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CHAPTER 1

Introduction

The ambition of this PhD thesis is to enhance the spin sensing technique pioneered
by our team [1, 2|, which involves attaching a nickelocene molecule to the tip of a
scanning tunneling microscope (STM) to collect magnetic fingerprints of surfaces
and atoms. Building upon the thesis of Benjamin Verlhac [3], who investigated
Fe atoms on Cu(100) and Co bilayer nanoislands grown on Cu(111) using inelastic
electron tunneling spectroscopy with a nickelocene tip, this research seeks to extend
and refine these methodologies. Verlhac’s measurements demonstrated that both Fe
adatoms and Co atoms from the nanoisland possess a magnetization perpendicular
to the surface, with the exchange field produced by the atoms or surface showing an
exponential dependence on the vacuum gap of the tunneling junction. Specifically,
the variation of the exchange field between the top and hollow positions of the Co
lattice enables atomic network imaging without contact. Additionally, our molecular
probe can measure the spin polarization at the Fermi energy of Co islands and Fe
adatoms by analyzing the amplitude of the peaks and dips in the second derivative
of the tunneling current with respect to bias (d*I/dV?).

Thus far, studied objects have exhibited only out-of-plane magnetization. During
this thesis, we demonstrate that our magnetic probe can detect magnetization in
different directions. Furthermore, other magnetic properties are monitored with
respect to the distance between the tip and the surface. We developed a mapping
technique, voxel imaging, capable of measuring with respect to lateral coordinates
(z,y), the exchange energy Ee.(x,y) between the nickelocene tip and the surface as

well as the sample spin polarization P(x,y). This allows us to observe the lateral
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magnetic corrugation of pristine and hydrogen-contaminated Co nanoislands, as well
as the nickelocene molecule itself adsorbed on cobalt.

Chapter 2 provides a state-of-the-art overview of surface magnetism. It ex-
plains techniques closely related to ours, such as spin-polarized STM, magnetic
exchange force microscopy, and spin excitation spectroscopy. Additionally, it details
the working principle of the nickelocene tip on magnetic objects and briefly presents
other ways to sense the spin in STM like electron spin resonance (ESR-STM) or
the measurement of zero-bias anomalies in the conductance of quantum magnetic
impurities.

Chapter 3 begins with an explanation of the tunneling effect and covers the
Bardeen, Tersoff-Hamann, and Wentzel-Kramers-Brillouin (WKB) theories, which
provide a mathematical description of the current in a tunneling junction. The
chapter also discusses surface imaging techniques, introduces scanning tunneling
spectroscopy along with inelastic electron spectroscopy, and concludes with a de-
tailed description of our experimental setup and data acquisition process.

Chapter 4 focuses on typical ferromagnetic cobalt (Co) islands grown on a
clean copper surface, Cu(111), including monolayer-thick islands which have not
been previously studied. Our findings, consistent with prior observations, show
that the thickness of the ferromagnetic Co layer influences the direction of sample
magnetization and spin polarization. Additionally, we illustrate that the spatial
variation of the exchange energy across the surface is accurately represented by
computed spin-density maps.

Chapter 5 focuses on hydrogen-contaminated Co islands. Our measurements
reveal that the adsorption of hydrogen atoms rotates the magnetization from out-
of-plane to in-plane. To explain this effect, we perform DFT computations of the
magnetic anisotropy energy concerning the quantity of hydrogen adsorbed. Com-
bining experimental results with theoretical computations enables us to determine
the configuration of the hydrogen atoms adsorbed and estimate their quantity.

Chapter 6 investigates the nickelocene adsorbed on Co bilayer islands. We
start by characterizing the adsorption and electronic properties of the molecule,
identifying the molecular orbitals with a metal tip. In the second part, we use the
nickelocene tip to probe the magnetism of the adsorbed nickelocene molecule on
cobalt. We identify its spin orientation, and employ voxel imaging to observe lateral
corrugations of the spin polarization and exchange coupling within the molecule.

Chapter 7 presents a brief overview of the thesis with some possible outlooks

for future work using a nickelocene-terminated STM tip.



CHAPTER 2

Atomic scale magnetism with STM

Information storage devices like a magnetic random access memory (MRAM) are
composed of different Weiss domains with finite magnetization directions. Each
area defines a unit of information, either 1 or 0. These domains contain roughly
millions of atoms. If we manage to reduce the size of a unit of information down to
a single atom, the storage device would reach the highest memory capacity possible.
However, to read information, we would have to access magnetization at the atomic
scale. The scanning tunneling microscope (STM), invented in 1981, is one of the
scanning probe techniques that has this ability (Fig. 2.1). Several other techniques
have inspired our research: i) Spin-polarized STM (SP-STM)|4], which was invented
in 1990, uses a magnetic STM tip to image magnetic surfaces taking advantage
of the magneto-resistance effect. As a result, the surface image displays areas of
different magnetic contrasts. ii) Spin excitation spectroscopy, developed in 2004
by A.J. Heinrich et al., which uses inelastic tunnel electrons to explore the spin
Hamiltonian of magnetic atoms. iii) The work by L. Gross et al. in 2009 [5] that
showed that a molecular CO tip can image a molecule with a resolution high enough
to highlight its chemical structure. Their work does not involve magnetism but
inspired using an STM tip functionalized with a nickelocene molecule. As we will
show monitoring the spin excitation of the nickelocene molecule through the inelastic
current provides information about the magnetism of the object studied. We thus
gain access to its spin polarization, magnetization direction, and magnetic exchange
coupling with atomic scale resolution. In this chapter, we elaborate in more detail

on the techniques mentioned above, which are used for imaging surface magnetism
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Spin-polarized CO molecular sensing with
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1990 2004 2009 2019
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Figure 2.1: Chronology of STM techniques related to detection of magnetic proper-
ties.

and spin detection. We will illustrate these techniques by showcasing original studies
that utilize them. We also provide an overview of the nickelocene-tip technique used
throughout this thesis.

2.1 Magnetic surface imaging

2.1.1 Spin-polarized STM

Spin-polarized STM enables to detect the magnetization of a surface. To achieve
this, the STM tip is coated with magnetic materials such as cobalt, chromium, or iron
to obtain a specific magnetization orientation. Another method to create a magnetic
tip is by evaporating magnetic atoms onto the surface and collecting them at the
apex of the tip by a surface-to-tip transfer. Due to the magneto-resistance effect,
magnetic objects with different magnetization directions exhibit different contrasts.
According to Wortmann et al. [6], the differential conductance, dI/dV, is expressed

as follows:

dl/dV o pips(eV') + mymscoso. (2.1)

The first term represents the product of the local density of states (LDOS) of the
tip and the sample, while the second term is the scalar product between the lo-
cal magnetization direction of the tip and the local magnetization direction of the
sample. Pietzsch et al. observed spin-polarized contrast on cobalt islands grown on
Cu(111) (Fig. 2.2) [7]. They used a tungsten tip coated with a chromium film to
ensure magnetization along the tip axis, that is, perpendicular to the sample sur-
face. The dI/dV maps were acquired at a constant current, revealing islands with
similar heights but varying contrasts. This difference arises from the relative angle
0 between the tip magnetization and island magnetization. Without an external

magnetic field, the Co islands have their magnetization parallel or anti-parallel to
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Figure 2.2: dI/dV maps of Co islands on Cu(111) acquired at V' = —0.18 mV with
different perpendicular magnetic fields. Adapted from [7].

that of the tip which leads to the different contrast. Thus, as shown in Fig. 2.2, the
islands exhibit two possible contrasts. Applying a magnetic field of 1.5 T aligns the
magnetization of nearly all the islands in the same direction, resulting in a bright
intensity for nearly all islands. Conversely, a magnetic field of —1.75 T reverses the
magnetization of the islands in the opposite direction, resulting in a darker intensity.
This technique can also be used to image non-collinear spin textures such as vortex

cores [8] or nano-scale skyrmions [9)].

