eman ta zabal zazu

Universidad Euskal Herriko
del Pais Vasco Unibertsitatea

THE ATOMIC-SCALE LIMITS OF
MAGNETISM AND SUPERCONDUCTIVITY
EXPLORED BY ELECTRON EXCITATIONS

IN TUNNELING SPECTROSCOPY

DOCTORAL THESIS
by Carmen Rubio Verdu
Supervised by Prof. José Ignacio Pascual Chico

Donostia, January 2019









A mis padres, Carmen y Juan.
A mis iaios, Lola y Juan.
A mis abuelos, Carmen y Fernando.









Abstract

Understanding the energy scales that govern magnetism in a single atom
provides the ultimate piece of information towards its application into new
technologies such as organic spintronics. Its realization depends on the
e [cieht interaction of electron current with spins. Therefore, a fundamental
approach towards a comprehensive description of the interactions between
the single spins and their environment is needed.

This Thesis presents the study of magnetism and superconductivity at
the atomic scale by means of Low-Temperature Scanning Tunneling Mi-
croscopy and Spectroscopy (STM/STS) under ultra-high vacuum condi-
tions.

The detection of the single spins is carried out by the use of STS. Scatter-
ing of tunneling electrons with the spins leads to spectral features around
zero energy, whose linewidth reveals the interplay of the relevant energy
scales present in the system, namely magnetic anisotropy and the Kondo
e [edt.

For the case of transition metal atoms on an insulating layer, we investi-
gated the energy scaling of the di [erent processes and found that they could
be tuned by modifying the adsorption site, or by adsorbing hydrogen atoms.
The later strongly modified the magnetic behaviour of the atom though the
d-orbital filling, hence modifying the spin.

Molecular magnets represent an interesting model case of an atomic spin
in the presence of a robust magnetic anisotropy induced by the ligand field.
We investigated its behavior when placed on a metallic surface, and studied
the new interactions arising due to the the scattering of electrons by the
localized spin. Iron porphyrins present an integer spin distributed along
the whole molecule, host by two spin-polarized orbitals hybridized with
molecular states. Here we show that the distinct interaction of each orbital
with the substrate gives rise to two spin excitation pathways that we could
selectively excite by the choice of the tip position within the molecule. The
e [edt of such interactions are further investigated in a bimetallic organic
platform, where intramolecular spin-spin interactions are expected.

Superconducting substrates olerl a unique platform to investigate sin-
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gle spins. Their interaction gives rise to localized bound states inside the
superconducting gap, thus exhibiting long lifetimes that enable the study
of magnetic phenomena with high energy resolution. In this context, we
extended our studies on iron porphyrin molecules on a superconducting
lead substrate, and found that the multiorbital character of the integer spin
transforms here into a complex multichannnel configuraton. The molecular
systems is found to be partially quenched into a spin S = 1/2 due to an un-
derscreened Kondo many-body ground state, where each subgap excitation
is associated to a channel with very diLerent coupling with the substrate.

Finally, motivated by the search of new superconducting platforms,
we investigate the crystalline two-dimensional NbSe, superconductor. The
presence of weak disorder prompts the emergence of multifractal eigenstates
that govern the local characteristics of the order parameter. In spite of the
spatial fluctuations of the superconducting gap, phase coherence holds, and
superconductivity manifests in the mesoscopic scale.

The results shown here were obtained in collaboration with the group
of Prof. Nicolas Lorente and Prof. Daniel Sdnchez-Portal, who performed
first-principle Density Functional Theory simulations. The novel molecular
platforms used for the study of exchange coupling were synthesized by the
group of Prof. Pei Nian Liu in collaboration with the group of Prof. Nian
Lin. The analytic model that predicts the spatial variations of the super-
conducting gap governed by multifractal eigenstates was developed by Prof.
Antonio M. Garcia-Garcia.



Resumen

El entendimiento de las escalas energéticas que gobiernan el magnetismo
en un solo &tomo proporciona la informacién definitiva hacia su aplicacién
en nuevas tecnologias, como espintrénica organica. Su materializacion de-
pende de que la interaccion entre la corriente de electrones y los espines sea
eficiente. Por lo tanto, es necesario abordar el tema desde un punto de vista
fundamental, proporcionando una descripcién completa de las interacciones
entre los espines individuales y su entorno.

Esta Tesis estudia los fendmenos de magnetismo y supercondutividad a
escala atomica por medio de Microscopia y Espectroscopia de Efecto Tunel
a bajas temperaturas (STM/STS) en condiciones de ultra-alto vacio.

La deteccion de los espines se realiza a través de STS. La dispersion de
los electrones tunel con los espines genera la aparicidn de rasgos distintivos
espectroscopicos a energia cero, cuyos detalles vienen determinados por las
escalas de energia relevantes para el sistema, que son anisotropia magnética
y el efecto Kondo.

Para el caso de un atomo de metal de transicion en una capa aislante,
investigamos cémo escalan los diferentes procesos presentes, y concluimos
que pueden manipularse modificando el lugar de adsorcion o enlazando ato-
mos de hidrogeno. Esta Ultima aproximacion modificé fuertemente el com-
portamiento magnético del atomo a traves del llenado de los orbitales d,
modificando por tanto su espin.

Los imanes moleculares son un supuesto muy interesante de un espin pro-
tegido por una anisotropia magnética alta inducida por el campo cristalino.
Su comportamiento fue investigado al depositarse en un sustrato metalico,
y estudiamos las nuevas interacciones que aparecen debido a la dispersion
de los electrones con el espin localizado. Las porfirinas de hierro tienen
un espin entero que se distribuye a lo largo de toda la molécula en dos
orbitales polarizados en espin hibridado con estados moleculares. En esta
Tesis mostramos que la diferente interaccion de cada orbital con el sustrato
da lugar a dos caminos de excitacion de espin que pueden ser seleccionadas
con la posicion de la punta en la molécula. El efecto de estas interacciones
se investiga en mayor profundidad en una plataforma organica bimetalica,
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en la que se esperan interacciones espin-espin intramoleculares.

Los sustratos superconductores son una plataforma Unica para investigar
espines individuales. Su interaccién da lugar a estados ligados espacialmente
localizados y energéticamente situados dentro del gap superconductor, que
exhiben tiempos de vida largos, lo cual permite el estudio de los fenémenos
magnéticos con gran resolucidn energética. En este contexto, extendimos
nuestros estudios de porfirinas de hierro a un sustrato superconductor, y
encontramos que el caracter multiorbital del espin entero se transforma en
este caso en una configuracién multicanal compleja. El sistema molecular se
encuentra parcialmente apantallado, dando lugar a un espin S = 1/2 debido
a un estado fundamental de many-body underscreened Kondo, donde cada
estado intra-gap se asocia con un canal que se acopla de manera distinta al
sustrato.

Finalmente, motivados por la bisqueda de nuevas plataformas supercon-
ductoras, investigamos el superconductor cristalino bidimensional NbSe,.
La presencia de desorden débil favorede la aparicién de estados multifrac-
tales que gobiernan las caracteristicas locales del parametro de orden. A
pesar de las fluctuaciones espaciales del gap superconductor, la coherencia
de fase se mantiene, y el estado superconductor se manifiesta en la escala
mesoscopica.

