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ABSTRACT

In the last three decades, two-dimensional artificial lattices have served as a promising
testbed for studying quantum states of matter [1-4]. They have the advantage of controlling
the microscopic degrees of freedom and tailoring interactions between their constituents.
Such lattices have been experimentally realized in various setups, including optical lattices
[5], self-assembled atomic/molecular lattices [6-8], quantum dots [9-11], trapped ions [12],
and very recently in superconducting circuits [13], and patterned devices [14]. Among
these platforms, the self-assembled atomic/molecular lattices and surface-supported struc-
tures are natural choices to characterize new quantum states, owing to their tunability
and simple in situ preparation routines. On this account, low-temperature scanning probe
methods (SPM) are versatile tools for their imaging and spectroscopic capabilities and their
atomic-scale manipulation to create and characterize such structures. These capabilities
have placed the SPM as the major experimental technique that combines unprecedented
spatial and energy resolutions to reveal the detail of the state of matter that emerges under
harsh physical conditions, namely the strongly correlated electron systems, that have been
far beyond the reach of other techniques.

The strongly correlated electron systems, especially those confined in two dimensions, are
an integral part of modern condensed matter physics. Their ground states are predomi-
nantly governed by the repulsive electron-electron interaction, in contrast to many simple
materials such as gold, silver, and silicon, whose properties are roughly intact by the inter-
action. These materials generally possess exceptional properties, and transitions between
distinct, competing states with remarkably different electronic and magnetic orders [15].
In this regard, this thesis is devoted to studying the strongly correlated electron systems
manifested in two-dimensional artificial lattices and also in the van der Waals layered ma-
terials. We are mainly concerned with understanding the role of a single spin and also its
ensemble in the ground state of a system.

The Kondo effect is an archetype for the strong interaction that, even after more than half a
century since its realization, condensed matter physicists use its observation as a gateway,
or a starting point, to understand the underlying physics of a very complicated system.
Ubiquitous in this research, the Kondo effect appears in both single-ion and lattice form.
In our first project, we study NTCDA molecule, which is a m-conjugated spin—1/2 system
[16, 17]. It forms a 2D Kondo lattice, developed by the self-assembly of molecules on the
surface of Ag(111) metal. In this work, we aim to understand the elementary excitations
of the lattice and their real-space manifestation, particularly the quasiparticle excitations,
and follow their fate upon quantum phase transition. In our second project, we revisit the
Kondo effect afresh: this time in a superconducting tunnel junction and disguised in par-
tially spin screened Yu-Shiba-Rusinov bound states. In this work, we study CoPc molecule,
a spin—1/2 system, adsorbed on the surface of the 2D superconductor 2H-NbSe,. As we will
show, this system captures a subtle angle-dependent interplay between the Kondo effect,
superconductivity, and Dzyaloshinskii Moriya interaction.

Keywords: artificial lattice, self-assembled molecular/atomic lattices, spin structures, van
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der Waals layered materials, scanning probe methods, strongly correlated electron sys-
tem, electron-electron interaction, Kondo effect, Kondo lattice, NTCDA molecule, quantum
phase transition, CoPc molecule, 2D superconductor, 2H-NbSe,, Dzyaloshinskii Moriya in-
teraction

Structure of the thesis

« In chapter 1, we provide the detail of the experimental setup in The Max Planck
Institute for Solid State Research, Precision Laboratory, Nanoscale Science De-
partment, where the author of this thesis takes the measurements and also present
an introduction to the scanning tunneling microscopy with a theory toolbox to read
and analyze measurements in a tunneling junction.

« In chapter 2, we provide an introduction to the self-assembled NTCDA/Ag(111) sys-
tem, where we attempt to review past works on this topic performed by our collab-
orators in The Jilich Research Center, RWTH Aachen University, and others, plus
presenting some of our new results.

« In chapter 3, we review some of the primary models in the strongly correlated electron
physics and discuss the historical example of the quantum phase transition in the
Kondo lattice, which we later realize in our measurements. Subsequently, we present
some of our high-resolution spectroscopic images at low and high energies of the
NTCDA Kondo lattice and compare them with our modeling.

« In chapter 4, we provide a collection of real-space portrays of the quasiparticle inter-
ference patterns of the Kondo lattice, which we imaged under different conditions.
One of them is presented as an instance in chapter 3.

« In chapter 5, we develop a tight-binding model in great detail to simulate the general
properties of the interference patterns presented in chapter 4 and further supplement
it with a scripted python code.

« In chapter 6, we provide a comprehensive review of our published work on the inter-
play of molecular magnetism and superconductivity in 2D materials (CoPc/NbSe,).
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Scanning tunneling microscopy (STM) is a non-optical imaging technique with
ultra-high resolution images at the atomic scale invented based on the quantum
tunneling phenomenon. Historically, STM was developed by Binnig, Rohrer, and
Gerber in 1982 for which the first two were awarded the Nobel prize in physics
[18]. Instrumentally, STM is a tunneling junction comprised of a sharp conducting
tip which is scanned over a flat conducting sample, while a bias voltage is applied
between them to allow electrons to tunnel across the insulating vacuum barrier
in close proximity (< 1 nm gap). The measurement of this minuscule tunneling
current is at the heart of the STM technique. In this chapter, I discuss the basic
principles of STM from both experiment and theory standpoints. The experiment
section outlines the setup under which the measurements are taken, and the the-
ory section reviews the standard derivation of the formulas used to interpret the
STM results. The derivations are presented in great detail, and therefore, an ad-
vanced reader can skip this section as only the final well-known formulas will be
referred to later in the thesis.
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1.1 Experimental setup

The experimental setup, Fig.(1.1), incorporates a combined scanning tunneling and atomic
force microscope (STM/AFM) with an in-situ sample preparation in an ultra-high vacuum
(UHV) chamber. The measurements are taken in the STM head, installed at the bottom of a
helium cryostat with 100 hours holding time and 4.2 K temperature, which can be further
reduced to 1.2 K in a Joule-Thompson cycle. The head is encircled by a superconducting
magnet, creating vertical magnetic fields up to 14 T.

1.1.1 Ultra high-vacuum system

The UHV chamber is divided into two parts separated by a UHV-gate-valve. One part
is used for the preparation of the sample (left side of Fig.(1.1a), while the other one, the
STM chamber, contains the sample stage and cryostat. A horizontal manipulator is used to
transfer the sample between the two chambers. The STM chamber is also connected to the
loadlock (backside of Fig.(1.1a), which allows transferring the sample to outside without
venting the chamber. To keep the base pressure in the lower 10710 mbar range, a combi-
nation of scroll pump, turbo molecular pumps, ion getter pumps, and titanium sublimation
pump are used.

Figure 1.1: Scanning probe microscope setup. a, Image of the custom-built ultra high-
vacuum sub-Kelvin scanning probe microscope in MPI, Stuttgart. b, Schematic view of the
acoustic box hosting the STM setup, fixed on 100 tons of concrete and air springs.

1.1.2 Noise isolation and instabilities

In order to reach sub-angstrom precision in STM measurements, the setup must be isolated
from low- and high-frequency environmental and instrumental noises. The sub-Kelvin STM
machine is located inside an acoustic box (floating room) which is set on 100 tons of concrete
block and active air spring suspensions, Fig.(1.1b), providing an exceptional shielding! from

160 dB attenuation
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the environment. Moreover, all mechanical pumps are placed in a separate room, and the
pumping lines are fixed in the heavy concrete wall to isolate the box from vibrations of the
pumps. Despite these efforts, the 50 Hz noise and the noise due to liquid helium boiling
are always present in the current channel of the junction. The latter is the major drawback
arising from the large cryostat. Besides, having a tuning fork induces further instability to
the current channel.

1.1.3 STM head

A significant advantage of the STM junction over other designs is the sub-angstrom control
over distances in all directions (z, ¥, z), promoting it from an imaging technique to a local
probe for transport measurements. The junction is housed inside the STM head, Fig.(1.2a),
constituting a sample and tip, which is stationed above a piezo tube for lateral scanning,
and six piezo stacks for the coarse approach [19]. The tip is mounted on the free prong
of a tuning fork with an extra contact to simultaneously read the current and force signal
[20]. Practically, the very sharp STM tip moves laterally and vertically by applying voltages
to a calibrated zyz—piezo tube and recording the tunneling current signal. The tunneling
current, which is exponentially dependent on the vacuum gap width, requires an amplifi-
cation circuit that converts the current into a voltage signal and subsequently feeds it into
a closed feedback loop and records the z—height, Fig.(1.2c).

Figure 1.2: Scanning probe microscope head. a, Image of the home-built STM/AFM
head of the subK machine in MPI, Stuttgart (image by courtesy of Tobias Herden & Markus
Ternes). b, Pt/Ir STM tip of 25 micron diameter mounted on the free prong of a qPlus
sensor. ¢, Schematic diagram of STM circuit including the junction, feedback loop, and
data acquisition.
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1.1.4 Operational modes

STM has two standard modes of operation: The constant-current mode and the constant-
height mode. In the constant-current mode, the feedback loop is controlled such that the
tunnelling current is constant over time, whilst the height signal is recorded as the topog-
raphy of the sample. The STM scan control unit actuates the xy—piezos and raster the tip
laterally over the sample at constant bias. The resulting image is topographic map of the
sample surface. It is worth mentioning that the recorded height profile does not necessarily
equal to the true topography of the sample. Since the tunneling current is used to control
the z—height, the height signal is in fact a surface of constant conductivity. Alternatively,
in the constant-height mode, the feedback loop is open, and therefore, the scanner moves
the tip only in-plane at constant-height and bias. For this mode to be used it is crucial to
have a flat surface to avoid tip-sample crash.

1.2 Quantum theory of STM

Intuitively, the single-particle properties of a many-body system are encoded in how a par-
ticle propagates in the system. In quantum mechanics, the particle propagation is the pro-
cess of annihilation of the particle in a state (|¢),)) and creation in another one (|¢,)),
i.e., terms like twcj,cu, where 7,,, gives the amplitude of the process. Conceptually, such a
process can be realized as the insertion and ejection of particles into a state. Experimen-
tally, there are two generic methods to probe the single-particle properties; by subjecting
the system to a flow of either photons or electrons. The former is realized in optical and
photoemission spectroscopy measurements, where an electron is ejected from an occupied
state by absorbing a photon and subsequently refilling it by another electron, and the latter
in tunneling junctions. The formalism of this section closely follows the approach
developed in reference [21], and occasionally uses reference [22, 23]. Historically, it
is based on Bardeen’s approach where he applied time-dependent perturbation theory to
two weakly coupled electrodes [24]; and here, it is re-derived in second-quantization using
linear response theory:.

1.2.1 Tunneling spectroscopy

The simplest tunneling junction consists of two metallic leads and an insulating gap (vac-
uum) in between, wherein close proximity, an electron can tunnel from one lead to the
other. The two conducting leads are described by Hamiltonian H; and H,

7‘[1 = Zfl’l’ciycl,l’ 9 7{2 = ZgQ’H’C;MCZH"
v H

with (CIV, c1,) and (CL, ¢1,,) being the creation/annihilation operators of the electrons
in lead 1 and 2 with v and p denoting the complete set of their quantum numbers, e.g.,
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v = (k, o). The dispersion relations of the leads are given as

51,1/ =€y~ 6‘/1
: (1.1)

g?,,u =€lu~ eV

which are subject to voltages V; and V5.
The tunneling between the two electrodes across the junction is realized by a finite overlap
of the wave functions of each system, resulting in the following hybridization Hamiltonian

Hr =3 (Touct o2+ T30 ,000) - (1.2)

v

Therefore, the full Hamiltonian of the junction reads
7‘[ = Hl + HQ + HT.

The tunnelling matrix element is defined as

Ty = (0l W) = Gl ML 10) = 2 ([ dele) (1) ) = [ o () wo)

where #(r) is the real-space representation of the full single-particle Hamiltonian. Here,
it is assumed that the full Hamiltonian H is diagonal in the real-space.
Now, we define current through the junction as the rate of change of particles,

I=—e(l),
where I = Ny = i[#, N,], and hence

I =i[Hy+Ho+Hp, Ni| =i[H1, N1]| +i[Ho, N1 +i[Hp, N1].
The problem reduced to evaluating three commutators

_ T T : + T
I'=i Z 1w [Cl,ucl,u ) C1,V'CLV’] + Z o [Cg,ucz,u 5 CI,V’CLV']

v, wv'
1) =0 (2) =0
. -;~ T

+1 Z Z [( VNCI LC2. +7T 02"“61’1,) ,CLV,CLI/:I
v,u v
= +
ZZZTVM [Cl vC2,m € u'CU]”ZZ [Cz uCLv, €1 CLy ] (1.3)
v,u v v,u v

3) 4)

where we used the definition of the total particle number operator Ny = Y, CL,,CLZ,/ for
lead 1. In Eq.(1.3), the commutators (1) and (2) are nullified using

i) t _ _
[CLacl,aa Clyalcl,a’] = [na;na’] - 07

and for the commutators (3) and (4) we use the following identity between commutators
and anti-commutators

[AB,CD] =[AB,C]D + C[AB,D]

[AB,C]=A{B,C}-{A, C}B

9
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In this way, the two commutators in Eq.(1.3) give

[t 1 _ [ t f
(3) : [CI,V027M7 017V’017V’] - Cl,V’ [Cl,chvlJ/’ Clvyl] + [617V027u’ Cl,V’] Cla”’
_ ot togot
- Cl,l/’cl I/{Cz m €1 V'} -G u’{CLy? Cl,V'}CQ,M
Tt
TG ,,{02 1 Cl o Yoy {01,w Cl,u'}cluclw’

=0=6,0¢] yC2u +0-0

- bl e

and

(4): [cg,uclﬂj, C;V,CL,/] = ciy, [C;MCL,,, clv,,f] + [cg#cl,y, C;V,] CLu
= CI,V’C;N{Cl v C1 V'} - CI v’ {C;,u’ clﬂ/'}cl,V
) u{cl v Cl R Yo {C;r,;u CI,I/’}CLVCLV,

=0-0+ (5,,7,,102#01,1/ -0
= (51/,1/’037“61,1/’ )

which then by substituting (3) and (4) into Eq.(1.3), it simplifies to

T 3N CE N RED 35 YA )

R v,u v
= —QZ( uuC1 Vo — T C2 w1 ”)
E_Z(L—LT).

Therefore, the current in the tunneling junction reads
I=-i(L-L"), (1.4)
where we have defined

L= ZTVucl v LT_Z VMC?#ClV’ (1.5)

v,u v, 1

to be the current operator tunneling from lead 1 to 2 and the operator for the opposite di-
rection. Taking into account that each electrode is a different thermodynamic system, we
can assign a separate chemical potential to each of them. In this way, the tunneling current
between the two systems can be induced only by an imbalance in the chemical potentials

(pe1 # pi2).

Considering that the tunneling matrix element 7}, is an exponentially decaying function of
the gap between the two leads [24, 25], and the tunneling current operator is linear in 7},
we can calculate the tunneling current (/) to the lowest order in tunneling matrix using
linear response theory [21, 23]. According to the general Kubo formula, the particle current
to first order in tunneling Hamiltonian H is given by

I)(t) = [ :o dt’CﬁHT(t, t'), (1.6)

10
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with CE‘D Hy (t —t") being the retarded correlation function defined as

Clom, (t =) ==i0(t = ") ([1,(£), Hr (t)]), - (1.7)

Here, the 0 subscript in the equilibrium thermal average (---)o denotes that the time evo-
lution is governed by the bare Hamiltonian, Hy = H; + Hs. By substituting Eq.(1.2) and
Eq.(1.4) into Eq.(1.7), we obtain

Clla, (t=1") = =0(t —t") ([L(t) - LT(t), L(t") + LT(t")]),
=00t =) [([L(t), L))o= ([LT (@), L)), + c.c] . (18)

The commutators ([L(t), L(t")]), and ([LT(¢), L¥(t")]), contain quartic operators of the

form
((CI,VCZM) (t) ) (C;VCQ»,U) (t,))o ) <(C;,ucl,ll) (t) ) (C;MCLV) (t/))o

where two electrons are created in one system and two electrons annihilated in the other
at different times; meaning that particle number is not conserved in each system?. Since
the particle number is a strictly conserved quantity, the matrix elements (7,,,) related to
these terms must vanish. Therefore, Eq.(1.8) simplifies to

Cla (t=t") = =00t =) [{[L(t), LT()]), - ([LT (), L({)]), ]

whereby using the following identity: ([L(t), Lt(¢')]), = - ([LT(¢), L(¢')]);, which has a
straightforward proof considering the complex conjugation of inner product, we arrive at

CR oy (t—11) = —6(t —t') [- ([LT(t), L))~ ([LT () . L(t’)])o] .

Now by using the complex numbers identity z + z* = 2Re(z), and expand the current
operators in terms of creation/annihilation operators, Eq.(1.5), we obtain

Cly (t—t") =2Re0(t-t") ([LT(t), L(t)]),
=2Ref(t ') 3 3 Tp, T ([, (Dern(t), o], (D2 (D)]),- (1.9)

v v !

By substituting Eq.(1.9) into Eq.(1.6), the particle current becomes

(I) (1) = 2 Re [ :° a0t -1) Y Y T T [, (e () ] (Dezw®)]), - (1.10)

v v !

(*)

To further simplify the current, we have to calculate the thermal average of time-dependent
quartic operators in (x), for which we use the Wick’s theorem. But in advance, we need to
decompose the quartic operators into quadratic ones.

In general, operators of two decoupled systems, described by H 4 and H 5 satisfy

[Ha,B] =[Hp, A] =0, (1.11)

2 The total particle number is still conserved.

11
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and therefore, the thermal average of the product of A and B is decomposable, since

(AB)o(t,t") = ZAB > (na,nple PPA)B(l') [na,ng),
naAMB
1
ZAZB Z

0 nanp

(nal(np|e PParme) A()B(t') [na), Ins),

= e S Al PHAAW ady o 3 (sl B s,

0 na 0 B

= (A())o (B())o, (1.12)

where we expanded A and B using grand canonical density matrix in occupation represen-
tation |n4,np),, and also used Eq.(1.11) to commute the operators.
The four-point correlation function (*) can be expanded as

([ Dern @) ] (eaw@®)]), = (e, Oeru®e] o ()eau(t) =] (1 )ea, (el (Dern @),
= (e (Derw (O] (e (),
(el ()2 ()}, (BDeru (1)),

in which by two commutators and using Eq.(1.12), we can pair operators of the same kind
and decompose them as

([e3,(Dern(t) el () (t)]), = (F1)* (ern (O], (F)es (B eaw (1)),
= (=1 el () erw (eaw (), (1)),
= {1 (el (1)) (e u (D)),
{1 ()ern(®)y feaw(t)es (D), (113)
By plugging Eq.(1.13) in Eq.(1.10) we obtain the the current as

O =00 =2Re [ T d0-) T D T T (el o) e, (Dear (@),

(el )cl,,(t)> (co ()5, (1)) - (1.14)

Let’s now explicitly extract the time dependence of the fermionic operators (CL,, (t), cop (t))

due voltages V; and V5, Eq.(1.1), and define a new set of operators (51,,,, 62#) with respect
to a common chemical potential

1 (t) = &1, (B e iCOIt = &) (1) eieVat
: (1.15)
Cou(t) = Copu(t)e V2t = Gy (1) eieVat

and substitute them into Eq.(1.14)
+ 00 ,
I(t) = 2Re [ ot -t) Y 3 T T (G, (0 (#)e N )0( (DT Gy (1) eV )0

v v !
(01 y (t )6 zeVlt (t) ezeV1t>0 (62#/(15/)62‘6‘/215’ 6;,u(t) efieVgt)O) )

12
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This equation can be simplified to

+o00 . / . ’
Ip(t) = 9Re [ dt’@(t _ t,) Z Z T;#Ty,u, ((5171/(75)51 z/’(t,)>0 ezeV1(t—t ) <52 #(t)éZ,u’(t,))O 6—zeV2(t—t )

—00 v v ’ ’
_ <6;Z/ (tl) 617V(t) >O eievl (t-t’) <627H’ (t,) 5;“(15) >0 e—ieVQ(t—tl))
+o00
= 2Re [W Aot =) Y 3 T T ((e10(0) &, (1) )0 (7, (0 2,0t )0
v v !

_ (551,,(75') gl,l,(t)>0 <527u’(t,) &) )0) Gie(VimVa) (t-t)

By defining the common chemical potential in terms of voltage difference in the junction,
i.e., bias voltage =V, =V} - V5,

I,(t) =2Re f:o dt'o(t—t") ;;ﬂ: Ty T ((51,y(t) &b (), (e (D) et ),
= (&, () e (D)), (Eaw () 5, (1) )0) gieVh(t=t).
and shifting time variable ¢/ - ' +, we arrive at
L =2Re [ aro-r) ¥ X T (O &1+ ) ) (8 (1) e (1 + 1)),
— (&, (' + ) &1, (1)), (o (' +1) &, (1) )0) iVt |

The Heaviside function modifies the integration limits, [ > dt'(~t')( f dt'(-
I(t) = 2Re f dt'y’ Z Ty ((5171,(t) &y (th+1) > <C;,u(t) Cou (' +1) >0

- o

- (5;,(5 1) 810(8)), (G (8 + 1) €, (8) ) ) ¥ .

Without loss of generality, one can set ¢ = 0 (time translation symmetry)
0
L(t=0)=1,-2Re f At S T, T ({2,002, (1) ), (35, (0) &2, (1)),
- v Z/IMI

(& (1) E1(0)) (G (1) €, (0) )y ) e (1.16)
We can more elegantly express the two-point correlation functions in Eq.(1.16) in terms of

greater and lesser Green’s functions, in which we have to be cautious about the time order
of the operators

{gm,w;t') = =i(E1(0)], () aer, {Qf(v,v’;—t’) - -ife1u(0)7],(0))
Gi(v,v/5) = i(F,(#)1,(0)) G (v, v/5 1) =ile] , (0)1, ()

(1.17)
By plugging Eq.(1.17) into Eq.(1.16), we obtain
I,= 2736f 'Y 3 T T (G (05 t)G5 (s s =) = G5 (0,5 8) G5 (s 5 =4)].
%) v N
(1.18)

13
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The expression under bracket in Eq.(1.18) contains the Green’s functions of the decoupled
systems, which are diagonal since H; and H, are non-interacting Hamiltonians,

Pt = 6, (vit) s GsT (s 1) = S Gl (13 ). (1.19)

Using Eq.(1.19), the particle current then becomes
0 , ,
fy=2Re [t Y [T, e (G (1G5 (s ) - G5 (0G5 (i =1)] . (120)
o L
Now by change of variable ¢’ — —t':
e ] ! (< ’ < ne> l
I,=2Re fo dt' Y | TP (G (v ) G5 (5') = G5 (v; =) G5 (13 1))
o
and Fourier transforming the Green’s functions to frequency-space, Eq.(1.25) simplifies to
T 2 v | [T AW o —iust!
Ip:QRef dt' Y |T, 2" f —Gr(v;w)e f
0 Uit —oo 2T —00

+00 d . +00 d ! g
- [T Sg e [T g e .
_ 2 —co0 2T

[ee)

+ 00 dwl
2—g§(u;w’)6
T

w't

By recasting all exponentials into and extending the time integration limits, we obtain a
Dirac delta function,

T ieVpt' —iwt’ jiw't’ 1 e i(w'-w+eVp)t’ ’
dt'e’"vt e e =3 e P = m(w' - w+eVy),
0 —00

with which we can directly take one the frequency integrals, [ dw’ §(w' - w +eV})[-+],
to obtain

+00 d
I=Re [ SE ST, PG (5005 (5 - €5) - G5 (v )G (o = e3)].

U,
We use the fluctuation dissipation theorem
G (v;w) = A1 (v;w)[1 - np(w)]
: (1.21)
-1G7(v;w) = A (v;w) np(w)

to rewrite the lesser and greater Green’s functions in terms of spectral functions,

T = [:O - > |TVM|2(_i)2|:A1(V§ w)np(w) Az (p;w - eVb)[l -np(w - eVb)]

2 v

- Ay ()1 = () [ Aa (s - Vi g (- evb>]

_ [: ;l—j; ST P A (v 00) Ag (15w — e%)[nF(w)p —np(w - V)] - [1 - 1 (w) ] (w - eV)]

+00 (],
- [ ST A (i) Aa (i - Vi) [ (@) ~ - V)]
=)

14



SCANNING TUNNELING MICROSCOPY

Here, we dropped the Re(---) operator because the integrand is a real number.
Thus, we finally derived the particle current as

I, = [:;l—wﬁmlml(u w) Az (11w - eVy) [np(w) - np(w - eV3) ] |. (1.22)

Let’s now discuss different terms in Eq.(1.22). As we can see, the current depends on the
product of the spectral functions and the difference of Fermi-Dirac distributions. Since the
fermionic spectral functions are positive-definite, their product, A; (v;w)As(p;w —e€V}), is
finite only if both are non-zero, which means there are available density of states at the
Fermi level. Furthermore, the difference in the Fermi-Dirac distributions [nF (w) —np(w-
eVb)], is nonvanishing only if bias (V}) is finite, i.e., the tunneling is merely between an
occupied and unoccupied state. Thus, in summary, in the tunneling spectroscopy, one mea-
sures the tunneling current by variation of the bias voltage, which controls the Fermi level
and direction of the current across the junction.

1.2.2 Tersoff-Hamann approximation

The fact that one has limited knowledge about the STM tip spectral function As(j1;w—eV})
and the corresponding matrix elements 7,,, makes calculation of the current from Eq.(1.22)
often impossible without further simplification. A simplification scheme was suggested by
Tersoff and Hamann and is probably the approach most widely used in the interpretation of
STM images [26]. It is based on the assumption that the STM tip is a simple conductor where
one can assume that the product of the tunneling matrix 7}, with its spectral function is
roughly constant (s—wave tip),

Y T, . As(p;w - €V') » constant. (1.23)
n

Now by Taylor expanding the Fermi-Dirac distributions for small eV up to the second-order

np(w—eV) »np(w) + (—eV)W

+O(6w?) (1.24)
and substituting Eq.(1.23) and Eq.(1.24) into Eq.(1.22)

e [T A, w)[npw) ne(w) - (o) 2V

we obtain the current as
I oceV/ wd—“’ZAl (v: M)M. (1.25)

At low temperatures the Fermi-Dirac distribution can be approximated by Heaviside func-
tion

np(w-eV) ~0(w-eV)

15
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and its first derivative by Delta function

Onp(w —e€V) _ 00(w—eV) CS(w—eV).
Ow Ow
It simplifies Eq.(1.25) to
I, ocerMOd—wZAl (v;w)d(w—eV). (1.26)

If we take a derivative from current with respect to V,

dl +oo dw
v —ZAl(V w)d(w—-eV)

and take the frequency integration, we finally obtain the differential conductance as

ar o< Z/h(u; eV)|. (1.27)

1.2.3 Tunneling Hamiltonian of an interacting electron region

So far, we have studied only the tunneling between two simple metals in close proximity:.
We can now extend the formalism to the calculation of conductance of the Anderson-type
models for tunneling junctions, which allows us to have a sample system inside the junc-
tion. The Hamiltonian is given by

HZ%L+%R+7‘[d+7‘[T

where H;, and Hy are the Hamiltonian for the left and right lead, H4 is a generic Hamilto-
nian describing the sample in between the leads (tip and substrate), and H is the tunneling
Hamiltonian for the two junctions: tip-sample and sample-substrate. The electronic states
are created in the decoupled sample by d*ﬁ, in the left lead by CZLJ, and in the right lead

by CZR’J. The tunneling Hamiltonian H1 coupling these three subsystems (tip, sample, and
substrate) is given by

Hr =HrL + Hrr
where Hrr, is
Hro= Y (tuc oo+t df ,c0n o) (1.28)
v k.o
and Hrg is
Hrr = Zk: (tR Che ok TR 1'{700,%[,) . (1.29)
VR K0

As we assumed in the last section, we describe electrons in the left and right leads by non-
interacting Hamiltonians

Hi, = ZuL gl/LCZL»O'CVLvU
(1.30)

Hr = szR 5VRCVR7O'CVR,

16
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The Hamiltonian of the tip and substrate in Eq.(1.30) can be elegantly combined by per-
forming a unitary transformation, i.e., rotation of basis, in the space of L- and R-electron
operators. The convenience of this change of basis becomes clear as we go further in the
derivations. Hence, we define the even (e) and odd (o) operators as a linear combination of
the left and right operators

— 1 * *
e = e (Lo * ThComo)
, (131)

=1 (-
Cvoyo = /e P+tr 2 ( tRCu 0 +tLCVR,U)

or arranged in spinor representation as

\I/y Vo,o = Cre,0 = ; ti: t;{ Lo . (132)
“re Cup,0 |tL|2 + |tR|2 _tR tL .o

The inverse transformation of Eq.(1.32) follows

-1
Cur,o tf tr Cue o |tL|2 + |tR|2 tL —t5 sze o
R e RV ) B U B el VR [ )

Cur,o Cup,o - |tL|2+|tR|2 tR Cuy,o

This gives the left-right annihilation spinor in terms of even and odd operators as

\I/V VR,O — (CVI”O—) = ; (tL _t;{) (CV&U) . (133)
o Cop,o o2 + [tr2 \Ir 1 J\Cupo

and by complex transpose we obtain the creation spinor as

1 tr
T = T T - T T L R
\IIVL,VR,U (CVL70' CVRJ) |tL|2 n ’tR|2 (Cue,a Cuo,a) (_tR tL) . (1.34)

It is straightforward to check |V, ,, 52 = |V 1 .ol?

