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The ability to combine in a given nanostructure enats with different electronic properties
such as normal metal conductors, magnetic or sapducting electrodes, conductors of
reduced dimensionality, single molecules,... has egenew perspectives in mesoscopic
physics and nanophysics. The operation of fieldatfftransistors based on single gated
carbon nanotubegd ], and the production of spintronic devices inieththe orientation of a
single nano-size magnetic domain controls (or istrotled by) an electrical currerg],
exemplify the progress achieved during the recesdrss A wide range of electronic
phenomena have been found in the numerous comtmsatof materials explored:
superconductivity in nanostructures made of botbestonducting and non-superconducting
materials, Kondo effect in quantum dots connectedulk Fermi reservoirg3], spin and
charge transport in spintronic devices... Understagdine behaviour of such heterogeneous
nanostructures with competing electronic ordersaiama major challenge in mesoscopic
physics.

At an interface between two different materialgjatéons of the electronic properties often
occur on short length-scales. Local probing of teteic spectroscopy, with a good spatial
resolution, is therefore necessary. Besides, socdl kpectroscopic measurements are often
more direct tests of microscopic models of theeysthan transport measurements are.
Moreover, the energy range over which these effapfgear is often quite small (typically
~1 meV and down to a few 10 peV), compared tojristance, the thermal energy at room
temperature (KT~30 meV). It is thus mandatory to cool the experits down to very low
temperatures, in the millikelvin range, first tokeadhese phenomena observable, as well as to
measure them without thermal blurring.

Many different kinds of spectroscopies using etattion or photon beams, such as Electron
Energy Loss Spectroscopy or photo-emission, camudssl to perform a local electronic
characterisation. However, their spatial resolut®nften poor, and the probed energy range
(eV or higher) is larger than the relevant one fogsoscopic physics. In order to obtain
spatially resolved information, and to probe snealérgies, various types of scanning probe
microscopies have been developed. Two main operatiades, electronic or optical, can be
used to probe either electronic or electro-magrsiectroscopies. In the electronic mode, a
very sharp conducting tip is scanned above the kamgface, while the conductance
between the tip and the sample is recorded. Ththadeused in the low conductance regime
measures the ability to inject electrons from tipetdé the sample. It is called “tunneling
spectroscopy”. In the optical mode, an opticalfilvéh a very narrow apex is used to collect

optical photons from the sample surface, to praeristance the electromagnetic density of
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states[4]. Combined electronic-optical systems operatimjh in excitation and detection
modes are also feasible [5, 6].

The aim of this thesis work was precisely to desighricate and operate an apparatus able to
probe the electronic ordering in isolated condwgrtinanostructures using tunneling
spectroscopy, in the low energy range suitablerfesoscopic physics.

For this purpose, a microscope with both imagind ltal electron spectroscopy abilities

was built and mounted in a dilution refrigerator.
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1.1 Tunneling spectroscopy

Tunneling spectroscopy was experimentally introduice1960 by Giaever in the particular
case of tunneling of quasiparticles between a sopeluctor and a normal metal, using planar
junctions[7]. In 1981, Binnig and Rohrer developed the Saammunneling Microscope,
providing condensed matter physics with a tool dablperform spatially resolved electronic
spectroscopyB].

Although the basic theory of tunneling dates bacthe early days of quantum mecharnijs

the interpretation of most tunneling measuremeeiges on the tunneling-Hamiltonian
formalism introduced in the early 1960s, in pafaclby Bardeen [10, 11], and by Cohen,
Falicov and Philips[12]. In this framework, two independent systems #nked by a

Hamiltonian of the form

H, =) 'T,,clc,+hc, (1.1)
a,b

which transfers single electrons between stateddotrodea and states in electrodg and

wherec’ andc are the creation and annihilation operators ofjlsirparticle states in the

electrodes, and, , :Zh—; I‘Pb(r)‘{’;(r)dr is the tunneling matrix element betweestates and

b states.

In the case of tunneling from a sharp STM tip, @x@ects the tunneling process to be
essentially local, limited to the close vicinity thfe tip apex. Indeed, Tersoff and Hammann
[13] have shown that, assuming the tip apex cambedelled by a sphere, the tunneling
matrix elementd , are such that

2
’

‘0 “Pb(rc)

Ta,b

(1.2)

where ‘¥, (rc) Is the value of the sample single-particle wavecfion b at the centerd of

the tip apex. For the sake of simplicity, the cohtpoint between tip and sample is
assimilated to..
From this result, one easily derives a perturbatixeression for the tunneling current

within the linear response theory, involving onlyagtities in the electrodesraf13]:

1 We neglect here the possible coupling of tunneéfegtrons to collective electromagnetic or phonwdes
which would give rise to inelastic processes thadify the tunneling current. This is generally dalivhen
dealing with “good” metallic electrodes having l@hectromagnetic impedance, and at voltages belfawa
mV.

15



46*|c[*
I (V) :% J.d8|: ftip (8 _eV) - fsample( rclg):lp tip(g —eV)p sampl(r eg) ' (13)
where py, c.mie denote the local electronic densities of statd3(E) in the tip, and in the

sample at the contact point and f ¢) are the local energy distribution functions - or

tip,sample(
occupation number of electronic states - in thetedeles (which reduce to Fermi functions at

thermal equilibrium)jr| is the average value of the tunneling matrix eieeumb’a,b :

Expression 1.3) can be easily understood in terms of a balafidanneling events in both
directions from occupied to empty states. It is tiseal basis for analysing local tunneling
spectroscopy experiments and it is worth noticingl atressing that, to date, most STM
spectroscopic measurements have been successfdllgften accurately analysed within this
rather simple Tersoff and Hammann picture. Thusiat@ens from this description due to tip
shape effects or tip-sample interactions are géperagligible.

As we will now show, under favourable conditionsjeocan disentangle the factors
contributing in .3), thereby gaining knowledge of local spectuaictions in the electrodes.
The case when both tip and sample are Fermi liquids arbitrary densities of states is
depicted inFig. 1.1, where it is further assumed that bothctedeles are at thermal
equilibrium.

When one wants to probe the LDOS in the sample,uses a tip where the density of states
can be assumed as constant over the probed relenargy range (sdég. 1.2). This is the
case for normal-metal tips, in the energy rangéable for mesoscopic physics (meV). The
LDOS plays a major role in the knowledge of phyispraperties of the system. It is formally
amenable to calculation once the Hamiltonian ofdyxstem is known; for instance it can be
expressed as a retarded Green function for elextron

In order to determine the local energy distributfanction in a sample, one rather uses a
superconducting tip In this case the sharp BCS singulajfity] of the tip DOS probes the
energy distribution discontinuities. In this modet-of-equilibrium situations can be probed,
giving access to fast dynamics inside the structOrg-of-equilibrium distribution functions
can in principle be calculated from Green functjdng here within the Keldysh formalism.

11t is possible to access energy distribution etebns using a normal tip in a high impedance renvient,
using the Zero Bias Anomaly (ZBA) induced in thasigy of states of the tip by dynamical coulombdbiade
[15]. However, the ZBA has a less sharp singuladompared to the BCS singularity (which is nearlgelta

peak) and is thus a less efficient probe.
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pSample(E)

Fig. 1.1 On the left are shown side to side the densitiestaibs of arbitrary probed4) and sample
(psampid @s a function of energy (vertical axis). Theiriij of states (f between 0 and 1) is
represented in plain color (orange for the tipebior the sample). Fermi levels are shifted by the
voltage bias applied to the junction. The currémiving through a tunnel junction between the tip
and the sample involves the convolution producpafctral functions and f of the electrodes (see
expression].3)). The right panel exemplifies tunneling froratate a in the tip into a state b of the
sample with a coupling L

psample
EV‘ = \
No|
pn(€)=cst
(a)
€
I|. :
J of
e A ﬂ(V) D D sample
— ov / oV
v I ™ /
Th & (@D o
(b) pBCS(S) I| psamplés) Pecs = e[ V 82 _Az j

Fig. 1.2 Tunneling spectroscopy with normal metal (a), aiith superconducting tips (b). (a) When
Pip(€) is featureless (normal metal), the differentiahductance, which is the derivative of current
with respect to applied voltage, gives direct asd¢eghe local density of states in the sampleh wit
a maximal resolution given by the sharpness of BEeemi-Dirac function, involving the
temperature T in the tip (note that temperatures aot necessarily equal). (b) With a
superconducting tip, tunneling gives access toehergy distribution function in the sample,
provided psampi€) is constant at Fermi level, using a deconvolutimocedure. Experimental
techniques about the DOS measurement are discussbdpter 3.
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1.2 Spatially resolved measurement of the LDOS witla
combined AFM-STM

Scanning Tunneling Microscopes have been expldivedspectroscopy purposes since the
very beginning. The visualization by D. Eigler état a quantum corral for electronic surface
states delimited by atoms added on a crystallimease is one famous example [16, 17].
Despite its obvious interest, scanning tunnelingcgpscopy has however not been much
used to probe nanostructures. There are two masons for this:
. Circuits are designed on insulator:

Most of nanostructures are fabricated on an insasubstrate, on which an

STM cannot be operated: as soon as the tip hoveas ansulating part, tunneling

current drops to zero, just as if it were far frime sample surface. Therefore, the

feedback mechanism lowers the tip to reach thestaumnel current, unavoidably

resulting in a “tip crash” most dreaded by all STbtrs. In order to perform local

probe measurements on such samples, one needstbteeanother type of local

probe. Atomic Force Microscopy (AFM) is the moswimus choice since it has

topographic imaging capability with high spatiabetition, quite independently

of the sample properties, in particular of its coctdvity.

. Circuits are small compared to the chip:

On a given sample of macroscopic size, there enafine or a few nanostructures

connected to the outside by large bonding pkaps.1.3 shows as an example one

of the samples measured during this thesis worle @&tea of interest has a

characteristic size of a few microns, located @& ¢enter of a 5x5 minchip.

Reliably bringing the local probe of a microscope top of the nanostructure

requires precise mechanical alignment capabilafethe local probe with respect

to the sample in all three dimensions.
In order to perform spatially resolved tunnelingggjposcopy on nanostructures, and to cope
with the first point above, we have built a nealdi microscope having a combined Atomic
Force and Tunneling probe, which can be used heeinode. In AFM mode, topographic
images of the sample can be obtained whateveilatdrieal properties. The STM mode is
primarily used to measure LDOS at desired locatidries dual mode sensor is shown in
Fig. 1.4, and will be described in chapter 2. Ib&sed on a tuning fork normally used as the

time-base resonator in wristwatches. Such a tuamlg resonator is made of quartz, a
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piezoelectric material, which allows easy, low povetectrical excitation and detection of its
mechanical resonance (~32 kHz) and is thus wellptada for very low temperature
experiments. This tuning fork is equipped with atatie probe tip attached to one arm. The
attractive or repulsive interaction between theanu the sample surface affects the tuning
fork resonance. A feedback system regulating fhwtotisample distance is used to maintain a
constant target resonance frequency while thecBpsthe sample surface. This way, one can
form topographic images of the sample surface. @me@rea of interest is located, switching
to the STM mode, and performing tunneling spectipgat precise locations is then possible
without endangering the tip. The small wire conaddb the tip carries the tunnel current, and
allows tip biasing with respect to sample.

To cope with the second point, we incorporatedunmicroscope means of precisely displace
the sensor with respect to the sample in all thieections of space over large distances
(several mm). This motion is performed by piezoeie@ctuators based on stick-slip motion.
To compensate for the lack of reproducibility oésk actuators, and since operation at very
low temperatures does not allow visual access, wtedfour microscope with position
sensors. We further designed the samples so adpaub rapidly locate the nanostructure of

interest. All these features are described in teitaichapters 2 and 3.
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Fig. 1.3 A typical sample made on a 5 mm chip by standatzeam lithography and metal
deposition, is glued by silver paint on a samplédéig and bonded to contacts for transport
measurements. The Moiré patterns that can be searBanm field in the center of the sample are
position encoding marks for the microscope. Fordiscription of the encoding see chapter 3.

Fig. 1.4 (a) Picture of the combined AFM-STM probe, attachedthe end of a piezoelectric
scanning tube. A sharp metallic tip (inset) is dla the end of the lower arm of the tuning fork.
The fork senses the interaction between tip ancokgrwhich allows to image topography with a
precision mainly limited by the shape of the tiapThe tip is electrically connected by a thin
wire to a filtered measuring line for performingnteling spectroscopy. (b) Picture of the
microscope mounted and wired on the top plate dhaerted dilution refrigerator. (¢c) Ensemble
view of the dilution refrigerator, model SIONLUDIedigned by A. Benoit from the CNRS
(Grenoble). This fridge cools the experiment dowB®mK in about 8 hours.
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1.3 An AFM-STM in a table-top dilution refrigerator

Mesoscopic physics experiments are often perfornaédlow temperature since the
characteristic energy scales of the investigatezhpimena are generally small: for instance,
for pure metals superconductivity occurs only belwritical temperature of the order of
1 -10 K. Moreover, electron coherence effects tendisappear as temperature rises, due to
incoherent scattering by phonons... In general, g&saiure higher than the relevant energy
scale blurs the measurement: as explaineéign 1.2, the energy resolution of tunneling
spectroscopy is ultimately limited by the temperatat which the experiment is performed.
However, to reach this ultimate limit, or even aggmh it, it is not enough to cool the sample
and the microscope. It is also necessary to cdyethkbrmalize and filter all the lines
connected to the sample so that not only the extenoise (either noise from room-
temperature apparatus, or ambient noise), butthesdohnson-Nyquist noise arising from all
dissipative elements placed in these lines at teatypes higher than the sample temperature,
are suitably attenuated.

For these reasons, the microscope was placednma&heontact with the mixing chamber of a
dilution refrigerator with a base temperature ad@tB30 mK and the wiring of the experiment
was carefully designed so as to benefit from the éperating temperature. In particular,
special filters were designed, fabricated and ilextaon every line, and a new type of tunnel
current preamplifier was designed. The fabricatiod setup of the full apparatus is described
in chapter 3.

We use a table-top dilution refrigerator, develogmsd Alain Benoit from the Centre de
Recherche sur les Trés Basses Températures (CRaBd Jwhich has the advantage of being
of comfortable use and suitable for a microscomd |1s ours. All leak-tight seals are situated
at room temperature, and the whole fridge and t#tper@ment are placed inside the same
vacuum chamber. This fridge is not surrounded loyyastat filled with liquid helium, but it
operates with circulating liquid helium fed fronskghtly pressurized storage Dewar placed
underneath. Although a couple of groups are sufidgssusing this type of dilution
refrigerator with STMs, we found our own fridge, ialn was actually fabricated by Air
Liquide, to be plagued by internal vibrations, ety forbidding normal tunnel vacuum
STM operation. We could nevertheless perform vemble tunneling spectroscopy by
bringing the tip in mechanical contact with the gtamthrough a thin insulating layer grown

on the sample surface.
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1.4 Benchmarking tunneling spectroscopy

A convenient benchmark for tunneling spectroscapyné measurement of the DOS of a BCS
superconductor with a normal metal tip, as shownFig. 1.2. Ideally, the measured
conductance of a N-S tunnel junction should bectivesolution of the BCS DORA4]

pee(e) = R (1.4

whereA is the superconducting gap, with the derivativeéhaf Fermi function in the tip at a
temperature given by the thermometer.

In practice, it turns out that in most very low f@enature experiments one can only account
for the measurements by assuming that the enesgsibdition function in the tip is at an
effective temperature higher than that of the refrigeratbuch a discrepancy is usually
attributed to an imperfect filtering of the electisignals. The practical energy resolution
achieved in such experiments is then determinetibyeffective temperature.

In order to test the performance of our setup, veasuared the DOS of a thin aluminum film
(thickness: 25 nm), with a chemically etched tuegdip (see fabrication process in chapter
3). The differential conductance curve, showifriig. 1.5 was taken at a fridge temperature of
40 mK. The data are best fitted using the BCS demdi states for aluminum (with a gap
energy 187 peV), and a Fermi distribution funciwdb0 mK for the electrons in the tip. This
result already demonstrates that the electronkartip are fairly well thermalized, and that
not much extra noise is present.

This result presently displays the best effectemaperature ever obtained in STM tunneling
spectroscopy. Although the effective temperaturestii higher than the thermometer
temperature, this result validates our work onngyrifiltering and instrumentation (Chap. 3).
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data T fridge = 40mK
fit BCS + tip @ 45mK
fit BCS + tip @ 60mK

| T T
DOS

A 0 A=187peV 150 A 200 250
energy (ueV) energy (neV)

Fig. 1.5 First measurement of the tunneling density of stagrformed at low temperature (40 mK)
on an aluminum film with a tungsten tip. The dajeeén points) are fitted using the BCS density
of states with a superconducting gapl87 peV for the sample, and an electronic temperaif
45 mK (red curve) and 60 mK (black curve) for thectron energy distribution in the tip, with no
other adjustable parameter. The best fits are rdudaior an effective temperature in the tip around
50 mK. The corresponding energy resolution for themsity of states measurement is about
15 peV. Right panel shows a zoom on the peak. Tdwapancy between fit and data cannot be
explained for a standard BCS-normal junction, ewgimputting a higher effective temperature, or
by introducing a depairing parameter; it is notsergly understood.
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1.5 An experiment on the proximity effect in S-N-S

structures

Spatially resolved tunneling spectroscopy is theaidnethod to investigate the various kinds
of proximity effects that develop at interfacesviitn materials having different electronic
orderings. The superconducting proximity effect woag at an interface between a
superconducting material (S) and a non-supercomducine (N) is one good example. It
manifests itself as the N side acquiring some suguetucting properties, and a weakening of
superconductivity on the S side. It can be desdritmecroscopically using Andreev-Saint
James ([18, 19]) reflection processes in whichlanten with a given spin coming from the
N side onto the interface at a sub-gap energytis-reflected as a hole of opposite spin (the
electron time-reversed particle), resulting in aofer pair being transferred to the
superconductor’'s condensate (déig. 1.6). Proximity induced superconductivity islitg
different from bulk superconductivity: for instand¢be conductance of an N wire in contact at
one end with an S electrode is unchanged at zenperature despite the exclusion of the
electric field in the N side close to the interfd28]; on the contrary, transport of Cooper
pairs can develop in short enough SNS nanostrig;tyirelding a zero resistance state for the
normal region ([21, 22]).

Superconductor

Normal metal

Fig. 1.6 At an interface between a superconductor and aalamatal, Andreev reflection processes
take place. They account for the coupling betweinme-teversed states of quasiparticles
propagating in the normal metal due to a pairingepiial in the superconductor. Andreev
reflection allows as well to describe supercurfeow through a piece of normal metal connected
at both ends to a superconductor.