Estos resultados han sido obtenidos en colaboracion con el grupo del
Prof. Nicolas Lorente y del Prof. Daniel Sanchez-Portal, que realizaron
simulaciones ab initio de Teoria del Funcional de Denstidad (DFT). Las
nuevas plataformas moleculares utilizadas para el estudio de acople mag-
nético fueron sintetizadas en el grupo del Prof. Pei Nian Liu en colabo-
racion con el grupo del Prof. Nian Lin. El modelo analitico que predice
las variaciones espaciales del gap superconductor, gobernadas por estados
multifractales, ha sido desarrollado por el Prof. Antonio M. Garcia-Garcia.
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Introduction

Magnetism is a collective phenomenon. Ferromagnetism emerges due to two
guantum-mechanical e ects: spin and exchange. Materials whose atoms
have unpaired electrons in theird-orbitals present an associated spin, which
can align parallel or antiparallel to the neighbouring atoms as a result of
the exchange interaction. However, if we reduce the size of the system
down to the single-atom limit, we nd that even in the presence of unpaired
electrons, there is no preferential direction for them to align: atoms are
isotropic. And here is where magnetocrystalline anisotropy plays an im-
portant role, breaking the degeneracy of the three spatial dimensions and
conferring a preferential direction for the spin. When we measure the mag-
netic anisotropy energy of a system, we are measuring the stability of such
magnetization.

Magnetic stability is crucial in the eld of magnetic memories, which
storage information by the pattern of magnetic materials. As the size of
the material is reduced from macroscopic dimensions, its capability to stay
magnetized is reduced until the superparamagnetic limit is reached and the
average magnetization is zero, which sets a limit on the storage density
of hard disk drives. Therefore, the industry demands for new approaches
towards the stabilization of magnets in the nm-scale, which involve the
fundamental understanding of the single-atom spins. One approach towards
the stabilization of an atomic magnetic moment is to embed it in an organic
molecule.

Molecular magnetism is a eld that comprises the great e orts done
since the 1970s to obtain organic ferromagnetic materials. The original idea
was to use the metallic properties of the organics to induce such mesoscopic
magnetic order, which has been shown to be extremely di cult at room
temperature [?]. Nevertheless, such approach initiated a whole research
eld that focuses on the understanding of each magnetic entity, paving the
way to emerging technologies such organic spintronics [1 6].

The access to the magnetic properties of such molecular magnets has
been accomplished mainly by the use of SQUID magnetometry?] or by
X-ray radiation, namely X-ray photoelectron spectroscopy (XPS), X-ray ad-
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sorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD)
[?]. However, in spite of the rich information that these techniques provide
about the bulk magnetism, the behavior of the single units is hidden by the
spatial averaging nature of such measurements.

The development of the Scanning Tunneling Microscope (STM) in 1981
provided access to surfaces at the atomic leveP[?]. By the use of the STM
tip as a local probe, we can interrogate single atoms and molecules, and
spatially resolve their electronic and magnetic properties.

The STM gives access to individual magnetic moments through Scanning
Tunneling Spectroscopy (STS). The magnetic moment de nes the atomic
spin S, which governs the spectral properties of single atoms and molecules.
Careful choice of the platform to accommodate such individual spins may
o er distinct pieces of information. Metallic substrates generally tend to
hybridize the magnetic impurities with their electron Fermi sea and intro-
duce scattering processes resulting in the Kondo e ect [7], thus providing
information about the coupling of the impurity's spin to the substrate. In-
sulating surfaces, however, decouple the magnetic moment from the electron
bath, and unveil the preferential orientation of the atomic spin.

One of the major tasks of this PhD Thesis was the detection of the ex-
citation of such spins [8], as well as unraveling the e ect of variations in the
transition metal atom d-orbital occupation and on the environment. Fur-
thermore, we introduce local variations to manipulate the atom's magnetic
ground state, either through the impurity's adsorption site, the bonding of
a volatile molecule to the impurity or by embedding it into an organic core.

A step further into the understanding of individual spins is to study
their e ect on a superconducting substrate. When a dilute amount of mag-
netic impurities is placed on top of a superconductor, they create a potential
that locally distorts the Cooper pairs bath, while the mesoscopic supercon-
ducting characteristics remain unaltered [?]. The coupling of the impurity
to the substrate create Yu-Shiba-Rusinov bound states [9 11], which can
be studied down to the e V energy range in STS measurements performed
with superconducting STM tips [?,12,13]. Therefore, we can resolve, ener-
getically and spatially, each of the coupling channels between the magnetic
impurity and the superconductor underneath.

In the search of new superconducting materials, we nd Transition Metal
Dichalcogenides as a new platform of crystalline layered materials that can
be isolated down to the single-layer limit. In this regard, single-layer NbSe
is envisioned as an ideal system for the study of superconductivity in two
dimensions, as an exotic arena for the study of the e ect of magnetic impu-
rities.



Outline
The contents of this Thesis are organized as follows:

Section 1 introduces the experimental methods, namely Low-Tempertaure
Scanning Tunneling Microscopy and Spectroscopy.

Part | is devoted to the study of magnetism at the atomic scale.

Section 2 reviews the problem of a single-magnetic impurity in terms
of the Anderson model, and relates it with the relevant energy scales that
play a role in such systems.

Section 3 shows the coexistence of magnetic anisotropy and the Kondo
e ect in single magnetic atoms placed on an insulating layer.

Section 4 focuses on the orbital-selective excitation of a molecular spin
due to the distinct hybridization of each channel with the substrate.

Section 5 reports the spin excitation on a multi-center molecular plat-
form, where the presence of a metallic surface presumably quenches the
intramolecular exchange coupling.

Part Il focuses on the local distortions of superconductivity.

Section 6 serves as a review of the basic concepts of superconductiv-
ity and how magnetic impurities and weak disorder a ect the many-body
condensate.

Section 7 shows the emergence of multiple in-gap excitations due to
the coupling of a magnetic molecule with a superconducting substrate in
the underscreened Kondo regime.

Section 8 highlights the emergence of the multifractal regime in a weak-
disordered two-dimensional superconductor.

Section 9 Summarizes the results of this Thesis and gives an outlook and
perspectives for the future.






Chapter 1

Experimental Methods

This Thesis explores the limits of magnetism and superconductivity at the
atomic scale with the use of a single technique: Scanning Tunneling Mi-
croscopy. The study of single atoms and single molecules is carried out
under ultra-high-vacuum conditions to ensure the cleanliness of the sample
surface. Furthermore, low temperatures are used to stabilize the single units
and to study their electronic properties beyond the thermal limit through
Scanning Tunneling Spectroscopy.

