
cally most favorable (47). Figure 1A shows a region of the Nb sur-
face where blue dots correspond to Cr adatoms. After deposition,
atomic manipulation has been used to create a nanostructure with
an isolated Cr atom, which is well separated (distance, > 6 nm) from all
surrounding atoms as shown in Fig. 1A. This allows us to analyze
the effect of local magnetic moments coupled to an electron bath,
while excluding the influence of nearby adatoms, which can couple

B

to each other by indirect interactions mediated by the conduction
electrons, i.e., the RKKY coupling, ultimately influencing the mag-
netic adatom ground state (48).

Figure 1B shows a sequence of spectra, measured in a small
energy range centered around the Fermi level, where the tip was
positioned directly on top of the Cr adatom. All spectroscopic data
have been acquired in the presence of a magnetic field applied per-
pendicular to the sample surface. Starting from a value of 1 T, which
is necessary to drive the otherwise superconducting Nb substrate
(T.=9.3 and B. = 0.8 T) into the normal metallic regime, the strength
of the magnetic field is progressively increased up to 6. This proce-
dure allows us to map the evolution of the spectroscopic data and to
assess the magnetic origin of the excitations. The dI/dU spectra are
characterized by an asymmetric step-like feature around the Fermi
level, which shows a substantial magnetic field dependence. The
step starts at negative bias voltage and reaches its maximum at posi-
tive bias. By increasing the magnetic field, the step broadens. More-
over, an additional feature emerges at negative voltage starting from
3 T. This effect is more seen by looking at the derivative (d*I/dU?)
reported in Fig. 1C, where the magnetic field-dependent broadening
is visible. At the maximum magnetic field available in our setup, the
broadening appears to split into two distinct features symmetrically
centered around the Fermi level (additional experimental plots and
fits are presented in notes S2 to S4). As described in the following,
spin excitations can account for both the spectral shape as well as its
magnetic field dependence.

To explore the origin of the anomalous spectral feature, we use a
combination of relativistic time-dependent density functional theory
(TD-DFT) and many-body perturbation theory (MBPT) implemented
in the framework of the Korringa-Kohn-Rostoker Green function
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Fig. 1. Experimental and theoretical inelastic STS fingerprint of a Cr adatom on the Nb(110) surface with varying external magnetic fields. (A) Experimental
topography image of the adatom. (B and C) Experimental d//dU and d?1/dU? spectra, | = 3 nA, and T = 600 mK. (D) Density of spin-flip excitations obtained from TD-DFT.
(E) Theoretical inelastic STS spectrum corresponding to the renormalized local density of states from MBPT calculated at a height of 4.7 A above the adatom. (F) Similar
to (E) with the spin-resolved theoretical spectra. The different field-dependent spectra are shifted to improve visibility.
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method (40, 49) (see Methods). The ab initio nature of the theoret-
ical approach allows us to address the investigated spectroscopic
phenomena without the use of adjusting parameters. Thus, we do
not perform or rely on a fitting procedure of the experimental data.
This framework is ideal to treat the ground state and spin-excited
state of adatoms on surfaces as shown in various studies (6, 7, 27)
and their theoretical inelastic tunneling spectra (40, 49, 50). The Cr
adatom carries a spin moment of 3.53 up characterized by a weak
magnetic anisotropy energy, 0.20 mcV, slightly favoring an in-plane
orientation of the magnetic moment (the local density of states
is presented in note S1). However, in the presence of a magnetic
field perpendicular to the substrate, the spin moment points out-
of-plane. Owing to the weak magnetic anisotropy of the Cr spin
moment, it can be excited by the tunneling electrons at very low
energies. Our theory allows us to effectively capture these processes
by quantifying the excitation probability in terms of the density of
spin-flip excitations, which can be extracted from the imaginary
part of the transverse spin-spin susceptibility, —1/n Im y,_(®),
shown in Fig. 1D. The density of spin excitations encodes two main
features: (i) the energy of the spin excitation o directly related to
the magnetic anisotropy energy and applied magnetic field and (ii)
their lifetime, which is inversely proportional to the broadening
(full width half maximum). The origin of this broadening is Stoner-
like electron-hole excitations provided by the highly itinerant elec-
trons of the metallic substrate. Such single-particle excitations are
emitted while strongly contributing to the decay of spin excita-
tions (6, 51).