Prior to this thesis work, superconducting proxyngtfect had been extensively investigated,
both experimentally and theoretically. For reviemsthis field se¢23] and[24].
The theory for superconducting proximity effectbdased on the de Gennes microscopic

theory for inhomogeneous superconductivity whicloved to treat consistently a space-
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dependent mean-field coupling between time-reveesectrons in an arbitrary structyb].
Eilenberger showed how these equations could bee nsonveniently handled under a
quasiclassical form, in which one focuses only fwa tariations of the (quasiclassical) Green
functions of the electron-hole pairs at the scdl¢he so-called superconducting coherence

lengthé =7av: /A, much larger than the Fermi wavelengdth{26]. Here,ve denotes the Fermi

velocity andA the superconducting gap of the bulk supercondtictéhen one considers the
generally relevant experimental case of diffusieaductors having a mean free patk ¢,
one can introduce further approximations for thdénaveor of the quasiclassical Green
functions leading to the Usadel equations whichnaweh easier to handle than Eilenberger’s
[27]. The Usadel equations are the diffusion déferal equations for the Green functions in
heterogeneous superconductors. Most of the theate#sults on proximity superconducting
structures have been obtained within this frametvork

Predicting the behavior of a diffusive proximityfesft structure amounts to solving the Usadel
differential equations for the given sample geomefrthe outcome of these equations is
directly the space dependent field of Green fumstioln particular, the real part of the
retarded Green function is nothing else than th€©BDn the structure. Thus, measuring the
LDOS in a superconducting proximity structure wathr microscope is a means of directly
and thoroughly testing the basic predictions ofgbasiclassical theory of superconductivity.
Within this theoretical framework, several gendaatures of the diffusive NS structures are
known. In particular, it predicts that in an N wogfinite length L in good contact at one end
with a superconducting electrode, a reduced supdtetting gap with no available
guasiparticle states, the so-called minigap, dggelm the LDOS with a uniform value

everywhere in the wire. This minigap is relatedti@ characteristic time for diffusion
Tp = LZ/D through the whole wire, or, equivalently, is prapmal to the Thouless energy
/7, , whereD is the diffusion constant. Note however that witile minigap is expected to

be uniform, the detailed shape of the full DOSpace dependent. In the case where the wire
is connected at both ends to superconducting elbet; the LDOS is predicted to be & 2
periodic function of the superconducting phaseedéhce) between the two superconductors,

with the minigap being maximum &t= 0 and suppresseddt .

! This definition for€ is valid in the ballistic regime. In the diffusilienit it becomes” = ‘/% .

2 Some results on proximity effect can be derivethiwithe scattering formalisf28] and using the random

matrix theory for some classes of structures.
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Most experiments performed up to now on supercamuggroximity effect consisted in
transport measurements, for which comparison vidoty implies integration over position,
in contrast to LDOS measurement. Still, in someeexpents the tunneling LDOS in NS
proximity structures was measurg®D], and STMs were already used for this on elytire
conducting samples ([31, 32]). These measuremeatts generally found in good agreement
with the predictions. However, none of these presiexperiments investigated the phase
dependence of the LDOS in a superconducting praxistiucture.

With our instrument, it was possible to investigtite position and phase dependences of the
LDOS in a superconducting proximity structure. Tetained results were assessed with the

corresponding predictions of the Usadel equations.

In order to perform this test, we measured the LDADEhg silver wires connected on both
sides to a U-shaped superconducting Aluminum eldetrThis way, by applying a magnetic
flux @ through the loop (see Fig. 1.7) on can controlghase differencé across the wire
according to:

0= 2n§ , with @, =2£ the superconducting flux quantum.
e
0

Additionally, a set of normal wires of differentnigths were fabricated on the same chip
under the same conditions, thus keeping all otlaearpeters (e.g. diffusion constant, N-S

interfaces transparency, layer thickness etc) ennst

Our instrument is convenient to test such a geomeéépendence, because it can easily probe
multiple devices on the same chip, whereas in mspart measurement, this would imply

connecting 2 to 4 times as many wires as devicésstpwhich rapidly becomes impractical.

The LDOS was measured at different positions iormal wire of 300 nm (seig. 1.7). We
found the presence of a minigap independent oftipasiboth on the normal and the
superconducting sides, an essential feature peetifdr proximity effect. In the normal
region, (black, orange, and green curvesig. 1.7 b), a gap in the density of states of
~50 peV is observed. Conversely, on the supercoimguside, states are measured in the
energy range between the minigap and the BCS daquid 70 peV in our sample): states
leak from the normal region into the supercondycobenergies below the gap, and above the
minigap (compare blue and red curves). The observaf the proximity effect in both the S

and the N sides exemplifies the interest of ourasaos.
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Fig. 1.7 (a) AFM image taken at 30 mK of a hybrid Normal-8wgonductor structure. The
U-shaped electrode is made of 60 nm thick, ~200nmte aluminum, and the silver wire inserted
in the U is 30 nm thick, 50 nm wide, and 300 nmgloiThe structure was fabricated on an
insulating Si/SiQ substrate by standard e-beam lithography, and ldaurigle evaporation. (b)
Density of states measured at various positioiséarstructure, with zero phase difference between
both ends of the normal wire. The positions whieedifferent curves of the graph were measured
are indicated on the AFM image by arrows of theesanior.
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Fig. 1.8 Variations of the LDOS in the silver wire in preserof an applied magnetic field inducing
a superconducting phase difference across the ata are taken on the wire shownFig. 1.7,
at the position labeled in black. Each curve isnmadized to the high energy conductance value,
and shifted vertically by 1 for clarity. This givas overview of the closing of the minigap, when
phase reaches(lcoil= 73,5 mA) and of the overall variationstbe DOS. Noticeably, a peak rises
on the minigap edge and its position decreasesltsinaously with the minigap. A rounder peak
appears around, which does not depend on the phase differenceh Saatures were observed at
all positions.

The phase difference dependence of the LDOS, artdeominigap were also probed. The

phase modulation of the LDOS is shownFig. 1.8 for the position colored in black on the
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wire of Fig. 1.7. We indeed clearly observed a periodic mhatecbn of the minigap, with its

disappearance at half-integer flux quantum in dop!

Finally, we have probed the variation of the mipiges a function of the normal wire length.
For all wires, the nominal transverse dimensiongewte same (width: 50 nm wide,
thickness: 30 nm thick). A summary of the resulisamed at different positions in 4 wires
ranging from 300 nm to 2.7 um is showrfg. 1.9.

When the wire is short enough, a minigap independéposition is present throughout the
structure, with an energy gap depending on thetteafthe normal region, When the wire
length is longer than the thermal length (equal ® pm at 40 mK with D=170 cis), no
minigap is observed. This is similar to the casaroinfinite normal wire.

These results are discussed in chapter 4.

We have compared our measurements with the predsctf the Usadel equations. In doing
this we have tried to render the essential featolbsgrved in the experiment, while keeping a
minimum number of adjustable parameters and a ricpatgaroblem of reasonable size. We
found it a good compromise to settle to a one-dsmeral approximation of the SNS
structure, taking into account reverse proximityfeeff, i.e. the modification of the
superconducting order parameter close to the axterfAs shown ifrig. 1.10, this modeling
enables us to reproduce quite well the feature®robd in the experimental data. This
agreement is obtained with only a few adjustablamaters. Indeed, the superconducting gap
is known from a direct measurement on aluminum pibgtion in the wire is known from the
AFM picture, and one can only vary the interfaa@nsparency (equal for all positions in a
wire) and the diffusion constant (equal for all thierent wires).

A detailed account for this comparison is givechapter 4.
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Fig. 1.9 On the same chip were fabricated SNS structures mormal wires of different lengths.
Here we show a summary of the results obtained fdifferent structures. In each panel, an AFM
picture taken at 40 mK shows the structure on wiiehLDOS was measured. Each position is
marked by a colored arrow corresponding to a cafvthe same color. Data are normalized to
their high energy conductance and shifted by onelérity. Top-left: in the shortest 300 nm wire,
the minigap is ~50 peV. Bottom-left: in a 500 nmdowire, the minigap is still clearly observed
(~28 peV). Top-right: In the 900 nm long wire, fvedicted minigap of 9 peV is smaller than the
energy resolution of 15 peV achieved with electranS0 mK, which explains why the measured
density of states does not fall to zero. BottonirigCase of a long wire (2.7 um): the DOS is
modified by proximity effect only close to the infzce.
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Fig. 1.10 (a) Comparison between measurements (color) andigims (black lines) of the
quasiclassical theory for the different positioheady shown irFFig. 1.7. Data curves are plotted
in the same color as Fig. 1.7. (b) DOS at six different phases at thsitgm labeled in orange on
Fig. 1.7 (Left panel: data, right panel: theordtigaedictions). The superconducting gap
(170 peV), and the positions were measured, whike interfaces parameters, the effective
temperature (60 mK) as well as the diffusion cams(a70 cni/s) were adjusted to obtain a good
overall reproduction of all the data.
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1.6 Perspectives

The experiment on the superconducting proximitye@ffdemonstrates the ability of our
apparatus to probe the LDOS of nanostructures. mithod is clearly more versatile than the
fabrication of tunnel junctions at all the placéesene the DOS has to be measured. Thanks to
the installed filtering and to the low temperatyrdge unprecedented energy resolution of
~15 peV for an STM gives access to many interegtirenomena in mesoscopic physics.

We outline here some possible experiments for whichapparatus would be best adapted.
Some of them are already on the bench.

16.1 Proximity effect in ballistic 1D systems

We have probed the superconducting proximity effiecta diffusive N wire, which is
described by the Usadel formalism. Another simpié poorly explored regime is the case of
a ballistic 1D system. Possible N systems for tyje of experiments are single wall carbon
nanotubes (SWCNT), in which proximity supercondutti has already been demonstrated
[33], or metallic wires carved from an epitaxiagjyown thin film of refractory metal such as
tungsten (seé.6.4). In either cases the proximity LDOS is expddo be different from the
diffusive case. In particular, in the case of Meté&WCNT, where transport occurs through
only two conduction channels, we ought to obsendisarete spectrum of Andreev Bound
States.

The interest of single wall nanotubes is theiribadl behavior, but achieving good interface
with a metal electrode is not easy. Metallic wivesuld provide much better NS interfaces,
thus giving a better chance to observe proximifgaf{34], but genuinely ballistic metallic

wires have not been fabricated yet (except in 2DEGs

1.6.2 Proximity effect in a 2D system

Bidimensional structures are also worth being itigated. Here, we think more specifically
of graphene, which has attracted a lot of intedest to its very peculiar electronic properties.
Even though transport in ideal graphene shoulddéstic, the actually achieved mean-free
paths in present experiments are still rather sh0rt100 nm, due to impurity scattering.

A very interesting phenomenon was predicted by &rakker to occur in graphene: Andreev
reflection is expected to be specular, instead i&t@-reflection, provided the doping is low

(close to the Dirac point85]. A possible geometry to probe this predictisrthe electron
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focusing geometry developed at Stanford Universityhe group of D. Goldhaber-Gordon,
which would allow to select electrons with a givanidence angle on the interface. Our goal
would be to probe the electron-hole coupling atgpecular reflection angle. However, this
experiment would only be feasible if longer meagefpaths were achieved. We have already
performed a preliminary experiment on a sample igdexi by D. Goldhaber-Gordon. The
geometry of the graphene sheet was however notdeétied, and we could not draw general

conclusions from our preliminary measurements.

1.6.3 Spin injection and relaxation in superconductors

When a current flows between a ferromagnet and & B{hglet superconductor, spin-
polarized quasiparticles accumulate at the interfsiace Cooper pairs carry no spin. The
recombination of these excess quasiparticles im#lgpin-flip processes, which were
investigated long agfB86], but never satisfactorily explained. By measgrthe local DOS,
our instrument could bring some useful insight loeske processes.

The investigation of the local DOS of the proximiigluced spin-triplet superconductivity in
Cr0O;, is also very interestinf7]. In particular, here again a spin-flip procéssiecessary at
the interface between spin singlet and spin triplgterconductors.

In both cases, using a spin polarized tip woule: giecess to the DOS for each spin state, and

provide even more detailed information.

164 Energy relaxation in quasi-ballistic (“Superdiffusive”)

structures

In usual metallic thin films, electric transport @ffusive, due to electron scattering by
impurities and crystalline defects. Recently, epatly grown metallic films of refractory
metals (W, Mo...) in which bulk electron scattering very small, were produced. In
nanostructures carved in these films, electronsraily scattered by the boundaries of the
conductors, and electric transport is dominatedthy electrons in the lowest energy
transverse sub-band, which are less scatteredebyitk boundaries [38, 39]. In this so-called
super-diffusive regime, electron-electron interaasi are also expected to be modified with
respect to the standard diffusive wires. In ordeaddress this issue, we propose to determine
the energy exchange rate between electrons in er-sliffusive wire. For this purpose, we
propose to use a technique pioneered in the grOuedrs ago in the case of diffuse wires

[40]. In this technique one measures the out-oftdgiwm energy distribution function in a
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wire connected to two reservoirs with a potentidfedence V. This measurement gives
access to the energy exchange rate between eleclnoa nut, the distribution function in the

middle of the wire is the average of those in thgervoirs in the case of negligible energy
exchange, whereas it is Fermi function with a Ideahperaturel<BT=§eV in the case of

strong energy exchange.
Probing the energy distribution function could pdevuseful insight on experiments in super-
diffusive devices (seEig. 1.11). Instead of a wire, more complex georagtcan be thought

of to exploit the challenging and interesting featuof super-diffusive structures
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Fig. 1.11 (a) A transport experiment has already been pmedrin the Quantronics group on
epitaxial films of tungsten or molybdenum to shovidences of superdiffusive transport in such
materials[38]. Below a certain temperature, phonon scatteliacomes negligible and electrons
motion is determined mostly by interface roughn@&s® measurement of the cross resistance in an
epitaxial film shows a inversion of sign below 50 Kdicating departure from the diffusive
transport, as pictured in the insets. (b) An experit designed to probe the energy exchange rate
between electrons by measuring the distributiorction f(g) has already been performed on
diffusive wires[40]. The case of weak electron interactions (laftil strong electron interactions
(right) are pictured. The same experiment can basiemed on superdiffusive wires. In both
situations (a) and (b), using our microscope wituperconducting tip would allow us to probe in
great detail the spatial and energy dependencéne afistribution function.

! In super-diffusive systems, the relation betweleotdc field and electrons motion is a tensor, athilepends
on geometry. Spatial variation of the distributfanction f) gives access to ballistic electronic patrsd the
exact shape of §f depends on energy redistribution between elest(seeig. 1.11 b), which is different for

ballistic and for diffusive electrons.
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CHAPTER 2

DESIGN, FABRICATION

AND OPERATION OF

THE MICROSCOPE
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In this Chapter, | will describe the local probecroscope which was designed, assembled
and operated during my thesis. This project ainedouild an instrument able to perform high
resolution local tunneling spectroscopy at any pom a nanocircuit. This goal imposed a

number of requirements which have driven the desfghe microscope:

* High resolution tunneling spectroscopy requires Ilawise, low
temperature operation. In turn, low temperature ragpmn and
implementation in a dilution refrigerator imposenstraints on the choice
of materials and actuators and on the constructidhe microscope. This
will be explained in 8.1 and 8.2, while low temperature instrumentation

aspects will be addressed in the next chapter.

* Probing a single nanostructure necessitates atigriire tip on this
particular nanostructure. Thus, the microscope nmaste accurate 3D
displacement capability of the tip with respectth® sample. Coarse

actuating will be discussed i2 8.

* The nanostructures to be probed have insulatingcanducting parts. As
STMs unavoidably crash their tip on insulatorss tt@quires a dual-mode
probe. We have used a combined AFM-STM probe based quartz
tuning fork which had already been used in sevéral temperature

AFMs. This sensor will be presented in detail 48
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2.1 The microscope structure

2.1.1 General description

Piezo tube

Shear mode piezo stacks

F——1cm

~ Sample holder
Rl Sensor Sample

Fig. 2.1 CAD image of the microscope. Part n°2 in front,aeped for clarity, is normally aligned
to part n°3 by threaded rods (symbolized by dagimed), and gently pressed against part n°1 by
springs. Mating prismatic shapes are used to gslideng parts (along the indicated X, Y and Z
axes) which provide coarse positioning of the setipabove a fixed sample on three independent
orthogonal axes. The sliding parts are actuateéhéstial stick-slip motion of four shear-mode
piezo stacks for each axis. Fine scanning of tihepta surface is done by a vertical piezoelectric
tube, which performs 3-D positioning. The sampldixed and connected onto a sample holder,
which plugs into a socket soldered onto a printeduit board (PCB). The base is thermally
anchored to the 30 mK plate of the inverted dilutiddge.
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Fig. 2.1 is an illustration of the overall struawf the microscope. It has a mobile tip above a
fixed sample so that the sample can be electricalynected with fixed wires and thermally
anchored to the mixing chamber of the refrigeraldre tip can be coarse-positioned above
the sample using 3 independent orthogonal actuatdexed by capacitive sensors which will
be discussed in&3.1 and 8.3.2. Fine scanning is performed by a piezoelestanning tube
supporting the sensing system. This latter systensists of a metallic sensor tip mounted at
one end of an arm of a miniature quartz tuning.fotks sensor will be described i2.8.2.

2.1.2 Materials and construction

2121 Material selection

As in any complex assembly made for cryogenic usehad to take great care of choosing
materials with compatible contractions upon coolagwn. This is particularly true for
materials which are meant to be glued togethetthis respect, the selection is primarily
dictated by the use of available cryogenic piezdglte actuators, all based on so-called PZT
ceramics (SeeZ&2 p. 44). Thus, we tried to use materials matglais closely as possible the
contraction of theses PZT ceramics (Feble. 2.1).

Besides contractions, other criteria enter the rateelection:

() It is important that bulk materials used at l@mperature are good thermal conductors to
thermalize well and rapidly.

(if) The materials chosen for the microscope body lshoel preferably easily machined.

For both the above reasons, to fabricate the bddyeo microscope, we preferred using a
metal such as Ta6V (a titanium alloy), which canni&chined similarly to stainless steel,
rather than machinable ceramics such as Macor®d(useSTM bodies because of its
matching to PZT contractions). Titanium has theher advantage, as compared to common
metals, to be non magnetic which is mandatory pplieations in a magnetic field or when
using superconductors.

The fact that titanium is superconducting at lomperature (critical temperature of 390 mK)
makes it a bad thermal conductor. This was curedddg-plating the titanium parts with a

few microns thick gold layer, to help their therimation as much as possible (S&182.5).
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linear CTE @ 320Kntegrated thermal contractipn
Material Aoty |2 (300K -4K) (x10%)
I ave

Titanium Ta6V 8.9 1.71
Copper 16.4 3.26
Brass 18.9 3.97

Stainless Steel, not used 13 2.97
Tungsten 4.4 11

PIC151® from Politec Pl (the tube) 6 no publishetsd
PIC255®, Politec PI (the stacks) 4 no published'dat
Al alloy 24 4.19
Sintered alumina 7.8 ~1
Quartz 8.1 001 (-silica)
0.22 (silicon)
Vespel® SP-22 (plastic

(tube aid tuning foii supp)ort) 38 03

Stycast® 2850 FT (epoxy) 35 4.2

Stycast® 1266 (epoxy), not used 11

Epotek® H20E, Politec PI (conductive epoxy) 31 noljsined data
Macor® (ceramic), not used 9.3 1.67

Table. 2.1 Comparison of thermal contractions of the main ni@erused in the microscope assembly.
Thermal contraction below 4 K is negligible.

! Matching of PZT ceramics and titanium thermal exgian down to cryogenic temperatures was broughtito

knowledge by the UAM low temperature lab group.
2 Epoxies can have thermal expansion coefficient®u times higher than common metals.
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2.1.2.2 Mechanical structure

Local probe measurements, and, above all, tunnedpertroscopy, are very sensitive to
vibrations. It is therefore crucial that a locabbe microscope is built to be as much as
possible immune to vibrationgll]. This means that vibrations reaching the baké¢he
microscope should not change the tip-to-sampleaicgt. This implies a very rigid structure
with large eigenfrequencies.

In this respect, Ta6V is also a good choice: llighter and stiffer than other materials we
could have chosen, so that the eigenfrequencidgedtructure will be pushed up. We further

tried to make it as small as possible, to minintiEemass and thus the cooling time.

2.1.2.3 CAD Design

| designed the structure of the microscope usingidSConcept”, a 3-D parametric CAD
software. In this software, designing a fairly cdexpassembly such as this microscope is
done quite simply by listing constraints (such aing faces, dimensions, parallelism...) on
the different parts. Changing any of these conssaautomatically propagates and updates
the design.

With such a tool, starting from preliminary ideas bow one would implement coarse
motions, what would be a stiff and stable strucgtwbat are the piezoelectric actuators
dimensions and the required relative motions ofdifferent parts, etc, one can rapidly end up
with blueprints for machining the parts. Those blugs are reproduced dfig. 2.4. Each
element is shown under the standard blueprint vighs an additional isometric view for
clarity.