1.1 Scanning Tunneling Microscopy

The working principle

In 1986 the Nobel Prize in Phyiscs was awarded to Gerd Binnig and Hein-
rich Rohrer for the design of the Scanning Tunneling Microscopy (STM),
four years after their invention [?,?,?]. The Tunneling E ect, a quantum-
mechanical process that allow particles to cross potential barriers that clasi-
cally could not overcome, is the working principle of the STM. A metallic tip
is placed at a few Angstroms distance of a surface and, through the applica-
tion of a DC bias voltage between them, a tunneling currentl; ows through
the vacuum barrier. The exponential decay of the tunneling current with
the tip-sample distance allows the control of the tip height with picometer
sensitivity. Once the tip-sample distance is de ned with the feedback pa-
rameters (namely tunneling current and bias voltage), the STM can scan
the surface in the XY directions recording the tip height (constant-current
mode) or the tunneling current (constant-height mode). As a result, a to-
pographic map of the surface area is obtained.
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Quantum mechanics: description of the tunneling current

Electrons have a nite probability to tunnel from tip to sample [ ?]:

r
| @P2=] OPe? . = TE(+ o ev) (L

where (0) and (z) represent the electron wavefunction at positionsO and
Z. represents the decay rate of the wavefunction inside the tunneling
barrier, me is the electron mass,~ is the reduced Planck constant and
and ¢ are the tip and metal workfunctions, respectively.

Bardeen [?] developed a formalism that described independently the
wavefunction of tip and sample as and , respectively. Therefore, the
tunneling current is described as

_2eX , 5
= — ff(E eV)l fs(E)] [1 fu(E eV)fs(E)gjM j°(E E)

(1.2)

where f (E) is the Fermi distribution function, E and E are the energies
of the states and . The function ensures energy conservation, and
thus only elastic tunneling processes are taken into account.M s the
transition matrix element between states and , given by [?]:

2 Z

M = 2mes das( r r) (2.3)

Substituting the summation of discrete states by the integral over the energy
range through the density of states of tip ; and sample ¢ [?]:

s
1228 (€ eV) SENFE V) fs(E)] | M(E)ZE  (14)

1

Approximating the Fermi-Dirac distributions with a step functions (T =0)
leads to
Egz+ eV
_2e . 5
= — t(E  eV) s(E)iM (E)j°dE (1.5)

Er
The Terso -Hamann approximation estimates the tunneling current to
be provided by the last atom in the tip apex. Furthermore, considering the
voltage range to be very small around the Fermi level, the tunneling current
expression simpli es to
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32 3¢? 2R?V
| = =—————&" ((Er) s(ro;:Ef) (1.6)
whereR is the curvature radius of the tip and rg is the position of the center

of curvature of the tip. Therefore, for small biases the tunneling current is
linearly dependent on the bias and the density of states of tip and sample.

1.2 Scanning Tunneling Spectroscopy

The linear dependence of the tunneling current with the density of states
confers the STM the capability of probing the electronic structure of the
system under study.

The tunneling current can also be described in terms of the tunneling
transmission dependence of the tip-sample distanc& (z; E; eV) [?,7]

Egz+ eV
(V) / (E eV) §(E)T(z;E;eV)dE (1.7)
Er

Since the tunneling transmission depends not only on the tip-sample dis-
tance and on the energy but also on the applied bias voltage, di erentiation
of equation 1.7 with respect to the bias voltage leads to

S\I// t(EF) s(EfF + eV)T(z;EE + eV;eV) +

+ (Er  eV) s(EF)T(z;Er;eV) +

Egz+ eV
+ t(E  eV) s(E)
Er

dT(z;E;eV)

qv dE+

Egz+ eV
+ s(E)
Er

d t(E eV)

av T(z;E;eV)dE (1.8)

Assuming constant transmission coe cient and ¢,
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d—'/ t(EF) s(EF+eV)T(z;Eg+eV;eV)+ (Er eV) s(Er)T(z;Eg;eV)

dv
(1.9)
The rst term in eq. 1.9 dominates at V > 0 and the second term at
V < 0. Therefore, measuringdl=dV gives access to the density of states of
the sample at a give energyeV.

Experimental obtention of the di=dVv

The dl=dV signal is obtained with a lock-in ampli er. In this technique, a
small AC voltage is added to the DC bias voltage. As a consequence, the
modulated tunneling current is sensitive to the slope of thel V character-
istics around the selected DC bias value, and can be expanded in a Taylor
series

1d2l (V)
2 dv?

| (V+ Vimog SiN('t )) 1 (V)+ d'( )

V2 g SinP (It )+ L
(2.10)

We can obtain a magnitude proportional to the di erential conductance
dl=dV by measuring the amplitude of the rst harmonic frequency. In the
same way, the second harmonic is proportional to the second derivative of
the current d?I=dV 2, which is very sensitive to small changes in thedl=dV
signal. This signal is typically employed to enhance the weak inelastic signal
in vibrational spectroscopy over the dominating elastic components. In this
Thesis we employ it to enhance small changes of spin-excitation inelastic
signal with magnetic eld, as we show in Section 4.

Vmod (It )+

1.3 Inelastic Electron Tunneling Spectroscopy

A signi cant part of this Thesis focuses on atomic-scale magnetism. In
order to access the spin of a single atom, we make use of the capability of
tunneling electrons to transfer energy and angular momentum through the
scattering with such magnetic impurities, and open an additional tunneling
channel: the inelastic channel ,?,7?,?,?,14].

A magnetic impurity possess discrete energy levels that can be probed
with the STM tip. By sweeping the bias voltage at a constant tip height,
the tunnelling current increases at a constant rate due to the elastic tunnel
of electrons. However, when the applied bias voltage matches the energy
di erence between the ground state and the rst excited state, electrons
can make such excitation by inelastic tunneling. Therefore, two paths, elas-
tic and inelastic, contribute to the increase in the tunneling current. The
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increase in thel -V slope results in a step in thedl=dV-V curve at the
threshold energy of the excitation. While the elastic channel connects ini-
tial and nal state coherently, the inelastic channel involves a transition.
Such transition can be described by intermediate virtual states and, as we
will show in Section 4, their nature de ne the details in the lineshape of the
inelastic spin excitations.

1.4 Experimental set-up

All the experimental results included in the present Thesis were obtained
in a commercial low-temperature STM with a base temperature of 1.2 K
under ultra-high-vacuum (UHV) conditions developed by SPECS GmbH.
Such low base temperature is reached by a Joule-Thomson cycle. A close
circuit continuously ows helium gas into a small pot placed on top of the
STM head, which is pumped with a scroll pump. The expansion of the
helium gas reduces the temperature from 4.2 K to 1.2 K. The STM head
can perform in both scanning tunneling and atomic force modes, and has
a X-Y sample course motion and exchangable STM/AFM tips. A vacuum
magnet placed around the STM head can apply up to B = 3 T out-of-
plane magnetic eld. In order to enhance the energy resolution of the STS
measurements, we included an LC Iter in the bias just before the STM
head and a - lters in the high-voltage piezo connector.

Figure 1.1: Picture of the SPECS UHV-LT-STM system used during this
Thesis.