2.1.2 Magnetic exchange force microscopy

Magnetic exchange force microscopy (MexFM) utilizes a magnetic AFM tip to sense
the spin or magnetization of surfaces (Fig. 2.3a). Unlike STM, AFM does not rely on
a tunneling current but on the force felt by the tip. The tip is attached to a cantilever
that oscillates at a resonance frequency fy when it is free. The interaction with the
surface results in a shift of the frequency f = fo+Af. While the tip scans the sample,
the AFM maintains the frequency shift Af constant by adjusting the distance z
between the tip and the surface accordingly. This process yields a topographic map
of the surface. Kaiser et al. employed an AFM iron-coated tip to image a nickel
oxide (NiO) surface combined with a magnetic field of 5 T to align the spin of
the tip perpendicular to the surface [10]. The (100) surface of this oxide presents
neighboring rows of nickel separated by rows of oxygen atoms. Each Ni atoms of one
row have the same spin direction with the spin of the closest neighboring Ni atoms
row being antiferromagnetic (see Fig. 2.3a). Below the distance of 200 pm from the
contact to the surface, a magnetic exchange interaction appears [11, 12]|,. We will
see in § 2.2.3 how the contact point can be defined. The inset of Fig. 2.3b represents
an average of every unit cell of the raw image and displays three different contrasts,
with the brightest spots representing the oxygen atoms. Nickel atoms appear with
two different contrasts, dark or lighter dark. Moreover, the corrugation next to the

image confirms differences in apparent heights. This variation is explained by the
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Figure 2.3: (a) Sketch of the magnetic tip scanning the NiO(001) surface in a 5 T
magnetic field directed perpendicular to the surface. (b) Raw image of the NiO
surface acquired at constant Af = —23.4 Hz. The inset is an average over all the
unit cells of the raw image. The right panel shows the corrugation along the blue
line in the inset and shows different apparent heights for two neighboring Ni atoms.
(c¢) Same surface imaged with the constant frequency shift Af = —22 Hz that is
scanning further away from the surface. The inset is also obtained by averaging.
Adapted from [10]

orientations of the Ni spin (Sl) which can be parallel or antiparallel to the tip spin
(gg) Depending on the configuration, the magnetic exchange interaction is modified
according to the Heisenberg model H = —Jlggl . 5'2. Figure 2.3c is a standard AFM
image acquired at a higher distance than the image of Fig. 2.3b . No difference is
observed between the Ni atoms. At this distance, the tip is only sensitive to the

chemistry of the surface, not the magnetism.

2.2 Spin excitation spectroscopy

In the preceding section, we discussed scanning probe techniques developed to image
the magnetism of surfaces. Other studies have also managed to access the magnetic
states of single atoms or molecules by monitoring spin excitations through the in-

elastic tunnel current.

2.2.1 Principle

In 2004, A.J. Heinrich et al. [13], observed the spin excitations of Mn atoms ad-
sorbed on Al,O4 islands grown on a NiAl substrate using a STM operating at 0.6 K
(Fig. 2.4a). Tunneling electrons have a nonzero probability to exchange energy with

the sample when they reach a certain energy threshold determined by the bias volt-
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Figure 2.4: (a) STM image of the oxide Al,O3 grown on chNiAl(110) with adsorbed
Mn atoms. (b) dI/dV spectra obtained on the Mn atom on oxide and on the bare
oxide with and without the magnetic field. (c¢) dI/dV spectra recorded on a Mn
atom adsorbed on NiAl(110) and on the bare metal with and without magnetic field.
(d) Zeeman energy with respect to the magnetic field B, in red for a Mn atom near
the edge of a Al,O3 patch, in black for an isolated Mn atom of the oxide patch . (e)
Spin-state diagram and spin excitation of Mn on AlyO3/NiAl(110) in the presence
of a magnetic field along z. Adapted from [13].

age. This phenomenon, known as inelastic electron tunneling, was first detected
while exciting vibrational modes of single acetylene molecules [14]. In their study,
Heinrich et al. measured the dI/dV on Al,03 and on Mn/Al,O3 without and with an
external magnetic field (B = 7 T) in the plane of the sample (Figs. 2.4b-¢). When
the magnetic field is applied, they observed a symmetric step in the dI/dV line
shape at an energy |A| ~ 0.8 mV whereas the signal at B = 0 T did not exhibit any
feature. This energy increased linearly with the applied external field (Fig. 2.4d).
This is explained by the Zeeman effect applied to the Mn atom energy levels. The

Hamiltonian describing the system is:
H = —gugJ - B. (2.2)

Here, J represents the total angular momentum and B is the applied magnetic field.
The free Mn atom has an orbital momentum that can be neglected, thus the total
momentum is composed only of the spin S = 5/2. Assuming that J is not modified
when Mn is adsorbed on the surface , the magnetic states have the form |S, M),
where M represents the projection of the spin along the z axis, taking half integer
values between +5/2, ..., —5/2. The magnetic field lifts the degeneracy of the spin
states so that the ground state |5/2,45/2) and the first excited state |5/2,43/2)
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are separated by an energy A. The step observed in Fig. 2.4b is the fingerprint of
a spin excitation from the ground state to the first excited state (Figs. 2.4e) due to
inelastic tunnel electrons. A new tunneling channel is added to the elastic current
channel, leading to an increase in the dI/dV" at the threshold voltage A (see § 3.6).
During this scattering process the total angular momentum needs to be preserved
(§ 2.2.2).

The spin excitation is measurable only for an Mn atom on the oxide Al,O5 and in
the presence of a finite magnetic field. When B = 0 T the levels are degenerate and
no spin excitation is possible. The presence of the insulating layer is essential for
observing the spin excitation in the dI/dV spectrum. Nowadays, spin excitations
are predominantly observed in atoms adsorbed on thin insulating layers like CusN
and MgO [15, 16]. In such systems, the lifetimes typically range from a few tens
of nanoseconds [17, 18| to 1 millisecond [19] for 3d atoms, while reaching up to 1
hour at 2.5 K for a 4f atom of Ho deposited on MgO [20]. However, when magnetic
atoms are directly adsorbed on a metal substrate, the lifetime is very low. This
results in increased spectral broadening, making it challenging to resolve excitations
with precision on a metal surface. Khajetoorians et al. estimated a lifetime of 200 fs
for spin excitations of a Fe atom on Cu(111), with step heights representing only 5%
of the elastic conductance [21]. This reduction in lifetime is attributed to electron,
from the metal substrate, scattered by the magnetic atom.

Spin excitations serve as a means to gather magnetic information from various
spin systems, such as phthalocyanine molecules on an oxide [22] and in molecular
multilayers [23|, or magnetic impurities on semiconductors [24]. Moreover, inter-
actions between spins in individual atomic-scale magnetic structures can be inves-
tigated by methodically assembling linear chains with the STM tip, one magnetic

atom at a time [25].

2.2.2 Spin excitations of a nickelocene molecule

Throughout this thesis, the spin excitations of nickelocene (Nc) will play a central
role. As shown in Fig. 2.5a, this molecule consists of a Ni atom sandwiched between
two cyclopentadienyl rings (C5Hs or Cp rings). The d® configuration of the Ni atom
results in an electronic structure of (e;)*(a;)?(e;)?, providing the molecule with a
spin S = 1 as demonstrated by several studies conducted in the gas phase [26] or
on powder samples [26, 27]. As a rule of thumb, half of the magnetic moment is
carried by the Ni atom, while the two Cp rings carry the other half. Figures 2.5a-b
illustrate how the electronic properties determine the energetically most favorable

magnetic state of Nc. The molecule’s geometry leads to a crystal field of symme-
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Figure 2.5: (a) Electronic d-manifold configuration of nickelocene yielding a ground
state spin S = 1. (b) Structure of nickelocene (Ni: green, C: grey, H: white).

try Dsp,, favoring a triplet state, specifically |S =1, M =0), |S =1, M = +1), and
|S =1, M = —1), compared to the singlet state, which is higher in energy. Here, M
represents the projection of S along the axis perpendicular to the Cp ring. Addi-
tionally, spin-orbit coupling results in a positive magneto-crystalline anisotropy D
with an easy plane perpendicular to the principal molecular axis —the axis passing
through the two Cp rings. This leads to a zero-field splitting of the ground state
of Ne, |S =1, M = 0), and the two-fold degenerate excited states |S =1, M = +£1).

In the absence of an external magnetic field, the molecule’s spin Hamiltonian is:

H=DS" (2.3)

Different studies have reported variations in D for free standing Nc. Baltzer et al.
performed inelastic neutron scattering on Nc powder [27], either undiluted or doped
into diamagnetic hosts, and found D = 4.17 meV. However, other groups measured
D = 3.17 meV [26]. Figure 2.6a presents typical tunneling spectra of Nc we acquired
on Cu(100). The second derivative of the current, d*I/dV?, recorded above Nc (solid
black line) has a peak at 3.8 mV and a dip at the exact opposite bias. Similar to the
spin excitation of a Mn atom, inelastic tunneling electrons exchange energy with the
molecule, causing a spin excitation (Fig. 2.6b). As Nc is promoted to the two-fold
degenerate excited state, the tunnel electron loses energy and must also flip its spin
to preserve the total angular momentum. If the molecule is excited to |[M = 1), the
electrons flips from m = +1/2 to m = —1/2, while if the molecule is excited to
|M = —1), the electrons flips from m = —1/2 to m = +1/2. In both cases, the

electron loses an energy D. From the peak and dip positions we find a magnetic
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Figure 2.6: (a) dI/dV spectra and their derivative acquired with a Cu-tip over a
Nc molecule (black line shape) and with a Ne-tip over the Cu(100) surface (red line
shape). It’s worth noting that the peak at positive bias and the dip at negative bias
are features of the same event but with tunnel currents flowing in the opposite direc-
tion. (b) Sketch of a an electron tunneling inelastically in the junction tip/Nc¢/STM
and inducing a spin excitation of Nec.
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Figure 2.7: (a) Spectra d*I/dV? acquired with a metal tip on Nc with and without
external magnetic field Be,. (b) Peak position from d?I/dV? spectra with respect
to Bey- Adapted from [32].

anisotropy of D = 3.3 meV. It is important to note that unlike single atoms, Nc
exhibits spin excitations while adsorbed on a metal surface, possibly owing this
behavior to the cyclic 7* orbital of the Cp rings [28]. This is also the case for other
molecules [29-31].