1 tr, -t} t7 th)[c
T @ = — T T L R L R vy ,o
\I’VE’VD’U veto.? |tL|2 + |tR|2 (CVL’U CUR’U) (tR tz ) (_tR tL) (CVR,O') ’

which gives

| P+ ltal? 0 c
T _ T 'f‘ L R vL,o
\Ij,/e’,,mo-\llye,yo,o- |tL|2 =+ |tR|2 <CVL’U CVRJ) ( 0 |tL|2 + |tR|2 Cup,o

1 0 Vo VLo
= (CVL:‘T CVRvU) (() 1) (C ) ) = (CVL#7 CVR»U) (C o ) = |\IJVL7VR70'|2

CI/R,O' CVR,O'

Thus, as expected, under such unitary transformation Eq.(1.31), norm of the states are pre-
served. Using this transformation, we rewrite the left and right Hamiltonian in terms of
even and odd operators. First, we combine Eq.(1.30)

HLR _ Z (CZL,O' CZR,U) (€6L 50 )(CVL,J)

V1,,VR,0 CVR,70'

17



CHAPTER 1

and then substitute Eq.(1.33) and Eq.(1.34) into Eq.(1.2.3) to obtain

1 tr tw)[&. O
Hig = oo Cror) ———=|_r I
LR Z ( e o3 ) |tL|2 + |tR|2 (_tR tL)( 0 guo)

\/ |tL|2 + |tR|2 tr ti Cuo,0
By taking the matrix product from the left side

1 - &t Ete Y[t —th)([c
Hin = — (¢ Z vell, volR, R Ve,o
LR Z |tL)? + |tr|? (C eo C o,a) (—gyetR fl,otL) (tR i ) (Cuo,o) ;

Ve,Vo,0

and rearranging the terms, we obtain

_ 1 + + 6”& tL|2 + €Vo|tR|2 _guetit;{ + gvotit;% Cue,o
P = Z [t + [t ]2 (s o) (—fuethL +&titn & ftrl + &Ll ) (c) '
(1.35)
Now we make a simplifying assumption and let the two leads to have an identical dispersion
relation (¢, =&, = &), we arrive at

Hiw= ), 2 (co 030,0)(% §Oy) (Cw)' (1.36)

]/:(]/87110) o CVO,U

In this way, we can rewrite the tunneling Hamiltonian between the left lead and the sample,
Eq.(1.28), in terms of even and odd operators using Eq.(1.31)
HTL = Z (tLCIL,adk,G + tid;acuha)

vy, k,o

Y (e o~ trel, o) dio + AL, (Hovo = thevo) )

B 1
V |.l(‘-L|2 + |tR|2 Ve, Vo, K,0

1
> 1P (ef, oo+ df e o) > (totrel, oo + titrdy yovo)

1
VIt + R vo ko ’ tL? + [trl? vo ko

and similarly, for the tunneling Hamiltonian between the right lead and the sample, Eq.(1.29),
we have

fHTR = Z (tR CIRJko + tﬁ leZ,gCVR,O’)

VR, K,0

1 . . )
= W > (tR (tRCL,o + tLCIO,a) dx,o + thLU (tRCve o + thVO,U))
L RI|” ve,vo,k,0
1 <
e — Z |tR|2 (CIE’Uko + dl;ac,je’a) +

VIELP? + TR v ko

Now by recollecting the two terms, we obtain the total tunneling Hamiltonian as

Ht =HTr + HTL
_ 1 2( t 1 2 ( +
- /|tL|2 + |tR|2 VE%;U |tL| (CVedekvg + dk,acl’e’a) + /|tL|2 + |tR|2 Ve%;g |tR| (Cue,adk,a + dk,acue,a)
1
= ————— % (il + =) (¢, oo + ] v

VI + [t v Ko

[P+ 1tk (e oo + df, yoveo) -

1 * 4%
T, o, (tnel, o + it ).
L R|” vo,k,o

ve,k,o
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Therefore, the tunneling Hamiltonian can be written merely in terms of the even sector of
the lead’s electrons,

Hr= 3 VP +1tP (e, oo+ df ycn0) |- (1.37)

ve,k,o

This is a huge simplification since we absorbed two of the particle operators (CIL,(7 ; CZRJ)
into one (CZJ)

1.2.4 Conductance of an interacting tunnel junction

We have shown before the conductance of tunnel junction can be directly computed by the
retarded current-current correlation function C}(w), which needs the current operator of
each lead. For this, we first define the particle-current operator for the left and right leads

I, = NV,
In = Ny
where they obey Eq.(1.4) as

I =i %, w0 (tL oo =t df Cu o)
(1.38)

. ¥ « gt
Ig =1 Y ko (tR Cogolio =Tk dk,aCVR,o)

Now by substituting left and right creation/annihilation operators with even and odd elec-
tron operators

1

+ 1 ( * T T ) 1 *
¢, = ——— (tfc —trec c, = ——— (11,C —t5c
VL, /—|tL‘2+‘tR|2 LCve,o R Cuvp,0 VL, /—|tL‘2+‘tR|2 ( LCye,o R l/o,a)

+ 1 _ 1

i i *
Cor = T (t* & +11, ¢ ) Cyy = ——— (g +17 ¢
VR P+t \ R Ve, 0 L Cvo,0 VR TP lir? ( RCve,o L yo,a)

into the particle-current operator Eq.(1.38), we obtain I, as

) fL t + tr
IL:Z _— t*c' —tRCT dk, —d T —————— (th . _t*cm )
l/eﬂ;k,o'( |tL|2+ |tR|2 ( L*ve,o VO,U) o k, |tL|2+ |tR|2 Ve ,O RCuso
Z’ L
= Z ( (|tL’2C,',e7g —tLtr Cimo) dy o — d;;g (|tL’2cue,o — it szo,a))
VIt + [tr]? vevoko
—Z' + -+
= Z (‘tL|2 (C,Le,o-dk,o' - dlt,ac’/ezo') - (tLtR Cl'/o,Udk,U — tit;{ dLUCVO,U))

V |tL|2 + |tR|2 Ve,Vo,K,0
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and similarly, I as

In=i Y ( |t—R (theh o +tuch, o) dico — djw

Ve,’/mkao' tL|2 + |tR|2

tx

|tL]? + [tr|?
7

== > ((trlPef o +tutrc) o) dio = di, (trcvo +tits cupe))

V |tL|2 + |tR|2 Ve,Vo,K,00

s S (P (oo —df pens) + (trtre], oo~ tithdE i) -

\V/ |tL|2 + |tR|2 Ve,Vo,K,0

Thus, we arrive at

(trCv, o + 1, cyo,a))

L= —\/|tL|22""tR|2 Zue,Vo,k,O' (|-15L|2 (CVe dk o dk O'CVP: ) - (tLtR CZO’Udk’O' - tit;{ dlt,acl’mo'))

\/W ZVeJ/o,k o (|tR| (Cue, dk o dl'{pc,,e’g) + (tLtR szgdk’g - tit;{ dl'{yacyo’g))
(1.39)
In the case of time-independent tunneling current (DC), we can calculate the expectation
value of the current operator in each lead separately using Eq.(1.39), or alternatively, we
can use the linear combination of the two, i.e.,

I=al,-(1-a)lg, (1.40)
where « is defined as,
[tr/? [t
a=—m—— 5 l-a=—". (1.41)
[tL]? + [tr[? [tL]? + [tr[?

With this definition of «, the particle-current operator becomes merely a function of odd
electrons. This can be simply shown by plugging Eq.(1.41) and Eq.(1.39) into Eq.(1.40)

1 i
N Zk (ItrPle0l (€, oo = di peo) = trl* (trtn e, o~ itk L v, o))
L R|” ve,vo,k,0o
1 ‘ 21, 2 (.4 T t
e T, o, i (e — i e ) ¢ (it ], gt ~tithdy o))
1 i * 4%
- ¥ (I + 1) (tutn cf, odheo — it df ycv,0)

L2 + 1 It + [t ]2 v Ko

resulting in

I=——=n > (tutn ¢, o — tath i _cuno)|-
tL]? + [tr|? v

With this result, the computation of the current-current correlation function immensely

simplifies since the odd electron operator c,, and the sample operator di , belong to sep-

arate sector of the Hamiltonian, and therefore, commutable. We derive it by starting from

the definition of the particle-current operator

[=-i(L-L"),

with L and L' operator being defined as
t t t* tx—
L=——rtf e S o) e o LT=——=El S df o, (142)

VIELP + [tr]? voke ’ VIELP + [tr]? voke
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By substituting Eq.(1.42) into current-current correlation function

CR(t) =-i0(t) ([1(t), 1(0)]) = =i0(t) ([L(t) - LT(t), L(0) - LT(0)]) . (1.43)

and ignoring ([L(t), L(0)]) = ([LT(¢),LT(0)]) = O terms, as they do not conserve the
number of particles, we arrive at

CR (1) - _w@)( ([L(t), LY O)]) + ([, L(0)]) ) (144

1) (2)

The expectation value (1) in Eq.(1.44) simplifies to

(LO.LO) = X 3 ¥ ([l o Odico (). gy ])

vo,v, k k' 0,0’

|t [tr +
= Z Z Z |t |2 n |t |2 |:<Czo,a(t)dk,a(t)dkgglcu;,o’) - (dl/,alcut’),a’czo,a(t)dk,a(t)>:|
vo,v), kk' 0,0’ L R

- 2 vy L2, e o) (o (D

Vot Kok oo’ \/[tL]? + [tr[?
—(—1)2 (dl‘il,o.ldk70'(t)> (Cvg,a'czo,o(t)):l

where we commuted the c and d operators twice in the last step to bring us to

[EO.L ) - ¥ % % - 1 ey o) (dea i, ) ~ (e arch, o O) (@l iiea 0]

vo,v, kK o,0’ |tL|2 + |tR|2
(1.45)
Now by recalling the definition of greater Green’s function G> (v, t; v/, t') = —i (cl,(t)cz, (t ))
and setting ¢’ = 0, we find the odd- and d-electron Green’s functions as

G* (vo0, 5 040",0) = =i {cu, 0 (t)c), . (0)) G (vo0, ~t;4,",0) = =i (v, 0 (0)c], . (1))
o’ (t—>-t) e’
G* (dka, ;K'0",0) = =i (die o (1) ,,(0)) G* (dka, ~t;K'0",0) = =i (dic s (0)dy, . (1))
(1.46)
and also for the lesser Green’s function G<(v,t; v/, t") =i (ci,(t’)cl,(t)), we have

G (voo,t;v0",0) =1 (CZ' ’U,(O)cymg(t» G (voo,—t;v.0",0) =4 <CZ, ’U,(t)cym(,(())>

(t—-t)

G<(dko,t;k'0’,0) = Z( et U,( )dk7g(t)> G<(dko,-t;k'0’,0) :i<d]t/’a./(t)dk7a(0)>
(1.47)
By substituting the thermal averages in Eq.(1.45) with greater and lesser Green’s function
from Eq.(1.47) and Eq.(1.47), we obtain

+ |tL| |tR| I r 1
L(t), LT(0 G<(0", ~t; v,0,0) G (dko, t; K'o",0
([L®), L7 (0)]) = Z ka(g TE+ [P |tR|2[ (v50",=t; 140, 0) G (dko, 1; K'0”, 0)

-G (o', ~t;v,0,0) G (dko,t;k'c’,0)].  (1.48)

Considering the symmetries of the Hamiltonian for the left and right lead, and also the tun-
neling Hamiltonian will allow us to simplify the Green’s functions in Eq.(1.48). Since the
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Hamiltonian of the left and right lead is diagonal in terms of even and odd electron opera-
tors, Eq.(1.36), and the tunneling Hamiltonian, Eq.(1.37), is in terms of only even electrons;
the Green’s function of odd electrons must be diagonal

G (Vo' ~t;040,0) = 85,510, G/ (v0, —1).

and by considering translational invariance in the sample, the Green’s function of the d-
electrons become diagonal

g</>(dk0', t; k’OJ, O) = (507015k7k/g</>(dk0, t)

Here, we have also assumed that the tunneling (Hr) and sample’s Hamiltonian (#,) are
diagonal in spin space. With these simplifications, Eq.(1.48) reduces to

(L), L' 0)]) = 5 bl

e ST ] [G<(vo0, -1)G (dko, t) - G (v,0, —t; )G (dko, 1)].
Vo,k,0 L R

(1.49)
The commutator (2) in Eq.(1.44) exactly follows from Eq.(1.49) by a change of sign (-1) in
the commutator by exchanging terms

[L(1), LT(0)] = =[LT(0), L(1) ],

and reversal of time (¢ — —t)

[240), £()] E2 —[LH (1), L0)].

Therefore, under these operations the commutator (2) in Eq.(1.44) can be easily computed
based on the expression we found for the commutator (1), Eq.(1.45), as

(L), L)) = - bl

PAEEATAE [G<(vo0,t) G (dko,-t) — G (v,0,t;) G(dko, —t)] .
Vo,K,0 L R

(1.50)

Thus, we obtain the retarded current-current correlation function in time domain by sub-
stituting Eq.(1.49) and Eq.(1.50) into Eq.(1.44) as

CR (t) ) |tL|2|tR|2 < > > . <
II =1 (t) —[g (Voaa _t) g (dkO’, t) - g (V007 _t7 ) g (dkO’, t)
[tL? + [tr[?
-G (v,0,t) G (dko,-t) + G (v,0,t;) G (dko, —t)]) : (1.51)

Now we want to calculate the imaginary part of Eq(1.51). In order to do that, we notice the
following properties of complex number

{real number: 2¥ =2z

pure imaginary number: z* = -2
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Applying this identity to the greater and lesser Green’s functions leads to

(@0, 1)) = (=i {c,()e)) =i e,ch(t)) = =G> (v, ~t)
(G<(,1))" = (i (ceu () = ~i(eh(t)en) = ~G=(v, ~t)

which means that they are pure imaginary. The multiplication of two purely imaginary
functions is real, and therefore, the expression under the square bracket in Eq.(1.51) is real.
Thus, if we take the imaginary part of Eq.(1.51) ,

[t PRl

[tL]? + [tr[?

ImCOR(t) = —G(t)( [g<(1/0,0, -t)G>(dk,o0,t) = G (v,,0,-t;) G<(dk, 0,t)

-G (vy,0,t) G (dk,0,-t) + G (v,,0,t;) G<(dk, 0, —t)]) , (1.52)
only the (7) prefactor drops out.

In order to calculate the conductance, we need to Fourier transform Eq.(1.52) to frequency
domain

R o [ wt R
ImC]I(W)—f dte ImCI[(t)

+00 . 2 2
= —f dte“"tﬁ(t)( > M[g<(uoa, -t) G (dka,t) — G (v,0,-t;) G*(dko,t)

vk \/[tL + [tr[?
— G (1,0,1) G (dko, —t) + G (vp0,t) G=(dko, —t)])

+00 . 21tn]?
- fo dtet 3 M[g<(yoo,—t)g>(dko,t)—g>(yoo,—t)g<(dko,t)

Vo, K,0 |tL|2 + |tR|2
= G (100, )G (dko, 1) + G (vo0, )G (dko, 1) |, (1.53)

where we used the fact that ["> dt0(t)[-] = [,;”” dt[--]. We can see that the expression
within the square bracket in Eq.(1.53) is an odd function of time

t——t

[(G°(vo0, ~8)G” (dko, t) = G (vo0, ~t)G"(dko, 1)) = (G (o0, )G (dko, ~t) = G~ (o0, )G (dko, ~1)) | ——
- [(G°(vo0,t)G” (dko, —t) - G~ (v,0, )G (dko, -t)) — (G (voo, )G (dko, t) — G~ (vo0, —t)G*(dko, 1)) ]
=- [(g<(1/00, -t)G” (dko,t) - G (v,0, —t)g<(dka,t)) - (g<(uoa7t)g>(dko, —t) — G (v,0,1)G"(dko, —t))] .
This means that we can absorb the (-1) prefactor in Eq.(1.53) by switching the time ar-

gument of the expression under the square bracket. Furthermore, by using the following
property of Fourier transform of odd functions

f Oodte“”O(t)z%[ wdteiwtO(t),
0 —00

we can rewrite Eq.(1.53) as

tul?ftrf?
[tLf? + [tr[?

-G (vo0,-t)G” (dko,t) + G (ve0, )G (dko,t)] . (1.54)

R 1 oo wwt
ImCii(w) = 5[00 dte™t >

Vo,k,0

[G%(va0r, )G (dko,~t) = G (57, £) G (dkr, 1)
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The expression under the square bracket in Eq.(1.54) is comprised of pair products of
greater and lesser Green’s functions which can be significantly simplified using the fol-
lowing property of the Fourier transformation for product functions

i i dw'" . / dw" —iw'’ (- "
fdte“’tf(t)g(—t)zfdte’“t[—e”‘“f(w)fge D g(w™)
/)fdw g(w// fdtei(w”+w—w’)t

,)/dw g(w"2md(W" +w —w')

Ng(w' - w)
and with a change of variable (w’ - w’ + w), it gives

[ et g @a(-t) = [ S5 f +w)ge). (155)

Hence, by using Eq.(1.55) for the product of Green’s functions in Eq.(1.54) we obtain

1 [+ dw’

s 12
5 o Z M [g<(1/00, W +w)G (dko,w') = G (voo,w' + w)G*(dko,w")
—00 T

[tLf? + [tr[?
~G*(Vo0,w")G” (dko,w' +w) + G (vo0,w' )G (dko,w' +w)] .

ImCH (CL))

Vo,K,0

By a shift of variable for the third and fourth product in the square bracket (v’ - w’ — w),

1 [+eo dw’

20412
5 o » R [g<(1/00, W +w)G (dko,w") = G (voo,w’ +w)G (dko,w")
—00 Y

Ll + [trf?
~G*(Vo0,w' —w)G” (dko,w") + G (voo,w' — w)G*(dko,w")] ,

ImCH (LL))

Vo,K,0

we can factorize d-electron Green’s function as

1 +00 dw/ |tL|2|tR|2
R _ > / < l _ (< o

Vo,K,0

-G<(dko, w'){g>(1/oa,w’ +w) -G (vo,w' - w)}] :

Now by rewriting the greater and lesser Green’s functions in terms of spectral function and
Fermi-Dirac distribution,

1G<(v;w) = A(v,w)[1 - np(w)]

-i1G>(r;w) = A(v,w) np(w)

we obtain

1
ImC’IRI(w) =5 [

+00 dw’

) 2T

> M [A(dka W) np(w'){A(V o,w +w)[1-np(w +w)]
voeo It + [tr[? ’ -

~A(veo,w" —w)[1 -np(w' - w)]} - A(dko,w")[1 - np(w/)]{A(Voa, W+ w)np(w +w)
~A(voo,w —w)np(w' - w)}:| .
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The expression under square bracket can be simplified by rearranging terms as
= Al () Al + )1 e+ )] - Al =)Ll - )]
- Ao YL = A0 ) () = Al =) (- )
- Aldko, w'>{A<uoa, o 5 e (@)L np(e 5 )] - Ao @)1 - np(’ - )]
Ao, + ) (e + @)1 - m ()] + Ao, - w) (e~ w)[1 - () }
- Al ) A+ () e +0)] = Al = e () = e -]
- A(dko, ) Ao, + ) - e (! + )] - Ao’ — ) () [ (@) - e (e - )],

Therefore, we arrive at

dw’ |tL)?|tr|?
[tL]? + [tr|?

ImCR(w) = 2f+oo

yka

lA(ko, WA(v,o,w" + w){np (W) —np(w+ w)}

-A(dko,w") A(v,0,w" - w){np(w') —np(w' - w)}:| .

(1.56)
Since we should insert ZmC}: (w) into the Kubo formula for the conductance
, ie? _n

and take the limit w — 0, we are allowed to Taylor expand the Fermi-Dirac distributions in
Eq.(1.56) to the first order in w as they are exponentially decaying functions of frequency,

np(w' +w) an(w’)era +(9(w2)

np(w -w) #np(w') —w 8"F(“ +O0(w?)

It gives

+00 dw’

oo 2T

2|tg|? np (w’
ImCri(w) = % > e Plen] [A(dka,w’)/l(uoa, W'+ w){np(w’) -np(w') -w ot )}

V07k70' |‘ISL|2 + |t]~:{|2 8w,
A
~A(dko,w") A(veo,w' - w){np(w’) -np(w') +w _&g(cf )}] g
w

which simplifies to

+oo ! |tL|2|tR|2

, , Onp(w'
ImCF(w) = ) f o W [A(dka,w VA(v,0,w" + w)w r(w)
vo,k,o

ow’

+A(dko,w") A(v,0,w —w)w 8np(w’)] .
ow’
(1.58)
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Furthermore, we use the fact that decoupled lead electrons are described by a non-interacting
Hamiltonian, which have Dirac delta spectral functions,

A(v,o,w) =218(w-¢&,,) -

This allows us to simply take the frequency integration in Eq.(1.58) as

oo dw!’ [t [tr[” ) , Onp (W)
7 ———— [ A(dk 2md -&,
mCR (w) = 3 f g kg|tL|2+|tR|2 A(dko,w")2m6(w" +w-&,,) W
+A(dko, w2716 (W' -w - &,,) 3n;(c,u ):|
w
w ltr?|trl? [ onp(-w+¢&,,) onp(w+¢&,,)
=-= ————— | A(dko,~w + £, ) ———> + A(dko,w + £, ) —————2~ | .
2 1/0%(:,0' ’tLP + ‘tRP ( . ) 851/0 ( ¢ ) afuo
(1.59)

The conductance of the junction can be found by recalling the Kubo formula for conduc-
tance [21], and decomposing C}}(w) into its real and imaginary part

G = hmRe (—C'H(w)) = lim Re( [ReC’H(w) + ZImC’H(w)]) (1.60)

As proved above, CR (w) is a pure imaginary function of frequency (Re CR(w) = 0), and
therefore, the conductance has the following limit

G=- hm —ImC R(w). (1.61)

Now by substituting Eq.(1.59) into Eq.(1.61), we arrive at

oe? w It [tr)? onp(-w+¢&,,) onp(w+¢&y,)
G= —}JIL% ;{ -3 VO%(:}J —|tL|2 aTAE A(dko, -w + 51/0)—6&/0 + A(dko,w + §,,O)—6§UO
e’ [t [tr ) ong(&u,) ong(&v,)
-y IR A(dko, &) TSe) 4 A(dko,,, ) Tasred |
3,2 Tl e [ 6 g, AU &)

Thus, we finally obtain the conductance formula as

tL?[tr|? (
G = 2 |—A dk,o,&, -

Vo,k,o

8nF(€Vo)
s, |

Now by converting the discrete sum over lead states to an integral, 3., — [ d¢p(¢), we

find

200
6% [ e s A ) (25)
L o(E) 1] p(€) ta? one(©)
Zf ST o) o0 (-5 (162)

One can define the tunneling (hybridization) strength for the left and right leads as
PYR(E) = 2xtem[* ().
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With this definition, we can rewrite Eq.(1.62) as

o2 dg¢ TH(OI™(E) Ing (&)
1;7‘/ 2r TL(€) + FR(g)A(dkﬂLf) (_ ¢ ) (1.63)

Without loss of generality, we consider that the tunneling strength is energy independent:
[R(¢) = TR and T'H(&) = T'". This assumption is valid as long as the left and right leads
have a featureless density of states at the Fermi level. This brings us to the final form of the

conductance
d¢ TLTR ong ()
_621;,f 5 TR A(dk, ,g)( 5 ) . (1.64)

This is a fascinating result because all the complexities of the left and right leads (tip
and substrate) are absorbed into two coupling constants (I'®, ') and the conductance
of the tunneling junction solely depends on the spectral functions of the sample system. To
achieve this result, we have made no approximation other than those in the linear response
theory (Kubo formula for conductance) and the assumption that left and right leads have
identical dispersion relations with constant tunneling strengths.

1.3 Conclusion

In summary, we have seen that the scanning tunneling spectroscopy describes how a single
electron with definite energy propagates between the surface and the tip of the STM. In
other words, it takes a direct measurement of the single-particle spectral function. In the
simplest description of the STM junction, we have shown that the measured differential
conductance is proportional to the product of the tip and substrate spectral functions at
the position of the tip. For a generic STM junction with a sample in between (interacting
or non-interacting), we have shown that the differential conductance is proportional to the
sample’s spectral function A(dk, o, ) for small bias voltages, while all details of the tip and
substrate are absorbed in a few constant prefactors. In fact, one can generalize it to a finite
bias voltage using Meir and Wingreen formula [21, 23, 27],

Sy [ Ak, (6 ) -mele )] (169)
") 2TU4TR &) LIRS L) RS = AR ‘
where 11, and pup are the chemical potentials of the left and right leads, which can be alter-
natively defined in terms of the bias voltage (1, = pg — V3). In this way, by sweeping the
bias voltage (V) and simulaneously recording the tunneling current, one can extract the
spectral function of the sample.
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Control over microscopic and quantum degrees of freedom is the focal point of
interest for different technological purposes portrayed [28-30], for instance, in the
newly surging competition to manufacture quantum computers [31, 32], and has
been one of the chief driving forces in the experimental condensed matter physics
to search for novel phases of matter [33-35]. Charge and spin degrees of free-
dom have been for long the main and supporting character in this quantum play.
To this aim, an enormous enthusiasm is shown to 2D materials such as graphene
and transition metal dichalcogenides (TMDs)—for they have a sufficiently decou-
pled 2D layer and offer a wide range of physics bracketing from strongly corre-
lated electron systems to the topological and exotic states of matter[36-38]. In
order to skip the arduous process of the top-down fabrication and preparation of
atomically-precise 2D material, the alternative avenues to achieve these function-
alities have also been paved in bottom-up approaches [1, 39-41]. Metal mediated
atomic and molecular self-assembly implemented inside scanning tunneling mi-
croscope (STM) provides us with a tour de force platform to synthesize and locally
probe and manipulate the nanoscale quantum degree of freedom [42-44].
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A self-assembled monolayer of 1,4,5,6-naphthalene tetracarboxylic acid dianhy-
dride (NTCDA) on Ag(111) substrate can create an artificial lattice of 7-conjugated
organic molecules [16, 17, 45-47]. It inheres in the perks of the two ingredients:
delocalized electronic states from the metallic substrate, which facilitate the for-
mation of a genuine 2D lattice [48], and localized molecular orbitals that manifest
both Kondo and discharging resonance on the same orbital. This is particularly a
contentious situation since, typically, these two resonances demand opposite set-
tings. The Kondo resonance occurs when the spin of the local electron strongly
interacts with the substrate; on the other hand, the discharging resonance occurs
when there is sufficient decoupling from the substrate—making NTCDA/Ag(111)
an ideal system to study the interplay of spin and charge.

This chapter serves three purposes. First, it provides a motivation for the study
of the NTCDA/Ag(111) project. Second, it summons significant reported findings
in the literature to make a general understanding and lubricate the flow of ar-
guments for the following chapters. Finally, it recapitulates some representative
results and preliminary notions that we will discuss in more detail throughout this
thesis.
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2.1 NTCDA molecule

1,4,5,6-naphthalene tetracarboxylic acid dianhydride (NTCDA) is a planar molecule with
gas-phase Dy, symmetry. Geometry and location of different functional groups/atoms of
the molecule are sketched in Fig.(2.1). Upon adsorption on the substrate and forming self-
assembled nanostructures [16], the molecule interacts with the surface and other molecules
at two locations. At the center of the molecule, the aromatic naphthalene core interacts via
the spatially extended 7-orbital electrons with the substrate and at the two ends via the
carboxyl and anhydride groups with the substrate and neighboring molecules as well [49].
The interactions of these two electronic systems at the metal-organic interface push the
character of adsorption towards weak chemisorption [17].

Figure 2.1: Graphical representation of gas phase NTCDA molecule (C;,H,Og).

Consequent to adsorption on the silver substrate, the NTCDA lowest unoccupied molec-
ular orbital (LUMO) becomes partially occupied with a net charge transfer from silver 4s-
band, and possibly the Shockley surface state [50, 51]. As a result, it spectrally broadens and
aligns slightly below the silver’s Fermi level ( Er). Correspondingly, HOMO and HOMO-1
orbitals get fully occupied and bury deep below E'p.

Figure 2.2: The gas-phase LUMO, HOMO, and HOMO-1 orbitals of NTCDA overlaid
on the molecule structure (taken from [52]).

Therefore, the behavior of molecule electronic and vibronic states takes a LUMO char-
acter around the Fermi level predominantly [49, 50]. The summary of NTCDA frontier
orbitals properties is presented in Tab.(2.1).
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Orbital Symmetry | Binding energy (eV) ‘ Occupation | Net charge (e) ‘ Method ‘ Ref.

