Chapter 2

Basic principles

The aim of this chapter is to introduce some basic concegtfsiuf®r the understanding
of the STM experiments performed in this thesis. First, atégcal treatment of the
tunneling effect with the specific application to STM is givand the dependence of the
tunneling current on the distance between tip and samplerigaetl. An introduction to
Scanning Tunneling Spectroscopy follows. Furthermore Blastic Scattering Quantum
Chemistry (ESQC) method which is important for calculat8igM images of molecular
adsorbates, is described. Finally the methods to mangatatns and molecules by STM

are presented.

2.1 Scanning Tunneling Microscopy

The STM uses the quantum mechanical tunnel effect to perfoicroscopy [31-35]. A
metallic tip is positioned a few Angstroms above a surfackawoltage of a few \olts is
applied. The potential barrier for electrons between theautid the surface is larger than
the Fermi energy of the tip or sample. Nevertheless, thereld@c wave functions of the
tip and the surface are exponentially decaying into thetjan@ap and overlap with each
other. This gives rise to a tunneling current which depenxg®eentially on the distance
between tip and surface, and it is typically in the range afafgico Amperes for STM
measurements. To record an STM image, the tip is lateraiprsed over the surface
with the aid of piezoelectric elements. Using a feedback lihe tip-sample distance is
adjusted in order to keep the tunneling current constans §¢anning mode is called the
constant currentnode. The vertical position (z) of the tip is measured as atfan of
the lateral position on the surface (x,y) to obtain a threeesisional mapping z(x,y) of

a surface. The measured contour map z(x,y) does not simibigtréhe topography of a
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surface, but also contains electronic information, as élshown in the following.

2.2 Scanning Tunneling Microscopy: theoretical descripthn
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Figure 2.1: (Top) Schematic (in one dimension) of the energy levels eftth and sample in
a STM junction when a voltage V is applied between tip and darapd s is the barrier width.
Ex'/5 are the Fermi energy of the tip and sample respectively,enif /° their vacuum levels.
7,5 are the work function of the tip and sample respectively. ti@o) Wave functions of an
electron tunneling before, inside and after the vacuumrpiatebarrier in the one dimensional

case. For simplicity only the real part of the wave functi@shown.

In the following, I will review some theoretical conceptsfid for the description of
the tunneling process in STM. First of all, | will consideeteimple case of one electron

with energy E and mass m, tunneling through a one-dimenisiestangular potential
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barrier with height \\>E and width s.

The Schrddinger equation which describes this system is:
———+4+V(z)| ¥(x) = EV(x), (2.1)

wherer is the Planck’s constant divided by, 2V (z) is the wave function solution of the

Schrédinger equation and where

V(z)=0 forx ¢ [0, s], (2.2)
V(z) =V for x € [0, s]. (2.3)

The wave functions, solutions of (2.1) have the form:

U(z) = eFE2)  forx ¢ [0, s (2.4)
U(z) =) forx e |0, s] (2.5)
where
2m(Vy — FE
=2 E) = ) (2.6)
and
2mkE

By matching the solutions of the Schrédinger equation aed first derivatives in the
three regions (before, inside and after the barrier), oriaiod [36] the barrier transition

coefficient T, which is the ratio of the transmitted curreansity and the incident current

density:
T = L (2.8)
o (K2+k2)2 sinh?(ks) © )
L+ 4K2k?2
In the the limit of strongly attenuating barrier ks 1, T becomes
16 K2k
—2ks, (2.9

~ me
Equation (2.9) shows that the dependence of the transmissgifficient on the distance s
(i.e. the barrier width) is exponential. This extreme stvigy of the tunneling transmis-
sion on the barrier width led Binning and Rohrer [31-34] te itlea that a microscope

based on the tunneling process should provide extremelydpgtial resolution.
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The extension of the one dimensional tunneling to the tieeensional case has been
developed by Bardeen for the generic case of a tunnelingipmalready in 1961, before
the invention of STM [37]. He considered the two sides of theier (electrodes) to be
very weakly coupled and treated the problem using a timelégnt perturbation theory
formalism. In a similar way to the Fermi Golden rule, he cited from the tunneling
matrix element N, the probability of tunneling)/,,,|? from a stateu, described by a
wave functiony,,, on the left side of the barrier, to a statgwith wave functior),) on
the right side of the barrier:

h2

M _=
2m Jg

w =

dS(Wi N, — 1, V), (2.10)

where the integral has to be evaluated over any surfacer, dyitirely within the vacuum
region separating the two electrodes. The transition rate the state to the state’ is
given by|M,,,|2. The net current is then calculated frgnd,,,|> by summing over all the
states on the left and right side of the barrier from whichnelmg can take place and
subtracting the net current in the opposite direction. &adunneling event is possible
only from an occupied state to an empty staié,, | must be multiplied by the average
occupation number of one statg)find by the probability that the state on the right side

is unoccupied, i.e. by [1;]. This results in

2me

1= (55) S 0B - B+ )] = B, + VL = HEDIMu OBy ),

" (2.11)
where f(E) is the Fermi function, V is the applied sample b@isage and E and E, are
the energies of the states, ¢,. The delta function describes the conservation of energy
for the case of elastic tunneling.

Tersoff and Hamann (1983) [38,39] extended the descripti@ardeen to the specific
case of STM. They considered the limits of small voltage awvd temperature (\-0,
T—0), where the Fermi function has a step-shape and only ehergis near the Fermi

energyE'r are important. The obtained tunneling current is:

2me?
I = < - ) 1% ; |M,,|*6(E, — Ep)dé(E, — Ep), (2.12)

where E, E; are the energy of the unperturbed wave functions of tip antptaand E

is the Fermi energy.
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Tersoff and Hamann considered a generic wave function afah®le), which decay

exponentially outside the metal and propagates freelyllpata the surface plane:

b = 0.’ Z aée—\/k2+\l?“+é|2m_ « liEI+a)] (2.13)
G

where, is the sample volume cgare coefficientsk| is the surface Bloch wave vector
of the state and is a reciprocal lattice vector.

The tip was modeled with a s-wave functigp

v= 0 e (2.14)

where(), is the tip volumek = 2m‘1’ (above with the assumption that the work function

® of the tip is equal to that of the surface), R is the radius o¥ature of the tip; is
the center position of the tip, ang is a normalization parameters(1). Within these

assumptions, the matrix element,Nk

M,, = @Q 2RekRZ|ws ) |0 (E, — Ep). (2.15)

Using expressions ( 2.12) and ( 2.15) one finds

32m3e2V ®2 R? exp?FF
hk*

I= Dy(Er) - Zws 70)[*6(Es — Er), (2.16)

whereD; is the density of states per unit volume of the tip. It is nowgble to define

p(Fo, Ep) = Y _ [1hu(7)|*8(E, — Ep), (2.17)

which is simply the surface local density of state (LDOSkatat the position of the tip.
According to this definition, at constant current and at loaslvoltage the tip follows a
contour of constant LDOS, provided that the s-wave functibthe tip can be justified.
Since in the direction normal to the surface towards the wacregion the wave function
of the sample),(7) is

»s(T) ox exp(—kry) (2.18)
one finds that

| s (7) |Poc exp[—2k(s + R)] (2.19)
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where s denotes the distance between the sample surfachefirit end of the tip.

Therefore the resulting current | is given by:
I < exp(—2ks) (2.20)

showing once again (see equation 2.9) that the tunnelimgrudepends exponentially

on the distance between tip and sample.

2.3 Scanning Tunneling Spectroscopy

An important application of STM is the spatially resolvedaBuoing Tunneling Spec-
troscopy (STS) [40,41]. This technique allows one to ingadge in a local way the elec-
tronic properties of a system at any given energy. Tunnealpegtroscopy measurements
are used in this thesis to identify molecular electronitestaln particular, in Chapter 6
a modification of the electronic structure of an azobenzesrevative upon isomeriza-
tion has been identify by STS measurements and represemigeadiint of two valence
isomers.