In contrast to a scenario where the adatoms are deposited on an
insulator, the magnetic moments on a metal experience additional
effects with respect to usual interactions forming a Heisenberg
Hamiltonian such as the magnetic anisotropy, Zeeman energy, and
magnetic exchange interactions. The reason is the nature of electron-
forming moments, which are delocalized and extend beyond the
atomic site, and thus do not respond uniformly to external pertur-
bation. Therefore, while the magnetic moment undergoes a spin-flip
process, which is by nature a collective excitation process involving
many electrons, single-particle excitations, wherein a single electron
may be excited from a majority-spin state below the Fermi level to a
minority-spin state above, kick in and affect the overall dynamical
behavior of the magnetic moment. The inhomogeneous reaction of
the electrons broaden then the ideal response of the spin moment,
leading to an effective decay, or damping, of the spin excitation. We
note that such electron-hole excitations are associated with spin
currents discussed in the context of spin-pumping experiments
(52-54). The larger the number of electron-hole excitations, the
stronger the damping and the shorter is the lifetime of the spin-
excited states. As can be recognized from Fig. 1D, our model effec-
tively accounts for all experimental trends, both in the energy shift
and in the broadening (Fig. 1, B and C).

When the magnetic moment of the atom is excited, the triggered
spin excitations affect the electron density, resulting in the spectro-
scopic signatures visible in the theoretically calculated tunneling
spectra reported in Fig. 1E, which are obtained from a many-body
perturbation theory (see Methods). In good agreement with the ex-
perimental measurements, we recover a step-like signature of the
spin excitation with a clear field-dependent broadening, which pro-
gressively evolves toward a double peak structure at high magnetic
field. The origin of this behavior is effectively captured in Fig. 1F,
which illustrates the magnetic field evolution of the spin-resolved
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tunneling spectra for majority (continuous line) and minority
(dashed line) spins. A single peak feature at negative energies and a
step-like function with onset at positive energies are visible for ma-
jority and minority spin channels, respectively. The energy separa-
tion between the majority and minority spectral signatures becomes
larger by progressively increasing the strength of the magnetic field.
We note that besides Cr adatom, Mn also displays a similar but
weaker step-like zero-bias anomaly, which is nicely reproduced by
our ab initio simulations as shown in note S5.

To analytically grasp the connection between the various magneto-
dynamical parameters shaping the unveiled spectroscopic anomalies,
it is useful to map the TD-DFT results to the equation of motion
of a spin moment, the Landau-Lifshitz-Gilbert equation (55-57),
% = yM x % + M x %, subjected to a Heisenberg Hamiltonian
H (more details are given in Methods and notes S6 and S8). The
field dependence of the excitation energy obeys wg = y'(X + BM)/M,
while the broadening (inverse lifetime) of the excitation is given by
oy’ (X + BM)/M, where X is the magnetic anisotropy energy, which
represents the costs in energy in rotating the magnetic moments
from z toward the x and y directions (corresponding to the [110]
and [001] directions, respectively). M is the magnetic moment, B is
an out-of-plane magnetic field, y’ is the renormalized gyromagnetic
ratio, and o is the so-called Gilbert damping parameter, which
quantifies the probability of creating electron-hole excitations re-
sponsible for the decay of the spin excitations. This theoretical
description allows us to effectively capture the following trends:
(i) The excitation energy becomes higher by increasing the strength
of the magnetic field acting on the magnetic moment, and (ii) this is
accompanied by the damping that becomes progressively stronger
by enhancing the amplitude of the electron-hole excitations. Overall,
this approach allows the visualization of the existence of competing
trends in the manifestation of spin excitations. While an enhanced
magnetic anisotropy facilitates their detection, it also simultaneously
enables the creation of more electron-hole pairs, increasing the
broadening, ultimately washing out their spectroscopic signature.
Overeall, this could explain why identifying the spin-excitation origin
of similar spectra observed for Co on Cu(001) and Ag(001) surfaces
(35, 40, 58), characterized by a larger magnetic anisotropy energy
than for Cr on Nb(110), is challenging since this requires extremely
large magnetic fields and therefore has escaped experimental ob-
servation to date.