Czap et al. repeated the experiment with Nc adsorbed adsorbed on silver with

a 4 T external magnetic field perpendicular to the surface [32], hence the new spin
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Chapter 2. Atomic scale magnetism with STM

Hamiltonian:
H=DS.” — gupS.Bu. (2.4)

They observed the peak/dip splitting into two new peaks/dips (solid green lines in
Fig. 2.7a), corresponding to the spin excitations |[S =1, M =0) — |S =1, M = +1)
and |S=1,M =0) — |S=1,M = —1). Thanks to the energies of these spin ex-
citations (Fig. 2.7b), they found a magnetic moment u = gup = 1.89up for Nc on
silver. A value slightly lower than for the free standing molecule where p = 2up.

This difference is due to charge transfer between Nc and the surface.

2.2.3 Spin excitations of a nickelocene-terminated tip

Our group demonstrated that Nc can be attached to the apex of a STM tip [1, 33].
The process to attach the molecule is straightforward provided the tip is mono-
atomically sharp. On noble metal surfaces, it is sufficient to set the tunneling
parameters to —1 mV and 50 pA, while carefully approaching the tip towards the
molecule by a minimum of 200 pm. Once the molecule is on the tip, we then check
that the molecular tip is reliable and robust. To do so, we sweep the tip toward
the surface and concomitantly measure the junction conductance until it reaches
the contact (z = 0), which is identified through a change in the slope of the trace
(Fig. 2.8a) [34]. At contact, the center-to-center distance between the C atoms
of the Cp ring and the Cu atoms is ~ 250 pm [33|. The stability of the Ne-tip is
assessed by recording point contact images of the copper surface [35]. This image
acquisition consists of scanning at a conductance of approximately 2¢?/h in order to
achieve a reproducible atomic resolution of the surface (Fig. 2.8b) [35]. Throughout
these image acquisitions, the molecular tip remains intact, allowing the procedure
to be repeated, resulting in reproducible atomic resolution of the surface.

Density functional theory (DFT) calculations were performed by modeling the
molecular tip by a Nc atop a Cu atom adsorbed on a Cu(100) plane [33]. The
molecular tip was placed at different distances from a Cu(100) surface and the
junction was fully relaxed. The insets of Fig. 2.8a present the relaxed geometry
for the tunnel (right inset) and contact (left inset) regimes. In the tunnel regime,
the molecule is attached to the Cu apex-atom through two carbon atoms of the Cp
ring, which results in the molecule tilting by 12° respect to the surface normal. At
contact, the Cp rings are parallel to the surface and the Cu apex-atom is coordinated
to five C atoms.

The tilt angle of Nc on the tip apex can be assessed experimentally by “counter

imaging”. This procedure consists in imaging an atom on the surface using a Nc-
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Figure 2.8: (a) Conductance versus tip-sample distance (feedback loop open at
50 pA, 50 mV). The trace was acquired atop an atom of the Cu(111) surface. The
dashed black line corresponds to the contact point between the Ne-tip and the Cu
surface. The insets present simulation of the adsorption of Nc¢ on the tip in the
tunneling and contact regimes. (b) Image of Cu(111) obtained by scanning with the
Ne-tip in contact with the surface. The surface corrugation is visible.

tip. The resulting image is a ring (Fig. 2.9a), representing the bottom Cp ring
of Nc adsorbed on the tip. This may be explained by remarking that the tunnel
junction is just reverted compared to the usual tunneling conditions where a sharp
metallic tip is used to image a Nc on the surface (Fig. 2.9b). From one case to the
other, the current is flowing in the opposite direction. In Fig. 2.9a, the Cu atom
has a brighter half which is the consequence of the tilt in the molecule adsorption
on the tip mentioned previously. The appearance of nickelocene also changes when
imaged with a Ne-tip. In Fig. 2.9¢ the molecules exhibit a bright center, indicating a
protrusion rather than the typical donut shape observed with a metal tip (Fig. 2.9d).
In chapter 6, we will employ STM theory to elucidate these observed differences.
Most importantly, as shown in Fig. 2.6a, the spin excitations are preserved on when
Nc is on the tip apex (solid red line). We find a magnetic anisotropy of D = 3.8 meV,
which is larger than the magnetic anisotropy for Nc on the surface. We attributed

this to an elongation of the molecule along its principal molecular axis [1].

We will show in this thesis that by monitoring the spin excitations of Nc it is
possible to collect magnetic information from the sample such as the magnetization
orientation, the spin polarization and the magnetic exchange coupling between the
Ne-tip and the surface. We will extend the results from [2] to other magnetic surfaces
with different spin orientations, either pristine or exposed to hydrogen, and to a

magnetic molecule.
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Chapter 2. Atomic scale magnetism with STM

Figure 2.9: (a) Image of an adsorbed Cu atom on Cu(100) acquired with a Ne-tip
(1.5 x 1.5 nm?), along with a sketch of a Ne-tip scanning the Cu atom. (b) Image of
a nickelocene imaged with a copper-terminated tip (2 x 2 nm?), along with a sketch
of a Cu-tip scanning a nickelocene adsorbed on a surface. (c¢) Nickelocene molecules
on Cu(100) imaged with a Nec-tip. A Cu atom is present in the bottom left of the
image. Same area as (d) imaged with a metallic tip, before picking up one of the
Nc molecules.

Nc tip Metallic tip

¥

2.3 Other spin-sensing techniques

Spin sensing with STM can also be achieved by taking advantage of three differ-
ent phenomenons, namely electron spin resonance, Yu-Shiba-Rusinov states and the
Kondo effect.

ESR-STM. To illustrate ESR-STM, we consider the pioneering study by Baumann
et al. in 2015 [15]. A magnetic atom, Fe, is adsorbed on insulating MgO patches
partially covering a silver substrate. A large magnetic field B=B,+B,is applied,
where B, is the component of B in the plane of the MgO surface, and B, the
component perpendicular to the surface such that B, < B, (Fig. 2.10a). B, splits
the lowest energy states as |0) and |1). The role of the MgO surface is to increase the
quantum coherence time of the Fe spin by preventing electrons from the substrate to
scatter with the single atom. To this day, NaCl [37] and MgO are the only interstitial
layers which can be used for ESR-STM experiments. To drive the spin excitation
between the two states, a time-dependent radio-frequency RF electric field within
the tunnel junction is employed. This is achieved by applying an RF voltage to
the STM junction in addition to the DC bias voltage. When the frequency of this
AC electric field matches the frequency of a spin excitation, the magnetic states

become equally populated, causing the average magnetization orientation of the Fe
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Figure 2.10: (a) Schematic model of the ESR technique: The spin polarized tip
positioned on a Fe atom/MgO/Ag(001) immersed in an external field B. The black
arrows represent their magnetic moments. The RF voltage within the junction cre-
ates a time-dependent electric field. (b) Two examples of ESR peaks when measuring
at B=6 T and B = 5.375 T. Adapted from [15].

atom on the surface to rotate. Another key ingredient of ESR measurement is the
spin-polarized tip, which acts as a detector. Depending on the relative orientation
between the magnetic moments of the tip and the Fe atom, the magneto-resistance
effect modifies the tunneling current. To measure the ESR signal, the RF frequency
is usually swept between 20 and 30 GHz, recently topping 60 GHz [38]. As seen
in Fig. 2.10b, AT represents the difference between the tunneling current with and
without the RF voltage at a given frequency. A peak appears at the resonant
frequency with an intensity reaching 100 fA. Depending on the value of the external

B, the Zeeman splitting changes, and the resonant frequency shifts.

Yang et al. compared the energy scales for spin excitation spectroscopy and ESR
measurements on a Ti atom adsorbed on MgO/Ag(001) (Fig.2.11) [36]. ESR-STM
demonstrates an impressive energy resolution of 0.1 peV, corresponding to a mil-
litesla field. For spin excitation spectroscopy, they evaluated a resolution of 0.28
meV, accounting for thermal broadening, given that their STM operates at 0.6 K.
The ESR technique is thus capable of sensing the spin of a target atom placed lat-
erally away from the tip [39]. At a recent conference (“Spin on Surfaces”, September
2023), T. Esat et al. showed that a tip terminated by a nearly-freestanding molecule
of PTCDA could produce an ESR resonance. Ideally, having the ESR signal on the
tip rather than on the surface is a significant advantage, as it would broaden the
technique’s applicability to all surface-supported magnetic systems, similar to the

Nec-tip but with higher energy resolution.

