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Introduction

But I am not afraid to consider the final question as to whether,
ultimately — in the great future — we can arrange the atoms the

. /
way we want; the very atoms, all the way down! R. P. Feynman

Little could he know, when Feynman gave his classic lecture at the 1959 Annual
Meeting of the American Physical Society [1], that this ‘great future’ was only
just over 30 years away [2, 3]. And great it is. The two and a half decades follow-
ing the Nobel Prize winning invention of the Scanning Tunneling Microscope [4]
have not only witnessed the first demonstration of artificial atom arrangement
(or atom manipulation, as it was eventually called), they also brought some of
its incredible creations, including an atomic ‘fence’ for confining surface elec-
trons [5] and an early dynamic molecular computer [6]. Having achieved such
meticulous control over the atoms themselves it is only natural to ask the next
question: can we also control the intrinsic properties of an atom? Here we will
focus on one such property: the magnetism of a single atom.

Although magnetism, in the sense of a material property, has been around
for technological purposes since medieval times (and even much longer than that
as a topic of scholarly debate), its origin can be traced all the way down to the
atomic scale. Whether a material is magnetic depends on whether each of its
constituent atoms is magnetic. Further classifications such as ferro-, antiferro- or
paramagnetism indeed do relate to the way the atoms interact and are oriented
with respect to each other on a larger scale, but the overriding requirement for
a material to be magnetic is that its atoms be magnetic.

Then, what makes an atom magnetic? In quantum-mechanical terms this
is determined by the net amount of spin of its electrons. For a filled electronic
shell this is zero, but partially filled shells should in principle always have a non-
zero net spin according to Hund’s rules. When the atom binds to other atoms
— either through covalent bonds in a molecule or through metallic bonds in a
lattice — in the case of s and p orbitals this net spin is often consumed by the
formation of these bonds. Having more closely localized orbitals, many d and
f materials are indeed found to be magnetic. This demonstrates the enormous
significance of spin: while its algebra is so simple and elegant as to serve in
numerous textbook examples of basic quantum mechanics, the electron spin is
responsible for all solid-state magnetism and plays a crucial role in chemistry.



Apart from its fundamental relevance, spin draws much attention as it is
proposed as a candidate for carrying information in many designs of future
computation and data-storage devices [7, 8]. Therefore, many experiments in
condensed matter are aimed at (1) isolating a single spin, (2) finding a way to
determine its orientation, i.e. ‘reading’ it and (3) manipulating its orientation or
‘writing’ it. Each of these steps has been achieved separately in nanofabricated
heterostructures, where individual electrons are confined on artificially crafted
two-dimensional quantum dots — a field that has great potential for eventually
harnessing the electron spin for technological purposes [9, 10].

Yet, in order to be able to study a spin in a more natural environment, e.g. as
a magnetic impurity interacting with a metal, one would have to have access to
individual magnetic atoms. A tool that is very well suited for this task is mag-
netic resonance. Although conventional Nuclear Magnetic Resonance (NMR)
and Electron Spin Resonance (ESR) — where one measures the absorbance of
RF-radiation incident onto a sample — are only sensitive enough as to detect
large ensembles of spins, some ingenious methods were developed that convert
this technique into detecting a single spin. One of these methods is based on
combining ESR with the Scanning Tunneling Microscope (STM) [11]. In this
experiment a resonating spin, oscillating at the Larmor frequency, produces a
specific AC-signal in the tunneling current. Another beautiful experiment exists
by the name of Magnetic Resonance Force Microscopy (MRFM) [12], where the
polarization of a spin is recognized by its effect on the oscillating frequency of
a magnetic cantilever. In this configuration the spin can be ‘written’ by means
of well-timed RF-pulses.

A fully electronic way of spin readout is provided by the field of spin-
polarized STM, where magnetic tips are used to filter out one spin polarization
from the tunneling electrons [13, 14]. Although single spin resolution has not
yet been obtained with this technique, it has developed into a standard tool for
investigating magnetism on the nanoscale.

In this thesis I present a study of atomic spins by means of the excitations
that can be induced in them. For this purpose we use an adoptation of a tech-
nique named Inelastic Electron Tunneling Spectroscopy (IETS), which is known
best for its strength in detecting vibrational modes in ensembles of molecules
trapped within a planar junction [15]. Its principle is based on observing small
changes in the conductance of the junction at those voltages where the tun-
neling electrons have just enough energy to perform specific inelastic (in this
case vibrational) excitations. Single molecule resolution has been obtained in
an STM configuration [16] and later by means of a Mechanically Controllable
Break-junction (MCB) [17].

Only recently did similar spectroscopic analysis of inelastic excitations be-
come accessible on atomic spins [18] and structures consisting of multiple atomic
spins [19]. When used for these purposes we will refer to the technique as Spin
Ezcitation Spectroscopy (SES). This tool forms the basis for many new experi-
ments described throughout this thesis. The outline of the thesis is as follows.



In chapter 1 we review the technical equipment needed for high energy reso-
lution SES measurements: an STM cooled to liquid 3He temperatures, capable
of generating high magnetic fields. Specifically we will discuss one such ex-
perimental set-up located at the Leiden Kamerlingh Onnes Laboratory, in the
development of which I have been involved for several years. Although nearing
completion, this apparatus is not yet in a proper condition for performing SES.
Experiments presented in subsequent chapters were all carried out in a different
3He STM system based at the IBM Almaden Research Center.

Chapter 2 gives a detailed description of the experimental techniques used,
as well as a characterization of the specific system of choice for our experi-
ments: magnetic d-shell atoms evaporated onto a monolayer of copper-nitride
(CuzN) on Cu(100). We will focus on the principles of SES and the possibilities
of atom manipulation on this specific surface.

Chapter 3 is devoted to the magnetic anisotropy that an atomic spin experi-
ences when it is placed onto a surface. Anisotropy is what makes a spin align
(or magnetize) in a certain direction; a property that is of great importance for
technological reasons such as non-volatile magnetic data storage. By placing
manganese (Mn) and iron (Fe) atoms onto CuaN and following the evolution
of their spin excitations as magnetic fields are applied in various directions, we
find that this surface forms a strongly anisotropic environment for the spins of
these atoms [20]. A comparison of the results to Density Functional Theory
(DFT) calculations suggests that this may be explained in terms of the atoms
being incorporated into a surface molecular network.

In chapter 4 a third atom species is studied: cobalt (Co). In sharp contrast
to both Mn and Fe, measurements performed on Co indicate the appearance of
a remarkable resonance which we attribute to the Kondo effect: a many-body
effect arising from the interaction of a localized spin with a bath of electrons. A
brief introduction into this effect is given at the beginning of the chapter. Based
on an analysis along the lines of chapter 3 we present an interpretation as to why
this resonance occurs specifically on Co. We show that the magnetic anisotropy
of the CusN surface plays a crucial role in the question as to whether a spin
becomes Kondo-screened or not. We conclude this chapter by investigating the
effects of spin-coupling on the Kondo effect by placing other magnetic atoms
close to the Co atom. An analytical model is presented, combining anisotropy,
spin-coupling and the effect of a magnetic field, with which we can identify each
excitation occurring on these structures with astounding precision.

Finally, chapter 5 offers a future perspective. Several additional studies were
initiated from which no clear conclusions can be drawn at this point. Yet a
first step in their analysis is presented which may be useful in designing further
experiments. These studies include an investigation into the physics behind the
mechanism of spin-coupling on CusN as well as a an attempt to create a spin-
polarized tip by picking up a single magnetic atom.



Each of these experiments provides new insights into the physics of atomic scale
magnetism that are of importance for scientific as well as technological reasons.
But above all they are fun. Never before did we have such an incredible degree
of control over individual atoms and their spins. It enables us to perform the
most basic experiments that one could think of doing with atomic magnets, and
almost all of the spin excitations encountered while doing them can be modelled
extremely well by elementary quantum mechanics. Few experiments can be as
suited to get a feel for the peculiar quantum mechanical property named ‘spin’
as the ones described here.
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Chapter 1

SHe Scanning Tunneling
Microscope Design

At school the bully always picks the smallest kid as his victim. That is because
the amount of energy involved in displacing, rotating or deforming a small object
is usually less than for larger objects. It is for this reason that Scanning Tun-
neling Microscopy and cryogenic temperatures form such a natural combination:
as the physical scale of the object of study decreases, temperature needs to be
reduced in order to keep the experiment controlled.

Today these two techniques are so well integrated that Scanning Tunneling
Microscopes (STM’s) operating at temperatures as low as 4 K in Ultra-High
Vacuum (UHV) are commercially available in reliable and user-friendly con-
figurations. While this temperature range is mostly sufficiently low to disable
atomic motion, it is still too high for many studies of electronic behavior. For
example, as we will see in the course of this thesis, electron spin excitations often
occur at energies of only a few meV such that small variations cannot be dis-
cerned above ~ 1 K. Additionally, various fascinating macroscopic phenomena
such as superconductivity and the Kondo effect in some situations have critical
or typical temperatures that are well below 4 K. For the purpose of studying
these and other situations it is desirable to further cool down an STM with help
of liquid 3He.

In this chapter we will discuss two experimental STM systems that are de-
signed to operate at or below 500 mK in UHV, and are each equipped with a
superconducting magnet that can generate a magnetic field up to 7 T or higher.
Sections 1.1 through 1.3 give a detailed description of a set-up that is currently
under construction in the Kamerlingh Onnes Laboratory in Leiden, based on an
Oxford Instruments HelioxVHV 3He refrigerator. This system is very similar in
design to the facility described in [21]. In section 1.4 we will more briefly review
an existing system, located at the IBM Almaden Research Center in San Jose,
CA, that was used for the experiments described in the remainder of this thesis.

11



1.1 Heliox""" 3He Refrigerator and Cryostat

During operation the HelioxU™V 3He refrigerator shown in fig. 1.1, a commercial
product of Oxford Instruments plc, is suspended within the UHV central tube of
a *He cryostat with liquid Ny outer shield. The He dewar has a total capacity of
69 ¢, however in order to guarantee the magnet to maintain its superconducting
state, the effective volume is reduced to 51 £. At standard boil-off rate, specified
for this cryostat to be < 0.83 ¢/h, this corresponds to a hold time of at least 61
hours. The N3 can, with 52 ¢ capacity, is specified to hold for 130 hours.

The superconducting magnet can generate a field of 10 T along the cryostat’s
vertical axis. Running the full current of 114 A through the dissipative leads
(when ramping the field) gives rise to an additional 1.4 ¢/h *He boil-off. The
size of the magnet’s bore limits the central UHV tube to an inner diameter of
46 mm. The tube has a hollow wall through which liquid *He can be pumped
in order to cool it down to ~ 1.8 K, however, this only serves as a cold radiation
shield and is not thermally coupled otherwise to the refrigerator.

1.1.1 Cooling Mechanism

Other than providing shielding, the cryostat does not directly cool the HelioxVHY

insert. Refrigeration occurs through a separate mechanism which is depicted
schematically in fig. 1.2. The flow process can be divided into a *He part and a
3He part, the latter of which is enclosed by a dashed line in the scheme.

We start with the He part. A spiralled capillary (“A”) carries liquid helium
from the bottom of the dewar to a 1K pot. Its flow can be regulated by an
electrically driven needle valve mounted close to the beginning of the line. By
an external pump the vapor above the liquid accumulated in the 1K pot is
pumped through a second, much wider spiralled capillary (“B”). As a result
the liquid in the pot cools down to ~ 1.8 K. During normal operation the
needle valve is set to maintain a flow of approx. 4 £/min gas through the pump
(approx. 9 ¢/min during initial cool down to 4.2 K). A bypass in the pumping
line cools a sorption pump which is part of the 3He flow system. Additionally,
there is a strong thermal coupling between the 1K pot and part of the 3He line.
Except for radiation these are the only thermal connections between the two
parts of the process.

Figure 1.1: (Opposite page) Technical drawing of the HelioxV™V refrigerator and
accompanying cryostat (cross-section). All dimensions in mm. The insert is drawn in
its retracted position. A 1K shield, extending from the 1K pot down to the bottom
of the 1989 mm insert length indicator, encompasses everything that should reach
the 350 mK base temperature. Thereof only the *He pot is part of the commercial
assembly; the rest (i.e. STM head and suspension, not shown here) was built and
developed in our laboratory. With the insert retracted and the suspension in its
equilibrium position, the STM scanner is designed to have the junction in the central
plane of the magnetic field. Reprinted with permission from Oxford Instruments plc.

12
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In contrast to many comparable systems, in our case the He part of the flow sys-
tem has a linear configuration (rather than looped) and can therefore only be
used in single-shot mode (as opposed to continuous flow mode). At the end of
the line it has a 4.5 ¢ 3He reservoir originally filled to a pressure of 1 bar. Dur-
ing the initial cool down stage its gate valve is kept open such that the gas can
freely roam through the line. As the 1K bypass cools the charcoal filled sorp-
tion pump (hereafter referred to as sorb) below approx. 40 K, He gas becomes
bound such that the pressure in the reservoir decreases. When the reservoir is
(almost) empty, the gate valve is closed; now most gas is trapped in the sorb.

Next the sorb is gently heated to a temperature just above 40 K such that the
gas is released and the pressure in the line increases. For safety a relief valve
is fitted to allow gas back into the reservoir if the pressure exceeds 3.5 bar,
although in practice it is easy to stay below this point. The *He now acts as
a contact gas between the portion of the line that is linked to the 1K pot and
the 3He pot that is mounted below it, thus slowly cooling it down. When it
reaches 3.2 K — depending on the heat load attached to the 3He pot (e.g. the
STM head, wiring etc.) this may take many hours — the gas starts to condense
and liquid accumulates in the 3He pot. After 30 to 60 minutes all gas has been
condensed.

The final stage of the cooling procedure consists of switching off the sorb
heater and tuning the 1K flow such that the sorb stays cold and acts as a
pump. Eventually this cools down the liquid *He to its base temperature (ap-
prox. 350 mK). The hold time of this single-shot mode is approx. 20 hours, after
which the 3He should be recondensed by once more heating the sorb.

Throughout the process the temperature can be probed at various stations.
The sorb is fitted with a 100 © Allen-Bradley resistor thermometer (range 2 —
300 K), while the 1K pot temperature can be monitored by a 2.2 k2 RuO4 thick
film resistor (range 20 mK — 8 K). The *He pot is equipped with one of each type
(Allen-Bradley and RuOs) such that the full range of operating temperatures
is covered. Finally, in the housing of the STM scanner itself a CERNOX™ ther-
mometer (range 300 mK — 100 K) is mounted. Additional heaters are installed
on the 1K and 3He pots to precisely regulate their temperatures if desired.

1.1.2 Large-Scale Assembly

At the bottom of the cryostat a CF300 flange (300 mm inner diameter, copper
gasket sealed) connects to a home-built 420 mm deep UHV chamber that is
pumped by a 300 ¢/s ion-pump. A pair of copper doors connected to the Ny de-
war thermally shield the refrigerator from room temperature radiation. Via
an external motor drive unit the HelioxVHV insert can be extended by 476 mm
such that it reaches the bottom of the chamber. The radiation doors are pushed
open by the insert and close automatically through a spring mechanism upon
retracting the insert back into the cryostat. Using a manipulator stick the user
can manually replace sample carriers (or tip carriers; in this STM system these
are identical and interchangeable) on the STM scanner. In section 1.1.3 we will
discuss how the scanner can be accessed for this operation.

14
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Figure 1.2: Flow diagram of the HelioxV™ ®He refrigerator. The dashed line encloses
the 3He part of the process to distinguish it from the *He part. If the insert is extended
in order to lower the STM into the main UHV chamber, spiral “A” is contracted
whereas “B” and “C” are elongated.

In the main vacuum chamber up to 14 sample carriers can be stored in a
fixed holder. Alternatively, samples can be transferred to a preparation chamber
on a horizontal translator that can accommodate five carriers at once. Prepa-
ration techniques currently installed are a SPECS® IQE 11/35 ion-sputtering
gun (0.2 — 5 kV) and a sample annealing station (approx. 600°C maximum).
The preparation chamber additionally serves as a load-lock for adding new sam-
ples to the system and is pumped by a 60 ¢/s turbo pump, which is also used
for initial pumping of the total vacuum system (i.e. load-lock, main chamber,
ion-pump and UHV part of cryostat).

The entire assembly is mounted in a rack that rests on four actively damped
pneumatic pillars, two of which share one pressure regulator such that the sys-
tem effectively rests on three points that move independently. The height of
these points (i.e. the height of the top of the pillars) corresponds approxi-
mately to the height of the CF300 flange. The pillars stand on top of a separate
~ 10 tons concrete foundation, shared with one other experimental set-up, that
is acoustically disconnected from the surrounding building.
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1.1.3 Suspension and Access to the Scanner

Apart from the concrete foundation and the air-cushioned pillars there is a
third step of vibration isolation. The STM head itself is attached to an approx.
25 cm long spring hanging freely below the 3He pot. As shown in fig. 1.3, the
spring hangs inside a gold-plated copper *He shield (that is named after the
temperature it is supposed to assume). In order to ensure proper cooling of the
scanner without creating an acoustic link, a copper ring is clamped to the inside
of the shield. The suspension rod that holds the scanner assembly is connected
to this ring by two bundles of approx. 250 flexible 0.05 mm & copper wires (not
shown in the drawing to avoid cluttering) that are long enough not to generate
any tension if the rod moves up or down.

Wires coming from the scanner pass through the copper ring and are then led
through holes in the >He shield to proceed upward spiralling along the outside
of the shield. Over a total length of approx. 35 cm they are glued onto the
shield to provide a thermal anchor. For this purpose low vapor pressure glue
is used, although as the shield is meant to be kept at cryogenic temperatures,
contamination by degassing will in any case be strongly reduced.

The STM head, which will be described in detail in section 1.2, is mounted
inside a 36 mm outer diameter gold-plated copper housing. After disconnecting
all wires from the MACOR® connector plate, the entire housing can be easily
removed from the suspension rod for repairs or alterations. Six ruby balls on
the outside ensure that the contact area of the housing eventually touching the
warmer shield around it is reduced to no more than a point. A threaded ring
at the bottom of the housing is used to tightly clamp the scanner.

The 1K shield enveloping the parts mentioned above actually consists of two
coaxial shields. The bottom of the outer shield is rounded for properly opening
the Ns-temperature radiation doors when the insert is lowered into the main
chamber. This shape also acts as a ‘seeker’ when the insert reaches a metal cup
it is supposed to rest in at the bottom of the chamber. In the center of this
cup a rotatable ‘screwdriver’ protrudes upward that fits into a screw head that
is part of the inner 1K shield. This stops the downward motion of the inner
shield such that it rises with respect to the outer shield. As a result it pushes
the STM scanner against the 3He shield, which thus becomes fixed for transfer
of sample carriers.

Both the inner and outer shields have windows that align vertically only if the
inner shield is at its highest position with respect to the outer shield. By rotating
the screwdriver the user can make them align horizontally as well. This provides
access to the scanner for the manipulator stick. A spring between the two shields
ensures that the window properly closes again once the insert is retracted into
the cryostat. The screwdriver supporting the inner shield which in turn pushes
the scanner against the He shield creates a direct thermal connection between
the 3He pot and ambient temperatures. An experienced user can perform a
complete tip and sample exchange in about 10 minutes. The heat that is thus
introduced (through the screwdriver, the new sample carriers and radiation)
necessitates an additional cooling time of several hours.

16
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1.2 STM Head

I The STM head currently used is a home-built device with a walker-type coarse
approach mechanism based on a design by Pan et al. [23], which is a reliable
concept that is used in several comparable systems [21, 24]. Where most STM’s
of this type have a tube scanner mounted onto the slider that performs the
scanning once the tip is in tunneling range, in the current design feedback is
done by the same piezo actuators that are used for the coarse approach.

1.2.1 Walker Design

Figure 1.4 shows an expanded drawing of the assembly. Due to the dimensions of
the copper housing mentioned in section 1.1.3 it is shaped as a 33 mm & cylinder.
The main body is made of titanium for reasons of thermal expansion: in a design
like this it is desirable to have all components expand roughly equally such that
at any temperature all relative dimensions are the same. All piezo actuators used
are stacked shear-elements from the PICA™-Shear series of PI Ceramic which
have a coefficient of linear thermal expansion o = 4 — 8 (in units of 1076K~1)
perpendicular to the polarization direction, whereas Ti has o = 8.6 x 107K ~!.

Four X-shear piezo actuators® (3 x 3 mm, 5.5 mm high), each capped with
a pad of aluminium-oxide (AlzOs), are glued onto the titanium body in two
pairs that make an angle of 120° with each other. These support a 30 mm
long prism-shaped walker (again made of titanium for the same reason), the
sides of which have been polished and coated with titanium-carbide (TiC). Two
additional X-shear actuators, identical to the others, are glued onto a small
beam of MACOR® which is pushed down onto the walker by a 0.1 mm thick
phosphorous-bronze leaf spring. To guarantee a point-like force at the center
of the beam, a 1.5 mm @ ruby ball is placed between the leaf spring and the
beam. All actuators were glued into the assembly using STycasT® 1266 A/B
(a clear two-component epoxy). While baking the glue (1 hour at 60 — 70°C),
the actual walker prism was used to apply pressure such that the surfaces would
end up perfectly parallel ensuring maximum contact area.

Since the feedback (i.e. scan direction z) is taken care of by the same set of
actuators, no tube scanner is required. Instead, a tip/sample station is glued
directly onto the walker (separated by a thin MACOR® plate for insulation).
Horizontal scanning (the x and y-directions) is done by a 10 x 10 x 9.5 mm
XY-shear stack glued onto a separable part of the body, also with a tip/sample
station directly mounted onto it. Depending on whether the stations are occu-
pied or not, the walker has a walking range of approx. 1.0 — 1.5 cm. In order
to prevent a tip crash in case of the piezo stacks eventually losing grip on the
walker the STM head is intended to be mounted with the XY-stack on top,
although in principle it could work either way.

LA general introduction into the principles of STM can be found in [22].