Dimers

To further explore the consistency of the experimental data with the
spin-excitation paradigm, we use atomic manipulation techniques
to artificially create magnetic dimers oriented along different crystallo-
graphic directions on the Nb(110) surface. We consider three next-
nearest neighbor configurations: [110], [1T1], and [001], illustrated
in Fig. 2A. The highly anisotropic (110) surface enables us to create
and scrutinize distinct direction-dependent magnetic ground states
using the coupling between the adatoms mediated by the conduc-
tion electrons. This effect is expected to be directly imprinted in the
spin-excitation spectra, which should show a clear direction depen-
dence. STS measurements confirm the existence of a strong direction-
dependence behavior, as visible in Fig. 2B. A single step-like
spectroscopic signature centered around the Fermi level is visible
for all the three distinct directions. However, a strong direction-
dependent deviation with respect to the signal obtained for the
isolated single Cr atom is evident, both in the intensity and in the
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Fig. 2. Theoretical and experimental inelastic STS fingerprint of the Cr dimers along the [001], [170], and [1T1] directions on the Nb(110) surface. (A) lllustration
of the dimers (STM topography) and its ground-state magnetic structures. The magnetic structures are obtained from self-consistent noncollinear DFT calculations.
(B) Experimental inelastic STS spectra of the dimers, / =3 nA and T= 600 mK (colored lines). The measurements on the single Cr adatom are shown as reference (thin gray lines;
see also Fig. 1). The different spectra are vertically shifted to improve visibility. (C) Magnetic susceptibility obtained from TD-DFT. The spectra of the [001] and [1T1] dimer

are scaled by a factor of 50 and 2, respectively.

broadening. The [1T0] dimer is characterized by the largest separa-
tion and therefore the weakest coupling between the adatoms, result-
ing in only very minor differences with respect to the isolated atom
case. In sharp contrast, both the [111] and the [001] dimers show a
substantial broadening of the step-like feature. The spectrum corre-
sponding to the [001] dimer hosts a deep-like feature offset from zero
bias, surrounded by two maxima that are not symmetrically located
with respect to the Fermi energy. In general, these observations are
in line with the theoretically calculated strength of the magnetic
exchange interactions along different crystallographic directions
summarized in Table 1.

In the following, we present a theoretical analysis, which allows
us to effectively understand the origin of the distinct behavior
observed for dimers aligned along the [111] and [001] directions,
where the magnetic coupling is the strongest. Since the adatoms are
not nearest neighbors, the single ion anisotropy of each of the
adatoms remains constant (see Table 1). However, the nature of the
coupling is opposite along the two different directions, resulting in
a strong antiferromagnetic (7.94 meV) and ferromagnetic interac-
tion (-8.95 meV) for [001] along the [1T1] direction, respectively.
These predictions are in line with the experimental observations
reported in note S11, where the magnetic coupling between next-
nearest neighbor adatoms has been scrutinized by using a functionalized
superconducting tip [a similar approach was introduced in (59)].
As demonstrated in the “Adatoms” subsection, the analysis of the
spin-excitation spectra can be carried out on the basis of the density
of spin-flip excitations, which provide the intrinsic inelastic spectra.
These are obtained from the first-principles ground states illustrated
in Fig. 2A, resulting from the interplay of the single ion anisotropy,
magnetic exchange interaction, and magnetic field. The density of
spin excitations is shown and compared to that of the isolated Cr
adatom in Fig. 2C for each of the atoms forming the dimers.

Brinker et al., Sci. Adv. 8, eabi7291 (2022) 26 January 2022

Since the [1T1] dimer is ferromagnetic (see Fig. 2A and note S7),
the density of spin excitation hosts a double peak structure, leading
to a redistribution of the spectral weight observed for the isolated
adatom. They represent the acoustical and optical excitation modes,
where, in a classical picture, the spin moments precess either clockwise
or counterclockwise, respectively. A simple description based on a
quantum spin model is given in note S9. The position of the lowest
mode, also observed experimentally, is dictated by the magnitude of
the magnetic anisotropy energy (y’'K/M) and shows a weaker inten-
sity than that of the excitation mode of the isolated adatom with a
broadening given by ¥’ 0/C/M (see note S8). The optical mode, however,
occurs at energies not resolvable within the experiment since it is
dictated by the magnitude of the exchange interaction y'(IC - J)/M,
leading to a much broader feature (y'0(XC — J)/M) than the acous-
tical one.