Yu-Shiba-Rusinov states. The STM is capable of detecting perturbations of the
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Figure 2.11: Exchange interaction, Ei,, and By, with respect to tip-Ti distance
(log scale on y axes), measured with spin excitation spectroscopy (blue circles) and
with ESR (green circles). The solid line is an exponential fit. Adapted from [36].

superconducting state at the atomic scale in the vicinity of magnetic impurities [40].
When adsorbed on the superconducting surface, or even below it, magnetic impu-
rities locally perturb the Cooper pairs. They localize bound states also known as
Yu-Shiba-Rusinov (YSR) states, which appear as peaks at opposite biases within
the superconducting gap in the dI/dV measurements. These states are 100% spin-
polarized subgap resonances. Interestingly, a superconducting tip can be function-
alized with a magnetic impurity to yield on-tip YSR states [41] and used to perform

spin-polarized measurements with increased spin sensitivity [42].

Kondo effect. Another phenomenon caused by magnetic impurities adsorbed on
a metallic surface is the Kondo effect [43, 44]. The spin of the impurity is screened
by the conduction electrons of the metal leading to a virtual state, which manifests
in the dI/dV as a peak at zero bias. The Kondo effect can also be produced on
the STM tip in a controlled way by functionalizing the tip apex with the spin —1/2
cobaltocene molecule (CoCp,) [45]. In a similar fashion of the Nc tip, a Kondo tip

can collect magnetic information of objects by monitoring the Kondo resonance.
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CHAPTER 3

Scanning Tunneling Microscopy

The scanning tunneling microscope (STM), invented in 1981, marked a ground-
breaking achievement in nanoscience. The key figures behind this invention, Binnig,
Rohrer, Gerber, and Weibel, were honored with the Nobel Prize in 1986. The STM
serves as a powerful tool for characterizing surfaces with a resolution down to the
nanometer and even atomic scale in some cases. This is achieved by bringing a
metallic tip within several angstroms of the sample’s surface. By applying a bias
voltage between the tip and the sample, a current flows across the vacuum gap, its
amplitude depending on the tip-surface distance. Thanks to a feedback loop, the
tip scans the surface at a constant current, and its vertical movements produce a to-
pographic map of the surface. In addition to surface imaging, the STM enables the
spectroscopic analysis of nanoscale objects. Notably, it allows accessing the surface
density of states as well as the excited states of single atoms and molecules. This
chapter begins by explaining the tunneling effect. Following this, we move to the
Bardeen, Tersoff-Hamann and Wentzel-Kramers—Brillouin (WKB) theories, which
provide a mathematical description of the current in a tunneling junction. Subse-
quently, we elaborate on how to image a surface and introduce scanning tunneling
spectroscopy, as well as inelastic electron spectroscopy. Finally, we provide details

about our experimental setup and the data acquisition process.
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Figure 3.1: Sketch of the one dimensional tunnel barrier U(z). The blue line repre-
sents the wave functions within the different areas.

3.1 The concept of tunneling

In classical physics, an electron confined within a potential energy field U(7) is
restricted to regions where its total energy E is greater than U(7). However, in
quantum mechanics, the behavior of this electron is governed by the Schrédinger
equation: 2 p

—om T (2) HU()Y(z) = Ev(2), (3.1)
where m is the mass of the electron. The eigenstates are wave functions related
to the probability to find the electron at a defined position. Within this quantum
framework, an electron possesses the ability to tunnel through a barrier potential
even when ' < U. To exemplify it, we considered a one dimensional potential
scenario as in Fig. 3.1. In regions I (z < 0) and III (¢ > d) U = 0, and the region
IT (0 < z < d) represents the potential barrier where U = Uy. As detailed in [46],
we solve the Schrodinger equation and derive the following solutions associated to

each area:

1/}[ _ Aleiklz +A’ efik1z7

1
U = AgeP? + Aje P, (3.2)
b = Asze’™* + Agem ™,

where ky = \/2mE/h2 and py = \/2m(Uy — E)/R2. First, we focus on the existence
of a solution within the classically forbidden region II. This particular eigenstate
manifests as an evanescent wave. Subsequently, we calculate the reflection and
transmission coefficients across the barrier. In order to achieve this, we formulate
the ratios of amplitudes All /A1, As/A;. Given that, the incident electron originates
from z = —oo and encounters no potential at the extreme right, A/3 is set to 0. The
wave functions are continuous at z = 0 and z = d, thus 1;(0) = ¢11(0), 1;(0) = 15;(0)
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as well as ¢r(d) = mi(d), Yy(d) = ¢¥y(d). Utilizing these conditions, we express
A} and A; with respect to As.

_ . ki —p3 ik1d
Ay = |cosh (pad) — i sinh (pad) | €% As,
2k1 2 33
, 03+ k2 , (3:3)
A, = —i22—"L sinh (pod)e™? As.
k1p2

The final expression of the transmission coefficient is :

=7

2 _ 4E(Uy — E) (3.4)

AE(Uy — E) + U sinh? [\/2m(Uy — E)d/h]’

and the reflection coefficient is R = |A/1 /A ‘2 = 1—T. The evanescent wave within

T

area Il has a penetration depth of:

1 1.96

S T—T A (3.5)
where the energy unit is expressed in electron-volts. For a higher probability to
tunnel through the barrier, the condition d < 1/p, should be satisfied. With typical
values of £ = 100 meV, a barrier potential Uy = 4 €V, which is the typical work
function of a metal, the distance d to have a decent probability to tunnel through
the barrier should be of order 1 A. On the other hand, if the barrier is wide such
that pod > 1, the transmission coefficient is exponentially decreasing with respect

to d:

16E(Uy — E)
T 077
Us

quickly dropping to zero within a few angstroms. Although this model is overly

exp (—2p2d), (3.6)

simplistic for describing realistic STM experiments, it does elucidate the high sen-
sitivity to height changes in the sample topography. Additionally, it demonstrates
that during tunneling, the atom of the tip closest to the substrate is the primary

atom involved in the tunneling process.

3.2 Bardeen’s theory

The Bardeen model, named after physicist J. Bardeen, is used to describe the trans-
port of charge carriers [47|, typically electrons. This model is based on the semi-
classical Boltzmann transport equation, which considers both classical and quantum
mechanical effects. It provides a broad understanding of carrier transport and tun-

neling phenomenon occurring between two electrodes brought into close proximity.
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Figure 3.2: One dimensional sketch of the electrode A and B far away and their
respective wave functions 1, and x,.

Initially we address the problem employing one dimensional electrodes. Afterwards,
we generalize our results to the STM tip and a sample considering them as electrodes

in three dimensions.

3.2.1 One dimensional case

We consider an electrode A characterized by a potential function U, (Fig. 3.2). The

associated wave functions is a solution to the time dependent Schrédinger’s equation

ov h? o2
h— = |———=—= 4+ U | ¥ 3.7
T {zmaﬁA]’ (8.7)
U(r,t) are the eigen states :
U = e B/, (3.8)
where 1), depends only on spatial coordinates such that :
h? 9
g Ua] = Bt )
For electrode B, characterized by a potential Ug, the stationary states
U =y, e Bt/ (3.10)
adhere to the time dependent Schrédinger’s equation :
ov h? 0?
h— = |———=——=+Up| V¥ 3.11
e [2m8z2+ B] ’ (8:11)

with y,, the spatial wave functions satisfying :

20



Chapter 3. Scanning Tunneling Microscopy

h? o2

The wave functions 1, and x, decay into the vacuum region between electrodes A
and B. As the two electrodes are brought together at zy, the Schrodinger equation

describing the system becomes:

8\1/ 2 02
ot | 2mo2

If the two potentials Uy, Ug do not overlap with respect to the coordinate z, the

+UA+UB} . (3.13)

solution of the new Schrédinger’s equation is written as [48]:

U = wue’iE“t/h + Z c,,(t)xl,e”E”t/h, (3.14)

v=1
since U(t = 0) = ¢, ¢,(0) = 0. Each set of wave functions 1, and yx, are not

solutions of the Hamiltonian in Eq. 3.13. Moreover, Bardeen’s theory assumes that
(¥ulxy) = 0. Substituting ¥ in Eq. 3.13 leads to:

de,( . > ‘
ﬁZ e B = Uphe B Uy S (e B (3.15)
A=1

We neglect the second term on the right-hand side as it constitutes a second-order
infinitesimal quantity and restrain the following calculation to the first order. We
multiply Eq. 3.15 by the term y*e™*" and integrate over z > z, where Up is non
Zero:

de, (t)

ih—o= = P UpxdPreFu=Ft/h, (3.16)

z2>20

From this relation it is then possible to express the tunneling current.