HOMO-1 | a, 3.4,3.5 2 neutral DFT, UPS | [50, 53]
HOMO bsg 22,25 24 2 neutral DFT, UPS | [50, 51, 53]
LUMO | by, 0.4, 0.48 0.94,1.42 | -0.35 DFT, UPS | [49-51, 54]

Table 2.1: Molecular orbital energy levels of an NTCDA molecule adsorbed on
Ag(111) substrate.

2.2 Conformational phases of NTCDA/Ag(111) lattice

Depending on the imposed preparation conditions, various conformational phases of a
monolayer (ML) of NTCDA on Ag(111) substrate can develop. Historically, first, the two
stable long-range ordered phases: Relaxed monolayer (r-ML) and compressed monolayer
(c-ML), were reported to exist at the (sub-)monolayer regime, where the former transforms
to the latter through post-deposition of molecules in the sample preparation process [16,
45]. Later, a plethora of intermediate phases at the coexistence regime was discovered by
various groups [17, 46, 47]. The hitherto reported phases and their characteristics are classi-
fied at Tab.(2.2). This thesis is concerned with the electronic properties of r-ML in the great
majority and to lower extents with the rippled phase in the coexistence regime. Therefore,
the discussions are restricted only to these two specific phases.

Phase Lattice Unit cell superstructure matrix Coverage (ML) Ref.
r-ML (commensurate) ~ Brick-wall Rectangular (gg 28) <09 [16, 45]
6.52 3.97
ML (i a i ~ 16, 45, 4
c-ML (incommensurate)* Herringbone Hexagonal (058 2.98) 1 [16, 45, 46]
Stripy brick-wall Rectangular -b 09-1 [16]
Coexistence regime Rippled brick-wall Rectangular -b 09-1 [17]
Uniaxially compressed brick-wall® Rectangular (;2 gg) 09-1 [46]
. . . d 3.0 02
Vertical standing brick-wall Rectangular 11 47 1< [47]

 Unit cell assignment changed in the posterior publication of the same group and here is adapted accordingly [46] .
b Not reported.

¢ 4% compression along the short axis.

4 Termed ‘NTCDA-vert’ and created via post-adsorption of NTCDA on r-ML phase with slight annealing,

Table 2.2: Properties of conformational phases of NTCDA/Ag(111) lattice.

As illustrated in Fig.(2.3), the r-ML phase contains two molecules per unit cell, forming
a brick-wall lattice with a rectangular unit cell. The lattice is commensurate, and hence
both molecules are aligned with their long axis along the [011] direction of the substrate
[46]. Though chemically the same, the two molecules exhibit in rows of dark and bright
contrast in STM images and have different spectroscopic features. The apparent contrast
is explained in terms of the difference in the LDOS of the two molecules at the Fermi level,
which has yet been tentatively hypothesized to pertain to different adsorption geometry
(top- and bridge-site) [47]. General properties of r-ML lattice are summarized in Tab.(2.3).
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Figure 2.3: Imaging the NTCDA/Ag(111) r-ML phase. Left panel: Constant-current
STM image (V;, = 48 mV, [; = 1 nA, V,,,,q = 5 mV), and right panel: simultaneously recorded
dI/dV -map.

Ag(111) unit vector |g;| 2.89 A | [16]
NTCDA unit vector |ay | 1157 A | [16]
NTCDA unit vector |as| 15.04 A | [16]
< (az,az) 90° [16]
<(a1,g1) 0° [16]
Area per unit cell 174 A° [46]
Molecule per unit cell 2 [16]
Ag(111) point group symmetry Cs, [55]
NTCDA point group symmetry (free) Doy, [49]
NTCDA point group symmetry (adsorbed) | Cy, [49]

Table 2.3: Geometry and symmetries of the NTCDA/Ag(111) in the r-ML phase.

A counter-argument for this hypothesis is the existence of the long-range ordered rip-
pled phase where rows of bright and dark molecules periodically change character along
their long and short axis, i.e., the bright molecule smoothly transforms to a dark molecule,
and vice versa [17]. Typically, rippled phase occurs in islands with triangular or deformed
rims that emphasize the role of lattice boundaries over the local adsorption geometry in its
formation. In Fig.(2.4), the created rippled phase has a fast and slow axis. Along the long
molecular axis, alteration takes roughly between 9 to 12 unit cells, while it takes 3 to 7 unit
cells along the short axis.
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Figure 2.4: Imaging the NTCDA/Ag(111) rippled phase. Left panel: Constant-current
STM image (V, = 10 mV, I; = 800 pA, Ve = 5 mV), and right panel: simultaneously
recorded dI/dV map. The Green and red arrows indicate the line along the molecule’s
short and long axis respectively where molecule smoothly changes character from bright
to dark and vice versa.

Unlike having complicated-looking frontier orbitals, interestingly enough, the dI/dV
map in Fig.(2.3) shows that the wave function of NTCDA/Ag(111) r-ML has a dumbbell-
shape-orbital around the Fermi level. A similar wave function structure can be traced in
the rippled phase with a periodic pattern. The dumbbell’s center-of-mass is located at the
bridge between two molecules, i.e., each lobe is situated in the hydrogen atoms of a different
molecule.

2.3 A perspective to the electronic and vibrational prop-
erties of NTCDA/Ag(111) r-ML

The STM dI/dV curve of the highly ordered NTCDA/Ag(111) monolayer manifests the
presence of a rich physics, ranging from single- to many-body and strongly correlated elec-
tron systems. It encompasses phenomena such as Kondo effect, electron-vibron interaction,
molecular orbital hybridization, formation of a dispersive 2D band, and discharging reso-
nance. The synopsis of these effects are featured in Fig.(2.5). Starting from the negative
end of the spectrum, initially, the HOMO of the molecule appears superimposed on the tail
of the silver substrate’s bulk 4d-band with binding energy around 2.4 eV [50, 51]. Subse-
quently, the singly-occupied LUMO of the molecule comes out as a very broad and elusive
satellite, centered around —0.4 eV [50, 51]. So long as the LUMO’s tail crosses the Fermi
level, it renders a metallic ground state to the lattice. Around the Fermi level, as displayed in
the inset of Fig.(2.5), and the positive side of the spectrum comprise more intricate features
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that we briefly outline in the following.

Figure 2.5: Multitude of spectroscopic features appearing on STM dI/dV point-
spectrum acquired on the bright molecule center of NTCDA/Ag(111) lattice. The
spectra were acquired at the bright molecule center with parameters V, = 2.0V, I, = 4.0
nA, V,0qa = 8mV, T = 1.39 K, and the zoom-in inset at V;, = 100 mV, I; = 2.0 nA, V,,,0qa = 1
mV.

2.3.1 The vibrational modes and zero bias Kondo resonance

The low bias differential conductance acquired on various sites of the r-ML lattice, Fig.(2.6),
shows two common features around the Fermi level: (i) a zero-bias-peak (ZBP) with a tiny
gap precisely at zero energy, and (i7) a series of symmetric side peaks, with width, inten-
sity, and energy varying across different sites. Most notably, the side-peaks appear on the
center of the bright and dark molecule at ~ +47 mV and are attributed to the predominantly
out-of-plane vibrational modes of the LUMO [17]. Conceivably, the other symmetric side-
peaks with energies » +75 and £30 mV ! might also be vibrational [17]. The nature of the
ZBP, however, is spin-related [50]. It is associated with Kondo effect [51]: a many-body
elastic spin-flip scattering between the spin of the local electron occupying the LUMO and
the itinerant electrons in the substrate. The outcome is the quench of the singly-occupied
LUMO’s spin via forming a transient many-body singlet state.

The presence of the strong vibrational mode around the Fermi level is encoded into the
interactions involved with the LUMO and its symmetry reduction [49]. The metal-organic
interactions and charge transfer from the substrate to the NTCDA molecule modify the
symmetry of its LUMO. In general, charge transfer to LUMO leads to an increase in elec-
tron density at certain bonds, increasing the strength of those bonds and resulting in their
compression. Conversely, all bonds involved in nodes of the orbital stretch with respect to a
free LUMO. Besides these in-plane distortions, the planarity of the molecule is also subject
to vertical distortions. Due to the covalent bonding at the acyl oxygen atoms, the molecule

'The +75 mV peaks have not yet been reported as a vibrational state. However, the existence of many
vibrational modes predicted by ab initio calculations in this energy range also justifies the assignment [49].
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bends downwards at its four corners, and due to the push-back effect, which originates from
Pauli repulsion at the naphthalene carbon core, the molecule bulge out in the center [49,
56-58]. Such configuration makes the out-of-plane vibrational modes, "rocking-modes,'
of the molecule susceptible to vertical perturbations [17, 59]. Conceivably, the strong vi-
brational states appearing on the STM differential conductance measurements belong to
the out-of-plane modes—since the tunneling electron probing those states has negligible
in-plane momentum to excite them. As a result of these distortions, the local molecular
symmetry reduces from Dy, to Cs,,, which, however, can be further reduced to C by con-
sidering the marginal effect of the inequivalent threefold hollow sites of the underlying
Ag(111) below the two carbon rings [49, 56].

Figure 2.6: STM dI/dV point spectra of different sites of the NTCDA/Ag(111) r-ML
lattice around the Fermi level. a, Bright molecule CH. b, Bright molecule center. ¢, Dark
molecule bridge. d, Dark molecule CH. e, Dark molecule center. The constant-current STM
image (central panel) acquired at V}, = 10 mV, [; = 0.5 nA, with the graphical representation
of NTCDA molecule is overlaid on a bright molecule. The dI/dV point spectra are highly
oversampled and averaged over 3 sweeps with parameters: V, = 100mV, I; = 2nA, V,,,,q = 1
mV, T=127TK,B=0T.

As remarked above, it is posited that the ubiquitous ZBP and its continuous modulation
extending all across the r-ML originates from the Kondo effect [17], which, if so, connotes
the creation of a Kondo lattice. The Kondo peak takes its maximum intensity at the bright
molecule CH, centered around 2.5 mV with a tiny drop towards the bright molecule bridge-
site and an appreciable drop approaching its central naphthalene core. The width (FWHM)
of this Kondo peak is approximated to 28.5 mV at 7" = 4.3 K [17]%. On the dark molecule,
however, the ZBP humps down on the CH-site with a width approximated to 52.1 mV and
even a further drop towards its bridge-site [17].

2 We report a width of 24.4 mV and 57.4 mV for the bright and dark molecules at 7' = 1.27 K.
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The difference in the line shape of the ZBP at different sites has been attributed to the
role of quantum interference of possible tunneling paths between tip, substrate and the
LUMO’s wave function [17]. Unlike the center of the molecule where the wave function
has a nodal plane and encourages only indirect tunneling path, i.e., tip’s electron tunnels
first to the substrate and then hop to the molecule; on the CH-site, the wave function takes
a finite value and allows direct tunneling. In this scheme, the quantum interference of all
possible indirect and direct paths with the corresponding scattering amplitudes at a given
point transforms the Kondo resonance to the so-called Fano resonance [60], which varies
spatially.

Figure 2.7: Zoom-in dI/dV point spectra around Fermi level at different sites of
the NTCDA/Ag(111) r-ML lattice reveal two small gaps. a, Bright molecule CH. b,
Bright molecule center. ¢, Dark molecule bridge. d, Dark molecule CH. e, Dark molecule
center. f, Spatial average spectrum of 900 spectra over a 3 x 3 nm? area. To reveal the two
small gaps, the dI/dV point spectra (a-e), were set to be highly oversampled and temporally
slow, with lock-in time-constant (7..) of 100 ms and each was averaged over 5 sweeps with
parameters: V, = 20 mV, [, = 4 nA, V,,,,q = 500 uV, T = 1.27 K, B = 0 T. The spatial average
spectrum (f) was measured at V, = 10 mV, T = 1.30 K, B = 0 T. The inset STM images with
red dot marker illustrates the respective location where the spectrum was acquired.

The zoom-in spectra, Fig(2.7), reveal the existence of hitherto unreported fine structures
at ZBP. Precisely at zero bias, a pervasive gap appears at every point on the lattice with dif-
ferent relative intensity. More accurately, the absolute intensity of the gap remains almost
constant all over the lattice. The nature of this gap is not fully known. Even though it could
be assigned to the Coulomb blockade (CB) phenomenon, its irregular size and persistence
in temperature change from 1.2 to 4.4 K and magnetic field change from -10 to 10 T at-
tributes ambiguity to such CB gap. There is also a second gap which appear asymmetrically
at ~ 5 mV, exclusively pronounced at dark molecule CH and bridge site. The nature of this
gap is even more elusive. Together with other possibilities, such as the presence of very
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low energy vibrational modes, it can also be assigned to a spin-related gap.

Figure 2.8: STM dI/dV point spectra of CH-sites at the lattice border of the NTC-
DA/Ag(111) r-ML around the Fermi level. a, b, Spectra acquired from the bright
molecule CH at the lattice border with different coordination number. ¢, STM image of
NTCDA/Ag(111) r-ML rim (V, = 10 mV, [, = 400 pA). d, e, Spectra acquired from the dark
molecule CH at the lattice border with different coordination number. The dI/dV measure-
ments were taken with parameters V}, = 100 mV, I; = 14 nA, T' = 1.51 K, Vjpoq = 200 1V,
B =10 T. To resolve the ZBP splitting and fine structure, the dI/dV spectra were set to be
highly oversampled and temporally slow, with lock-in time-constant of 300 ms and each
was averaged over 3 sweeps. The large current setpoint (I; = 14 nA) was used to enhance
the signal-to-noise ratio at small AC modulation voltage, which was chosen to avoid the
spectral broadening inherent to the lock-in detection scheme.

Resolving the Fermi level at the lattice border further discloses the nature of ZBPs,
Fig.(2.8). Depending on the coordination number, two typical spectra on the CH-site of
each molecule have been observed at 10 T magnetic field. On the bright molecule, Fig.(2.8
a,b), the Kondo resonance peak is either slightly sharpened or tiny split into two unequal
peaks flanked around 2.7 meV. On the dark molecule, however, the ZBP has been dramati-
cally changed, Fig.(2.8 d,e). There, it is either noticeably split around 5 meV or appears with
a fine structure at its summit. Naively speaking, the fine structure looks like a split Kondo
peak with a minimal width superimposed on a broad Fano resonance. It’s worth mention-
ing that at 0 T, there is no perceptible variation among the spectra in the middle and border
of the lattice. Therefore, the changes arise from the magnetic nature of the ZBPs, which is
masked by the (intra)inter-molecular and molecule-substrate hybridization® in the middle,
and unveiled in the border of the lattice due to lower coordination number and deformed
configuration.

3 The strong inter/intra-molecular hybridization is encoded into the highly organized arrangement of
alternating bright and dark molecules in the r-ML lattice, which would be otherwise impossible to form,
and the strong molecule-substrate hybridization is reflected on the very broad Kondo resonance.
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Additionally, it is noted that the symmetric pair of vibronic states at +47 mV appears on all
spectra, though with suppressed size compared to the middle of the lattice. On the other
hand, the broad humps around +30 mV, formerly identified as vibronic states, proliferate
into more peaks and becomes further pronounced. This observation undermines the valid-
ity of such an assignment. Lastly, it must be pointed out that a common feature among all
curves is an overall positive spectral tilt, which is the opposite trend to its counterpart in
the middle of the lattice.

2.3.2 Interface state

The step-like spectroscopic feature in the positive bias side of Fig.(2.5) is associated with the
formerly Shockley surface state of the metallic substrate Ag(111) located at ~ —63 mV that
is shifted above the Fermi level upon adsorption of the m-conjugated organic monolayer, to
form the so-called interface state [61]. It has a 2D band structure with an anisotropic free-
electron-like parabolic dispersion which has coverage-dependent onset energy of ~ 560
meV [48]. The anisotropic dispersion is staggered along the z— and y—axis, with an smaller
renormalized electron mass along the long-axis of the molecule (m) < m;) [48].

Figure 2.9: Formation of the 2D interface state in the NTCDA/Ag(111) lattice. a,
Shockley surface state of bare Ag(111) measured at V;, = -2.2V, [; = 0.5 nA, T = 4.2 K|
B =0T. b, Interface state spectrum measured at V, =09V, [; =1 nA, T=129K, B=0T.

2.3.3 Discharging resonance

The monumental sharp peak pedestalized on the ensuing baseline of the interface state,
aroused at V;, ~ 1.4 V in Fig.(2.5), is the spectroscopic resonance of a charging event origi-
nated from the center of the bright molecule* [62]. Typically, it is accompanied by a shoul-
der and followed by several subsequent discharging peaks that develop at larger bias, stem-
ming from the neighboring molecules located several nanometers away, which also sense

* The peak was reported by Sabitova, A. et al.

39



CHAPTER 2

the electric potential of the tip. Thus, adhere to its discharging nature, the peak lineshape
(width and height) and energy is directly related to the applied bias voltage in the STM junc-
tion and the distance between the molecule’s charging center and the tip [63-75]. Moreover,
the geometrical shape of the tip also determines the applied electric field to the molecule,
i.e., the sharper, the larger, which in turn allows the discharging peak to appear at lower
bias [76, 77].

Figure 2.10: Distance-dependent dI/dV point spectra showing a linear approach
of the discharging peak towards the Fermi level concomitant of sharpening of the
resonance. a, dI/dV spectra of consecutive measurements. b, The corresponding I —
V' curves. All spectra are shifted by a constant for clarity. ¢, Compilation of the main
discharging peak center with a linear fit (slope o = 0.15 V/A). d, Compilation of the main
discharging peak FWHM. The measurements were performed with parameters: V;, = 2V,
I; =0.1-20nA, Vioa =5 mV, T = 1.29 K, B = 0 T. e, The sketch shows the procedure
of distance-dependent differential conductance measurement. Tip is stabilized for a fixed
bias V, = 2 V and a given tunneling current setpoint (/;) to perform spectroscopy and
approaches (Az < 0) by increasing I; to perform the consecutive measurement. The inset
STM image of panel (a) shows the parking position of the tip on top of the bright molecule
center where measurements were executed.

The generic dependencies mentioned above about the discharging resonance can be di-
rectly measured by distance-dependent and bias-dependent differential conductance mea-
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surements. In Fig.(2.10), dI/dV point spectra are acquired while successively reducing the
tip-sample distance on top of the bright molecule center. As it is depicted in Fig.(2.10a),
the discharging peak, its shoulder, and all other higher energetic peaks linearly shift to
lower energies as the tip-sample distance reduces. Meaning that the required energy to
elevate an electron located on the molecule and discharge has been reduced. Associated to
each discharging peak, there is a jump in the / — V' curve, Fig.(2.10b), in which respectively
steepens and shifts to lower energies upon approaching the tip. Another general trend in
I -V curves is the increase of the overall slope, diverging out by shrinking the tip-sample
distance, which results in constant upshifts of the dI/dV spectra.
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Figure 2.11: Bias-dependent dI/dV point spectra showing a linear approach of the
discharging peak towards the Fermi level concomitant of sharpening of the reso-
nance. a, dI/dV (Z) spectra of consecutive measurements. b, Semilogarithmic plot of the
corresponding I — Z curves, log(I — 0I) = log(ly) — Kz, subtracted from a linear fit. The
curved-up offset in the I — Z curves is not physical and has an artificial instrumental cause
created by Nanonis control system. All spectra are shifted by a constant for clarity. ¢, Com-
pilation of the main discharging peak center with a linear fit (slope 1/a = 6.93 A/V). d,
Compilation of the main discharging peak FWHM with a quadratic fit. The measurements
were performed with parameters: V, = 1.5 -1.9V, I; = 2nA, V,,,g = 5mV, T = 1.29 K,
B =0 T. The inset STM image of panel (a) shows the parking position of the tip on top of
the bright molecule center where measurements were executed.
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With a similar method, the voltage dependence of the resonance can be studied via
sweeping the tip-sample distance while keeping the bias constant. Evidently, in Fig.(2.11
a), the discharging peak shifts linearly towards the Fermi level as we successively reduce
the bias. Furthermore, the FWHM of the peak drops from (.7 to just below 0.2 A, featuring
position-localization of the resonance, and the corresponding I — Z curves, Fig.(2.11 b),
show deviation from a linear fit on a semilogarithmic plot by a broad step. Comparing the
two methods mentioned above, the distance-dependent and bias-dependent STS, shows a
perfect self-consistency among curves and their fit parameters.

2.4 Experimental procedure

The STM measurements of the NTCDA/Ag(111) systems were taken using a home-built
combined scanning tunneling and atomic force microscope operating in ultrahigh vacuum
(p < 10710 mbar), at fields perpendicular to the sample surface of up to 14 T, and at a base
temperature of 1.2 K. The dI/dV spectra were acquired by modulating the bias voltage with
a sinusoidal of 0.05-0.2 mV amplitude and 617 Hz frequency employing a lock-in amplifier.

The tip conditioning was performed in-situ using field emission with bias voltage between
100-150V and emission current between 3—-6 pA, and indentation of the bare Pt/Ir tip into
a clean Ag(111) surface. The Ag(111) crystal was prepared by repeated cycles of Ar* sput-
tering and annealing to 250 — 300 C° for 25 minutes.”> Afterwards, NTCDA molecules were
deposited onto the clean Ag(111) surface held at room temperature and a base pressure of
p < 107 mbar from a Knudsen cell molecule evaporator held at 215 C°.

2.5 Conclusion

I close this chapter by mentioning two remarks regarding the role of tip in the breakdown
of local charge neutrality in the NTCDA/Ag(111) system; and roughly estimating a micro-
scopic quantity, namely Pauli repulsion force, by extracting information from the previ-
ously discussed results. At positive bias, where discharging resonance occurs, the tip is
negatively charged and, as a result, creates a positive image charge, i.e., a hole, on the sam-
ple. An ideally point-like tip creates a point-like hole, and a realistic tip with a nanometer
size apex creates a nanoscale quantum dot. This hole can also be viewed as the migration
of electrons in the sample from the area underneath the tip in response to its repulsive po-
tential. Such imbalance of positive and negative charges around the molecule breaks the
local charge neutrality. The created hole encourages an electron to tunnel from the tip and
discharge it, i.e., electron doping of the sample by the tip, which results in a jump in the
tunneling current, as displayed in Fig.(2.10b).

We stated earlier in this chapter that there is a contention in the fact that Kondo and dis-
charging resonance happen on the same molecular orbital, as the former requires a strong
coupling to the substrate and the latter decoupling. Considering the configuration of an

>Surface temperature measurement was performed by an infrared pyrometer.
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adsorbed molecule may help us to reconcile the two effects and to extract a constant from
measurements to estimate a microscopic quantity responsible for such concomitance. Based
on Fig.(2.11d), the FWHM of the discharging peak drops from ~ 0.7 to 0.2 A along the z-
axis, which, as I mentioned above, may be interpreted as a signal for reordering of charges at
the Fermi level extending over many molecules at the largest bias (1.9 V) to being localized
to a single molecule at the lowest bias (1.5 V).

Figure 2.12: Cartoon illustrating the creation of an image charge (hole) and sym-
metry breaking in vicinity of a negatively charged STM tip.

The molecule does not adsorb entirely flat on the substrate. It is arched at the carbon
rings [49, 56]. The Tab.(2.4) shows the DFT calculation and experimental result for the verti-
cal adsorption distances of different elements of an individual NTCDA molecule on Ag(111)
substrate. The shortest distance belongs to the acyl oxygen group (d‘écyl) where the molecule
forms a covalent bond with the substrate, and the longest belongs to the carbon rings (d¢)
where discharging resonance occurs, the charge center of the molecule. Depending on the
adopted method and adsorption geometry, the subtraction of these two vertical distances
changes between 0.25 - 0.39 A. This vertical distance is the deviation of the molecule from
a flat-lying configuration due to the Pauli repulsion [57, 58]. Principally, this should be the
force providing the molecule with sufficient decoupling from the substrate to undergo a
discharging resonance.

43



CHAPTER 2

Config. | dur (A)"] dc (A) | diV (A) [ dg™ 7 (A) | du(A) | Method | Ref.
Isolated | 2.86 2.94 2.66 2.88 2.82 DFT (Siesta) [48]
Top, 2.89, - 2.96,3.01,2.89 | 2.70,2.69,2.622 | 2.91,2.85,2.798 | 2.88,2.91,— | DFT (Siesta, PBE-D3ppc) | [48, 49, 56]
Bridge; | 2.86,— 2.94,3.03,2.905 | 2.65,2.61,2.577 | 2.90,2.85,2.806 | 2.84,2.93, - | DFT (Siesta, PBE-D3ppc) | [48, 49, 56]
Exp. - 2.997 2.747 3.004 - NIXSW [78]

@ Averaged over all elements.

Table 2.4: Compilation of vertical adsorption distances of NTCDA’s elements in
the r-ML phase.

With a series of cursory arguments, we can naively define the discharging force as the
electrostatic force needed to bring a charge from below to the Fermi level. In principle, such
force should overcome a threshold value to change the concentration of charge at the Fermi
level (|Fthresh| < |Fdischarge|). Thus, the minimum required discharging force must satisfy the
following condition

F discharge Firesh =0 = Finresh = — L discharge -

In fact, we have access to the vertical component of the discharging force,

dU AU

- zU:__"’__a
v dz Az

z —
discharge —

it is nothing but the slope («) in the distance-dependent STS, or equivalently, (1/«) in the
bias-dependent STS fitting curve:

AV A%
=—=0.15 =
o s 0 5A

which we found in Fig.(2.10) and Fig.(2.11). Therefore, we can roughly estimate the micro-
scopic threshold force along the z-axis as

eV
tflresh = _(_ 0.15 X) .

Now by considering the conversion factor 1% =1.602 nN, we obtain

tiresh ~ 240 pN .

As it will be clarified later, the gating efficiency renormalizes this force by more than an
order of magnitude.
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The concept of quasiparticle (QP) is archetypal and ubiquitous to condensed
matter physics, enabling the understanding of essential properties of the ground
and lowest-lying excited states in otherwise inaccessible in many-body and strongly
correlated electron systems. Its triumph encompasses a simple and accurate de-
scription of many solid-state materials such as normal metals, semiconductors,
topological insulators, etc., and even with its failure in cases like the Kondo ef-
fect[15] and high-temperature superconductivity[79], the concept has remained
as a guideline for the physicist. In this work, we drive the quasiparticle excitations
(QPE) of a molecular Kondo lattice to the Fermi level by employing the local elec-
tric field of a scanning probe microscope (SPM) tip and simultaneously imaging
them in real space. The tuning of such QPEs across the Fermi level with a non-
thermal parameter leads to the change of the ground state, and hence, a quantum
phase transition (QPT). Furthermore, our spectroscopic imaging of the Kondo lat-
tice with sub-angstrom resolution reveals the creation of a real-space quasiparticle
interference (QPI) pattern, in which we resolve hybridization gaps and superposi-
tion of the QPEs. To capture the underlying physics, we employ a tight-binding
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model (TBM) to simulate the experimental results. Our study illuminates the un-
derstanding of fundamental excitations in low dimensional strongly correlated
and topological materials.

To put into perspective the findings presented in this chapter, before discussing
them, we first briefly review the basic concepts and models in strongly correlated
physics. Moreover, to enhance the fluency of the reading, some of the experimen-
tal results and calculations that demands deeper analysis are further expanded in
later chapters without harming the discussions here.
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3.1 Single impurity Kondo effect

The Kondo effect is fundamentally a collective spin-screening process resulting in a strongly
correlated many-body ground state generated by the quantum entanglement between a lo-
calized magnetic impurity (local moment) embedded on an itinerant non-magnetic (para-
magnetic) fermionic bath. At high temperatures, the magnetic moment of the impurity
remains uncorrelated in a paramagnetic phase. However, as the temperature is decreased
below a characteristic scale, the so-called Kondo temperature (7k), the local moment is
quenched cooperatively by the spins of the itinerant electrons in the bath and eventually
creates a many-body singlet, the so-called Kondo singlet [80]. Such a Kondo singlet en-
hances the scattering of the itinerant electrons and leads to an increase in their resistivity
[81, 82].

The microscopic minimal model Hamiltonian was proposed in the seminal work of the
Jun Kondo [83].

Hi = ) ek oo + Ji Sa - Se (3.1)
k,o

where clt , and ¢y, creates and annihilates electrons in the non-interacting bath and the
second term describes the antiferromagnetic exchange interaction (Jx > 0) of the impu-
rity spin (S) with the spin of the itinerant electrons (s.). The single-site eigenstates and
energies are

triplet ) 414), E=1J
L (Ml + W 1,)

doublet  [f),[1). and [}),[1), E=0

doublet 11),10).. and |}),10).. E=0

singlet = (I M)~ 1WaI1))  E=-1Jk.

The lowest spin excitation from the ground state is obtained by breaking a singlet to
form a triplet. The gap for this excitation is Ay = %JK - (—%JK) = Jk. The quasiparti-
cle gap, which is the energy required to create a quasiparticle (electron-like or hole-like)
via adding or removing an electron at the Fermi level by breaking the Kondo singlet is
Agp=0-(-3Jx) = 3.