In many respects, this design is not original, talsorrows many ideas to low-temperature
STMs already successfully operated in other lade particular, the coarse motion
displacement motors based on stick-slip motionashaode piezo stacks and prismatic
guiding, can be traced to the Pan de$ifj.

We also benefited from the knowledge of the lowgermature laboratory of the Universidad
Auténoma de Madrid43] where such motors had been successfully operatior to this

work.

! Prior to this thesis no STM had been built in létgoratory.
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2.1.2.4 Assembly

Epoxy Stycast® 2850 FT is ubiquitously used by gemsts, thanks to its thermal matching
to copper. All joint parts which do not necessitaliectrical bonding are glued together using
Stycast®. This concerns all piezoelectric stackgkhre glued to the titanium parts, as well
as the alumina plates, and the connectors of tbeosdope (seEig. 1.4).

Electrically connected parts are bonded togethesilwer epoxy, Epotek® H20E or H20F
from Politec PI. Since H20F is cured at a lowergenature than H20E, it is more appropriate
for the assembly of the PZT piezo parts (s22 8.3). However, it is softer, and more fragile.
The AFM-STM probe is glued at the end of the piéecteic tube using General Electric
varnish, usually employed as an insulator on ebeatrcircuits. The reason to use it here is
that it is easily removable using isopropanol, atidws quick mount and un-mount of the
probe sensor when necessary (for instance whetiingy fork is broken).

At the other end, the piezoelectric tube is gluathwonductive epoxy to a tiny threaded
titanium cap. When gluing the cap on the tube Ege2.5), one has to care about alignment
of the axis of the cap with respect to the tubs.akhis cap has two functions: first to connect
the inner electrode of the tube, and second to th@dube onto its support. The piezo tube is
screwed on a machined Vespel® part (non conduptityner, sedable. 2.1), which is itself
screwed on the prismatic Z titanium part. Thereftre tube can be easily removed and
replaced when needed (for instance to repolari@ed2.2.3.1). The electrical connections of
the electrodes of the tube are done using conduefioxy as shown iRig. 2.5.

This holding of the piezo tube is made as rigicaadirect gluing of the tube in the titanium

part would be, except that it can be conveniemtplaced.
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VQ_ )Vz ])vﬂ

Brass Vespel (insulator)

Silver Epoxy
(conductive)

Titaniu

piezoelectric
tube

Fig. 2.5 Schematic view of the mounting of the tube in fkentum Z prism (part 1 ofig. 2.1). The
external electrodes (se@.8.2.3.b p47) of the tube are connected by sidyexy to throughputs,
and the central electrode is glued to a threadaxitim cap.

2.1.2.5 Plating of titanium

For better thermalization, the Ti parts of the msmope are covered with a thick gold and
copper layer by local electrochemical depositione Thickness is of the order of 10 um, but
is not uniform, due to the technique employed.

In this electrochemical technique, adhesion ofdéposited metal onto titanium is normally
poor due to bad sticking onto the uniform TiO2 lagevering titanium.

To improve this, we first perform a local anodipati of titanium with a

{HCIO, + CH,COOH solution at-30V potential. In this step we grow porous titanium

oxide, which yields better adhesion of the metddlier.
We then deposit alternatively gold and copper layéihese layers are deposited from
cyanide-complexed gold and CuS€blutions at respective potentials of +12V and #@ith

a carbon electrode.

43



2.2 Piezoelectric actuators

Piezoelectric materials are the standard actuated in local probe microscopy. They allow
controlling electrically very small displacemend®wn to subatomic levels. In the following,
| first review the basics of these actuators. Theletail how we use them in our microscope
» for accurately scanning the tip over the sample,
» for performing coarse positioning over the sample,

* inthe AFM sensor.

2.2.1 The piezoelectric effect

Piezoelectricity was first predicted and explair®dthe Curie brothers in 1880. It is the
property of certain crystals to generate chargenvdteessed. This effect is due to the intrinsic
polarization of the crystalline unit cell (e.g. pgitectric materials), and more generally to a
non-centro-symmetric charge distribution.

When a crystalline cell with non uniform chargetudisition is mechanically deformed, the
geometric centers of positive and negative changege by a different amount resulting in
electric polarization. Conversely, the applicatiohan electrical field results in different
motions of the charges geometric centers in thé ¢eht finally induce macroscopic
deformation of the material, either shear or laundjial.

The converse piezoelectric effect was mathemayicktiuced by Lippmann in 1881 and was
immediately confirmed by the Curie brothers, prgvithe complete reversibility of electro-

elasto-mechanical strains.

2211 General mathematical description of piezoadticity

In a microscopic (local) view, strailg)(develops within any material, due to an appligdss
(T), and the link between those quantities is the haeical compliance(s). Mechanical
compliance is a local tensor (6x6), when descrilwogtinuous media with a large number of
degrees of freedom (DO%)

Identically, from the electrical point of view, theectric displacement)| is related to the
electric field E) by the permittivity €), whereD anE are 3-dimensional vectors, agds a

rank 3 diagonal matrix.

! Compliance is homogeneous to the inverse of thengonodulus.

2t can be reduced to a global tensor or evensiwatar when the material has symmetries, or is lyemeous.
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In a piezoelectric material, all the above mechalmnd electrical quantities are coupled. The
piezoelectric effect can be described by the skedaktrain-charge coupled tensorial

equations:

2.1)

{S=H T+[d E
D=[d]T+[¢]E’
where[d] is the piezoelectric coupling matrix (3x6stands for transposition of a matrix).
Polarization and strain are therefore related leydbefficients of thg¢d] matrix, depending
on the orientation of the crystalline cells relatio the electric field. The coefficiedf of the

[d] matrix represents the induced strain (relativgyilerchange) along axis | withD{l, 6} ,

per unit of electric field applied in direction mumbers from 1 to 3 identify the three
directions in the crystal cell referential, ando4é label the shear mode&Jsually, the 3

direction is taken as the polarization direction.

2.2.1.2 Practical equations for piezoelectric devise

Piezoelectric devices are objects made of piezoalenaterials. Their shape is cut relative to
the polarization axis of the material and they @eered with metallic electrodes to apply an
electric field to the material or to collect theepoelectric charges, whether it is used in
reverse or direct piezoelectric mode.

The tensorial relation2(1) is a local microscopic description of the pielectric effect. By
integration over the spatial coordinates, taking iaccount the shape of the electrodes, one
establishes a link between the chaggen the electrodes (frorfiD), the voltageU applied
([E), the displacemert of the object [S), and the forcé applied [T), of the same form as
(2.1), but with macroscopic parameters.

For example, in the case of a one dimensional twtice. designed to move an extremity in

a single given direction), this yields a linearatenship between electrical and mechanical

MR

wherez is the motion of the extremity along the propeisalk the force applied at that point

guantities:

in the relevant directiong the charge collected by the electroddsthe voltage across the

! We use here the Voigt notation, where S and T apae 6D vectors instead of rank 2 tensors, [alld as a

rank 2 instead of a rank 4 tensor.
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electrodess the unloaded (i.e. witR=0) deflection of the actuator under unit appliettage,
c the capacitance between electrodes (charge cadlger unit voltage whef=0) andk the
actuator spring constant (deflection per unit fosdeenU=0).
Energy conservation arguments further imply thatdbaterminant of the above matrix is zero,
and that its coefficients are linked by
2=2
k
This in turn implies that under all circumstanclesré is proportionality betweenandq in

piezoelectric materials:

a =

N |2

with a =ks=S
S

Most devices are thus characterized by giving #te o, the so-called piezoelectric coupling

coefficient (in C/m), and their capacitance.

2.2.2 Practical piezoelectric materials

In the following | present the materials we havedugs the microscope, quartz and the so-

called PZT ceramics.

Piezoelectric coupling
Material (10** C/m) or (10 N/V)
Room Temperature Low Temperature (4K)
Quartz dij~1 ~ unchanged
PZT d;j ~ 200-550 reduced by a factor 5 to 10

Table. 2.2 piezoelectric coupling constardgof the piezoelectric materials used in the micopsc

2.2.2.2 Quartz crystal

Crystalline quartz in its most abundant fora €éxhibits spontaneous piezoelectricity. Quartz
can be produced in high quality monocrystals wikktelent mechanical properties. This

enables to fabricate extremely stable, high quddityor, electromechanical resonators based
on the piezoelectric effect. Such resonators arguitbusly used as time bases in electronic

systems. The AFM sensor of our microscope usesauebonator (se€§).
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For practical applications other than resonatarshsas actuators, transducers, etc., quartz (or
other natural piezoelectric material) is not vettyaative because of its low intrinsic coupling
constant. Quartz is however free from hysteresid dnft problems found in synthetic

materials (see below).
2.2.2.3 PZT piezoelectric material

2.2.2.3.a Description

In order to improve the applicability of piezoelectdevices in particular in the domain of
actuators, material research came up with cerah@esg much larger coupling coefficients.
The most widely used of these is a mix oxide oflJearconium, and titanium, the so-called
PZT. It has a composition Pb{di.,)Os; with x ~ 0.52, and can achieve strains of up to
0.2%. At this particular composition, crystal is at amphotropic phageboundary which

greatly enhances its piezoelectric properties.

The crystalline structure of PZT is a perovskitbeTunit cell consists of a small tetravalent
metal ion, (Ti or Zr) in a lattice of larger meiahs (Pb, Ba) and Dions. Below the Curie
temperature of the crystal, the cell acquires spwedus anisotropy, and presents a permanent
dipolar moment. The orientation of this moment ealopt several orientations, and can be
changed by applying a sufficiently large electredd (it is thus a ferroelectric material). The
adjacent cells in a crystal all have the same aafon orientation; a grain therefore presents

a permanent macroscopic polarization.
2.2.2.3.b  PZT ceramics: poling and depoling

For most applicatioristhe material consists of a ceramic made of snialeed grains. As
fabricated, all the grains are randomly orientex trsat the ceramic element has no global

dipolar moment, and no net piezoelectric effect.

! In view of the enormous potential for applicatidhis is an active research field and since 200@rsé "giant
piezoelectric effect” materials such as PMN-PT, FZNwith coupling constants one order of magnitude
larger than PZT have been obtained.

2 A phase transition between two crystallographir@gements occurs when changing the stoechiometric
composition (in PZT materials, it is a transiticgtWween rhombohedral and tetragonal phases).

3 PZT is also used in monocrystalline thin filmsrifrared imaging applications, for its pyroelectpioperties.
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In order to make them usable, a net macroscopiroplectric effect is obtained in these
ceramics by poling (i.e. polarizing) them. The pgli process consists in using the
ferroelectric property of the material: under afisigntly large electric field (typically in the
MV/m range at room temperature), the microscopitividual crystalline cell dipoles can be
permanently rotated. This process is often asstbiunally as the ferroelectric coercive field
vanishes at the Curie temperature, which typicedlyges from 150 to 350°C depending on
the type of PZT. After this process, the graing there earlier randomly oriented are globally
aligned along the direction of the poling fielddean permanent polarization remains.
However, care must be exerted with these ceramgcthey may be “depoled” by applying a

too large reverse electric field or by raising temgiure above the Curie temperature.
2.2.2.3.c PZT actuators shapes and functioning

One can construct a variety of piezoelectric acisatvhich can be classified as follows:

* "normal” piezoelectric mode.
In these devices, the poling direction coincidethwine subsequently applied field, and the
resulting local deformation consists irdg elongation (respectively compression) along the
applied field, accompanied by a transverdg, ([ds2) contraction (resp. expansion) when the

field is applied in (resp. opposite to) the direntobf the poling field (seEig. 2.6).
[d,, O d,,

Fig. 2.6 Deformation of a piezoelectric material when anceie field is applied parallel to the
polarization direction.

e "shear" piezoelectric mode.
In this kind of devices, the applied field is pergeular to the poling field (indexes
i=1or2): a unit field applied in direction le@p 2) yields a shear deformation of the
material in the poling direction (sé&g. 2.7) proportional ta;s (resp.d4). The particularity
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of these devices is that poling was done prior utiirgg the ceramic and plating it with

electrodes parallel to the poling field. Conseqlyeiftaccidentally depoled, the device cannot

be repoled in-situ and must be replaced.

Od

Fig. 2.7 Deformation of piezoelectric material when an eledield is applied perpendicular to the
polarization direction: a torque is applied to tajline cells which result in shear deformation.

* Normal and shear stacked devices
Voltages can be easily produced and controlledoup few 100 V. For these voltages, the
magnitude of the piezo coefficientls§, dis, ...) limits achievable displacements by an
individual slab of material to the nm range. In @rdo increase these displacements, one
resorts to stacking several slabs, so that theivitual displacements alldTo do so, one
stacks slabs with alternate polarization togethi¢h \wmtermediate electrodes (s€&. 2.8).
These stacks form the most powerful piezoelectenaks, with displacements up to several
hundred pum, able to carry heavy loads. Stacks svally made of many thin layers (to
maximize the electric field, and therefore, thaisfy, which translates in devices having large
capacitances. Also, large voltages must be hamnligdcare in these devices, as one is more
likely to exceed the breakdown field or the deppliield in thin layers.

! Large deflexions can be obtained in tubes, unitm@md bimorph structures without resorting to stagkbut

then the available actuating force is small.
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Fig. 2.8 Piezoelectric sheets can be stacked to increase ableievable displacement. Adjacent
sheets have opposite polarizations, to share the ssommon potential. For a given applied
voltage, the displacement is enhanced by a factaaldo the number of sheets in the stack. Stacks
can be made either of normal or shear mode pieanielsheets.

* Piezo-tube devices.
The poling process of a ceramic allows orienting ffolarization of the material in any
convenient spatial distribution. Most notably, inbés, one can easily obtain a radial
polarization Fig. 2.9).

\\34 »l//
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Fig. 2.9 Radial polarization of the tube is performed bytisgtall outer electrodes at the same
potential with respect to the inner electrode. Pbkarization can be done indifferently setting the
center electrode at the lowest bias or at the Bighehis will result in opposite directions of
polarization, and reverse scanning behaviours.

With such tubes, split electrodes allow to move tillge extremity in all 3 directions (see
Fig. 2.10). The deflection of the piezoelectricguliorks on the principle of a bi-metal: one
can apply to two opposite electrodes an electeid fin opposite radial direction, by applying
them opposite voltages with respect to center reldetas depicted orig. 2.10. This results
on one side in a dilatation of the wall, meanwtle other side experiences a contraction. As
a result of volume conservation, the whole tubedsem the direction where the radial

dilatation has occurred, like in a bi-metal.
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Fig. 2.10 Principle of piezoelectric tube X-Y deflection. smich tube, one uses thg piezoelectric
coefficient, that is, the polarization being alotige electric field. When the field is applied
uniformly between inner and outer electrodes, th# thickness increases (decreases) and the tube
globally retracts (extends). If the outer (or ifnetectrode is cut into different pieces polarized
independently, one can deflect selectively in &giX-Y direction.

Lateral displacement at the tube end is proportitlmthe length of the tube and to elongation
(contraction), and inversely proportional to themdeter. Elongation (contraction) is itself
proportional to length, and inversely proportiortal the wall thickness: for maximal
displacement one has to choose the longest, sinatidsthinnest tube. The drawback of this
choice is to lower the resonant frequency of thecstire (see discussion above).

Piezotubes are the most commonly used scannelschirprobe microscopes.
2.2.2.3.d Imperfections of PZT ceramics: drift and lysteresis

Since the macroscopic piezoelectric effect of P&famic devices results from the addition of
microscopic contributions, it is subject to the imotof screening charges in the material and
to thermodynamic fluctuations. As a result, the aniat has large drift and hysteresis
(typically a sizeable fraction of the total range9,well as noise and energy losses.

In practice, no bi-univocal relationship existsvibe¢n the position of an actuator and the
voltage applied to it: an actual position depenashe history before reaching this point, and,
for a fixed applied voltage, the position slowlylapees (drifts) towards an equilibrium
position. These imperfections are particularly mnamced when performing finite frequency
motion of the actuator: the amplitude rapidly dases with frequency and one must take care
to avoid having too much internal dissipation whiobuld lead to damaging the device

(overheating the glue in stacks, for instancepaotly depoling it.
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As well, the piezoelectric coupling depends on terafure, and this also can cause drifts in
position if the temperature changes.

Finally, PZT ceramics are prone to ageing, i.ey tre gradually depolarized, even in absence
of a large reverse electric field.

These effects limit SPMs applications, as they hamntpe stability of the local probe, the
reproducibility of the tip positioning, etc. Mode8PMs overcome these problems by using
linearized closed-loop scanners, where the piezsitipp is constantly monitored and
corrected.

Note that these imperfections are not present antguactuators.
2.2.2.3.e PZT ceramics at low temperature

Fortunately, the above imperfections of PZT ceranaiee cured when operating them at low
temperature, and PZT actuators become nearly widalow losses and hardly any hysteresis
and drift at all. This is probably due to the frieezof most mobile screening charges. The
ageing is reduced as well, because spurious degatian occurs at a lower rate.

The counterpart for this improvement in stabilgytihat the piezoelectric coupling constant is
considerably reduced, typically by a factor 5 to Mote that contrary to PZT, the Quartz
coupling constant very weakly depends on tempeggsaelable. 2.2).

Overall, PZT ceramics are very convenient actudtmrsryogenic applications: they provide
high energy efficiency (thus low spurious heatirag)d they are very simple to use, with only
electrical connections to implement. In practidegyt are the most used actuators at low
temperature.

In our microscope, coarse motion and fine scanaregnade with PZT ceramics parts.

2.2.3 The piezoelectric tube

We use a 4 quadrants piezoelectric tube from Rokte model PT130.94, with an inner
diameter of 2.2 mm, an outer diameter of 3.2 mnength of 30 mm, yielding at 300 K a
longitudinal displacement of 2.1 um/100 V, andtera displacement of 14 um/100 V. The
maximal voltage one can apply in the direction regeto polarization is 200 V. The
capacitance of each electrode is 2.4 nF.

Piezoelectric coupling of the tube is reduced at temperature roughly by a factor 8, giving
a lateral motion of 1.8 um/100 V, and a verticaliomof 150 nm/100 V. The maximum scan

range we can reach during our experiments is £30@ertically, and 4 pm horizontally.
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2.2.3.1 Poling procedure

Due to ageing, or accidental depoling, it is neaps$o repolarize the tube, to recover a full
piezoelectric coupling. In our case, ageing oc@itréow rates of a few percent per year,
because we work with the tube only at very low terafures.

Poling can be done as explained before by applsinvgry high electric field, however we
found it safer and more reliable to heat the cetaatiove its Curie temperature to fully
release the constraint on dipole orientation, anol ¢ down while applying a substantial
electric field. Curie temperature of our tube isuard 250°C, so we heated it around 350°C,
and the field we used was a little higher thandigoling field, i.e. 5 10V/m.

By monitoring the capacitance of the electrode®teetind after the polarization procedure,
one notices an increase by ~20% (from 2.4 nF up3oF): indeed, after polarization, all
charges have a maximal displacement in the fieldcton, enhancing the signal measured
with the capacitance meter for a given appliedaggtamplitude.

Right after polarization, the piezoelectric celhighly hysteretic, and one has to “cycle” it by
applying sinusoidal excitations on the full randedeflection. After a few hours of cautious
cycling (not exceeding the depoling field etc), fhiezoelectric cells relax and one gets a

more predictable and less hysteretic behaviour.

2.2.3.2 Calibration at high and low temperatures

After poling or repoling, a calibration of the tubetion can be done by imaging patterns of
known dimensions to determine the effective disgtaent per volt in the three directions. For
this purpose, we use a design grid whose pattemnsist in pads of known height and lateral
dimensions engraved in the sample. Details ofdbedation are presented in chapter 3.