In contrast to the ferromagnetic dimer, the antiferromagnetic
one exhibits a single broad mode settled by the magnetic exchange

interaction (y'\/4IC(IC +-02(J - 2/C)2/2M) since the excitation

process promotes the dimer from a state where the total spin is 0 to 1.
The broadening of the state is given by y'0(2K + J)/2M, which explains
the large damping observed in both the experimental and theoretical
spectra shown for the [001] dimers in Fig. 2 (B and C).

Overall, our theoretical analysis highlights that antiferromagnetic
dimers are subjected to stronger electron-hole excitations, resulting
in spin excitations characterized by larger energy broadening, i.e.,
shorter lifetimes, compared to the ferromagnetic case. This behavior
manifests itself in a larger energy broadening along the [001] direc-
tion as compared to the [1T1] direction, in agreement with our ex-
perimental observations.

Similarly to the adatom, we expect the spectra pertaining to the
spin excitation to result from a complex combination of excitation
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Table 1. Ground-state properties of the considered Cr-based nanostructures deposited on the Nb(110) surface. Shown are the magnetic moments per
atom M, which are averaged in case of the trimers, the next-nearest neighbor (NNN) isotropic exchange interaction J;, the next NNN isotropic exchange
interaction J, along a given direction, and the magnetic anisotropy energy K, per atom. Positive (negative) J corresponds to an antiferromagnetic (FM)
coupling, while a positive magnetic anisotropy energy indicates a preference for an in-plane orientation of the spin moments.

Crq Cry[170] Cr,[001]

Cry[171] Cr3[170] Cr3[001] Cr3[171]

3.52 3.51

features hosted by majority and minority spin electrons at either side
of the bias voltage. This might explain the peculiar spectrum detected
experimentally on the [001] dimer (see Fig. 2B), which hosts a deep-
like feature offset from zero bias that is induced by the coupling of
the two adatoms (see note S10). A similar kink is detected on the
theoretical data of the adatom after application of a magnetic field
(Fig. 1, Eand F).

From trimers to long chains

As identified for the dimers, the distinct spin-excitation spectra of
the AFM and FM dimer are triggered by the alignment of their spin
moments. To confirm this aspect, we artificially create a trimer along
all distinct directions. This breaks the perfect antiferromagnetic
balance while it should not strongly affect the excitation behavior of
the FM configurations. Scanning tunneling microscope (STM)
images for all configurations are shown in Fig. 3A. Because of the C,
symmetry, the two end atoms (A and A’) can be distinguished from
the central one (B) for all trimers. The inelastic STS spectra obtained
at 1 T and 600 mK for each Cr atom are shown in Fig. 3B. Similar to
the dimers, a clear correlation between the strength of the magnetic
coupling (see Table 1) and the deviation of the inelastic STS signal
from the single adatom case is visible. Moreover, we also recover
similar trends: The [170] trimer exhibits the weakest magnetic cou-
pling and therefore only a weak deviation from the single adatom
spectra is observed, while the observed broadening increases for the
stronger coupled trimers along the [1T1] and [001] directions.
Noteworthy, we find two distinct trends depending on the nature of
the magnetic coupling: The ferromagnetic trimer along the [1T1]
direction shows only a very weak difference between the end atoms
(A) and the central atom (B) in contrast to the antiferromagnetic
trimers, with the [001] case hosting the largest discrepancy, while
the antiferromagnetic trimers show an increased broadening for the
central atoms, which is strongest for the [001] case.

To explain the observed spectra theoretically, we exploit the
density of spin excitations of the trimers shown in Fig. 3C. For all
trimers, the end atoms host a peak close to the excitation energy of
the isolated adatom. The ferromagnetic [110] trimer shows peaks at
higher energies depending on the nature of the considered atom.
Because of the increased coordination number of the central atom B,
its high-energy peak is higher in energy than the one of atom A. For
the antiferromagnetically coupled trimers along the [001] and [110]
directions, two fundamentally different spectra are observed de-
pending on whether atom A or B is excited. The low-energy exci-
tations contrast those observed for the dimers, which showed only