Developing a perturbative expansion in small Jx (up to the third order) for the electri-
cal resistivity, Kondo reproduced the experimentally observed resistivity minimum and the
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ensuing logarithmic divergence in dilute magnetic alloys [84].

_3mmJgS(S+1)
Pimp = 2e’hep

1= Jipler)in(*50) + 00 (32)

where e is the electron charge, £ is the reduced Planck constant, €y is the Fermi energy,
m is the electron mass, S is the impurity’s total spin, p.(cp) is the density of states of the
itinerant electrons at the Fermi energy, and D is the bandwidth of the itinerant electrons.

At high temperatures, the coupling Jxk p.(r) is very small, and therefore, the expansion
remains regular. However, when the temperature is decreased, the logarithmic corrections
cause an increase in the resistivity and eventually diverge for 7" — 0. The breaks down of
the perturbation theory happen when the first and second term of the expansion becomes
equal, which effectively defines a small fundamental scale for the single impurity problem,
the so-called Kondo temperature [84].

Tx ~ D e Ixp(er) , (3.3)

which only relates to few material-dependent parameters. The essence of the problem roots
in the spin-flip scattering of the itinerant electrons from the degenerate local quantum level,
which becomes the dominant scattering channel below the Kondo temperature scale. Inter-
estingly, even though the perturbative expansion diverges at the Kondo temperature, it does
not produce a phase transition but rather a cross-over, indicating a smooth change from the
paramagnetic local moment regime to the Kondo singlet phase. This behavior is encoded
into the spin susceptibility of the impurity, which shows a x ~ 1/T" Curie-law behavior at
high temperature and smoothly connects to a constant paramagnetic Pauli susceptibility
X ~ 1/Tk at low-temperature [84].

3.2 Anderson impurity model: interacting limits

The Kondo model Eq.(3.1) suffices to explain the Kondo effect by a priory assuming the
spin-spin interaction at the Er to be the cause, but it remains silent about why and how
the spin of a local level which should be originally residing far below E¥y shifts to it and
elastically scatter off the electrons of the metallic host [80, 85]. It was only made clear after
Friedel (1951&1956) showed that scattering of an impurity, modeled as a static potential
with a finite depth below Er, with itinerant electrons can create a virtual bound state with
finite width near Fy [80, 86, 87]. The idea was employed to explain the d-electron resonance
in transition metals. Building upon this, later Anderson (1961) proposed a model for the
formation of a magnetic impurity in metal [85],

H = Z €k cfwckvg + Zéd dj;dg + Z Vv (C;adg + dICk’U) + Ud UL (3.4)
k,o o

k,o

which assumes that the localized d-electrons of the magnetic impurity located at £, below
Er have a sizeable on-site Coulomb repulsion (U;) as a result of the confinement of their
wave function. The local Hamiltonian

Himp = Z&d d;dc + Ud NgNdy
o
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with four local states |0), ), [|), and |2), with bare energy levels 0, ¢, (doublet) and 2¢,+ U,
and also the hybridization (1) of these d-electrons with the itinerant Bloch electrons (¢ ),
which shifts their bare energy level to the £y and forms a renormalized band.

Figure 3.1: Cartoon illustrating the interaction limits of the Anderson impurity
model. At high temperature and large Coulomb repulsion, the ground state is an un-
screened local moment decoupled from fast-moving itinerant electrons. At temperatures
below the characteristic Kondo temperature (7 ), the degenerate local moment hybridize
with the itinerant electrons and forms coherent, long-lived quasiparticles, amounting to a
resonance near the Fermi level with a spatial extension determined by the Kondo screening
cloud given by &k = hup/kpTk [88, 89], where v is the Fermi velocity.

Even in its infancy age, the model could successfully describe different regimes of the
impurity problem. Initially, Anderson performed a Hartree-Fock mean-field theory on the
model [85], and showed that a doubly-degenerate local moment (|{}), |||)) is the ground state
of the high energy sector of the Hamiltonian, and can be self-consistently generated in the
limit that bare energy level |¢,4| and the Coulomb interaction (7p.(er)V? < Uy) are the
dominant scales of the problem [90]. This is the limit where spin excitations are generally
neglected. Later, it was shown that the original Kondo model Eq.(3.1) lives in the low energy
sector of the Anderson impurity model, where charge excitations are completely gaped, and
its Kondo singlet ground state can be accessed by the Schrieffer-Wolff transformation [80,
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91], which accounts the Kondo exchange coupling to

of 1 1
Jk=V ( €d+5d+Ud)' (3.5)
At this low energy scale, the Coulomb interaction is relatively small. The impurity level is
partially occupied with spin-up and spin-down electrons, and the ground-state is a param-
agnetic Fermi liquid. In this limit, coherent spin fluctuations dominate the physics of the
system and lead to a formation of a new bound-state near Fx. This amounts to a peak in
the density of states of the itinerant electron, which is called the Abrikosov-Suhl (Kondo)
resonance [92, 93]. The width of this resonance determines the Kondo temperature scale
in the particle-hole symmetric Anderson impurity model as

[ou,T -
Ty = ’ o (3.6)
m

where I' = mp.(¢r)V? is the hybridization strength [80, 94, 95].

3.3 Resonant level model

The non-interacting limit (U; = 0) of the Anderson impurity model Eq.(3.4) has a simple
and interesting physics. Historically it is called the resonant level model [80, 96]

Hrin = Y ek 0f o + 2 €adids + Y (Ve do+V* dfcrs). (3.7)
k,o

k,o o

It describes scattering between a non-interacting local level (d) and a lattice of itinerant
electrons (¢) by a hybridization (tunneling) amplitude (V).

Figure 3.2: Feynman diagram for the local (d) and itinerant electrons (c) in the
resonant level model. (adapted from [80])

Despite the fact that the translational invariance of the lattice is lost due to the presence
of the local level, the model can be exactly solved. This can be done by summing all Feyn-
man diagrams in powers of hybridization, Fig.(3.2), to obtain the single-particle Matsubara
Green’s function of the local level

1 V7

VBZ K iwn — €k

G (iwy) = iwy, — €q = Be(iwy) = iwp — €4 — (3.8)
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2
where we used the c-electron self-energy ¥, (iw,,) = @ >k Z.J}L/lsk.

Now by converting the discrete momentum sum to integration using the c-electron density
of states, we obtain
. 4 e)|V|?
G (iwy) = iw, — fd pc( | |

This integral contains a branch cut along the real axis. It can be simply taken out if we
approximate the density of the states of the itinerant electrons by its value at the Fermi
level, p.(¢F), and performing an analytic continuation (iw,, = w+1in). It gives the retarded
Green’s function as

r
w—e4+ilsgn(w)

Gy(w) =

where we have restricted the integral to the bandwidth (D) of c-electrons, and also used the
fact that the real part of the c-electron self-energy has a negligible frequency dependence,
which merely renormalizes the bare local level (£, = £4+ReX.(w)). In this way, the density
of states on the local level is a Lorentzian peak of width I"

1 1 r
= ——ImG® e —
pd(W) T m d,o(w) T (w _ ENd)Q +T2

which describes the d-electron on the local level with the renormalized energy €, and life-
time of 1/T’, as it tunnels coherently into the itinerant electrons band (continuum).

3.4 Kondo lattice system: Doniach’s phase diagram

The extension of the single-impurity Kondo problem to a lattice of impurities brings us to
the concept of the Kondo lattice model (KLM). In its simplest form, the KLM describes a lat-
tice of spin-1/2 magnetic moments coupled antiferromagnetically via the Kondo exchange
coupling Jk to a single band of itinerant electrons at each lattice site.

Hyim = Z Zt Cz »Cjo T Jk Z Sd(Xl SC(XI) (3.9)

7] o

where the spin operators are represented in terms of fermionic operators and Pauli matrices
as .
Sa(xi) = Z A} (%1)00,0de (xi) and  se(x;) = 5 Z/ L (%) TaarCar (X;).-

Like the single impurity version, the KLM also forbids charge fluctuations of the d-electrons
and strictly enforces single-occupancy at each lattice site. Even though the physics of the
single impurity Kondo problem is well established, the KLM still poses a challenge, theoret-
ically and experimentally, even after more than half a century since its original conception
[97-101]. As Doniach depicted the KLM’s physics [102], the core of the problem underlies
the presence of two competing energy scales: The Kondo temperature, which, as mentioned
before, is associated with the screening of impurity spins and the formation of a Kondo sin-
glet at each lattice site, and additionally, a new energy scale, under which the local moments
tend to order and destroy the singlets.

In the lattice problem, the magnetic polarisation of the c-electron around a local moment
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can couple to the neighboring local moments leading to an effective long-range interaction
between them. This interaction is called Ruderman-Kittel-Kasuya-Yosida (RKKY) interac-
tion [103-105],

Hrkky = Y, Irkky (Xi — X;) Sa(xi) - Sa(x;) (3.10)

irj

and is associated with the ordering energy scale. Generally, the RKKY scale dominates at
the weak Kondo exchange coupling and is the driving force for the observed continuous
quantum phase transitions between an antiferromagnetic phase and a Kondo screened state
in Doniach’s picture. More specifically, in this picture, Fig.(3.4), for a small Kondo coupling,
the RKKY interaction dominates, and an antiferromagnetic ground state is favored below
a critical temperature. With increasing the Kondo coupling, the spin screening enhances,
ultimately prevails the RKKY coupling, and the ground state transforms to a paramagnetic
Fermi liquid phase comprised of the Kondo singlets. Interestingly, for temperatures higher
than the lattice Kondo temperature (7% ), there is another regime where the singlets dis-
solve into free spins (paramagnet). In between these phases, particularly when the energy
scales of the Kondo and RKKY couplings are proportionate, there is a quantum critical point
(QCP), with non-Fermi liquid behavior [106-112].

Figure 3.3: Cartoon illustrating the coupling scheme of a Kondo lattice. The lattice
Kondo effect is produced by the quantum fluctuations between c-electrons and degenerate
spin states (d-electrons) near the Fermi surface that constantly hybridize to form a Kondo
singlet, which develops coherence with other singlets in the lattice. The coherence can be
suppressed by the presence of a magnetic instability, e.g., RKKY interaction, that favors
ordering the spins and destroying the Kondo singlets.

Such a magnetic quantum phase transition has been observed in various heavy fermion
materials, with even more complicated phase diagrams, such as the celebrated YbRh,Si,
[113], and also in YbRhy(Si;_,Ge, ), [114], CeRh;_,Co,In5 [115], CePdsSis [116], Ce;_,La,RusSis
[117], Celng [116], CeCug_,Au, [118], etc. Experimentally, the QPT is tuned by chang-
ing the Kondo coupling via non-thermal control parameters such as by applying pressure,
chemical doping, an external magnetic field, or as we will show later in this thesis, an ap-
plied electric field which can effectively dope the lattice an drive the transition.
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Figure 3.4: Doniach’s phase diagram for the quantum phase transition between
an antiferromagnetic phase and a Kondo screened phase (Fermi liquid), with free
spins regime (paramagnet) and quantum critical point (7" = 0) in between. (Figure
adapted from [106])

3.5 Periodic Anderson model: the slave-boson mean-field
theory

An alternative way to study heavy fermion systems and Kondo lattice is provided by the
periodic Anderson model (PAM), which captures both charge and spin degrees of freedom
of the f-electrons, unlike KLM that regards only the spin dynamics!. Similar to its single
impurity version, Sec.(3.2), PAM describes how local moments form in a lattice as a result
of a strong Coulomb repulsion which blocks charge fluctuation and electron transport at
the local level. It also describes how a Kondo resonance occurs as a virtual bound state
resonance at the Fermi level due to the tunneling process between the itinerant and local
band. The PAM Hamiltonian is

Hpam = He + Hagy + Ha (3.11)

where the conduction electrons have a nearest-neighbor hopping
He=—> >t (CZUCN + h.c.) - Z,uci'pcm
<i,j> o 1,0
and an on-site hybridization with the local levels

thb = Z (V Cz-,o'divo' + V' dzgcz‘yo—) .

1,0

! Similar to the single impurity Kondo problem, the ground state of the KLM can be derived from the
PAM via a Schrieffer-Wolff transformation. In this way, the KLM coupling parameter is related to the PAM
parameters as J ~ %2 [119]. We recognize that the large U limit of the PAM is equivalent to the small .J limit
of the KLM.
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The local levels have a nearest-neighbor hopping and also Coulomb interaction,

Hd = Zé?d dz.,adiﬂ - Z Z tq (dzadj’g + hC) + Z Ud Nd,irNd,i,|

<i,j> O

where djg and d; , are the creation/annihilation operators for the ‘physical’ 4 f-fermions,

and czo and ¢; , for the itinerant band.

To qualitatively layout the low energy physics of PAM, let’s restrict the discussion to the
infinite-U regime? of a 4 f system, where double-occupancy at the local levels is forbidden,
and the coherent charge fluctuations occur between the following valence configurations
[80]

fO+e = fL.
Here, we can regard the intermediate state as an exchange boson, and use the auxiliary
particle method (slave-boson representation) to decompose the physical operator (dza)

into the product of a pseudofermion (|f!,o) = fi|0)) and a slave-boson (|f°) = bT|0))
as dZJ = fi:rabi. Subsequently, we define the conserved charge at each site Q; = ns; +ny; =

Yoot ffo_ fio b;.rbz- , and let the slave-bosons b; measure the deviations of the valence state
from its maximum charge. At this step, a simplification can be made by considering a (spu-
rious) slave-boson condensation and applying a mean-field treatment (slave-boson mean-
field theory [120]), which demands that the average value of the slave-boson operator is
static over the unit cell (b;) - b;. The consequence is the following renormalizations: the
Kondo resonance width, which scales by the hybridization, narrows around the Fermi en-
ergy V — V = bV and the dispersion of the f-electrons flattens 51’: - éﬁ = bzsfi for b < 1.
Furthermore, by imposing a non-holonomic constraint on the average charge per lattice
site ((Q;) < 1) with a Lagrange multiplier ()\;),

Ho = Z)‘i(gi -1) (3.12)

we can forbid the double-occupancy on the f-level and arrive at the following single-
particle mean-field Hamiltonian for the infinite-U PAM

+ T _
H = Cl'(’o' €}C(~_ H V Ck,o 92
" _kz,;r[fio] [ Ve §£+>\] lfkﬁg] + NA - Q), (3.13)

where Ny = ), ns,; and we have also used the translation invariance property of the PAM
to set
bz‘ —b and )\z - /\,

and Fourier transformed the operators to momentum space ( flig = Nif i f;aek‘xi>. Thus,
the problem reduced to solving two self-consistent saddle-point equations for b and A

(T =0 3 Tuo V(e pfioo) + (Al o0x0)) = 7 Taeo 20l {fil , fioo) + 200 =0

(B =0~ 3 Tiolfi,fio) +12-Q =0,
(3.14)

2'This is the Kondo regime of the PAM.
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which should be closed by the constraint enforced on the average charge per site (Q) < 1.
In this way, at the saddle point, the f-electrons turns into a single-particle Hamiltonian of
hybridized quasiparticles (717: i 7717: )

r)/l,cr = UkC;U + kal:o’ ’ nlt,a = _Ukclt,o + ukfk',a - |f>/k70'|2 + |77k,0|2 = 1’

with renormalized eigenvalues

¢,
Ef = A [(5ﬁ—§£—)\)2 +f/2] (3.15)

and eigenvectors

1/2

=S )\)/2
Uk, Uk = | = (5~ i - )/ . (3.16)

2\/(5k —&l )24V

Here, without loss of generality, we fixed the chemical potential to the Fermi level (x = 0)
and absorbed the bare f-level (¢7) into its renormalized dispersion (é{i). In the case when
the Fermi level lies inside the gap (A(k) =FE - E, ), a Kondo insulator is formed, and
otherwise a correlated metal [80].

Figure 3.5: Quasiparticles of a Kondo insulator. a The cartoon illustrates how hole-
doping a Kondo insulator at the strong coupling limit breaks a Kondo singlet, forming a
hole quasiparticle, and opens a transport channel for the conduction electrons. (b) Electron
and hole quasiparticle dispersion (£}) of a Kondo insulator. The chemical potential of
a Kondo insulator resides inside the narrow quasiparticle gap by holding 2 particles per
site on average, and hence, it gives rise to no Fermi surface. A tiny amount of hole (d5)
shifts the chemical potential downwards, leading to the crossing of the quasiparticle bands
and amounts to a large Fermi surface with 2-9; electrons. The renormalized bands in (b)
are obtained for b = 0.63, A = 0.28 as the self-consistent solutions of the saddle-point
equations, Eq.(3.14), for parameters: 7'/D = 1074, V /D = 0.3, and ¢;/D = 0.1, where D is
the bandwidth of the conduction electrons. (Adapted from [80])
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3.6 The NTCDA Kondo Lattice: a heuristic picture

The paradigmatic understanding of the Kondo lattice and its QPT, developed in the last
sections, has taken for granted the fact that there is a well-defined localized spin—% atomic
band with almost no spatial extension. This picture may need to be revised in the case of
the molecular Kondo lattice where singly-occupied states host m—electrons with orbitals
delocalized over several angstroms and directly and indirectly overlap with the neighbor-
ing electrons. Moreover, unlike above, where the conduction band comprises s-orbital elec-
trons, the character of the itinerant electrons in many substrate-mediated molecular Kondo
lattices is not fixed and, in fact, is a mixture of bulk and interface state electrons present at
the surface of the substrate. This makes the expectation of a simple, well-defined local band
under the Fermi level of a molecular Kondo lattice unrealistic. Here, we will investigate the
fundamental scales of the NTCDA Kondo lattice and a few of its properties.

Observation of Kondo resonance on the self-assembled monolayer of 1,4,5,6-naphthalene
tetracarboxylic acid dianhydride (NTCDA) on Ag(111) substrate [17] provided us with a
playground to study the rich properties of electronic states and their excitations in the con-
text of strongly correlated physics. As we have seen in Ch.(2), the NTCDA relaxed mono-
layer (r-ML) creates an atomically precise, highly organized 2D lattice of m-conjugated elec-
trons. The molecules configure arrays of alternating bright and dark chains with drastically
different properties, Fig.(3.6). On the bright chain, the molecules show a Kondo tempera-
ture of Ti; ~ 132K, and on the dark one Tk, ~ 350 K. We relate the noticeable difference in
the Kondo temperature of the two molecules to their different molecule-substrate distances.
Generally, a shorter distance results in a larger hybridization between the local electron at
the molecule with the conduction electrons of the substrate, giving a higher Kondo tem-
perature and also a topographically darker appearance.

A noteworthy observation is the dramatic modification of the Kondo scale, from weak to
the strong coupling limit, upon the formation of the lattice. As T. Esat and R. Temirov have
shown?, the single-ion Kondo temperature of an isolated NTCDA molecule on Ag(111) is
much lower than the experimental temperature, and hence, no Kondo resonance appears
at the Fermi level.

Moreover, at the summit of the Kondo peaks, we observed magnetic-dependent fine struc-
tures (see Fig.(2.7) and F.(2.8)), more pronounced on the dark molecules, that we relate to
the inter-molecular magnetic interactions. These interactions are relatively long-ranged,
mediated mainly by the LUMO of the molecules which have large ligands, and also, to a
lower extent, by the residual surface states of the substrate?. We call it RKKY-like inter-
action® and assign a roughly Jriky ~ 7 meV to it (see Sup.(A.1) for further information).
This interaction induces magnetic instability, which decoheres the Kondo singlets formed

3 Private communication.

* The silver substrate surface state is primarily destroyed and shifted in energy upon formation of the
lattice (see Sec.(2.3.2)).

> We chose the name RKKY-like interaction to resemble the nomenclature in the KLM, but there is no
necessity for it to take the same character as the original RKKY interaction. Realistically, this interaction can
take a very complicated form in a molecular Kondo lattice.

56



ELECTRIC FIELD DRIVEN QUANTUM PHASE TRANSITION IN A MOLECULAR KONDO LATTICE

at each lattice site, and as a result, produces depression of the density of states or a dented
Kondo peak at the Fermi level, Fig.(3.6¢c top-inset). The depression of the density of states
(pseudogap), which is associated with the strength of this interaction, does not turn into a
full-fledged gap, essentially because of the strong background scattering with the metallic
substrate and also due to the dominating Kondo scale on the molecules.

Figure 3.6: The molecular Kondo lattice. a, Constant-current gray-scale STM image
(V=48 mV, I; = 1nA) of a monolayer of NTCDA molecules on Ag(111) showing a brick-
wall like structure consisting of molecules with higher (brighter) and lower (darker) ap-
pearance (yellow and blue circles, respectively). The apparent height difference is ~ 30 pm.
Superimposed are stick-and-ball models of the molecules and the lattice basis vectors a;
and ap with lengths 1.5 and 1.16 nm. b, Constant-current gray-scale differential conduc-
tance (dI/dV') image measured at higher bias (setpoint: Vj, = 1.4V, I, = 6nA, V04 = 8mV)
reveals ring-like structures centered at each bright molecule. ¢, Differential conductance
dI/dV spectrum (setpoint: V, = 2V, I; = 4nA, V04 = 8mV) measured with the tip of the
STM positioned above the center of a bright molecule (yellow dots) shows three promi-
nent features: The interface state of the Ag(111) surface (IS), and a sharp peak at about
1.3V (QPE) which is at the origin of the ring-like structures seen in panel (b). The two
insets show over the lattice averaged dI/dV spectra at biases close to the Fermi energy Fy.
They reveal formation of a pseudogap at Ey, and also strong molecular vibrational modes
(vib), a Kondo resonance and quasi-particle states (QP) introduced by the Kondo lattice.
d, Schematic phase diagram of the Kondo lattice versus applied electric (E) and magnetic
(B) field scaled by temperature. The Kondo screened (KS) metallic phase exists at low E-
and B-field and undergoes a quantum phase transition to a paramagnetic metallic (PM)
phase constituting free spins by tuning E and B. The width of the transition regime (red
area) where fluctuations dominates the system narrows by the applied B-field. A quantum
critical point expected to exist at the point where all phases merge at zero temperature.

The most outstanding spectroscopic feature of the NTCDA Kondo lattice is the promi-
nent peak with a small shoulder at V}, ~ 1.3V, Fig.(3.6¢), labeled as quasiparticle excitation
(QPE). This peak shows up as ring-like feature in dI/dV maps at higher positive biases and
can be obtained at the center of bright molecules while being irreproducible at the dark
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ones and also at negative biases®. To understand the nature of this peak, we should remind
that ab initio calculations of an isolated NTCDA on the Ag(111) predict partial occupation
of the LUMO, close to a single-occupancy [49, 56]. This is also reflected in the Kondo peak,
which is just by 2.7 meV off the Ex [17]. These observations bring us to an important con-
clusion that a moderate tip-induced electric field cannot lift the LUMO, which is located at
Erumo ~ —0.5eV all the way to Ep. This is a stark distinction from the systems studied
in back-gated setups, which can compensate for this huge energy difference. Another sce-
nario compatible exclusively with the impurity studies is to assume a single-particle level
or a bound-state very close to Ey, associated with the impurity. This scenario is also ruled
out in the NTCDA case by the DFT calculations and also experimentally by us, our collab-
orators, and also former studies on the NTCDA as no single-particle level or a bound-state
is reported to exist near Fr. And finally, we disregard scenarios including a simple band-
bending/lifting of the NTCDA LUMO state. This can be simply understood by considering
that the NTCDA LUMO is a very broad satellite with a tail crossing the Ff, sitting ‘directly’
on Ag(111), which is a bath of free electrons. A continuous lifting of such a state should
result in a fractional change in the density of states and not a sharp monumental peak in
the differential conductance. We, therefore, more intuitively, explain it in the following in
terms of charge quasiparticle excitations (QPE) of the Kondo lattice.

3.7 Electric field driven quantum phase transition

As explained in Sec.(3.1), below the Kondo temperature, the bare energy of the local elec-
trons (¢ r), which was originally buried deep below L (typically in eV-order), shifts towards
Er (by amount \) and forms a localized quasiparticle band there. As we have shown in our
single-site analysis, Sec.(3.1), the low-lying charge excitation of such a quasiparticle state
can be introduced in terms of breaking of a Kondo singlet via adding or removing an elec-
tron, which requires an energy of 2 Ji. Following this scheme, in our measurement, we first
demonstrated that the QPE has a discharging character’ and its energy linearly depends on
the applied electric fields (see Fig.(2.10) and Fig.(2.11)). More explicitly, we employ the tip’s
local electric field to wash away electrons at the molecule site and effectively hole-doping it.
This, in turn, breaks the Kondo singlet and opens a lateral transport channel in the lattice,
which lead to a step in the current channel, or equivalently, a sharp peak in the differential
conductance. This process involves a change of ground state via tuning a non-thermal pa-
rameter (F-field) at a fixed temperature, and hence a QPT from a Kondo screened state to
a state with unscreened spins.

The hallmark of such a QPT is imprinted on the magnetic properties of the initial and final
states. As emphasized before, the Kondo peak of the bright molecule has a width of 28.5
meV, that even up to 14 T applied B-fields it remains intact, indicating a typical Pauli para-
magnetic behavior deep in the Kondo regime. This behavior is in marked contrast with that
of the QPE — for it dramatically sharpens with the applied B-field, Fig.(3.7f). Such behavior
in the B — T diagram can be seen as the freezing of the spin degree of freedom, that can be

6 Using a bias voltage range that does not damage the lattice.
7' We have used interchangeably the term ‘discharging peak’ for the QPE throughout this thesis.
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oriented in every direction in the absence of the B-field and is polarized to the direction of
the B-field as it is increased, which subsequently leads to the suppression of the thermal
fluctuations.

Figure 3.7: Signatures of the quantum phase transition. a, Logarithmic plot of the
dI/dV (z) signal above a bright molecule at constant Vj, ranging from 1.4-2.0V (T = 1.4K,
B =5T). The peaks mark the phase transition between the Kondo screened (KS) state and
the paramagnetic metallic (PM) state. The inset shows exemplarily the V;, = 1.7V data in a
linear plot and the corresponding least-squares fit of the data to the sum of an exponential
and a Gaussian. b, Model of the effective tip-sample tunneling barrier z and its change to
2+ Az. ¢, The extracted center of the Gauss-peaks shown in (a). The slope leads to a critical
field E. = (1.77+0.02)GVm~. d, Extracted Az of the effective tip-sample tunneling barrier
from simultaneously measured /(z) data in (a). e, Logarithmic plot of the I(z) signal for
the V, = 1.7V data with exponential fits (dashed lines) separating the three regimes of the
system. f, Half-width at half-maximum I' of the phase transition at different fields and
temperatures (dots), and least-square model of a paramagnetic metal with g-factor of 2
(solid lines). g, Cartoon illustrating an electric field driven QPT in a Kondo lattice. The tip’s
local E-field sweeps away electrons at the molecule site and effectively hole-dopes it, which
leads to the breakdown of the Kondo singlet and releases a local moment.

3.8 Real-space manifestation of the NTCDA Kondo lat-
tice

We unravel the real-space spectroscopic features of the quasiparticle states and also the
Kondo resonance of the NTCDA lattice in the vicinity of Ep, Fig.(3.8). For this, we use
the feature detection scanning tunneling spectroscopy [121] to efficiently sample the fea-
tures for different energies buried in 58 x 58 dI/dV spectra spanning a 3 nm? area. The
method allows us to extract tiny signals that are overwhelmed by the broad Kondo reso-
nance and the strong metallic background, and further, disentangle their density of states
from the topography of the lattice. In this way, our analysis reveals the presence of two
low-lying features almost symmetrically appearing at +21 mV that we relate to the hole
and electron quasiparticle states, Fig.(3.8a, bottom panel). They are localized in the center
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of molecules and extend along its long axis, Fig.(3.8 b, I and IV). Moreover, we resolve the
Kondo resonance localized at CH sites of the LUMO, which also overlaps with the reso-
nances originating from the neighboring molecules (see Sup.(A.1) and Sup.(A.2) for further
information).

occurrence (arb. units)

dl/dV (arb. units)

diidV (arb. units)

h-like Q!’late I*o (brigh’ .

Figure 3.8: Low energy spectroscopic features of the Kondo lattice. a, Top panel:
Energy distribution histogram of peaks in a map of 58 x 58 dI/dV spectra (V, = 7T0mV, [, =
InA, Vined = 0.2mV, T = 4.24K) taken across the lattice. The full and hatched bars mark
areas of interest at positive and negative bias ranges around Er. Middle panel: Average
spectra taken over the spectra in the interval specified by the full bar (labeled II) and hatched
bar (labeled III), corresponding to the Kondo resonance at bright (gold dots) and dark (blue
dots) molecules, with Frota fits (black full lines) (I' = 12.2(28.7) meV, ¢ > 300 (= 1.2),
g0 =2 (21) meV, Tk = 132 + 5 (340 + 20) K, where values in the brackets belong to the dark
molecules. Bottom panel: Average spectra taken over the spectra in the interval specified
by the full bar (labeled I) and hatched bar (labeled IV), corresponding to the hole (blue dots)
and electron (black dots) quasiparticle states. b, Color-coded feature distribution maps of
the peak intensity (dark: low, yellow: high) in the energy ranges marked in the histogram (a,
top panel) with superimposed stick-and-ball model of the lattice (bright molecule: yellow
circle, dark molecule: blue circle).
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3.9 Cascade of quasiparticle excitations

Akin to their discharging (hole) character, the QPEs emerge in rings for large positive bi-
ases in dI /dV (z,y) signals. However, in stark contrast to the impurity discharging events,
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where they appear in ever-growing rings®; here, they manifest clear signatures of corre-
lation and interactions, innate in their Kondo lattice traits. Starting from a point on the
center of bright molecules, they gradually turn into in a ring as bias increases and when
the tip goes off the discharging center. Once the rings reach the size of the unit cell, the
QPEs interact with each other by creating a hybridization gap along the long molecule’s
axis (ay ), and constructively superpose along the short one (a3): generating an intriguing
portray of real-space quasiparticle interference Fig.(3.9).