The scanner controller is a commercial controlledst PicoPIu8”" from Molecular Imaging.
This controller comes with the software “Picoscaémét includes a calibration script. Other
features are included in the software like spectpg functions, that record inputs/outputs of
the controller versus one another (I(V), 1(z), efc...

The procedure is the following: calibration factare set to unity (say 1nm/V) and hysteresis
corrections are set to zero. The grid is scannemk,oyielding an image which is a priori
distorted if performed at room temperature. Dimensiof the grid patterns known from the
fabrication are input in the imaging software whatdduces axis coefficients, and hysteresis
corrections. A subsequent second-order polynontigdeirmits to linearize the tube motion.
As an illustration, images taken both before anerafalibration are presentedfig. 2.11.
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Fig. 2.11 Images shown are scanned from left to right (fait)aand from top to bottom (slow axis).
(a) before the calibration. (b) once the tube ithcated (at another position, on the edge of the
grid). On the first image (a), one can see the tslukeflected in a highly non linear way: the tube
motion follows a second order polynomial profildéelfact that one sees more ranks of patterns on
the slow axis is symptomatic of the frequency deleee of the piezoelectric coupling.

The calibration is given as three parameters: itheat deflection in nm/V, the non linear

deflection in nm/V, and the percentage of over scan needed to cdwystresis. Calibration
coefficients at ambient temperature are the folhmwi

fast axis 129.9 nm/V, 0.392 nm/A/
slow axis 133.8 nm/V, 0.19 nm//
for both axis, the hysteresis is ~ 10%,
Z:21.5 nm/V.
However the built-in calibration procedure is natisfying, at least for room temperature use.
As said earlier, the piezoelectric efficiency ightily frequency dependent. Since images are

recorded line by line, one axis is used at a hidreqfuency than the other. This results in

different calibration factors for each axis. Asansequence, the recorded parameters cannot

be used for instance for a rotated image acquisitideally, calibration should be done at
different scanning speeds, and recalled whene\edtatk

As already mentioned, this problem is solved at kmmperatures: there is basically no

difference between X and Y, the second order tarmegligible (one always remain in linear
regime), and there is no hysteresis. The coeffisiare then:

X and Y: 18.5 nm/V, 0.0002 nmA&/and Z 1.5 nm/V.

54



2.3 Coarse positioning and indexing

The coarse positioning system of the tip relatvéhie sample, briefly mentioned previously,

is now explained in more details.

2.3.1 Design & principle

Each axis of the coarse positioning system is iaddpnt, and they are all similar. A given
axis is schematically figured ifig. 2.12. It is composed of a fixed part compatia
V-shaped groove, on the side of which are glued &hear mode piezo stacks. A mobile
V-shaped part comes resting on these four stamdsskdes along the groove. The contact
surfaces are alumina plates (not showrFan 2.12); one is glued on top of the piezo stacks
and the other one onto the moving part. For then& & axes, the fixed and moving parts are
maintained in contact by gravity, whereas for thaxis, the sliding part is gently pressed onto
the piezo stacks by soft, adjustable springs.

2.3.1.1 Stick-slip motion

The shear mode piezo stack generates the motiamg abme axis using the stick-slip
mechanisn{44] described irFig. 2.12: during a slow voltage ramp, the deforarabf the
piezo stacks drives the mobile part by static iitctbetween the alumina plates. Then, in a
very fast reverse voltage ramp, the piezo stackseturned to their original position. During
this fast motion, the friction force is not enouighovercome the inertia of the moving part
which will essentially remain in place.

Electrically, this is equivalent to slowly chargitige capacitance of the piezo stacks, and
subsequently discharging it as fast as permittethéylriving circuit.

By repeating these cycles, arbitrary large disptesr® can be performed, limited only by the
mechanical constraints (i.e. size of the movingal. In our design the accessible range is
about 10 mm for both X and Y axes and 5 mm forahexis, which is comfortably large for
the kind of samples we want to measure. We can gwagine putting two samples side by

side in the microscope so that they are measurtittisame cooling cycle.
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Fig. 2.12 Operation of the inertial stick-slip motors: theme three independent motors, one for each
axis, X Y and Z. Each motor is composed of fourashmode PZT stacks of sheets glued by
Stycast 2850 FT to one titanium part, say the Hipart”. All stacks are deflected simultaneously
with a bipolar voltage. The inertial motion of tfrmoving part” is initiated by a sawtooth voltage
pulse: during the slow slope, the part “sticks’tlie stacks, while during the reverse fast slope it
slips. Each step of 160 V at 30 mK yields a nspldicement of ~200 nm. The same displacement

is obtained at room temperature using a +35 V ra&tpps can be repeated up to 8 kHz without
any significant loss of displacement efficiency.

2.3.1.2 Electrical requirements

Each piezo stack (Politec Pl model P-121.03) ispmmsad of 6 ceramic sheets. Four stacks
are used to motorize one axis, so that we havbhamge 24 sheets, at the same time. Given the
dimensions of the piezo sheets (5x5 frarea, 0.5 mm thickness), and the dielectric consta
of PZT, the total capacitance per axis is of treeoof 15 nF.

For a typical voltage ramp of 100 V and dischaigeetof about 10 ps, the driving source
must be able to deliver a peak current of aboutriB0during those 10 ps. This is important
to notice because high voltage sources often healaively high output impedance. For
instance high voltage sources commonly used taedripiezo scanner cannot deliver such a
large peak current. For performing inertial stitk-smotion one often needs to rely on

dedicated electronics. For this purpose we use 88WMR control unit from Omicron.
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Another factor which can limit the discharging @nt of the piezo stacks is the resistance in
the wires and filters connecting the room-tempeeatsource to the microscope in the
refrigerator. In our case, the total wiring resista for an axis, when the refrigerator is cold, is
of the order of 60@, giving an RC time constant of 10 uS. Anyhow, edked that the
efficiency of the motors at room temperature wassraduced by the introduction of a series
resistance: they work properly with a bias resistanop to more than 1.4% without any

measurable reduction of the average step size.

2.3.1.3 Mechanical performance of the motors

The behaviour of such an inertial stick-slip mataghly depends on the static and dynamic
friction coefficients, which are hardly controlle@ihus, one has to find a trade -off between
two opposite behaviors: on one limit, friction @tlow, and the object slips even during the
“stick phase”, which limits the maximum frequendyetmotors can be driven at. On the
opposite limit, friction is too high and the objesticks onto the ceramic during both
alternations. Between those two limits, lies a lesalynamic range which is found more or
less empirically.

The plates used are 0.254 mm -thick polished sdtatumina plates. Their typical roughness
is less than 80 nm RMS according to manufactureeyTare thick and rigid enough to remain
very flat during assembly. Furthermore this matasaextremely tough so that it would not
wear when used repeatedly.

| found that the procedure chosen to assembledhstituting parts of a motor had a direct
impact on its behaviour. The best performance agihility were obtained when all
elements were glued simultaneously to ensure dtad alumina plates are well resting one
onto another.

On the other hand, one may fear that very flateglgterfectly facing each other may stick to
each other upon cooling down, because of the ngezi adsorbed water on the surfaces.

We found that the “inertial stick-slip” motion wakeliably at low temperature, even without
special cleaning, or using any dry lubricant orite alumina plates. This was a rather good
surprise, since such actuators are notoriouslitiic operate at low temperature: they tend to
stay blocked, or to operate erratically.

In practice, the good performance of the motors loandegraded by its surroundings. In
particular, one must take care that all the wirdegnecting the microscope, and the copper
braids for thermalization, do not limit or hamplee displacements.
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23.1.4 Inertial vs. non-inertial stick-slip motion

In the driving mode we use, all four piezo stackes @iven at the same time and require a
single driving line.

Several other implementations of stick-slip acttmin SPM rely on controlling individually
each piezo stacfd5], so that only one stack is sliding at a tirfoé.course such approach
requires a more complex wiring and control process.

An intermediate approach, keeping a simple wirgasists in dephasing the signal arriving
on each stack, by making an RC cascade at low tatype [46]. In this latter approach,

however, extra Joule power is dissipated at lowpeature compared to our implementation.

2.3.2 Position indexing

When the microscope is operated at low temperatueehave no optical means to know
whether the motors are moving properly, or to aurttneir actual position. Because of their
intrinsic irreproducibility, it is highly desirabl® control that the motors move properly and
even better to measure their position with suffiti@ccuracy to enable fast navigation on the
samples. | now describe how such a position measneis performed in our microscope.

2.3.2.1 Design

The benefit brought by a position indexing systdraudd not be outweighed by a too large
extra complexity in the setup. In particular, theamanical assembly must be handy because
the microscope should be easily mounted and distadufor instance to change the sample.
Furthermore, the operation of the position indexsggtem must also be compatible with the
low temperature environment and should be simpies& conditions forbid for instance the
use of an optical interferometer.

We met these requirements with a rather simpletisolu by incorporating a variable
capacitor to each of the stick-slip actuators. €ha® planar variable capacitors consisting in
gold electrodes deposited on the back side of #uendg alumina plates sliding one onto
another. The alumina plates therefore constitwgedtblectric insulator of the capacitor.

The gold electrodes are 12 mm-long, 6.5 mm-widéaregites on one side, and 12x8 mm on
the other side. Neglecting edge effects, the maxingapacitance (when the electrodes fully

face each other) is
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whereW andL are the length and width of the electrodes,0.254 mm the thickness of one

alumina plate, and, =9.9 the dielectric constant of alumina.

2.3.2.2 Resolution and accuracy of the capacitive gpition sensors

To be useful, this position measurement should laanesolution at least equal to the range of

the scanner, which is 8 um in our case. Thus, #selution of the variable X and Y

capacitances measurement should be better {Bam/12mmC_,, = 6x10C = 8f.

These rather small capacitance values can sti#lasdy measured using standard impedance
bridges (so-called RLC meters).

In practice, however, measuring such capacitanegsines some care, since the wiring
capacitance presents a stray capacitance muclhr kae G..x in parallel with the variable
capacitor. This would then necessitate a much higlesolution in the capacitance
measurements. In our setup, cross-talk in the redattlines connecting the variable
capacitors to the C-meter were carefully considemed minimized by running the cables in
different shields.

To circumvent the problem associated with measusim@ll capacitances, one can think of
making capacitors with much smaller dielectric kiniess. Actually, we deliberately chose to
go the other way because it improves the accurattyegosition measurement, as | will now
explain. In fact, in these variable planar capasjtone has to worry about the thin air gap
(vacuum gap at low temperature) between the twmiala plates. The gap thickness depends
both on the roughness of the plates and on the timguaf the alumina plates. To be more
explicit, in an imperfect setup, a displacemennglthe axis of the actuator is accompanied
by another uncontrolled motion in the perpendicul@ection. This changes the average air
gap and the value of the capacitance by an amatntetated to the actual displacement of
the actuator we want to measure. ldeally, the demingl the mounting of the system should be

such that these parasitic capacitance change®gligible.
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Fig. 2.13 Schematics of the 3-layer capacitance composeavbycbunterpart alumina plates and a
gap of air in between.

Taking into account an average thicknessf the air gap, the effective capacitance of the
planar capacitor is:

c=evi(Z+ e
&

r
If one assumes thattakes more or less random values with typicakithstion widthde, the
relative change in the capacitance due to thisaemess is:

&zdLogC
C de

Optimally, we should make this quantity smallernthbhe measurement resolution, so that it

oe

does not affect our determination of the posit®mce it is difficult to control the amplitude
oe, because it depends on how the system is assenitbiedafer to minimize/t right from

the start.

It is this reasoning which led us to put the eled#s on the back side of these rather thick
alumina plates. And this is why we are bound tosueag small capacitance values with the
associated aforementioned difficulties.

2.3.2.3 Practical implementation

To increase the signal of interest on X and Y awis,measure two capacitance elements, by
tooling two neighbouring stacks up with gold platdgdmina. The facing alumina plate, glued
on the opposite titanium part, has thus two eleesopatterned on it (séeg. 2.14). Care
must be taken to assemble the setup so that tbieaeles face each other correctly.

To mount these capacitances in the microscope, dirall, the two piezo stacks are glued
with Stycast® 2850 FT to their respective alumitatgs. Then, all the three alumina plates
are glued together with correct spacing using & gthich is soluble in acetone. This insures
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both planarity of the contact between the plates, eorrect lateral positioning of the two
small plates. After that, all the alumina plates glued simultaneously onto their respective
titanium parts. The removable glue is subsequetitlyolved when the Stycast is set.

This procedure ensures as well that potential nangpity or misfit between the titanium
parts is corrected.

In order to avoid measuring capacitance betweerdidgonally opposed electrodes, we set
them at the same potential, and measure the suwapaicitance thus givehkig. 2.14 shows

how the motors are installed on one axis X or Y.

7 ALO,

/ Au
—PZT
Stycast 2850 F<—

Ti

Fig. 2.14 Installation of the piezo stacks and of the goldtgdl alumina plates, and wiring of the
capacitances. The schematic picture presenteddrassfor X and Y axis.

Stycast 2850 FF—_, 217 V72

Ti

Fig. 2.15 Same installation as iRig. 2.14 for the Z axis. The two piezo stacksleneed by the same
alumina plate for reasons detailed in the text.

For X and Y axis indexing we have rectangular geldctrodes, which provide a linear
variation as a function of displacement. For then@or, precision on position is not needed
but instead, since the approach procedure invokraall steps, we ideally need more

sensitivity to displacements. Indeed, during tipeagpproach sequence, we typically perform
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displacements of 500 nm at a time, roughly equath® maximal extension of the tube
(600 nm), and it would be convenient to resolves¢éhgteps.

By using fingered capacitances as picturedrig. 2.15, instead of rectangles we tried to
increase sensitivity. In this configuration, thgaaitance variation is sinusoidal, instead of
linear, and the absolute position is not knowngsslperiods are counted from the beginning
of the course.

At first glance, the derivative of capacitance wisispect to displacement is higher because
one adds the signal from all fingers (increasingexreasing at the same time). However, the
edge effect limits the actual advantage of haviteyge number of parallel eletrodes, and one
has to find a compromise: given the thickness ef phates, the optimum period (giving
maximum contrast, together with fast enough osmite) is 1.5 mm.

In order to keep the same sensitivity on the wipeliéod, we use two series of fingers, shifted
by a quarter of a period. We read alternativelynfrone or the other quadrature. Two
capacitances are thus measured on the Z axis.

These quadrature signals are summed with respcvand Y signals, so that we only need
3 wires in all for capacitance measurements: on&X#x1, one for Y+Z2, and one common
wire. The first two are wired individually in coatilines, whereas the third one is part of a
multi-wire line (see chapter 3).

Alumina plates were bought from Reinhard Microt€emBh, already plated with a few
nanometers of a tungsten/titanium adhesion layer \aith 5um of gold. Electrodes are
patterned by optical lithography, and wet chemétahing. Gold is etched in a warm (30°C)
Kl+1, agitated solution (in ~1 hour, no sonication), &d Ti is etched in a ¥, solution.

2324 Testing actuators and sensors.

The RCL meter used for capacitance measurementRELZ from INSTEK) displays a 5-
digit value and is specified for 20 fF maximal psgan when measuring a typical 40 pF
capacitance at 20 kHz during 1 s. For a 3 s longsumement of our variable capacitance at a
fixed position, we obtain a typical accuracy of5(+5 pum) that sets the position resolution.
Given that, we could check the motors behaviour aatibrate the variations of the
capacitance for a given displacement of the moairom temperature.

We present irFig. 2.16 a record of the capacitance as a funabiothe number of steps
performed, on both X and Y axis, on the whole raofdisplacement (i.e. 12 mm), and on Z

axis in a shorter range.
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This test was performed starting from one extrenatythe course of X and Y motors,
applying a given number of voltage ramps of 70 Vphimde at 200 Hz, and measuring
capacitance variations after each series of pulses.

Doing this, we cannot distinguish between two safgabehaviours: the true variation of the
capacitance with actual displacement, and the displacement of the motors. The first is
assumed perfectly linear, at least far from theesdgvhereas the second is less predictable.
We attribute the deviations from linear behaviaubad functioning of the motors, except at
the start and end points.

A check of the capacitance variations alone shoaltsist in measuring separately the actual

displacement with an interferometer for instance.
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Fig. 2.16 Measurement at room temperature of the capacitawfcd® three axes when moving the
motors by applying voltage ramps of 70 V amplited00 Hz. On the whole travel length, which
is 12 mm, the X and Y axis respond quasi lineafly.starting and ending points, when the
electrodes do not cover each other, one obsengsseaftect. A linear fit of the central part allows
to calibrate the capacitances at room temperatisseiming the linear range is 12 mm. The Z1 and
Z?2 signals are plotted on the right bottom sidepastant value has been subtracted to plot their
variations around zero. The procedure has been uhobeth directions (up and down) and the
curves are similar, except of course that the iefficy is lower by ~20% in the upwards direction.
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The linear fits of the X and Y motors give a valok 2 fF/um, nominal variation being
2.25 fF/um. The Z axis capacitance has a maximati@n of 2.5 fF/um. This value should
be increased, for instance by using thinner andider plates, because the current setup has
proven not fully satisfactory. Indeed, the achievesblution is a factor 4 to 5 higher than the

small approach steps.

This X,Y calibration was used at low temperatureptusition the tip over the sample,
assuming constant dielectric and mechanical paesief alumina upon cooling down.

Until now the motors have proven to work reliably law temperature, by never being
blocked for instance, and with relatively good oeprcibility (though less than at room
temperature). The well-behaved quasi-linear resg®m$ room temperature, as well as the
overall good functioning at low temperature valeatur design of the microscope and the

procedure for the assembly of the motors.
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2.4 The atomic force sensor

Binnig and co-workers implemented the first atofoice microscope in 198@7] in order to
measure forces as small as™i0l, with in mind applications in the field of nanibblogy.

They revisited the concept of the stylus profiloen€bne could also evocate the phonograph),
scaling it down to access inter-atomic interactiongsey wanted to go beyond the native
limitation of the STM, invented 5 years earlierdsdhapter 1), which does not allow to probe
a non-conducting material. In their original desigrsoft lever to which was attached a sharp
tip was probing the surface, and an STM was usedotator the deflexion of the lever.

Since 1986, Atomic force microscopy has been deesldn various domains. This field has
brought great progress in surface science by atiguo access surface properties down to the
atomic scale, involving various forces such as tedetatic, magnetic forces, force
spectroscopy, tribology, etc. AFM has even beei asea lithography tool to manipulate and
pattern nanostructures, and massively paralleizegrated AFMs were proposed as scheme

to make read/write memory devidés].

An atomic force microscope probe sensor is gengricanstituted of a lever to which is
attached a tip. When approaching the tip from daser the short range forces affect the
whole sensor, changing the lever static and dyngmuperties. Surface imaging is done by
scanning the tip above the sample and monitoringpamopriate sensor variable, such as its
static deflexion or the amplitude of a resonant eadd most cases, the dynamic range of the
AFM is increased by implementing a feed-back meigmanwhich maintains the measured

variable at a constant set point while scanning.

There are several ways of acquiring topographigasa
* Maintaining the tip in close contact with the segdaall the time. This is
the “contact mode”, in which one detects the lestatic deflection. In this
mode, however, the tip generally wears quite rgpidind there is a

possibility that what is observed on the sampldus to the action of the

tip.

Other modes are dynamic, with the tip performingoagillatory motion. Dynamic AFM
experiments are done by exciting the lever in amast mode. When the tip interacts with the

surface, the lever resonance is modified. The dymamdes file in two categories:
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* The tapping mode where the tip "hits" the surfacewery point of the
image. This mode yields the highest resolution, enech reduces the

problem of surface and tip deterioration with refpge contact mode.

* The non-contact mode where the tip remains in ttractive field of the
surface, and never reaches the repulsive part.|3teeal resolution is
degraded due to a larger tip-sample distance, lust dllows a larger

imaging speed.