The whole system consists on three independent UHV chambers as
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shown in Fig. 1.1. The preparation chamber is equipped with a sputter
ion-gun, a sample heating-stage and a mass spectrometer. The molecular-
beam-epitaxy (MBE) chamber includes a home-made Knudsen cell evap-
orator and a commercial four-pocket evaporator developed by Dodecon.
The STM chamber contains a metal evaporator used to evaporate metals
directly on the cold surface inside the STM. The STM head hangs from
springs in order to Iter-out high-frequency vibrations, and is isolated from
low-frequency mechanical vibrations with pneumatic feet that lift the whole
system. We used an external AMETEK 7270 DSP lock-in ampli er. Anal-
ysis of STM and STS data was performed with the WSxM [15] and Spec-
traFox [16] software packages.

The monocrystals used in this Thesis (namely, Cu(100), Au(111) and
Pb(111)) were cleaned under UHV conditions by several cycles of Ar sput-
tering and subsequent annealing. Pb(111) was also growim situ on top of
graphene/SiC in the MBE chamber. The single-layer NbSe samples were
grown at Lawrence Berkeley National Laboratory (LBNL) and Stanford
University and capped with selenium. We removed the capping layer under
UHV conditions by annealing to 300 C and subsequently transfered it
to the STM. The iron porphyrin molecules used in this Thesis are commer-
cially available at Sigma Aldrich. They were sublimated from a commercial
Dodecon evaporator at 350 C.



Part |

Atomic-scale magnetism






Chapter 2

Magnetism at the atomic
scale

A magnetic impurity placed on a surface experiences the e ect of the hy-
bridization with the host electron bath. In this Section we will revise the
problem of a single-magnetic impurity with regard to the Anderson model,
that introduces the terms of exchange and charge scattering, necessary for
the understanding of the Kondo e ect. Furthermore, we will show that the
asymmetric environment imposed by the surface lifts the degeneracy of the
impurity d-orbitals through the crystal eld, which in the presence of strong
spin-orbit coupling interactions, gives rise to magnetocrytalline anisotropy.

2.1 Single-impurity Anderson model

In 1961 Philip Warren Anderson described the interaction of a half- lled
d-atomic orbital with the electronic continuum of a host metal substrate
assuming a band structure with s-character [17]. Anderson modeled such
localized magnetic state with the Hamiltonian

H = Hot + Hog + Hsg + Heorr (2.1)

where Hg is the unperturbed energy of the free-electron systemid oq is
the unperturbed energy of thed state, Hyq is the interaction among s and d
levels andH o accounts for the Coulomb repulsion between two electrons
at the d orbital:
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X
Hor = kG, Ck (2.2)
§
Hod = dC} Cq (2.3)
X
Hsa=  Vak(Q g + ¢} & ) (2.4)
k;
Heorr = UdNgr Ng# (2.5)

where  is the energy of the free-electron state of momentunk, 4 is
the energy of the half- lled atomic orbital with respect to the Fermi level,
Vgyk is the interaction potential between an electron in the host with wave
vector k and the localizedd level, andcx and ¢, are the destruction and

creation operators for conduction electrons, andy and cé for the localized
impurity. The term Uy represents the Coulomb repulsion energy of thel
state, and n is the number operator ng: = cé Cy .

The single-impurity Anderson model thus describes a singly-occupied
state located at an energy position 4, whose unoccupied counterpart is at
d + Ug, as sketched in Fig. 2.1a (note that 4 < 0). In order to relate such
high-energy excitations of the many-body Hamiltonian with an e ective

low-energy model, Schrie er and Wol [18] formulated a transformation
that provides a microscopic description of the system in terms of the single-
impurity Anderson model and the Kondo Hamiltonian.

Such energy level is subject to hybridization with the Fermi sea of the
host, which introduce scattering processes with the impurity state. We
distinguish between two scattering amplitudes: exchange scatteringl and
potential scattering U . Exchange scattering mechanisms can ip the spin
of the impurity, while the potential term only introduces charge scattering.
In the absence of potential scatteringU = 0, the system is found in the
particle-hole symmetry point (2] 4j = Uq). The Schrie er-Wol transfor-
mation [18] provides the expressions for both scattering amplitudes [19]:

1

2 .1
J=2 2= 2.6
(d d+Ud) (2.6)
2 .1 1
Uu=2=:=- 2= 2.7
d d+ Ug .7)

where /j Vgj? [18] is the broadening of the occupied state due to
hybridization with the substrate, J the spin-spin exchange scattering and
U the potential scattering amplitude. While J is always negative,U can
take either sign. As we will show in the next Section, such exchangd term
represents Kondo scattering events.
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2.2 The Kondo e ect and its spectral properties

In 1936, W. J. de Haas and G. J. van den Berg7] measured the evolution
of the resistance of metalic wires at low temperatures. They observed that
the resistance reached a minimum at a certain temperature and increased
upon further reduction of the temperature, and studied the in uence of the
purity of the metal. According to their results, the unexpected increase of
the resistance at low temperatures was not related to the vibrations of the
lattice.

In 1968, Jun Kondo proposed that the increase of resistance at low
temperatures was caused by the presence of magnetic impurities in the wires
[7]. Kondo investigated the exchange scattering of conduction electrons by
magnetic impurities and found a logarithmic dependence of the resistance
with the temperature that explained earlier experiments on metallic wires.

A phenomenological description conceives a magnetic impurity coupled
to the Fermi sea of the metallic host with a strength J. If the coupling
to the substrate is strong enough, spin- ip scattering is very e cient and
result in the screening of the magnetic impurity by the conduction electrons,
which tend to align antiferromagnetically, driving the system towards a non-
magnetic ground state: the many-body Kondo singlet. Since the dominant
contribution to the electrical resistance in metals arises from the scattering
of the conduction electrons, such scattering with the magnetic impurity will
additionally increase the resistance.

Some years later, in 1988, it was predicted?, ?] that the Kondo e ect
could also be observed in quantum dots with odd occupation, and indeed
several transport experiments ,?,?,?,?,7] found evidence for the predicted
zero-voltage resonance. In terms of the single-impurity Anderson model, the
impurity density of states in the Kondo regime is characterized by a nar-
row, logarithmic zero-energy resonance, whose width is determined by the
coupling to the electron bath. Additionaly, singly-occupied and unoccupied
d-level states appear at 4 and 4+ U, respectively as shown in Fig. 2.1a
(please note that 4 < 0).

The emergence of such state at zero energy can be understood in terms
of the virtual spin- ip processes shown in Fig. 2.1b-e. In order to rationalize
the Kondo e ect in the STM con guration, we sketch a magnetic impurity
with spin down coupled to a metallic substrate (left) in the presence of a
metallic STM tip (right). At the initial state, the singly-ocupied d-level
hosts a single electron with spin down (2.1b). Due to the nite exchange
coupling J to the metallic host, there is certain probability for the processes
depicted in Fig. 2.1c-d to take place: the spin-down electron may hop o
the impurity (2.1c) or a substrate electron can tunnel into the impurity
(2.1d). Therefore, once the system relaxes back, there is no preferential
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Figure 2.1: a, Sketch of the Density of States of the Anderson single-impurity
model in the Kondo Regime. Both axis show arbitrary units but the energy
would be in theeV range. The broadening due to the hybridization of the
occupied orbital with the substrate is represented by The width of the
Kondo resonance i$x . b-e, Schematic energy diagram of an energy level

4 occupied by a single electron. The initial (b), virtual (c,d) and nal

(e) states depict the spin- ip process of the magnetic impurity by a host
electron of opposite spin via two possible virtual processes, giving rise to
the Kondo e ect.

direction for the spin in the impurity nal state. The underlying principle

for Kondo resonance emerging at the Fermi level is the quantum interference
of both virtual processes in 2.1c,d. Since the spin- ip processes are virtual,
they occur at zero energy, and therefore the renormalized density of states
exhibits a zero-voltage peak.