For zero bias voltage applied between tip and sample (seR)) the Fermi lev-
els of the tip and sample are aligned at equilibrium. Whenltage V, is applied to the
sample, the energy levels of the sample are rigidly shifiedrbamount |ey|. For posi-
tive applied voltages (Fig. 2.2(b)), the electrons tunnetf occupied states of the tip to
unoccupied states of the sample, while at negative bias 2E2¢b)), the electrons tunnel
from occupied states of the sample to unoccupied stategdithHence, by varying the
applied voltage one can select the electronic states iaddlvthe tunneling process. At

a given energy eV, the tunneling current is given by:
eV
I x / Dy(+E F eV)Dy(E)dE, (2.21)
0

where D and D, are the tip and sample densities of states respectively.etie as-
sumption that the density of states of the tip has no vanatiithin the energy range of

measurements (i.e.;Bconst), it follows that

I
T < DileV), (2.22)

i.e. , the first derivative of the tunneling current refledts,a first approximation, the

electronic density of states of the sample at the energy EFe&/value of dI/dV can be
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Figure 2.2: Energy level diagrams for tip and sample under the appraigmaf constant local
density of states of the tip. {£/° are the vacuum levels, £/° the Fermi energiesbr /s the
work functions of tip/sample respectively. (a) When no bialtage is applied (¥=0), the tip and
the sample are in equilibrium. (b) When a positive voltagepplied to the sample the electrons
tunnel from the tip to the sample. (c) When a negative voltaggplied to the sample the electrons

tunnel from the sample to the tip.
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directly obtained experimentally: the STM tip is positidra the desired position (X,y)
of the sample. The bias voltage applied between the tip amddmple is varied in the
desired energy range. A high-frequency sinusoidal monruiiatoltage is superimposed
on the constant d.c. bias voltage. The resulting tunnelimgeat modulation, which is in
phase with the applied voltage modulation, is recorded withck-in amplifier. Its signal

at the modulation frequency corresponds to di/dV.

2.4 Elastic Scattering Quantum Chemistry

For the interpretation of STM images of molecules, on s@same usually needs theoret-
ical modeling. In fact, the information which one can obtalbout molecular adsorption
from STM images is limited, in particular in the case of lacgenplex molecules. In this
thesis experimentally measured STM images of Lander mids@n a copper surface
will be compared to calculations with Electron-Scatterfpgantum-Chemistry (ESQC)
method in Chapter 4, allowing the determination of the eraatiecular conformations.

Several theoretical approaches can be found in the literditu the calculations of
molecules on metallic surfaces. An STM image of an adsorbelécule was first ap-
proximated [42,43] by a contour map of constant probahilégsity of the HOMO (high-
est occupied molecular orbital) or LUMO (lowest unoccupmedlecular orbital) of the
molecule, as in the case of a clean surface where an STM irsafe icontour map of
constant Fermi-level LDOS of the substrate in the absendbeofip (see section 2.2).
However, the comparison of the free molecule electron4tdensap with experimental
data of the molecule adsorbed on the metal surface is praliesince molecular the
orbitals can be shifted and modified by the presence of tHacr

Other approaches use the Bardeen theory for the three dona@htinneling problem
and the calculations of Tersoff and Hamann based on an s-wade! of the tip [44].
These approaches however have some drawbacks since aaelisl tip is a cluster
of atoms, which cannot be represented by a s-wave functiooretWer, the Bardeens
approach assumes weak coupling between the tip and theateletd it is valid only for
large tip-sample distances when the adsorbate is not detbby the tip.

To simulate the image of a molecular adsorbate in a betterSaytet and Joachim [45]
proposed the Electron-Scattering Quantum-Chemistry 3@Qethod, having two par-

ticular advantages. First, its validity is not restrictedldrge tip heights. It can there-
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Figure 2.3: Schematic representation for the elastic scattering guanhemistry (ESQC) method
of the junction "tip apex-adsorbate-substrate" (TAS) ar&ldonnection with the electron reser-
voir of the tip and sample bulks. The incoming (A,D) and ounga(B,C) waves amplitudes are

indicated.

fore be used at tip-to-substrate distances occurring ihRS&& experiments. Second,
ESQC takes into account the full geometry of the tip-addersabstrate, being able to
model any lateral interactions which may arise betweenithard the adsorbate. The
Elastic-Scattering Quantum-Chemistry method treatsuhedling of an electron through
an STM gap as a scattering event [45-47], as shown in Figtl2e3'tip apex-adsorbate-
substrate" (TAS) represents a defect which breaks thelétéomsal invariance of the tip
bulk and the substrate bulk. This defect scatters an intielestron. The TAS is con-
nected to an electron reservoir (tip and sample bulk). Thetjan is described using a
matrix representation and it is modeled by the symmetritesys.. XXXYXXX..., where
X symbolizes a periodically repeated cell and Y symbolitesdefect. The total wave
function is represented, in the tight-binding approximatias a linear combination of
the atomic orbitals taking into account the complete chahdescription of the tip, of
the adsorbate, and of the substrate. To simplify the cdionlaf the tunneling cur-
rent, the lateral dimensions of the TAS and of the surfaceedaced to those of the tip
apex with adequate boundary conditions. The method igram#selectron-electron and
electron-phonon interactions which may occur during tlatedng, and assumes that the