24.1 implementing AFM sensors at low temperature

Among the many possible force detection methodsneed one suitable for operation in a
dilution refrigerator. Despite their widespread elepment, atomic force microscopes have
not been easily adapted to cryogeny, because oflitfieulties to fit the force sensors to

cryogenic environments.

24.1.1 Optical sensors

Indeed, the standard method used in commercial Aédhsists in measuring the deflection
of the lever with a laser beam focused on its esakFig. 2.17), and reflected towards a
4 quadrants diode. In this approach, both the laser the detector use semi-conductors
which do not function at low temperatures sincdrtibbarge carriers are frozen. It is still
possible to use this technique in a low temperafilk®, by deporting the laser and diode
outside of the fridge and using an optical fip&] to bring in and out the laser signal. Such a
setup was successfully operated at[8K] and down to 20 mK51]. Others have modified
the photodiodes to work under vacuum and low teatpezs[52], though not at temperatures
below 4K. However the optical alignment remainselicdite issue in those setups, especially
because differential thermal contractions of thetemas employed cause spurious

displacements of the laser beam upon cooling.
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Fig. 2.17 lllustration of standard AFM deflection measuremeéntaser beam is reflected on the end
of the lever towards a 4 quadrants diode which mreasthe deflection of the lever either statically
or dynamically.

Moreover, when operating at dilution fridge temperes, the cooling power is very limited
(of the order of 40 uW at 100 mK in our case), tHrelaser itself (with typical power in the
mW range) would likely bring too much heat loadhe fridge.

Finally, in low temperature experiments, the lgs®rtons have energies much larger than that

of thermal fluctuations and could cause unwantegt&ons in the sample.

24.1.2 Electrical sensors

Given the above problems associated with optic&adi®n, one quite naturally thinks of
electrical detection.

Indeed, the use of piezoelectric and piezoresistnaerials for local probe sensors was
introduced just a couple of years after Binnig'gjioal AFM publication. Those materials
overcome the problems described above for low teatpes experiments.

First came the piezoelectric quartz tuning fof&3{) and then piezoresistive cantilevers
([54, 55, 56)). In the latter, a deformation is eerted into a resistance variation, which, with
suitable design and operating conditions, can leatktectable deflections as low as 0.01 nm.
However, given the intrinsic sensitivity and notdfethese sensors, such performance with a
reasonable bandwidth requires operating the semistarge bias voltage, with a dissipated
power in the mW range, which again is not suitébtevery low temperature.

Thus, upon examination, the only remaining optionvery low temperature AFM is the use
of piezoelectric devices. In these devices, oneurally obtains low dissipation
electromechanical oscillators, which are very semgl integrate in an electric circuit and to

operate in a dilution refrigerator.
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Compared to optical and piezoresistive cantilevéingse sensors are only operated in
dynamic mode. On the other hand, for this dynamicd@y piezoelectric sensors incorporate
their own dithering actuator “for free”, wherea thther types of sensors require a separate
device to excite the resonator (a device whichigally, is usually a piezoelectric element).
Hence, regarding their implementation, piezoelecgnsors are the simplest possible AFM
sensors.

In our microscope, the AFM sensor is a piezoeleduning fork which is intrinsically a
high -Q resonator. This high -Q provides high s, which allows very low excitation
amplitudes (of less than 1 nm), with a minute giatad power (~ pW).

2.4.2 Quartz Tuning Fork (TF)

The tuning fork was invented in 1711 by a trumpetamed John Shore, to ease tuning
trumpets correctly. It is made of two parallel beainked together by a common base (see
Fig. 2.18 andrig. 2.24).

24.2.1 A high Q harmonic oscillator

The tuning fork is a harmonic oscillator with inBet high quality factor. The main resonant
mode of the tuning fork is a symmetric mode witspect to the symmetry planes of the
device (seéig. 2.19).

This symmetric resonance is commonly used to peothé correct tune to musicians. The use
of this peculiar fork shape instead of a singlenbedth the same resonant frequency is easy
to understand: in the symmetric resonant modejrtbton of the arms is totally decoupled
from the motion of the center of mass, and theueegy and the quality factor are then
independent of the holder, but only depend on thenging within the material and
surrounding air. By choosing stiff materials witwl loss, the tone is accurate, lasts long and

enables the musician to tune with a single bowhertining fork.

2.4.2.2 Tuning forks for atomic force microscopes

The first implementation of quartz tuning forkslatal probe microscope was in a Scanning
Near-field Acoustic Microscopy (SNAM) experiment I@iinther et al. and dates back to
1988 (53]). The growing use of tuning forks in differdmtanches of local probe microscopy
was initiated by the need to suppress light fropeiebased detection and to ease experimental
setups. Karrai and Grober for example expandedises to Scanning Near-field Optical
Microscopy (SNOM) in 199%67].
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(b)

Fig. 2.18 (a) Photograph of a piezoelectric quartz tunind fosed in our AFM microscope. Gold
electrodes are deposited on top of the quartz,dpe&ial shape designed to excite selectively the
symmetric mode (i.e. both arms move in phase ofipoi (b) Schematic of a cross section A-A’
of the tuning fork, showing the connections of #bectrodes. P is the intrinsic polarization of the
piezoelectric quartz. The dotted lines represemfitid lines.

«— extension—

—scontractione—

—» contraction—

«— extension—

A’ A’

Fig. 2.19 The motion of the prongs can be explained as falowhen a potential difference is
applied to the electrodes, opposite charges appesacing electrodes, so that the arms deflect in
opposite directions. To be more specific, whenifmtance polarization is opposite to electric
field, dipoles experience a vertical contractiond alue to volume conservation, perpendicular
directions experience a dilatation (se2.%82.3.c). Moreover, if the upper region of thesy
section experiences an extension, the lower pditewperience a contraction since the electric
field reverses in the arm, as depicted by the fiekek. These stresses lead to a bending of the arm
The other arm being connected the opposite way l&meously bends the opposite direction,
yielding a symmetric motion.
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The Tuning Forks (TFs) used in AFM are standardsparass-produced by the clockwork
industry. They are made of monocrystalline piezttele quartz, a material with high stiffness
and low loss. They are engineelfdé8] so that the symmetric mode frequency is adelya
32768 Hz (2’ Hz), designed to provide the 1s time base of fmwer electric circuits
(wristwatches for example) upon division by a sienghift register. Engineering also
optimizes the stability of oscillation parameteessus temperatufé and the balance of the
fork's arms (generally involving post-fabricati@sér trimming).

To fabricate TFs, a quartz monocrystal is cut sihett polarization is nearlyaligned along
the arms’ thickness (sé@g. 2.18), and metallic electrodes are depositethe arms in a way
that only the symmetric mode can be electricallgitex! (sed~ig. 2.18). Conversely, when a
motion of the arms is initiated by an external &ronly its symmetric part will be detected
via the electrodes.

As fabricated, forks are sealed in a small can unaleefied atmosphere, so that their Q is
typically 10 at room temperature. We have to remove this aaseur application. We do
this manually on a lathe, and we end with a barentufork as shown irFig. 2.18. We
subsequently glue the fork on a stand, conneeani, then glue a tip on the end of the lower

arm, as shown ohig. 2.20.

! The so-called +5° X cut of the quartz crystalwihich polarization is tilted by 5° off the plans, purposely
chosen to cancel at first order the temperatureenidgnce of the resonance frequency of the forloanr

temperature.
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Fig. 2.20 Tuning fork fully mounted, hold at the end of thezwmelectric tube. The base of the tuning
fork is glued onto the support, and the suppoetfiis glued to the tube using GE varnish. The tip
and the wire are glued with conductive silver ep&potek H20E from Polytec PI. Both arms of
the fork are free to move. Note the tuning forkddd in a way that the tip is roughly aligned with
the axis of the tube.

In our setup, we chose to connect the tip to theglcurrent amplifier through an additional
wire, like in Refs.[59, 60]. It would have been pite instead (and indeed much easier) to
connect the tip to one of the electrodes of thentyifork.
This brings benefits and raises issues:
e The tunneling current can be measured independehthe piezo current.
This enables, to perform simultaneously STM and AfREasurements, at
least in principle. If this separation is not dotumneling current and piezo
current mix and controlling the system becomesérard
* This wire adds mass on one of the fork's arms. @ain, it seems we
unbalance the tuning fork more than if we only ntoaitip. However, as
we will see below, the wire also brings stiffnesghich gives the

opportunity tobetterpreserve the fork's balance.

2.4.2.3 Oscillating modes of the tuning fork

A finite element modeling (FEM) performed on theogeetry of our forks vyields their
eigenmodes of oscillation. Next figure shows thstfsix resonant modes, along with their
frequencies. Out of these modes, only one (the stmemmode, labeled 4) does not induce

force or torque on the support. It will hence h#we highest quality factor.
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By design, the geometry of the electrodes patteoredhe tuning fork is such that for all
modes except the symmetric mode (4), the electsigalal cancels. Thus, electrically, one can

only induce and detect this mode.

13 4 kHZ

(3% (4) 32.7 kHz

(5) 66.7 kHz

T

Fig. 2.21 First six resonant modes of the tuning fork. Ttegjfrencies are obtained by a finite element
modeling. In these simulations the circumferencéhefcap is fixed. The three in-plane modes (2-
4-6) can be described in a 3-Degrees of FreedontjScillator model with three masses and
three springs (see2&.2.6).

24.2.4 Basic analysis of a tuning fork: 1 Degree-¢freedom

harmonic oscillator model.

Let's first assume for the time being that therigriork can be described as a mechanical
harmonic oscillator with a single degree-of-freed@@OF). This corresponds to practical
cases where the tuning fork is mounted as indicat&dy. 2.22, in which only a single beam
of the fork moves. While it does not correspon@uo setup, it has been actually used in some

experiments (see e.[§1]).
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Fig. 2.22 An equivalent to the harmonic oscillator model wotle DOF is represented here where the
tuning fork is attached by one arm to ground. Wiééds the same result as a single beam attached
at one end. Theory of elastic beams provides theespondence between the geometrical

parameters of the beam and the effective mass nmgsconstant of the corresponding 1-DOF
model.

Even when the two arms are free to move, in thensgtric mode, the motion of one beam

can be approximated by the mode of a fixed-freerheeglecting the deformation in the base
of the tuning fork.

We will thus first assume we can describe the tyifamk as such as single degree-of-freedom
(1-DOF) harmonic oscillator. This, simple picturdloas to obtain a good initial

understanding of how the force sensor works.
2.4.2.4.b Mechanical analysis

In this framework, one can use the results from tteory of elasticity, to obtain the
characteristics of the oscillator from the dimensiof the beams and quartz properf&sy.
In this case, for a homogeneous parallelepiped,canepredict the stiffness of the beam as
measured from its free extremity:
K= Yt3;/v
4L

and the frequency of the resonant modes:

_ LY tx
W= |
12p L
wherep is the volumic mass and the Young modulus of the materidl, w andt are

respectively the beam length, width and thicknasdy; the roots ofCoshx Cox=- :

x 0{1.8751, 4.69409, 7.85476, 10.9955,
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The mode of interest to us is the first one. Not these formula only approximately predict
the properties of a tuning fork, as many details @aot taken into account in this simple
modeling: the anchoring of the beam is not absbidbeed in an actual tuning fork (the base
also deforms), the electrodes are not taken intmwad, and, finally, elastic properties of
guartz are not fully isotropic.

As seen from its free extremity, when considerinfydhe fundamental modesuch a beam

can be modeled as a simple 1-DOF mass and spratgnsywith the above calculated spring

stiffness and an effective mass,, = k/w? . This model is depicted iRig. 2.23. Our forks

have the following specifications: the arms arerimt long, 214 um thick and 130 pm wide.
Therefore, their spring constant is(01800 N/m (see Table. 2.4 for young modulus of

quartz), and the effective massnsg, =43 pg, to be compared to the weight of one arm
m,, =178 pc¢.
2.4.2.4.c Tip-sample interaction

We now come to the point of analyzing how the aymgple interaction modifies the fork's

resonance, within the above 1-DOF model. We alse tato account the piezoelectric

coupling and further assume that the oscillatatrigen by a low impedance source, so that
voltage is imposed from the outside. Proportiogabetween position and charge mentioned
in 82.2.1.2, allows for two equivalent representatiohshe resonator: one mechanical, and
one electrical. These representations are depictédgi 2.23, and correspondences among
parameters in both languages are givehahle. 2.3. In the absence of tip-sample interagtion

the bare resonance pulsatiomi§=\/k/—m=],/x/ﬁ. When the oscillator is subject to both a
driving voltage and an interaction force, its dymesrobeys the mechanical equation:

mz+ gz+ (2 @ k E( 2 2+ all. (2.2)
where only viscous damping force is assumed widffaoenty, Ugive iS the driving voltage,
a the piezo coupling constartf, (z) the interaction force with the sampig the equilibrium
position of the oscillator (i.e. the mean distabeéwveen tip and surface), andhe deviation

thereof. For small oscillation amplitudg,; can be expanded abayt

oF

Fu(2+2)= Ru(2)+=4( 3)

! The electrodes excite and detect only this fundaatenode, and the next bending mode is at a fregue6.3
time higher than the fundamental.
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which shows that the gradient of the interactiorcdocan be treated as an additional spring

constantk,,, = —%(zo). Hence the modified resonance pulsation is
z

Cbl - { k +mKnt

If we assume the interaction only weakly changeshthre resonance frequency, the shift of

the resonance frequency is, at first order:

Aoy _ Ky (2.3)
o 2k
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Fig. 2.23 Tuning fork as an electro-mechanical oscillatgr§ehematics of the mechanical oscillator
model derived in sectioB.4.2.4.c (b) Schematics of the electrical mode& a@fuartz tuning fork.
As stressed in 32.1.2 mechanical and electrical parameters ayielyi coupled through the
piezoelectric relations. Onlys@loes not have any mechanical interpretationpitegents the stray
capacitance between the electrodes (i.e. the ®elalctoupling between the leads outside the
piezoelectric, e.g. through air...).

The frequency shift thus senses only the interacfamue gradients; it is insensitive to
homogeneous field such as gravity, which only dises the equilibrium point of the
oscillator.

In the actual measurements we perform, and morergiy when using piezoelectric
resonators in electronic engineering, one doesmeasure the position of the oscillator, but

rather the current flowing through the resonator
| (t) =q(t) =az(t). (2.4)
For an harmonic drivéJ,, it is more convenient to work in Fourier transfiorfor which

| (w) obeys electrical counterpart &.2):
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The electrical parameters of the resonator can traat&d by fitting the electrical resonance
line shape (see2$4.2.8.d p 87). From this and knowing the piezctele coupling coefficient
a, one can obtain all the mechanical parametereeofrtodel, and in particular the amplitude
of the oscillation, which is important for AFM memements. The piezoelectric coupling
coefficient a is most accurately obtained from an optical mearsent of the resonance
[63, 64]. In the case of a single beam oscilla@ressibl [61] also gave an analytical
expression fora, as a function of geometric parameters of the beat of Y (Young

modulus) andils; (piezoelectric coefficient).

Electrical Mechanical
ratio
typical value _ Energy
parameter parameter typical valugElectrica _
[4K-300K] Mechanica correspondence
[unit]
g (charge Z (position) o [C/m]
U Fq 1/a [VIN]
1 Lozl o
L 200 kH m 43 pug — I’ 2 2
o [INmA™“/kg] o
kinetic
1, ,_¢
-1 2 1 PL
C 0.13 fF 1/k 5510mN* | o [F/ mNY| 2 2c
potential
500 l‘(z' 1 ,YZZ = rqZ
R or Loy/Q y or mu/Q (200 pg/s) —
10 MQ o dissipation

Table. 2.3 Connection between electrical and mechanical modélghe piezoelectric oscillator (see
Fig. 2.22). The values correspond to beams fourrddet 32 kHz tuning forks. The typical magnitudethoeé
coupling constant igx = 1.35uC/Ir.

2.4.2.5

Discussion of the 1-DOF model

Implementing an AFM piezoelectric “force” measuremsuch as described above, where
one arm of the tuning fork is fixed, is simple agalsy to understand, but is not ideal. In
particular, one looses the main benefit of usinirdang fork, namely that the oscillator is

decoupled from its support. On the contrary, the¢iomoof the beam couples with the whole
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structure of the microscope. In particular, whea tilming fork is mounted at the end of the
piezo scanning tube, as in our setup, the stiffiétbe tube depends on its deflection and
extension, and thus changes while scanning an inmHge change in stiffness induces a
spurious change in the resonance frequency ofebenator, not related to the tip-to sample
interaction, and appears as artifacts in the AFMgen It may also happen that the resonance
of the beam mixes with other modes of the structure

To avoid such problems, we considered it was importa keep as much as possible the
benefit of using a balanced resonator, naturallyodpled from its mechanical environment.
In our setup, the tuning fork is held by its basgh its two arms free. In this case, however,
the above 1-DOF model is not sufficient to estéibliee link between the frequency shift and
the tip-sample interaction. There is actually ada&t missing in relation2(3) due to the fact
there are 2 prongs instead of the one consideresieatsee below). Furthermore, as we
necessarily break the built-in symmetry of the yghuing onto it the tip and its connecting
wire, we need to understand how this changes ha\ber. In particular we need to address
the following questions:

- By which amount does this symmetry breaking ceupé symmetric mode of the bare TF to
its other modes?

-What is the oscillation amplitude of the tip in asymmetric TF, and what is the link
between the current flowing in the TF and the tigphiunde?

Such questions have not been investigated in deptie past. The asymmetry was discussed
in Ref[65] and[59], which describe the fork as two oscillatingalbres coupled by a spring.
This analysis is however insufficient to answeltladl above questions.

To address these issues, | present in the folloaimpre complete model of the TF.

2.4.2.6 Model of a tuning fork as three coupled mass and springs

In the following we describe a simplified model d®ped during this thesis. In this model,
the tuning fork as 3 masses coupled to each otitt@aground by the means of 3 springs,
each mass having only one degree of freedom Kgge2.24). In this description, a central

mass representing the base of the TF is coupldtketeupport through a sprikg In the ideal

! Standard AFM cantilevers should in principle héve same problems. However, their effective masbisit
1000 times lower than a tuning fork beam, so thewymaratively couple much less to the rest of thecsitre.

Also their Q factor is smaller which further redsdbe visibility of such effects.
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symmetric case, this central mass would be at agst,the TF would be decoupled from its
support, as expected. However, when symmetry iseorahis central part has a finite motion
and excites the rest of the microscope structunes 3-DOF model allows to describe the first
three in-plane modes of the TF (modes n°2, 4 andt@rpd inFig. 2.21), and how they are
modified, when symmetry is broken.

It is important to stress that, in our model, & resonant modes of the connecting wire and
the tip are not described, hence they are modakea 1DOF oscillator, rigidly linked to the
fork.

JARRNANNY
m Z,
gg
k
support |
connecting
wire
Mg
tuning fork _ |
tip %k
I
Sample m om|| 41
(a) (b) %&
W

Fig. 2.24 (a) Schematics of a quartz tuning fork, with tipdawire for tunneling current. (b)
Equivalent mechanical 3 DOF model. Both arms offtrk have the same effective mass m and
spring constant k. The masg ia the effective mass of the TF’s base, agKkhe stiffness of its
link of the fork to the support. The symmetry oé ttuning fork is broken by the extra mass
and extra stiffnes8k due to the tip, wire and interaction with thefaoe.