In most atomic and molecular systems the magnetic moment is hosted
by several occupied atomic orbitals. In this case, the Hund's intra-atomic
energy scale partially hinders spin- ip interactions of an individual orbital
hybridized with the metallic host. The spectral properties of the Kondo
e ect vary depending on the number of spins and the number of channels
connecting the atomic impurity with the substrate.

A di erent scenario emerges when in addition to Hund's energy, an ad-
ditional energy scale is introduced in the system by asymmetries in the
crystal eld around the magnetic atom. Di erent overlap of the atomic or-
bitals with the environment breaks the degeneracy of thed-shell, and the
spin is bound to lie in a set of well de ned spin-polarized orbitals. In the
presence of spin-orbit coupling, the spin orientation is locked to the orien-
tation of the angular momentum of the spin hosting orbital, resulting in a
net preference of the spin alignment along certain spatial directions: the
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magnetocrystalline anisotropy.

2.3 Magnetocrystalline Anisotropy

A quantum spin S > 1=2 possesses a multiplet of all the2S + 1 possible
states. Such multiplet is degenerate for a free atom. However, in the pres-
ence of crystal eld and spin-orbit coupling, they split following the spin
Hamiltonian [20]

Her = Du S+ Dy Sy + D2, S7 = DS+ E(S{+S))  (29)
(2.9)

where S = S4;Sy;S; is the spin operator, and D = D, %DXX
$Dyy and E = $(Dxx  Dyy). The spin Hamiltonian assumes that the
orbital moment of the impurity is quenched, as it usually occurs in magnetic
impurities on surfaces, and that it can be treated as a perturbation.

One can see thatD = 0 when Dyx = Dyy = Dy, i. €. in cubic
symmetry. In axial symmetry, Dy, = Dyy, and thereforeE = 0. We can
express the energies of the multiple2S + 1 with just two parameters: D
and E. By convention, z is de ned to maximize jDj and to have E > 0.
While D splits energy levels of di erent jS;j components,E mixes them in
the meV energy range. In the following, we will refer to them as axial and
transverse anisotropy parameters, respectively.

2.4 OQutline of Part |

In the following we will show how the two e ects presented above, the
Kondo e ect and magnetocrystalline anisotropy, coexist in single atoms
and molecules. We will show in Section 3 that chromium and iron adatoms
present distinct magnetic ground state determined by their d-orbital |-
ing and hybridization with the insulating substrate. Furthermore, we will
present the manipulation of their magnetic properties by the local adsorp-
tion of a single hydrogen molecule.

As discussed above, the Schrie er-Wol transformation [18] showed that
a magnetic impurity interacts with a metallic host through exchange Kondo
(J) and potential scattering (U ) terms. In Section 4 we show the e ect
that both interactions have in a magnetic porphyrin molecule, and how
their strength and sign determine the spectroscopic lineshape exhibited by
iron porphyrins.

Finally, we will interrogate the e ect of a second magnetic impurity in
the study of atomic-scale magnetism. In Section 5 we show a molecular
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magnet hosting two iron atoms that, in absence of further interactions, are
magnetically coupled. We observed that, upon surface adsorption, such
exchange coupling is suppressed and that the organic backbone determines
the magnetic properties of each individual iron atom.



Chapter 3

Control of magnetic
anisotropy of single magnetic
atoms on an insulating layer

The ultimate frontier of magnetism relies on the single-atom limit. Unpaired
electrons in the orbitals of a free atom provide a nite spin, but the isotropic
environment of a free-atom prevents the emergence of magnetism. A surface
that accommodates such adatom imposes a preferential direction for the spin
through the so-called magnetocrystalline anisotropy [20], and therefore the
adatom exhibits a net magnetic moment. In addition, the coupling to the
electron bath of the substrate introduces scattering events could give rise
to the screening of the magnetic moment due to the Kondo e ect [7,21,22].

The local control of two competing energy scales - magnetic anisotropy
and the Kondo e ect - would then lead to the design of single-atom mag-
nets, whose magnetic moment is determined by thel-shell occupancy of the
atom, the crystal eld splitting and the coupling to the surface [ ?]. Tuning
the crystal eld through the adsorption con guration and the chemical en-
vironment are thus fundamental approaches towards the understanding of
magnetically stable atomic spins.

In this Section we explore the manipulation of the magnetic ground
state of metal atoms on an insulating CypN/Cu(100) surface. We show
the control of both spin and magnetic anisotropy by the adsorption of a
hydrogen molecule in Cr and Fe adatoms, which leads to opposite trends
for CrH, and FeH, species as reproduced by Density Functional Theory
(DFT) simulations carried out by Dr. Roberto Robles (ICN2, Barcelona,
Spain) and Prof. Nicolas Lorente (CFM and DIPC, San Sebastian, Spain).
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3.1 Magnetic ground state of chromium adatoms
on two adsorption sites

We used the insulating nature of a single-layer of CyN to decouple the
magnetic moment of transition metal atoms from the Fermi sea of the metal
underneath. Such decoupling layer of CuN was grown on a Cu(100) crys-
tal by N, sputtering an subsequent annealing toT = 400 C. Then, we
deposited on top Cr atoms at low temperature (T < 15 K), as can be seen
in Fig. 3.2a. The bright stripes in the STM topograph correspond to the
remaining metallic copper due to the incommensurability of the CwN layer
with respect to the Cu(100) atomic lattice [23].

We found that Cr adatoms adsorb on top of Cu (75%) or N (25%) surface
atoms, as we determined by atomic resolution images (see Fig. 3.2b,c). The
Cu adsorption site involves a direct contact with the metallic substrate in
addition to a bond to the two neighboring N atoms. However, impurities on
the N site experience a more axial environment since they only bond to the
surface N atom. The distinct coupling to the substrate that Cr impurities
undergo on each adsorption site determines their magnetic moment and spin
orientation, as we will show in the following.

Figure 3.1: a, STM topograph of the CuN surface with Cr atoms deposited
ontop (Vs =1V, | =50 pA). b, Atomic resolution of the CaN surface
showin Cr adatoms on Cu (up) and N (down) sites{¥* 100 mV, | = 100
pA). c, Sketch of the CygN surface (top view) representing Cu (yellow) and

N (green) sites. The Cr adatoms are shown in blue (Cu site) and red (N
site). d, e, Spin-polarized isosurface of the Cr adatom on Cu and N sites,
respectively, obtained by DFT simulations. Yellow and red represent each
of the two spin directions (the isocontour is 0.0@HA 3).
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Figure 3.2: a, dl=dV spectra of Cr adatoms siting on N (red) and Cu (blue)
adsorption sites on the GIN surface. We show the tto a Fano function in
black dashed line that shows B = 24 K. b, Magnetic eld dependence
of the spin excitation found on Cr adatoms sitting on the Cu site.g(¥ 10
mV, | =400 pA, Vims =50 V). ¢, Simulation of the evolution of the
spin states with the magnetic eld.