scattering is elastic. This assumption is fulfilled for a m&ae path of the electron larger
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than the size of the defect and therefore the model is valithiotypical tip-to-substrate
distances encountered in STM.

The tunneling current trough the TAS is calculated from ttegtering matrix S(E,x,y,z),
which relates the amplitudes of the outgoing waves to thbdeedancoming waves on the
defect. If A and D (as shown in Fig. 2.3) are the amplitudeslah@ waves traveling

through the defect (TAS), the scattering matrix S(E,x,}sDefined by:

(§)-so(2)

In order to calculate S(E,x,y,z) one uses the transfer mafft,x,y,z) [45], which de-

scribes the amplitudes of the waves propagating from thetfeéhe TAS to the right and

5)-ren(3)

Finally, the transmission coefficient t(E,x,y,z) of an é&fen at a given energy E and a

is defined by:

given position (x,y,z) of the tip apex on the surface

_ o

t=_——1
AP
can be calculated from the scattering matrix S(E,x,y,z].[48 low bias voltage V, the

conductance (G) of the junction is given by the generalizaddauer formula [48]:

G—i—f;@) (2.23)
TV ah D '

where tEF) is the transmission coefficient for an electron at the Femnargy £ with
no applied bias voltage. From this equation the electramicenit I1(X,y,z) passing through

the TAS is obtained as
I(z,y,2) = G(z,y,2)V, (2.24)

From the I(x,y,z) map, a constant height or a constant cu8&M image can be calcu-
lated.

To calculate STM images of molecular adsorbates using tathoa, the exact confor-
mation of the molecule on the surface is needed. This is nrwiatained by molecular
mechanics (MM) calculations. MM is a method based on Nevatomechanics in which
the molecular geometry is optimized minimizing the enerfiyhe system which is de-

scribed as a function of the atomic coordinates.



2.5. Manipulation of atoms and molecules by STM 15

2.5 Manipulation of atoms and molecules by STM

The tip of an STM can be used to manipulate single atom or migeaxisorbed on a sur-
face [12]. Under the general term "manipulation”, manyet#ht kinds of modifications
of an adsorbate are grouped [15—-17]. Manipulation by STKbrexample, the controlled
positioning of an atom/molecule on a surface [12—-14, 1842%55], the induction of the
conformational change inside a single molecule [20, 56,iBdJction of motion [22—25]
or even the modification of the chemistry of a single mole¢@& 30, 58—60]. In this
sense, the STM constitutes a very powerful tool, being ablohstruct nanostructures,
control properties of single molecules with diverse fuokdlities, induce chemistry at
the molecular level, and simultaneously image the manijmiaesults with atomic reso-

[ution.

To induce atomic and molecular manipulation with a STM, onesticontrol three
parameters: tip-sample distance, bias voltage and turgnelirrent (actually determined
by the other two). By tuning these parameters, differerrattions can be used for the

manipulation: atomic forces, tunneling electrons or eledteld forces.

In this thesis, the technigue of manipulation of adsorbetemues has played a cru-
cial role. On the one hand, it has allowed to study the deftonaf a molecule during
its lateral movement, as described in Chapter 4. Furthepiidnas given information on
the molecule-substrate interaction as well as about tifeoute interaction. Moreover,
in Chapter 6, manipulation has been used to induce the ibles-trans isomeriza-
tion of an azobenzene derivative on a surface in a contralgd Due to the particular
importance of manipulation in this thesis, | will descrilbe tdifferent mechanisms of

manipulation by STM detailed in the following.