2.4.2.6.b Free dynamics of the 3-DOF model

We can find the modes of the structure by solviregdoupled equations of motion for the free
dynamics of the three masses in a harmonic analybisse equations can be conveniently
written in a matrix form:

KZ=u'M.Z, (2.5)

wherew is the pulsation of the mode,
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is the position vector of the three masses,

k -k 0
K=|-k 2k+k -k
0 -k k + ok

is the stiffness matrix coupling the displacemefithe 3 masses, and

m O 0
M=0 m 0
0O 0 m+dm

is the diagonal matrix of effective masses. Equaf#h) can be conveniently written as

QZ=wZ,
where
k _k 0
m m
Q=M73K = —L 2k+k0 —L
m, m m
0 B k k+dk
m+om m+d

The modes of the structure are the eigenvectoQ, aind the resonant frequencies are the
corresponding eigenvalues. Introducing the notation

a, =,|— the pulsation of the unperturbed symmetric mode{@n isolated arm),
m

y=% the ratio of stiffnesses in the tuning fork model,

L= m the ratio of effective masses in the tuning fork,
m

m .
U =— the relative change of mass of the lower arm, and
m

:?the relative change of stiffness for the lower arm,

the matrixQ reads:

1 -1 0
Q=df|-f pR2+y) -B
1 1+k

1+u 1+u
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2.4.2.6.c Balanced tuning fork: the unperturbed mode

Assuming first £ =« =0, one recovers the symmetric tuning fork. The eigetors then

have the following components:

1
Z =| 0| with frequency,,
-1
1
Z,=|1-x+y| with frequencw, = wlm,
1

1
Z,=|1-x-y| with frequencyy, = w,\/X+ Y,
1

where x=%+ﬁ(1+—§y) and y=./X - By . These eigenmodes can be respectively identified

with modes 4, 2 and 6 dfig. 2.21. If the frequencies of these modes arewknfrom
experiment or from finite element calculations, deducg andy, and finally extract all
the values of our 3-DOF model, up to a global scpfactor. Fixing this global factor requires
one more input value which can be, for instancetaéic measurement (or Finite Element
Model (FEM) calculation, or beam theory result)tloé stiffness of an arm. For example, for
the tuning fork we use, the ratios between resomamades shown iRig. 2.21 obtained from
FEM yieldf = 2.61,y = 0.468, andk = 1800 N/m, completely determining the 3-DOF model.

2.4.2.6.d Broken symmetry: a perturbative analysis

In the case of interest to us where the symmetthetuning fork is broken by the presence
of the tip, general analytical results can still bbtained with the above method.
Unfortunately these analytical results involve gaheoots of a third degree polynomial and
are so inconvenient to write and use, that, intpragit is more efficient to perform numerical
diagonalization.

The questions we want to address, however, do emtinre the knowledge of the general
solution of the asymmetric case: we are only irsee inweakasymmetry of the fork, and
hence a perturbative approach at the lowest ondeandx is sufficient.

Performing Taylor expansions on the general ar@lytsolution to obtain the perturbative
results is also impractical, because the generdliccuoots prevent simplifying the
expressions. Hence, we apply directly the pertishaheory, that relies only on the linearity

80



of equations. We first perform a change of basis tfee matrix Q to the unperturbed

eigenbasis
Q(p,x) =U"Q(px) U,

whereUy is the matrix diagonalizing the unperturbed sys(é(qu =0,k = O) :

o 0 0
U,"Q(0,00U,=| 0 o 0|=Q,.
0 0

The matrixUg can be constructed using the above eigenvegZiopsoperly normalized. In the

new basisQ () can then be Taylor-expanded at first orden andx :

Q1K) =8y + P+ QUL 1),

whereP is the perturbation, linear in both small paramrsgieandx:

K-i k+(y-x)u K=(x+y) u
2 4+ 2(1-x+y)? \ 4+ - B x+y)?
P=wt (—1+x+y)y2+ (1= x+ y)° (k- 1) (-1 x+y)(r+(y- A W) (<2 x+ y)y2+ (1 xk g (k= (x+ Y B} |,
4yJ2 4y 4y\/2+(—1+ x+ y)?

(L=t Y2+ (-1 )P (k- 1) (1 gy 2 (-2 ¢ Pr+(y K (B % Nre-( % Jy)u

4yJ2 4y\/2+(1— x+ y)° 4y

The changes in the eigenvectors and eigenvaludgee afystem in presence of the perturbation
P can be expressed simply in terms of the matrimmetds ofP. In particular, changes to the

eigenvalues of the perturbed matrix are given leydiagonal off)o + P . Hence, due to the

perturbation, the resonance frequency of the metlevant for AFM (i.e. the symmetric

mode) is shifted by

of - af1-4+%),

2 2

which gives a relative frequency shift, at firstler,

A 1/0k O
e G| @9

Note that this result is a factor of two smallearthwhat is found in the single beam model

(Eq. @.3)).

The corresponding eigenvector is changed by theation according to

— Py 5, P

Zl_’_ 2 2 2_'
TR
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where the overbar denotes the properly normalirgerurbed eigenvectors (other modes are
obtained by circular permutation on indices). Adlaulations performed, the amplitudes of
the perturbed symmetric mode are changed accotding

1+ p(2+4y)
-1y (-1 J;
0. o0l|+2 2
1 1 @ -1+ p(2+y)
B

2.4.2.6.e Discussion

From this calculation one can draw a number of irtgmt conclusions regarding the influence
of the tip, the wire and the sample:

* All changes of the symmetric mode are proportiot@lits relative
frequency change.

* The frequency shift due to loading the tuning faikh the tip’s mass can
be, in principle, exactly compensated by the estiffness brought by the
connecting wire (as already noted jB9]). This compensation then
maintains a perfectly symmetric tuning fork, contglg decoupled from
the rest of the structure.

 The amplitudes of deformation of the two arms ire thymmetric
eigenmode, relevant for AFM, are changed by oppoainhounts. The
current we measure is related to the sum of thieadedns as indicated by
eg. @.4). Hence, the changes in the arms individualecis cancel, and
for a given excitation amplitude one keeps a carisgggnal at resonance
(see 2.4.2.8).

* The arms’ amplitudes can be left unchanged wherklywdareaking the

Ky

symmetry of the tuning fork, providegL = 2+—k, even if the resonance
m

frequency changes.

* When loading the tuning fork with the tip, for asgn current flowing in
the tuning fork, the change in the amplitude of #mm carrying the tip
with respect to the unloaded tuning fork can bedly linked to the

observed relative frequency shift between the tiieagons. This link is
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guantitative if the model parameters of the banéniy fork are known (see
above). This can be useful for calibrating theatpplitude.

* The re-coupling of the resonator to the rest of strecture due to the
motion of the tuning fork base (masg in the model) is also proportional
to the relative frequency shift. Relative to thepéitnde of the arms
motion, the base amplitude is exactly twice thatre¢ frequency shift and
(surprisingly) independent of the stiffndgsof the mounting of the tuning
fork.

In practice, using tips and connecting wires ofyvemall diameters (10 - 25 um) with a
minimum amount of glue, together with proper shgpof the connecting wire (found

empirically), | could obtain quite consistently dreency shifts lower than 200 Hz, i.e. a
relative frequency change of the order or bettant®.5%. Correspondingly, the amplitude of
the tuning fork base is only of order 1% of thestipgmplitude. Such small amplitude can still
excite resonances in the microscope structure gimein that the quality factors of typical

structures are much lower than that of the tunorg,fit is unlikely that these resonances can

cause problems during measurement.

The present results assume negligible damping,hwikiconfirmed by experiment since the Q
factor remains very high even when the tip intevaetth the sample. A more complete
description making use of imaginary spring constaould account for damping in the tuning
fork, as well as non-conservative tip-sample inteoa forces. Provided a model is known for
the non-conservative interaction forces, this wailet a more realistic evolution of the mode

amplitudes, at the expense of introducing morerpaters in the model.

2.4.2.7 Estimating characteristics of the connectingwire for

preserving the tuning fork balance

From the above discussion, preserving the balahteeatuning fork requires that the added

. . . k .
massom and spring constanik are in the same ratlea_a-h =— as that of the tuning fork’s
m m

arms.
Our model turns into adding to the fork an “exteaonator” with ideally the same resonance
frequency as the TF. However, this “extra resoriasrcompletely constrained by the TF
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since it shares the sameDOF as the bottom arm. Hence, no mode mixing @;éarcontrast
with the usual case of coupled oscillators beattregy own DOF.

Note however that our model is an approximatiomesithe wire is a complex body having a
lot more than 1 DOF. We thus pay special attenttononstrain (i.e. plastically deform) the
wire prior to adding it to the TF, so that its afexes exactly the TF's end (positianat
rest).

Using the characteristics of the materials involirethe tip mounting, one can try to estimate
the dimensions of the connecting wire so that flscéve spring constant is in the correct
range to perform the compensation.

For a well defined geometry, one can imagine to ikl simulations. However, since one
can hardly mount the tip and the wire in a perfectintrolled and reproducible manner, we
found it simpler to have only estimates of the ecriparameters ranges, and we subsequently
relied on empirical observation to obtain reprobiecilow frequency shifts and high quality

factors.

Simple estimates can be obtained by consideringnhgses added by the tip and glue, and

treating the wire as a vibrating beam.

material | Y (16°N/m?) | p (kg/n?)
Epotek H20E 7.13 2550

tungsten 40 19300
gold 7.72 19320
quartz 7.87 2659

Table. 2.4 Mechanical parameters of typical materials usealinAFM/STM probe.

The tungsten tip's mass is estimated to be 0.99qu4,00 pm-length, 6 pum-radius. The glue's
mass is estimated to be 0.7 pg for a hemispheradifis 50 um. An upper value of added
weight is of the order afm; = 2 ug.

To estimate the role of the connecting wire, we @@aume it is a cylindrical rod, mounted in

prolongation of the tuning fork's arm. For a clashiee cylindrical beafm the added

Y In fact, the wire is clamped at both ends in a wéych makes it difficult to perform calculatiorSince we are
looking only for orders of magnitude, we take htris simple approach, knowing that the numbersinbth

for the stiffness will be underestimated.
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effective massm =— of the connecting wire is given by the ratio & gpring constant

(0]

= Al and its eigenfrequency* = 3.5L?Q\/§' R being the wire radiusy the young
P

k*
4° 2

modulus,po the density of the materidl, the length of wire. Hence, the effective masshdd t

*

rod is n* =0.76pF L. Solvingb_k—+ =«f , we find the necessary length of wire lies in a
m +

range of 100 to 300 um. It is however very difftcld mount such a short wire. We instead
mount a longer wire with a bend so that a ~100 pmngrlsection is in the prolongation of the
tuning fork beam and that it holds itself into tipatsition before gluing it to the fork. By this
procedure, we observed we could induce reprodudidne perturbations on the fork's
resonance, with frequency shifts of the order d B2 (0.3%), and a quality factor of more
than 6000 at room temperature and ambient pressistead of 8000 for the bare fork. The
guality factor achieved by this method increasesoupb0000 at low temperature. The results
presented here are of course fork-dependant, antbtks employed in this work are among
the lightest and smallest commercially availableatTmakes them more sensitive to force
gradients sincek is proportional to the thickness, but they areo atsore sensitive to
asymmetry, which results in damping associatethéomotion of the TF’'s base (se2.4.2.5,

p. 76).

2.4.2.8 Measuring the oscillator parameters

The first step in our AFM experiments is to setth@ resonator for imaging, and first of all,

we have to characterize its resonance, to ensar®tk is properly mounted.

The principle of the resonance measurement isab@aing: we impose an AC voltage bias
at a known frequency, and measure the current figwhrough the tuning fork at this

frequency. This admittance measurement is done avgtandard current amplifier (Current-
Voltage converter or CVC), and a lock-in synchromdetection. A complete schematic of the
measurement is shown kig. 2.25.

Typical resonance curves recorded with this setapshown inFig. 2.26, for different stages

of tooling up the tuning fork with a wire and a.tip
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Fig. 2.25 Block diagram of the measurement setup. A voltagarce excites the tuning fork
(symbolized by an admittance &)). The current that flows through this admittamceamplified
by a CVC, and fed to a lock-in. Current has a makiamplitude at resonance, and is in-phase
with the excitation voltage. With the lock-in, ooan record in-phase and out of phase signals (or
amplitude and phase), and by properly adjustingptieese of the incoming signal with respect to
the reference, one can record a perfect Lorent@aonance, such as shownHig. 2.27). The
variable capacitance and the transformer allow amcel the current flowing in the stray
capacitance g and thus to extract the part of the signal c@weding to the resonance of the
oscillator alone.

2.4.2.8.b Resonance curves during the setup

@
0.041 .

(4)

X
0.02
0.00 : 1 ) ] . L : !
32450 32500 32550 32600 32650
frequency (Hz)

Fig. 2.26 Resonance curves measured in various mounting grioations of the tuning fork. The
signal plotted is the in-phase lock-in sighal meaduwith the setup described fig. 2.25. All
data were taken at room temperature and ambiessyme (1) is a bare tuning fork attached to its
holder. (2) is taken after soldering at the encdbiwé arm a 12 um diameter, ~500 pum long gold
wire. (3) is taken after attaching the gold wirgtatother end to the connection pad. (4) is taken
after the tip was glued. The different curves asged with the same number are taken at different
moments, by placing the wire in different positions



2.4.2.8.c Capacitance compensation

At resonance, the admittance of the resonator ab aad maximal, however it is small
compared to the imaginary admittan€®w; of the capacitanc€, ~100 pF of the coaxial
wire connecting the tuning fork to room-temperatapparatus, in parallel with the resonator
In order to properly measure only the current flogvthrough the resonator we use a bridge
technique introduced by Grober et al. in Ré6€]: a transformer and an adjustable capacitor
are used to precisely compensate the current fipwiC, (seeFig. 2.25).

This compensation is important, because relialagking the tuning fork resonance in AFM
imaging depends on having a change of sign of th@ginary part of the admittance at
resonance (see28.3). The procedure for this compensation isfeHewing: we first take an
uncompensated resonance curve of the tuning fork fiequency range large enough that we
are sure it encompasses the resonance. Then waetaimine the resonance frequency and
set the generator to it. We then compensate thacttapce, trimming an adjustable capacitor
down to the sub-pF level, canceling the out-of phagasurement of the lock-in at resonance
frequency. This procedure can be iterated if nesgss

2.4.2.8.d Extracting the resonator parameters

To determine the resonator parameters we havepset fitting procedure, which enables

accurate extraction of all the parameters, amonighwtine resonance frequency, the quality

factor, and a measurement of the accuracy of thaati@nce compensation. This also enables

to accurately tune the phase of the PLL sensorkiskesv).

The procedure involves fitting simultaneously the-phase and quadrature lock-in

measurements of the resonance as a function otidrey f, and fitting them with the

corresponding prediction for the RLC circuit.

The fitting function has the following mathematiexipression for the in-phase expression:
2caf *Qf 2

1'%+ £ (1-2Q%) £+ sz“] %

(flez( f12 B fz)) ]Sin(p

f14Q2 + f12 (1_ 2Q2) F24 Q2f4

X(f)= (offset+
(2.7)

- ZCﬂf (Cratio +

The quadrature expression is the same, witbplaced byp +7z/2. In these expressions, the

fitting parameters are the central frequemgythe resonator capacitancethe stray shunt

1 Cy also incorporates a small stray capacitance dariton from the tuning fork itself.
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capacitanceC, = C, - C,,, = ¢* C_;, (Which is zero when compensation is perfect, and

which can be negative when over compensated)Qtfector, the dephasing due to cables
and amplifiers, and a smaiffsetthat slightly improves the fit and can be seem &sakage
resistor in the setup in the range of 10-3Q.Mhe last two parameters arise from the setup
and measurement technique, while the first foucules the system shown ég. 2.23.

When the lock-in phase is correctly set (i.e. witetbompensates for dephasing in amplifier
and cables)p =0 and the cos term (resp. sip term) of equation4.7) describes the real
(resp. imaginary) part of the impedance of thertgriork.

Such a fitting procedure yields a very high qualityand provides an accurate determination

of the parameters. An example of fit is showrFam 2.27.

Chi"2/DoF = 4.7693E-10

fo 32630.06525 +29.59751 T
capa 1.166E-11  +2.1313E-12 L - - \ 0.015
cratio 47.45365 £715886 [ L -~~~ 7 \ @)

q  3888.99617 +8.71374 L v aeees Joo010
offsetX 0.00307 +5.6981E-6 N -

T T T T Tl phiX -0.64742 +0.05582 L P - 0.005

0.005 N 0000

oo } } } ‘ ‘ . {0010

0.000

0.010- B

-0.005 0.005- 1

32640

32600 32610 32620 32630 32640 32650 32660
Frequency (Hz) Frequency (Hz)

(0)

Fig. 2.27 Fit of the resonance curve and adjustment of tisenance parameters: (a) A resonance
curve fitted with the model presented above. Tlsmance is shown in the in-phase (X) out-of-
phase (Y) representation, with different scaleskifiga into account all setup parameters, the
impedance Y(o) at resonance is ~5® (b) Plot of resonance curves obtained with three
different values of the compensation capacitantpig obtained when the compensation is quasi
perfect, (2) when the stray capacitance is undempemsated, (3) when the stray capacitance is
over compensated. For low quality factors, the cemsation has to be accurate: curves shown
here are obtained by a displacement of the ordef.pF of the adjustable capacitance.

32650 32660

2.4.3 Force measurement

I now discuss the nature of the interactions wechjly detect in our experiments, and

describe how we perform their measurement in AFMienaising the tuning fork.
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2.4.3.1 Typical forces on the atomic scale

| consider here the general case of a metallionig metallic or insulating sample. When the
tip approaches the surface, atoms of the tip artheokurface interact. Detailed descriptions

and measurements of these interactions can be fawsaVeral articles [64, 67, 68].

In the following, | assume there are no magnetastateractions so that only electro-
magnetic interactions between charges in the tipthe sample are to be considered, all other
physical forces being neglected.

At infinitely large tip-sample distances, the tiped not interact with the surface, and the force
is thus zero. The potential energy of the tip mfileld of the sample is taken to be zero.

When lowering the tip, one encounters several @ti@ or repulsive forces which come into
play at different scalg$9].

If the surface is conductive, and if there is aecelc potential difference between tip and
sample, charges of opposite signs accumulate angfaectrodes. This leads to a “long
range” attractive force between the two electrotheg depends on their shape, since the

electrostatic potential energy writ¥s,. = % C( z) U?, U being the applied bias voltage, add

the capacitance between the electrodes. We arelymasensitive to this force since we
normally keep a low bias voltage. However, varyihg applied voltage would be a way to
characterize the tip aspect ratio [69, 70] by meaguhe capacitance (within e.g. a sphere-
cone model, presented in [@fl]) or to perform scanning capacitance measuré&éa).

An electrostatic force can also occur on a metaificabove a charged insulating surface. |
assume that the insulating parts of our samplesa@treharged, which seems to describe well
the experimental observations.

In absence of a voltage applied to the tip and sthtic charged sample, the dominating force
at large tip-to-sample distance is the Van der Wéatke. This is a net attractive force due to
the polarizability of the materials. It is alsoang-range tip-shape dependent force, with an
approximate @ dependence, where d is the tip-to-sample distance.

At some point, the foremost atoms of the tip bdagiexperience a shorter range “chemical”
interaction with the atoms of the surface. This barseen as overlapping of orbitals at large
distances and becomes eventually Coulomb repulgimn the atoms of the tip try to “enter”

the sample. When both the tip and sample are meladsinteraction can be approximately

described by the energ =-E, (1+ x) €*, with x=(d~-d,)/A, whereEg is the binding
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energy,dnis the separation &= Eg, and\ is a scaling parameter that gives the range of the

metallic interactior]64].
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Fig. 2.28 From variations of the central frequency of theingrfork with tip to sample distance, one
can extract several pieces of information. The loagrve represents the actual variation of the
spring constanbk, assuming a small perturbation on a spring ofrsfs k =1800 N/m (see
discussions above2.4.2.4.b and?.4.2.6.d). From that curve were calculated thedoand the
potential by successive integration. Integrationstants are chosen to cancel both quantities at
large distances. Note this procedure is only caial because we do not account here for the
finite amplitude of oscillation of the fork. Thegien highlighted on thék plot is important when
performing images with a feedback mechanism, dsibxplained ir2.4.3.5.