Figure 3.2b shows thedl=dV spectra of Cr impurities on top of Cu (blue)
and N (red) adsorption sites. We found that both con gurations give rise to
energy-symmetric steps at \6 = 0:24and 0:30 mV for Cu and N sites,
respectively. We interpret them in terms of spin excitations [24], where the
energy of the inelastic excitation is given by the bias voltage at the step.
For the Cu site, we found that the inelastic excitation is enclosed in a wide
resonance centered at zero bias, indicative of the Kondo e ect. Since the
coupling of the magnetic impurity to the electron bath is responsible for
the Kondo screening, we can conclude that Cr impurities on the Cu site
experience a stronger hybridization with the Fermi sea than those on the N
site.

In order to account for the coupling strength, we t the blue curve in
Fig. 3.2b to a Fano function [25] as shown in black dashed line. From the
half-width half-maximum of the zero-bias resonance, we extract a Kondo
temperature of Tx 24 K. DFT simulations found that Cr impurities on the
Cu site present aS = 2. In terms of the phenomenological spin Hamiltonian
[20, p. 15] in eq. 2.8, an excitation at \§ = 0:24 meV corresponds to an
axial magnetic anisotropy parameterD = +0 :24 meV. Therefore, Tx > D,
and then the Kondo e ect screens the impurity spin before anisotropy comes
into play. Thus, the role of magnetic anisotropy is to prevent complete
screening by the electron bath P]. The two energy scales coexist and give
rise to such a lineshape: Kondo scattering events are responsible for the
resonance centered at zero bias, and magnetic anisotropy produces a small
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yet sizable energy splitting, due to the excitation from the ground state
jms = 0i to the rst excited state jms = 1li atVg= 0:24mV. We found
that the inelastic excitation vanishes under the presence of an out-of-plane
magnetic eld, corroborating its magnetic origin.

Figure 3.3: a, Characteristicdl=dV spectrum of Cr adatoms adsorbed on top
of surface N atoms (¥ =10 mV, 1=400 pA, Vims =50 V). Inset: Spin-
polarized isosurface of the Cr adatom obtained by DFT simulations, where
yellow and red represent each of the two spin directions (the isocontour is
0.005e=A3). b, E ect of an out-of-plane magnetic eld on the spin exci-
tation observed on Cr impurities /= 10 mV, =400 pA). ¢, Simulation
of the magnetic eld dependency of th§, spin states of the Cr atom.

Chromium atoms sitting on the N site also show signatures of Kondo
scattering events, visible as logarithmic tails above the excitation threshold
Vs = 0:30 mV (see Fig. 3.3a). The fact that we do not observe a well-
developed zero bias resonance indicates a reduced coupling to the electron
bath with respect to the Cu site. Under the presence of an external magnetic
eld, the inelastic excitation vanished at B 3 T (see Fig. 3.3b).

In order to unveil the mechanisms that drive the spectral line-shape of
the Cr atoms on the N site, we performed DFT simulations that obtained
a total spin S = 5=2 with an easy-plane con guration. In the inset of
Fig. 3.3a we show an isosurface of the electronic density di erence between
majority and minority spins, which shows a low hybridization with the sub-
strate. We quanti ed the strength of the magnetocrystalline anisotropy by
means of the phenomenological spin Hamiltonian [20], assuming the spin
and easy-plane con guration determined by DFT, obtaining an axial mag-
netic anisotropy parameter D = 0:15 meV. Such axial anisotropy splits the
ground state jms = 1=2i from the rst excited state jms = 3=2i, being
this the transition responsible for the observed inelastic excitation.

The response of the spin excitation to an applied magnetic eld con-
rms the assignment of an easy-plane con guration con ned to the sample
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Figure 3.4: a, b, Representation of the ground stafens = 1=2i and rst
excited statejmg = 3=2i at B =0 T and B = 3 T, respectively. The
grey line depicts the Boltzmann distribution t = 1:2 K. ¢, Simulated [19]
dl=dV spectra with the values extracted from the tin Fig. 3.3.

plane as determined by DFT. We observed that the intensity of the inelastic
excitation decreased as the out-of-plane magnetic eld was increased, and
almost vanished at B = 3 T (see Fig. 3.3b). The Zeeman energy splits each
jms = 1=2i andjms = 3=2i doublet, leading to additional excitations as
sketched in Fig. 3.4a, b. At zero temperature andB = 3 T, two inelastic
excitations at Vg =50 V and Vs =250 V should be observed. However,
atT=12Kboth jmg= 1=2i and jmg = +1 =2i are populated following
a Boltzmann distribution, as shown in Fig. 3.4b. Therefore, a third ex-
citation at V g = 350 V is expected at nite temperature. However, the
three inelastic excitations are blurred by the limited energy resolution at
T = 1.2 K, and consequently only a fainter dip is observed atB =3 T as
corroborated in the simulated [19]dI=dV spectra in Fig. 3.4c.

3.2 Tuning the magnetic anisotropy by hydrogena-
tion of transition metal atoms

The low magnetic anisotropy found for Cr adatoms on the N site agrees
with the half-shell lling of the d-orbitals for a S = 5=2. It is comparable
to the values reported for Mn (S = 5=2) [?] and much smaller than that of
Fe (S = 2) [8]. In this Section we report that the addition of a hydrogen
molecule changes thal-orbital occupation, having dramatic e ects on both
magnetic ground state and anisotropy.

We exposed the sample to a controlled atmosphere of hydrogen at T
=1:4 K. We observed a change in the apparent height of the Cr impurities
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by 1=3 after hydrogen adsorption (see Fig. 3.5), and a large enhancement of
the inelastic excitation energy (see Fig. 3.5a). The conductance spectrum
no longer showed the low-energy spin excitation of Fig. 3.3a but exhibited
instead inelastic conductance steps alVs =0.4 mV, 3.1 mV and 23.0 mV
(see Fig. 3.5a). The two lowest excitations resemble the well-knowrs =

2 spectrum of Fe/CuzN [8] (see Fig. 3.7 below), suggesting a change in
the total spin moment caused by hydrogen adsorption. We observed that
the high-energy inelastic excitation decreased its energy value by isotope
substitution with deuterium, which implies a vibrational origin.

Figure 3.5: a, dI=dV spectra of CrH showing three inelastic steps at0:4,
3:1land23.0mV (Vs = 10 mV, I=1 nA). A zoom out of the 40mV energy
range is shown in the inset @/= 40 mV, I=1 nA). b, Constant-current
topography of a Cr adatom whose apparent height is 300 pny &/ 50
mV, 1=10 pA, 2 2 nnP). ¢, Constant-current topography of Crion
the very same atom whose apparent height has been reduced to 200 pm
(Vs =50 mV, I=10 pA, 2 2 nn?). d, Constant-height current image of
CrH> (Vs =10 mV, I=2 nA, 2 2 nn?) e, Height pro le of Cr and Crh
in b and c, respectivelyt, Current pro le of CrH, in d.