3.2.2 Tunneling current

To accomplish this, we begin by expressing the amplitude of the v-th state of elec-
trode B by integrating over time the Eq. 3.16 and substituting Up by using Eq. 3.11
and Eq. 3.12:

o—i(Eu—E)t/h _ |

E,—E,

Cu<t) = M,uu (317)
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where: o
M, =— [ (V% — ¢, V2x)) dr. (3.18)
2m Jq,
The integral is over {2, a subspace containing the free tip considered as electrode B.
Subsequently, the square of this amplitude yields the probability of the u-th state

in the sample (electrode A) transitioning into a v-th state in the tip at the time t:

o 4sin®[(E, — E,)t/2h]

R R e (3.19)
o v
if the time of tunneling is ¢ > 2h/(E, — E,)
2hsin’ [(E, — E,)t/2h]
= 6§(E, — E,). 2
Wt(Eu . El/)2 ( H ) (3 O)
Thus the probability can be written as
2m

Pu(t) = = |M,,|* 6(E, — E,)t. (3.21)

The delta function implies that the tunneling current is elastic, meaning that F, =

E,. By deriving the probability with respect to time, we obtain the transition rate:

2m
Vv = f ‘M,LLV|2 5(E,u - Ell) (322)

Naturally, an electron can only tunnel from an occupied state to an unoccupied
state. At zero temperature, there is a sharp Fermi edge separating occupied and
unoccupied states, while at elevated temperatures, the Fermi edge is smeared out;
occupied states are then described by the Fermi-Dirac distribution:

f(E) = (exp[(E — Er)/kgT] + 1), while unoccupied states are described by 1 —
f. Accounting for the occupation in this manner and assuming a bias voltage V,
Eq. 3.22 becomes:

it = T Ml (B — By — eV) (B[ = (B, (3.23)

while the transition rate of a tip state transferring to a sample state is:

s 2m
Yo" = 5 |1 Moyl 0(E, = B, — eV) f(B,)[1 = f(E,)] (3:24)
Up to now we have considered the tunneling process involving a single state u to
a single state v. However the tip and sample are characterized by a continuous
spectrum of states, thus we have to consider all states y and v. To obtain the

expression of the tunneling current, we multiply the rates by e, the electron charge,
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Figure 3.3: Sketch of the spherical tip apex above a flat surface. Adapted from [49].

and sum over all the tip and sample states to obtain the expression of the tunnel

current:

I=3 ety =),

- (3.25)
1= 25 S M 8B, — B, — V) (B,) - F(B,)

where we assume that M,, = M},. Equation 3.25 will serve as the starting point

for the Tersoff-Hamann and WKB theories presented hereafter.

3.3 The Tersoff-Hamann model

In Bardeen’s theory, the computation of the tunneling matrix elements can be de-
manding. Tersoff and Hamann facilitate this step by describing the STM tip by a
spherical wave [49]. This approximation provides a relatively simple and computa-
tionally efficient method for analyzing tunneling phenomena near surfaces. It allows
for quantitative analysis of STM measurements, enabling the extraction of surface
properties and atomic-scale features. Due to its effectiveness and versatility, it is
widely used in surface science. The tip is modeled as a spherical potential with R
representing the curvature radius of center position 7y and d denoting the distance
between the surface and the tip apex (Fig. 3.3). The sample wave function will
be denoted as v, with p the p-th state, while the tip wave function is referred to
as x,. Tlaking Eq. 3.25 from Bardeen’s theory, and under the experimental condi-
tions of low voltage and low temperature, the tunneling current in the first order

approximation is given by:
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2VZ| |’ 0(E, — Ep)d(E, — Ep). (3.26)

An important assumption in the Tersoff-Hamann theory is the local modeling of the
tip as a spherical potential, thereby implying that y, takes the form of a spherical

wave:

- Cexp (—_/)@ \7": 7o)
K| — 79|

: (3.27)

where C represents a constant, k = /2m¢/h, ¢ being the work function of the tip
approximately equivalent to that of the surface. The surface and tip wave functions
are expanded, as detailed in [49], and subsequently inserted into in Eq. 3.18 to cal-
culate the tunneling matrix elements and find M, o« ¢,(r)). Finally, the tunneling

current is determined as:

Lo Vpr(Br) Y (i) 6(Es — Er), (3.28)

“w
where p; is the DOS per unit volume of the tip. The tunneling current depends on

the DOS of the surface at the Fermi energy, measured at the tip position, given by:

ps(7%, E Zm 7o) |*0(E, — E). (3.29)

This quantity is also known as the local DOS (LDOS). Furthermore, the cur-
rent I exponentially diminishes with the distance d, as described by [¢,(75)]” o
exp [—2k(R + d)]. These findings allowed for the computation of the corrugation of
the 2 x 1 and 3 x 1 reconstruction of Au(110) resulting in an exceptional agreement
with STM measurements of the same surface conducted by Binnig et al. [50]. In
Chapter 6, we will investigate the magnetism and spin transport of an Nc¢ molecule
on a cobalt surface. We will show that the Tersoff-Hamann method can reproduce
the STM images of the molecule, provided that the tip used is metallic. However,
when the metallic tip is replaced by the Nc-tip, we will find that the approximation
is no longer valid, and the Bardeen theory is then needed to correctly reproduce the

images.

3.4 Imaging with the STM

Acquiring an STM image demands extremely precise motion control, facilitated

by affixing the tip to a piezoelectric tube scanner, as depicted in Fig. 3.4. The
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Figure 3.4: Sketch of the STM tip attached to the piezoelectric tube scanning a
surface and the electronic set up.

tube, crafted from PZT, comprises four thin metal plates or quadrants on its outer
surface, forming the (+x) and (fy) electrodes. The inner surface is similarly coated
with metallic material, constituting the (z) electrode. To move in the y-direction, a
voltage V' is applied to the (y) electrode, while —V is applied to the (—y) electrodes.
The voltage trigger an electric field-induced stress in opposite directions on each
quadrant, resulting in the deflection of the tube in the y-direction. Alternating
the voltage polarity at a finite frequency enables the tip to scan the surface. The
piezoelectric tube covers distances spanning from the atomic scale to the micrometer
range in the (x,y, z) directions. Additionally, it is essential to note the presence of a
coarse piezoelectric mechanism that aids in moving the tip across larger distances,
spanning several milimeters.

In the process of imaging, a bias voltage is applied between the sample and the
tip, enabling the flow of a tunneling current. While scanning in constant current

mode, the STM capitalizes on the current’s sensitivity to the tip-surface distance.
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Figure 3.5: Sketch of a tip scanning an atomic step in (a) the constant current mode
and (b) the constant height mode.

As shown in Fig. 3.4 a grounded pre-amplifier converts the current to a voltage
at the tip location, the feedback loop compares this measurement to a previously
designated current value Iy. Subsequently, the control unit (Nanonis Mimea BP4)
adjusts the tip extension to maintain the tunneling current equal to Iy. As a result,
the tip scans the sample while maintaining a constant vacuum gap, mirroring the
surface corrugation as depicted in Fig. 3.5a. Conversely, in constant height mode
(Fig. 3.5b), with the feedback loop turned off; the tip’s vertical position remains
unadjusted while scanning in the (z,y) plane. As illustrated in Fig. 3.5b only the
current varies, yielding a so-called current image of the sample. It is important to
note that the scanned surface should be flat, in the constant height mode, to prevent
the tip crash. In addition, the sample should not be excessively insulating to permit
electron tunneling. To obtain a clear image we make sure that the tip apex is sharp
and mono-atomic by indenting the tip into a clean surface. Otherwise, the image
may appear blurred, for example resulting in the imaging of a single adsorbed atom

as multiple atoms.

3.5 WKB theory

The utilization of the WKB approximation aids in simplifying the expression of the

tunneling current from Bardeen’s theory, eliminating the need for tunneling matrix
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Figure 3.6: Sketch of the junction within the frame of the WKB theory for V' > 0
(a) and V < 0 (b). The blue arrows show the direction of the current.

elements. This derivation, as elucidated in [51], leads to an expression particularly
beneficial for a theoretical description of tunneling spectroscopy with a STM. We
consider a junction composed of two planar electrodes (Fig. 3.6), namely the sample
and the tip, separated by a distance z. To express the current, we replace the
finite summation over the sample and tip discrete states in Eq. 3.25 by an integral
over energies using the sample (p,) and tip (p;) DOS: Y. — [ p(E)dE. After an

appropriate change of variable we find

2\ 2 poo
160« 2 (1) [TV BE - ) - (BB - )iE.
- (3.30)
The WKB approximation consists in assuming that the tunneling matrix element can
be described by the transmission probability T'(z, V, E'). For a trapezoidal barrier

within the tunnel junction (Fig. 3.6), the transmission probability is approximately

2 _
T(z,V,E) = exp [—2,2\/%—? (cb n % - E>

where the electron momentum parallel to the electrodes surface is neglected. Here, ®

: (3.31)

represents the mean value of the tip and sample work functions. Under the condition
where kT < eV is satisfied, the Fermi-Dirac distributions can be approximated by

step function and the expression of I simplifies further to:

(2, V) 2—26 (%) /0 TV B (E)p(E — eV)AE,  (3.32)

which is an expression more amenable for describing tunneling spectroscopy.