2Here the ‘X’ indicates that the piezo elements have only one direction of displacement as
opposed to XY or XYZ-shear piezo actuators. It does not signify a specific direction in the
coordinate frame of the scanner.
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Figure 1.4: Expanded rendered drawing of the home-built Pan-design STM head.
All dimensions in mm. The body, as well as the walker and the tip and sample stations
are made of titanium; the walker is additionally coated with TiC. All piezo actuators
are capped with an AlO3 pad. The leaf spring consists of phosphorous-bronze. A thin

insulating plate separates the walker electrically from the station glued onto it.

In figure 1.5 the sample mounting mechanism is demonstrated: a sample car-
rier fits onto a station through a dovetail joint (both are made of titanium).
After sliding it in place it is pushed upward by a bent phosphorous-bronze
leaf spring. This not only fixes the carrier but also ensures a strong thermal
and electrical connection. A 9 X 9 mm object table provides ample space for
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mounting samples, although only a very small portion of it can be scanned as
no coarse movement in the x and y-directions is allowed for. Tip carriers are
identical to sample carriers except for an additional 0.3 mm & hole in the center
of the table. Tips mounted in the hole are fixed in place by a small screw in the
body of the carrier.

9”7171

Figure 1.5: Sample station (left) and carrier, each made of titanium, form a dove-
tail joint. A phosphorous-bronze leaf spring holds the carrier in place.

1.2.2 Electronics and Dynamics

Two stainless steel coaxial cables run down from the top of the insert to the
tip and sample electrodes. Spiralling down along capillary “B” of fig. 1.2, their
length is set to approx. 6 m corresponding to a capacitance of 1.2 nF each.
Directly at the top of the insert the measurement signal is amplified by a Stan-
ford Research Systems Inc. SR570 pre-amplifier, which combined with the input
impedance of the wires has a noise level of ~ 0.3 pA/vHz at 1079 A/V sensitiv-
ity. Feedback and scanning is performed by an RHK Technology Inc. SPM 100
controller with accompanying software.

Coarse Approach

The coarse approach piezo motor has been demonstrated to function properly
at temperatures down to 350 mK in inertia-mode. In this mode all six piezo ac-
tuators are operated simultaneously. The actuators have a combined capacity of
8.6 nF and are specified to each have a total displacement of 3 um (£30%) over
a voltage range of 500 V at room temperature; at low temperature this reduces
to approximately 0.35 pm (see section 1.3.2). They are driven by half parabola
voltage pulses that in an automated approach are alternated by slow voltage
ramps to check for tunneling current (see fig. 1.6); during the initial manual ap-
proach these are omitted to save time. Reliable values at low temperatures are
250 — 500 s pulse width with an amplitude of 160 V, with a ramp of typically
200 V or higher amplitude and a few hundreds of milliseconds width. Here the
leaf spring is bent such that the maximum friction force (i.e. the maximum force
one can apply onto the walker before it starts to slide) at ambient conditions is
between 0.5 and 0.8 N. At these settings the step size is such that several steps
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Figure 1.6: (a) Typical pulse train used for an automated approach, consisting
of short driving pulses alternated with slow probing ramps. (b) Detailed plot of a
driving pulse: a half parabola with a sharp cutoff. Reliable values are 160 V /250 us
for the pulses, 200 V/200 ms for the ramps. Waiting times 2 10 ms.

(in the order of ten) fit in the walker’s total z-range. When moving downward
the steps are larger than when moving upward by a factor of ~ 1.3.

Manual approach can be performed while the insert is lowered such that
there is visual access to the motor. Depending on how close the user brings the
tip to the sample during this stage, the automated approach (performed after
the insert has been retracted and the STM has cooled down) takes between
15 minutes and two hours. Between two measurements, e.g. while recondensing
the He, the tip is retracted by a few tens of steps such that experiments can
be resumed almost immediately.

Walker Resonances

The scanner was designed to have high resonance frequencies in order to im-
prove immunity against external vibrations. According to specifications the
X-shear piezo stacks have their resonant frequency at 210 kHz. However, the
walker assembly as a whole can have much lower-lying resonances. As these
can seriously interfere with the feedback mechanism it is important to chart
the motor’s vibrational spectrum. In fig. 1.7 we see such spectra in a range
of 1 — 10 kHz; the upper curve corresponds to an ‘empty’ walker (total mass
6.87 g) while the lower was taken after mounting a 0.82 g sample carrier onto
the walker. A strong resonance peak shifts downward from 8.4 tot 7.7 kHz upon
placing the carrier and can therefore probably be assigned to a vibration mode
of the system consisting of the walker being suspended by six piezo stacks. Here
the ratio of the frequencies is 1.09 while the square root of the mass changes by
a factor of 1.06. A weaker resonance occurs at 5.3 kHz in the upper curve which
seems to split into multiple small peaks when the sample is loaded. Although
it is more difficult to identify this mode, it could be related to the leaf spring
being a free object in one case and becoming clamped in the other. In any case,
no significant resonance takes place below an onset of 3.3 kHz which seems to
be independent of the walker mass.
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Figure 1.7: Resonance spectra of the six combined X-shear piezo stacks with (lower
curve) and without (upper curve) a sample carrier mounted onto the walker, offset with
respect to each other. Voltage response is measured over a 100 €) resistor connected
in series with the piezo elements, driven by a 1 V amplitude AC-signal at frequencies
ranging from 1 to 10 kHz (measurements below 1 kHz did not show any resonances).
From each curve a smooth background was subtracted. Before this measurement the
maximum friction force of the walker was set to 0.75 N.

These resonances are not expected to cause any trouble during scanning.
For example, images with a line-resolution of 512 data points can be scanned
up to 6 Hz line-frequency before reaching the 3.3 kHz onset and even up to
15 Hz when only considering the main resonance.

1.3 Performance

Although the system is currently not yet fully operational, several test experi-
ments have been performed for characterization and calibration purposes. Here
we will review some of their results. All measurements presented were performed
with a manually cut 0.25 mm @ platinum-iridium tip (90% Pt, 10% Ir).

1.3.1 Superconducting Gap

The actual temperature of a tunnel-junction can be studied very well using a su-
perconducting sample. For this purpose an a-Mos 7Ge film, covered with a thin
gold capping layer, was mounted in the scanner and cooled down. a-Mog 7Ge is
a type II superconductor, the critical temperature T, of which depends strongly
on the film thickness d, but saturates around 6.3 K for d 2 40 nm [25]. Mea-
surements of the differential conductance dI/dV were performed at various tem-
peratures, two of which are shown in fig. 1.8: at 2.5 K and 400 mK as indicated
on the thermometer that is mounted in the body of the STM head (the latter
value corresponds to the base temperature of 350 mK on the *He pot).
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Figure 1.8: Conductance spectra taken on a Au-capped a-Mos 7Ge film at 1.75 K and
400 mK (as indicated by the thermometer mounted in the STM head) at 80 mV /20 nA
quiescent settings. The upper curve is offset by 0.125 nA/mV for clarity. Measure-
ments were performed by lock-in technique (100 4V AC-modulation at 716 Hz, 20 mV
sensitivity, 30 ms integration time). The smooth dashed lines are thermally broadened
BCS densities of states at effective temperatures of 2.5 and 1.8 K, manually fitted to
the shape of the peaks (rather than to the gap).

The spectra were fitted by hand using the Bardeen-Cooper-Schrieffer (BCS)
density of states [26],

c ife > A, and

peos(e) ) /2 Az (1.1)
Po 0 if £ < A,

being broadened with an effective temperature Teg (see section 4.2.1 for details
on thermal and modulation broadening). In the above expression ¢ is the energy
and A half the width of the energy gap. The parameters A and T.g were
manually adjusted to obtain a best fit, resulting in A = 0.55 meV for both
spectra and Teg = 2.5 and 1.8 K for the high and low-temperature measurements
respectively. Using the expression A = 1.76kpT. (kp is Boltzmann’s constant),
which applies fairly well for T < T../2 [26], we find T, = 3.6 K, corresponding
to a layer thickness d ~ 10 nm.

These high effective temperatures can be partly explained by the 0.1 mV
AC-modulation signal added to the voltage for lock-in detection, resulting in an
extra ‘modulation temperature’ Ty,,q = 0.9 K. Subtracting this we find actual
temperatures T = /T4 — T2 , = 2.3 and 1.6 K respectively, which are still
rather high. Two principal candidates for the source of this discrepancy are
(1) inadequate thermal anchoring of tip and sample and (2) insufficient filtering
of RF-noise leaking in through the leads.
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1.3.2 Piezo Calibration

The z and y scan motions were calibrated by imaging the surface of a highly
oriented pyrolytic graphite (HOPG) sample. In fig. 1.9 two images are shown,
taken at 600 mK and 2 K. Although technically the 2 K results were used for
calibration, sensitivity of the piezo-elements hardly varies at these temperatures.
Large scale images such as the one on the left did not show any defects in the

Figure 1.9: STM images of HOPG at 600 mK (left, 10 x 10 nm) and 2 K (right,
2x 2 nm), recorded with 0.8 V/40 nA. The apparent height is represented in greyscale,
with a maximum difference of approx. 5 A. The overlay on the right image suggests
a possible hexagonal lattice assignment.

hexagonal pattern. This might result from scanning with a non-ideal, multiple
tip [22]. However, as several independent measurements at portions of the
graphite surface with different orientations all produced equal lattice spacings,
it is unlikely that the observed patterns result from mere interference between
the sample and an eventual flake of graphite on the tip. Also, the resulting
piezo calibration of 7.0 A/V (both for the z and y-directions) agrees reasonably
well with the specified sensitivity: 6 nm/V (£30%) at room temperature. With
a voltage range of 500 V this gives a total low-temperature scan range of 350 x
350 nm.

On the right image an overlay indicates a possible identification of the lattice.
Here carbon atoms from one sublattice (white circles) appear more brightly than
those from the other sublattice (black), resulting from a variation in the local
density of states. The correct assignment might be shifted with respect to the
presented one, but both the scale and the orientation should be accurate.

Proper calibration of the z-motion, on a stepped surface with a known
step height, has currently not yet been performed at low temperatures. How-
ever, as the X-shear actuators that move the walker are made of the same
piezo-ceramic material as the XY-shear stack that is used for horizontal scan-
ning, we can as a first approximation assume an equal reduction in sensitivity
upon cooling down to cryogenic temperatures. This again results in 7.0 A/V,
or a total range of 0.35 yum as suggested in section 1.2.2.
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1.3.3 Tentative Assessment

The 3He STM system described in these first three sections is in an advanced
stage of its development. Judging from the successes on an almost identical
system [21] it is based on a design that has proven itself and each of the in-
dividual components has at some point functioned properly. However, several
weaknesses have been detected during the assemblage and testing stages.

e The 1K capillary, transporting ‘He from the dewar to the 1K pot,
has developed leaks into the UHV chamber on multiple occasions. On
either end (i.e. at the dewar and at the 1K pot) it is connected by a
SWAGELOK VCR® fitting, which requires a considerable torque for proper
sealing. Since one of these has to be resealed every time the insert is re-
moved from the cryostat, the capillary is permanently at risk of being
weakened until it rips.

e Similarly the *He capillary, spiralling down to the sorb, is a notorious
source of trouble. Made of copper-nickel, its wall is quite fragile. Re-
peatedly extending and retracting the insert can cause it to kink, with
a blockage as result. It cannot be easily accessed for repairs and once
reached it is very difficult to mend reliably. Opening the line leads to
expensive *He losses and contamination of the sorption pump.

e The vertical motion mechanism for lowering the insert into the main
chamber has failed several times. It consists of a rotating threaded rod
along which a nut (that holds the weight of the entire insert) can move
up or down. Friction wears the thread inside the nut until it fails after
only tens of runs. MoSy powder is supposed to prevent this, but the rod
cannot be easily accessed for replenishing the lubricant.

Each of these problems in itself can in principle be evaded by careful handling,
but together they cumulatively reduce the chance of a successful measurement
and thus weaken the design. In a scientific instrument that is intended to operate
at and beyond the boundaries of technology we cannot afford those components
that rely on conventional technology to be less than optimal.

All of the issues listed above are in a sense related to the fact that the cryostat
is ‘bottom-loaded’: in order for samples to be replaced the entire refrigerator
has to move through the vacuum and therefore everything has to be flexible and
fragile. Mechanical motion should be avoided as much as possible, especially
when the choice of materials is limited by the requirements of UHV and low-
temperature compatibility.

The alternative is to make the cryostat accessible from top, such as the
system briefly reviewed in the next section. This way the cooling mechanism can
remain fixed and only the STM head (or even only the sample) is picked up and
transferred to the main chamber above if desired. As an additional advantage,
having the He dewar below the suspension enhances stability by lowering the
center of mass, not to mention obviating the discomforts and hazards of having
to refill a 3 m tall column with liquid helium.
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1.4 Joule-Thomson Refrigerated *He STM

Built by A.J. Heinrich and coworkers, the 3He STM system located at the
IBM Almaden Research Center is inspired by an earlier design for a 4 K STM by
D.M. Eigler. In this top-loaded construction, the scanner assembly permanently
stays down in the cryostat while samples can be transferred to and from the
preparation chamber via an ~ 150 cm long manipulator rod connected to an
almost equally long UHV bellow (tip exchange is currently precluded).

In contrast to many other 3He refrigerators, here the 3He gas is cooled by
the Joule-Thomson effect [27]. The UHV area, protruding down from the main
chamber along the central axis of the cryostat, ends with a glass tube at the
bottom of which the STM head is mounted. This glass tube hangs inside an
exchange gas can, which is part of a closed 3He cooling cycle. Gas expands
into the can through a nozzle and is pumped through a much wider line, until it
condenses and accumulates as a liquid at the bottom of the can. Note that in this
system no *He-filled 1K pot is required. Other than cooling the superconducting
magnet, the only purpose of the “He dewar around the can is to serve as a 4.2 K
thermal shield.

Three modes of operation can be distinguished:

1. In static mode, the can is filled with static He gas (i.e. mnozzle and
pumping line are closed), thermally linking the He dewar to the STM
which thereby equilibrates to 4.2 K.

2. In continuous-flow mode the gas is cooled by Joule-Thomson expansion
as discussed above. Both the nozzle and the pumping line are opened. This
eventually results in a temperature of 1.4 K.

3. Finally the supply of new warm gas can be stopped by closing the nozzle.
When being run in this single-shot mode, the system can reach 0.5 K.

Using an additional heater mounted in the STM head, intermediate tempera-
tures can be realized, at least on the sample. As a result of the design, both
the heater and the thermometer attached to the scanner are strongly coupled
to the sample station but hardly to the tip, which is cooled almost directly by
the liquid He.

The cryostat is equipped with a superconducting 7 T split-coil magnet. Its
field is oriented perpendicular to the cryostat’s axis (i.e. horizontal). The
field orientation within the horizontal plane can in principle be chosen freely,
but is fixed once the cryostat is mounted in place. As the STM head is designed
such that the sample stands upright (apart from a ~ 7° tilt), the magnetic field
can be oriented either perpendicular or parallel to the sample surface. Switching
from one situation to the other involves warming up the system and dismounting
the dewar and cannot be done without having to prepare the sample anew.

All experiments presented in the remainder of this thesis were performed on
this instrument.
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Chapter 2

Probing Atomic Spin States

2.1 Spin Excitation Spectroscopy

Magnetism is carried by the spin of electrons. Therefore, it is electrons that
might help us in the task at hand: to access the world of atomic scale mag-
netism and translate its properties into signals that we can understand. In the
work described here, we study individual spin states by means of Inelastic Elec-
tron Tunneling Spectroscopy (IETS). This technique focuses on systems that
have well-defined energy levels and are situated at a tunnel barrier. At low
voltages V electrons flow through such a system elastically. But once eV (with
e the elementary charge) exceeds the energy required to make an excitation to
a higher level, electrons have the additional option of performing this excita-
tion by tunneling inelastically. From this threshold voltage onward, there will
be an extra contribution to the current for every voltage increment dV. This
results in a step in dI/dV as a function of V', the height of which depends on
the excitation probability and the relaxation time of the system.

Previously, IETS was used in an STM geometry to identify vibrational modes
of a single CoHy (acetylene) molecule adsorbed onto a Cu(100) surface [16].
In this case the gap between tip and molecule forms the tunnel barrier. The
electrons that tunnel inelastically loose their energy by exciting the stretching
mode of the C-H bonds. The resulting dI/dV-step has an intrinsic width of
only ~ 8 meV which is very low compared to its energy (around 360 meV) and
can therefore be considered well-defined.

If IETS is to be employed to study excitations of a single localized spin state
rather than vibrational modes, we will refer to the technique as Spin Ezcitation
Spectroscopy (SES). Spin excitations, however, occur at much lower energies.
This is largely determined by the magnitude of the externally applied magnetic
field in which the experiment is conducted. Since that is experimentally limited
to a few Tesla, we can expect most SES features to be found below 10 meV.
Furthermore, since the spin state is itself an electron state, its coupling to the
electrons in the bulk is likely to be much stronger than that of a molecular
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vibration mode. The resulting additional lifetime broadening combined with
the low excitation energies makes observation of spin excitations unlikely to
occur in magnetic atoms that are placed directly onto a metal surface.

For this reason, SES has so far only been performed successfully on atoms
that lie on top of a thin insulating layer that separates them from the bulk.
Such a layer has to meet several requirements, the most obvious of which is that
it should be thin enough to still enable electron tunneling. But exactly how
limited the choice is can best be estimated by considering the lifetime of the
excited state, which strongly depends on the coupling strength and hence the
layer thickness. On the one hand, in order to clearly resolve multiple excited
levels their widths should not be much more than ~ 0.1 meV, corresponding to
a relaxation rate w, < 100 GHz. But on the other hand, the excitation events
have to occur often enough for it to produce an observable effect. So in order to
discern the signal on top of a 100 pA background, the inelastic current should
be no less than a few pA, or w, 2 100 MHz. Some materials that are known
to meet these requirements are Al;Og on NiAl(110) [18] and CuzN on Cu(100)
[19]. In a similar fashion, NaCl was found to sufficiently decouple molecular
orbitals (rather than spin states) of pentacene from both Cu(111) and Cu(100)
substrates [28].

2.2 Object of Study

2.2.1 Sample Preparation

The experiments discussed in this thesis, all carried out in the experimental set-
up described in section 1.4, were performed on CusN/Cu(100). To produce this
we started with a clean Cu(100) crystal surface that had been prepared with
repeated Ar sputter (1 keV, 2 x 1075 mbar) and anneal (~ 600°C) cycles, in a
base vacuum of 1 x 1072 mbar. Next, the sample was sputtered for two minutes
at 1 keV in 5 x 1076 mbar Ny gas, followed by one minute annealing at ~ 400°C.
This results in approx. 5 nm wide CuyN islands that are one atomic layer thick
and roughly square shaped (fig. 2.1a). Since the conductance of the islands is
lower than that of the surrounding bare copper, they appear as 0.14 nm deep
depressions (fig. 2.1c). The preference for the square geometry is believed to be
the result of a mismatch of the CusN lattice with the underlying Cu(100) [29].
Saturated nitrogen coverage of the copper surface causes the islands to arrange
themselves in an array like fashion.

After this we transferred the sample into the STM scanner and left it to cool
down to liquid helium temperature before evaporating the magnetic atoms. We
evaporated three different metals that all exhibit d-shell magnetism: Mn, Fe
and Co. What evaporation parameters should be used depends strongly on the
geometry and temperature distribution of the vacuum chamber and can only
be found by trial and error. We tuned the values such that they resulted in
an almost equal dose of the three elements with a combined coverage of two to
three atoms per island [30].
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Figure 2.1: (a) STM image (20 x 20 nm, 1 mV/0.2 nA, 0.5 K) of Mn, Fe and
Co atoms on CuzN/Cu(100). (b) dI/dV-map taken simultaneously with (a) at 250 pV
AC-modulation. Fe atoms appear as red and Co as black. Mn atoms and atoms
on N sites are white. (c) Height profiles taken from (a), each in vertical direction
(upward). (d) Crystal structure of the CuzN surface (top view). At the positions of
the vacancies (dashed circle) Cu atoms in the second layer can be seen. The solid and
dashed lines indicate a N-row and a vacancy-row respectively.

2.2.2 Tip Preparation

The STM tip we used was made out of a pure iridium rod (0.25 mm &) that was
cut to have a somewhat sharp ending. While under vacuum, the tip was taken
into field-emission range of a clean Cu sample (1 nA at —300 V tip voltage) and
cleaned at 10 pA (corresponding to approx. —600 V) until the current became
stable (~ 5 minutes, depending on tip cleanliness).

During operation of the STM the tip was further conditioned by indenting
(‘poking’) it into the surface. In order to do so we positioned the tip over a
region of bare copper in between the CusN islands (at 10 mV/1 nA, ie. ~3 A
tip height), opened the feedback loop and increased the voltage to 2 V. Then
we lowered the tip by 10 A where it stayed for a second after which we reduced
the voltage to 1 mV and restored its original height. This procedure could be

29



repeated until a suitable tip for scanning or atom manipulation (section 2.3.3)
was obtained. Hereafter we will refer to the ‘tip’ only as the microscopic object
— meaning the last few atoms, presumably Cu — that remains after such poking.

2.3 Experimental Techniques

2.3.1 Measurement Procedure

Unless specified otherwise, all dI/dV-spectra shown in this thesis were taken
in single-shot 3He mode (section 1.4), corresponding to 475 mK indicated on
a CERNOX™ thermometer that was mounted directly onto the scanner close
to the sample. With the feedback loop closed, the tip was positioned roughly
over the center of the atom of interest after which an automated ‘atom-lock’
procedure placed it exactly over the local maximum in the topography. The
feedback parameters (typically 10 mV /1 nA, unless stated differently) serve as
the quiescent settings for the measurement. Next, the feedback loop was opened
and the voltage set to its start-of-sweep value where it stayed for at least one
second before commencing the measurement sweep.