In Figure 3.5d we show a constant height current image where two bright
lobes are clearly visible. Such nodal plane (see Fig. 3.5f) suggest the pres-
ence of two atomic hydrogens bound to the Cr adatom rather than molecular
hydrogen, which implies the low-temperature dissociation of the hydrogen
molecule [26 32]. The transition metal atom could be dehydrogenated by
voltage pulses or scans al/s > 1V, recovering the single-atom shape and
spectroscopic features. This proves that atomic hydrogen (two, presumably)
is responsible for the spectral changes.
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Figure 3.6: a, b, Top and side views of the DFT relaxed structure of GtH
c, Density of States (DOS) of thedy, orbitals of Cr (red) and Crhl
(green). Solid (dashed) lines represent majority (minority) statesMag-
netic anisotropy energy diagrams for Cr and GrH

DFT simulations found that the most stable structure for the hydro-
genated Cr is with two hydrogen atoms in the con guration shown in Fig.
3.6a,b. This is in agreement with the nodal plane observed in the high-
current images in Fig. 3.5d, which highlights the two-fold symmetry of
the system. The hydrogen molecule dissociates by the Cr atom, and the
transition metal atom becomes laterally displaced from the perpendicular
axis over the substrate N site. The displacement from the axial position is
expected to cause a large distortion of the ligand eld felt by the Cr atom.

To fully interpret the large increase in the excitation energy, we com-
pare the d-orbital occupation obtained from the projected density of states
(PDOS) of Crand CrH» (see Fig. 3.6¢). The pristine Cr atom shows the spin
distributed over the ve singly-occupied d orbitals, leading to a total spin
S = 5=2. Hydrogenation reduces the spin-polarization in thedy, orbital and
therefore no longer contributes to the total spinS (see Fig. 3.6c). Therefore,
the presence of hydrogen decreases the total spin of the system frdgn= 5=2
to S = 2. The occupation of the dy, orbital has also the additional e ect
of distorting the anisotropic environment of the Cr atom, switching from
an easy-plane to an easy-axis con guration. Simulation of the di erential
conductance spectra by the phenomenological scattering model provided by
Ternes [19] nds an increase in a factor of ten in thejDj axial anisotropy
parameter from D¢, = +0 :15meV to D¢, = 1:55meV and the appear-
ance of transverse magnetic anisotrop\E iy, = 0:35meV (Fig. 3.6d). The
presence of the two hydrogens along thg direction increases the anisotropy
along that axis [33] and, as a consequence, it carries on a switch froge-
easy-plane tox-easy-axis con guration as sketched in Fig. 3.6d. Therefore,
the inelastic excitations found atVs = 0.4 mV and 3.1 mV correspond
to spin excitations from the ground statej oi = (j+2i j 2i) to the two
rst excited states | i = (j+2i +] 2i)andj o =(j+1i j 1i).
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As mentioned above, the spectral lineshape of Crbiresembles the one of
Fe adatoms on CuyN [8], and in fact both show aS = 2 ground state and an
easy-axis magnetic anisotropy conformation. Nevertheless, according to our
DFT simulations, chromium shows the easy-axis along the hollow direction
while Fe atoms have it along the N row of the CyN surface. Furthermore,
CrH> sits on top of a N surface atom, while Fe adsorbs on the Cu site. In
spite of the obvious similarities, the e ect of hydrogen adsorption on Fe
adatoms drives a decrease on the magnetic anisotropy as we will show in
the next Section.

3.3 Iron adatoms as a prototypical highly anisotropic
system

To address the hydrogenation e ect and depict a more general picture of
hydrogen adsorption on magnetic impurities, we revisited a well-known pro-
totypical system that presents large both axial and transverse magnetic
anisotropy: Fe atoms on the CyN surface [8]. Most Fe impurities adsorb
on Cu sites and bond to the two neighboring surface N atoms [8]. As it has
been previously shown, Fe on CpN [8] present spin excitations atVs =0.2

mV, 3.8 mV and 5.7 mV (see Fig. 3.7a) that re ect the large axial and

transverse anisotropy found in the system, which ammounts toD = 1:55

and E =0:31 meV.

Figure 3.7: a, dl=dV spectrum of Fe (purple) and FeH(orange) (Vs =
10 mV, I=1 nA). b, Constant-current topography of the Fe adatom after
H, removal (\s = 50 mV, =10 pA, 3 3 nn¥). ¢, Constant-current
topography of Feld showing an elongated shape £\ 50 mV, 1=10 pA,
3 3 nnP). d, Density of States (DOS) of thal,. orbitals of Fe (purple)
and Fehl (orange). The DFT relaxed structure of CeHis shown in the
inset.

We dosed H on a Cup;N sample with Fe atoms. In this case, the Fe atoms
acquired an elongated shape, maintaining an apparent height of around 200
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pm (see Fig. 3.7b,c). In contrast to the multiple spin excitations found in
the pristine atoms, hydrogenated iron actually showed a single inelastic step
at Vs = 0:75 mV but enclosed on a wide resonance centered at zero bias as
shown in Fig. 3.7a. As described for the case of Cr atoms, this is indica-
tive of a low anisotropic environment where Kondo scattering events are
responsible for the broad zero-bias resonance. However, as we will describe
below, the e ect of hydrogen atoms on Fe over the Cu site is fundamentally
di erent from the case of Cr on the N site.

In agreement with the elongated appearance of Fellin the STM images
(Fig. 3.7b,c), DFT simulations revealed that hydrogen atoms bond to the
adjacent N atoms rather than to the Fe impurity, as shown in the inset of
Fig. 3.7d (note that Fe lies on top of the surface Cu atoms). Similarly to the
Cr case, upon hydrogen adsorption the total spin moment is reduced. We
found that the saturation of the N surface atoms by hydrogen decreases the
net charge transfer from the Fe adatom from Nge = 0:86e to Nge =

0:67 e . This leads to a reorganization of thed-orbitals occupation where
the minority spin states of the d,. become fully occupied, quenching its spin-
polarization (see Fig. 3.7d). Thedyy, dyx, and dy, orbitals remain singly
occupied leading to the total spin S = 3=2.

Close inspection of the magnetic anisotropy parameters obtained by the
t [19] of the dl=dV spectra in Fig. 3.7a revealed a suppression of the
transverse magnetic anisotropyE accompanied by a reduction in the axial
parameter down to D = 0:38 meV (Fig. 3.7a). In addition, the hydrogen
distorts the CuzN lattice by displacing the N atoms, which increases the Fe-
N bond distance and therefore enhances hybridization with the surface Cu
atom (see insetin Fig. 3.7d). The resulting scattering from the electron bath
gives rise to the Kondo tail observed in the STS measurements (Fig. 3.7a),
split by the spin excitation due to the remaining axial magnetic anisotropy.