Figure 3.9: A portray of strongly correlated quasiparticle excitations. Top row:
Color-coded plots of the dI/dV signal at constant V}, ranging from 1.6 -2.22 V measured in
an area of approx. 1.5 x 1.5 nm? with a bright molecule in the centre (7" = 1.4K, B = -10T).
At increasing bias, i.e., increasing electric field, the transition rings cross along the short
direction (az) without strong interaction. Contrary, along the long direction (a;), in which
the rings cross the bridge between two dark molecules, we observe an avoided crossing and
the opening of a gap (V}, = 1.85V). Bottom row: Tight-binding simulation of the discharg-
ing rings assuming a complex nearest-neighbor hybridization (arrows) between bright and
dark molecules, as well as a next-nearest neighbor hoping (dashed line) between bright
molecules, and different on-site energies (yellow: bright, blue: dark). The numbers in the
last figure indicate the number of discharged molecules at the critical field E.. The simula-
tions reproduce the main features of the experimental data.

We further investigate the interference pattern of QPEs by using a tight-binding model
Eq.(3.17) for a bipartite rectangular lattice and calculate the conductance between the tip
and sample as the tip sweep the lattice. The model considers different on-site energies for
each sublattice and also nearest-neighbor staggered hoppings inside a sublattice. Moreover,
inspired by the seminal work of Haldane on Graphene, we assume a complex hybridization
between the sublattices’. This assumption relies on the observation that an electron does
not face the same energy landscape on the right and left sides while hopping forward and
backward between the sublattices. In this model, the STM tip serves as a local top-gate

8 Typically, there is an upper limit for the bias where rings disappear above it.

? We have to note that Haldane assumed a complex hopping between sites inside a sublattice, and a real-
valued hopping between sublattices. This is the opposite setting of our model. Yet, we have borrowed his
argument for justifying a complex hybridization.
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that shifts the on-site energies, depending on their distance to the tip, besides its role in the
junction for the electron tunneling to the sample. The model Hamiltonian follows as

H = Z Z Z (EV + Uieff) CI,Z'UCVJU - Z Z Z ta,A I:CL’iO—CAJU‘ + hC]
((2,9))

i v=AB o a=aj,a1 o
- Z Z [VABeiei’f cjl,ch,ja + h.c.], (3.17)
(i,j) @
where cZ ., and ¢, ;, are the creation and annihilation operators for v = A and B sublattices

with spin o, E, is the on-site energies, ?,_ 4 is the hopping amplitude along o = a; and a,
directions in the sublattice A, and V4 is the hybridization amplitude between sublattices
with phase e?s. The brackets (i, j) and ({7, 7)) in the sums stand for the nearest- and next-
nearest- neighbors indices. The tip’s local potential in Eq.(3.17) reads [77]

eVy

— with d; = ((mz - $tip)2 + (i — ytip)2

1/2
1+¢ ) ’

ff_
U =« 1 (3.18)
T
where « is the gating efficiency, ¢ is the dielectric constant of the sample, r is the radius
of the tip, and d; is the tip-sample distance.

The direction of arrows in the superimposed lattice in Fig.(3.9, bottom row) shows the con-
vention for a positive phase. Interestingly, such a non-interacting effective model with a
minimal number of parameters is very predictive of the main features of the rings. In short,
the main features comprise rings with certain broadening, which evolve with bias at differ-
ent rates along a; and a, directions. Along a;, they grow faster and always constructively
superpose. Along as, they grow slower and form a hybridization gap, where at larger bi-
ases, they close the gap and further grow. The redistribution of the conductance intensity
across the pattern comes from the fact that different part of the rings reaches the Fermi
level at a different bias. We found that to match the conductance intensity in the simu-
lation with the experimental results, fine-tuning the complex hybridization is crucial. For
more information about the model and simulation consult with Ch.(5) and Sup.(B).

3.10 Conclusion

We close this chapter by recapitulating our understanding of the signal interpreted as a QPT
in the Kondo lattice. Traditionally, the QPT has been studied along the trajectories in the
phase diagram that joins the Kondo screened phase to the Néel ordered antiferromagnet.
This is because to visit the interesting properties that happen in the neighborhood of QCP
at very low temperatures, e.g., non-Fermi liquid behavior. In this study, we do not drive the
ground state in this trajectory. The NTCDA Kondo lattice is in the strong coupling regime,
even though there are low energy signatures of ordering in its density of states. Utilizing
the tip’s local electric field, we drive the ground state from the Kondo screened to the free
spin regime of the phase diagram and probe the properties of the released spins by an ap-
plied magnetic field.

Naturally, the QPT in the Kondo lattice has been characterized mainly by means of measure-
ments at the bulk (large) scale, elucidating the global properties of the ground state prior
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to and after the phase transition. However, instrumentally, STM provides us with a tool to
simultaneously probe and manipulate states at the local level. A unique chance to study
the local properties of the QPT. In our investigation, we imaged a molecular Kondo lattice,
and its spectroscopic features close to £, and showed that the QPT can be addressed in
the ‘real-space’ and ‘locally’ in terms of low-lying charge quasiparticle excitations, which
has ring-like representation and form long-range patterns of interference.

Last but not least, we have to mention that the interference pattern presented in Fig.(3.9,
top panel) is not the only observed pattern. In fact, we have shown that the NTCDA lattice
(relaxed monolayer and rippled phase) accommodate various other patterns that respect
different symmetries. For more information consult with Ch.(4).
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Quasiparticle interference (QPI) imaging is a powerful surface-sensitive tech-
nique to characterize the electronic structure of two-dimensional materials around
the Fermi surface. It is based on electronic scattering of well-defined momentum
states leading to interference patterns in the quasiparticle density of states that
can be imaged with scanning tunneling spectroscopy. Practically, it is obtained by
first Fourier-transforming the real-space interference map of the local density of
states for a sufficiently large area, and then inverting it to yield the proportionate
momentum gradient of energy. The patterns play a crucial role in revealing the
type of interactions and correlations that determine the electronic ground state
of the material. Here, without being faithful to the standard procedure of the QPI
imaging, we merely look at the real-space interference patterns of the strongly cor-
related charge QPs of the NTCDA Kondo lattice. The intricate patterns are created
by the constructive and destructive superposition of the discharging rings, which
are induced by the local electric field of the STM tip. It is worth mentioning that
similar patterns have also been observed as (dis)charging of impurities and defects
at the surface of 2D materials and thin films [63, 64, 68, 70, 72, 73, 122-126], and
also in molecules [74, 75, 127-130]. However, due to the complexity and novelty
of the effects observed here, and also the limited number of available datasets, the
thorough description of the underlying physics goes beyond the scope of this the-
sis and the above-mentioned works.
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4.1 Discharging rings interference of NTCDA lattice

A flashback into the last chapter; we recall that in response to the tip’s electric field which
locally modifies the chemical potential of the lattice, a dot appears on the center of bright
molecules and evolves into a growing ring as bias ramps up. The rings interfere once their
radius is large enough to create a pattern of high and low intensity regions. Now, with
sub-angstrom spectroscopic images Fig.(4.1), we can resolve the internal structures of the
interference patterns and discuss their physical consequences.

4.1.1 Interference pattern (i): sample A, r-ML lattice

Let’s first examine the pattern obtained for sample A and under 10 T magnetic field, Fig(4.1).
The key features of this pattern are the non-trivial intertwining of rings along the molecule
short axis, Fig(4.1 e), and formation of a hybridization gap at the intersection of the bright
and dark molecules, Fig(4.1 f). We have to emphasize that these features are the product of
interaction between the rings; otherwise, we would have observed ever-growing rings, as
many groups have reported in impurities and defect studies. The non-trivial twist in the
rings induces symmetry breaking and handedness (chirality) to the patterns. A property
that is typically accompanied by systems with broken time-reversal symmetry. More im-
portantly, the inter-locked rings create a topologically non-trivial object in real-space as
one cannot separate them by smoothly deforming their manifold. Here, we have to be cau-
tious of using common terminology since topology in physics is often refers to geometric
properties of the momentum-space and not the real-space.

The meaning of chirality requires elaboration as the rings are not the trajectories of the
electrons. For the sake of simplicity, consider the case of only two overlapping rings, Fig(4.1
e), originating from the nearest neighbouring bright molecules, which we call top and bot-
tom. The overlaps with more rings in higher bias, Fig.(4.1 f-h), follows in the same way.
The intersection of two consecutive rings has two special points, say left and right points,
at equal distances from the center of both rings. As a result, once the tip is on these points
and the bias is large enough, it can simultaneously discharge electrons of both molecules.
So the intensity in these regions can be either summation (constructive) or subtraction (de-
structive) of rings. Surprisingly, the tip does not discharge both electrons at these points.
Instead, once it is on the right point, it discharges the bottom molecule, and once it is on
the left point, it discharges the top molecule: forming intertwined rings.

4.1.2 Interference pattern (ii): sample A, r-ML lattice

Repeating the measurement on the same sample but in a different area yielded a slightly
different pattern, Fig.(4.2). The detail of this pattern is not as obvious as Fig.(4.1) because
it was measured at 0 T B-field, and hence, the discharging peaks has an excessive width.
Here, along the molecule’s short axis the rings twist and along the long molecule’s axis they
take a fish scale structure.
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4.1.3 Interference pattern (iii): sample B, r-ML lattice

A new set of observations were made on a completely different sample and at -10 T B-field.
Most notably there are side rings, Fig.(4.3 a-c), which one can even spot them in the pattern
(i), Fig.(4.1 d, e). The origin of the side rings is so far unclear, but it relates to the shoulder of
the discharging peak (see Fig.(2.5)) that has been observed in many of the point d/dV mea-
surements. Moreover, at the center of each ring, Fig.(4.3 c, d), an additional feature appears
and gradually takes an oval shape as bias increases. This feature is hardly visible in the
other patterns!. One can attribute these features to the artifact of a double-tip. However,
based on our personal experience, such an ordered pattern with sub-angstrom resolution
cannot be achieved by a double or asymmetric tips.

Unlike pattern (i) which shows intertwining of rings along the molecule’s short axis, here
we see a fish scale structure, and therefore, it has no chirality and symmetry breaking along
this direction. Along the long molecule’s axis, it is very similar to the pattern (i) as both
show the hybridization gap.

4.1.4 Interference pattern (iv): sample A, rippled lattice

Interestingly, we found that discharging rings are not exclusive to the r-ML lattice. We
performed a similar measurement to the one we took on sample A and at 10 T B-field, but
this time in the rippled phase and with a different tip. The topography of the lattice was
previously presented in Fig.(2.4). Unfortunately, the tip was slightly asymmetric, and as
a result, it deformed the rounded rings into broadened droplet shapes. This prevents us
from resolving the intricate internal structures of the pattern. Nevertheless, based on this
dataset, we can make general observations about the rippled phase.

As we said previously, in the rippled phase, bright and dark molecules periodically change
character along their long and short axis, i.e., the bright molecule becomes dark, and vice
versa [17]. Here, we see that discharging rings follow the same periodicity, Fig.(4.4). First,
the bright molecules show the rings, and then gradually, as the bias increases, it extends to
all over the lattice; even the darker-looking molecules in the transition regions show the
discharging rings. It seems what is modulated across the lattice is the discharging energy of
the molecules, which in turn modifies their bright and dark appearance and possibly even
their Kondo temperature.

'In pattern (ii), it is not present, but visible in pattern (i), Fig.(4.1 g, h).
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Figure 4.1: Interference pattern (i) of discharging rings of the NTCDA r-ML lattice. a-h, Constant-current d//dV —-maps of the

r-ML lattice show interference pattern of intertwined rings measured with parameters V;, € {1.2,1.3,...,1.9} V, [, =6nA, T = 1.5K, B =10
T.
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Figure 4.2: Interference pattern (ii) of discharging rings of the NTCDA r-ML lattice.
a, b, Constant-current d//dV —maps of the r-ML lattice show the interference pattern of
discharging rings incorporating the intertwining and fish scale structure along different
axis (V, =1.4Vand 1.5V, [, =2nA, T = 13K, B =0T). cand d are zoom-in images of
panel a and b, respectively.
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Figure 4.3: Interference pattern (iii) of discharging rings of the NTCDA r-ML lattice. a-g, Constant-current d//dV —maps of the
r-ML lattice show fish scale structure and hybridization of rings along different axis (V; € {1.6,1.76,...,2.22} V, [, = 4.9nA, T = 1.4 K,

B =-10T). g, Constant-current STM image (V}, = 1.6V, I, = 4.9nA) acquired on the same region shows rounded topographic look of the
bright and dark molecules that appear with different size.
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4.2 Conclusion

We conclude this chapter by raising an important question about the patterns we have seen
so far under different conditions. What drives the rings to develop a different pattern of in-
terference? Is it encoded into the magnetic field, lattice type, sample preparation or the tip,
since these are the apparent parameters vary among them?? Regarding the controversial
role of magnetism, we have to consider the fact that the electron involved in the discharg-
ing process has an screened spin due to the Kondo effect (T ~ 130 K), which requires at
least 15 T external magnetic field to show some signatures of magnetism. However, from
other measurements?, we know that the discharging peaks sharpens under applied mag-
netic field. A clear signature that over the discharging events the electron’s spin is freed up
from the Kondo singlet. Yet, one has to take into account that the discharging peaks occurs
roughly around 1.5 eV, which is far beyond the reach of spin-related effects to play a signif-
icant role*. Therefore, the effect of magnetic field on the patterns, apart from sharpening
of the rings, remains unclear and demands for further investigations.

As explained in Sec.(2.2), the NTCDA/Ag(111) is a substrate-mediated molecular lattice
with various coverage-dependent phases. The lattice coverage controls the spacing be-
tween molecules, which in turn determines the strength of interaction between different
entities, such as molecule-molecule and metal-molecule interactions. Consequently, the
microscopic parameters such as hopping, hybridization, on-site energy, Coulomb repul-
sion, etc., could vary from lattice to lattice. Unfortunately, there are several technical barri-
ers, computational and experimental, to gain realistic information about these microscopic
quantities and how they impact the shape of the charging rings. From the theoretical side,
this is due to the fact that the NTCDA/Ag(111) is a strongly correlated electron lattice sys-
tem with a very large unit cell, and even though many of the single-molecule parameters
are extracted [17, 49], ab initio calculations for the lattice problem are still missing. Simi-
lar blindness is also reflected in the experiments. From the experimental side, the control
parameter to characterize the lattice is the molecular coverage which is determined by the
deposition time and the substrate temperature during sample preparation, presuming that
there are sufficiently large terraces on the silver substrate to deposit the molecule. Usually,
this quantity is not sharply determined and has flexibility for a given phase, Tab.(2.2), which
subsequently reserves a similar attitude in the above-mentioned microscopic parameters.
Besides this, the STM tip, which we have little knowledge about its shape and symmetries,
acts not only as a local probe but also modifies the parameters of the sample, such as the
electron’s on-site energy via its electric field. These discouraging myriad of unknowns im-
pede a full characterization of the observed interference patterns, but nevertheless, in the
next chapter, we will humbly approach the problem with the power of toy models!

2T have deliberately labeled each dataset by the sample (A,B), lattice type (r-ML, rippled), and the applied
magnetic field so that one knows they are obtained under different conditions. Because in topographic images
they are almost identical, except in r-ML and rippled phase.

* Not reported here.

* One caveat about the eV-energy scale of the discharging peaks is that, it is the energy needed to bring
the electron to the Fermi level by the tip’s electric field which acts like a local top-gate. Otherwise, it is not
the intrinsic energy of the discharged electrons as they reside at the Fermi level of the sample.
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We present a class of single-particle model Hamiltonians tailored to simulate
the measurements discussed before. Eventually, the aim is to calculate the tunnel-
ing conductance between the metallic tip and the lattice inside the STM junction
over a given area in real-space, dI/dV (x,y). We start with a generic Hamiltonian
and later add or drop terms based on their relevance to the experimental results.
Therefore, not all scenarios discussed in this chapter can be realized in experi-
ment. Unlike momentum-space, where calculations are fairly straightforward for
periodic or infinite lattices, there are many subtleties to be noticed in real-space,
especially for imposing periodic boundary conditions. Therefore, our strategy is
to break the large real-space Hamiltonian matrix into a set of block matrices and
provide a modular procedure to combine them. In this approach, even though the
number of matrices to be constructed is large, the transparency and modularity of
the method significantly help us to spot mistakes, and also modify them to make
different models.
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5.1 Model Hamiltonian

The model is presented schematically in Fig.(5.2). We start with the following Hamiltonian
HzHA+HB+HAB+ng, (5.1)

where 4 describes the on-site energy (F,4) and staggered next-nearest-neighbour hop-
ping (14, toa) of the electron between A-sites

HA:Z Z EAle,ioCAJU_ Z Z [tlACLwCA,ja"'h-C-]_ Z Z [tgAle’wCAJU+h.C.],

i o=t ((i.g)) o=1d {(i.g)) o=
(5.2)
‘Hp describes only on-site energy (Eg) of the electron on B-sites (no hopping)
Hp=) > Eg C;’Z’O—CB,iaa (5.3)

i oo=1,

'H 4p describes a complex nearest-neighbor hybridization (hopping) between A- and B-sites
[34]

T .

chi 0 -ViLe? 0 0 Cat

cpa| |-Vike® 0 0 0 CB,;
Hap = 2t AD Wit ’! (5.4)

%:) €Al 0 0 3 . ~Vape 7| | Cai

CB,jl 0 0 —VABe’ 0 CB,j|
and ng term describes the local tip-gating effect imposed on the electron at sites A and B
HtGip = Z Z Uieff Cj{,iUCAvio' + Z Z Uieff CTB,iachiU (55)

i o=1,) i o=1,{

with the following band-bending electrostatic potential' [77, 131]

eV 1/2
—bd_ where  d; = ((z; — 2p)* + (i — Yuip)?) ? (5.6)

Ui@ff .
1+€0

Here, cj;’ ., and cy4 i, are the creation and annihilation operators of an electron with spin o
at i—th site of the sublattice A and likewise in sublattice B. The brackets (i, j) and ({7, 7))
in the sums stand for nearest- and next-nearest- neighbors indices. The A-B hybridiza-
tion matrix allows electrons with parallel and anti-parallel spins to have different Peierls
phase (e*"), and therefore, hop in opposite directions in the unit cell [132-134]. This is
inspired by Haldane’s work on Graphene, which assumes a phase-dependent hopping be-
tween next-nearest neighbors, based on the assumption that electrons face different energy
landscapes on the left and right sides while hopping forward and backward between the
sites. Similarly, we can see that in the NTCDA lattice, an electron hopping from the dark to
bright molecules faces the bridge-site on the right side, where the density of states is sup-
pressed, while on the left side, it faces the CH-site, where the Kondo resonance is localized,

!'The potential is modified by the prefactor o: compared to Ref.[77] and Ref.[131], and also the constant W,
representing the difference in the work functions between the tip and sample in those references is absorbed
by the shift of on-site energies.
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Figure 5.1: Inter-molecule phase-dependent hybridization and real hopping in the
NTCDA lattice. a, Complex hybridization between bright and dark molecules with ar-
rows indicating the positive phase convention. b, Staggered real hopping between bright
molecules with single and double lines indicating the strong and weak bonds.

Fig.(7.1a). This argument does not hold for the hopping between two bright or two dark
molecules as the left and right (top and bottom) environments are identical in those paths,
Fig.(7.1Db).

The STM tip plays the role of a local top-gate that shifts the onsite energy of electron at
each lattice site by amount U; /7 The value of U ff 7 is determined by bias voltage between
tip and sample (V}), electric charge (e), gating efficiency («), electrostatic dielectric con-
stant of the sample (¢), tip radius (), and the tip-sample distance (d;).

To preserve the periodic boundary condition (PBC), the first and last sites must be con-
nected to each other in each row and column. Applying this condition results in additional
cells, which we shaded with light yellow color to distinguish them from the rest of the cells
in the schematic lattice, Fig.(5.2). This is the consequence of having the nearest-neighbor
hopping and hybridization in the Hamiltonian. In case there is a next-nearest neighbor
hopping, the first and second sites in each row and column must be connected to the last
and before the last ones, which requires appending one more cell. There is an important
remark regarding the metric we use to evaluate the local gate potential in Eq.(5.6). Consider
the tip is sweeping a row with n, sites (4; - B, — -+ > B, — A;) of a lattice with width
L, =n,a,. Due to PBC, there are two Euclidean distances between the tip and site ¢ along
the x-axis: d( ) - = |x; - d(2) Ly = |x; — 24| It is straightforward to check that

dm d( ) before the tip reaches the middle of the row and d'? < d\?), otherwise. The same

1, — T,x°

argument is true for a sweep along the y-axis for d( ) and d( ) distances. To compute the

local gating potential U; “/7 we choose the minimum dlstance along each axis.

dip = min(dflj, d<2))
~  dy= (A2, +d2 )
d;y = min(d") d(2))

2,y
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Figure 5.2: Schematic of a bipartite lattice comprises of sites A and B with stag-
gered hopping and complex hybridization. Sublattices A and B are specified by red and
green circles, which are separated by the lattice constant (a). The lattice constant of sub-
lattice A and B is (a\/2). The hopping is merely between A-sites and staggered by strong
(double red line) and weak bond (single red line). The complex hybridization is between A-
and B-sites (black line) with an arrow specifying the direction of the hybridization (phase).
The light yellow cells impose periodic boundary conditions on the lattice. To compare this
lattice with the arrays of bright and dark molecules in the NTCDA lattice, one should as-
sign the A-sites (red: 1,6,11,...) to the chain of bright molecules and the B-sites (green:
2,7,12,...) to dark ones.
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5.2 Matrix structure of the real-space Hamiltonian

This section can be used as a manual to follow our python source code provided at the
supplement of this thesis, Sup.(B). The variable naming and matrix structure obey a similar
style to make reading the code smoother. The Hamiltonian of the spin-1/2 electron, Eq.(5.1),
can be decomposed into a Hpin ® H 4-p5 Space as

T
T #
Wl ([ Hi Hy | |Wy

with the following basis

[ Yans K
wB2T @DBm
Y azy Y a3y
\IJ = d \If =
" By o .
| YBNt ] | VBN |

where indices running over flavor (A, B) and lattice site number (: = 1,2, ..., N). The Hilbert
space of the full Hamiltian has a (2N x 2N) size, where N can be decomposed into the
number of sites in rows and columns (N = n, x n,) of the lattice. All four blocks of the full
Hamiltonian are cyclic block tri-diagonal matrices that will explore their structure in
the following sections. Since there no spin mixing term in the Hamiltonian, we can already

set HN = HH =0.

5.2.1 Diagonal blocks: #;; and

We construct the full Hamiltonian matrix block by block, starting with H4,

[Distr Oy 0 o 0 - 0 0 Oy
Olt Dat Oy O 0 = 0 0 0
0 Oy Dt Oyn 0 0 0 0
0 0 OL/M Doary - ) : :

Hu=| 0 0 0 0 0 | (5.7)

: : : . Diy Opy 0 0
0 0 0 o Of Dogn Ogyyy 0
0 0 0 0 0 0 Oy Dy Oy

[Otr - 0 0 -~ 0 0 0 O Do)

The PBC is automatically imposed on the blocks by satisfying the following conditions

[HTTL,N = [%TT];:S
(5.8)

(M ]y, = [Hrnls,
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First, we find its diagonal blocks, D1,y and Ds,44, which generate the on-site energies and
hybridization between A and B sites along the row of the lattice. The D;,4; matrix follows
as

(Ea+ U Ve 0 0 0 0 0 ~ViLe ]
Vite® Eg+UTT Vil et 0 0 0 0 0
0 ~Vitet B + U —vitet 0 0 0 0
0 0 ~ViLe Ep+Us! : : :
Diayr = 0 0 0 : 0 0 0
: : : . E + UL —viei 0 0
0 0 0 o Vihe® Ep+ UYL -Vikhe 0

0 0 0 0 0 Vitet  E +US vt
| -Vt eit 0 0 0 0 0 Ve Ep+ U]

where the PBC is imposed on the linking elements by satisfying the following conditions

(5.9)

One can track the alternating phase reversal in D;,4 from site to site by following the
arrows in Fig.(5.2). By convention, moving along the arrow is assigned to ¢%, and the
opposite to e~*. Moreover, notice in Fig.(5.2) that from one row to the next, the starting
site switches from A to B. This leads to the following elements for Dy, matrix

[Ep+ U —Vileio 0 0 0 0 0 ~ViLe ]
~Vibe? By + U Vet 0 0 0 0 0
0 ~Vibe® Ep+Us’l ~ViLe® 0 0 0 0
0 0 Vipe?  Ea+ U - : : :
Doyt = 0 0 0 . 0 0 0
: : : : Eg+ UL —vile-i 0 0
0 0 0 wo =VILe® By +USS vt 0

0 0 0 0 0 Ve Ep+UIT —vileio
| -ViLe? 0 0 0 0 0 ~ViLet  Ey+ U7

The PBC of the Dy, is imposed similar to Eq.(5.9). We have to take into account that di-
mension of these two matrices are (n, x n,), where n, is the number of sites in a row of
the lattice. The Dy, and Day,qy matrices sit alternately on the diagonal blocks of #H;4 to
capture the periodic reversal of flow and specie in successive rows (see Fig.(5.2)).