We recorded the dI/dV as a function of V by lock-in detection, using an
SR830 lock-in amplifier at 200 mV sensitivity, 30 ms integration time. For
this purpose a small AC-signal (~ 700 Hz, 50 V1,5 unless specified otherwise)
was added to the bias voltage. Data was taken with a 16 bit analog-to-digital
converter (ADC) for 1024 points in the voltage domain. One sweep (forward
and backward) took approx. 2 minutes. After this the tip was relocked onto
the atom (with closed feedback at quiescent settings) and the entire process
repeated at least once for averaging.

Depending on the sweep rate, the forward and backward scans were slightly
offset in voltage with respect to each other. This error was corrected for by
shifting them back onto each other after which the forward scan was averaged
with its backward counterpart to cancel out potential drift of the tip. During
each set of measurements an off-atom spectrum was taken with the same tip on
bare Cu or CuaN (as discussed above except for the atom-locking) and checked
for non-linearities.

2.3.2 Chemical Identification

When working with different kinds of adsorbents simultaneously, one needs a
way to tell them apart. As discussed above, vibrational spectroscopy has been
used to identify isotope composition within otherwise identical molecules [6, 16,
31]. More recently, chemical identification of Si, Sn and Pb atoms on Si(111)
was achieved non-electronically by means of Atomic Force Microscopy (AFM)
[32]. In this section we will discuss the identification abilities that SES provides.

Fig. 2.1d shows the crystal structure of CusN on top of Cu(100): a square
lattice with a 3.6 A wide unit cell containing two Cu atoms and one N atom [29)].
The square pattern of this atomic structure is also clearly visible on the islands
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Figure 2.2: Conductance spectra (50 ¢V modulation, 10 mV /1 nA quiescent, 0.5 K,
B =0 T) taken on individual Mn (a), Fe (b) and Co (c) atoms located on Cu sites
and a Co atom on a N site (d). Note that panel (c) has a different vertical scale.

in the topograph. The empty sites that are bordered by four Cu atoms will be
referred to as ‘vacancies’. As a consequence of this arrangement there are rows of
N-separated Cu atoms (N-rows) as well as rows of vacancy-separated Cu atoms
(v-rows). The thinnest border between two islands (as seen for instance between
the center island and its left neighbor in the image) is actually a row of ‘missing’
N atoms. These can be used to exactly locate the N-rows within the island and
with that we can in principle pinpoint every lattice site. In section 2.3.3 we will
discuss a more practical way to distinguish the N-rows from the v-rows.
Magnetic atoms on CusN can be found either sitting on top of Cu atoms or
on top of N atoms. At first sight they all appear to be identical (fig. 2.1a). This
is where SES comes in: figures 2.2a—c show spin excitation spectra taken on
each of the three species when located on a Cu site. The curves are remarkably
different. Evaporating one element at a time enabled us to tell which is which:
Mn has a small but distinct dip at zero bias, Fe features three steps on either
side and Co can be recognized by a sharp peak around zero and a single step on
either side. Spectra taken on other atoms of the same kind are identical except
for only slight variations of less than 5% in the positions of the steps. Although
the physics behind the exact shapes of these curves will not be discussed until
chapters 3 and 4, it is evident that SES provides a way to accurately determine
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the chemical identity of these atoms. At least, as long as the atoms are located
on the Cu sites: the spectrum in fig. 2.2d was taken on a magnetic atom that sat
on a N atom. Here, it shows no features whatsoever (except for a slight bump
near the center which was only incidental). This particular atom later turned
out to be Co (see section 2.3.3), but the other two elements appear similarly
featureless when located on N,

Another way to visualize the strength of SES concerning chemical identifi-
cation is by making a dI/dV-map. When doing this it is tempting to choose
the bias voltage Vy such that there is a high contrast between the atoms in
dI/dV]y=y,. But we should not forget that during scanning the feedback
loop is closed. The tip height is adjusted to maintain a constant current, or:
each dI/dV-curve is scaled to keep its integral until V' = V}, constant. There-
fore we should be looking for a bias voltage that gives maximum contrast in
(dI/dV)/I|y=v,. The map shown in fig. 2.1b, taken at 1 mV, has enough con-
trast to instantly identify the three different atoms while lying on Cu sites.

The long integration time required to record such a map makes this method
not too useful for quick reference. Possibly the fastest way distinguish the atoms
is therefore by looking directly at the topography. The profiles of fig. 2.1c
(constant current at 1 mV, 0.2 nA) indicate the heights of the three species
located on Cu sites: 2.6 A for Fe, 2.8 A for Co and 3.0 A for Mn. But we have
to be careful here: as each of them has a different I(V') characteristic because
of spin excitations, their relative apparent heights will depend strongly on the
bias voltage. It is therefore not surprising that a Co atom on N (atom 5 in
fig. 2.1a), being spectroscopically similar, is not distinguishable from Mn on Cu
by its ‘height’.

2.3.3 Vertical Atom Manipulation

The technique of controllably repositioning individual atoms with an STM tip
can be divided into two categories. Most well-known is the original lateral atom
manipulation [2], which is based on the notion that in general it takes less force
to move an atom across a surface than it takes to pull the atom off the surface.
Here the attractive force of the tip is tuned by adjusting its height and voltage,
such that when the tip moves laterally the adatom either slides along smoothly
[3, 33] or follows the tip’s path by hopping to stable lattice sites closest to it
[34]. This manipulation mode, that stands at the basis of many experiments
that involve increasingly complex atomically engineered structures [5, 6, 35], is
limited to surfaces that have only little corrugation and therefore not suitable
for CusN.

The second category, vertical atom manipulation, uses the ability of an
adatom to switch its position from surface to tip and vice versa as first seen
for Xe on Ni(110) [36]. This process, occurring during voltage pulses that tem-
porarily increase the current, results from vibrational heating caused by inelastic

1For Mn on N most of the time the spectrum shows a weak but reproducible signal which
we will ignore.
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Figure 2.3: Topographs (10 mV/1 nA) taken before (a) and after (b) picking up
a Co atom. The lower atom in both images is Mn. (c) Recording of the tip height
during hopping. From ¢ = 0 the tip voltage is ramped to 1.5 V in about 0.3 s over
atoms that are located on N sites. The lower curve shows the same procedure when
no adatom is present.

electron tunneling [37]. The direction of atom-transfer is found to be the same
as that in which the electrons tunnel, such that by switching the polarity of the
voltage pulse one can choose between picking up and dropping off an atom.

Pick Up and Drop Off

On CusN we use the vertical manipulation method as follows. After scanning
an image we position the tip over the atom we want to pick up with the feed-
back loop closed at 10 mV /1 nA. Next the loop is opened and the voltage set to
a small value like 1 mV. Now we lower the tip by 2.0 A and wait for one second,
after which we set the tip voltage to +2.0 V for the atom transfer and wait
another 200 ms. Finally we reset the tip height to its original value, followed by
resetting the voltage. Putting down atoms goes exactly as picking up, the only
changes being the stroke length (2.2 A) and the transfer voltage (—0.5 V).

It should be noted that the success rate of this procedure depends strongly on
the microscopic geometry of the tip. However, repeated tip pokes as discussed
in section 2.2.2 have reproducibly generated tips that could reliably pick up and
drop off one specific atom tens of times in a row. In these cases the ‘loaded’ tip,
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having only one apex-atom, could be clearly distinguished from the ‘unloaded’
tip. A good example is shown in figs. 2.3a and b: the topograph produced
by the loaded tip is sharp enough to reveal the atomic structure of the CusN,
whereas the unloaded tip creates ghost-images of nearby objects as a result of
multiple-tip effects.

Although magnetic atoms can be encountered both on Cu and N sites, during
a drop-off procedure they always land on a N site. As a result the potential
drop-off sites are 3.6 A apart. This turns out to be sufficient to select the
exact landing site before putting down an atom with practically 100% accuracy,
provided that the tip is in a good condition for manipulation.

Hopping Atoms

Surprisingly, the N sites are not the lowest energy positions for the adatoms.
When being treated with a 1.5 V pulse (from a tip that is at ~3 A distance,
corresponding to 10 M) contact resistance), the Mn, Fe and Co atoms always
hop to one of the four neighboring Cu sites, from where they cannot be removed
other than via a pick-up. Whether this change of preferred configuration is
caused by a voltage-induced reconstruction of the lattice we do not know. Also,
we have not been able to control the direction of hopping. Nonetheless, this
property can be very useful in determining an adatom’s exact position: by
recording its hopping direction we can tell whether it ended up on a N-row (and
v-column) or on a v-row (N-column), lifting the need to ‘count from the edges’
as discussed in section 2.3.2.

Sometimes an adatom hops diagonally instead, towards a vacancy site. This
behavior is atom-specifically reproducible (i.e. once an atom has been observed
to hop diagonally it will do this repeatedly and exclusively, while other atoms
never make diagonal hops) and must therefore be an intrinsic property of the
atom. As this happens more often with atoms that fall off the tip after poking
(section 2.2.2), we believe that it is specific to Cu adatoms. Additional indi-
cations for this hypothesis are that the diagonal-hopping atoms appear smaller
in topography than the magnetic adatoms and that they show no spectroscopic
feature whatsoever, regardless whether located on a vacancy or a N site.

The hopping behavior provides another way to identify a certain adatom.
As shown in fig. 2.3c each atom hops at a slightly different voltage, giving rise
to characteristic tip-height traces. Intriguing is the delay involved in Fe and es-
pecially Co, which can stay on a N site for several seconds after the tip voltage
has reached 1.5 V before hopping.

To summarize, spin excitation spectroscopy has developed into a very precise
and powerful tool for studying individual magnetic atoms, and CusN seems to
be an ideal surface on which to place those atoms. The stage is set for some
beautiful experiments that will be presented in the following three chapters.
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Chapter 3

Magnetic Anisotropy

The work presented in this chapter was published as Large Magnetic Aniso-
tropy of a Single Atomic Spin Embedded in a Surface Molecular Network, by
C. F. Hirjibehedin, C.-Y. Lin, A. F. Otte, M. Ternes, C. P. Lutz, B. A. Jones,
and A. J. Heinrich, Science 317, 1199 (2007).

3.1 Introduction

Anisotropy is what makes the difference between spin and magnetism. A free
atom, regardless of its electronic structure, is always perfectly spherical. Al-
though it may possess a finite amount of spin (as a result of some electron
orbitals being half-filled), the lack of anisotropy makes the orientation of the
spinning axis intrinsically undetermined and therefore it will never exhibit mag-
netism. The tendency to align the angular momentum in a certain direction and
the ability to maintain the resulting magnetization over an extended amount of
time is governed entirely by the atom’s immediate environment.

The same is true for large ensembles of spins. Current non-volatile magnetic
storage devices (hard drives) are based on a continuous thin film of ferromagnetic
material, the magnetic domains of which are much smaller than the bits we
intend to write on it. The anisotropy of the material will make sure that each
domain has an ‘easy-axis’ along which it would like to magnetize either up or
down. In order to flip a domain one would have to overcome an energy barrier
Ae = K,V [38]. Here K, is the anisotropy constant and V' the volume of the
domain. At a finite temperature T' this will happen spontaneously with a rate

1
— = foemAe/kET (3.1)
i
where fj is a measure of the attempt frequency, typically taken to be 109 s~1,
and kp is Boltzmann’s constant. A reliable storage medium has Ae/kpT = 50

or higher. If however from here we reduce the domain volume V' by only a factor
of 2, the decay time 7 will decrease by a factor €25 (~ 10!!)! Clearly, we are
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extremely limited in reducing the domain size and hence the bit size as long as
we cannot control the anisotropy. This impending technological barrier, that
currently threatens to halt the decades-long trend toward ever higher storage
densities at room temperature, is called the superparamagnetic limit.

Much larger anisotropies per atom than the ones found in current thin-film
magnetic materials have been reported in magnetic structures consisting of only
a few atomic spins, such as single atoms and clusters on metal surfaces [39, 40]
and molecular magnets [41, 42, 43]. These systems are of technological interest
as they have energy barriers that are already high enough to maintain a stable
spin orientation at low temperatures.

To lowest order, the energy of a spin
in an environment with uniaxial anisotropy
(i.e. where only one axis is unique) can be

described by [43]:

Energy

H = —guBB~§+D5%. (3.2)

Here the first term is the Zeeman splitting
of the states in the presence of a magnetic T . T y T
field, where g is the g-factor, up the Bohr -2 0 2 . m

magneton and S = <$x,$y,gz> the spin

Figure 3.1: Schematic view of the
Sz eigenvalues of an S = 2 system
under axial anisotropy with D < 0.

operator. The anisotropy is represented by
the second term which splits the zero-field
degeneracy of the spin-states based on the
magnitude of the spin’s Z-projection m. If
D < 0, large values of |m| are favored and we can speak of an ‘easy-axis’.
With D > 0, the spin would like to minimize the Z-component of its magnetic
moment such that the system has an ‘easy-plane’ orthogonal to the unique axis.
For the first case the effect of this term is sketched in fig. 3.1: a barrier of height
—DS? for integer spin and —D (52 — i) for half-integer spin separates the two
metastable configurations.

If all three axes are unique we add another term to the Hamiltonian express-
ing the difference between the remaining two directions (transverse anisotropy):

H=—gusB-S+DS%+E (SE( - S§,) . (3.3)

By convention, the axes are assigned as to maximize |D| and have E > 0. Note
that we use the coordinate symbols (X, Y, Z) to distinguish from the real-world
axes (z,y, z), which will be defined in section 3.3. The transverse term does
not commute with S’Z, such that it mixes states with different m. This means
that the two magnetization directions no longer represent stationary states as
a result of which the system cannot be used as a bit anymore. We can now
conclude that an ideal situation for data storage occurs when S is large, D is
large and negative and F is very small.
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3.2 Cu3N: a Molecular Network

When an atom is placed upon a surface, obviously the out-of-plane direction
becomes unique. In the particular case of atoms bound on the Cu sites of CusN
there is a distinction between the two in-plane directions as well: if the atom
is positioned on a N-row it is part of a v-column in the other direction or vice
versa (a schematic drawing can be found further on in fig. 3.4a). In this section
we will look at the exact composition of the CusN surface in more detail.

Figure 3.2: DFT calculations of the electron density in the CuzN lattice.
(a, b) Cross-sectional views of bare CusN through a N-row (a) and through a v-
row (b). (c—f) Same for CuzN with a Mn or Fe atom adsorbed onto it. Dark (light)
regions indicate low (high) electron density. The black equal density lines are spaced
logarithmically at powers of 10'/2 e/ag, where e is the elementary charge and ag the
Bohr radius. The line at highest density corresponds to 107Y2 ~ 0.3 e/ag. At each
atom the net charge is given in units of e.
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To better understand the structure formed by magnetic atoms on CusN,
we used density functional theory (DFT) calculations of the electron density
performed by C.-Y. Lin and B.A. Jones. These were done using the all-electron
full-potential linearized augmented plane wave (FLAPW) method [44] with the
exchange-correlation potential in the generalized gradient approximation (GGA)
[45]. For details of the calculation see [46]. Figures 3.2a and b show cross-
sections of the calculated charge density of CugN on Cu(100) in the absence of
any adatom, respectively along a N-row and a v-row. The N atoms are seen to
be slightly above the plane of the surface Cu atoms. In addition, there is a net
transfer of (negative) charge from the Cu atoms to the N atoms. A comparison
of the charge densities along the two orientations shows that the CusN has
formed a network of polar covalent bonds along the N-rows that is distinct from
the underlying bulk copper.

Placing an Mn or Fe atom on top of a Cu atom causes a substantial re-
arrangement of the atomic structure. As seen in figs. 3.2¢—f for both Mn and
Fe, the Cu atom directly below the magnetic atom has moved toward the bulk
and is no longer part of the polar covalent CusN network. The magnetic atom
transfers charge to the CusN surface and creates bonds with its neighboring
N atoms: the magnetic atom is thus incorporated into the extended molecular
network on the surface. In view of these significant structural and electronic
changes involved in placing an atom on the surface, it is all the more surprising
that we can reverse the process by removing an adatom as described in the
previous chapter without permanently changing the CusN surface.

" @ ©® @
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Figure 3.3: Calculations of the local spin density on each atom for (a) Mn and
(b) Fe on CugN. In either case the left (right) image shows the first (second) layer of
atoms. Cu atoms are depicted as large light grey spheres while N atoms are smaller
and dark. Dashed circles indicate the position of the adatom above the first layer.

The numbers give the net spin (x100) on each atom and its surrounding interstitial
region. Including the spin on the adatoms, these add up to 250 for Mn and 200 for Fe.
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The calculations can also give information on the local distribution of spin,
determined by evaluating S = (N; — N|) /2 where N7 and N| are the total
number of electrons with spin up and down in a specified volume. In the case
of Mn, the spin on the atom itself and the surrounding interstitial region is
S = 2.28, whereas for Fe S = 1.73. These values are slightly lower than the
free-atom spins (i.e. S = 2 for Mn and S = 2 for Fe), however, a substantial
amount of spin density extends into the surrounding atoms, as illustrated in
fig. 3.3. By including the spin on all of the atoms, the net spin of the total
structure is calculated to be the same as that of the free atoms (2.50 and 2.00).
Specifically in the case of Fe we find that the spin spreading occurs primarily
along the direction of the N-row, while for Mn there seems to be a slightly
stronger tendency to spread down into the second layer. This spreading of spin
density, here up to 5 A from the binding site, is similar to that reported in DFT
calculations of molecular magnets [48]. In comparison, no substantial net spin
density is found for bare CugN on Cu(100).

3.3 Anisotropy in Spin Excitations

The existence of zero-field excitations as seen in the spectra of fig. 2.2, indicating
that the different spin orientations (quantum number m) are non-degenerate,
suggests that the atomic spins on CuyN are subject to strong magneto-crystalline
anisotropy. We studied the anisotropy of Mn and Fe atoms on the Cu sites of
CusN by following the evolution of their spin excitations when a magnetic field
is applied in three orthogonal directions. As discussed in section 1.4 the He de-
war in which the 7 T superconducting magnet was mounted could be rotated
such that the field was either in the plane of the sample or perpendicular to it.
In the second case there was a ~ 7° tilt of the magnetic field with respect to the
sample’s normal vector which we will ignore during further analysis. When the
magnetic field was in the plane, the orientation of the sample was such that the
field aligned with the (001)-direction of the crystal, i.e. parallel to the N-rows
and v-rows in one direction (in this situation there was a ~ 5° misalignment
that we will ignore). Distinction between the two in-plane field directions was
made by separately regarding adatoms that were located either on a N-row or
on a v-row. As a result, multiple field directions could not be realized on a single
atom (without repositioning it). Switching from an in-plane to a perpendicular
field even required preparing a whole new sample (section 2.2.1) as it involved
dismounting the entire cryostat. For each individual atom lying on a Cu site, we
will use the coordinate system as defined for Mn in fig. 3.4a, where z is directed
along the N-row, y along the v-row and z is the surface’s normal vector.

In the subsequent analysis we will describe each of the atomic spin systems
by a single spin vector S. It is important to note that this ‘spin’ is a resultant
quantity which comprises both the intrinsic spin of the electrons and their orbital
angular momentum. As the crystal field can only directly influence the latter,
spin-orbit coupling plays an important role in translating the effects of magnetic
anisotropy to the actual electronic spins.
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Figure 3.4: (a) Schematic top view of Mn on CuzN. This assignment of the axes will
be used for any single atom on CugN. (b—d) dI/dV-spectra on a individual Mn atoms
in various magnetic fields oriented along z, z and y in (b), (c) and (d) respectively.
Smooth curves show the calculated conductance based on (3.5), scaled to fit the data.

3.3.1 Mn: a Weak Easy-Axis

Figures 3.4b—d show spin excitation spectra taken on three different Mn atoms,
each corresponding to one field direction, at 0 T, 3 T and 7 T. In each situation
the energy of the single step that is found symmetrically around zero bias grows
with the field strength. The rate at which it grows is nearly equal for B || 2 and
B || y (the two in-plane directions), but is markedly higher when B || z. We shall
try to explain these observations using the anisotropy Hamiltonian (3.3). Mn is
a 3d° metal so we expect its spin to be g Since the = and y field orientations
give similar results we can expect the main anisotropy axis Z to coincide with
the z-direction, and E to be very small. Fig. 3.5a shows the qualitative effect
the anisotropy Hamiltonian has on the energy levels of an S = % system when
D <0, E=0and B | Z. If we assume the transitions to obey the selection
rules1 Am = 0 or £1, a single transition from the ground state (m = g) to

m = 5 is allowed, the energy of which is finite at B =0 and grows linearly with
the field. Note that if we choose D >0, m = 5 Would become the ground state
and we would have two allowed transitions (to m = 2 and m = —1).

1We will discuss these rules in section 3.3.3.
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Figure 3.5: (a) Sketch of the qualitative effect of a negative D-value on an S = g Sys-
tem when the field is oriented along the primary axis Z. (b—d) Step energies taken
from fig. 3.4. The solid lines indicate excitation energies obtained by diagonalization
of 3.3. In (b) the open circles label step energies measured on a different Mn atom.

We obtained the best fit of the step positions when ¢ = 1.90 + 0.01, D =
—0.039 + 0.001 meV, and F = 0.007 £ 0.001 meV with (X, ), 2) = (x,y, 2).
The calculated transition energies for these values are shown in figures 3.5b—d.
Due to the weakness of the anisotropy there are many level crossings at low
magnetic field. Especially in the x and y-directions, where even at E = 0 the
levels are not eigenstates of Sz, this complicates the exact assignment of the
spin excitations.