3.4 Conclusions

Our combined STM measurements and DFT calculations prove the con-
trolled manipulation of the magnetic properties of Cr and Fe impurities. We
found that the total spin and the coupling to the substrate of Cr adatoms
can be controlled by the adsorption site, leading toS =2 or S=5=2 on Cu
and N sites, respectively. The Cu site favours a higher hybridization with
the electron bath, visible in the dl=dV spectra as a broad Kondo tail, while
the N site leads to a low-anisotropic half-shell lled for the Cr impurities.
We found that the adsorption of a hydrogen molecule by Cr impurities
on the N site changed thed-shell occupancy leading to a decrease in the
total spin to a value of S = 2. The presence of hydrogen in Cr adatoms
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undergoes a transition from weak easy-plane to strong easy-axis anisotropy.
Furthermore, magnetic anisotropy was substrantially enlarged, presumably
due to the displacement from the axial position by the presence of the two
hydrogen atoms.

We found obvious similarities in the spectroscopic lineshape of Crkland
Fe impurities on the CuzN substrate. However, the presence of hydrogen
decreases magnetic anisotropy in the Fe case, as opposed to Cr impurities.
This can be understood due to the dissociation and subsequent bond of the
hydrogen to the neighbouring surface N atoms, instead of the direct inter-
action with the Fe impurities. As in the Cr case, hydrogen slightly changes
the Fe adsorption site, pulling it down towards the metal and enhancing its
hybridization. As a consequence, Kondo scattering events become stronger
and develop a zero-bias resonance for FeH



Chapter 4

Orbital-selective spin
excitations in a magnetic
porphyrin

Porphyrin molecules o er a versatile platform for studying magnetism down
to the single atom. The porphyrin core accommodates the magnetic im-
purity, and the ligands attached at the periphery decouple it from the
substrate. Thus, a variety of ligands and magnetic atoms can be com-
bined in order to tune the magnetic ground state, the hybridization with
the substrate and even the coupling between di erent porphyrins. Indeed,
the broad range of possible properties together with the high stability of
these organic molecules have been the breeding ground for the emergence
of many works studying the manipulation of the molecular spin by spatial
distortions [34 41], or by tuning the molecular interaction with the local
environment [13,42 46].

In this Section we show the study of the magnetic properties of iron
tetraphenyl porphyrin (FeTPP) molecules. Spatially-resolved tunneling spec-
tra reveal that the inelastic spin excitation extends beyond the iron site,
changing shape and symmetry along the molecule. Combining Density
Functional Theory simulations performed by Dr. Ane Sarasola (UPV/EHU
and DIPC, San Sebastian, Spain), Dr. Aran Garcia-Lekue (DIPC, San Se-
bastian, Spain) and Prof. Daniel Sdnchez-Portal (CFM and DIPC, San Se-
bastian, Spain) with a phenomenological scattering model [19], we show
that the extension and lineshape of the inelastic signal are due to excitation
pathways assisted by di erent frontier orbitals.
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Figure 4.1: a, Topographic STM image (7 5 nn?) of a close-packed island
of FeTPP (red box) and FeTPP-CI (green box) molecules on Au(1113 &/
0:25 V, 1=10 pA). b, Zoom of a single FeTPP molecule and molecular
structure superimposed.c, Cross section of the DFT relaxed structure
of the FeTPP on the Au(111) surface (3 gold layers) showing the saddle
conformation acquired upon adsorption.

4.1 Surface adsorption and spin excitations on FeTPP

STM images show that the porphyrin molecules arrange in close-packed
islands on the Au(111) surface (Fig. 4.1a) and appear with a protrusion at
the center (green box in Fig. 4.1a) that is attributed to the CI ligand of
the intact FeTPP-Cl molecule. A fraction of the molecules exhibits instead
two lobes. They correspond to the dechlorinated specie FeTPP (Fig. 4.1b)
which addopt a saddle conformation upon adsorption (Fig. 4.1c). FeTPP
molecules can be controllably obtained by removing the Cl ligand from the
FeTPP-Cl molecules using tunneling electrons (see Fig. 4.2) or by annealing
the substrate [37]. The dechlorination process changes the Fe oxidation
state from Fe*® to Fe*? and decreases the total spin fromS = 3=2 to
S =1 [37,38,47].

STS measurements over the molecules reveal steps in conductance at
symmetric bias values (see Fig. 4.2), associated to the onset of inelastic
tunneling [14, 24]. While the steps on the FeTPP-CI molecules appear at
Vs = 1.7 mV (Fig. 4.2d), the removal of the CI ligand increases the
excitation energy to Vs = 7:4 mV (Fig. 4.2e).

In both cases, the inelastic spectra show a dependence with the applied
magnetic eld (see Fig. 4.3), which agrees with changes of the spin-multiplet
of Fe-porphyrin moieties [37,38,48]. In the case of the FeTPP-CI molecule,
a dip at zero bias appears with magnetic eld, associated to the Zeeman
splitting of the S, 1=2 ground state, expected for a high half-integer spin
with easy-plane anisotropy [37, 38, 48] (see Fig. 4d&. The e ect of the
magnetic eld on the dechlorinated porphyrin FeTPP is more faint for the
small magnetic elds available, but still visible as a slight change in the
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Figure 4.2: a, STM topography of a FeTPP-Cl| moleculéh, STM topogra-
phy of the dechlorination process. The STM tip started to scan the molecule
from the bottom part of the image and in the middle of the scan the chlo-
rine ligand was removedc, STM topography of the dechlorinated FeTPP
molecule. d, dl=dV spectra over the chlorinated FeTPP-CI molecule,
dl=dV spectra over the FeTPP molecule.

slope of the step at the excitation energy (see Fig. 4.3b). To resolve these
changes, we measured the second derivative of the current. B, =0T, a
single peak is observed. The peak broadens with increasirg, and evolves
into a split peak at B, =2:8 T (see Fig. 4.3d). This con rms the expected
magnetic ground state of FeTPP, an integer spin with easy-plane anisotropy,
in which the magnetic eld splits the S, = 1 excited states. We show in
Fig. 4.3e-f the expected behaviour of the ground state and rst excited
state of FeTPP-Cl and FeTPP, respectively, which match the experimental
results. We, thus, associated these steps to spin excitations induced by
tunneling electrons, and discard any possible vibrational origin [49].

We nd a striking spatial distribution of the spectroscopic features of
the FeTPP species (see Fig. 4.4a). While the energy position of the inelas-
tic conductance steps remains the sameMs = 7.4 0.5 mV) all over the
molecule, their symmetry varies as we move o -center towards the brighter
pyrroles. A stacking plot of point di=dV spectra across the FeTPP molecule
(Fig. 4.4b) shows inelastic steps with a rather symmetric lineshape over the
pyrroles and with strong antisymmetric character over the Fe site. It is
remarkable that the energy positions of the conductance steps remain nev-
ertheless constant, indicating that the same excitation is the origin for the
inelastic features across the molecule. The spin excitation is only observed
along the axis formed by the brighter pyrroles (marked in the inset in Fig.
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