The off-diagonal blocks of #; consist of Oy,1+ and Oy,+y matrices, and their complex trans-
pose. They generate the staggered hopping (¢4, t24) between two A-sites for a spin up

electron, and also hybridization between A and B sites along the column of the lattice. The
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0141+ matrix can be found as

Ve
0

O O O

0
0
0

—t14
e
—tl24
0
0

o

and O,y matrix as

e
—loa
0
0
Ogyty = 0

0
0

| 14

0
_ng e-i0
0
0
0
0
0
0

0

0
—Vﬂg e—i0

0

0

o

0
—t1a
_V/EB it
—t2a
0

o

Their complex transpose reads

Ve
—t1a
0
0

-

ytt =

and

o O O

291t

O e

0
0

0
_V,Ea e-i0
0
0
0

0
0

0
—taa
—Vﬂg il
—t1a
0

o

0

0 0 0 0
0 0 0 0
~tia 0 0 0
-Vileit - :
—toa 0 0
: wo=Vibe? —tyy 0
0 -ViL e 0
0 0 ~toa  —ViLe®
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
_VATB e —t14
g 0 0
w =ViL e 0 0
—toa —VX% e i —t14
0 0 0 Vil et
0 0 0 —loa
0 0 0 0
0 0 0 0
0 0 0 0
~Vibe® —tyy :
0 g 0 0
g wo =V et 0 0
—t1A _VI:{TB et —toa
0 0 0 Vil e
0 0 0 ~t1a
0 0 0 0
0 0 0 0
~toa 0 0 0 0
—VjTB Gw 0 : :
—t1a i 0 0
~Vibe i —tyy 0
- -Vl eif 0
0 0 0 ~tia —ViLe®
0 0 0 0

—t14
_VfITB 619_

0
0

—toa
R VAR’
Vg e

The size of these four matrices are (ny X ny), where n,, is the size of a column of the lattice.
Without loss of generality, we choose n,, = n,.
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In a similar way, we construct H, as

Diyy, Oy

Oy
0
0

=] 0
0
0
_O2yll

OT
0
0

2yll

0 0 0
Doy Oz 0 0
Digyy Oy 0
Ol Doy~

0

0 .
0 0 0
0 0

o

00 o,
0 0 0
0 0 0
0 0o 1,
Digyy Oy 0 0
Ol Doy Oy 0
0 05, Diuyy Oy
0 0 O, Dyl

(5.10)

where the PBC for H, is imposed similar to Eq.(5.8). The D;,,, matrix generates the on-site
energies and the hybridization of electron with spin down between A and B sites along a
row of the lattice. It reads

(B4 + U Vi eit 0 0
Ve  Ep+ U e 0
0 Ve Ea+ UL _yHe-io
0 0 ~Vike?  Ep+ U/
Dlzll = 0 0 0
0 0 0
0 0 0 0
| —ViLe® 0 0
and for the next row, we use Dy,
[Ep+ U Vet 0 0
Vet By+UAT _yienio 0
0 Ve Ep+ Ut Ve
0 0 Ve B+ U
Dgzu = 0 0 0
0 0 0
0 0 0 0
| -Vibei® 0 0

o O

o o

0

0 0 ~Vige ]
0 0 0
0 0 0
- 0 0 0
Eo+ U, =Vige 0 0
~Vike®  Ep+ Uil -Vige® 0
0 Vibe® Ey+UJT -Vibe®
0 0 ~Vike?  Ep+ U/
0 0 -ViLei
0 0 0
0 0 0
0 0 0
Ep+ Uil -Vibet 0 0
~Vibe®  By+ UL -Vibe 0
0 ~Vibe?  Ep+UJT  -ViLeit
0 0 ~Vihe®  Ea+ U]

where again one should notice that the A and B on-site energies, and the direction of flow
has been switched from D, to Dy, matrix.
The off-diagonal blocks of #,, consist of Oy, and Oy, matrices, and their complex trans-
pose. They generate the staggered hopping (14, t24) of a spin down electron between two
A-sites, and also the hybridization between A and B sites along the column of the lattice.
The 0, matrix can be found as

i Wi
_VAB et
0

o O O

Olyll =

—t1a

_ng e-i0

—taa
0
0

S

0
0

o i
_VAB et

0
0

(=]

0
0
—t1a
_V,ilB e-i0
—taa

80

o O

Wi
_VAB et

o O O

o

—t1a

R V2
Vige™

—taa
0

o O

oo O -

Wi
_VAB et

—toa |
0

0

—t1a
_V/{lB 6—19‘




TIGHT-BINDING MODEL OF DISCHARGING RINGS

and O, matrix as

[~Vige® 0 0 0 0 0 0 0 ]
~toa  Vigel?  —ta 0 0 0 0 0
0 0 -Vige 0 0 0 0 0
0 0 ~toa —vll el —tia : :
Oy = 0 0 0 - 0 0 0
: : : ~Vi e 0 0 0
0 0 0 ~toa  -Vige?  —tia 0
0 0 0 0 0 0 ~Vie i 0
| —tia 0 0 0 0 0 ~toa Ve
Their complex transpose reads
Vi it 0 0 0 0 0 0 0
~tia Vige?  —tys 0 0 0 0 0
0 0 ~Vige 0 0 0 0 0
0 0 —tia —Vige? —tyy - ; :
ol =| 0 0 0 0 0 0 0
: : ' . -V e 0 0 0
0 0 0 ~tia Vigel?  —tys 0
0 0 0 0 0 0 ~Vigei 0
| —toa 0 0 0 0 0 ~t1a Vi e
and
Vigel?  —tyy 0 0 0 0 0 ~tia ]
0 -V e 0 0 0 0 0 0
0 ~tia “Vige® oy 0 0 0 0 0
0 0 0 ~Vibeti® 0 : :
o5, = o0 0 0 ~tia - 0 0 0
-V ~toa 0 0
0 0 0 ~Vil e 0 0
0 0 0 0 0 0 ~tia  “Vigel?  —toa
| 0 0 0 0 0 0 0 Vi e

5.3 Lattice conductance

To compute the conductance (G) of the lattice we make use of Eq.(1.64),
d¢ FLF R onx(§)
_e? a0, ) (-5 )
‘ 1;7./ or L+ TR Aldk, 0, €) o€

that we derived in great detail in chapter 1. It is worth recalling that in this formula the
dispersion of the metallic tip and substrate

— t +
7'[0 - Z Esub,k Csub7kgcsub,ka + Z 5tip,kctipko-ctip,ka7
k,o k,o

the tunneling between the sample and substrate,

,Ht(&rzn = Z Z [Fl Coub,io Lic + h.c.]
i oo=1,]
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and also the tunneling between the tip and sample

Hﬁfgn = Z ;¢ [Fg cnp iolic + h.c.].

are already accounted for small bias approximation (see chapter 1), and we only have to
determine the sample spectral function A(dk, o,§), which is a simple task since the lat-
tice Hamiltonian, Eq.(5.1), is quadratic and can be exactly diagonalized. Considering the
definition of density of states in terms of spectral function

p(&) = kZA(k, 7.8) =[U(E)P,

we compute the following quantity as the tip sweeps the lattice in discrete steps

o~ LR (-75),

where ¢ and V(&) are the eigenvalue and eigenstate of the lattice Hamiltonian which we
obtain by diagonalization of the full Hamiltonian at each step.

5.4 Simulation of discharging rings interference pattern

Here, we systematically explore the parameter space of the full Hamiltonian. In each sim-
ulation, we variate only one parameter and keep the other parameters constant so that we
can monitor the effect of that specific parameter on the discharging pattern without losing
track. Since the size of the parameter space is relatively large, we restrict the simulations
to six interesting collections of the most relevant intervals.

5.4.1 Pattern (1): a trivial pattern

The most straightforward discharging pattern is obtained by setting the hopping and hy-
bridization amplitudes to zero and the sublattice on-site energies (E 4, Eg) to a finite value,
Fig.(5.3). In this case, we can see that dots appear when the tip’s local potential reaches the
on-site energy of electrons at the sublattice A and turn into ever-growing rings as it ramps
up. More importantly, rings always constructively interfere at the crossings in this setting.

5.4.2 Pattern (2): hybridized rings

We can see that intensity modulates around a ring when the A-B hybridization amplitudes
take finite real values, Fig.(5.4). Similar to the trivial pattern, there is no gap opening at the
crossing of the rings, but obviously, the intensity shifts more from the A-B axis to the A-A
axis as the hopping amplitudes increases. This becomes more obvious when we show the
line-cut of this pattern along the A-B axis.
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5.4.3 Pattern (3): a complex pattern

A diverse number of effects emerges as the hybridization takes a finite phase (0 = 7/2)
and when we allow the electrons to have a finite staggered hopping in the sublattice A-
sites, Fig.(5.5). Most notably, the continuous symmetry of a ring reduces to a two-fold
symmetry, and a gap opens at the crossings. This set of parameters is the most interesting
case because it generates the closest patterns to the maps we have for the NTCDA/Ag(111)
measurements.

5.4.4 Position dependence

Looking at the line-map of the three cases above side by side in Fig.(5.6), shows unambigu-
ously how hybridization shifts the intensity and opens a small gap at the crossing point of
two consecutive rings along the A-B axis and also a much larger gap opening along the bias
axis once the staggered hopping amplitude becomes finite. Furthermore, we can discern a
parabolic dependence of bias to (lateral) position in all cases.

5.4.5 Phase dependence

Changing phase of the complex hybridization in Fig.(5.7) makes a m-periodic modulation
of the conductance intensity. It transfers the conductance from the oval shapes created by
the intersection of two rings (two discharging events) to the small square regions created
by the intersection of four rings (four discharging events). As a matter of fact, reproducing
the pattern we see in measurements requires fine-tuning of the phase to obtain the correct
intensity. Therefore, a real hybridization is insufficient.

5.4.6 Hopping amplitude dependence

Increasing the staggered hopping amplitudes (14, t24) of the sublattice A, Fig.(5.8),% gen-
erates a gap along the hopping direction, for it pushes the electron energy level further
below the Fermi level and thus harder to be gated®. This allows us to effectively make a
hard and easy gating axis for the electrons, i.e., anisotropy. Besides, we can see that hopping
broadens the linewidth of the rings.

2 Without loss of generality, we set to4 = 0 and only change 1 4.
3 The electron hopping term (kinetic energy) in the real-space Hamiltonian comes with a minus sign
convention which effectively lowers the on-site energy of the electron.
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Figure 5.3: Evolution of discharging rings interference pattern (1) with increasing
bias voltage. The 2D conductance map simulations are obtained with the following model
parameters: /4 = —0.5 and E'g = 3.0 for the on-site energies of A and B sites, t14 =34 =0
for the staggered hopping amplitudes of the electron in the sublattice A, V1!, = Vi1, = 0.0
for the hybridization amplitude of the spin up and down electrons between sublattice A
and B, 6 = 0 for the complex phase of the hybridization, 7" = 0.01 for the temperature, r = 1,
a = 0.5, and € = 2 for the radius of the tip apex, tip-gating efficiency, and sample dielectric
constant, respectively.

Figure 5.4: Evolution of discharging rings interference pattern (2) with increasing
bias voltage. The 2D conductance map simulations are obtained with the following model
parameters: F/4 = —0.5 and Ep = 3.0 for the on-site energies of A and B sites, t14 =to4 =0
for the staggered hopping amplitudes of the electron in the sublattice A, V!, = Vi3, = 0.1
for the hybridization amplitude of the spin up and down electrons between sublattice A
and B, 0 = 0 for the complex phase of the hybridization, 7" = 0.01 for the temperature, r = 1,
a = 0.5, and €, = 2 for the radius of the tip apex, tip-gating efficiency, and sample dielectric
constant, respectively.
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Figure 5.5: Evolution of discharging rings interference pattern (3) with increasing
bias voltage. The 2D conductance map simulations are obtained with the following model
parameters: /4 = —0.5 and Ep = 3.0 for the on-site energies of A and B sites, t14 = 0.1
and o4 = 0 for the staggered hopping amplitudes of the electron in the sublattice A, VEB =
ng = 0.1 for the hybridization amplitude of the spin up and down electrons between
sublattice A and B, f = /2 for the complex phase of the hybridization, 7" = 0.01 for the
temperature, 7 = 1, a = 0.5, and ¢ = 2 for the radius of the tip apex, tip-gating efficiency,
and sample dielectric constant, respectively. The parameters are set to reveal the effect of
complex hybridization amplitudes and staggered hopping on the patterns.

Figure 5.6: Position dependence of the discharging rings. The line-map simulations
along the A-B axis of the bipartite lattice show parabolic modulation of the bias as a function
of position, and also shift of intensity and gap opening at the crossing points of neighbour-
ing rings. Panel (a), (b), and (c) are line-cuts of case (1), (2), and (3), respectively. The labels
on panel (a) specify the number of discharging events.
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Figure 5.7: Phase dependence of the discharging rings. The 2D conductance map
simulations are obtained while all parameters kept constant except the phase () of the
complex hybridization which is varied by a 7/4 step. The constant parameters are: F4 =
—-0.5and Ez = 3.0 for the on-site energies of A and B sites, 1}, = 2.8 V for the bias, {14 = o4 =
0 for the staggered hopping amplitudes of the electron in the sublattice A, Vj% = V/ﬁ? =0.1
for the hybridization amplitude of the spin up and down electrons between sublattice A
and B, T" = 0.01 for the temperature, r = 1, & = 0.5, and ¢, = 2 for the radius of the tip apex,
tip-gating efficiency, and sample dielectric constant, respectively.

Figure 5.8: Hopping amplitude dependence of the discharging rings. The 2D conduc-
tance map simulations are obtained while all parameters kept constant except the staggered
hopping amplitude (¢;4). The constant parameters are: £4 = —0.5 and Ep = 3.0 for the
on-site energies of A and B sites, V}, = 2.0V for the bias, 54 = 0 for the staggered hopping
amplitudes of the electron in the sublattice A, V,EB = Vig = 0.1 for the hybridization ampli-
tude of the spin up and down electrons between sublattice A and B, = 7/2 for the complex
phase of the hybridization, 7" = 0.01 for the temperature, r = 1, @ = 0.5, and ¢; = 2 for the
radius of the tip apex, tip-gating efficiency, and sample dielectric constant, respectively.

5.5 Conclusion

We conclude this chapter by summarizing what we were able to simulate with this simple
model. As a matter of fact, the rings are created as a direct consequence of the tip’s local
electric field that shifts the on-site energy of the electron to the Fermi level, which leads
to a spike in the tunneling conductance. Considering the spatial dependence of the electric
field, a ring is an equipotential line where the tip can discharge the electron located at its
center. Naturally, as the electric potential increases, the size of the ring increases, mean-
ing that the tip can discharge the electron at farther distances. Once the size of the rings
surpasses the unit-cell size, they will interfere with each other and form new discharging
patterns. In other words, the tip can be coupled to multiple charges located at different
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lattice positions at the same time.

In the simplest version of the model, where the lattice Hamiltonian of A- and B-sites com-
prises only the on-site energies, the interference of the above-mentioned tunneling chan-
nels is always constructive, and therefore, the rings add up at the crossing points. However,
once we let the electrons hop or hybridize between different sites and sublattices, new fea-
tures appear on the discharging patterns. Most remarkably, hopping and hybridization shift
the conductance intensity, broadens the ring’s linewidth, and open up different gaps at the
crossing points. Additionally, we have seen that a complex hybridization induces an alter-
nating orbital current in the lattice, which leads to the redistribution of the conductance
intensity between different discharging zones.

Last but not least, we have to be cautious that several important terms are missing in this
model. Even though the relevance and substantiation of these terms goes beyond the scope
of this thesis, very briefly, we will touch on them in the following. As we mentioned above,
there are zones in the patterns where the tip is coupled to multiple charges* on the lattice.
This means that the Coulomb interaction and correlation effect of these charges must be
accounted for in the tunneling conductance. Moreover, even though we have included the
spin degree of freedom in the single-particle Hamiltonian, it remains degenerate through-
out the formalism. Upon the necessity, one can lift the spin degeneracy in various ways.
The simplest way is to lift it along the z-axis with an applied magnetic field (B,). This
can be easily included in the Hamiltonian matrix as a Zeeman term ( g BBZSZ) via the
following substitution (E A= Estqgu BBZ) for the spin-up (+) and spin-down (-) blocks.
It results in the doubling of the rings. Another way to lift the S, degeneracy is through the
hybridization Hamiltonian, Eq.(5.4), by setting Vjﬁg # V/ﬁ?.

Figure 5.9: Lifting spin degeneracy giving rise to a double ring structure. Exam-
ples of lifting spin degeneracy: a, with an applied magnetic field (B, # 0); and b, with
the hybridization amplitudes Vﬂg # Vzﬁg. The simulation (a) is performed with the same
parameters as pattern (1), plus assuming B, = 0.05, and simulation (b) with the same pa-
rameters as pattern (3), except for V1!, = 0.3 and V{3, = 0.1. Both simulations are obtained
at V, = 1.6.

* Zones with up to 4 discharges have been observed in our measurements.
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In a similar way, one can also lift the degeneracy for S, and S,,. One way is to introduce
spin-flip terms ng and Vfﬂg in the hybridization Hamiltonian, Eq.(5.4). Another way can
be, for example, via the Dzyaloshinskii-Moriya interaction (DMI), which is an antisymmet-
ric exchange interaction between neighboring spins (4, j)

Hon = 2. D+ (Saix Say). (5.11)
2y

If we rewrite this term in the second quantization, it can be easily included into the Hamil-
tonian matrix. For the sake of simplicity, if we assume that the symmetry breaking happens
only along the y—axis,

D=(D,, D,, D,) = (0, Dy, 0),
we can reduce Eq.(5.11) to

Howm = Z Dy(Sai2S4 2~ Saj254::)

i,J

= ZDy[SA,i,za SAJ#U]
,J

= "D, (2ih6; ; Saiy)
4,J

= Z 20h Dy S y-

Now by setting (A = 1) and using the Abrikosov’s pseudo-fermion representation of S,
spin operator
Lot y
SA,z‘,y = _5( A,inCAL ~ CA,iVlCA,i,T)a

we find the second quantized Hpy as
Hone = Dy 3 (el reais = cain)- (5.12)
i

The calculation follows analogously for the sublattice B. As we can see, the DMI is just
another channel for the spin-flip process, which allows us to effectively break symmetry
along the y-axis. Including these spin-flip terms (hybridization and DMI) into the Hamilto-
nian matrix is straightforward. One should only modify the diagonal elements of H;, and
H,+ with +D,, and their off-diagonal elements with ng and Vfg.
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It reminds Hollywood movies where a tiny turn of the head traverses you from
the classical to the quantum world. In nanoscale, however, owing to the magic of
symmetry; it is part of reality. This chapter explores the impact of symmetry and
adsorption geometry on the ground state of a metal-organic molecule adsorbed on
a transition metal dichalcogenide, a van der Waals 2D superconductor. Namely,
we identify two fundamentally different spin-related ground states by means of
applied magnetic fields and their apparent planar symmetries in STM images. The
two ground states are tunable by a small voltage pulse from the STM tip altering the
twist angle between the molecule and the underlying substrate. One of the ground
states is driven by a sizeable non-collinear Dzyaloshinskii—-Moriya interaction be-
tween two electron spins on the molecule, which originates from the spin-orbit
coupling in the van der Waals 2D material with broken mirror symmetries. On

89



CHAPTER 6

the other ground state, we observe Yu-Shiba-Rusinov bound states, a genuinely
quantum mechanical entity, formed due to partial screening of molecular spin by
Cooper pairs from the superconducting substrate.

This chapter is adapted from our publication [135]:

Wang, Y., Arabi, S., Kern, K. and Ternes, M. Symmetry mediated tunable molecular
magnetism on a 2D material. Commun Phys 4, 103 (2021).
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6.1 Introduction

The emergence of strong electronic correlations in condensed matter physics as a result of
modifying angle was initially introduced by twisted bilayer graphene, where a tiny angle
mismatch between graphene layers dramatically changes the ground state at macroscopic
scale and gives rise to unconventional superconductivity [136]. Here, we adopt a method-
ologically similar approach and resolve the changes of the ground state properties of a
molecule-superconductor hybrid system (CoPc/2H-NbSes) at the nanoscale by means of a
low-temperature scanning probe microscope.

The Cobalt phthalocyanine (CoPc) is an effective spin-1/2 system in the gas phase. Upon
adsorption on the surface of an 2H-phase NbSes, it is found in two possible ground states:
(i) a magnetic state with Yu-Shiba-Rusinov (YSR) bound states around the Fermi level, and
(ii) a non-magnetic singlet ground state with a triplet excited state. We attribute the origin
of the first ground state to the partial Kondo screening of the spin located on the central
metallic ion of the molecule by the Cooper pairs, while the other to the quench of the central
spin due to an in-plane antiferromagnetic interaction with a distributed magnetic moment
on the molecular ligands.

The key idea to understand the stark deviation in magnetic properties of the two ground
states is embedded in the significant non-collinear Dzyaloshinskii-Moriya interaction (DMI)
induced by the 2D superconducting substrate [137, 138]. The DMI stems from the broken
in-plane inversion symmetry in 2H-NbSe; and the significant spin-orbit coupling of the
substrate induced by the heavy metal ion [139, 140].

6.2 Adsorption geometries of CoPc/2H-NbSe;

CoPc s a flat-lying metal-organic molecule with two possible adsorption sites on the surface
of 2H-NbSe, that shows different in-plane symmetries. The mirror planes of the molecule
are found either aligned or twisted by 15° with respect to the three high symmetry planes
of the surface, Fig.(6.1). The two different adsorption geometries can be explained by con-
sidering the point group symmetries of the molecule and the substrate. Upon adsorption,
the surface of 2H-NbSe, acquire a Cs, cyclic symmetry, with three identical mirror planes,
and the CoPc a (), symmetry, with in-equivalent pairs of 0, and o4 mirror planes. The
symmetries of these two entities must conform, and as a result, all rotational symmetries
are broken, and only mirror planes survive. Therefore, the hybrid system can obtain the
maximum symmetry if one of the three o, mirror planes of the substrate aligns with one of
the 0, of the CoPc, or otherwise with one of its o4 mirror planes; resulting in only two dis-
tinct configurations which are off by 15° in-plane rotation. We observe that those molecules
where their o4 are aligned with the substrate’s o, have magnetic properties similar to the
gas-phase CoPc, showing an effective spin S = 1/2 system [141]. We acronymize these
molecules as CoPcy. And respectively, those molecules in which their o, match with that
of the substrate show charge transfer [142-144], and acquire a non-magnetic ground state.
We accordingly acronymize them as CoPc,,.
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Figure 6.1: Absorption symmetry and spectral fingerprint of Cobalt phthalocya-
nine (CoPc) molecules on 2H-NbSe,. Constant current image of the 2H-NbSe, surface
showing the 3 x 3 charge-density wave superstructure (V, = =10 mV, I, = 1 nA). b, c,
Constant-height scanning tunneling microscopy images of two CoPc molecules (1}, = 400
mV) adsorbed in different orientations. Colored dashed lines in a-c¢ mark the different mir-
ror planes of the CoPc molecules and the 2H-NbSe, surface. d, Model of the CoPc molecule
with its vertical o, (red lines) and diagonal o4 (blue lines) mirror plane symmetries. e, f,
Absorption models of CoPc molecules on 2H-NbSe;. While the molecule in (e) is rotated
by 15° with respect to one of the three principal axes of the substrate (gray dashed lines),
the molecule in (f) is aligned (Taken from [135]).

6.3 Group theory of CoPc/2H-NbSe,

The two adsorption geometries of the CoPc molecules on the 2H-NbSe, substrate can be
understood using point-group theory. The gas-phase CoPc molecule has a Dy, symmetry,
which, upon adsorption reduces due to the presence of the surface. Neglecting the charge
density wave at sufficiently low temperatures, the symmetry of 2H-NbSe, surface reduces
from the Dg, to the (s, point group [145]. Combining these two high symmetry groups
reduces the possible symmetry operations drastically. In particular, all non-trivial cyclic
operations, i.e., rotations by 360°, are broken due to the incommensurability of the allowed
C'y operations of the molecule with the C5 operations of the substrate. Additionally, the
inversion symmetry operation is also broken, leaving mirror symmetries as the only sym-
metry of the system.
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The surface with (s, point group contains three mirror planes (0,) (see Fig. 6.2a), while
the CoPc molecule with Cy, symmetry has four mirror planes: two vertical o, and two
dihedral o4 planes, which have 45° angle mismatch (see Fig. 6.2b). To minimize the energy,
the CoPc prefers high symmetry adsorption sites. Therefore, we find the following two
configuration sites where one of the substrate’s o, planes is either aligned with one of the
molecule’s o, planes (Fig. 6.2c), or with one of the molecule’s o4 planes (Fig. 6.2d). The
former symmetry describes the nonmagnetic CoPc,, while the latter in which the molecule
is 15° rotated describes the doubly degenerate (S = 1/2) system, CoPc,.

Figure 6.2: Symmetry conformation of CoPc/NbSe,. a, b, The symmetry elements
of (3, and (), point group of the NbSe, surface and the adsorbed CoPc molecule. ¢, d,
Sketch of the high symmetry conformation of the symmetry elements of the C's, and Cy,
point groups.

6.4 Kelvin probe force microscopy of CoPc molecules

To identify different charge states of the CoPc molecules, we performed the Kelvin probe
force microscopy (KPFM) on them. Our data, Fig.(6.3), shows a remarkable difference be-
tween the energies of the dips on CoPcy and CoPc,, allowing us to assign different charge
states to them [146]. Evidently, the KPFM parabola of the CoPc, has a very broad dip around
-3.25 eV, meaning that the charge is delocalized over the ligands of the molecule, leading
to a negligible shift of the local work function. On the contrary, the CoPcy4 shows a sharper
dip at about —1.2 eV, implying that the charge is localized at Co?* ion. We repeated the
measurements over the ligands and obtained similar results. To eliminate the possibility of
hydrogenation of the molecules as the origin of their different spin states, rather than the
charge transfer that we proved above, we compared the topography and constant-height
frequency shift measurement of CoPc4, CoPc,,, and H-CoPc in Fig.(6.4). The hydrogenated
molecule indicates a different appearance from the other two.
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Figure 6.3: Kelvin probe force microscopy on CoPc molecules. a, Kelvin probe force
microscopy data obtained on the NbSe, surface (black) and on the adsorbed CoPc molecules
(red and blue), respectively. b, A zoom-in as marked in a. All spectra were measured
with the same tip at the tip-sample distance. Dips on-top of the general parabolic spectra
indicates the charging of CoPc, (CoPc) — CoPc;)) and CoPcq (CoPc — CoPcy), respectively.

Figure 6.4: Hydrogenated CoPc. a, Constant-current SPM image (size 10 x 10 nm?) of
several CoPc molecules and one H-CoPc complex (lower left molecule). b, Zoom-in SPM
image of the H-CoPc complex (V' = =500 mV, [ = 10 pA). ¢, d, Constant height df image of
a H-CoPc (c) and a bare CoPc, molecule (d). Both molecules have a S = 0 ground state but
a significant difference in the topographical appearance. Setpoint parameters at molecular
center of the H-CoPc complex: V' = =500 mV [ = 10 pA. Set point parameters at molecular
center of the bare CoPc, are V' = -20 mV, I = 20 pA.
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6.5 YSR states on CoPcy molecules

Magnetic impurities induce subgap bound states on the surface of a s-wave superconduc-
tor, due to interaction of the unscreened impurity spin with the Andreev reflected elec-
trons or holes, which can penetrates to the superconductor for several nanometers. The
phenomenon was independently discovered by Yu, Shiba and Rusinov in the late 1960s and
have been observed in numerous measurements since then [147-149]. Here we investigate
it in a molecular spin which is placed in a superconducting tunnel junction by means of a
lead coated tip [150], i.e., tip and substrate are both superconductors. The effective super-
conducting gap of the tip is Ay ~ 1.15 meV and of the substrate is Ag ~ 1.3 meV. The YSR
states appear in a particle-hole (PH) pair at » +1.8 mV on the molecule, with an asymmet-
ric intensities indicating PH symmetry breaking, Fig.(6.5 a, b). The origin of this symmetry
breaking is attributed to the nonmagnetic background Coulomb scattering [151], which we
estimate to mpgU = 0.28 £ 0.02.

Denoting the origin of the YSR states allows us to extract the fundamental scales of the
problem from the magnetic-dependent measurements. As we stated earlier, they can be
merely created in the weak Kondo coupling regime where normal conducting electrons are
depleted at the superconducting gap, leading to a partial Kondo screening of the impurity
spin. This requires that the Kondo temperature to be smaller than the Cooper pair binding
energy (Ag > kpTk) [152]. In other words, the local magnetic field of the unscreened
spin is not strong enough to break the Cooper pairs and locally collapse the superconduct-
ing gap. Therefore, to see the Kondo splitting of the magnetic moment, one needs first to
quench the superconductivity, which naturally has a critical value.

Upon quenching superconductivity, the gap fills with normal electrons and subsequently
allows the impurity spin to antiferromagnetically couple to them and produce a Kondo
resonance at the Fermi level. Based on our results, a magnetic field of B > 5 T normal
to the sample surface is sufficient to quench the superconductivity of both tip and sam-
ple and reveal the unscreened spin of the CoPcq4. Fig.(6.5¢c) shows that the Zeeman energy
(Ez = gupB ) of 5 T is not only enough to quench the superconductivity but also split
the Kondo peak (Ez > kpTk) with equal intensity around zero bias, accounting for its
S = 1/2 state. By treating the molecule as a classical spin-1/2 system, we can approximate
its effective magnetic moment as

1/2’/’?sz55= —-0.60 £ 0.02 (6.1)

where Jg is the antiferromagnetic coupling of the molecule spin to the normal electrons in
the substrate with local density of state pg. Usually, the antiferromagnetic exchange cou-
pling strength cannot be measured directly, even though it controls the Kondo resonances
and also the YSR states energies. The detail of the perturbative model we used to calculate
the energies of the YSR states in Fig.(6.5 a) is presented in the next section.

We extract a Landé g-factor of 1.54+0.02 from the linear regression of the Zeeman splitting,
Fig.(6.5d), which is smaller than the one for a free electron. Furthermore, the interception of
the linear fit with the abscissa gives the minimum magnetic field required to split the Kondo
peak, amounting to Bx = 0.67+0.19 T. One has to take into account that this is a very naive
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estimation of By as it typically plays a very complicated role with the Kondo singlets [153,
154]. However, from this two quantities (g, By ) we can estimate the Kondo temperature of
Tk ~ gupBg[kp = 0.77+0.24K, lying perfectly in the weak coupling regime. Historically,
the formalism of the weak-coupling Kondo effect developed by Anderson and Appelbaum
[155, 156]. It is a second-order perturbation theory also known as s — d exchange model,
to explain the zero bias tunneling anomaly which was observed in various p — n junctions
and insulating oxide layers.
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Figure 6.5: Spectral features of a Cobalt phthalocyanine molecule with diagonal o4
mirror plane symmetry (CoPcq). a, b, Differential conductance (d//dV’) spectra mea-
sured on the bare NbSe, sample (black dots) and the center of a CoPcyq molecule (blue dots)
by using a superconducting tip (V, = 40 mV, I, = 40 pAin a; V;, = -5 mV, I, = 50 pA in
b). Full line in b is a least-square fit to a scattering model in which the magnetic impurity
is treated classically. ¢, Differential conductance spectra measured on CoPcy at magnetic
fields large enough to suppress superconductivity (dotted lines, V;, = =10 mV, I, = 100 pA)
and least-square fits using a perturbative scattering model (full lines). Curves are vertically
offset for clarity. d, Extracted splitting A of the peaks in ¢ and linear regression (full line).
The dashed circle marks the crossing of the regression with the abscissa.
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6.6 Simulation of YSR states in a superconducting tun-
nel junction
In superconducting tunnelling junction, both tip and sample are superconductors with

a quasiparticle excitation spectrum described in the framework of the Bardeen-Cooper-
Schrieffer (BCS)-theory of superconductivity as

pecs(€) = ps Im( S ) : (6.2)

VAZ - (e +1I")?

where A is the superconducting gap width of either sample or tip, ¢I" is a small imagi-
nary number accounting for the finite lifetime effects of the quasiparticles around the gap
edge (I' «< A), and pg is the density of states of the sample at Fermi energy in the nor-
mal conducting state [157]. The differential conductance (d/dV’) for tunneling between
superconducting tip and sample reads

j—é(V) o< %_{ pCss (€)pBesy (€ - eV)[f(e) - fle- eV)]ds, (6.3)

with f(g) = [1 + exp(e/kgT)]! being the Fermi-Dirac distribution, k3 the Boltzmann
constant, and 7' the effective temperature.