The lower plot ofFig. 2.28 is a typical experimental curve recordbgdeither approaching
towards or retracting the tip from the sample: apph and retract curve do not always
superimpose due to tip sticking to the sample dutire lift. From this data one can deduce
the potential experienced by the tip close to tam@e as well as the interaction force
between tip and sample. The potential measuredriexgetally resembles the well-known
Lennard-Jones potential describing interaction betwtwo atoms.

A dip is usually present on the force gradient,neae O voltage bias. It depends on the tip
shape: it happens there is no dip at all whenighis sharp. When the tip gets rounder, the dip
becomes deeper. This dip is due to the compefi@ween an attractive Van der Waals force
and a short-range repulsion.

2.4.3.2 “Force” measurements: sensor stability andessitivity

As discussed inZ4.2.2, tracking the changes in the resonanceidrezy of a tuning fork
excited with vanishing amplitude allows in prin@gb measure the force gradient felt by the
tip at the sample surface. This simple principlev@eer contains “built-in” limitations:
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First of all, measuring the frequency of the resonaequires a finite
vibration amplitude. During an oscillation, the -tgpsample distance
changes and hence, the actual frequency shift sfyrels to an average
force gradient. When the amplitude used is largapared to the scale of
variation of the gradient at the surface, the fesmtuare smeared out.
Notably, the measured dip in the frequency shireeared and reduced
[75].

A simple stability criterion of the tip-to-samplésthnce prevents to have
the tip at rest, at distances where the force gradient is such that

dF(2
dz

effective spring constant of the tip holder. Ingbeegions, the tip cannot

<-k,, where F(z) is the total tip-to-sample force ardy the

be held at rest (neither with vanishing excitatiabp fixed distance from
the sample and jumps to the nearest stable posigla sensor with high
stiffness avoids such instability, which is mandgatofor STM
measurements. In this respect, the use of a tuonkgs much better than
standard AFM cantilevellg'7]; on most contacts it allows to measure the
whole tip-to sample distance range, with a very witation amplitude,
without the jump-to-contact usually observed withM\ cantilevers.

Other stability criteria can be formulated in dynamscillation: since the
force gradiendk(z) is non constant ia (anharmonic potential), there may
be several stable oscillation modes at a givena@eedistance, each mode
having a different amplitudg8]. This results in the hysteretic behaviour
(as a function of amplitude and frequency), enceratt with soft standard
AFM cantilevers. Non-conservative interaction farcan also induce such

dynamic instabilities. However, when using a tunfark, the interaction
non-linearities weakly affect the dynamics of theitiator (sk(z) < k)
which is mainly determined by the high spring canstand, as a
consequence hysteretic behaviours are not observed.

The ability of a resonator to measure frequencitssts ultimately limited

by the intrinsic thermal noise due to dissipatiegetp in the resonator. One

can show [73, 74] that&omin = Zka B where kg is the Boltzmann
w, KA o Q
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constant,T the temperature of the dissipative part of thellasar, Q the
guality factor,k the spring constanf\ the mechanical amplitude of the
oscillator, andB the bandwidth of the frequency measurement. Fiom t

expression, and given that the frequency shiff of the oscillator in

response to a force gradieitis dw, =dkw,/4k (see2.4.2.6.d), one can

. - . 4k, T Bk
estimate the minimum detectable force gradienetéky,, = /BA—ZQ :
W,

From the above analysis, one sees that the chb@eeasonator is a balance between greater
stiffness which gives better stability of operatiand lower stiffness which gives better
overall sensitivity. Quartz tuning forks being mustiffer than conventional cantilevers, they
are very stable and convenient to use in AFM: #@ynot easily prone to jump-to-contact or
hysteretic behavior upon a change of amplitude.r& @ development on dynamic AFM
have shown thak values exceeding hundreds of N/m provide adegsatssitivity and
stability [75]. The tuning forks we mostly used hiag 1800 N/m, and are among the softest

(i.e. thinnest) available. Those tuning fork typligayield a sensitivity to a force gradient:

e, 1 5k = = 2.3Hz/( N/m), which is a standard valjie4].

Furthermore, for a given sensitivity, lower exdaat amplitudes can be achieved by using
higher Q-factor or higher resonant frequenciesc&iwell balanced tuning forks can have
high Q-factor (see discussion above), they candrg good AFM sensors, yielding atomic

resolution[75].

In our setup, the above minimum detectable foreelignt is not reached, by far, due to extra
sources of noise introduced in the measuremenhefsensor. Indeed, the above predicted
ultimate frequency resolution we should be abladbieve with our tuning fork with, say, a

1 nm amplitude of the sensor and a 100 Hz (respytil kHz) bandwidth should be of the

order of 0.15 mHz (resp. 0.5 mHz) whereas the dutmise of the PLL alone is already

2 mHz rms (resp. 40 mHz rms) when fed with a neslsignal. In actual measurements of
the resonator, the PLL frequency measurement acgusafurther degraded by the noise

coming from the amplifier.

2.4.3.3 “Force” measurements: detection schemes

The easiest operation mode of a resonator is @ driat a fixed amplitude and frequency, on
the side of the resonance peak, and to measuaenppitude. This was the first mode used in

dynamic AFM. In this mode, known as AM mode, whiee tip-to-sample interaction changes
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in a step-like manner, the central frequency of diseillator changes and its amplitude
experiences a transient which damps exponentiailly the characteristic time =2Q/« .

For a 32 kHz oscillator with a Q-factor of the ardé®, this transient, also known as the
ringing-down (or up) of the oscillator amplitudesasiated with changing the energy of the
oscillator, can last several seconds and makesigable as a practical AFM detector.
Still, high Q-factor oscillators can be used as Aleltectors by tracking the resonance
frequency of the oscillatdi76]. This frequency tracking mode is also called mode and
can be implemented in two ways:
* In the first method, the oscillator is placed irloap with an effective
negative resistance around the resonance freqyeacyn amplifier with
~1t phase shift) so that it enters self-oscillation.
* In the second method, the oscillator is insertedh iphase-locked loop

(PLL) controller, such as described below. Thiselamethod is somewhat

more flexible than the first one in terms of coiling the resonance, and it

has the advantage of directly providing a signabpprtional to the

frequency shift of the oscillator. This is the made used.
In either of these FM modes, when applying a stegmge in the interaction, there is no time
penalty associated with changing the energy storelde oscillator, like in the AM mode. In
FM mode, one indeed tracks the change of the résormmrameters themselves that
effectively occur at the sound velocify7], rather than measuring the rate at which the
oscillator absorbs (looses) energy.
In the self-oscillation mode the change in freqyeisahus as fast as the resonance frequency
itself.
In the PLL case, which is of interest to us, thgpmnse time is limited by the speed at which
one can measure the changes in the phase of tilatast [73, 74, 77]. Of course, this speed
has a tradeoff with the stability of the frequenapd therefore with the sensitivity and the
accuracy of the force measurement. The actual acgwand speed of the AFM sensor then
depends on details of the setup, and in particolarthe signal-to-noise ratio in the
measurement of the oscillator. In practice, withr getup which uses standard room-
temperature amplifiers and PLL electronics andaeakle excitation amplitude, it is possible

to track the resonance frequency within a bandwidtithe 100-1000 Hz range, i.e. much
faster thanr™ = &y /2Q ~ 0.2 Hz, which allows reasonable scanning rates in AFMgimg, in

the 0.1-1 Hz range.
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2434 Phased locked loop detection
In the following, | describe more in details theeagtion of the tuning fork in FM mode with a

PLL detector. The block diagram of the PLL is shawfig. 2.29.
0|  aO [,

signal(t IHL -

G @ LP [/ Pl [ #VCO
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drive(t)

Fig. 2.29 Block diagram of a PLL detector (yellow path) witutomatic amplitude control (pink
path). VCO stands for Voltage Controlled OscillatBt for Proportional-Integral, LP for Low
Passx for multiplier, A for difference,p for dephaser, G for amplifier. The input contrigrals
for the PLL are the amplitude set point Amp, thetcad VCO frequencyf, and the dephasing
anglep. The output monitoring signals are the frequerttft $f(t) and the amplitude of the drive
signal “Dissipation”, which is proportional to tlsem of the sensor dissipation and the dissipation
due to non-conservative tip-sample interaction.

Its principle of operation is the following: the \@Cis set with a central frequengyclose to
the experimentally determined resonance by fitting resonance curve. It delivers a sine

oscillation at a frequency = f, + 1 fm, wherefm is the voltage at the VC@n input andl a

constant giving the frequency sensitivity of the®@.CThis signal, multiplied by the amplitude
control signal is sent to the sensor, amplified anthes back at the PLL input. There, it
enters a phase comparator, composed of a multigtidra low pass filter to remove thé
component. The PLL dephaser can be tuned to accdatméor dephasing in the amplifier. It
is set such that it delivers a signal witl/a phase lag signal with respect to the input digna
right on resonance, so that the phase comparapalsis zero on resonance. This way, on
resonance, the system is at a fixed stable pdmet:integrator output is constant and the
frequency remains fixed. On the other hand, wherMBO frequency does not correspond to
the sensor resonance, the response of the sensaor its phase with the drive and the phase
detector gives a non-zero phase shift, with a megagign (resp. positive) if the drive
frequency is above (resp. below) the resonanceiémery. This phase shift is integrated by the
Pl resulting in a change in the drive frequencyiluhe phase detector signal drops to zero,

when resonance condition is met again.
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This phase-locking mechanism has a single (stalplejation point when the resonator output
is such that the signal component in quadraturk vespect to the drive goes through zero in
the frequency range of the VCO. This condition igtnonly when the parallel stray
capacitance is perfectly compensated Ege2.27 b). When the capacitance compensation is
imperfect, there may be zero or two solutions.hia first case the system cannot phase lock
on resonance and the VCO oscillates either at @gimum or minimum frequency. In the
second case, one solution corresponds to an uaestdbhtion, and the other to a metastable
phase locking. In the latter case, operating an As-Bbssible although risky, as the PLL can
unlock when scanning over large steps on the sample

Our PLL further controls the amplitude of the dra@that the output signal remains constant.
The amplitude (in fact, the power) of the inputngibis determined by squaring it and filtering
to remove th&f component. This filtered value is compared togbgpoint and the difference

is integrated to obtain the amplification factor ie applied to the drive. This way, the

difference between the setpoint and the detecteqdditaiche eventually drops to zero.

This implementation of a PLL actually consistswotparallel loops:
» A first loop that feeds a correct frequency to thaing fork, to avoid
detuning from the resonance. This one is the fagtes2.4.3.3).
» Another loop that compensates for energy losséeredue to a detuning
of the excitation, or to damping in the tip-samplteraction. Energy loss
has a time constamt=2Q/«j, as discussed above. Amplitude regulation
is essential to prevent from loosing signal whem@kfactor drops while
scanning the surface. This loop should not be caegulate at a rate
higher thant™, to prevent amplitude oscillations.
We use a commercially available PLL system to adritre tuning fork: the Nanosurf Easy
PLL system. This system is partly analog, and paligjital, which is convenient to interface
and control the PLL from within a program. Howevdre analog multipliers used in the
system are noisy components which make the PLLJgeless than optimally regarding the
sensitivity and frequency stability. A well desightully digital PLL should outperform it
easily.
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2.4.3.5 Feedback loop in imaging mode

Once the PLL is locked, image in AFM mode is perfed by closing the feedback loop
which controls the average tip-to-sample distafite. Block diagram of this loop is shown in
Fig. 2.30.

of setpoint
v Pl
s | Z control
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tp drive

Fig. 2.30 The feedback loop operated for AFM imaging is cosgabof the following elements: the
qguartz tuning fork (TF) whose resonant frequency iseasure of the tip-sample distance, the PLL
that both drives the TF at its resonant frequemzyraeasures the erréf in frequency signal, and
a controller that adjust the piezo scanner voltsges to keep a constant tip-sample interaction
(=distance). What is important to notice here is thatasically have two imbricate loops: one for
the excitation at resonance of the fork, havingdgpresponse up to 1 kHz, and another one for
the tip-sample distance adjustment, which has a tiesponse of ~1 Hz. Speed limitation of the
feedback on position comes from the noise ondthgignal which imposes inserting a low pass
filter (120 Hz). Given this limitation, an optimizan of the scanning speed is done by choosing
appropriate feedback parameters (see text).

When the tip-to-sample distance is varied, themasoe of the oscillator changes as shown in
Fig. 2.28. In regions of the curve whejifevaries with the distance, this signal can be used
maintain the distance at a fixed value. Given theps of the curve, different imaging modes
exist:
» The so-called “tapping mode” is operated closesh&sample surface in

the negative slope region (6k(z)), where coulomb repulsion dominates

all other contributions. The feedback is then setnegative” direction,

meaning that it will react to an increase of gratliey retracting the tip.

The tapping mode, though oscillating, operates lanhgito the "contact

mode" in non-dynamic AFM.
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* The non-contact mode is operated in the regionositipe slope, where

either electrostatic or Van der Waals force dongnahe feedback is then

set to “positive” direction.
It is clear that the region in-between (emphasizgda red line orFig. 2.28) is subject to
ambiguous and slow behavior of the feedback looprteldver when imaging in non-contact
mode, one has to be very careful in order notdaspass the cross-over region or the tip will
crash. For this reason, it is better to image neasly flat surfaces or at higher distances in
this mode. When imaging is performed in contact epdldere is no unstable behavior. This is
why we preferred this mode. In this mode, howethex,cross-over region is responsible for a
slower feedback response to an increase in timtopge distance (a “down” step on the
sample surface) than for a decrease (up step)rder do compensate for this asymmetric
behavior, we found convenient to use logarithmexdfeack control, similar to what is used in
STM mod€[78].
To operate in tapping mode, we set a positiveetpoint, typically 1 Hz. Alternatively, we
could set the VCO center frequency below the fesomance frequency. The piezoelectric
tube voltage is adjusted by the Pl element of tharoller to keepf at the setpoint. Hence,
the sign of the feedback is set so that an increaee resonant frequency yields a retraction
of the piezotube.
While imaging, the tube is deflected laterally bg ttontroller to scan the sample, at a typical
rate of 1 line per 5 seconds; (v 1.6 um/s), while maintainingf at the setpoint. One line is
8um wide for our tube, at 30 mK, and the numberlimés (depending on the desired

resolution) is typically 100. Thus it takes aboiBto record an 8x8 um image.
2.4.3.5.b Optimizing AFM imaging

Good performance of AFM imaging requires tuning glaens of the PI elements in the feed-
back loops properly, for optimizing the desired relateristics (scanning speed, topographic
resolution...). Several articles have addressedpihiist both experimentally and theoretically
[59, 68, 79-81]. Theoretical analysis enables deiteng the feedback settings for optimal
dynamic performance. These analyses however reakéyinto account the adverse effect of
noise on imaging and stability. In practice we daiaed “optimal” feedback parameters by
tuning the step-response of the AFM loopFag. 2.30 to a small voltage step added to the

piezo tube polarization Vz (in both directions),igfhsimulates a topographic step.
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Fig. 2.31 Full range (8x8 pf) image of a sample studied during this thesis ¢bater 4). Here, the
resolution is limited by the number of pixels reded, fixed to 64 pts/lines. The maximum step
size on this sample is 60 nm. This image was sahrate2 um/s, and the whole feedback
parameters set such that an upward step has the @ass-section profile as a downward step.
Thus no overshooting may occur while climbing ugtep, which sets the upper limit to the gains
though getting down a step must be done fast enoulgich sets their lower limit. The achieved
speed is constrained by the combination of frequeetpoint (see p. 65) and frequency sensitivity
together with feedback gains. It is however limitgdthe sample aspect ratio. Other parameters
such as phase, amplitude, amplitude feedback, @terg the stability of the PLL loop, i.e. its
robustness against unlocking.



CHAPTER 3

EXPERIMENTAL

TECHNIQUES
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In this Chapter, | will give an overview of the expnental techniques involved in the
environment and operation of the AFM-STM built ahgrithis thesis work. | will give details
regarding:
» the special type of dilution refrigerator we haveed, and the problems
encountered,
* the requirements on wiring and filtering for vergwl temperature
experiments in general, and how we implemented tinetime present case,
» data acquisition and experiment control,

» fabrication techniques for tips and sample.
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3.1 A dilution refrigerator well adapted for a local probe

microscope

3.1.1 Functioning of the inverted dilution refrigerator

To cool our microscope down to the 50 mK tempemtange we use a speciae-*He
dilution refrigerator, designed by Alain Benoitthe CRTBT (Grenoble) and called Sionludi.
It has an “inverted” geometry, in which the coldpste is topmost (sdeg. 3.1), contrary to
most dilution fridges. This is very convenient fam application like ours, which requires
good accessibility to the experiment, to be ableifstance to work comfortably on the
microscope with binocular lenses. The microscopesimply laid (and screwed) on the
Sionludi top plate. No additional setup is requitedhold it, and it is easily removable. This is
required because the mounting of the tip on thentufork, for instance, cannot be done in
place: it requires removing part of the microscapework on it on a workbench under
binocular lenses (see Chapter 2).

Another specificity of the fridge is the absenceadfelium bath, ensuring a steady stage at
~ 4.2 K in ordinary dilution fridges (sé8g. 3.1 and-ig. 3.2). Instead, the cryogenic liquid is
contained in a Helium dewar placed underneath tidgd, which one slightly pressurizes
(~0.1 atm) to obtain a cooling'He circulation inside a dedicated circuit of thieldie. Liquid
reaches a box anchored to the “4 K stage”, evag®iatthat box and circulates downwards
into a continuous exchanger. The output goes dyréztthe helium recovery. Helium flow is
regulated by a Bronkhorst EL-FLOW® digital masswil@ontroller. The flow is set large
enough to provide a steady 4 K stage temperatuhgle vkeeping a reasonable helium
consumption of about 12 L of liquid per day. Thevdevard “He flow is used in permanent
regime to thermalize the incoming cooling mixtuse, the “main exchanger” is properly
dimensioned to recover the enthalpy of the outgditey Temperature fluctuations on the 4 K
stage can cause fluctuations of the mixing chartdrmaperature, either because the mixture is
not properly cooled when it reaches the dilutiaygses, or due to radiations.

The Sionludi has a second separate circuit, cdntpithe *He “*He mixture with an
approximate atomic ratio 30%-70%. Capillaries pagsnside the 4 K exchanger bring the
mixture up into the fridge. One of them is a lowpmdance bypass circuit that brings the
mixture to the mixing chamber without passing tlytowany impedance. This bypass circuit

lets cold mixture gas circulate with a large floar precooling the upper stages from room
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temperature down to 4 K. Such a circuit is necgssathis design since, as a consequence of
the absence of a Helium bath, one cannot use egelgas in the vacuum can to cool down as
in ordinary fridges. The other capillary brings moice to the impedances at the input of
dilution exchanger.

mixing

Dilutionzes 8 Wi /L chamber
heat g : Wik |
’ - .-';lj. | A

exch. > =

Fig. 3.1 Photograph of the Sionludi where the principal coments are indicated.
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Fig. 3.2 Schematic of the principle of gas flows in the Jiain (see text). The fridge’s enclosing is
shown by a dotted line, corresponding to the vacaamrepresented dig. 3.3.

Fig. 3.3 Ensemble view of the lab. From left to right: thasghandling system, the vibration
isolation table, on which is laid the fridge (ersg#d in vacuum can here) and the helium Dewar
attached under the table, the shielding cabin&etino the fridge by metallic shields, and finally
the electronic cabinets and the operator in frénhe® command computer.
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To reach such low temperatures, one must take gagatto avoid thermal leaks through
radiation and conduction. To limit them, our fridgeenclosed in a vacuum can and a set of
copper thermal radiation shields arranged like Rnsdolls and tightly screwed to stages of
the refrigerator, to ensure their good thermaloratiln this way, each stage receives
radiations only from a stage close in temperatarel the inner stage (the coldest) is well

separated from the outside room temperature radsti

When this thesis work started the refrigerator Waisg completely refurbished at the CNRS
Grenoble, because the main heat exchanger had bdeaky due to defective materials, and
the dilution heat exchanger had completely plugddus reparation lasted much more than
anticipated. During this phase | participated istitgy and debugging the refrigerator on
several occasions. Even after we recovered a wgrkilge in Saclay, we made some
modifications, aiming at reducing liquid helium somption and oscillatory instabilities in

the 4K stage temperature.