27



Chapter 3. Scanning Tunneling Microscopy

3.6 Tunneling spectroscopy

Elastic tunneling. Scanning tunneling spectroscopy experiments are aimed at
probing the DOS of a sample. As the tunneling current contains information about
both the sample and the tip DOS, one can calculate the derivative with respect to
V to deconvolute the sample DOS as derived in [51]:

1
TEV) o A2,V BB — V)| omer

eV B —
+/ T(z,v,E)pS(E)wazE
0

[ EEE e - evian), 33)

where A represents a proportionality coefficient related to the effective tip-surface
contact area. According to the approximation outlined in [51], only the first term
remains in Eq. 3.33 since p; is considered constant. Concerning the third term, at
sufficiently low bias, the transmission probability shows minimal variation. Conse-
quently, this leads to the final expression of the conductance:

dl

W(z, V) o ps(eV)T(z,eV, V). (3.34)
Thus, the surface DOS can be probed through the measurement of a dI/dV. This
expression, however, oversimplifies the tunneling process, as it disregards the influ-
ence of the atomic orbitals of both the tip and sample. The orbitals decay differently
into vacuum, with some being less favorable to the tunneling process (e.g., in-plane
orbitals such as p,, p,, dy2—y2) compared to others (s, p,, d.). As aresult, the dI/dV
signal may differ from the surface DOS at a given distance z due to the weighting of
these orbitals in the tunneling process. By expanding the method to incorporate a
simple orbital-dependent electron tunneling transmission, more accurate results can

be obtained, showing a reasonable agreement with Bardeen-based calculations [52].

Inelastic tunneling. Up to this point, we have focused on elastic tunneling, where
the energy of the tunneling electrons remains constant. However, introducing a
single object (atom, molecule) into the junction can allow tunneling electrons to
exchange energy with it (Fig. 3.7). Through inelastic electron spectroscopy, known
as IETS, electrically induced excitations can be detected within the object, such
as spin transitions [13] or vibrational modes [14, 53]. An inelastic event occurs

when the tunneling electron energy surpasses an energy threshold A representing
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Figure 3.7: Sketch of an electron losing an energy AFE while tunneling.
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Figure 3.8: (a) Tunneling current with respect to bias voltage I(V'), (b) The con-
ductance dI/dV, (c) Second derivative of the current with respect to V, d*I/dV?.
Note that the peak (dip) are delta functions since the the steps in the conductance
signal show no broadening.

the energy difference between the ground and excited states of the probed object.
Figure 3.8a illustrates the signature of an inelastic event in an I(V') curve obtained
while sweeping the bias. As shown, a change in slope occurs at V' when eV = £A.
This shift signifies the opening of a new tunneling channel, the inelastic tunneling
channel, that enhances the junction’s conductance. Consequently, the dI/dV signal
exhibits steps at +A (Fig.3.8b), or a peak and a dip in d*I/dV? at positive and
negative bias, respectively (Fig.3.8¢).

3.7 Lock-in detection

In STM, the differential conductance, dI/dV, is a key measurement. One possibility
to acquire a dI /dV consists in measuring an (V') by sweeping the bias tension V and
concomitantly measuring the current, and then deriving d//dV numerically. How-

ever this leads to a low signal-to-noise ratio (Fig. 3.9). A more advantageous method
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Figure 3.9: Numerical derivative of I versus d//dV measured with a lock-in ampli-

fier.

involves using a lock-in amplifier, which introduces a modulated signal V,,, cos(wt+0)
in addition to the bias voltage. The dI/dV is measured by remarking that the re-

sulting current can be expanded using the Taylor series:

2
IV 4V, cos(wt +0)] = I(V) + MVm cos(wt +6) + dzclﬂ(/‘;)

2 2
TG V2 cos“(wt+6) + ...

(3.35)
where V,, < V. A phase sensitive detector multiplies the current in Eq. 3.35 by a
reference signal V' cos (w,t + ¢) to isolate and extract the dI/dV and the d?I/dV?

signals:

{cos [(w — w, )t + 6 — ¢] + cos [(w + w, )t + 6 + ¢|},
(3.36)

dl VYV dI(V)
av lock-in B 2 av

and

{cos[(2w + w, )t + 20 + ¢

&£ V2V RI(V)
dv2 lock-in a 8 de

+ cos[(2w — w; )t + 20 — ¢) + 2 cos(w,t + ¢]}.  (3.37)

The discrepancy in phases 6 and ¢ arises from the distinct electrical circuits through
which the modulated current and reference signal pass. To extract dI/dV from
Eq. 3.36, the frequency of the reference signal is set as w, = w. Consequently, the
first cosine function depends solely on the phases # and ¢, while the second cosine

is frequency-dependent. By applying a low-pass filter, AC signals are eliminated,
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Figure 3.10: Smearing functions for elastic tunneling: (a) Thermal, (b) Lock-in.

thus yielding the dI/dV. Optimizing the phase ¢ maximizes the signal measured.
Similarly, setting w, = 2w enables the retrieval of dI/dV?2. Notably ¢ varies with
the used frequency and the pre-amplifier gain.

The selection of V,, must be done carefully. While a larger modulation amplitude
enhances the signal-to-noise ratio, it also widens the line shape of our signal, as will
discussed here below. Typical values we used range between 200 — 500 pV rms
for inelastic spectroscopy and 2 — 5 mV rms for standard tunneling spectroscopy.
Typical frequencies ranged between 700 Hz to 6.5 kHz. Utilizing a sufficiently large
frequency modulation allows the lock-in to average more over the measured value

during a given time, thereby enhancing the signal-to-noise ratio.

3.8 Line shape broadening

The line shape of the tunneling spectra is subject to broadening caused by tem-
perature, lock-in modulation, and electromagnetic noise picked up by the cables
connecting the microscope to its control unit. In the following section, we derive the
line shape broadening for both elastic and inelastic tunneling spectroscopy. For a
detailed description of electromagnetic-noise broadening, we refer the reader to [54].
Nonetheless, we will provide an estimate of this noise in our setup at the end of this

section.

Elastic tunneling. Unlike our previous assumption, the non-zero temperature of
our sample results in a smearing of the Fermi-Dirac distribution. Starting from the
expression of the current derived from the WKB theory (Eq. 3.33), we can express
the dI/dV by considering a constant transmission probability 7" and a constant tip
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DOS Pt:

T A T

This expression can also be represented as a convolution product between p; and a

div) / h YE=<V) g (3.38)

function yr:

ar(v o
% o / ps(E)xr(eV — E)dE, (3.39)
where xr(FE) is the thermal smearing function that broadens the dI/dV signal
(Fig. 3.10a):

xr(E) = x7(0)[cosh(E/2kgT)] 2, (3.40)

where x7(0) = e/4kgT. The thermal smearing function yr is responsible for broad-
ening the dI/dV signal. The full width at half maximum (FWHM) is ér = 3.5kgT.

The lock-in measurement, particularly the voltage modulation amplitude, intro-
duces some smearing in spectroscopic measurements. This can be demonstrated by
considering the first harmonic of the current resulting from the additional modulated

bias, which is expressed as:

L, (V)= 2 /07/2 IV + V,,, cos(wt)] cos(wt)dt. (3.41)

T

I, represents the differential conductance measured by the lock-in amplifier, [dI /dV |ioek-in;

achieved by selecting the appropriate phase to maximize the signal. Upon substi-

tuting V' =V,, cos(wt) and integrating Eq. 3.41 by parts, we have:
g

dI(V) o g7
dI(v) [z dl / .
[ av Lck-m /OO a7V AV )xm(V)dv,

_ / Z %(v’)xm(v' _Vyav, (3.42)

> dI / / /
_ /OOW(V)XW(V—V)dV.