The interaction between the superconducting Cooper pairs and the unscreened spin leads
to a pair of YSR peaks around the Fermi energy. By approximating the spin as a classical
magnetic moment, the energy ( Eysr) and intensities (I ) of the peaks reads [151, 158, 159]:

1 —w?+u?
Eysg = A : 6.4
Yo S\/(l—w2+uQ)2+4w2 ©4)
20(1 + (w Fu)?
L= et lwru)l) 65)

((1 - w? +u?)? +4u12)3/27

where Ag is the effective superconducting gap of the 2H-NbSe, substrate, S is the local
impurity spin, Js is the antiferromagnetic exchange coupling, U is the local Coulomb po-
tential, and w and u are the dimensionless parameters defined as

1
w = §7r,05JSS <0, u=mpsU.
The quasiparticle excitation spectrum of the magnetic impurity then reads
1
PYn(e) = ——ImG" (e), (6.6)
where pi% (¢)s are the diagonal elements of the spectral function with n = (1, 2) superscript
addressing electron (n = 1) and hole (n = 2) components of the YSR state.

The full retarded Green’s function at finite temperature G¥(¢) is defined in terms of the
Dyson equation as

Gi(e) =G (e) +Gi(e)VGTi(e), G(e) ' =Gii(e)™ -3,
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where G¥(¢) is the free Green’s function

R(.\ _ —TPs
GO (6) - ( AS e+l

e+l AS )
A2 — (e +il)? ’

and ¥ is the impurity self-energy matrix

The differential conductance of the superconducting tunneling junction with YSR states
is then the convolution of Eq.(6.2) and Eq.(6.6), which we additionally broaden them by a

Gaussian distribution function g(¢) = #6_(%)2 [160],

+0o0 +o00

Ly ot [ [ [poese @bn(e = VI - (=)

—00 —0OQ0

+ pposy (€ = eV)pYr () (f(e' = eV) = f(e))]g(e ~ ") de"de.

(6.7)

6.7 Singlet-triplet transition in CoPc, molecules

There is a strikingly dissimilar physics ruling over the CoPc, molecules. On the one hand,
we observe no subgap YSR states or other signatures of magnetism, such as Kondo reso-
nance or zero-bias peak splitting at the Fermi level. On the other hand, these molecules
show very strong, symmetric, inelastic steps at |V;| » 23 mV. We attribute these steps to a
singlet-triplet (ST) transition, Fig.(6.6a, b), accompanied by a normal singlet ground state!.
We interrogate the magnetism of the ST transition by applying magnetic fields perpendic-
ular to the sample, resulting in the splitting of the steps, which unequivocally corroborate
its magnetic nature [161].

! Here, we used the term normal singlet (drop the normal henceforth) to discriminate it from a Kondo
singlet.
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Figure 6.6: The singlet-triplet transition in a Cobalt phthalocyanine molecule with
vertical o, mirror plane symmetry (CoPc,). a, Differential conductance (dI/dV") spec-
tra measured on CoPc, at B = 0 (red dots) and at B = 8 T, where superconductivity is
suppressed (green dots). Here, B is the magnetic field perpendicular to the sample surface.
The full line at B = 0 is a least-square fit to a model, which accounts for the superconduct-
ing gaps in tip and sample and the spin excitation. b, Detail of the curves in a (red and green
dots) and spectrum measured on the bare NbSe, surface (black dots), showing that neither
Yu-Shiba-Rusinov states nor a Kondo peak can be detected on the molecule (V' = -5 mV,
I =50 pA). The dark red line is a fit to a superconducting tunneling model. ¢—f, dI/dV and
numerically derived d?I/dV? spectra measured on CoPc, at B = 5,8 and 13 T, respectively.
Full lines in (d, f,) are least-square fits to a perturbative transport model. The spectra re-
veal an asymmetric splitting of the inelastic excitation at » +23 mV in magnetic field. g,
Expected splitting of a triplet excitation at B = 13 T (red line) if only Heisenberg exchange
interaction between both spins is taken into account. h, i, Accounting for an additional
non-collinear Dzyaloshinskii-Moriya (DM) interaction rationalized the observation of the
DM vector lies in the surface plane (). A DM vector pointing out of surface (D,) would
reverse the intensity order. Curves in all panels are vertically offset for clarity.
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6.8 Non-collinear intra-molecular spin-spin interaction

We attribute the observed symmetry reduction in the CoPc, to a charge transfer from the
substrate and demonstrate it by taking Kelvin probe force microscope (KPFM) measure-
ments on both kinds of molecules. The KPFM result of CoPc, Fig.(6.3) shows that the
central ion strongly couples to the substrate and, therefore, has only a minor change in
the local work function. This suggests that the transferred electron is distributed in the
large ligand of the molecule and makes only a tiny dip on the KPFM parabola, in contrast
to a localized charge that typically creates a more significant signal. The transferred charge
induces an additional magnetic moment, which interacts antiferromagnetically with the
moment localized at the Co?* ion and leads to a singlet ground state with a triplet excited
state. In principle, under a magnetic field the degeneracy of the triplet state is lifted, and
it splits into three identical peaks, Fig.(6.6g). Surprisingly, when we apply a magnetic field
along z-axis, the ST transition split into only two peaks of different heights with approxi-
mately 2:1 ratio Fig.(6.6 d, f). We relate this to the presence of a non-collinear interaction
between spins, which induces an in-plane magnetic moment by decanting the spin towards
the surface Fig.(6.9g).

Different magnetic interactions in CoPc, are summarized in the following Hamiltonian

HCoPcl, = Z g,uBSiB+J5T Sl'Sg-l-DST'(Sl XSQ). (68)

i=1,2

We consider a Zeeman splitting for both magnetic moments on the molecule under an ap-
plied magnetic field along the z-axis, introduced in the first term. Moreover, we allow the
spins to interact with each other inside the molecule in two ways: an isotropic Heisenberg-
type interaction (.Js7), which is captured in the second term, and a non-collinear DM in-
teraction (Dgrt), the last term [137, 138]. Subsequently, we use a perturbative tunneling
model based on the above model Hamiltonian Eq.(6.8) to simulate the measured results
[161]. In this manner, the Heisenberg coupling strength is found as Jg7 = 21.6 + 0.5 meV
and the DM vector, which lies mainly in the substrate plane, as |Dgt| = (0.45+0.1) x Jsr,
Fig.(6.6d, f). The possibility of having a significant out-of-plane DM vector (D, ) is ruled
out as it reverses the order of peaks compared to the experimental measurements (check
Fig.(6.6 h, i).

6.9 Simulation of Heisenberg models with DM interac-
tion
The Hamiltonian of CoPc,, Eq.(6.8), can be rewritten as

HCOPCV = Z glﬂBSZB + SlTSZ, (69)

i=1,2
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J. D, D,
where 7 = | -D, J, -D,| is the coupling matrix incorporating both Heisenberg and
-D, D, J,

DM interactions. The general form of Eq.(6.9) allows us to discuss different terms of the
Hamiltonian and exclude possible interaction schemes based on the evolution of their eigen-
values in the external magnetic field, compared to the experimental result.

First, we consider an isotropic Heisenberg model with exchange couplings: J, = J, = J, =
Jgr = 21.6 meV and g-factors g; = go = 2, neglecting any DM interaction (Dgr = 0). Fig.(6.7
a) shows the evolution of its eigenvalues versus B-field. At zero field only transitions at
an energy of Jsr between (5,5.) = (0,0) singlet and the three degenerate triplet states
(S,5.) =(1,0) and (S, S,) = (1, +1) are possible, while at large enough B-field the triplet
state splits in three independent states with equal excitation amplitude. The calculated
dI?|d?V spectra of this model is shown in Fig.(6.6g). This model is obviously incompatible
with the experimental data.

Second, we consider the isotropic Heisenberg model with an in-plane DM interaction.
Fig.(6.7b) shows the evolution of its eigenvalues using the same isotropic exchange coupling
terms as in Fig.(6.7a), and an additional in-plane DM term with coupling D, = 0.45 Jgsr,
D, = D, = 0. Here, the colored dots correspond to the energies of the simulated d?/dV?
peaks in Fig.(6.6 d,f). This model fits our observed spectroscopic data well. Experimen-
tally, since the relatively short lifetime of the excitations leads to a significant broadening
at B = 0 all three excitations merge to only one detectable peak and at B > 5 T they appear
in two peaks with ~ 1 : 2 intensity ratio.

Even though the second coupling scheme fits our experimental data well, it is not evident
that it is the physically only possible solution. Therefore, in the following, we will discuss
other coupling schemes, which, as it becomes clear, do not lead to a description consistent
with our observations. Note that due to the inherent symmetry of the molecule, we restrict
our search to cases where the intramolecular in-plane coupling constants J, and J, are
identical.

Therefore, we now assume Ising-like couplings J, = J, = 0, J, = Jgr. At zero magnetic
field the eigenstates are doubly-degenerate with |1]) and ||1) as the ground state, and |11)
and ||]) as the excited state. While the doublet ground state is not influenced by the mag-
netic field so long as g; = go, the excited states split, Fig.(6.7c), leading to two excitations
with equal intensity which does not correspond to the experimental observations, Fig.(6.7e).

Because the molecule is highly symmetric in its plane, next we check whether an exclu-
sively planar coupling of the form J, = J, = Jsr, J, = 0 could be a reasonable description
of the spin system. As Fig.(6.7d) illustrates, such couplings lead to a (.5, S,) = (0, 0) ground
state, and a doubly-degenerate excited state (5,5,) = (1,+1) at energy of Jsr/2, which
splits in finite magnetic field, and an additional excited state (.5, S.) = (1,0) at energy of
Js, which does not react to the magnetic field. Contrary to our observation, at B = 0, this
coupling scheme results into two excitations from the ground state, Fig.(6.7f).
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From the above discussed scenarios, we conclude that any XXZ and XYZ Heisenberg models
with arbitrary values of J, = J, and J,, and also Ising model, can not describe our observa-
tions. This further points to the proposed model discussed before: an isotropic Heisenberg
model with an additional non-collinear DM interaction.

Figure 6.7: Simulation of the spin excitations under magnetic fields and the corre-
sponding d2I/dV? spectra. a, The eigenvalues and eigenstates versus out-of-plane mag-
netic field strength of an isotropic Heisenberg model with couplings J, = J, = J, = Jsr =
21.6 meV. b, The eigenvalues and eigenstates versus out-of-plane magnetic field strength
of an isotropic Heisenberg model with the same couplings as (a) and an additional in-plane
DM interaction with | D |= 0.45 x Jst. The colored dots are the energies of the peaks of the
calculated d?7/dV? in Fig.(6.6). ¢, d, Same as (a) for an anisotropic Heisenberg exchange
coupling with J, = J, = 0 and J, = 21.6 meV (c¢) and J, = J, = 21.6 meV and J, = 0
(d), respectively. e, f, Modelled d?1/dV? spectra for the simulations in (c) and (d), without
magnetic field (black line) and with B = 13 T (red line), respectively. The arrows on the
right-hand side of the panels (a-d) mark the possible transition between the energy levels
labeled with the total spin (S) and its z-axis projection (5,).
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6.10 Tunneling conductance of the singlet-triplet tran-

sition on CoPc,

The total tunneling current through the singlet-triplet transition on CoPc, can be calculated
by decomposing it into its elastic and inelastic parts (I = Ij. + [ie1). The elastic tunneling
current follows as

+00 +00

ta=a [ [ [mess (€' ) mesu (5 -0y (1 160

~o0 oo (6.10)
+ pacsa (2) pacss (6~ eV) () (1= f(€/ - V) |g(e - ') dede,

and the inelastic current as

+00 +00 +00

3.1 , .
lna =Y 50ma [ [ f [chsS<e"—eV+V§T>chsT<a>f<s"—eV+V§T)
i=1

—00 =00 —O0

x (1= f(2)) + ppcss (€) presy (€7 — eV = Vi) f(€) (6.11)
X (1 - f(e"-eV - VSiT)) ]9(5 —&"Yh(e' —e")dede'de" .

Here, ppcse (€) and ppes, (€) are density of states of the superconducting tip and sample,
Vi is the threshold voltage of the three possible spin excitations, Vg = V& < Vg in zero
magnetic field. An additional Cauchy-Lorentz distribution i(g) = (wd)~1[1 + 2(=/0)]-1 is
added to account for a finite lifetime of the excited state [162]. We found 6 = 0.30 meV
corresponding to a lifetime of 7 = h/d ~ 14 ps, (h, Planck constant). The fitting in Fig.(6.6a)
results in the threshold voltage of the spin excitation as Vg, = V& = 22.7meV and V. = 23.8
meV. They correspond to an intramolecuar Heisenberg coupling of Jsr = 21.7 meV, and a
DMI coupling of | Dgr |= 0.45 x Jsr.

Figure 6.8: Measured and modeled spin excitation spectra of CoPc, at B, =13 T. a,
dI/dV measurement acquired at the ligands of a CoPc, molecule. b, Zoom-in of the left
step of the spectrum in (a). ¢, Zoom-in of the right step. d, Measured d?1/dV? (black dots)
and modelled d?I/dV? spectrum (red dots). e, Zoom-in of the left peak. f, Zoom-in of the
right peak. The extracted couplings are Jsr = 22.4 meV, and | Dst |= 0.45 x Jsr.
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6.11 Spatial distribution of the spin excitation over CoPc,

Spatially resolved inelastic electron tunneling spectroscopy further reveals the existence
of only a mirror plane on the CoPc, molecule. We take d//dV measurement on a grid of
45 x 45 pixels where at each pixel we determine the energy ¢ or equivalently Jgr, and the
inelastic differential conductance relative to the total conductance, A = 0 /(Tel + Tinel.)
of the molecule Fig.(6.9 a, b). In the e-map, Fig.(6.9 a), we restrict ourselves to the spatial
distribution of the spin excitation energies, 20mV < ¢ < 23mV, for a fixed differential
conductance. It is evident that the e-map retains a four-fold symmetry, which means that
the Heisenberg coupling Jgr is identical along x and y axis. In the A-map, however, we
look at the spatial distribution of the relative spin excitation intensity at the ST transition
energy. We can clearly see that the A-map has a two-fold symmetry. We further prove
this by comparing each map from an enforced four-fold symmetry Fig.(6.9 e, f), where the
e-map deviates only by a few percent from it but the A-map up to 40 percent.

Figure 6.9: Spin excitation map of a Cobalt phthalocyanine molecule with vertical
o, mirror plane symmetry (CoPc,). a, b, Maps of 45 x 45 points covering an area of 3 x 3
nm? on which differential conductance spectra (setpoint: V;, = =50 mV, I = 500 pA) were
taken and (a) the spin excitation energy € and (b) the intensity A = 0;,¢1./(Tiner. + Ter.) Were
extracted. Here, ;.. is the inelastic conductance, and (0, + 0. ) is the total conductance.
While the ¢ map shows mainly fourfold symmetry, the A-map clearly reveals the mirror
plane, which cuts approximately vertical through the image. ¢, d, Averaged images of €

and 0,e1. [ (Oiner. + 0¢.) With enforced Cy, symmetry derived from (a) and (b), respectively.
e, f, The relative difference A, between the measured and averaged maps, respectively. g,
Schematic ball model of the CoPc, and its interactions. Gray, white, light blue, and pink
spheres correspond to C, H, N, and Co atoms, on the molecule, respectively. Yellow and
turquoise spheres correspond to Se and Nb atoms of the surface. Blue arrows indicate the
two spins and the red arrow the Dzyaloshinskii-Moriya vector.

6.12 Experimental procedure

The 2H-NbSe, single crystal was cleaved by attaching an adhesive Kapton polyimide tape
to the crystal surface and pulling it off at a base pressure of p < 10-8 mbar. CoPc molecules
were then deposited from a Knudsen cell evaporator held at 410 C° onto the freshly cleaved
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2H-NbSe, at room temperature and p < 10~? mbar. The SPM experiments were performed
using a home-built combined scanning tunneling and atomic force microscope operating in
ultrahigh vacuum (p < 107!° mbar), at fields perpendicular to the sample surface of up to 14
T, and at a base temperature of 1.2 K. The dI/dV spectra were detected by modulating the
bias voltage V}, with a sinusoidal of 0.05 - 0.2 mV amplitude and 617 Hz frequency utilizing
a lock-in amplifier. We functionalized the bare Pt/Ir tip by indenting it into a Pb surface by
several hundreds of nm repeatedly until it showed a bulk-like superconducting gap. The
tip is mounted on a quartz tuning fork with a resonance frequency of f, = 29,067 Hz, a
stiffness of k£ = 1800 N/m, and a Q-factor of ~ 60, 000. Tuning fork oscillation amplitudes
of 50 pm were used to measure the forces acting between tip and sample by detecting the
frequency shift df of the tuning fork.

6.13 Conclusion

To summarize this chapter, we have studied in great detail the change of ground state by
modifying the twist angle between the molecule mirror plane and the substrate. Evidently,
the angle mismatch between the two controls the symmetry of the adsorbed molecule and
as a result the nature of involved interactions. In one molecule, the localized spin on Co%*
strongly interacts with the superconducting substrate and renders subgap YSR states, and
in the other, the molecule-substrate interaction is suppressed, and instead, intra-molecular
spin-spin interactions determine the ground state. In this case, the spin-spin interactions
take an isotropic Heisenberg-type plus a significant non-collinear DM character, which is
presumably due to the coupling between the magnetic moments in the CoPc and the Nb
d-orbitals of the 2H-NbSe, [163, 164].
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CONCLUSIONS

In this thesis, we studied in great detail the properties of the NTCDA Kondo lattice using a
low-temperature scanning tunneling microscope. We observed that the NTCDA molecules
adsorbed on the surface of Ag(111) show two visually different appearances, labeled as
bright and dark molecules. They collaboratively form a self-assembled Kondo lattice in
the relaxed monolayer phase with two dramatically different Kondo scales. Moreover, we
identified another scale in the lattice (much smaller than the Kondo scale) generated by the
long-range RKKY-like interaction between the local moments that favors ordering them
and breaking the Kondo singlets, resulting in the opening of a small gap or a dented Kondo
peak at the Fermi level.

Employing the feature detection scanning tunneling spectroscopy, we extracted the small
dI/dV signals related to the low energy features of the NTCDA Kondo lattice and imaged
them in real space. We have also shown that STM as a local probe allows us to study the
QPT of the Kondo lattice from a local perspective. In this way, by utilizing the tip’s elec-
tric field, we induced the charge QPE of the Kondo lattice and simultaneously interrogated
their magnetic properties to track the change of the ground state. We observed that they
appear as a train of discharging peaks in the d//dV signal running towards the Fermi level
at sufficiently large biases.

di/dV (a.u.)

MW = o S -y 0

10 12 14 16 18 20
Bias (V)

Figure 7.1: Discharging cascade of the NTCDA Kondo lattice.
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Moreover, we have shown via our d//dV mappings that these QPEs have ring-like fea-
tures in the real space, which grow in size with increasing bias and interact with each other,
forming various interference patterns. The patterns contain interesting sub-angstrom fea-
tures such as a twist at the intersection of the rings and a hybridization gap. These patterns
respect different symmetries and are not exclusive to the relaxed monolayer phase. In fact,
we have observed similar patterns in the rippled phase, too. We complemented our un-
derstanding by developing a tight-binding model to simulate the conductance maps of the
NTCDA lattice in the STM junction under different conditions. Interestingly, we observed
that the simulations predicts many features of the patterns.

In order to further improve this work, there are still questions pending to be answered,
such as

« Why does the r-ML NTCDA lattice show a variety of discharging patterns, and which
parameter in the lattice controls it?

« What effect is responsible for the twist of the rings? Is it an artifact of the tip, or is
there a more profound underlying effect?

« Is the discharging pattern of the rippled phase similar to the ones in the r-ML phase?

« How does the Coulomb interaction and strong correlation between several discharged
molecules play a role?

« How does the substrate play a role in the formation of such spatially extended pat-
terns? Are these patterns exclusive to the Ag(111) substrate?

« Does the NTCDA lattice at its border with the substrate host a low energy edge state?

This thesis also recapitulated our published work on the tuning of the molecular mag-
netism in the superconducting tunneling junction studied by STM and AFM methods. In
this work, we have shown that the CoPc molecule has two stable adsorption sites on the
2H-NbSe,, which are mismatched by 15° angle. The magnetic properties of the molecule
at each of these sites are markedly different. In one of them, the molecule shows in-gap
YSR bound states with partially screened spins, and in the other shows a singlet ground
state with a triplet excited. In the latter, we have also observed signatures of a significant
Dzyaloshinskii-Moriya interaction originating from the superconducting substrate.
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SCANNING TUNNELING SPECTROSCOPY
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Scanning tunneling spectroscopy (STS) mapping is a versatile technique join-
ing the sub-atomic spatial resolution of STM and energy-resolved differential con-
ductance spectroscopy, providing us with a powerful tool to measure the local den-
sity of states of single atoms and molecules [18, 165-167]. STS is typically acquired
by measuring the differential conductance under open feedback-loop condition by
adding a small AC modulation with specific frequency wy,oq on the bias voltage Vy,,
which is sufficiently far from the low-frequency noises in the STM junction, and
then extracting the corresponding dI/dV signal via a lock-in technique. The pro-
cedure is repeated on a given area pixel-by-pixel, while the feedback loop is closed
after recording each measurement, to prepare a tuple of data (x,y,dI/dV). Subse-
quently, the spatial distribution of the local density of states can be extracted from
the dataset in terms of dI/dV-maps for a chosen bias voltage.

In this supplement, we compile several dI/dV-maps of the NTCDA/Ag(111) r-ML
and rippled phase for different bias ranges. The aim is to give us a general un-
derstanding of the system by listing out the essential features of the two lattices
in real-space. Therefore, unavoidably, the text takes a monotonous repetitive lan-

guage.
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A.1 STS of NTCDA r-ML (I):V}, € [-8.0, 8.0] mV

The constant current d//dV —maps in Fig.(A.1) resolves the spatial dependence and spectro-
scopic evolution of the Fermi level of NTCDA/Ag(111) r-ML for different bias in [-8.0, 8.0]
mV. In this range, three representative bias intervals can be distinguished based on the
apparent contrast!:

Vy, € [-8.0, -0.4) mV

In this interval, alternating bright and dark chains appear along the bright and dark molecules.
The apparent contrast is mainly due to the periodic modulation of the Kondo resonance
across the lattice, demonstrating a spatially extended Kondo cloud. Withing a bright molecule,
the Kondo resonance takes its maximum intensity at the CH and bridge site? and drops sig-
nificantly at the naphthalene core. The relatively sharp contrast between bright and dark
molecules gradually smears as the bias approaches -0.4 mV.

Vb € [—0.4, 72) mV

In this interval, the contrast almost completely disappears across the lattice. Moreover, on
the point dI/dV spectrum two dips appear within this range most prominent on the dark
molecule CH- and bridge-site. One of them is precisely located at zero bias and the other
between 3—4 mV. The inhomogeneous distribution of the differential conductance, together
with the observation of the dips, signifies the formation of an asymmetric pseudogap of
approximately 7 mV width at the Fermi level. The pseudogap does not evolve into a full-gap
most presumably due to the presence of the strong background scattering of the tunneling
electron with the silver substrate around the Fermi level. Besides, we have to consider the
marginal effect of the instrumental broadening in the lock-in detection scheme® and the
finite temperature broadening,*.

Vb € [72, 8] mV

In this interval, the alternating bright and dark chains reappear, with a minor difference
compared to the first interval. Unlike the negative bias where contrast is homogeneously
distributed along the chains, here the intensity is predominantly localized at the CH and
bridge sites, with negligible contribution from the naphthalene cores.

! One has to take into account that the tip had a slight lateral drift in this measurement.
% The bridge between two bright molecules.

* An AC modulation amplitude of 200V was used in the lock-in amplifier.

* The measurement was carried out at 7' = 1.5 K.
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CHAPTER A

A.2 STS of NTCDA r-ML (II):V}, € [-70, 70] mV

The constant-current dI/dV —-maps in Fig.(A.2) resolves the spatial dependence and spec-
troscopic evolution of various low energy features of the NTCDA/Ag(111) r-ML for different
bias in [-70, 70] mV range. It includes vibronic states, which are mainly localized at the
center of molecules and the Kondo states, which are localized at CH- and bridge-site. In
this range, five representative bias intervals can be distinguished based on the apparent
contrast:

V, € [-70, ~43) mV

In this interval, the vibronic states localized at the center of bright molecule (naphthalene
core) shows the maximum LDOS. On the dark molecule, however, the central area is much
less pronounced, despite the fact they are identical molecules. This suggests that in the
negative bias, the out-of-plane vibrational modes on the bright molecules are more sus-
ceptible to scatter off the tunneling electrons than the dark ones. Surprisingly, the bridge
between two bright molecules which also accommodates the Kondo state at the Fermi level
(see Sec.(A.1)), shows a noticeable intensity.

Vy, € [-43, -14) mV

In this interval, a ‘dumbbell-like’ feature appears on the dark molecule CH- and bridge-site.
This feature should be related to the Kondo state of the dark molecules.

Vy, € [-14,28) mV

In this interval, as we approach the Fermi level, the ‘dumbbell-like’ feature originating from
the dark molecule consistently overlaps with the feature from the Kondo state on the bright
molecule, and create a (quasi-)1D Kondo chain.

Vy, € [28, 35] mV

In this interval, the contrast almost completely disappears.

Vi, € (35, 70] mV

Throughout this interval, the contrast almost remains unchanged. The vibronic states reap-
pear with maximum LDOS localized at the center of bright and dark molecules. The CH-
sites hosting the Kondo states shows the minimum LDOS.
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CHAPTER A

A.3 STS of NTCDA r-ML (ITI):V}, € [300, 790] mV

The constant-current dI/dV —maps in Fig.(A.3) resolves the spatial dependence and spectro-
scopic evolution of the interface state of the NTCDA/Ag(111) r-ML lattice within [300, 790]
mV bias range. In this range, three representative bias intervals can be distinguished based
on the apparent contrast’:

Vy, € [300, 515) mV

In this interval, all molecules on the lattice appear with similar contrast. As we increase
the bias, the LDOS is redistributed such that the bright molecules takes more weight and
gradually extend along the short axis of the molecule (H-C_,.-H). Denoting that in this
energy range, the tunneling electron is sufficiently away from the spectroscopic features
around the Fermi level, makes the interface state a suitable place to extract the surface
potential profile of the lattice®. The surface potential profile provides us with a powerful
tool to determine the location of electrostatic charges’. An electrostatic charge naturally
prefers the lower potential, and therefore, the naphthalene cores which have the maximum
intensities in this map are the charge centers.

V, € [515, 590] mV

In this interval, as we approach 560 mV, which is the approximate energy of the interface
state, the bright molecules create a chain along the molecule’s short axis.

V1, € [605, 790] mV

In this interval, the bright chains gradually smears out and the intensity evens out in the
entire lattice.

> One has to take into account that the tip had a slight lateral drift in this measurement.

%In fact, this map does not accurately address the surface potential. Because it is a constant current
map which means tip-sample distance changes pixel by pixel, and therefore, the spectroscopic features are
convoluted with topography. A better way to extract the surface potential profile is through the constant bias
dI/dV (Z)-map at energies sufficiently away from the Fermi level.

7 In principle, a lattice can be conceived as a periodic array of parabolic electrostatic potentials.
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CHAPTER A

A.4 STS of NTCDA r-ML (VI): Vi, € [1.0, 1.27]V

The constant-current dI/dV —maps in Fig.(A.4) resolves the spatial dependence and spec-
troscopic evolution of a charge quasiparticle excitation on the NTCDA/Ag(111) r-ML. In
this range, two representative bias intervals can be distinguished based on the apparent
contrast:

Vi, €[1.0,1.20] V

In this interval, bright and dark chains features appear smeared and blurry. It is because the
bias is far from the Fermi level, and there is no intrinsic state in this range on the molecule
to be probed.