The resulting parameters correspond to a magnetic easy-axis pointing out
of the plane (i.e. Z = z). The value of D, which is much smaller than the
anisotropy of Fe as will be discussed shortly, is consistent with anisotropy val-
ues observed for Mn in molecular magnetic clusters [49]. Small anisotropy is
also expected for half filling of the d-orbitals. Hund’s rule coupling leads to
alignment of the electron spin and single occupation of all d-states, giving rise
to a symmetric charge distribution within the d-shell. Although the results in-
dicate a finite value for F, its magnitude is still too small to cause observable
transitions to other levels that could arise from mixing of the eigenstates.
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3.3.2 Fe: Almost a Bit

The zero-field spectrum of Fe, which based on its electronic configuration (3d°)
we expect to behave as an S = 2 system?, features three steps at |V| ~ 0.2, 3.8
and 5.7 mV. These excitation energies change by less than ~ 5% between various
measurements performed on Fe atoms adsorbed on different CuyN islands and
measured with different tips. This variation may arise from slight changes in the
local environment caused by the inherent strain in the CuaN islands [50]. The
appearance of three spin excitations can be explained by choosing the anisotropy
parameters D < 0 and F # 0, as illustrated qualitatively in fig. 3.7a. The result
of having a substantial F (and the absence of Kramers degeneracy for integer
S, see chapter 4) is that all zero-field degeneracy is broken, including that for
equal |m|. Now the 0.2 meV step can be assigned to an excitation between
|m| = 2 states, while the steps at higher energies are signatures of |m| =2 — 1
transitions. Excitations to m = 0 are forbidden by the selection rules.

The field dependence of the step positions (figs. 3.6a—c) is much more an-
isotropic than in the case of Mn. A clear example is the 5.7 meV step, that
goes up in energy with increasing B || # and down when B || y. The evolu-
tion of the heights of the steps, which is similarly anisotropic, especially for the
0.2 meV excitation, will be discussed in the next section. Calculations of the
energy levels, fitting the measured step positions, are plotted in figs. 3.6d—f.
The parameters used here are g = 2.11 £ 0.05, D = —1.55 & 0.01 meV and
E =0.31£0.01 meV, with the anisotropy axes assigned as (X, Y, Z) = (y, z, x).
This translates into a strong easy-axis (Z£) along the N-direction (x), with a
significant contribution from transverse anisotropy. Similar values, although
usually with positive D (corresponding to planar or hard-axis anisotropy), have
been observed in crystals formed from molecular magnet structures with single
Fe atoms [49].

3.3.3 Transition Intensities

In order to better understand the inelastic tunneling process that governs the
spin excitations we can additionally analyze the intensity of the observed tran-
sitions. We find that the relative step heights in the Fe spectra, which should
be a measure of the excitation intensities, are well-described by:

N 2 2 2
¥n| Sx WJO>‘ ’ ‘
AT

—~

fon = | + |l Sy )| + [ Sz o) (3.4
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0wl 8- |+ 2wl Sz [},

where Sy = Sy 4 Sy and the |¢,) states are obtained directly from diago-
nalization of (3.3), with |¢p) being the ground state. This expression was also
used for analysis of neutron scattering experiments on a similar magnetic sys-
tem [51]. The first two terms enable Am = %1 transitions and the third term

2See section 3.4 for a discussion on the validity of using the free-atom value of S.
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Figure 3.6: Conductance spectra on Fe in various magnetic fields oriented along
z (a), y (b) and z (c). (d—f) Calculated conductance curves based on (3.5). The
arrows indicate the appearance of the |1) — |14) transition.

allows Am = 0. These selection rules are consistent with previous empirically
observed transitions in STM spin-excitation experiments [19].

Table 3.1 lists the |t,) vectors (still for Fe) in the basis of Sz-eigenstates
|m). When B = 0 T, the ground state |1)p) has most weight in the |-2) and [42)
states. From here, transitions to [¢1) (Am = 0) and |i2) and |¢3) (Am = 1)
are strong, whereas transitions to |t4) are forbidden. At B =7 T along Z (i.e.
x, the N-row), the situation changes substantially: because most of the weight
in [to) is now in the |+2) state, Am = £1 transitions to [¢)3) and |13) remain
visible while transitions to |11) (now mostly |-2)) and |¢4) are too weak to be
observed. This is consistent with the observed disappearance of the 0.2 meV
step for B > 1 T in the z-direction.
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Table 3.1: Eigenvectors for Fe on CuzN, written as a sum of |m) states and obtained
by diagonalization of (3.3) with S =2, g =2.11, D = —1.55 meV and F = 0.31 meV,
at B=0T and B =7 T oriented along Z.

Eigenstate |-2) |-1) |+0) |+1) |+2)
B=0T

|1bo) 0.697 0 ~0.166 0 0.697
|11) 0.707 0 0 0 -0.707
|12) 0 0.707 0 -0.707 0
|13) 0 0.707 0 0.707 0
) 0.117 0 0.986 0 0.117
B=7T

o) 0.021 0 -0.097 0 0.995
|11) 0.987 0 —0.157 0 -0.036
|hs) 0 0.402 0 -0.916 0
) 0 0.916 0 0.402 0
|1h4) 0.159 0 0.983 0 0.092

Calculated values for Iy_.,, with B || Z are shown in fig. 3.7b. They are
normalized to fit the relative step heights as extracted from the measurements.
Note that it would be senseless to compare the absolute step heights. As certain
transitions die out the total inelastic current decreases, but each spectrum is
started at the same quiescent settings such that other inelastic contributions (i.e.
excitation intensities) are rescaled. Therefore we look at the relative composition
of the inelastic current, which gives meaningful quantities at any field. A similar
calculation with B || X' (i.e. y, the v-row) indicates that starting from ~ 2 T in
this direction the |tg) — |1)4) transition should open up. This may explain the
small steps around |V| = 8 meV indicated by the arrows in the 7 T spectrum
of fig. 3.6b.

We can even model the full conductance spectra as the sum of a voltage-
independent elastic conductance and a series of thermally broadened IETS tran-
sitions. For the inelastic part of the conductance we use:

e o 3Y Im_)an(T)(l - Pn(T))

m n>m

x {(I) <ev +]i‘;"T_ 5””) +® (_eV - IS:T_ gm)> } . (35)

where each IETS step is weighted by the calculated intensity I,,—., as given by
(3.4) and by the Maxwell-Boltzmann distribution:
e*Ei/k}BT

Pl = st
J

(3.6)
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Figure 3.7: (a) Sketch of the qualitative effect of a finite E-value on an S = 2
system with negative D. (b) Step heights taken from fig. 3.6a. The solid lines show
the calculated transition intensities based on (3.4). (c—e) Step positions acquired from
fig. 3.6a—c, plotted together with the calculated excitation energies for Fe.

Thus Pm(T)(l — P(T)
a filled initial state |¢,,) and an empty final state [¢,). The shape of the
IETS transitions is given by:

) quantifies the probability of simultaneously having

14 (z—1)e”

P(x
(@) (e — 1)°

(3.7)

This was derived for molecular vibration spectra [52, 53] and incorporates the
thermal broadening caused by the finite temperature of the electrodes. To
make sure that the summation runs only over positive energy excitations, the
eigenstate indices n are assumed to be ordered with increasing energy €,. The
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resulting modelled spectra for Fe (figs. 3.6d—f) correspond extremely well to the
experimental data. Similar modelcurves for Mn are plotted together with the
data in fig. 3.4.

The level of agreement between those modelled spectra and the experimen-
tal data is astonishing, considering that (apart from an overall scaling factor)
no additional fitting is performed. For each type of atom the parameters S,
g, D and E are determined once from the field dependence of the step ener-
gies and that information is sufficient to reconstruct a spectrum taken at any
field strength or orientation.

3.4 Discussion

In this chapter we have presented a method to map the magnetic anisotropy of
individual atoms using spin excitation spectroscopy. We find that Mn on CusN
has a weak easy-axis that is oriented out of plane with very little transverse
contribution. Fe is shown to have an easy-axis along the N-row that has much
higher anisotropy energy. Although the origin of these specific preferential di-
rections remains to be explained, it is interesting to note that in either case it
coincides with the directionality of the spin spreading calculated by DFT. The
weakness of the anisotropy for Mn most likely results from the fact that a Mn
atom has zero orbital angular momentum. Therefore the crystal field has no
channel through which to influence the electronic spins.

For Fe we find D = —1.55 meV, corresponding to an energy barrier with
height 6.2 meV. According to (3.1) this would result in a bit that is stable below
~ 2 K, if it were not for the significant transverse anisotropy £ = 0.31 meV.
Let us discuss the precise influence of this E-term on the magnetic stability. As
shown in table 3.1, at zero field the two lowest-energy eigenstates are (almost)

% (|f2> + |+2)). Regardless of whether the bit is set to ‘0" or to ‘1’, one will

measure m = —2 for 50% of the time and m = +2 for the other 50% of the
time, making the system unsuitable for data storage. If, however, we were to
apply a magnetic field of 2 T permanently over the bit in the Z-direction, the
two lowest states become:

ltho) = 0.99|+2) — 0.12]+0) + 0.09|—2), and
l1h1) = 0.10|[+2) 4 0.1240) — 0.99 |—2).

These are stationary states that are still separated by a 6.0 meV barrier (i.e.
stable at T' < 2 K), but now one would measure m = +2 for 98% of the time if
the bit is set to ‘0’, and m = —2 for 98% of the time if set to ‘1’. This way Fe
on CugN can be considered a candidate for future laboratory demonstrations of
an atomic bistable (albeit metastable in one of the two states) magnetic bit at
low temperature.

Throughout the analysis we have used the free-atom spin values, g for Mn
and 2 for Fe, even though these are not at all necessarily correct for bound
atoms. The DFT calculations presented in section 3.2 indicate that part of the
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spin density spreads along the surface and into the bulk, suggesting a decrease
in the effective spin on the atom. However, as a result of the discrete nature of
the system, we can only adjust the quantum number S in steps of % while the
spin spreading is rather small.

Previously, for the case of Mn on CugN, S = % was found to explain the
observed excitations better than any of the adjacent values [19]. For Fe, we
use the following reasoning. Since we can clearly discern three excitations in
the zero-field spectrum there should be at least four energy levels, ruling out
any S < % As will be derived in the next chapter, for any half-integer spin
the zero-field degeneracy between states with equal |m| cannot be broken by
an F-term (Kramers degeneracy). This way we can additionally rule out any
half-integer S < % The remaining spin values are integer S > 2 or half-integer
S > %, but as S = % is the highest spin a d-shell magnet can adopt S = 2 is
the only possibility left3.

A point that remains unclear is the role of the orbital angular momentum
of the electrons in the d-shell. Both the values for S and for g that we find (in
each case close to g = 2.00 as expected for a pure electron spin) suggest that the
orbital moment makes no substantial contribution to the effective spin vector
S. One possibility is that the crystal field either quenches the orbital angular
momentum or suppresses the spin-orbit coupling. However, this would in turn
make the electron spins invulnerable to the influence of the crystal field which
is clearly not the case.

The matrix elements (3.4) that were found to accurately determine the tran-
sition intensities are identical to those used for explaining inelastic neutron scat-
tering in a magnetic molecular cluster (Feg) [51]. This could indicate that the
observed inelastic tunneling arises from similar dipolar magnetic interactions
between the spin of the tunneling electron and that of the magnetic atom. Es-
pecially for Fe the intensity of this process is remarkably large: at B = 0, the
combined inelastic conductance (i.e. the sum of the IETS step heights) is larger
than the elastic conductance (as measured at V = 0). Even the step of one of
the individual transitions (|too) — |11)) is at least as high as the background.
This is surprising: not only does the excitation open a new inelastic conduction
channel, its transmission is possibly even enhanced compared to the elastic path.
A more detailed study of the inelastic excitations in comparison to the elastic
current may provide insight into which electronic orbitals are involved in either
process. In chapter 5 we will discuss a possible first step in that direction.

3In principle the interaction with the surface might destroy the d-shell character enough as
to enable S > 3 (although the DFT calculations indicate a decrease of spin). This, however,
does not fit our data as well as S = 2 does.
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Chapter 4

The Kondo Effect of a
Single High-Spin Atom

The work presented in this chapter and the following chapter was performed in
collaboration with C. F. Hirjibehedin, M. Ternes, C. P. Lutz, and A. J. Heinrich.

4.1 Historical Overview

The story of the Kondo effect starts in the 1930’s, when De Haas and coworkers
in Leiden measured the resistance of some metals at very low temperatures.
They found that surprisingly, the resistance of their gold samples increased
rather than decreased when being cooled down below approximately 8 K [54].
Although they already suspected the appearance of this resistance-minimum to
be related to the purity of the sample material, the presently accepted expla-
nation was not proposed until 1968 when Kondo attributed the phenomenon to
the presence of magnetic impurities [55]. In the following we will discuss the
Kondo effect within the framework of the Anderson Impurity Model [56].

4.1.1 Anderson S = % Impurity Model

We consider an atomic impurity that is coupled to a bath of electrons with
Fermi energy ep. The impurity has an orbital that can host two electrons with
opposite spin orientations o (T or |). Each electron on the impurity has an
energy €4 and if the orbital is doubly filled there is an additional Coulomb
repulsion energy U. This can be summarized in the Anderson Hamiltonian:

s {gdczi,czg Y + Y (Vi + Vi ) } L vddidld,
o k k
(4.1)

where éTka and ¢y, are the creation and annihilation operators of the electrons
in the bath (with wave vector k) while d} and d,, create and annihilate electrons
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on the impurity. The coupling strength between the impurity and the bath is
quantified by V. We choose ¢r and £4 such that the impurity orbital is half
filled in its ground state |dl), which thereby becomes degenerate in o:

kr
|dy) = df, [ ] elel, Ivac). (4.2)
k

Here kp is the Fermi wave vector and |vac) the vacuum state. For simplicity we
also assume that excitations to |d2) = dléxs|dL) and to |d°) = 6L0d0|d},> (where
& denotes the opposite spin orientation of o), i.e. respectively adding an electron
to or removing an electron from the impurity, cost the same amount of energy
U/2. As a result the situation becomes electron-hole symmetric: there are two
Hubbard bands at the same energy which are each other’s mirror image through
electron-hole inversion. Effectively the impurity is now a localized S = % system
that can switch its magnetization through either of two virtual processes, each
with a transition rate 2V2/U:

ldLy = él, d,diéws|dl) (ie. via |d?)), or (43)
L) = diéwsel dy|dL)  (ie. via [dO)).

Note that such a process — which has to be energy conserving — can only occur
around the Fermi energy as it extracts an electron from the bath and replaces
it with an electron that has opposite spin. Therefore it requires both filled and
empty states at one energy. By performing a canonical transformation [57]7 it
is possible to approximate (4.1) as:

2
H o~ Z ZE(k)éLJéka + % Z Sa - Sk, (4.4)
o k

kk’

which is known as the Kondo Hamiltonian. Here S, is the spin of the impurity

and Sy is a second SU(2) (i.e. spin 1) system defined as:

2
St = e
Kk’ Cr1Ck’ |
Sk = é;fclék’% (4.5)
A 1
_ s s
Slik’ = 5 (ckTCk'T - Cklck/i> .

This effective spin can be seen as the net collective magnetization of the elec-
trons in the bath surrounding the impurity, the two spin orientations of which
we shall denote as {} and |. Since 2V?2/U > 0, Ski is coupled antiferromag-
netically to the impurity spin Sd, which is oriented | and T respectively. At
higher temperatures the system can occupy either of the two degenerate states
[{,1) and |f),]). However, if the temperature T sinks below a characteristic
Kondo temperature Tx — where kgTk is a measure for the coupling strength
between bath and impurity — energy can be gained by forming a spin-singlet
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Kondo state %(H}, =11 l)) [568]. This leads to a sharp resonance in the

electron density of states (DOS) of the Kondo system, exactly at the Fermi en-
ergy. Although in quantum mechanics the singlet-triplet formation is a common
phenomenon when two doublets are coupled, it should be noted that the cur-
rent system involves many spins that are distributed over a wide area that has
unclear boundaries. The Kondo state is therefore a macroscopic many-body
quantum state, the exact properties of which are still under debate in many
theoretical studies.

As the conduction electrons in the vicinity of the impurity freeze into this
singlet state the transport properties of the conductor change significantly, giv-
ing rise to the anomalous increase of the resistance that so much puzzled the
Dutch scientists in 1936. But it is important to stress that the Kondo effect
itself is not a transport property. In the model discussed above we used only
one conducting lead that was coupled to a magnetic impurity. Translated to
an STM geometry this means that if a magnetic atom is coupled to the metal
surface, the tip is not needed to form a Kondo system. So unlike the inelastic
electron excitations of the previous chapters, the Kondo effect just happens;
even if you don’t measure it.

4.1.2 Experimental Realizations of a Single Kondo Spin

In 1998 research on the Kondo effect experienced a revival when it became possi-
ble to experimentally isolate and study a single Kondo-screened spin. This mile-
stone was achieved almost simultaneously through the use of two independently
evolved techniques. First, artificially crafted quantum dots in GaAs/AlGaAs
semiconductor heterostructures were depleted until they effectively held one
electron [59, 60]. The half-integer spin that was thus isolated interacted with
neighboring leads via a coupling that could be tuned with great precision. This
method provides an extreme level of control that has led to many advanced
Kondo experiments [61, 62, 63]. The second technique that enabled the study
of individual Kondo spins was the STM, that was used to address individual
magnetic atoms lying directly on top of and strongly interacting with a metal
surface [64, 65]. Using either method, dI/dV measurements performed on the
Kondo system yielded a strong resonance around zero bias voltage. As a hall-
mark of the Kondo effect, for T' > Tk the amplitude of the resonance decreases
linearly with the logarithm of 7. Its width in energy is a measure for the
coupling strength of the Kondo spin to the bath and therefore also for Tk.
Typically for magnetic atoms on a metal surface Tk ranges between 50 and
100 K [66], whereas in the quantum dots it can be tuned to values from about
1 K to < 50 mK [60].

Following these first demonstrations, other experimental systems have been
found suitable for isolating and addressing an individual Kondo spin as well.
These include carbon nanotubes [67, 68, 69] and single-molecule transistors con-
structed in electromigration junctions [70, 71].
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4.2 The Kondo Effect of Co on CusN

In the discussion above we have used an S = % impurity. Without losing any
of its applicability the model can be generalized to any system with a twofold
degenerate ground state, as long as a single-electron process can cause it to
switch, i.e. |Am| = 1. However, the ground state of a system having S > %
is more-than-twofold degenerate, making the problem much more complicated.
Therefore theoretical considerations of the Kondo effect are often limited to
S = % Although this assumption is justified for most quantum dot experiments,
where the amount of spin on the dot is set precisely to %, this is not the case
in general. Based on their d-shell populations, many magnetic elements have
free-atom spin values that are higher and there is no reason to believe that these
should all reduce to % when the atom is placed upon a surface. Yet the S = %
model suffices for accurately explaining the Kondo results of such systems. In
this section we will investigate this contradiction using the Kondo effect of an

S = % Co atom on CusN.

4.2.1 Temperature Dependence

As we could already see in fig. 2.2, the spin excitation spectrum of Co on CusN
looks dramatically different from the ones obtained on Mn and Fe. The bold
curve in fig. 4.1a, taken at 0.5 K, shows apart from a ‘regular’ spin excitation step
at £5.5 mV a large resonance peak at zero bias. The portion of the spectrum
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Figure 4.1: (a) Conductance spectra taken on a single Co atom on CuzN at various
temperatures. Curves measured at temperatures higher than 0.5 K (thin lines) are
offset by 0.025 nA/mV each. (b) Plot of the full widths at half maximum (FWHM) of
the Lorentzian fits (obtained by deconvolution using the sample temperature) versus
the sample temperature. (c¢) Similar as (b), but with the approximate tip temperature
(0.5 and 1.8 K) used for deconvolution. At higher sample temperatures the plot
approaches linear behavior (solid line).
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between —3 and 3 mV can be fitted quite well with a thermally broadened
Lorentzian (dashed curve), where we use T = 0.5 K for the broadening. The
Lorentzian lineshape is one of the appearances of the Fano lineshape [72], which
is characteristic for the observation of the Kondo effect in an STM configuration
[64]. Measurements at higher temperatures are plotted as thinner lines.

Obtaining the Intrinsic Resonance by Deconvolution

In order to identify the peak as a Kondo resonance we should look for an intrinsic
temperature dependence in its shape, i.e. a dependence that persist even if the
effects of thermal broadening are removed. One quantity that is often plotted as
function of temperature is the height of the (deconvoluted) peak, which should
decrease linearly with the logarithm of the temperature with a low-temperature
roll-off [70, 71]. For STM experiments this is not very useful as the tip height can
vary from one measurement to the other because of the normalization condition
imposed by the feedback loop. This complication makes the vertical scale of the
spectrum uncertain. As an alternative one can also consider the intrinsic width
of the spectroscopic feature, which in the case of a Kondo resonance should
grow linearly with temperature and at very low temperature saturate at a value
~ kpTk [60, 73].

Removing the effects of thermal broadening can be achieved by an itera-
tive deconvolution procedure that involves repeatedly fitting the curve with a
convoluted lineshape [73]:

jT[/(V’ T) / ps(e, T)%f(s —eV,T)de. (4.6)

—0o0

Here ps(e,T') is the intrinsic DOS of the sample we would like to extract (note
that in case of a Kondo effect it can still depend on T'), while we assume the
tip DOS to be independent of either € or T'. The above expression also includes
the Fermi-Dirac distribution function
1
fe,T) =

eE/kBT+]_’ (47)

the voltage-derivative of which is a Gaussian peak with full width at half maxi-
mum (FWHM) 3.2kgT. Apart from the temperature, also the voltage modula-
tion we add to the bias for lock-in detection broadens the spectroscopic features.
In the following, whenever we refer to deconvolution performed with a temper-
ature T, we actually use an effective temperature giving rise to a Gaussian with

an effective FWHM of \/ (3.2k5T/€)” + (2v/2Vinoa)” [74], where Vimoa is the
RMS modulation voltage (in this case 50 uV).