Consequently, the lock-in amplifier measures the convoluted differential conductance

associated with a lock-in smearing function y,, (Fig. 3.10b):

mV,: mO
(V) = (0) Y5
=0, |V'|>Vp,

) ’V,‘ S Vm7
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Figure 3.11: Smearing functions for inelastic tunneling: (a) Thermal, (b) Lock-in.

where x,,(0) = 2/7, and V,,, denotes the modulation signal amplitude. The FWHM
of this smearing function is 9,, = V3V,

The differential conductance therefore results in a double convolution product
involving the surface DOS convoluted with the thermal smearing function and the
lock-in smearing function:

dl ( )
— o (ps * * Xom-
av lock-in : X X

The energy resolution for elastic tunneling spectroscopy is then [55]:

5~ (/62 + 02, (3.43)

With our measurement conducted at 7" = 2.4 K and a modulation amplitude of

Vi, = 200 pV rms, our energy resolution is approximately 0.9 meV.

Inelastic tunneling. Similarly, it can be shown that the d?I/dV? spectrum is
convoluted by a smearing thermal function ¢r(E) [56]:

1 ,(z—2)e"+x+2

¢T(E) = /{ZBTe (ea: _ 1)3 ’

with z = E/kgT. The FWHM of ¢r is &7 = 5.4kgT (Fig. 3.11a). The smearing
function resulting from V;, can also be expressed [56]. In this case, the measured

second derivative becomes a convolution product between the exact value of d*I /dV?

33



Chapter 3. Scanning Tunneling Microscopy

and the smearing function ¢, (Fig. 3.11b):

_ s (V- VY
37 Vi
—0, |V|> V. (3.45)

Om (V) V) < Vi, (3.44)

The FWHM of ¢, is 0;, = 1.22 V,,. As a result, the energy resolution for inelastic

tunneling spectroscopy is approximately:

5~ ()82 + 62 (3.46)

With our measurement conducted at 7" = 2.4 K and a modulation amplitude of

Vi = 200 pV rms, our energy resolution is approximately 1.2 meV.

Estimating high-frequency noise. In Chapter 4, we will extensively use spin ex-
citation spectroscopy to measure the magnetic properties of surfaces. These inelastic
spectra can be accurately reproduced by a model calculation [57], which indicate
an effective temperature 7% = 3.4 K for our system, whereas our working temper-
ature is 2.4 K. The effective temperature of an experiment is always larger than
its base temperature due to additional broadening effects. Along with modulation
voltages and non-zero temperature as mentioned above, we may additionally include
electromagnetic noise and lifetime broadening. The quantity o7 = 5.4kgT™ there-
fore provides a rough estimate of the smearing for our inelastic tunneling spectra,
which in our setup is 1.57 meV. We may also estimate the electromagnetic noise by

inserting additional terms in Eq. 3.46:

o = \JOR + 52+ 62+ 67, (3.47)

where 0/, quantifies the electromagnetic smearing and ¢; quantifies the lifetime
broadening. In Chapter 4, we will show that the typical lifetime for the Nc spin
excitations is 7 = 0.1 ns, which, using the time-energy uncertainty relation, re-
sults in 07 = h/(27) = 3.3 peV. Hence, a crude estimate for the electromagnetic

broadening is d; = 1 meV.

3.9 Experimental setup

Our apparatus comprises two chambers, the preparation chamber where the sample

is prepared and the so-called STM chamber. The two chambers are separated by a
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gate valve and maintained at a pressure of approximately 10~!Y mbar, corresponding
to ultra-high vacuum (UHV) conditions. Both chambers include a turbo molecular
pump connected to a scroll pump, and possess independent ion pumps. Further-
more, a load-lock chamber with its own turbomolecar pump allows for transferring
tips, substrates, molecular powders from ambient air into the preparation cham-
ber. During STM measurements, all pumps are turned off except for the ion pumps.
Compressed air is utilized to suspend the chambers on dampers, isolating them from
floor vibrations (< 10 Hz).

In the preparation chamber (Fig. 3.12a), the primary tasks involve sample clean-
ing using an Ar™ ion sputtering gun. For cleaning the Cu surface we use an accel-
erating voltage of 3 kV and a gas pressure of 1.5107% mbar. Sample annealing is
accomplished by passing current through a W wire beneath the sample stage (Fig.
3.12b). The emitted electrons are accelerated toward the sample via a high volt-
age (750 V) to bombard the sample and increase its temperature to a maximum of
700° C. Temperature monitoring occurs through a combination of a thermocouple
positioned near the sample and a pyrometer placed outside of the chamber. For
material deposition, the preparation chamber houses two electron beam evapora-
tors, facilitating the deposition of materials like Fe or Co at room temperature.
Sample manipulation is handled via a manipulator with storage caskets utilized for

organized sample storage.

At low temperature, the STM chamber (Fig. 3.12c) operates under a pressure
of < 5x 107" mbar. A NEG pump helps limiting contamination from hydrogen.
The STM system itself is a customized Omicron model designed to operate under
low-temperature conditions, utilizing inner and outer cryostats. The inner one is
filled with liquid helium (3.6 liters), while the outer one needs to be refilled with
liquid nitrogen every 12 hours. The working temperature is maintained at 4.4 K for
approximately 32 hours, after which a helium refill is necessary. Pumping the helium
cryostat can temporarily lower the temperature to 2.4 K for 12 hours. The lower
pressure attained compared to the preparation chamber is due to cryopumping from
the cryostats. The STM sample stage, which is placed under the helium cryostat, can
be suspended by three springs to dampen vertical motion. A set of radial magnets

ensures, instead, lateral damping through eddy currents.

In terms of electromagnetic noise reduction strategies, efforts are made to min-
imize the pickup entering the STM. For this purpose, all cables used to drive the
piezoelectric tube have 2 MHz low-pass filters. The bias cable is also low-pass fil-
tered at 40 kHz. Additionally, a voltage divider, which is placed before the filters,
allows for dividing the DC and AC biases by factors ranging from N = 1 to 500 for
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Figure 3.12: (a) The preparation chamber in green and the STM chamber in red,
(1) indicates the filters and tension dividers box. (b) View inside the preparation
chamber with the two evaporators of Co (2) and Fe (3). The sample is placed in
(4) for the annealing and sputtering processes. (¢) Photo of the STM. The sample
is placed in (5) when being scanned by the tip (6).

the DC component and from N = 100 to 50000 for the AC component. This implies
generating a signal N - .S in the STM controller in order to anticipate the division
by the divider. The idea is to improve the signal-to-noise ratio (SNR), which may
be expressed as:

N-S

SNR = NN (3.48)

where B denotes the noise of the controller, which is also magnified by N, and B’

represents the pickup noise along the cables. For inelastic measurements, we use
N = 10000 for the AC bias; hence, the signal-to-noise ratio is governed by the STM
controller as Eq. 3.48 reduces to SNR ~ S/B. Without the voltage divider (N = 1),
the SNR would decrease to S/v/B? + B”.

3.10 Imaging with voxel (voxel imaging)

In order to probe the surface magnetism with a Nc-tip, we modified our acquisition
setup in order to record voxels. The term voxel is derived from volume and pixel. In

medical imaging, computer graphics, and other fields dealing with 3D data, voxels
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Figure 3.13: The panels sketch the acquisition of a voxel map. A grid with n x n

pixels is placed on a surface. A d*I/dV?* spectrum is acquired at each pixel. Herein,

the black line shape is the raw data and the red line shape is a fit. Magnetic

information is then extracted from each spectrum resulting in distinct voxel maps.

are used to represent the value (e.g., intensity or color) of a specific point in a
3D space. This data acquisition involves defining a grid, approximately 1 nm wide,
comprising a maximum of 40 x 40 pixels, placed onto the studied surface or object as
depicted in Fig. 3.13. When operating at T' = 2.4 K, the maximum number of pixels
is fixed by the liquid N, standing time of the microscope, that is 14 h. The tip is then
scanned in constant height above each pixel, where a d*I/dV? spectrum is acquired.
After fitting each spectrum with a Voigt profile, that is the convolution product of
a gaussian function and a lorentzian function, we extracted magnetic information,
as described in Chapter 4. This information results in two distinct voxel maps: The
exchange field at position (x,y) and the spin polarization at position (z,y). A third
voxel map, which we will not be exploited in this Thesis, can also be defined where

the magnetic anisotropy D of the Ne-tip is associated to the position (x,y).