Vi, €(1.20,1.27]V

In this interval, the background contrast between bright and dark chains abruptly disap-
pears, and a dot emerges on the center of bright molecules®. This announces the arrival of
a new tunneling channel to the Fermi level, which masks all the underlying spectroscopic
features in the background. As the bias increases and the tip goes off the center, the dot
evolves into a growing ring. There is a crucial consideration here. There is no intrinsic
molecular state at 1.20 V on the adsorbed NTCDA, neither reported by DFT calculations
nor have it been probed in various experiments®. It’s worth mentioning that a similar fea-
ture, a growing ring!®, has been observed in numerous defect and impurity studies in 2D
materials and back-gated heterostructures, where sufficient control over the local state and
decoupling from the charge reservoir (substrate) can be exerted. In these studies, the ring
is attributed to (dis)charging of a gated local state at the Fermi level. This picture, however,
needs to be modified for the NTCDA case since based on the DFT calculations, the near-
est electronic state to the Fermi level belongs to the partially filled LUMO, which is a very
broad satellite centered around 500 meV immersed in a sea of the substrate’s conduction
electrons. The tip-gating of such a broad energetic level cannot result in an abrupt step-like
jump in the current channel. Therefore, presence of a small local state on the molecule in
the vicinity of the Fermi level is necessary to justify this picture. As it becomes more ap-
parent later, we interpret this abrupt change in the local density of states at the Fermi level
as the excitation of charged quasiparticles of the NTCDA Kondo lattice by means of tip’s
electric field!!, rather than a simple (dis)charging event as a result of the tip-gating effect.

8 In this map, the dot is slightly off the center and deformed because the tip is asymmetric.

? The fact that it emerges only on the bright molecules and not on the dark ones excludes the possibility of
probing an intrinsic molecular state at approximately 1.2 V, as both bright and dark molecules are identical.

19 The ring is the equipotential line of the electrostatic field when the tip is off the charging center.

"' The presumption here is that the partially filled LUMO of individual molecules overlaps and forms a
band, which energetically shifts to the vicinity of the Fermi level.

116



SCANNING TUNNELING SPECTROSCOPY

"WIRI] PAYsep ABIS B YIIM SUO YIep 31} UO PUE U213 B JIm [NIJ[0oW
1YS1Iq 9y} UO PIe[IdAO0 ST J[NId[oW YDLN Ue Jo uorejussardar 1eorydersd oy, "}osejep swes 9y} wolj pajoenxs wnajoads jurod Ap/rp
[eord&) v 4 L0T = g MIG'T = [ ‘AWQT = P4 ‘Yug =] s1opouwrered yiim pamseaw Aut [)z°T ‘0'T] > 9 103 901331 9y} Jo sdew-Ap/[p d1e
b 03 ‘e [ourq -souruOsax Surdreyo ay) punore TIN-I (I11)SV/VADLN Y} JO 31els Jo AJISUap [BI0] paA[osal A[fenjeds :§'y aIndrg

wd oog

(A) selg
1 0T 80 90

117



CHAPTER A

A.5 STS of NTCDA r-ML (VI): V}, € [1.28, 1.96] V

The constant-current dI/dV —maps in Fig.(A.5) resolves the spatial dependence and spectro-
scopic evolution of a real-space quasiparticle interference pattern'? on the NTCDA/Ag(111)
r-ML lattice. In this range, three representative bias intervals can be distinguished based
on the apparent contrast:

Vi, €[1.28,1.64] V

In this interval, the ring’s size grows as bias increases with a much faster rate along the
molecule’s short axis (H-Ccore-H) than the long one (Oanny—Ceore=Oanny). Above 1.5V, the
ring has already surpassed the size of the molecule', and interfere (overlap) with other
rings approaching from the neighboring sites. Considering the size of the molecule and the
typical range of quantum tunneling distance!?, this is strong evidence for the existence of
a molecular band, which allows the tip to excite the quasiparticle several nanometers away
from the charge center.

Vi€ (1.64,1.71]V

In this interval, the interference pattern shows two distinct features: (i) Formation of a hy-
bridization gap (dark segments) of about 50 meV when rings overlap at the oxygen groups,
and (i7) propagation and twisting when they cross at the CH-sites!®. This observation also
approves that the quasiparticles have a 1D physics in this energy range. Furthermore, we
can see inhomogeneity in the lattice in terms of variation in the growth rate of different
rings and the evolution of real-space gaps .

Vi e (1.71,1.96] V

In this interval, the hybridization gap closes, and the ring penetrates to the next molecule.
It is worth mentioning that propagation of rings continues as bias increases until the tip’s
electric field destroys the lattice. Typically, above 2.3 V the NTCDA lattice is washed away
by the intense electric field of the tip.

2Tn STM, the term quasiparticle interference is typically used for the scattering of quasiparticles in mo-
mentum space, and is obtained by Fourier-transforming then inverting the real-space interference patterns,
which contains information about the wavefunction of the of the quasiparticles (dI/dV ~ ¥ [y (r)[?).
Here, in real space, the interference pattern is produced by the overlap of the rings at different lattice sites.

13 The size of the molecule is 11.57 x 15.04 A”.

14 A typical range for the quantum tunneling is less than 1 nm.

15 The delicate features in this map and their profound physical consequences demand a higher resolution
result. Therefore, this result will be repeated later with extraordinary quality.

16 The coupling between molecules slightly varies among different unit cells.
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CHAPTER A

A.6 STS of NTCDA r-ML at the border: Vy, € [-100, 100]
mV

The constant-current d/dV —maps in Fig.(A.6) resolves the spatial dependence and spec-
troscopic evolution of the NTCDA/Ag(111) r-ML around the rim. The major features of this
map are qualitatively the same as the maps in the middle of the lattice, except the observa-
tion of an edge state and creation of several low energy peaks at the Fermi level. In this range,
five representative bias intervals can be distinguished based on the apparent contrast:

V1, € [-100, -40) mV

In this interval, the vibronic states localized at the center of bright molecules, and to a lower
extent, on the dark ones, appear with the maximum LDOS, while the CH-sites show the
minimum. On the bare Ag(111), away from the lattice, the intensity remains homogeneous
and perceptibly drops adjacent to the lattice border.

Vy € [—407 —10) mV
The dumbbell-like features appear at the dark molecule CH- and bridge sites in this interval.

Additionally, as we further approach the Fermi level, a new state emerges precisely at the
lattice border with Ag(111).

Vy, € [-10, 30) mV

In this interval, the Kondo state on CH- and bridge-sites appear with the maximum inten-
sity, while the centers show the minimum. Moreover, looking more closely at the point
spectra extracted from the same dataset shows several low energy peaks at the edge, most
notably a split state precisely at the Fermi energy, which penetrates several angstroms into
the bare Ag(111) and decays at far distances.

Vy, € [30, 40] mV

The contrast between the substrate and the lattice almost completely disappears in this
interval.

V), € (40, 100] mV

In this interval, the vibronic states localized at the center of molecules reappear with the
maximum intensity, while the CH- and bridge-sites show the minimum.
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CHAPTER A

A.7 STS of NTCDA rippled phase (I): V}, € [-60, 60] mV

The constant-current d/dV —maps in Fig.(A.7) resolves the spatial dependence and spec-
troscopic evolution of the NTCDA/Ag(111) rippled phase in the smooth transition region of
the lattice!’ for different bias in [-60, 60] mV range. The major features of this map are
shared with the one for the r-ML lattice except an apparent inhomogeneity. In this range,
five representative bias intervals can be distinguished based on the apparent contrast:

Vi, € [-60, —-39) V

In this interval, the vibronic states localized at the center of bright molecule takes the max-
imum LDOS. It also appears on the center of the dark molecule, though with much less
intensity. Furthermore, the bright molecule CH-sites have a noticeable weight in this range.

Vi, €[-39, -12] V

In this interval, the maximum LDOS is located on the dark molecule CH-sites in a spherical
shape!®, and on the bright molecule bridge-sites in a rectangular shape.

Ve (-12,22)V

In this interval, as we further approach the Fermi level, the spherical features on the dark
molecule CH-sites fade away and the bright molecule CH-sites, where the Kondo state is
located, takes the maximum LDOS in a slightly distorted rectangular shape.

Vi, €[22, 33)V

The contrast almost completely disappears in this interval, exhibiting a roughly 10 meV
pseudogap, which is slightly larger than the gap in the r-ML lattice.

Vy, € [33, 60] V

In this interval, the vibronic states localized at the center of bright and dark molecules reap-
pear with the maximum intensity, while the Kondo state at CH-sites shows the minimum.

17 Recall that, roughly speaking, the rippled phase is comprised of two regions [17]. A region where there
is a smooth transition from the bright to the dark molecule and vice versa, and a region where all molecules
are identical. This map resolves the former.

18 In the r-ML lattice, the nearest neighbor spherical shapes connect and form a dumbbell-like-feature.
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CHAPTER A

A.8 STS of NTCDA rippled phase (II): V}, € [-60, 60] mV

The constant-current d/dV —maps in Fig.(A.8) resolves the spatial dependence and spec-
troscopic evolution of the NTCDA/Ag(111) rippled phase in the region where all molecules
are topographically identical. The major features of this map qualitatively differs from the
r-ML phase. In this range, five representative bias intervals can be distinguished based on
the apparent contrast:

Vi, € [-60, —44) V

In this interval, the vibronic states localized at the center of bright and dark molecules show
the maximum LDOS in a rectangular shape. Unlike the r-ML lattice, in which the bright
molecule CH-sites are also present in this interval, here they are absent (see rectangular
dark regions).

Vi, e[-44, -19) V

In this interval, the contrast smears out inhomogeneously across the lattice, which may be
interpreted as the creation of a pseudogap. Comparatively, in the same interval, the r-ML
lattice shows dumbbell-like features at the dark molecule CH-sites.

Vi, € [-19, 22] V

In this interval, the CH- and bridge-sites on both molecules show the maximum LDOS,
and the centers show the minimum, creating a checkerboard rectangular lattice. As we
have seen it before, this interval in the r-ML lattice host the Kondo state which takes a
qualitatively different shape from here.

Vi, € (22, 33] V

The contrast almost completely disappears in this interval.

Vy, € (33, 60] V

In this interval, the vibronic states localized at the center of molecules reappear with the
maximum intensity, while the CH- and bridge-sites show the minimum.
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CHAPTER A

A.9 Conclusion

We close this chapter by summarizing the significant observations made in the d//dV —maps.

« The vibronic states (+47 meV) are localized at the center of bright and dark molecules.
The spatial distribution of the contrast for positive and negative peaks is not identical,
implying the presence of fermionic states in their vicinity.

+ The Kondo state on the bright molecule is localized at the CH- and bridge-sites and
creates a ‘butter-fly-shape’ in the real space.

« The Kondo state on the dark molecule is located further below the Fermi level and
localized at the CH-sites, creating a ‘dumbbell-like shape’ in the real space.

+ Overlap of Kondo states on different molecules forms alternating bright and dark
chains at the Fermi level.

+ There is a roughly 7 meV pseudogap at the Fermi level.

+ The interface state creates alternating bright and dark chains very similar to the one
created by the Kondo state at the Fermi level.

+ A charging resonance occurs about 1.3 eV at the center of bright molecules and turns
into a growing ring at a larger bias, when the tip is off the center. The rings mix
(interfere) at different locations and create intricate patterns in real space.

« The rippled phase is comprised of two regions. A region where both molecules look
identical, and a region where bright molecules smoothly turn into a dark one and
vice versa. There are qualitative differences among the maps of the former and r-ML
lattice, including an apparent spectral inhomogeneity.

« At the lattice border, there is an edge state with onset energy of about —20 meV,
and also several low-energy peaks around the Fermi level, including a split state that
penetrates the bare silver.
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APPENDIX

PYTHON SOURCE CODE

# Packages & Libraries

from numpy import lib, pad, shape, resize, tanh, minimum, pi, cos, sqrt,\
clip, zeros, ones, empty, nonzero, vstack, array, exp,\
arange, newaxis, fill diagonal , set_printoptions , load, save

from scipy . linalg import eigh, norm
from scipy . sparse import diags
import matplotlib . pyplot as plt
import os

import time

### Saving path ###

saving_path = "Give your saving path"

Hi# Parameters and setting

t0 = time.time() # Execution time: Start

# Sublattice A parameters:

E A=-05 # On-site energy of the A-site

t_1A = 0.1 # Staggered nearest-neighbor hopping amplitude between A-sites
t_ 2A = 0.0 # Staggered nearest-neighbor hopping amplitude between A-sites

# Sublattice B parameters:
EB= 3.0 # On-site energy of the B-site

# STM tip parameters:

alpha = 0.5 # Tip-gating efficiency
epsilon0 = 2 # Sample dielectric constant
r=1 # Tip apex radius

# Common parameters:

V_AB_upup = 0.1 # Hybridization amplitude between A and B sublattice preserving spin-up
V_AB_downdown = 0.1 # Hybridization amplitude between A and B sublattice preserving spin-down
Theta = pi/2 # A-B hybridization phase

W_dim =4 # Width of the Ilattice

kB=1 # Boltzman constant

T = 0.01 # Temperature
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CHAPTER B

def deriv_Fermi_Dirac(E):
## Numerics friendly analytic expression for
## the derivative of the Fermi-Dirac function.

dF_list = []

for e in E:
dF = 1/(2« T)*(tanh( e/(2« kB*T) )2 — 1/(2« T)
dF_list .append(dF)

return dF_list

def distance (x, y, x_tip, y_tip):
## Calculate the distance of a given point on the lattice
## to the tip’s position (real-valued)

L_x1 = abs(x_tip - x)
L_x2 = W_dim - abs(x_tip - x)
L_yl = abs(y_tip - y)
L y2= W_dim - abs(y_tip - y)

L_xmin = minimum(L_x1, L_x2)
L_ymin = minimum(L_y1, L_y2)

r = (L_xmins2 + L_ymins2) 0.5
return r

def Eff_pot(x, y, x_tip, y_tip):
## Assign the tip’s effective potential to a given point on the lattice .

U_eff = alpha«(1 + (epsilon0/r)«distance (x, y, x_tip , y_tip)=2 )s«(-1)
return U_eff

def H_gate(x_tip, y_tip):
## Generate a lattice in real space and assign a gating potential
## to each discrete point.

h_gating = zeros (W_dim+W_dim, W_dim+W_dim))
for I in arange (0, W_dim,1):
for J in arange (0, W_dim,1):
h_gating [(I-1)»W_dim + J, (I-1)»W_dim + J] = Eff_pot(I, J, x_tip, y_tip)

H_upup_tip_block = lib .pad(h_gating, ((0, W_dim«W_dim),(0, W_dim+«W_dim)), \
’constant’, constant_values =(0))
H_downdown_tip_block = lib.pad(h_gating, ((W_dim+W_dim,0),(W_dim+W_dim,0)),\
’constant’, constant_values =(0))
return (h_gating, H_upup_tip_block, H_downdown_tip_block)

+### Creating blocks of the H_upup =

# D1x_upup matrix

D1x_upup_array = [resize ([-V_AB_upuprexp(1j<Theta), -V_AB_upup+exp(-1jTheta)], W_dim-1), \
resize ((E_A, E_B], W_dim), \
resize ([-V_AB_upup+exp(-1j+Theta), -V_AB_upup+exp(1j+Theta)], W_dim-1)]
offset_D1x_upup = [1,0,-1]
D1x_upup_matrix = diags(D1x_upup_array, offset_D1x_upup, dtype=complex).toarray ()
D1x_upup_matrix[0][W_dim-1] = -V_AB_upup+exp(1j*Theta) # PBC
D1x_upup_matrix[W_dim-1][0] = -V_AB_upup+exp(-1j+Theta) # PBC
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# D2x_upup matrix

D2x_upup_array = [resize ([-V_AB_upuprexp(-1j+Theta), -V_AB_upup+exp(1j+Theta)], W_dim-1), \
resize ([E_B, E_A], W_dim), \
resize ([-V_AB_upup+exp(1j+Theta), -V_AB_upup~exp(-1j+Theta)], W_dim-1)]
offset_D2x_upup = [1,0,-1]
D2x_upup_matrix = diags(D2x_upup_array, offset_D2x_upup, dtype=complex).toarray ()
D2x_upup_matrix[0][W_dim-1] = -V_AB_upupexp(-1j+Theta) # PBC
D2x_upup_matrix[W_dim-1][0] = -V_AB_upupexp(1j*Theta) # PBC

# Oly_upup matrix

Oly_upup_array = [resize ([-t_1A, 0], W_dim-1),\
resize ([-V_AB_upup+exp(-1j+Theta), -V_AB_upup+exp(1j«Theta)], W_dim), \
resize ([0, -t_2A], W_dim-1)]
offset_Oly_upup = [1,0,-1]
Oly_upup_matrix = diags( Oly_upup_array , offset_Oly_upup, dtype=complex ).toarray ()
Oly_upup_matrix[0][W_dim-1] = -t_2A # PBC

# Oly_dagger_upup matrix
O1ly_dagger_upup_array = [resize ([0, -t_2A], W_dim-1),\
resize ([-V_AB_upup+exp(1j*Theta), -V_AB_upup+exp(-1j+Theta)], W_dim), \
resize ([-t_1A, 0], W_dim-1)]
offset_O1y_dagger_upup = [1,0,-1]
Oly_dagger_upup_matrix = diags(Oly_dagger_upup_array, offset_Oly_dagger_upup, dtype=complex).toarray()
O1ly_dagger_upup_matrix[W_dim-1][0] = -t_2A  # PBC

# O2y_upup matrix

O2y_upup_array = [resize ([0, -t_1A], W_dim-1),\
resize ([-V_AB_upup+exp(1j+Theta), -V_AB_upup+exp(-1j+Theta)], W_dim), \
resize ([-t_2A, 0], W_dim-1)]
offset_O2y_upup = [1,0,-1]
O2y_upup_matrix = diags( O2y_upup_array , offset_O2y_upup, dtype=complex ).toarray ()
O2y_upup_matrix[W_dim-1][0] = -t_1A # PBC

# O2y_dagger_upup matrix

O2y_dagger_upup_array = [resize([-t_2A, 0], W_dim-1),\
resize ([-V_AB_upup=exp(-1j=Theta), -V_AB_upupexp(1j<Theta) ], W_dim), \
resize ([0, -t_1A], W_dim-1)]
offset_O2y_dagger_upup = [1,0,-1]
O2y_dagger_upup_matrix = diags(O2y_dagger_upup_array, offset_O2y_dagger_upup, dtype=complex).toarray()
02y_dagger_upup_matrix[0][W_dim-1] = -t_1A # PBC

Hi#### Creating blocks of the H_downdown #######

# Di1x_downdown_matrix

D1x_downdown_array = [resize([-V_AB_downdownsexp(-1j+Theta), -V_AB_downdown+exp(1j+Theta)], W_dim-1), \
resize ([E_A, E_B], W_dim), \
resize ([-V_AB_downdown+exp(1j«Theta), -V_AB_downdownxexp(-1j+Theta)], W_dim-1)]
offset_D1x_downdown = [1,0,-1]
D1x_downdown_matrix = diags(D1x_downdown_array, offset_D1x_downdown, dtype=complex).toarray()
D1x_downdown_matrix[0][W_dim-1] = -V_AB_downdown+exp(-1j*Theta) # PBC
D1x_downdown_matrix[W_dim-1][0] = -V_AB_downdown=exp(1j+Theta) # PBC
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# D2x_downdown_matrix

D2x_downdown_array = [resize([-V_AB_downdown=exp(1j+Theta), -V_AB_downdown=exp(-1j+Theta)], W_dim-1), \
resize ([E_B, E_A], W_dim), \
resize ([-V_AB_downdown+exp(-1j+*Theta), -V_AB_downdown+exp(1j+Theta)], W_dim-1)]
offset_D2x_downdown = [1,0,-1]
D2x_downdown_matrix = diags(D2x_downdown_array, offset_D2x_downdown, dtype=complex).toarray()
D2x_downdown_matrix[0][W_dim-1] = -V_AB_downdown+exp(1j+Theta) # PBC
D2x_downdown_matrix[W_dim-1][0] = -V_AB_downdown+exp(-1j+Theta) # PBC

# O1ly_downdown matrix

Oly_downdown_array = [resize([-t_1A, 0], W_dim-1),\
resize ([-V_AB_downdown+exp(1j«Theta), -V_AB_downdown«exp(-1j*Theta)], W_dim), \
resize ([0, -t_2A], W_dim-1)]
offset_O1ly_downdown = [1,0,-1]
Oly_downdown_matrix = diags(Oly_downdown_array, offset_Oly_downdown, dtype=complex ).toarray()
Oly_downdown_matrix[0][W_dim-1] = -t_2A # PBC

# Oly_dagger_downdown matrix

Oly_dagger_downdown_array = [resize( [0, -t_2A ], W_dim-1),\
resize ([-V_AB_downdown+exp(-1j+Theta), -V_AB_downdown«exp(1j*Theta) ], W_dim), \
resize ([-t_1A, 0], W_dim-1)]
offset_O1ly_dagger_downdown = [1,0,-1]
O1ly_dagger_downdown_matrix = diags(Oly_dagger_downdown_array, offset_O1ly_dagger_downdown, dtype=complex).toarray()
O1ly_dagger_downdown_matrix[W_dim-1][0] = -t_2A # PBC

# 02y_downdown matrix

0O2y_downdown_array = [resize([0, -t_1A], W_dim-1),\
resize ([-V_AB_downdown «exp(-1j+Theta), -V_AB_downdown+exp(1j+Theta)], W_dim), \
resize ([-t_2A, 0], W_dim-1)]
offset_O2y_downdown = [1,0,-1]
02y_downdown_matrix = diags(O2y_downdown_array, offset_O2y_downdown, dtype=complex).toarray()
02y_downdown_matrix[W_dim-1][0] = -t_1A # PBC

# O2y_dagger_downdown matrix

02y_dagger_downdown_array = [resize([-t_2A, 0], W_dim-1),\
resize ([-V_AB_downdown «exp(1j+Theta), -V_AB_downdown+exp(-1j*Theta) ], W_dim), \
resize ([0, —-t_1A ], W_dim-1)]
offset_O2y_dagger_downdown = [1,0,-1]
02y_dagger_downdown_matrix = diags(O2y_dagger_downdown_array, offset_O2y_dagger_downdown, dtype=complex).toarray()
02y_dagger_downdown_matrix[0][W_dim-1] = -t_1A # PBC

#nns##i###4 Generating H_upup, H_downdown, H_updown, and H_downup matrices ###########

H_upup_matrix = zeros(W_dim«W_dim, W_dim«W_dim), dtype=complex)
H_downdown_matrix = zeros((W_dim«W_dim, W_dim«W_dim), dtype=complex)

for I in range(W_dim):
for J in range(W_dim):
if (I ==J-1):
if (1%2==0):
for min range(W_dim):
for n in range(W_dim):
H_upup_matrix[IsW_dim+m,J+W_dim + n]=01y_upup_matrix[m,n]
H_downdown_matrix[lkW_dim+m,J*W_dim+n]=01y_downdown_matrix[m,n]
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else :
for min range(W_dim):
for n in range(W_dim):
H_upup_matrix[l+W_dim+m,J*W_dim+n]=02y_upup_matrix[m,n]
H_downdown_matrix[IsW_dim+m,J*W_dim+n]=02y_downdown_matrix[m,n]
elif (I ==]J):
if (1%2==0):
for min range(W_dim):
for n in range(W_dim):
H_upup_matrix[lsW_dim+m,J+W_dim+n]=D1x_upup_matrix[m,n]
H_downdown_matrix[xW_dim+m,J«*W_dim+n]=D1x_downdown_matrix[m,n]
else :

for min range(W_dim):
for n in range(W_dim):
H_upup_matrix[lkW_dim + mJ+W_dim+n]=D2x_upup_matrix[m,n]
H_downdown_matrix[[xW_dim+m,JsW_dim+n]=D2x_downdown_matrix[m,n]

elif (I ==]J+1):
if (I%2==1):
for min range(W_dim):
for n in range(W_dim):
H_upup_matrix[IsW_dim+m,J«W_dim+n]=01y_dagger_upup_matrix[m,n]
H_downdown_matrix[I*W_dim+m,J*W_dim+n]=01y_dagger_downdown_matrix[m,n]

else :
for m in range(W_dim):
for n in range(W_dim):
H_upup_matrix[sW_dim+m,J+W_dim + n]=02y_dagger_upup_matrix[m,n]
H_downdown_matrix[lkW_dim+m,JsW_dim+n]=02y_dagger_downdown_matrix[m,n]

# Fulfill PBC for the top-right triangle of the upup and downdown blocks:
elif (I==0and J == W_dim-1):
for min range(W_dim):
for n in range(W_dim):
H_upup_matrix[l+W_dim+m,J+W_dim+n]=02y_dagger_upup_matrix[m,n]
H_downdown_matrix[I[sW_dim+m,J+W_dim+n]=02y_dagger_downdown_matrix[m,n]

# Fulfill PBC for the bottom-left triangle of the upup and downdown blocks:
elif (I==W_dim-1 and J == 0):
for min range(W_dim):
for n in range(W_dim):
H_upup_matrix[[xW_dim+m,J+*W_dim+n]=02y_upup_matrix[m,n]
H_downdown_matrix[[*W_dim+m,J«W_dim+n]=02y_downdown_matrix[m,n]

+## Constructing the Full Hamiltonian #############H#######4

# Placing each block into its corresponding place in the full Hamiltonian matrix:

H_upup_block = lib. pad(H_upup_matrix, ((0, W_dim«W_dim),(0, W_dim+W_dim)), \

’constant’, constant_values =(0))

H_downdown_block = lib.pad(H_downdown_matrix, (( W_dim«W_dim,0),( W_dim+W_dim,0)), \

’constant’, constant_values =(0))

## NOTE: H_tip has not yet included! It is added in the main for-loop.
H_full0 = H_upup_block + H_downdown_block
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Main For-loop: Generating conductance map

## Within the main loop, the full Hamiltonian is updated and digonalized as the tip
## sweep the lattice . Subsequently, the eigenvalues and eigenstates of the Hamiltonian
## is used to compute the conductance.

tip_x_list = arange (0, W_dim, 0.01) # STM tip sweep line along the x-axis
tip_y_list = arange (0, W_dim, 0.01) # STM tip sweep line along the y-axis
bias_list = [2.7]
conductancel = zeros ((len( tip_x_list ) , len( tip_y_list )))
for bias in bias_list :
for W_x, pos_x in enumerate( tip_x_list ):
for W_y, pos_y in enumerate( tip_y_list ):
H_full = H_fullo + bias «»(H_gate(x_tip = pos_x , y_tip = pos_y)[1] \
+ H_gate( x_tip = pos_x , y_tip = pos_y)[2])

eigenvall, eigenvecl = eigh(H_full)

Dn_F1 = deriv_Fermi_Dirac(eigenvall )

weighted_Dn_F1 = sum(Dn_Fl+eigenvecl)

conductancel[W_x, W_y] = norm(weighted_Dn_F1)

# Saving the simulation data with all parameters stored in a separarate file as a dictionary :
filename = "conductance_map" + str(bias) + "V"
params_name = "conductance_map"+ str(bias) + "V_Params"
params = {"E_A": E_A, "t_1A": t_1A, "t_2A": t 2A)\
"E_B": E_B, "alpha": alpha, "epsilon0": epsilon0 ,\
"V_AB_upup": V_AB_upup, "V_AB_downdown": V_AB_downdown,
"Theta": Theta, "W_dim": W_dim, "kB" : kB, "T":T}

save(saving_path + params_name, params)
save(saving_path + filename, conductancel)

#HHH###HH####4## Main For-loop: Generating conductance line -map

## Within the main loop, the full Hamiltonian is updated and digonalized as the tip

## sweep a line along the A-B bond. Subsequently, the eigenvalues and eigenstates of
## the Hamiltonian is used to compute the conductance as a function of the tip effective
## potential and tip position .

Bias_range = arange (0.0, 4.5, 0.01)
tip_pos_A_B_range = arange(0, W_dim, 0.01)
conductance2 = zeros ((len(Bias_range), len(tip_pos_A_B_range)))

for bias_index, bias_val in enumerate(Bias_range [::-1]) :
for W_y, pos_y in enumerate(tip_pos_A_B_range):

H_full = H_fullo + bias_val »( H_gate( x_tip = pos_y, y_tip = pos_y )[1] \
+ H_gate( x_tip = pos_y , y_tip = pos_y ) [2])

eigenval2, eigenvec2 = eigh(H_full)

Dn_F2 = deriv_Fermi_Dirac(eigenval2)

weighted_Dn_F2 = sum(Dn_F2+eigenvec2)

conductance2[ bias_index, W_y ] = norm(weighted_Dn_F2)

# Saving the simulation data with all parameters stored in a dictionary :

filename = "line_map"

params_name = 'Params_line_map’

params = {"E_A": E_A, "t_1A": t_1A, "t_2A": t 2A )\
"E_B": E_B, "alpha": alpha , "epsilon0": epsilon0, \
"V_AB_upup": V_AB_upup, "V_AB_downdown": V_AB_downdown,
"Theta": Theta, "W_dim": W_dim, "kB": kB, "T":T}

save(saving_path + params_name , params)
save(saving_path + filename , conductance2)

132



PYTHON SOURCE CODE

The simulation data are saved in the folder you gave the path at the beginning of the code
with a numpy format (".npy"). It can be opened by executing the following snippet

data = load(saving_path + "FILENAME.npy")

figl ,ax1 = plt. subplots ()

Conductance_map = ax1.imshow( data, cmap="hot", interpolation =’nearest’)
figl . colorbar (Conductance_map)

plt . xticks ([])

plt . yticks ([])

plt .show()
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