In fig. 4.1b the full widths at half maximum of the deconvoluted Lorentzian
fits are plotted against the temperature of the sample Ty (as read off from the
thermometer mounted on the scanner), where for each curve Ty (combined with
the modulation broadening) was used for the deconvolution. The plot shows a
sharp discontinuity between 1.2 and 1.4 K, which corresponds to the switching
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point between two different cooling methods: measurements at Ty < 1.2 K
were performed in single-shot mode whereas at T, > 1.2 K the >He was flowing
continuously (section 1.4). This jump is likely to be caused by unequal tip and
sample temperatures. Both the thermometer and the heater were thermally
anchored strongly to the sample, whereas the tip was cooled almost directly
by the liquid *He without being influenced much by heating. Therefore in
many cases the temperature of the tip was much lower than the thermometer
indicated. In the following paragraph we will discuss the influence of unequal tip
and sample temperatures on the thermal broadening in tunneling spectroscopy
and the proper treatment of this discrepancy in the deconvolution process.

Thermal Broadening with Unequal Temperatures

In general the net tunnel-current I flowing from tip to sample can be expressed
as the difference between the currents caused by electrons tunneling from tip to
sample [y and vice versa Is_¢ [74]:

I = It~>s - Is~>t

o0
4me

x5 [{ne-emnene- v (- fem)
- e — eV)ps(e)f(s,Ts)(l ~fle—eV, Tt)> }dz—:
4re T

x == [ ple—eV)nle) (f(s eV, T — f(e, TS))ds. (4.8)

— 00
Here £ is the reduced Planck constant while pi(g) and ps(e) are the densities
of states of the tip and sample respectively. Again f(e,T') is the Fermi-Dirac
distribution function that in this case can depend on either tip temperature Tt
or sample temperature T. In the above expression we assume that the tunneling
matrix element coupling the tip and the sample is independent of energy (hence
the proportionality sign). Taking the derivative to V' we find:

&« 2 e v)nene- v
+pe(e — eV)pS(E)% [ fle—eV, Tt)] (4.9)

—ote - V)]st Ts)}de.

If we assume the tip DOS to be independent of energy and we once more allow
the intrinsic DOS of the sample to depend on Tj, the expression reduces to:

Al 4me | d
v peps (e, TS)W]C(E — eV, Ty)de. (4.10)

—00
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Comparing this to (4.6), we see that remarkably, in absence of thermal equi-
librium the thermal broadening is caused exclusively by the temperature of the
tip, provided that its DOS is flat.

As no sensor was connected to the tip, we can only estimate its temperature.
We will therefore assume that the tip was not sensitive to heating and adopted
only two different temperatures; one corresponding to each cooling method. For
the measurements taken in single-shot mode (73 < 1.2 K) we use Ty = 0.5 K. As
shown in fig. 4.1c, choosing T; = 1.8 K for the continuous flow measurements
(Ty > 1.2 K) causes the two segments of data points to line up very well®.
Now we see that the temperature dependence of the intrinsic width approaches
linear behavior (with a slope of 5.4 +0.1kp) at high temperatures, whereas at
low temperature it saturates as expected for a Kondo resonance. If we follow
the convention of choosing the zero-temperature FWHM of the resonance to be
2kpTk we find a Kondo temperature Tk = 2.7 + 0.2 K. For the extrapolation
to zero temperature we assume the width — being determined by whichever is

the highest of Tx and T; — to go like \/(ZkBTK)2 + (5.4kBTS)2.

4.2.2 Why Co is Kondo-Screened

Now that we have established the presence of a Kondo resonance in Co on CusN,
the question arises why it appears in this specific case and why no such effect
is observed in either Mn or Fe on CusN. Let us therefore once more review the
requirements for a Kondo effect. As discussed in section 4.1.1, in order for a spin
to become Kondo-screened it needs to have a twofold degenerate ground state
which is coupled to a bath of electrons. Also, the difference in the magnetization
quantum number, |Am|, should be equal to 1 in order to enable electrons to
initiate the virtual switching process. In chapter 3 we found that both Mn and
Fe have a negative axial anisotropy parameter D, causing the high |m| values
to be favored over the lower values. For Mn this leads to a twofold degenerate
ground state with |Am| = 5 while for Fe |[Am| = 4. Moreover, as in the latter
case the transverse anisotropy parameter F is finite, the ground state of Fe is
not even degenerate. So we find that for these two atoms Kondo behavior can
be easily excluded based on their magnetic anisotropy. Similarly, the anisotropy
of Co on CugN can — as we will see in this section — explain why this particular
atom does become Kondo-screened.

IFor continuous flow mode, 1.8 K is somewhat high (1.4 K would have been expected).
However, forcing the tip temperature to 1.4 K in continuous flow would suggest it to become
significantly smaller than 0.5 K in single shot which is highly unrealistic. Nonetheless, this
freedom in fixing tip temperatures has been taken into account in determining the error in
Tk. The larger than expected difference between the two T; values does not influence our
statement that this is a Kondo resonance. By choosing it to be 1.8 K for the Ty = 1.4 K
peak we assign more of its width to thermal broadening, yet the remaining width is still much
larger than that of the intrinsic 7y = 0.5 K resonance.
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Kramers Degeneracy

Kramers’ degeneracy theorem states that in an arbitrarily asymmetric but
purely electrostatic (crystal) field, any system that consists of an odd number
of electrons (and therefore has a half-integer spin) will remain at least twofold
degenerate in the absence of a magnetic field [75]. This follows from the time re-
versal invariance of a Hamiltonian that describes an electrostatic field, of which
our anisotropy Hamiltonian (3.3) is an example if we choose B = 0. The con-
sequence of this statement is that for Mn (S = 2) and Co (which has 3d", so
probably S = %; we will verify this later) the zero-field degeneracy between
states with equal |m| cannot be broken by a finite E value unlike the case of Fe
(S =2).

It is illustrative to verify this theorem by perturbation theory. Since by defi-
nition E < 1D (otherwise the axes are reassigned), we will treat the transversal

anisotropy term as a perturbation, i.e.:

Ho H

Hz—guBB-S—l—DSA%—&—E(S?g—SA%,). (4.11)

The eigenstates of 7?0 are simply the |m) states, whereas in general H' mixes
these. Using Sy = Sy £ 4S5y we can rewrite the Hamiltonian to:

H=Fio+ 5 (52 +82) (4.12)

Now it becomes evident that H’ to first order only couples states that have
Am = 42 and to higher order only if Am = +2n, where n is an integer
(this is why in the case of Fe the |m| = 2 states are split much less than the
|m| = 1 states: it is only a higher order correction). So the perturbation mixes
the |m) states, but does so only from two separate subgroups. For example,
if S = 2 the resulting eigensystem will consist of three states that are linear
combinations of |+2), |+0) and |—2) and two states that are linear combinations
of | +1) and | — 1). Here, original eigenstates with equal |m/| are coupled by
the perturbation giving rise to avoided crossings, i.e. lifted degeneracies. But if
S = 3, the combinations are | + 2) and | — 1) on the one hand and |+ %) and
|— %) on the other, leaving the degeneracy in |m| untouched. This is true for any
half-integer spin and although here we have discussed it only in approximation,
the result is exact and holds for any value of E.

The Role of Anisotropy

As we did before for Mn and Fe, we can use the spin excitation energies to

determine the anisotropy parameters. In the zero-field spectrum of fig. 4.1a there

is one pair of steps symmetrically at £5.5 mV (measurements up to £25 mV

did not reveal additional excitations). Assuming that Co maintains its free-
3

atom spin value of S = 5 and taking Kramers degeneracy into account, these

steps can either be assigned to | + 1) — | & 2) excitations if D < 0, or to

96



€ €
- __< |'1/2> |-%>
[12) I
2D [-32)
2D [34)
B vl [-1/2)
1
D<0 [34) D>0 %20
E=0 E=0
B||Z B||Z

Figure 4.2: (a) Qualitative energy diagrams for an uniaxially anisotropic S = 2
system with negative and positive values of D, with the field oriented along the unique
axis. For D > 0, a low-energy | £ %) Kramers doublet is formed.

|+ 3) — |+ 1) if D> 0 (for now we will neglect E as it cannot influence the
zero-field excitations anyhow). Figure 4.2 shows qualitative energy diagrams
for either situation. If D were negative, the situation would be very similar to
Mn with a twofold degenerate ground state having |Am| = 3. However, for
D > 0 the two ground states are separated by |Am| = 1: the ideal system for
Kondo-screening!

In the next section we will show by field-dependent measurements that this
interpretation (i.e. S = %, D > 0) is indeed correct. Not only does that make
this the first report of a Kondo effect in a known high-spin (i.e. S > %) system, it
also demonstrates the importance of magnetic anisotropy in enabling the Kondo
effect. By breaking the degeneracy in |m|, the crystal field reduces the large spin
into an effective S = % Kramers doublet that can become Kondo-screened at
low temperatures. This finding, which agrees with theoretical predictions on

D<0 D >0

Im,| =S

|my| =S
D E

i |my|=S

Img| =S

Figure 4.3: (a) Energy eigenvalues of (3.3) with B = 0 and E just smaller than |D|/3
for negative and positive values of D, in case maximum magnetization is assigned to
each of the primary axes. Physically the two situations are almost identical, yet one
is labelled ‘easy-axis’ and the other ‘hard-axis’. This picture is valid for any S > %
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the role of anisotropy in a Kondo system [76, 77|, implies that Co in a different
environment might not show any Kondo effect at all. Similarly, atoms with
half-integer spin that are not a Kondo system in one case (like Mn on CuzN)
may become so in another situation. In fact, this could retrospectively explain
previous findings in [18] where Mn atoms on Al;O3 islands on a NiAl surface
were studied by spin excitation spectroscopy. Although no Kondo behavior was
observed on most of them, some atoms (presumably Mn, as judged from their
apparent height) that were located close to the edge of an island did show a
zero-bias resonance that was attributed to Kondo-screening. This might very
well be caused by a local change in the anisotropy energies.

The interpretation presented above also raises some questions. Because
although each anisotropic system can be discretely labelled as either ‘easy-
axis’(D < 0) or ‘hard-axis’/‘easy-plane’ (D > 0), the boundary separating these
two possibilities is quite subtle. In fig. 4.3 two situations are depicted schemat-
ically, each having an E-value that is only slightly smaller than %|D| but with
different signs of D. Physically the two situations are very close, except for re-
arrangement of the axes, yet according to our model one of them should result
in a Kondo resonance and the other not at all. It is unclear how the system
would precisely behave in this crossover region.

4.3 A Kondo Spin and Its Environment

When a sufficiently large magnetic field B is applied to a Kondo-screened spin,
Zeeman splitting will lift the degeneracy in its ground state (4.2) as a result
of which the Kondo effect is quenched. However, for smaller fields where the
Zeeman energy is comparable to kT, what remains of the Kondo-resonance
peak splits into two peaks. This was observed both in quantum dot [59, 60] and
STM Kondo systems [18]. The effect of a magnetic field can be incorporated into
the Anderson Hamiltonian (4.1) by making e spin-dependent: ey = €70—Ag/2
and €7 = ep0 + Ae/2, where Ac is the Zeeman energy. Calculations based on
this model predict the splitting between the peaks in the DOS to be 2Ae [78, 79].
Although these calculations are beyond the scope of this thesis, we can verify
their result through a simple model.

Let us start in state |d1> which is Ae = gupB higher in energy than the
ground state |d%> We will now flip its spin by performing one of the virtual
processes of (4.3):

|d7) = &l dydlew |d}). (4.13)

The energy that was lost by the impurity spin during this process has been
absorbed by the bath in the form of an electron-hole excitation. In order to
get back to the original situation we can for example perform the following
operation: X .

|d}) = dléw el dyd), (4.14)

where the impurity reclaims the lost energy from the bath by destroying the
electron-hole pair. Note that during the entire exercise the whole system was
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excited by gup B. If we would have started in the true ground state of the system
|d}) (and the Fermi sea unexcited), none of the above could happen because the
impurity has no source to extract energy from. The Kondo resonance therefore
takes place at an energy ep + gupB, but since the situation is electron-hole
symmetric (because we chose the energy to ionize the impurity to be U/2 either
way) it shows up as two peaks at V' = +gupB/e in the conductance spectrum.

Incidentally, those are exactly the positions where we expect to find the
dI/dV steps in spin excitation spectroscopy. Of course that is not surprising:
after all it is the same spin excitation that now occurs resonantly at the ex-
citation energy rather than driven by tunneling electrons at and beyond the
excitation energy. Therefore it appears as a peak rather than a step in the
differential conductance. Consequently we can expect the split peaks to follow
the positions of the spin-excitation steps whenever the excitation energies are
changed. In the remainder of this chapter we will verify this hypothesis by
modifying the excitations through various environmental factors. First we will
study the evolution of the peak positions under the influence of a magnetic field
in combination with the strong magnetic anisotropy that the CusN surface pro-
vides. In section 4.3.2 other atomic spins will be placed near the Kondo-screened
Co atom, giving rise to changes in the excitation spectra due to spin-coupling.

4.3.1 Anisotropic Field Dependence

Figures 4.4b-d show spin excitation spectra taken on individual Co atoms, each
corresponding to a different field direction. As expected the peak splits into two,
but the rate at which it splits depends strongly on the field direction. Plotting
the observed excitation energies against the field strength (fig. 4.5) suggests
that whereas the B ||  and B || z directions yield very similar spectra, both
the step and peak positions are markedly different for B || y. Such anisotropic
field dependence of the Kondo peak positions has not been observed before and
is a noteworthy result that is directly related to the high-spin nature of the
system. A true S = % system cannot be sensitive to magnetic anisotropy as
presented in (3.3) because none of the second-order |[Am| = 1 terms can link
the | £ ) eigenstates. So even though the crystal field has reduced the Co spin
to an effective spin % as far as creating a Kondo system is concerned, it clearly
still carries the signature of a true high-value spin.

Since we want to use these spectra for studying the relation of the peak
positions to the underlying excitation energies, we will mainly use the step
positions for determining the anisotropy parameters of Co on CusN. Especially
when taking into account the ~ 5% variations in the excitation energies that
were encountered between different atoms of the same kind in chapter 3, we
can consider the B || z and B || z dependence to be sufficiently equal to model
this system exclusively with uniaxial anisotropy (i.e. F = 0 and Z = y).
However, it is important to realize once more that even if E would have been
finite, Kramers’ theorem would have prevented it from harming the degeneracy
needed for Kondo-screening. Fitting the step positions to the energy of the
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Figure 4.4: (a) Axis-assignment for Co on CuzN (identical to what was used earlier
for Mn and Fe). (b—d) dI/dV-spectra on individual Co atoms in various magnetic
fields oriented along z, x and y in (b), (c) and (d) respectively. Curves corresponding
to non-zero fields are offset by 0.15 nA/mV. The dotted spectrum in (b) was measured
on a different atom than those with other field strengths in the same direction.
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Figure 4.5: Graphs of the peak and step positions taken from fig. 4.4b—d against
the field strength for B||z (circles) and B||z (squares) in (a) and B||y in (b). Peak
(step) positions are indicated by open (filled) symbols. For the z and z-directions the
peak positions are quite similar and therefore hard to distinguish. In contrast to the
graphs presented in chapter 3 showing directly the measured excitation energies, here
the final energies at the end of the excitation process are plotted: each data point
indicates a measured excitation energy added to the calculated ground state energy at
the corresponding field. Accordingly, the solid lines show the calculated eigenenergies
(rather than the calculated excitation energies as before).

second excitation yields? g = 2.1 £ 0.2 and D = 2.7 & 0.1 meV, indicating
that our reasoning in section 4.2.2 — which was based on hard-axis anisotropy
(D > 0) — was indeed correct. The solid lines in fig. 4.5 show the calculated
eigenenergies of the anisotropy Hamiltonian for these values.

At this point we turn to the field dependence of the peaks in the spectra.
According to our understanding of the Kondo effect, the peaks should closely
follow the | + 3) — | — 1) excitation energies. As can be seen from the open
symbols in fig. 4.5 they do so very well for all field directions. The data points
seem to be consistently slightly high compared to the calculated energy, but this
might result from the fact that the maximum of a peak that is superimposed
on top of an upward step (which should still be there) is shifted towards higher
values. Although not surprising, this result is quite remarkable: the entire model
we used to calculate the transition energies was based on the anisotropy of a
single spin in a one-particle picture, yet it precisely captures the behavior of the
many-body Kondo system.

2The error margins here are much larger than for Mn and Fe. This probably results from
forcing E to be 0. Leaving E free as a fit-parameter unfortunately does not resolve this
problem, since the | + %) — |+ %) energy is very insensitive to changes in E which can
therefore not be determined. However, the choice of E = 0 is justified by the similarity of the
|+ %) — |- %) excitations (i.e. the peaks) — which are sensitive to transverse anisotropy — in
the B || z and B || z measurements.
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4.3.2 Coupled Kondo Systems

Having studied the interplay of a Kondo-screened spin with nonmagnetic atoms
(i.e. the crystal field), we now shift our attention to the influence of magnetic
atoms on a Kondo impurity. Similar studies in quantum dots [80] and electro-
migration junctions [81] have shown remarkable changes in the properties of a
Kondo system through spin-spin coupling. The ease with which vertical atom
manipulation can be performed on CusN makes this an ideal surface for doing
such experiments in an STM configuration. Here we will discuss various mea-
surements performed on a class of atomic structures that exhibit spin-coupling
that is of the proper strength to compete with the effects of magnetic anisotropy
and Zeeman splitting.

Weak Coupling Through Vacancies

As shown schematically in fig. 4.6a, a magnetic atom “X” (which can be Fe,
Mn or Co) and a Co atom are separated by 7.2 A along a vacancy row. Such a
structure is built by first positioning either one of the atoms on a Cu site and
than placing the second atom on one of the two N sites closest to the desired
final position (dashed circle in the figure, assuming the Co atom was positioned
first). Finally the atom is hopped in place by a 1.5 V pulse (see section 2.3.3)
with ~ 50 % success rate®. In the following we will refer to such structures
using the shorthand “X,,Co” (where the v’s correspond to the two vacancy
sites between the atoms).

These nano-engineered structures differ in three ways from those used in
earlier spin-coupling studies on CugN [19], where (1) the inter-atomic spacing
was half as large, i.e. 3.6 A, (2) the atoms were positioned along a N-row
rather than a v-row and (3) all atoms were identical (Mn). In that situation
the atoms were coupled quite strongly (because of their proximity as well as
the high electron density along the N-rows) as a result of which they formed
one entity, both in topography and in spectroscopy. Also, once constituted the
structures could not be controllably disassembled. In contrast, in a topograph
of the current dimers (fig. 4.6b) one can clearly recognize each constituent atom.
Each of these can be removed without causing lasting damage and be replaced
by a different atom at will. As we will see shortly, at these relative positions the
two atoms produce individual excitation spectra that still resemble those of the
corresponding single atoms and the effects of spin-coupling on the Co atom are
comparable in magnitude to the field-induced splitting of the previous section.

In fig. 4.6b we see three vertically oriented dimers: a Mn,,Co (atoms 1
and 2), a Fe,,Co (atoms 3 and 4) and a Coy,Co structure (atoms 5 and 6).
The horizontally oriented dimer on the central island is Co,,Co as well. Each
combination was built in both orientations to enable field-direction dependent
measurements (in the current image the magnetic field was oriented vertically).
In addition each structure was built once more on a sample where the field was

3We did not perform statistics on the success rate of hopping so this number is based on
general impression. If any, there might be a slight bias in favor of success.
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Figure 4.6: (a) Structural drawing of the X,,Co dimer with axis-assignments. The
dashed circle indicates where the second atom has to be put down in case the Co atom
was positioned first. (b) Topographic image (20 x 20 nm, 10 mV /1 nA) showing four
dimers on separate CuzN islands: one Mn,,Co (atoms 1 and 2), one Fe,,Co (atoms
3 and 4) and two Co.,Co’s (atoms 5 and 6 and the structure on the central island).
(c) Height profiles taken from (b) in vertical direction. The zero of the lower profile
corresponds to the surface of the CuzN island; the other two are offset by 1 A each.
The dashed lines are meant as a guide to compare the apparent heights of the atoms.

oriented perpendicular to the surface. All dimers where placed such that no
lattice defect, island edge or other adatom was present within a range of 14.4 A
(i.e. 4 unit cells). As fig. 4.6c shows, the apparent height (at 10 mV/1 nA)
of the Fe and Co atoms was nearly identical whereas that of Mn was slightly
higher. Because the combination of two Kondo-screened spins in the Coy,Co
structures introduces an extra complication we will first focus on the effects of
coupling non-Kondo spins to Co.

The World’s Tiniest Compass

The lowest curves in fig. 4.7 show the zero-field spectra for each of the two
atoms in Fe,,Co (for this the same atom-lock procedure was used as discussed
in section 2.3.1 for measurements on individual atoms). Although the typical
Co spectrum can still be recognized by its spin excitation steps, the central
Kondo feature has changed dramatically: the resonance peak seems to have split
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Figure 4.7: dI/dV-spectra measured on Fe,,Co when the tip was positioned over
the Fe atom (a, ¢) and Co atom (b, d) at various magnetic fields oriented along x
(a, b) and y (c, d).
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Figure 4.8: dI/dV-spectra measured on Mn,,Co with the tip over the Mn atom
(a, ¢) and Co atom (b, d) at various magnetic fields oriented along z (a, b) and y
(c, d). Dotted spectra were taken on a different structure (identical but built elsewhere
on the CuzN surface) than those with other field strengths in the same direction.
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and a small extra peak has appeared at zero-bias. If we neglect this central peak
for now (it will be taken into consideration further on) it looks like the proximity
of the Fe atom is experienced by the Co atom as an effective magnetic field.