Brinker et al., Sci. Adv. 8, eabi7291 (2022) 26 January 2022

3.53 3.52 3.51 3.54

= -0.20

-0.31

0.20 0.2 0.17 0.20

a single broad feature. The fundamental difference between the
antiferromagnetic dimers and trimers is that the net magnetic mo-
ment cancels out in the former, while it is finite for the latter. This
triggers a mixture of modes similar to those of the ferromagnetic
and antiferromagnetic dimers. Thus, unlike the dimers, the trimers
can respond to an external magnetic field while preserving their
collinear antiferromagnetic configuration. The lowest mode corre-
sponds to a collinear in-phase motion of all three atoms at an energy
® =~ 3yK/M (see note S8), and the density of spin excitations in
Fig. 3C shows that this mode is possible to be excited via the end
atoms A and A’. In contrast, the central atom B only excites the
modes at higher energy and with larger broadening, i.e., translating
to a larger coupling to electron-hole excitations, which explains
the observed inelastic STS signatures in Fig. 3B. By progressively
increasing the size of the wires, we recover a spectroscopic behavior
similar to that of the trimers (see note S12). We note that a similar
sequence of modes was observed in (17), which can equivalently be
explained in terms of the nodal structure of the collective spin
excitations hosted by the nanomagnet.

Spin-resolved spectroscopy

Last, we experimentally scrutinize the spin-resolved spectroscopic
signatures for chains oriented along the [001] direction, i.e., when
neighboring adatoms are strongly antiferromagnetically coupled
(see also related notes S11 and S12). This is a particularly interesting
scenario, since the splitting of the zero-bias anomaly is the strongest
(see section on dimers). This is expected to result in well-separated
spectroscopic signatures for opposite spin channels, a direct result
of the magnetic interaction between the adatoms, which renormalizes
the spectrum while simultaneously removing the spin degeneracy
(60). This situation is analog to the theoretical plots presented in
Fig. 1F for a single adatom. The coupling between adatoms can
be considered as an effective magnetic field. Figure 4A shows the
spin-resolved spectroscopic data acquired with a Cr-terminated W
tip under a magnetic field strength of 5 T applied perpendicular to
the sample surface. Spectra obtained by positioning the tip on top of
each one of the adatom in the chain are indicated by numbers. An
alternating contrast is clearly visible along the chain, with a slightly
different signature for adatoms localized at the end of the chain
(numbers 1 and 7 in Fig. 4A), a direct consequence of their different
local environment compared to adatoms in the bulk of the chain.
The spectral shape is better highlighted in Fig. 4B, which directly
compares the spectra acquired on antiferromagnetically coupled
adatoms, i.e., numbers 3 and 4 in Fig. 4A. The spectra for opposite
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Fig. 3. Cr trimers along the [001], [170], and [171] directions on the Nb(110) surface. (A) lllustration of the trimers (STM topography). (B) Experimental inelastic STS
spectra of the trimers at 1 T (colored lines). The measurements on the single Cr adatom are shown as reference (thin gray lines, see also Fig. 1). (C) Magnetic susceptibility
obtained from TD-DFT at 5 T. The spectra of atom B in the [170] direction and in the [001] direction are scaled by a factor 10 and 30, respectively. All trimer spectra are
vertically shifted to improve visibility. The insets show the magnetic structures obtained from self-consistent noncollinear DFT calculations.
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Fig. 4. Spin-polarized STS acquired on a seven-adatom chain along [001].
(A) Spectroscopic data collected by positioning the tip on top of each adatom along
the chain (see numbers). The data reveal the existence of antiferromagnetic coupling.
(B) Comparison between the STS spectra acquired on neighboring adatom [3 and
4in (A)], highlighting the opposite spin contrast. Measurements have been acquired
at 5 T with a Cr-terminated tip. Stabilization parameters: V=—-10 meV, /=3 nA, and
modulation Vs =200 uV.

spin channels are in good agreement with the theoretically calculated
ones shown in Fig. 1F, i.e., a relatively sharp peak center below the
Fermi level, and a broader step-like signature at positive energy.

DISCUSSION

In conclusion, we systematically unveiled zero-bias anomalies in Cr
atom nanostructures deposited on the metallic Nb(110) surface.
Our inelastic STS measurements reveal an asymmetric single step-
like zero-bias feature, which is preserved but can be modulated
depending on the strength of the external magnetic field, the size of
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the nanostructure, and its spatial orientation on the substrate. The
latter is used to engineer interatom magnetic coupling to be ferro-
magnetic or antiferromagnetic. We demonstrated the possibility of
tracking these complex spectral line shapes through ab initio simu-
lations combining time-dependent density functional and many-
body perturbation theories, evidencing that by constructing the
nano-object with the desired magnetic state, one can control the
underlying excitation energies and related lifetimes by affecting
the number of emitted electron-hole excitations. The emitted spin
currents accompanying the electron-hole excitations characterizing each
excitation mode might prove useful for spin-pumping nanoscale de-
vices to explore innovative spintronics concepts based on spin-transfer/
spin-orbit torques and spin-Hall effects, for the manipulation of
quantum spins. Our results shed new light on the interpretation
of zero-bias anomalies and pave a way to engineering low-energy
features by manipulating the spin excitation spectra by using the
underlying magnetic structure.