2.5.1 Atomic forces

If the tip is positioned very close to the surface atomic ésrare established, even in the
absence of an applied bias voltage. These forces contairMaotder Waals and electro-
static contributions. By adjusting the position of the tpe can tune the magnitude and
the direction of the force between tip and adsorbate andtusemove the adsorbate to
a new position on the sample [12, 14]. The manipulation ptaoeis shown in Fig. 2.4:

(a) First the tip is positioned above the adsorbate and phieeiight is decreased, thereby
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Figure 2.4: Schematic illustration of the lateral manipulation prace&) The tip is positioned
on an adsorbate and the tip height is reduced so that cheforcals are formed.F is in the
schematic the force between tip and adsorbate. The tip isrttwred laterally (b) to the desired
position of the substrate (c). In (d) the tip height is retigdcso that the tip-adsorbate interaction is

negligible.

increasing the tunneling current. (b) Then the tip is moaerhlly until it reaches the de-
sired position of the substrate (c). During this motion tbsabate is dragged by the tip.
Finally (d) the tunneling current is again reduced so thattihis retracted and does not
exert any interaction on the adsorbate. During the mantijpmahe adsorbate never loses
contact with the surface. Therefore, this kind of manipatats calledlateral manipula-
tion. In contrast, in thevertical manipulatiormode, the adsorbate is vertically captured
by the tip and then released in a new position on the samp]eTh& lateral manipulation
method has been used by Eigler and Schweizer [12] in the wstyrianipulation experi-
ment to slide Xe atoms on a Ni(110) surface in order to assemhbhlnostructure forming
the logo of IBM. In our group manipulation with atomic forckave been extended to

small [14,53] and large molecules [54, 55].

During the lateral manipulation, one can record the tip higigurrent) signal while the
STM tip is moved in constant current (or height) mode. By ging the signal recorded
during the lateral movement of the tip one can extract therddse motion on the surface
and the kind of tip-adsorbate interaction that is involvenling the manipulation [52].
Three different manipulation types can be recognizrdling, pushingandsliding [52],
that depends on the tip-adsorbate force. They are scheadatiZig. 2.5 for the case of
constant current mode. In tipailling mode (Fig. 2.5(a)) the adsorbate is manipulated via
an attractive tip-adsorbate interaction. During the malaijon the adsorbate is behind

the tip apex and it follows the tip discontinuously by hogpfrom one adsorption site to
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the next. When the adsorbate jumps towards the tip, the tighhsignal sudden increases
in order to keep the tunneling current constant. Then, fhéotlows the LDOS of the
adsorbate on the surface (one observes a decreases of tipellataon signal with a finite
slope) until the molecule jumps again to an adsorption mwsitnderneath the tip (and
the tip height increases again). The periodicity of the aigorresponds to the distance
between adsorption positions of the adsorbate during thepukation (in Fig. 2.5 it cor-
responds to the lattice constant). Duringashingprocess (Fig. 2.5(b)), the adsorbate
is in front of the tip and is pushed by the advancement of thepiex due to repulsive
forces. The tip height signal increases (with a finite sl@sethe tip approaches the adsor-
bate, then suddenly drops when the adsorbate jumps awagdBging the tip adsorbate
distance with respect to the pulling case, an adsorbate €andmipulated by attractive
forces in a continuous waysl{ding mode in Fig. 2.5(b)). During theliding mode the

tip-adsorbate interaction is so strong that the adsorleat@ins bound under the tip apex
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during the manipulation path. In this case, the maniputasigghal corresponds to the
surface corrugation scanned by the tip-adsorbate system.

In another important manipulation experiment it has beenvsithat the signal, reco-
rded during the manipulation of a large molecule, contaataited information about the
deformations inside the molecule [55]. Low temperaturesrant always necessary for
lateral positioning of the adsorbate by STM [50], but they meeded to study of the ma-
nipulation signal. A special kind of vertical manipulatibas been used to mechanically
induce conformational changes inside a specially desigogahyrin-based molecule [20]

thus realizing the principle of a conformational molecigatch.

2.5.2 Tunneling electrons
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Figure 2.6: Manipulation scheme with tunneling electrons in the caseolecular dissociation.
(a) The tip is positioned directly above an adsorbed motedi timet, a voltage pulse is applied.
The value of the applied voltage V is smaller than the worlcfiom ¢ of the tip or sample. (b)
During the application of the pulse, the tunneling curreninieasured as a function of the time.
(c) At the timety, when the manipulation takes place (the molecule has dasdd, the current

signal decreases abruptly.