This interpretation is confirmed surprisingly well by measurements at finite
fields. If B || « (i.e. measured on the horizontal structure in fig. 4.6b) the
separation between the two peaks decreases until B ~ 2 T after which it grows
again. If however B || y no such crossing occurs: the separation stays roughly
constant and grows only slightly beyond B ~ 3 T. Measurements at B || z (to
be discussed further on* in chapter 5, fig. 5.11a) indicate qualitatively similar
behavior as for B || y. So it seems as if the external magnetic field is able to
cancel the effect induced by the Fe atom’s effective field if it is oriented along z,
but cannot do so in the other directions. The Co atom experiences a net field
Bpet = |B+Beg|, where the effective field Beg points in the opposite direction of
the external magnetic field’s z-component. As a result Bhet = B — Begr if B ||
and Bpet = /B2 + Be2ff if B L x. This result is in excellent agreement with our
knowledge of Fe: in chapter 3 we found that the spin of an individual Fe atom
on CugN has the z-axis as its easy-axis along which it likes to magnetize even
in the absence of an external magnetic field. If an external field is applied the
Fe spin will always align with its z-component and therefore by symmetry the
field lines of the Fe atom’s field must oppose the external field’s z-component
at the position of the Co atom.

This qualitative ‘effective field’” picture also fits reasonably well for the re-
sults on Mny,Co (figs. 4.8 and 5.11b). Here the peaks cross around B ~ 1 T if
B || y or B || z but repel each other if B || 2. With the exception of the crossing
when B || y, again this agrees with our finding that Mn has an easy-axis along z.
It should be noted, however, that the anisotropy energy of Mn is much weaker
than that of Fe (D = —0.039 meV and —1.55 meV respectively). Therefore the
preferred magnetization direction of the Mn spin might be more easily disturbed
by a perpendicular field.

Thus a single Co atom acts as the world’s tiniest compass: it locally probes
the direction and strength of the magnetic field around a single atomic spin.
Clearly this picture is highly simplistic and incomplete in many ways: the con-
cept of field lines is not applicable to quantum spins, the atoms can no longer be
treated individually and as we will discuss in section 4.4 the dipolar field of such
a spin system would be far too weak to be measured at a distance of 7.2 A. Yet
the concept of such an effective magnetic field beautifully captures the essence of
these experiments. It demonstrates the stunning amount of control with which
individual atoms can be handled and proves that even deep inside the realm
of quantum mechanics, as a first approximation our classical intuition may still
guide us. And, as we will see shortly, it certainly is not incorrect.

4These measurements were performed with a special tip that will not be discussed until
section 5.3. However, this is not expected to influence the energies at which the peaks and
steps are encountered.
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4.3.3 Full Heisenberg Model

In this section we will try to model the spin-coupled systems of the previous
section quantitatively by combining the Zeeman effect, magneto-crystalline an-
isotropy and spin-coupling in one Hamiltonian. In order to do so we need to
merge two spin systems that in general have Hilbert spaces with different di-
mensionalities. For this purpose we will use tensor multiplication as discussed
in [82]. If for example we combine an S = % system and an S = 1 system, being
described by spin-state vectors

by

|me) = ( @ ) and me) =1 b2 |, (4.15)
ag b3

all resulting states are represented by the tensor product of |m,) and |my):

a1b1
a1by
a1bs
asby
asby
azbs

[ma) @ [my) = Ma Mp). (4.16)

Here the horizontal line only acts as a guide to the eye and has no algebraic
significance. Similarly one can tensor-multiply operators, e.g. A (2% 2) working
on |m,) and B (3 x 3) working on |my):

. AL B ‘ A;nB
AR B =

: . (4.17)
AnB | AnB

where the A,,,’s refer to the matrix elements of A. If we want to perform an
operation on only one of the spins we should tensor-multiply with the identity
I on the other side, e.g.:

. 1 0 0
. SO 0 —
(S’y|ma>) ® |myp) = (Sy ®H) |mg myp) = ( ; OZ ) @1 0 1 0 ||mgmp)
0 0 1

= Mg Mp) = 5”1(1‘1)|ma mp). (4.18)

i

Similarly, géb) |mg M) = (ﬁ ® §y> |ma my), where now S, is the corresponding
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spin operator with the dimension of |m;). Using this formalism we can begin
constructing our Hamiltonian. As in [19] we will model the interaction between
the two spins with an isotropic Heisenberg coupling term:

H= IS0 .80 = 7 (§50) 4§50 £ §WS0) . (419)

where J is the coupling constant. The spins tend to align ferromagnetically for
J < 0 whereas J > 0 leads to antiferromagnetic relative orientation.

Let us start with the case of Fey,Co. Combining (4.19) with the Zeeman and
anisotropy terms (3.3) for each of the two spins we can form the following

Hamiltonian®:

Ho= IS8 B (ST + gooS ) (4.20)

Note that here we have adopted the axis assignments that we found for the
single atoms: (X,), Z) = (y, z,z) for Fe and Z = y for Co. Again, we choose
to model Co with uniaxial anisotropy (i.e. Ec, = 0). During the following
analysis we will allow the other anisotropy parameters Dco, Dr. and Fg., as
well as go, and gr. to deviate no more than 5% from their single atom values.
This way the Heisenberg coupling parameter J remains as the only fully free
fitting parameter of (4.20). Since the Fe,,Co system has 20 eigenstates it is very
difficult to fit all excitation energies simultaneously via an automated routine.
The presented ‘fits” were found by manually adjusting the parameter values and
can therefore not be guaranteed to be optimal. However, we will see that the
results are very convincing and cannot be far off.

The Low-Energy Case: One Spin Fixed

In fig. 4.9 the first four calculated energy levels, obtained by diagonalization of
(4.20), are plotted for J = 0.13 meV and B || = together with the peak positions
extracted from fig. 4.7b (still neglecting the central peak). Except for an avoided
crossing around 1.1 T, caused by the finite value of Fg., the diagram consists of
two pairs of diverging levels that are shifted vertically relative to each other by
~ J. According to these pairs we label the states |1a0), |¥a1), [¥g0) and |ts1).
Obviously this labelling is not defined at the avoided crossing, but we will only
use it for field values well away from it. Due to the difference in slopes we see
that at 2.1 T the ground state switches from [1q0) to [¢g0).

These four levels can almost entirely be expressed within the subspace span-
ned by the eight |mp.| = 2 states, i.e. |mp. mco) = | £2+ %> and | £2+ %}
where the m’s refer to the eigenvalues of Sg(cFe) and Sg(cco). Table 4.1 lists the cor-
responding coefficients both for B =0 T and for 4 T along z. Here some small

5For terms like Ai(FC) it does not matter whether the square is taken before or after the

N N2 N
tensor product, i.e. (Sx ® ]I) = S% ® 1.
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Figure 4.9: Lowest four eigenvalues of (4.20) with J = 0.13 meV, gre = 2.11, gco =
2.16, Dre = —1.53 meV, Er. = 0.31 meV and Dco = 2.70 meV for B =0 to 7 T along
x. Two crossing dashed lines indicate what the energy levels would be like if Fr. = 0.
The levels are labelled according to this situation: {¥a0, ¥a1,%80, %51} with ascending
energy at B = 0. Open circles indicate the positions where peaks were encountered
in the corresponding spectra of fig. 4.7b, all plotted with respect to the calculated
ground state (i.e. as in fig. 4.5). Here the small zero-bias peak in the 0 T spectrum
was omitted.

contributions of mg, = 0 resulting from finite Fg, are neglected, the largest
matrix element of which is 0.16. From the coefficients we can see that at either
value of B the strongly diverging levels |t50) and |i31) have most weight in
states where the two spins have parallel orientation (remember that the expec-
tation value is the square of the matrix element), whereas [¢q0) and [¢)41) are
mostly oriented antiparallel. Note that the higher values of |m¢,| are preferred
over the lower ones because B points in the z-direction which is part of the
easy-plane of Co.

The peak positions that were measured over the Co atom, the data points
in fig. 4.9, coincide very well with |1a0) — |¥g0) excitations when B < 2.1 T,
while above the change of ground state they closely follow |1)g9) — |¥q0). This
is not surprising since the [140) and |¢gg) states are almost identical through
inversion of mce: by parking the tip over the Co atom we can flip its spin from
antiparallel to parallel or vice versa with respect to the Fe atom’s spin, while
leaving the Fe spin itself untouched. Access to the other two states, |1),1) and
[tg1), requires exciting the Fe spin and can therefore not be gained while the tip
is over the Co atom. At B = 2.1 T the ground state is incidentally degenerate
as a result of which the Co spin can once more become Kondo-screened, leading
to the reconstructed resonance peak we observed. This effect is not found if the
tip is positioned over the Fe atom because in that situation the electrons do not
tunnel directly into the resonance, which takes place only on the Co atom.
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Table 4.1: Projection of eigenvectors for Fe, Co, obtained by diagonalization of (4.20)
with J = 0.13 meV, gre = 2.11, gco = 2.16, Dpe = —1.53 meV, Epe = 0.31 meV,
Dco = 2.70 meV and B = 0 T and 4 T along z, on the subspace of |mre mco)
states with |mre|] = 2. Matrix elements outside this subspace are no larger than
0.16. The states are labelled based on their physical significance rather than their
eigenvalues (fig. 4.9): {¥a0,®a1,¥s0,%p1} with ascending energy at B = 0 T and
{¥80, Va0, ¥a1,¥p1} with ascending energy at B =4 T.

State [4+2+3) [+2+3) [+2-2) [+2-2) [-2+3) |-2+1) |2-1) |2-3)
B=0T

[Ya0) 0 0.46 0 -0.8 0 0 0 0
[Ya1) 0 0 0 0 -0.86 0 0.46 0
[v60) 0.82 0 053 0 0 0 0 0
[¥p1) 0 0 0 0 0 -0.53 0 0.82
B=4T

[¥a0) 0 -0.53 0 0.84 0 0 0 0
[a1) 0 0 0 0 -0.90 0 0.40 0
[¥80) 0.88 0 -0.46 0 0 0 0 0
[s1) 0 0 0 0 0 -0.61 0 0.78

Tip-Position Dependent Transition Intensities

We will now expand our analysis to include higher-energy excitations as well as
excitations of the Fe spin. In order to accurately sort out which of the large set
of eigenstates are accessible through inelastic electron excitations we will use
the transition intensity calculations that were introduced in section 3.3.3. We
simulate the position of the tip by assuming that only the spin closest to the
tip can be excited, e.g.5:
2
Y

N 2 “ 2 ~
165, = (@l ST )|+ [ {0l S5 wa)|” + (6l 7 )|, (4.21)

where I(gie; is the transition intensity from the ground state to |i,) when the
tip is over the Fe atom. As the multitude of states is much larger than before
it is worthwhile to combine the intensity information together with the energy
levels in one single graph which will now be introduced step by step.

The small dots in figs. 4.10 and 4.11 show the lowest 12 eigenenergies of (4.20)
in magnetic field intervals of 0.1 T along = and y respectively. As before, proper
parameter values for these calculations were found by manual tuning. The dots
representing the ground state [1)g) are colored black while the coloring of the

189°) and 1) (see color key in fig. 4.11). Red

0—n 0—n

remaining levels |1, ) is based on

SNote that here we drop the suggestive labelling used in the previous section and once
more number the states |, ) with increasing energy.
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Figure 4.10: Small dots: lowest 12 eigenvalues of (4.20) with J = 0.13 meV, gre =
2.11, gco = 2.16, Dre = —1.53 meV, Epe = 0.31 meV and D¢, = 2.70 meV for
B =0 to 7 T in increments of 0.1 T along x. Color indicates the values of 1%

0—n

(red) and Iéli(le (blue); see fig. 4.11 for key. The ground state is colored black. Large
dots: experimental data points indicating positions of peaks (open circles) and steps
(filled circles) in figs. 4.7a (blue, Fe) and b (red, Co), all plotted with respect to the

calculated ground state.

I(CO)

o0—n (i-e. a high transition intensity towards

that level if the tip is positioned over Co) while blue dots have a high Iéiezl.
If neither intensity is high the dot becomes grey: it represents a state that is
not expected to be accessible through tunneling excitation through either atom.
States that can be reached both via excitations on Co and on Fe are colored
magenta. In both graphs the blue excitations between —3 and 0 meV represent

excitations towards |mpe| = 1; the red line between —2 and 0 meV consists of

dots correspond to a high value of
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two excitations that involve rotating the Co spin towards its hard-axis”. Note
that here we use our knowledge of the intensities only qualitatively: a transition
is either possible or not.

Experimental data, taken from fig. 4.7, is added to the graph as larger dots:
red for features found in Co spectra and blue for Fe. Open circles correspond
to peak positions (local maximum in dI/dV’) while closed circles refer to steps
(maximum in |d?I/dV?|). The agreement is evident: data points appear almost
exclusively on energy levels that have the appropriate color. In a few instances
(such as the low-energy Fe step at B =1 T along y) the dot ends up between
two correctly colored lines (in this case magenta). In those situations the en-
ergy resolution of the measurement was insufficient to separately distinguish
two individual excitations. The highest-energy Fe excitations for B || y that lie
close to lines that are only faintly blue correspond to steps that only have a
relatively small height as seen in fig. 4.7c.

The point where the ground state changes, B = 2.1 T along x, has a very
clear signature in the higher-energy excitations too: both Fe transitions sud-
denly switch to a different level. Let us focus on the lower of the two (around
—2 meV) by expressing the involved levels at the critical field within the sub-
space of |mpe| = 1 states (in the |mp. mco)-basis, with ground state [tg)):

1) = —0.65|+1+2) — 0.30]+1-3) 4+ 0.59]-143) + 0.35|-1-1), and
[ih5) = —0.70[+1-3) + 0.43|+1+3) + 0.46|-1-2) — 0.30|-1+13),

where matrix elements < 0.10 are ignored. Again, these two states almost
only differ in the sign of mco. Comparing their coefficients to the ones listed
in table 4.1, we see that through Almp.| =1 transitions [14) is linked to |1g0)
(ground state above 2.1 T) while [¢5) is linked to |t0) (ground state below
2.1 T). The external magnetic field flipping the nearby Co spin is felt on the
Fe atom which is reflected beautifully in the corresponding spin excitations.

Let us do the same thing for Mn,,Co. For this system the full Heisenberg
Hamiltonian becomes:

H o= JSMm) _§Co) _ B (gMng<Mn> i gCngo)) (4.22)
&2(Mn &2(C
+ DMnSz( ) + DCOSy( 0)7

where we neglect Fyp, which in the case of a single Mn atom was only 0.007 meV.
This system has 24 eigenstates which are all plotted for J = 0.06 meV with the
two in-plane field directions up to 7 T in figs. 4.12 and 4.13. In either case the
states appear in two bundles of 12 that are separated by 2D¢,. The color coding
for the intensities is similar as before except that blue now refers to I(gl\f;). On
the Co atom excitations can be made towards the high bundle, which as before
involves rotating the spin towards its hard-axis, whereas Kondo resonances only

7As the vertical scales of these graphs have an arbitrary zero, these specific energy values
have no physical significance and are only mentioned for visual reference.
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Figure 4.11: Lowest 12 eigenvalues of (4.20) with J = 0.13 meV, gre = 2.11, gco =
2.16, Dr. = —1.48 meV, Er. = 0.33 meV and D¢, = 2.70 meV for B || y, represented
as in fig. 4.10. Experimental data points extracted from figs. 4.7c (blue) and d (red).
I(CO) I(Fe)

0—n and 0—n"

Inset: key for the color representation of

occur within the lower bundle. The Mn spin can excite towards the my, = %

states in the lower bundle where myy, refers to the eigenvalue of ,§’§Mn). Each
of these predicted transitions is observed exactly at the correct energy.
Although by far not as clear as with Fe,,Co also here a cancellation effect,
giving rise to the reconstructed Kondo peak, can be discerned. When B ~ 1 T
along y, the red/magenta line that carries the low-energy Co excitation comes
very close to the ground state — much closer then it does for B || z. It is this
intersection of ground states that tells us the correct value of the Heisenberg
constant: J = 0.03 &+ 0.02 meV for Mn,,Co and J = 0.13 + 0.02 meV for
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Figure 4.12: Eigenvalues of (4.22) with J = 0.03 meV, gnmn = 1.90, goo = 2.16,
Dyin = —0.04 meV and Dco = 2.65 meV for B || z. See fig. 4.13 for key of color

representation of Iéioz and Iéﬂ'}). Experimental data points extracted from figs. 4.8a

(blue) and b (red), plotted with respect to the calculated ground state. Open (filled)
circles represent peak (step) positions.

Fe,,Co. But what about the effective field that was introduced in section 4.3.27
Well, it really is the same thing. If we reduce either (4.20) or (4.22) to a single
Co spin Hamiltonian by fixing the other spin (i.e. by throwing away all terms
that contain no operators working on the Co spin) we find:

JSX)
9gCoMB

H = —gcotn (B N ) +8(99) 4 D, 8200, (4.23)

where (X) is either (Fe) or (Mn). Here S®) no longer needs to be an operator
as it does not work on the Co spin anyhow. The proximity of the second spin is
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thus represented by an effective field Beg = —JS™) /gcopup, corresponding to
a magnitude of 2.1 T for Fe and 0.6 T for Mn.

The Heisenberg Kondo Dimer

The notion of coupling multiple Kondo systems has been considered by many
theorists in a model that is known as the Kondo Lattice [83]. Especially inter-
esting is the case where the coupling strength between spins can be tuned [84],
which was realized experimentally in a quantum dot dimer [62]. Although tun-
able coupling is not readily available in our Co,.Co structures, their properties
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Figure 4.14: dI/dV-spectra measured on one of the Co atoms in Co.,Co at various
magnetic fields oriented along z (a) and y (b). The dotted spectrum in (b) was taken
on a different structure than the others in the same panel. Since the field direction is
irrelevant at zero field, this particular curve was measured over the atom neighboring
the one in panel (a).

might provide valuable insights in the context of Kondo Lattices. Figure 4.14
shows field-dependent measurements performed on one of the two Co atoms in
either Coy,Co dimer of fig. 4.6b, i.e. for B ||  and y. The spectra taken at
0 T are characterized by a remarkably deep dip at zero bias that is somewhat
reminiscent of a band gap. At higher field strengths multiple small peaks seem
to cross each other at various energies. We will attempt to model this with yet
another variation of the full Heisenberg Hamiltonian:

H = JS§C . §(C2) g B. (S(C°1) n S(CO2)) (4.24)
+ Doy (5‘5(001) 4 gi(coz)) 7

where the superscript (Col) or (Co2) indicates which of the two Co spins an
operator works on. Surprisingly, as shown in figs. 4.15 and 4.16, this simple
two-spin Hamiltonian can once again assign each observed spin excitation or
resonance to an allowed transition within its eigensystem. Here the lower four
states are all linear combinations of |mce1 Mmee2) = | = % + %) (where mco1

and mcoo refer to the eigenvalues of S’Z(,COD and S'Z(JCOQ) respectively), whereas
during the higher-energy excitations one of the two Co spins is rotated towards

its hard-axis. In this situation a best fit is found for J = 0.25 £ 0.04 meV.
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Figure 4.15: Lowest 12 eigenvalues of (4.24) with J = 0.25 meV, gco = 2.16 and
Dco = 2.70 meV for B || z. For each level |¢,,) the corresponding transition intensity
Iéioy)l is shown in greyscale (see fig. 4.16 for key). Experimental data points extracted
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circles represent peak (step) positions.

A remarkable exception to the overall good agreement between the measure-
ments and the model occurs among the high-energy excitations for B < 4.5 T
along y (fig. 4.16). According to the intensity calculations an additional exci-
tation should take place between 6.0 and 6.5 meV. It is unclear why this is not
observed through spectroscopy.
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4.4 Discussion

The Kondo effect results from a resonant interaction between a spin and its sur-
rounding conduction electrons. It is a complex many-body phenomenon that
even after decades of research remains topic of debate. The work presented in
this chapter might be a valuable contribution to this discussion. We have studied
a single magnetic atom with a known high spin in an anisotropic environment
that was thoroughly analyzed beforehand. We understand exactly how the crys-
tal field anisotropy effectively reduces the spin to an S = % Kramers doublet thus
creating a Kondo system, and why other magnetic atoms in the same situation
do not show such behavior. If a magnetic field is applied the Kondo resonance
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splits in a manner that precisely reflects the magnetically anisotropic nature of
the system consisting of the spin and its environment. And finally, if a sec-
ond magnetic atom is positioned in the vicinity of the Kondo spin the resulting
changes in the energies at which the resonances take place can be fully modelled
by isotropic Heisenberg coupling of two anisotropic spins. Surprisingly, this is
true even if the second spin is a Kondo spin itself.

The various X,,Co structures form a unique class of nano-objects. The
energy scales involved in the coupling process (i.e. J) are of the same magnitude
as all the other relevant processes in the system (D, E, ugB), yet the spins are
coupled weakly enough and are sufficiently far apart such that each can be
addressed separately by the STM tip. As we have concluded from DFT studies
in the previous chapter, the adatoms are incorporated into a large molecular
network. Hence the dimers discussed here can be regarded as molecular magnets
where each of the magnetic centers can be studied on its own.

While we can successfully model the interaction with an empirical Heisenberg
constant J, the physics of the coupling remains unclear. According to classical
electrodynamics the dipole p = —eS/m, formed by an electron spin S (where
m. is the electron mass) sets up a magnetic field

B = ;23 (3(u ) — p,) (4.25)
at a position r relative to the spin (if » > 0). Here pg is the permeability
of vacuum and # = r/r. In case of S = 2 and r = 7.2 A the magnitude of
such a field cannot exceed 4 x 1072 T which is 50 times lower than the 2.1 T
we encounter. This rules out dipolar interaction as the dominant mediator for
our J, which means that the spins have to be coupled somehow by exchange
interaction through the CusN surface. In the following chapter we will discuss
some initial investigations into the mechanism of spin coupling on CusN.
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Chapter 5

Initial Results on Further
Experiments

As we have seen in the previous chapters, the CusN surface provides an excel-
lent environment for doing experiments aimed at characterizing the interplay
of atomic spins with their direct environment. Clearly we have only just be-
gun exploring its full potential and further progress is currently being made
rapidly. In the final chapter of this thesis some initial results of a few promising
experiments will be presented.