Given the duration of the measurement, drift poses an inevitable challenge. Drift
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Figure 3.14: Exchange map of a cobalt surface with a simulated green lattice de-
picting the position of atoms. The red circles show the center of the atoms of the
simulated lattice. The 3 red axis represent the compact directions

occurs due to the finite temperatures of both the surface and the tip, causing their
expansion or contraction. Consequently, when the tip is directed to measure at a
pixel located at 7, drift may displace the tip to 7+ Ar. We suspect that due to our
setup, wherein we lower the temperature to 2.4K, the tip takes longer to thermalize
compared to the sample and thus continues to contract during data acquisition.
The drift accumulates over time, distorting the resulting map. To address this, we
implemented an anchor point, typically the summit of an atom, serving as a reference
position for the tip. After each pixel measurement, the tip returns to this anchor
point and tracks its new position using the STM atom-tracking mode. Consequently,
we evaluate the drift (dx,dy,dz) and compensate by adjusting the coordinates for
the subsequent pixel (x4 dx,y+dy, z+dz). Fig. 3.14 displays an exchange magnetic
field map where the bright round circles represent the Co atoms. In the following
analysis, we aim to quantify drift in different directions, namely (x,y) and (). To
illustrate lateral drift during map acquisition, we superimposed a simulated, thus
perfect, lattice of Co atoms onto the exchange field map. We can reasonably assume
that the error does not exceed two pixels in both the x and y directions, which
corresponds to drift < 10 pm. By monitoring the vertical position of the tip, we
measured that the drift, in the z direction, during a spectrum acquisition is lower

than 2 pm.

38



CHAPTER 4

Single-spin sensing a cobalt island

Spin sensors can achieve sensitive magnetometry through changes in their spin states
when they interact with a magnetic target. Examples include SQUID magnetome-
ters employing nitrogen vacancy centers in diamond [58] or carbon nanotubes [59].
The inclusion of magnetic field gradients into magnetometers through scanning
probe techniques has allowed for the detection of single spins with a remarkable
resolution of up to 10 nm [60-62|. Nevertheless, a paradigm shift is needed to
achieve the ultimate aim of atomic-scale resolution in magnetometry. A possible
approach involves using a single magnetic molecule as a spin sensor. Molecules offer
the advantage of a tunable electronic structure, making them well-suited for fulfill-
ing the design requirements of a quantum sensor [63]. Notably, recent advancements
in scanning tunneling microscopy (STM) techniques have enabled the detection of
a molecular spin on a surface through electron spin resonance (ESR; § 2.3) [37, 64].
This breakthrough enables the detection of exchange and dipolar fields (> 10 mT)
in the immediate vicinity of the molecular environment [65, 66]. To freely access all
surface locations, a more advantageous strategy involves attaching the molecule to
the STM tip apex. To date, this has been successfully demonstrated solely with the
spin-S = 1 Nc molecule, albeit at the cost of limiting sensitivity to exchange fields
>1T ]2, 32|

In contrast to ESR, the spin states of a Nc-tip are in fact monitored through spin
excitations arising from the inelastic component of the tunneling current (§ 2.2.3).
Subangstrom precision in sample spin-sensing is made possible by the exchange

interaction occurring across vacuum between the Nc-tip and the surface, which
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Figure 4.1: (a)-(b) Co bilayers with Nc at the step edge (12 x 12 nm?, 50 mV, 50
pA), (a) before and (b) after Nc transfer to the tip apex. Inset: Close-up view of
a Nc at a Co step edge (2 x 2 nm?). (c) Conductance versus tip-sample distance
(feedback loop open at 50 pA, 50 mV). The trace was acquired atop an atom of the
Co bilayer. The dashed line corresponds to the contact point between the Nc-tip
and the Co surface. The dashed area highlights the z-range where the exchange
coupling can be detected in our setup.

modifies the Nc spin states [2, 32, 67]. In this chapter, we examine prototypical
ferromagnetic Co islands that are grown on a pristine Cu(111) surface, including
monolayer-thick islands that remain unexplored. As observed before our findings
reveal that the thickness of the ferromagnetic layer exerts control over the orien-
tation of sample magnetization and spin polarization. Our finding are supported
by ab initio calculations performed by Roberto Robles (Centro de Fisica de Mate-
riales CFM/MPC, CSIC-UPV /EHU, San Sebastian, Spain), Nicolas Lorente (CEM
& Donostia International Physics Center, San Sebastian, Spain) and Olivier Ben-
gone (IPCMS, Strasbourg, France). Furthermore, we demonstrate that the spatial
dependence of the exchange energy across the surface is well captured by computed
spin-density maps. Our study demonstrates the effectiveness of a Nec-tip in probing

surface magnetism, even in the absence of an external magnetic field.

4.1 Sample and tip preparation

Molecular tip. To prepare a Nc-tip, we proceeded as described in § 2.2.3. Molec-
ular attachment to the monoatomically sharp tip apex was carried with an Nc ad-
sorbed on a cobalt or copper step edge (Fig. 4.1a), or with an Nc adsorbed on
a Co island, with tunneling parameters slightly different (50 mV, 50 pA, tip ex-
cursion towards Nec: 350 pm). In order to determine the tip-sample distance, we
approached the Nec-tip to a Co atom of the island surface. Contact formation was
monitored through changes in the tunneling conductance G = [/V as a function

of tip-surface distance z (Fig. 4.1b). The contact distance (z = 0) was identified
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through a change in the slope of the trace as in § 2.2.3. The contact conductance
was G = 0.25, (2¢*/h), which is lower than the contact conductance found on copper
(Fig. 2.8), the transition from tunneling to contact also being more abrupt. These
differences are not unusual when dealing with different surface materials [68].

Sample. The single-crystal Cu(111) substrate was cleaned by repeated cycles of Ar™
sputtering and annealing to 520°C. The Co islands were grown at room temperature
by evaporating cobalt onto Cu(111) from a thoroughly out-gassed rod at a rate of
0.3 ML min~!. After a 1.1 ML deposition of cobalt, the sample was transferred
in the pre-cooled STM (T < 77 K). It results in the formation of triangular-like
nanoislands, which are two atomic layers in height |7, 69, 70]. The islands, which
are denoted by 2 in Fig. 4.2a, display an apparent height of approximately 325+ 10
pm and exhibit typical sizes spanning from 10 to 30 nm. Approximately 5% of
the surface area is occupied by islands that are three layers high (denoted by 3 in
Fig.4.2a), characterized by an apparent height of 540 + 10 pm. To promote the
growth of one-layer high islands (referred to as 1 in Fig. 4.2b), we introduce strain
relaxations in the Cu substrate by either depositing Co at sub-room temperatures
or by lowering the annealing temperature of the Cu substrate [71]. The monolayer
islands exhibit variable sizes within the range of 7 — 20 nm and have an apparent
height of approximately 140+ 10 pm. Their morphology is triangular with truncated
corners, which signifies that the diffusion barriers involved in their growth process
differ from those of bilayer islands [71]. Nickelocene deposition was carried out by
exposing the cold sample (< 100 K) to a molecular flux of 2.5 x 102 ML - min~!
during a few seconds. Care was taken to work in a hydrogen-free environment, as
Co islands are prone to hydrogen contamination [72, 73]. We will see in Chapter 5

that this contamination can affect the magnetism of the islands.

4.2 Electronic properties (metallic tip apex)

The islands exhibit similar electronic properties. In Fig. 4.2c, we present dI/dV
spectra acquired by placing a metal tip at the center of the islands. They were
recorded using a lock-in amplifier operating at a frequency of 6.2 kHz and a modu-
lation of 5 mV rms. Across all the islands, a prominent feature is observed in their
dI/dV spectra, situated at energies of —0.39 ¢V (1), —0.33 ¢V (2), and —0.36 eV
(3). Based on the ab initio calculations, it is assigned to minority d,: states, in
agreement with previous findings [69, 70]. Figure 4.3a presents the computed local
density of states (LDOS) at 300 pm over a Co atom on the surface of mono-, bi-,

and trilayers, which were calculated by integrating the states in a sphere centered
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Figure 4.2: Constant-current image of Co islands grown on (a) Cu(111), (b)
“strained” Cu(111) (image size: 40 x 40 nm?, sample bias: 80 mV, tunnel current:
60 pA). Numbers indicate ML thickness. (c¢) Typical dI/dV spectra acquired in the
center of 1, 2, and 3 ML cobalt islands. The 2- and 1-ML spectra are displaced
upward by 10 and 20 nS, respectively. The feedback loop was opened at 0.5 V and
1 nA. The 2 ML spectrum was acquired on an “unfaulted” island [7]. Inset: Sketch
of the tunnel junction. Constant-height dI/dV maps of a Co monolayer acquired
at (d) —100 mV and (e) 4300 mV, respectively. The feedback loop was opened in
the center of Co at a distance of approximately 500 pm from tip-surface contact.
The dispersive states do not have sufficient weight compared to the d states to be
directly detected by tunneling spectroscopy [74, 75].

at 300 pm over the Co atom and with a radius of 50 pm. A fine grid of 200 x 200 x 1
k-points was used. A Gaussian broadening of 50 meV was applied for a better
comparison with the experimental dI/dV spectra shown in Fig. lc. As expected,
DFT does not precisely replicate the peak positions, but a qualitative agreement
between the LDOS and dI/dV spectra is found. A prominent peak, approximately
at —0.35 V, is observed in both the bi- and trilayer islands. In the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>