METHODS

Sample and tip preparation

To obtain an atomically flat and clean substrate, a commercial Nb
single crystal polished on one side with (110) surface normal was
heated up to 2300 K multiple times by short flashes of electron
bombardment and under ultra-high vacuum (UHV) conditions (46).
The procedure is repeated until the main contaminant oxygen gives
way to large areas of clean Nb. In situ deposition of Cr atoms is done
by keeping the substrate cold below 15 K to prevent migration and to
avoid clustering of adsorbed single atoms. A commercial STM head
from Scienta Omicron is used to carry out topographic imaging,
STS measurements, and atomic manipulation of Cr adatoms. Data
are acquired in 107'° mbar pressure at a temperature of 600 mK
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and with an applied external magnetic field of >1 T using an etched
tungsten tip characterized on Ag(111). Bringing the tip close to the
adatoms by increasing the constant tunneling current set point to
about 70 nA at a bias voltage of -5 mV enabled us to drag the
Cr single atoms to the desired lattice positions and to isolate all the
nanostructures under investigation from surrounding Cr atoms by
at least 4 nm.

First-principles calculations

The methodology followed in our work is based on a first-principles
approach as implemented in the framework of the scalar-relativistic
full-electron Korringa-Kohn-Rostoker Green function augmented
self-consistently with spin-orbit interaction (61, 62). The spin exci-
tations are described in a formalism based on TD-DFT (6, 57, 63, 64),
including spin-orbit interaction. Many-body effects triggered by the
presence of spin excitations are approached via the many-body per-
turbation theory (49, 50, 65), extended to account for relativistic
effects (40). The used multiple-scattering theory enables an embed-
ding scheme, which is versatile for the treatment of nanostructures
in real space. The local spin density approximation (LSDA) is used
for the evaluation of the exchange-correlation potential (66), while
the full charge density is computed within the atomic-sphere approx-
imation. We assume an angular momentum cutoff at €;,,x = 3 for
the orbital expansion of the Green function, and when extracting
the local density of states, a k-mesh of 450 x 450 is considered. The
Cr atoms sit on the hollow stacking site relaxed toward the surface
by 20% of the interlayer distance of the underlying Nb(110) surface,
as found in previous studies (47).

The single-particle Green functions corresponding to the ground
state are used for the construction of the tensor of dynamical
magnetic susceptibilities,  (w), within TD-DFT (6, 57, 64), including
spin-orbit interaction. In practice, we solve the Dyson-like equation
relating the full susceptibility to the Kohn-Sham susceptibility,
AKS(w) A8

(@)= xks(®) +xxs(0) K x(w) (1)

where yks(®) describes uncorrelated electron-hole excitations, while
K represents the exchange-correlation kernel, taken in adiabatic
LSDA [such that this quantity is local in space and frequency inde-
pendent (67)]. The energy gap in the spin excitation spectrum is
accurately evaluated using a magnetization sum rule (6, 57, 64).

The magnetic exchange interactions in the dimers and trimers
were obtained using the magnetic force theorem in the frozen-
potential approximation and the infinitesimal rotation method (68).
The on-site magnetic anisotropy of the Cr atoms in all systems is
obtained from the method of constraining fields (69). More details
are given in notes S6 and S7.

Considering the reasonable theoretical recovery of the experi-
mentally observed low-energy anomaly, we discuss here the impact
of the assumptions made within the simulations. It is clear that the
assumed LSDA is performing well in describing the magnitude of
the magnetic anisotropy energy, which dictates the position of the
spin excitation, and of the magnetic exchange interactions since
the spin-polarized STS experiments are in nice agreement with the
ab initio simulations. However, it is very possible that a slight shift in
the magnetic anisotropy energy and of the electronic states at the
Fermi energy, which defines the lifetime/broadening of the zero-bias

Brinker et al., Sci. Adv. 8, eabi7291 (2022) 26 January 2022

anomalies, by changing the exchange and correlation potential
could improve the agreement between theory and experiment.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi7291
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