5.1 Distance Dependence of Spin Interaction

We concluded chapter 4 with the observation that, although we can very well
describe the coupling between the spins in the X, Co structures of section 4.3.2
with an empirical Heisenberg parameter J, we still have no idea of the actual
nature of the coupling (other than that it is not just dipolar interaction and
therefore must be somehow mediated by the surface). As a first attempt towards
identifying the physics behind this interaction, it is useful to investigate the
variation of the coupling strength as a function of the distance between the
spins. For example in the case of RKKY interaction [85], where the exchange
coupling is carried by the conduction electrons in a Fermi sea (such as the bulk
copper below the CusN), its strength is expected to show a damped oscillation:

rcos(kpr) — sin(kpr)
4 )

JriKy (r) o (5.1)

r
where r is the vector separating the spins and kp is the length of the Fermi
wave vector in the direction of r.

The possibilities for varying the separation on CuaN are quite limited. Re-
peated attempts to build dimers where the atoms are separated by only one va-
cancy site (3.6 A distance) were all unsuccessful, probably due to instability of
the structure, while a separation of three vacancies or more yields no observable
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Figure 5.1: Top row: Topographic images (6 X 6 nm, 10 mV/1 nA) showing three
Fe/Co dimers with different relative positions of the atoms; from left to right Fe,~_ Co,
Feyy~,Co and FeyyvCo. In each case the left atom is Fe, located on a horizontal v-row.
In the left image the distance from the Co atom to the missing N-row that forms the
edge of the island is 10.8 A (i.e. 3 unit cells). Bottom row: Corresponding drawings of
the structure of the dimers where, as before, light circles indicate Cu atoms and small
dark circles are N atoms. The assignment of the axes applies to all three structures.
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coupling. In order to somewhat appropriately characterize the distance depen-
dence of the interaction, dimers with orientations other than exactly along a
v-row have to be included. Fig. 5.1 shows three variations on the Fe,.Co struc-
ture!, two of which have its Co atom lying off the v-row. Using the \, symbol
to indicate a single diagonal step, we will refer to these objects as “Fe,\ Co”
and “Fey~\ Co”, with direct separation distances of 5.7 and 9.2 A respectively.
In the third, “Fey.,Co”, the atoms are spaced by 10.8 A along the v-row.

On each of these structures dI/dV-spectra have been measured over the
Co atom at various fields oriented in the z-direction. These should be compared
to fig. 4.7b, showing equivalent measurements performed on Fe,,Co: here we
saw that the external field cancels the influence of the Fe spin around B =2 T.
Results for Fey\ Co are shown in fig. 5.2a. Again the proximity of the Fe atom
causes a splitting of the Kondo peak at zero field, but this time the ‘effective
field’ is much stronger: the peaks seem to converge around 9 T. Also the spectra
feature two steps at higher energy rather than only one. In the case of Fe,\ Co
(fig. 5.2b) the effect of the coupling is much weaker such that no splitting can
be observed at zero field.

When trying to model these two ‘semi-diagonal’ systems as we did in chap-
ter 4 for Fe,,Co, we should bear in mind that not only the relative positions,
but also the relative orientations of the two spins have changed. Previously the
Co spin (having its primary anisotropy axis Z oriented locally along the v-row)
had its hard-axis perpendicular to the Fe spin’s easy-axis (oriented along the N-

IThis combination is most suitable: MnyyCo has a much smaller J and the spectra of
CoyvCo are somewhat confusing due to its many low-energy excitations.
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Figure 5.2: dI/dV-spectra measured over the Co atoms of Fe,\ Co (a) and
Feyv\,Co (b) at various fields with B || z. Curves obtained at non-zero fields are
offset with 0.10 nA/mV in (a) and 0.15 nA/mV in (b).

row). However, in the current situations the local environment of the Co atom
has rotated by 90° with respect to the Fe atom: both spins now have their pri-
mary anisotropy axis pointing in the x-direction. The proper Heisenberg model
Hamiltonian thus becomes:

H = J§F).§Co) _, B. (QFeS(Fe)+gCoS(CO)> (5.2)

+ D52 + B, (§5<Fe> - §§(Fe>> + Do 82(C0)

which differs from (4.20) only in the subscript of the very last term. Starting
with Fe,« Co, we see in fig. 5.3 that with a J-value of 0.48 + 0.02 meV, (5.2)
very well reproduces the measured peak positions, as well as both of the steps.
So by reducing the spacing between the atoms by merely 20%, their interaction
has become almost four times stronger (Fey,Co has J = 0.13 meV). The ap-
pearance of the extra step around 4 mV is a direct consequence of this. If we
express the two excited states corresponding to either step, |¢5) and |¢7), in

the basis of S’;SCFE) and SA’;SCCO) eigenstates |mp, mco) at B = 0, we find:

|¢5) = —0.60|+2-3) — 0.30-1-3) + 0.68|+1-}), and
[Yp7) = —0.77[+2-3) +0.44]-1-3) — 0.39[+1-3),
where other contributions up to 0.21 were neglected. Interestingly, the exci-

tation to [+2-3) (from ground state |+2-3)), which is expected to occur when
the tip is placed over the Co atom, has strongly mixed with two excitations
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Figure 5.3: Lowest 11 eigenvalues of (5.2) with J = 0.48 meV, gre = 2.11, gco = 2.16,
Dg. = —1.55 meV, Er. = 0.31 meV and D¢, = 2.70 meV for B || z. For each level |¢y,)
the corresponding transition intensity Iéio,L i.e. with the tip placed over the Co atom,
is shown in greyscale (see fig. 5.4 for key and section 4.3.3 for an introduction into the
representation used in this graph). Experimental data points extracted from fig. 5.2a.

of the Fe spin? and is now distributed over two transitions. This is an impor-
tant result: apparently the two spins are now so strongly coupled that we can
no longer make excitations on only one of them without influencing the other.
Gradually the structure is becoming a single spectroscopic entity.

The longer semi-diagonal structure Fe,,~ Co is more difficult to analyze
properly, as we have only few data points on it and the energy resolution
is insufficient to make out any zero-field splitting. However, due to the cal-

2 Actually with only one Fe excitation: |+17%). This one has in turn mixed with |717%>
because of the finite value of Fpe.
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Figure 5.4: Lowest 11 eigenvalues of (5.2) with J = 0.10 meV, gre = 2.11, gco = 2.16,

Dgp. = —1.55 meV, Er. = 0.31 meV and D¢, = 2.70 meV for B || z. Experimental
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data extracted from fig. 5.2b. Inset: key for the greyscale representation of

culated higher-energy excitations evolving in a distinct nonlinear fashion we
can extract a fitting value of J, albeit with a somewhat larger error margin:
J =0.10 £ 0.05 meV. Figure 5.4 shows the corresponding energy level diagram.

Finally there is the 10.8 A long Feyy,Co structure. Spectra measured on its
Co atom with B || z (not shown here) look very similar to the results obtained
on a free Co atom (i.e. fig. 4.4c). The only notable discrepancy — a slight
downshift in energy for all excitations — indicates a marginally positive J, but
might as well result from the usual 5% variations in the anistropy parameters.
It is best described with J = 0.02 4+ 0.02 meV.
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Figure 5.5: Plot of the experimentally determined values for J as a function of the
direct separation distance between the atoms in various Fe/Co dimers on CuaN. The

solid line shows a fit using (5.1) with kr = 0.43 +0.06 AT

We have now collected four data points characterizing the distance dependence
of J, which are plotted in fig. 5.5. The measurements systematically indicate
a very steep decline of the coupling strength. Several remarks should be made
with respect to this graph. First, for the semi-diagonal structures we used the
direct distance between the atoms, ignoring any possible anisotropies in the
spin-interaction and in kp arising from the CupN lattice. In this context it is
important to note that these structures are not invariant under switching the
positions of the Fe and Co atoms, and were chosen arbitrarily. The inverted
structures (e.g. Coy~ Fe instead of Fe,\ Co) have not been investigated, but
might give a different J at the same separation distance. Second, the available
data points are still too few and too close to each other to make any claim
concerning the nature of the coupling. The solid curve in fig. 5.5 only gives a
best fit of Jrxky, assuming that (5.1) is valid.

Having said that, the RKKY interaction proposed by the fit is certainly not
unrealistic. It would explain the sharp increase of J below 7 A and the resulting
value for the Fermi wave vector, kp = 0.43 A_l, is reasonable. For comparison:
in bulk copper (having the same lattice constant of 3.6 A) kr varies along the

Fermi surface from 1.36 to 1.51 A~ '. The reduction by a factor of ~ 3 may be
caused by local deformations of the Fermi surface due to the loss of symmetry
in CugN, especially if that results in the creation of pockets of states at the
Brillouin-zone boundary having lower effective wave vectors. Overall it is not
unthinkable that with a few extra measurements in the range r = 11 — 15 A
(e.g. Feyyn Co), where J is expected to become negative, the suggestion of
RKKY interaction as presented can eventually be confirmed.
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5.2 Coupling Along the N-Row

A different way of modifying the interaction between the atoms is to couple
them along the N-direction rather than the v-direction. In contrast to previous
work [19], where atoms were placed along an N-row at intervals of a single lattice
spacing (3.6 A), in this section we will focus on structures with 7.2 A separation.

° 900000000000
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[ &=BOK=BOSR
Ferierierierier

0 . . .
0 1 2 3 4

Distance (nm)

Figure 5.6: (a—d) Topographic images (5 X 5 nm, 10 mV/1 nA) of Co(nnCo),,
for n = 2, 3, 4 and 5 respectively. Comparable structures made of Fe have similar
topographic appearances. (e) Structural drawing of Co(nnCo), with axis assignments.
(f) Height profile extracted from (d) taken along the ridge of the structure (upward).

Figures 5.6a—d show topographic images recorded during the construction
of a 28.8 A long Co pentamer. To add a Co atom to the chain, it is first placed
at the N site that is 9.0 A away from the last atom of the chain, after which
it is hopped in place (section 2.3.3). Although the atom can in principle hop
two ways, the ‘success rate’ of the hopping procedure seems to increase with
the length of the chain. As with the structures built along the v-rows at equal
distance, atoms can be removed from the chain (both from the ends and from the
center) without inflicting damage. We will refer to the subsequent structures
shown in the figure as “Co(xynCo),_,” with n, the number of atoms in the
chain, ranging from 2 to 5. Comparable structures were made with Fe instead
of Co, having a very similar topographic appearance as their Co counterparts.
In the following we will discuss spectroscopic results obtained on either class of

structures, starting with Fe(xynFe),, ;.
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5.2.1 The Ising Chain: Ferromagnetic Coupling?

Conductance spectra measured on all atoms of each of the four Fe(ynFe),
structures with n < 5 are shown in fig. 5.7, all at B = 0. The excitations in
these cases appear at considerably higher energies than before (as a result of
stronger coupling), such that the influence of a magnetic field would be much less
prominent and will therefore not be considered here. What strikes immediately
is that, except for a few details, there are only two kinds of spectra. Those
measured over atoms located at either end of a structure (‘outer’ atoms) feature
a single® step around 7 mV, while the remaining spectra (taken over ‘inner’
atoms) have a step around 10 mV. It seems as if the excitation energies on
each atom are determined only by the number of nearest neighbors: one or two
respectively. The results can be modelled surprisingly well using a Hamiltonian
based on Ising interaction combined with uniaxial anisotropy:

n—1 n
H= 3" J8056H £ 3 pgo), (53)
i=1 =1

where J is the Ising interaction parameter and the operator S'g(f) quantifies the
x-component of the magnetization of the i-th spin in the chain. As before, D is
the anisotropy parameter along x, the primary anisotropy axis for Fe.

Conveniently, this Hamiltonian is diagonal in the basis of all S’S) eigenstates,
expressed by the quantum numbers m;, such that we can solve it analytically.
Assuming D to be negative (as found for a single Fe atom), its ground state has
|m;| = 2 for all 4, while the sign of J determines whether the spins have parallel
or antiparallel alignment. One can easily demonstrate that in either situation
a |Am;| = 1 transition on the spin of an outer atom will cost 2|J| — 3D, while
the same excitation on an inner spin costs 4|.J| — 3D. Combining this with the
measured excitation energies we find |J| >~ 1.5 meV and D ~ —1.3 meV, which
is not at all unreasonable (compared to D = —1.55 meV for single Fe). Within
this model J can in principle have either sign, although based on what we have
seen above it is unlikely to become negative.

The Ising Hamiltonian presented differs in two ways from the Heisenberg model
we have successfully used so far. First, only the z-components of the spins are
coupled rather than all components equally, and second, F = 0. Changing ei-
ther of these two properties only slightly would sufficiently mix the eigenstates
as to allow several additional excitations that are not observed. The sudden dis-
appearance of E might be interpreted as a first observation of magnetic atoms
significantly influencing each other’s local environment (although there is no
particular reason for the coupling along = to lift the difference between the
y and z-directions). Most intriguing, however, is the apparent change in the
nature of the coupling mechanism: from fully isotropic to strongly directional.

3In case of the dimer, FennFe, the step actually consists of two smaller steps. We will
ignore this for now.
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Figure 5.7: dI/dV-spectra measured over each of the Fe atoms in Fe(nnFe),, , struc-
tures with n = 2, 3, 4 and 5. In each panel all curves except for the lowest are shifted
upward by arbitrary amounts. The absolute conductance values are not relevant for
the discussion presented here, but can be retrieved by considering that the integral of
each spectrum up to 10 mV (quiescent voltage) should be equal. The vertical order
corresponds to the positioning of the atoms within the structure (i.e. top and bottom
curves were measured over the atoms on either end of the chain, etc.).

Interestingly, the results can be partly explained also within the framework
of Heisenberg coupling by choosing J to be negative, i.e. by assuming ferromag-
netic interaction. For instance in the case of the dimer (n = 2), the Heisenberg
term does mix the |my,mo) = |+2,~-2) and |-2,+2) states, but leaves |+2,42)
and |-2,-2) unchanged. This would justify the absence of a low-energy exci-
tation, although additional excitations towards |m;| = 1 states should still be
expected.

Isn’t the interpretation of ferromagnetic coupling inconsistent with the dis-
cussion on RKKY interaction of the previous section? After all, the separation
distance is still 7.2 A which according to fig. 5.5 should result in a positive J.
Yes, but that graph is based on coupling along the v-row, and its resulting value
for kp is significantly lower than expected based on the lattice constant (which
is equal to the bulk copper lattice constant). Possibly the anisotropy of the
Fermi surface of CugN is such that along the N-row kp is much closer to the
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value for bulk copper. In that case, at a distance of two lattice spacings we could
already have reached the first negative part of the RKKY oscillation. A similar
study of the distance dependence of the coupling along the N-row may help
verify this. For starters: at 3.6 A separation along the N-row the interaction
between Mn atoms was found to be antiferromagnetic (J = 6.2 meV) [19].

5.2.2 Closure of the Inelastic Channel

1 Even more challenging are the results obtained on the Co(nynCo), , struc-
tures as shown in fig. 5.8. First of all, not a single Kondo peak is observed
in any of the spectra. Second, the results for n = 2 are dramatically different
from those for n > 3, in which case there is again a sharp distinction between
spectra taken on inner and on outer atoms. But the most surprising is that the
spectra corresponding to inner atoms appear to be completely flat. Additional
measurements on these atoms up to £100 mV did not show any feature, other
than a gradual rise in the dI/dV for negative voltage and perhaps two very
weak bumps around —10 mV and +30 mV.

The excitations measured on the dimer ConxnCo can be modelled reasonably
successfully using a J ~ 3.2 meV Heisenberg model®, but this is certainly not
the case for any of the other spectra. Regardless of what values are chosen for
all the spin parameters, there should always be at least one excitation having a
large enough transition intensity based on (3.4) to be observed. So it seems like
the excitations themselves are still possible, but that they cannot be accessed
for a different reason.

It is important to observe that even on the inner atoms the elastic part of
the conductance is still fully intact. This can be derived from fig. 5.6f show-
ing the height profile of Co(xnCo)4 taken at 10 mV: if the elastic conductance
would have been suppressed, the three inner atoms would have appeared signif-
icantly smaller in topography. This means that whatever process is responsible
for disabling the spin excitations, is selective and only applies to the inelastic
conductance. Let us therefore look more closely into the mechanism of inelastic
spin excitation. On a Co atom, the net spin is carried by the 7 electrons in the
3d-states which are localized relatively closely around the nucleus, while most
elastic conductance is expected to pass through the more widely spread s and
p-states. In order to make an inelastic spin excitation, conduction electrons
from the tip may have to tunnel into one of the five 3d-states. Of these only
3d.2 has a finite electron density straight above the atom, where as usual we
choose z to be oriented perpendicular to the sample-surface. The others (i.e.
3dyy, 3dyz, 3dy. and 3d,2_,2) all have nodes along the z-axis.

4The interpretation presented in this section was based on discussions with J. van den
Brink and J. van Wezel.

5Choosing D = —2.3 meV and E = 0.6 meV reconstructs the energies of all four excita-
tions as well as much of their relative intensities. Interestingly, the system appears to have
changed from hard-axis anisotropy along y for single Co into a configuration with an easy-axis
(presumably perpendicular to y). This might explain the sudden absence of Kondo behavior
(see section 4.2.2). However, as these findings are not too relevant for the discussion in this
section, they will not be presented in more detail.
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Figure 5.8: dI/dV-spectra measured over each of the Co atoms in Co(nnCo),,
structures with n = 2, 3, 4 and 5 (10 mV/1 nA quiescent). In each panel all curves
except for the lowest are shifted upward by arbitrary amounts. As before, the vertical
order corresponds to the positioning of the atoms within the structure.

In this context the suppression of the excitations could — by way of specula-
tion — be interpreted as a rearrangement of the 3d-orbitals due to spin coupling
causing the 3d,z-state to shift away from the Fermi energy, thus becoming in-
accessible for conduction electrons. Another way of looking at this is that the
orbitals have rotated such that there no longer is a 3d,2-state (having been
replaced by e.g. 3d,2): now all orbitals have a node along 2. None of this
happens on the outer atoms as these are coupled to only one neighbor, leading
to a different rearrangement of the orbitals. An obvious experiment to test this
hypothesis would be to do spectroscopy while the tip is displaced horizontally
with respect to the atom. Due to our automated atom-locking procedure (sec-
tion 2.3.1), all present measurements were performed straight above the atom.
If proven correct, this insight tells us that the 3d-orbitals play a prominent role
in, or are at least strongly influenced by, the process of spin-spin coupling.

In the inner spectra of Co(xnCo)4 (fig. 5.8d) a remarkable noise is observed
between 10 and 20 mV, symmetric around zero voltage. It is possible that this is
somehow related to the excitations that are (supposedly) suppressed, although
one can only speculate as to what mechanism is behind this.
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5.3 Single-Atom Spin Filter

The art of filtering tunneling electrons based on their magnetic polarization was
experimentally realized first by means of a ferromagnetic, or ferromagnetically
coated tip [13]. This tool greatly expanded the scope of STM by making the
magnetic structure of various surfaces directly visible [86, 87]. Further improve-
ment to the technique was made through the introduction of antiferromagnetic
tips [14], which strongly reduced the disturbing influence of the probe’s dipolar
stray field. In this section we will discuss an initial attempt towards the creation
of the ultimate spin filter: a single magnetic atom attached to the apex of a
non-magnetic tip.

Figure 5.9 shows the influence of a Co atom at the apex of the tip on its
spectroscopic qualities. For this experiment a tip was formed (by repeated
poking) that could reliably pick up and drop off atoms (section 2.3.3), each
time reproducing the same atomic-scale tip geometry as seen from topography.
With the tip in its ‘empty’ state a Cu atom (that could be identified as such

0.20 : : — ,
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Figure 5.9: dI/dV-spectra taken over the same Co atom both before (lower curve)
and after (upper curve) the Cu atom at the tip apex was replaced by a Co atom, at
B =7 T oriented out-of-plane. The lower spectrum was shifted down by 0.05 nA/mV.

through methods described in chapter 2) was picked up after which a standard
spectrum at B = 7 T was taken over a Co atom, resulting in the lower curve.
Next the Cu atom was replaced by a Co atom, with which the upper spectrum
was taken over the same Co atom as before. The effect is striking: whereas for
the neutral tip the two resonance peaks are equally high, with the magnetic tip
the ratio of their heights is almost 4 : 1, while their position is not affected.
Although clearly the symmetry between the two spin polarizations is some-
how broken, it is not easy to find a solid explanation for this phenomenon. It is
tempting to say that if only electrons with one polarization (say |) are available
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at the tip, these can tunnel into only one of the two resonances of the Kondo
system. But as we have seen in section 4.3, the distinction between the two
peaks is not at all made by spin polarization (1 vs |), but by the fact that
one belongs to the electron DOS and the other to the hole DOS. In each of
the two resonances the localized spin continuously flips between either of the
two excited states: | (with an electron-hole pair in the Fermi sea) and | (with
the Fermi sea unexcited). Seeing that the ground state is T with an unexcited
Fermi sea, arguably only the second of these excitations is directly accessible
for electrons tunneling from the tip into the localized spin. Assuming that this
can only be done by | electrons, the electron-hole symmetry might be broken
in the case of a spin-selective tip.

A few points worth mentioning are that (1) the regular excitation steps in
fig. 5.9 do not seem to be influenced too much by the magnetic tip (these are
the excitations to m = £3) and that (2) the asymmetry of the peaks appears
to be independent of field strength. Even at 2 T, the smallest field where the

two peaks can still be discerned (not shown), the height ratio is close to 4 : 1.
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Figure 5.10: dI/dV-spectra taken over the same Fe atom both before (lower curve)
and after (upper curve) the Cu atom at the tip apex was replaced by a Co atom, at
B =7 T oriented out-of-plane. The lower spectrum was shifted down by 0.05 nA/mV.

Interestingly, when doing the same experiment over an Fe atom as shown in
fig. 5.10, the inner steps (between |m| = 2 states, see section 3.3.2) do become
asymmetric, while those around 5 mV (|m| = 2 — 1) seem to be unaltered.
This is not at all surprising in view of that fact that the |m| = 1 states are
mixed much stronger by the transverse anisotropy parameter F than those with
|m| = 2, and have thereby lost much of their spin polarization (see table 3.1).