Manipulations can be induced using the electrons of the Slidtjon. Tunneling
electrons are localized to atomic dimensions (< 1 A arouedptbsition of the tip). Due
to this high spatial resolution, modifications of selectedds inside a single molecule
are possible. Tunneling electrons were used to reversibhster a Xe atom between
the STM tip and a Ni(110) surface realizing an atomic switt8]] or to dissociate and
desorb @ molecules on Pt(111) [22], or to induce the rotation of a l®ph molecule on
Si(100) [23]. Electrons or holes are injected into the sysby applying voltage pulses.

During the application of the pulse the current signal imrded versus time (see Fig. 2.6).
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As schematically shown in Fig. 2.6(b), an abrupt change énciirrent is detected if the
manipulation is successful.

By varying the pulse voltage one controls the energy of the¢ling electrons, while
the number of electrons inserted in the system are changguhip-surface distance. By

tuning these parameters it is possible to control the reactte and pathways [17].

Different mechanisms may drive the manipulation with tumggelectrons. For exam-
ple, in the case of Xe atom transfer on the tip [18] andd@sociation on Pt(111) [61], it
has been argued that the vibrational modes of the atom swsjestem or the molecule are
excited by inelastical tunneling of electrons. A tunneleigctron inelastically scattered
from the adsorbate, transfers energy to the vibrationalesadthe adsorbate. In order to
overcome the potential energy barrier to activate the $vatdo dissociate @molecules,
one or multiple vibrational excitations in the ground etentc state are needed. There-
fore one or multiple inelastic scattering processes aneired; In contrast, the rotation of

byphenyl molecule on Si(100) has been associated withretgctexcitation of molecular
resonances [23].

2.5.3 Electric field
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Figure 2.7: (a) Schematic of the electric field in the STM junction. V i® tholtage applied
between tip and sample, while z is the tip apex-sample stpargb) Calculation from Ref. [13]
of the electric field spatial dependence considering the $ipMs a sphere with radius 100 A

positioned 5 A above a planar metallic surface. The potediifi@rence is 3 V.
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If a bias voltage is applied between the STM tip and the saerfacstatic electric
field is created, which can be used to manipulate atoms oraulele [28, 62, 63]. The
strength of such an electric field is very large, due to theeclaroximity of the tip to the
surface (Fig. 2.7). Its value (typically abowt10® V/cm) can be compared with the fields
experienced by electrons in atoms or molectuldgnfortunately, the exact shape of the
field is not known because it depends on the atomic structutieectip, which is never
exactly known. The electric field is concentrated, in a inbganeous way in the vicinity
of the tip-apex, but its extension can reach several hunéinggtroms. Fig. 2.7(b) shows
a calculation performed by J.A. Stroscio and D. M. Eigler][@Bthe electric field in the
STM junction. The tip is modeled as a sphere with radius 10@#itpned 5 A above a
planar metallic surface with a potential difference of 3 V.

An atom or molecule in a homogeneous electric figldis exposed to an effective

potential U¢) defined as

V() = Uol#) — i~ B~ SaB () - B (2.25)
where | is the field free potential energy of the adsorbates the static dipole moment,
&E is the induced dipole moment, antiis the polarizability tensor. The interaction of
an adsorbate with such a strong electric field in the STM jondbas been first used to
position Cs atoms on a semiconductor surface [27]. In thée the interaction between
the dipole moment of a Cs atom and the electric field induceatenpial energy gradient
along the surface, which allowed atomic lateral positigniNotice that Eqg. 2.25 shows
that the component of dipole moment depends on the sampbegeopolarity, while the
polarizability term does not. Notice furthermore that tlodgpizability term is the basis
of "optical tweezers" in which a molecule or larger objecatianipulated by the electric
field of a laser beam [64].

It is important to note that this kind of manipulation is op@re even in the limit of
zero tunneling current.

Another kind of manipulation by applying an electric fielghizssible when the voltage
applied overcomes the value of the work function of the tigunface and electrons are
field emitted [65].

1The atomic unit of the electric field isx8L0° V/em.
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Notice that the strong electric field created by a sharp tigwha positive voltage
is applied to it is used in the Field lon Microscopy (FIM), rodiuced in 1951 by E.

Mueller [66], which was the first experimental method capaiflatomic resolution.