An intriguing situation occurs also when studying the Fe,,Co and Mn,,Co
structures of chapter 4 with the Co-ended tip (fig. 5.11). In either case at strong
fields it is the peak at negative tip-voltage that is highest, as we saw for the
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Figure 5.11: dI/dV-spectra measured over the Co atoms of Fe.,Co (a) and
Mn.Co (b) at various fields oriented along z (i.e. out-of-plane). The measurements
were performed with the same Co-ended tip as used in fig. 5.9. Although this tip
significantly alters the peak heights, their positions as well as those of the steps (being
used for analysis in chapter 4) are not expected to be influenced by it. All non-zero
field spectra are shifted for clarity.

single Co atom. But at low field strengths, e.g. in case of Mn,,Co below the
point where the ground state changes to antiparallel around 1 T, suddenly the
positive-voltage peak becomes dominant: the Co spin has flipped around.

The anomalous spectroscopic asymmetry presented in this section was occa-
sionally encountered also when other magnetic atoms (Mn or Fe) were picked up
instead of Co. In one instance it even was the neutral tip (i.e. with a Cu atom)
that showed this behavior, albeit weaker, while the same tip with a Co atom
produced symmetric spectra. This might have been caused by a second mag-
netic atom being incorporated in the tip structure close to the apex, such that
its effects were cancelled when another magnetic atom was picked up.

All these tips could prove to be highly valuable spin filters, in the sense that
the filtering aspect can be switched on or off simply by replacing the last atom.
However, one thing we haven’t considered at all is the question how strongly
they are magnetized. A spin-polarized tip is hardly useful if the least stray field
induced by the sample below it would reverse its filter. In order to answer
this question, we should basically repeat the kind of experiments discussed in
chapter 3 — to determine the magnetic anisotropy energies of an atomic spin in
a certain environment — with the roles of tip and sample inverted.
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5.4 Closing Remarks

The preliminary findings presented in this chapter demonstrate how we have
only barely begun exploring the richness of this fascinating experimental system.
Clearly spin excitation spectroscopy is a fantastic tool and CusN an almost
perfect study object to use it on. Among the countless parameters that one
can tune during further experiments are the length and direction of the vector
separating coupled spins, as well as the size, geometry and composition of larger
spin structures. Additionally several other d-shell magnetic elements such as
Ti, Cr and Ni can be studied to verify or expand our hypotheses on magnetic
anisotropy and Kondo-screening for various values of S.

But why limit ourselves to CusN? There are bound to be numerous other
surfaces just as useful for performing spin excitation spectroscopy experiments.
While the square lattice of CusN was found to be exquisite for anisotropy mea-
surements, surfaces with a threefold symmetry such as triangular or hexagonal
lattices might be ideal for building circular spin chains. Especially when anti-
ferromagnetic rings can be constructed that contain an odd number of atoms,
all sorts of spin frustration effects might be observed.

From a technological viewpoint it may be worthwhile to search for surfaces
that present an even stronger magnetic anisotropy, allowing stable atomic bits
to be realized at higher temperatures. In this respect it is important to under-
stand as much as possible of the surface molecular network of CusN and the
impact it has on the orientation of atomic spins incorporated into the network,
as well as its possibilities for coupling spins ferromagnetically.

The concept spectroscopy is used very widely throughout experimental physics.
Auger spectroscopy, NMR, spectroscopy, Raman spectroscopy and spectroscopy
of visible and UV light absorbtion by atoms are only a few of the many examples.
While their underlying mechanisms are quite different, all these techniques are
based on the same general principle: to characterize a system by observing not
only in what state it happens to be, but also what excitations can be made
to it. With the developments of inelastic electron tunneling spectroscopy and
spin excitation spectroscopy, similar characterization can now be performed in
combination with the fabulous spatial resolution that only an STM can provide.
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Samenvatting

Vrijwel alle eigenschappen die een vaste stof maken tot wat het is vinden hun
grondslag op de schaal van de kleinste bouwsteen waaruit die stof is opgebouwd:
het atoom. Dit geldt bijvoorbeeld voor soortelijke warmte (hoe makkelijk de
atomen in trilling kunnen worden gebracht) en elektrische weerstand (in hoe-
verre ze hun elektronen loslaten), maar ook voor heel basale kenmerken als hard-
heid (hoe stevig de atomen aan elkaar gebonden zijn) en kleur (welke golflengten
van het licht hun elektronen kunnen opnemen en welke niet). Een eigenschap
die hier zonder meer bij hoort is magnetisme.

Of een atoom magnetisme kan vertonen wordt bepaald door de opvulling van
de elektronschillen in het atoom. Ieder elektron heeft een gelijke hoeveelheid
spin, de drager van magnetisme, maar in volledig opgevulde schillen heffen de
spins van de elektronen elkaar exact op. Ook in het geval van deels gevulde
schillen is magnetisme vaak uitgesloten doordat de overgebleven spin wordt
‘verbruikt’ in een chemische binding met een buuratoom. Niettemin is er een
aantal atomen dat één of meer ongecompenseerde spins heeft, veelal door een
onvolledig gevulde d-schil. Hiervan zijn ijzer, kobalt en nikkel de meest bekende
voorbeelden, hoewel o.a. ook titanium en mangaan ertoe behoren.

De experimenten die in dit proefschrift worden beschreven laten zien hoe
het magnetisme van één enkel atoom toegankelijk kan worden gemaakt — in
eerste instantie voor wetenschappelijke studie maar op lange termijn wellicht
ook voor technologische doeleinden. Toegang tot individuele atomen is al enige
tijd mogelijk dankzij de ontwikkeling van de Scanning Tunneling Microscope
(STM) in 1981. Hierin worden atomen afgetast door een scherpe naald waarmee
ze niet alleen kunnen worden waargenomen, maar zelfs met uiterste precisie
kunnen worden verplaatst. Dit revolutionaire instrument — de uitvinders Binnig
en Rohrer ontvingen al in 1986 de Nobelprijs — vormt samen met de daarvan
afgeleide Atomic Force Microscope (AFM) het voornaamste gereedschap voor
nanotechnologisch onderzoek.

Om vervolgens ook de spin van een atoom te detecteren gebruiken we een
veel recenter techniek (2004), Spin Excitatie Spectroscopie. Deze techniek is
gebaseerd op een vertrouwd principe: magnetisme is weliswaar niet direct zicht-
baar, maar je kunt het wel ‘voelen’. Door een alledaagse magneet op verschil-
lende manieren uit zijn rusttoestand te halen (bijvoorbeeld door deze los te
trekken van een koelkastdeur of op een andere magneet rond te draaien) en
steeds te registreren hoeveel moeite dat kost (of fysisch: hoeveel arbeid daar-
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voor moet worden verricht), kun je na enige inspanning een beeld vormen van
zowel de magnetisatiesterkte als -richting van deze magneet. lets soortgelijks
kunnen we doen met een atomaire spin, hoewel er één belangrijk verschil is:
doordat een spin zich gedraagt volgens de wetten van de quantummechanica is
het aantal excitatiemogelijkheden beperkt. Met andere woorden, een spin kan
niet op iedere willekeurige manier uit zijn grondtoestand worden gehaald, maar
slechts via een paar exact gedefiniéerde overgangen. Deze eigenschap blijkt bij-
zonder goed van pas te komen om een nauwkeurig kwantitatief inzicht te krijgen
in het gedrag van een spin.

Spin Excitatie Spectroscopie werkt als volgt. Een magnetisch atoom wordt op
een dunne (één atoomlaag dik) isolerende laag geplaatst die het atoom scheidt
van een metallische ondergrond. Hierdoor wordt voorkomen dat het atoom al
te veel hybridiseert met de geleidingselektronen in het metaal, zodat het karak-
ter van een geisoleerde spin behouden blijft. Vervolgens wordt de STM-naald
vlak boven het atoom gepositioneerd (slechts enkele tienden van een nanometer)
waardoor elektronen vanuit de naald naar het atoom kunnen ‘tunnelen’. Door
nu een steeds groter spanningsverschil aan te leggen tussen de naald en het
oppervlak waarop het atoom ligt, nemen elektronen met steeds meer energie
deel aan deze tunnelstroom. Op een gegeven moment hebben de elektronen
voldoende energie beschikbaar om een door de quantummechanica toegestane
excitatie van de spin op het atoom uit te voeren, hetgeen resulteert in een plot-
selinge verandering (doorgaans een toename) in de elektrische geleiding. Door
te registreren bij welke spanningen dit gebeurt, kunnen we de energieén van
zulke excitaties achterhalen. Bij deze toegestane excitaties gaat het overigens
altijd om gehele of gedeeltelijke rotaties van de spin.

Dit alles vindt plaats bij extreem lage temperatuur. Hiervoor zijn twee rede-
nen: allereerst om ervoor te zorgen dat de atomen op hun plaats blijven liggen,
en ten tweede om een voldoende hoge energieresolutie te garanderen. Door de
temperatuur te verlagen beperken we de spreiding in elektronenergién waar-
door er een zo eenduidig mogelijke relatie tussen spanning en energie ontstaat.
Aangezien verschillende spinexcitaties in sommige gevallen minder dan 1 meV
uit elkaar liggen is een hoge resolutie van groot belang. De experimenten in dit
proefschrift werden uitgevoerd bij een temperatuur van 0.5 K in een speciale
STM die wordt gekoeld met behulp van vloeibaar helium-3, de lichtere variant
van helium. In hoofdstuk 1 worden twee van dit soort apparaten beschreven.

Als ondergrond voor onze spin-excitatie experimenten gebruikten we een mono-
atomaire laag kopernitride (CusN) die gegroeid was op Cu(100), één van de
facetten van een koperkristal. De karakterisatie van dit oppervlak is het on-
derwerp van hoofdstuk 2. CuyN blijkt om verschillende redenen bijzonder
geschikt te zijn: het is relatief eenvoudig te prepareren en de dikte van de
scheidingslaag biedt een ideale combinatie van enerzijds ontkoppeling en an-
derzijds transparantie voor geleidingselektronen, wat van groot belang is voor
het goed functioneren van de STM. Daarnaast binden atomen van de magne-
tische elementen ijzer (Fe), mangaan (Mn) en kobalt (Co), die in onze experi-
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menten centraal staan, uiterst reproduceerbaar op specifieke lokaties op CusN
(namelijk precies bovenop de Cu atomen) en kunnen ze eenvoudig worden ver-
plaatst zonder het oppervlak te beschadigen. Dit laatste is overigens zeker niet
vanzelfsprekend: bijna twee decennia na de eerste succesvolle demonstratie van
‘atoom-manipulatie’ is slechts een handvol oppervlakken bekend waarop atomen
betrouwbaar kunnen worden rondgeschoven.

Hoofdstuk 3 staat in het teken van de magneto-kristallijne anisotropie die
atomen ondervinden wanneer zij op CusN worden geplaatst. Anisotropie speelt
een belangrijke rol in magnetisme. Als een spin zich in een volledig isotrope
omgeving bevindt zijn alle richtingen gelijk en kan het onmogelijk een magne-
tisatie-as kiezen. Er is dan geen noord- of zuidpool en dus ook geen magnetisme.
Pas als de isotropie wordt verbroken — bijvoorbeeld door de aanwezigheid van
een kristalstructuur — kan er sprake zijn van een voorkeursrichting voor mag-
netisatie. Ook hiervoor blijkt CusN ideaal: een atoom dat bovenop één van
de Cu atomen van CuzN is gebonden heeft in de ene richting twee stikstof (N)
atomen als buren terwijl in de richting loodrecht daarop het atoom wordt be-
grensd door twee ‘vacatures’ (plekken in het oppervlak waar atomen lijken te
ontbreken). Hierdoor wordt de lokale omgeving anisotroop.

Door de spin-excitaties van Fe en Mn atomen in deze situatie te bestuderen,
en met name door te onderzoeken hoe de energieén van deze excitaties veran-
deren wanneer we een magnetisch veld aanleggen langs de verschillende symme-
trieassen van het kristal, kunnen we de magnetische anisotropie in kaart brengen.
Ook kunnen we de exacte hoeveelheid spin op het atoom vaststellen. Zo blijkt
het dat een Mn atoom een spinwaarde van g heeft (ofwel 5 ongecompenseerde
elektronspins in de d-schil) die hij bij voorkeur loodrecht op het CusN opper-
vlak richt, hoewel deze voorkeur erg licht is. Een veel sterker anisotropie-effect
doet zich voor bij Fe met een spinwaarde van 2 (4 elektron-spins). Hier richt de
spin zich bij voorkeur in de richting van de naastgelegen N atomen en kost het
behoorlijk veel energie (zo'n 6 meV) om hem 90° daarvandaan te draaien.

In beide gevallen betreft het anisotropie van het zogeheten easy-axis type.
Dit houdt in dat één magnetisatieas geprefereerd wordt en dat het verschil in
voorkeur tussen de overige twee assen relatief klein is. Dit in tegenstelling tot
hard-axis of easy-plane anisotropie, waarbij de spin een uitgesproken afkeer heeft
tegen één bepaalde as, maar verder weinig onderscheid maakt tussen de andere
twee. Easy-axis anisotropie is de gewenste vorm voor technologische toepassin-
gen in magnetische data-opslag, waarbij de beide polarisatierichtingen langs de
voorkeurs-as de rollen van ‘0’ en ‘1’ in een bit kunnen aannemen. De spin van een
Fe atoom op CusyN is daarmee een potentiéle kandidaat voor de historische status
van Eerste Atomaire Bit, hoewel de aanwezigheid van substantiéle transversale
anisotropie (het verschil tussen de twee overige assen) het geheel toch weer min-
der stabiel maakt. Ons voornaamste resultaat in deze technologische context is
echter de onderzoeksmethode zelf, waarmee we demonstreren hoe de magneti-
sche anisotropie van een atoom onomstotelijk en bovendien uiterst nauwkeurig
kan worden vastgesteld.
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In hoofdstuk 4 betreden Co atomen het toneel. Deze onderscheiden zich
van Fe en Mn doordat ze naast de inmiddels vertrouwde spinexcitatie stappen
een scherpe resonantiepiek vertonen rond het nulniveau van de tunnelspanning.
Deze resonantie schrijven we toe aan het Kondo effect: een complex samenspel
van een plaatselijke spin (het Co atoom) en de collectieve spin van de geleidings-
elektronen in een metaal (het onderliggende koper). Omdat het Kondo effect
een ‘veel deeltjes’ effect is — alle naburige geleidingselektronen doen er immers
aan mee — is het ontzettend moeilijk een eenvoudige inzichtelijke beschrijving
ervan te geven. Feitelijk komt het erop neer dat bij voldoende lage temperatuur
het Co atoom er baat bij heeft voortdurend zijn ongecompenseerde elektron in
te ruilen voor een elektron met tegengestelde spin waardoor deze onophoudelijk
lijkt om te klappen. Het Kondo effect intrigeert wetenschappers al decennia
lang en een goed begrip ervan is essentiéel voor het begrijpen van magnetisme
op de atomaire schaal.

In dit proefschrift richten we ons op de vraag waarom juist Co dit opmerke-
lijke gedrag vertoont en de andere atomen op CusN niet. Om bovengenoemde
resonantie mogelijk te maken moet de magnetisatierichting omklapbaar zijn door
de uitwisseling van slechts één elektron. Dit betekent dat in principe de spin
niet groter dan % mag zijn. Toch duiden de waargenomen spin-excitaties van Co
op een grotere spin, namelijk % Met behulp van de technieken uit hoofdstuk 3
kunnen we echter aantonen dat deze spin hard-axis anisotropie ondervindt op
CugN: hierdoor wordt de magnetisatie langs deze as geminimaliseerd waardoor
de spinwaarde effectief reduceert tot % Dit verklaart niet alleen waarom Co
een Kondo resonantie heeft; het verklaart ook waarom Fe en Mn (met easy-axis
anisotropie) het niet hebben.

Het Co atoom op CuyN biedt ons daarmee de unieke gelegenheid om het ef-
fect van magnetische anisotropie op een Kondo systeem te onderzoeken. Op een
pure spin % zou anisotropie onmogelijk invloed kunnen hebben, maar aangezien
het hier feitelijk om een grotere spin gaat speelt het wel degelijk een belang-
rijke rol. Zo vinden we dat het aanleggen van magneetvelden langs de ver-
schillende kristalrichtingen ook verschillende effecten in de Kondo resonantie
teweeg brengt. In alle gevallen splitst de resonantiepiek in twee pieken (dat
was al bekend), maar de mate van deze splitsing blijkt sterk te variéren met
de veldrichting. En het interessante hierbij is dat deze richtingsafhankelijke
splitsing kwantitatief kan worden beschreven enkel met behulp van eenvoudige
‘één deeltjes’ quantummechanica, dus zonder de complexiteit van het Kondo
effect in rekening te brengen!

Tets soortgelijks doet zich voor wanneer een tweede spin (bijvoorbeeld een Fe
atoom) op enige afstand naast het Co atoom wordt geplaatst. De spin van het
Fe atoom, die zoals beschreven in hoofdstuk 3 door de kristalstructuur in een
specifieke richting wordt gedwongen, creéert een effectief magnetisch veld om
zich heen dat de Co spin ervaart zoals het ieder ander magnetisch veld ervaart:
als opsplitsing van de Kondo resonantie. Zo kan het Co atoom gezien worden als
een soort ‘nanokompas’, dat zowel de richting als sterkte van het magnetisch veld
rondom één atoom lokaal kan detecteren. De juiste quantumfysische benaming
voor dit verschijnsel is exchange coupling.
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Als besluit van dit hoofdstuk presenteren we een analytisch model dat deze
spinkoppeling verenigt met zowel de invloed van een extern magnetisch veld als
de eerder genoemde magnetische anisotropie. Dit werkt bijzonder goed. Hoewel
het aantal geéxciteerde toestanden van een gekoppelde spinstructuur veel groter
is dan voor een enkele spin blijken we iedere waargenomen excitatie moeiteloos
te kunnen identificeren. Hierbij maken we tevens onderscheid tussen excitaties
die alleen kunnen plaatsvinden indien de STM naald zich boven het ene of juist
boven het andere atoom bevindt. Dit laatste kan op termijn interessant zijn
voor de ontwikkeling van een quantum computer, waarin het uitlezen van een
enkele spin (als quantum bit) die deel uitmaakt van een gekoppeld spinnetwerk
een essentiéel onderdeel vormt.

Tot slot worden in hoofdstuk 5 enkele open einden besproken. Om te be-
ginnen een onderzoek naar de fysische oorsprong van de waargenomen exchange
coupling tussen twee naburige spins. Door de afstand tussen de atomen te
variéren vinden we de eerste aanwijzingen voor wisselwerking van het zogeheten
RKKY type. Volgens dit principe is de koppeling voor verschillende afstanden
afwisselend antiferromagnetisch (waarbij de spins bij voorkeur in tegengestelde
richtingen wijzen) en ferromagnetisch (gelijke magnetisatierichtingen) als gevolg
van het bestaan van een korste beschikbare golflengte van de elektronen. Hoewel
we een dergelijke wisseling niet direct waarnemen — de koppeling is vooralsnog
enkel antiferromagnetisch — vinden we wel een bijzonder steile afname van de
koppelingssterkte hetgeen een aanstaande wisseling suggereert voor iets grotere
afstanden.

Ook bespreken we in dit hoofdstuk spins die langs een andere kristalrichting
zijn gekoppeld (langs de N atomen in plaats van langs de vacatures). In dit
geval is de wisselwerking veel sterker en vinden we bovendien een mogelijk geval
van ferromagnetische koppeling tussen Fe atomen. Dit zou bijzonder interessant
zijn voor de vorming van atomaire geheugenbits: door spins ferromagnetisch te
koppelen zouden we de energiebarriere tussen de ‘0’ en ‘1’ toestanden kunnen
verhogen terwijl we de transversale anisotropie verkleinen. Dit zou de bits veel
stabieler maken zodat ze ook bij hogere temperaturen hun informatie kunnen
vasthouden.

Soortgelijke koppeling langs de N atomen leidt voor Co spins in langere
atoomstructuren tot een heel ander fenomeen: zowel het Kondo effect als alle
spin-excitaties verdwijnen volledig! Hoewel de oorzaak hiervan volstrekt on-
duidelijk is, lijkt het erop dat dit het gevolg is van een verandering in het
excitatiemechanisme (m.a.w., de excitaties zelf zijn nog wel mogelijk, maar niet
meer toegankelijk voor tunnelende elektronen). Vervolgonderzoek hiernaar zou
inzicht kunnen bieden in de rol van de verschillende elektronschillen in zowel
het magnetisme van als de elektrische geleiding door atomen op CusN.

We besluiten dit hoofdstuk met een poging tot het maken van een ‘spin-
selectieve’ STM naald (d.w.z. een naald die enkel elektronen met één spinrich-
ting injecteert) door het aanbrengen van een enkel magnetisch atoom aan het
uiteinde van een verder niet-magnetische naald. Deze techniek zou de mogelijk-
heid openen om afwisselend spingevoelige en spin-ongevoelige experimenten uit
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te voeren op magnetische nanosystemen. Het principe lijkt te werken, hoewel
het vooralsnog onduidelijk is hoe kwetsbaar de magnetisatierichting van zulke
naalden is.

Zoals de experimenten in dit proefschrift laten zien zijn technologische toepassin-
gen van atomaire spins (data-opslag, quantum computation) weliswaar nog ver
weg, maar zeker niet onbereikbaar. De voornaamste boodschap is echter dat
enkelvoudige quantummechanische spinsystemen nu relatief gemakkelijk toe-
gankelijk zijn voor experimenteel onderzoek. De elektronspin (spin 1) is het
voorbeeldsysteem bij uitstek voor de schijnbare magie van de quantummecha-
nica, waarbij voor iedereen de van kinds af aan zorgvuldig opgebouwde intuitie
plotseling waardeloos blijkt. De mogelijkheid om eenvoudige experimenten te
doen met zo’n systeem biedt een uitstekende manier — misschien wel de enige
manier — om geleidelijk een nieuwe ‘quantumintuitie’ te ontwikkelen.
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