3.1.2 (not so good) Vibrations in dilution refrigerator

Vibrations are a major problem in STM experimenisce the tunnel current varies
exponentially with the tip to sample distance, watltharacteristic scale of ~ 0.1 nm. Many
setups try to compensate, or eliminate vibraticgeching the microscope, which introduce
noise in the measurement. As already mentioned hapC 2, the general strategy for
decoupling from external vibrations is to desigm@roscope that is as stiff and as light as
possible to increase the resonance frequencidgeattucture, and to embed it into a low-pass
mechanical filtering system with a cut-off frequgras low as possible, typically <1 Hz. In
our case, this system consists of an air-suspenibedtion isolation table onto which the
fridge is mounted (the Dewar being suspended b#teviable) to isolate the microscope from
the vibrations of the building (sefig. 3.3). However, this setup does not fully eliminate

vibrations from the environment of the microscopeexplained below.

In usual dilution fridges, the incoming mixturedsndensed at ~100 mb by thermal contact

on a 1.5 K pumped liquitHe bath called the “1 K pot”. Another differenceteen Sionludi

! However the table does not protect well againsustic vibrations transmitted by air. For instanclepping
hands induces vibrations which are easily deteutigdl the STM. Efforts could be made to further emte&

acoustic isolation.
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and more standard dilution fridges is the absef@1oK pot. The initial condensation of the
mixture is thus operated on the 4 K stage, whichmaehat it is necessary to pressurize above
atmospheric pressure, using a compressor. Oncealithigon is started, condensation is
achieved by exchanging heat with cold gases imtai@ pumping line (sekig. 3.2), and one
should normally be able to switch off the compresst work with an injection pressure in
the 500-700 mb range which can be delivered byrth@y pump alone. In our Sionludi,
however, this is not the case, and we can only work steady state with a pressure of the
mixture injection line permanently above 1.5 baes, with the compressor permanently on.
This generates some acoustic pressure and a stidqlsliavel of vibrations, both of which are
a nuisance for the microscope operation. Even wadise mixture flow itself becomes
turbulent and generates a lot of vibrations, presalynwhen it flows through the impedances,
at a stage that is tightly linked to the experimgate.

We diagnosed this problem and somewhat measurelg\vbEof vibrations in the fridge by
putting a microphone on the experiment plate, nexthe microscope. The microphone is
made of a piezoelectric multilayer stack PICMA® &80 from Pl glued vertically, at the
end of which a ~ 6 g copper block is attachesteFig. 3.4). When vibrations arrive on the
microphone, the copper block provides an "“inefoate"” proportional to its mass, which the
stack converts to an electrical signal. This eledignal is amplified by a fixed-gain (x100)
low noise amplifier LI75A by NF-Electronics and fealthe input audio line of the computer.

Note that the setup is sensitive only to vertichrations of the experimental plate.

! The model we use has a bare structural resonaguéncy of 90kHz, and a stiffness of 68N/um. With t

copper block, the resonance frequency is 17 kHz.
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Fig. 3.4 Photography of the microphone used to detect viatinside the refrigerator. The electric
signal produced by a stress (induced by vibratmihe plate) is collected on the electrodes of a
piezoelectric actuator, amplified and fed to thdiaunput of the computer.
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Fig. 3.5 Audio trace of vibrations of the fridge, recordedte base temperature. Top: spectrum of
the signal from ~DC to 11 kHz. The color indicathe amplitude of the Fourier component
relative to the maximum amplitude, in dB. The sig@ectrum presents the characteristic resonant

frequencies of the fridge structure. Bottom: Cqumexling wave signal, in arbitrary units.

106



We have recorded several tracks in different catoh regimes of the refrigerator.

Sometimes it sounds more or less like a contindorsilent flow, and sometimes it sounds
more like metallic pings on pipes or bellsid. 3.5). We do not understand the differences
observed between the various regimes. In all célsedevel of vibration is too high to allow
stable spectroscopic measurements in true vacuumeling. It would even hinder
performing STM imaging of a clean metallic surfablmte however that these vibrations do
not seriously affect AFM mode operation.

We have checked that when the return line pressureduced by diverting the mixture
momentarily, the fridge becomes indeed much quidteere is no fundamental reason why
our refrigerator could not operate with a lowewratline pressure, like other Sionludis. We
believe that the high return line pressure is damesame defective part, (likely a heat
exchanger), and it will eventually be fixed, whé fproblem is precisely understood. This
will certainly require a few trial-and-error runsv/blving modifications to the dilution circuit,
and it is hardly predictable how long this can ta&mce we were still able to perform stable
tunneling spectroscopy in spite of the vibratiosse(below), we decided this needed not be

done during this thesis work.

3.1.3 Living with vibrations

In spite of this annoying level of vibrations, wave found a way to perform stable and
accurate local electronic spectroscopy with our SThce our setup is too unstable to
perform tunneling through a vacuum gap (as in nb®ié operation), we instead put the tip

in mechanical contact with the sample and tunneduiph a thin oxide barrier covering the

sample. This way, the distance between the two Imietavell defined and remains fixed, in

spite of the vibrations. In some sense, we mimie lige fabrication of planar tunnel junctions
in sity, during the experiment.

Of course this requires the presence of an ap@i@poxide layer on the sample. Such oxide
spontaneously grows on aluminum films exposedrtaHowever, noble or semi-noble metals
do not naturally form a good oxide layer approgrigtr tunneling. In this case, one can still
obtain a good tunnel barrier by covering the nabktal by a thin aluminum layer (i.e. a

couple of nm thick) which will completely oxidize air and form the barrier.

We can let the STM tip stand on this oxide layed aerform stable spectroscopy, with

contacts lasting for hours without any changeangmission, in spite of the vibrations.
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3.14 Possible improvements

For increased immunity to vibrations, most localljg microscopes used at low temperature
are suspended by springs [82, 83]. We did notailhjtichoose this option because of the
coarse motion mechanism which changes the baldnibe enicroscope when displaced, and
because it complicates wiring and thermalizingsample. If much better stability becomes

necessary for some future experiment, this chaxcédcbe reconsidered.
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3.2 Wiring a microscope for very low temperature

experiments

Connecting a 30 mK experiment with room temperategeipment requires fulfilling a

number of requirements which are detailed below.

3.2.1 Thermal load

The most basic requirement for the installationaolow temperature setup is to properly
thermalize all the elements, without warming up tékigerator. Wires need to be thermally
anchored at each temperature stage, and one refjutst the necessary length in between
stages such that thermal flux that can be competidst the available cooling power. As one
goes down in temperature, the cooling power isecedubut thermal conductivity of materials
as well.

Estimating the thermal load brought by the wiresd(@ptimizing their length) is done by
using tables of temperature dependent thermal abivity of typical materials used (steel,
Cu-Ni, copper, manganin®, superconducting wiredsistive matrix...) and by calculating
the thermal flux as a function of their cross-smttand temperature difference between
stages.

Our fridge has a cooling power of ~50 pW at 100 mikjch means that if we feed a total
power of 50 uW down to the mixing chamber, its temagure will establish at 100 mK.

The steady state temperature of a dilution fridggiven by the balance of the cooling power
Q=84T?h (T is the temperature of the mixing chamber, the pasvexpressed in Watts and
n is the®He throughput, in moleX, and the heat load brought by:

» radiation from hotter parts of the fridge,

* conduction through the materials,

* convective heat brought by the incoming fluid, dweimperfect heat

exchangers.

Our bare fridge had a base temperature of ~20 m&mRhe measured cooling power at
100 mK, one can then estimate that the residudl Ibeds listed above are of the order of
2 uW in total. When installing the wiring for th&periment, this obviously increases the
conduction heat load and the final base temperatilldbe more or less affected depending

on how this additional load compares with the farfigure.
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We installed a total of 50 shielded wires from ammbitemperature down to the mixing
chamber. They are divided as follows:

* a 15-wire line for the thermometry of the experien

* a21l-wire line for the control of the microscope,

» atwisted pair line for a small superconducting,coi

* 4 twisted pair cables

* and 4 coaxial lines for transport measurementshensample or other

purpose.

Most lines are home made with common cryogenic rni@d$ée having low thermal
conductivity. For the shielding, we employ staisleteel or Cu-Ni tubes. Because of their
cross-section, the thermal conductance of the dihgl capillaries is the dominant
contribution, so we diminished as much as we coldir diameter and wall thickness: for
instance, we fitted 24 50 pm-diameter wires in &®7 mm CuNi capillary to make the
multi-wire line from 4 K to 30 mK.
Inner conductors are chosen depending on theirthisdines through which large currents are
fedwere made of superconducting wires which do dissipate, and are good thermal
insulators. For current feeding of the coil we a6 pm-diameter Cu/Mn down to 4 K and
50 pm-diameter Nb/Ti in Cu/Ni matrix insulated veirgom 4 K to 30 mK. Lines where high
currents are not needed (DC transport, thermometiensel and tuning fork measurement)
are made of resistive material: for those we ugeeeir0 pm-diameter insulated manganin all
along, or commercial 0.5 mm diameter microcoax®denaf stainless steel both for the inner
conductor and the shielding. Finally for the (2Xes) control lines of the microscope we use
70 pm manganin down to 4 K and then NbTi in CuNitraown to 30 mK; the latter choice
is done to minimize the thermal load brought by thulti-wire line.
The multi-wires lines are assembled by pullingladl wires along with silicon glue into a tube
of adjusted length and minimal diameter. Glue Bdu® improve the thermal contact between
the inner conductors and the shielding, to enduaedonductors are well thermalized. It also
prevents vibrations, which are sources of microphon triboelectric noise. Prior to inserting
the wires, the inside of the tube is polished bgspay through it a coiled tungsten or steel
wire, to prevent wearing the wire insulation on thbe wall asperities which could cause

shunts to ground.

! In addition to these wires going to the mixing wiber, other unshielded wires are installed for karyi

thermometry and microphony (See previous sectiomgse at higher temperatures.
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Before the installation of the wires, our fridgedha base temperature of 20 mK, and the
whole wiring raised the temperature to 30 mK, cgponding to an additional load of
~ 2.5 pyW. Given the large number of lines instaltads is satisfactory.

3.2.2 Low level signals and low noise requirements

As explained above, all the lines reaching the BOptate are shielded. This is necessary to
prevent electromagnetic noise from the outsideetams, power supply, cell phones...) to
couple to the experiment, which would prevent esnfimeasuring low level signals. It is also
integral part of the filtering strategy describezidov.

To reach a high signal-to-noise ratio, it is algmessary to avoid cross talk between some
lines, in particular between low-level and highdkgignals. There are two kinds of wire
geometry that can be used: when one wants to meeasall voltages differential signals, it is
necessary to minimize magnetic flux picking by twg two wires all along. When one needs

large bandwidths above 100 MHz, the coaxial gegyrstthe best solution.

Finally, in low-noise measurements, the groundirigtlee signals has to be carefully
considered to avoid ground loops in which uncoitdtblflux pickup from the lab ambient
magnetic noise harshly affect measurements. Grdoogs can generally be avoided by
selecting a proper wiring topology with a uniqueslWocalized, voltage reference point. In
low temperature experiments, however, good groungiractice sometimes conflict with
cable thermalization, and compromises have to kaemBhis topic is further discussed in the
article on the tunnel current amplifier published Review of Scientific Instrumentg7,
123701 (2006), reproduced belo®Z.4.3).

3.2.3 Filtering

The last requirement for setting up properly thamgiis to filter the high frequency noise in
each line. This is necessary to ensure that thesrampnts are performed in thermal
equilibrium at the fridge temperature. During mesis we have developed microfabricated
filters to fulfil this requirement. We have publesh this work in Review of Scientific
Instruments77, 115102 (2006). Below | give detailed explanatioagarding these filters

which did not all fit in the article. The articleself is reproduced at the end of this section.
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3.2.3.1 Necessity of filtering

Black-body radiations emitted by dissipative eleteenan propagate inside the fridge,
especially on the coaxial lines which are good wgwiees. They are absorbed and re-emitted
by electrons all along the lines. These radiatextend in a frequency range up w-hkgT,

as stated by Planck’s law, where T is the emitterigperature.

When a photon emitted from a distribution at terapge T is absorbed by a metal at a
temperature 3, an electron of this metal may go out of equilibmiwith the distribution at ;I

if Ty > To,. Its only way to relax is either to exchange egength the surrounding electron
bath, to reemit the radiation, or to give the exdreergy to the phonons of the lattice. The
latter process has a temperature-dependent rateodkh temperature, electron-phonon
coupling is so strong that difference between sbectemperature and phonon temperature is
hardly ever measurable. But the coupling decreasesemperature decreases, so that at
T < 1K, electrons can be easily out of equilibriwith the phonon§34]. In particular, if one
does not take great care to cut the black-bodyatadis from wires at 300 K, it is unlikely
that electrons in the lines ever get as cold asdfigerator.

In order to perform high resolution tunneling spestopy with a normal probe (see
chapter 1), it is important to take appropriate saeas to ensure that electrons are in
equilibrium at low temperature. In many other tymésmesoscopic physics experiments a

good filtering is also necessary to protect frorwvanted photon assisted processes [85-89].

3.2.3.2 Why filtering all the lines?

One could think that by filtering properly the Idewxel signals connecting the sample, one
would obtain the desired electronic temperatuésample.

However, any unshielded cable acts as an anterataabisorbs from the environment and
radiates on the experiment. It is therefore mangatbat all the lines entering the
experimental environment are properly filtered ahgklded all along so that they do not bear

thermal radiations from 300 K.

Most STM experiments performed in dilution refrigtars did not filter all the lines (or not
sufficiently), including the controls of the micampe, which may partly explain why they
could not reach the desired low effective electaemperatures [90-92] (see Chap. 1 and

below).
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3.2.3.3 Propagation of thermal noise in networks

When setting up an experiment that aims at perfogniow noise measurements at low
temperatures, one needs to know the effective tieleagnetic temperature” of the lines
connected to the sample. Assuming the instrumemtasi ideal, the minimum noise reaching
the sample is due to thermal noise propagating ddwen lines and emitted from all
impedances connected in the setup, from 300 Ked#se temperature. The question for the
experimentalist is to know whether the noise dgngiaching the sample can be expressed as
a thermal noise at base temperature, i.e. as entijt@n impedance at a temperature close to
the fridge’s.

In the following, | present a general treatmentho$ problem, and derive useful formulas to
evaluate the effectiveness of a filtering setup.

The first goal is to find which amount of the nomeduced by an impedance in the system is
radiated on the sample. One basically uses The'sethi@orem.

As seen from any two connections of the samplewtin@g connecting it to the outside can
be modeled by an arbitrary network of impedandesthe one described &ig. 3.6.

We assume here that the network is sufficientlydsutled that each impedan& of the
network is at equilibrium at its local temperatufie The non-symmetrised thermal noise
spectral density, distinguishing emissienX 0) and absorption:(< 0), across impedanc

is given by Planck’s law:

S, (@) =§%Z‘(w) (3.1)
gl -1

One can obtain the contribution to the noise geadrat the sample port due to each source in
the following way (se&ig. 3.6 and-ig. 3.7 for a pictorial description):
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Fig. 3.6 As seen from the sample, the wiring is modeled me®vork of impedances at different

temperatures. To know the thermal noise spectruem & the sample, one may evaluate the
contribution to noise at the sample from one paldic impedance Z and then sum all
contributions from allz;s. For eacly;, one can reduce the rest of the network to anvetpnt
transfer matrix.

(b)

Fig. 3.7 Any impedance of the network can be modeled asisel®ss element in series with a
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voltage noise sourag having a power spectrum given 18/X). Each noise sourcgcontributes to
the output with an attenuatiay that has to be determined. (a) Thevenin theordimus that the
network viewed from the sample port is equivalenZ$ in series with a voltage sourtg. The
relation betweer?s and thezs is known from the network theory (see text). Tlo) know the
relation betweerVs and theus, one switches off all the noise sources except @, and

calculates its voltage transfer at the sample pso/ml .



An individual impedanceZ; is singled out from the rest of the network. Thework in
betweenZ; and the sample is linear and can be modelledsby imatrix. The sample load is
not included in this picture. Following the conviens ofFig. 3.6, transfer equations between

input port (indices i corresponding #) and output port (indices s for Sample) quantities

write
V. =a\, + bi
i =CVs +dis
The total equivalent impedanZe seen from output is defined by the ratid, /i . From @.2)
one gets
z,=0*4d (3.3)
a+2¢

Thermal noise generated By can be represented by a random voltage saurptaced in
series withZ;. Let's estimate the contributions af to the output voltage, with no load
connected (seEig. 3.7). Since/, =y - Z i, one has
Ve o 1
U g+6Z

a, =

(3.4)

From the observation that
0Zg _ 1 )

7 ~ %
0Z, (a+6Z)

one sees that the transfer coefficient piis readily obtained from the network's output

impedance function, as seen from the sample. Ubmguperposition theorem, the voltage

at output port, due to all voltage noise sourges each arny; is:
Vs =Y ay, (3.5)
The power spectral density radiated at the sanglelyy source writes:
2
S (@) =la[ S, (@) (3.6)
with |ai| the voltage gain calculated above, 610,(112 the power gain from sourdeto the

output.

! Since a reciprocal network verifids;d - b ¢| = 1, there exists a reversed similar relation betweements:
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All noise sources are uncorrelated so their coutidims add quadratically at the output

(powers add):

Sie(0) = Zlal S, ( Z‘—‘ (3.7)

If we first imagine the whole network to be at ammogeneous temperatuiig, the noise at
the sample is a perfect thermal noise at temperaturS, (w) given by
2hoReZg (@
S, (w) = nT() (3.8)

eb -1

using @.2), 3.7) and 8.8), and simplifying the Bose factors, one thetawmis the following

relation of general validify

Re(zs):z‘%‘ Re, ] (3.9)

However, in the general situation when the netwsrkot at a single temperature, the noise
does not have the simpl8.8) form with a fixed temperature. Instead, toilgaguantify the
thermal character of noise at the output, we exgeg@n) as in 8.8), but with an effective
frequency-dependent temperatlitgw):

2 ReZ (a))ha)

S, (@) =

eks eﬁ(w) -1

2 he oz, . (3.10)
=£ Z‘GZ ‘ReZi @)

hw

T ghaTer(@) _q

Making use of 8.7) and inverting the latter relation, we get #fiective temperatur@es(w)

of electrons at the output port:

0z
! A similar relation exists linking not only the tqzarts ofZs and all thez;: zZ = Z s
. 0Z

is an expression of Euler's relation for the impe#eZs. Euler's relation applies to homogeneous functmins
classk, defined by f (tx,...,tx ) =t f(x,..,x ). Any impedance is thus a homogeneous functionasfscl.

This general result for networks is not directhgfus for our situation but it is nonetheless renadnile.
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-1

‘?é‘g(a)) Rez, ()
T (w):h—‘" In| 1+ ——— (3.11)
Kg z‘azs (o) Rez (o)
~|0Z, do
e’ -1

As could be expected, this noise is in general emivalent to the noise of a single

impedance thermalized at an intermediate tempexatur

To sum up, knowing only th&;, their individual temperatures, and the topolodytte
network, one can calculate the output impedafices a function of th&;, and subsequently
using B.1) and 8.7) the exact total output noise density as semn the sample. With3(11),

one can finally check the efficiency of the filtegi setup at each frequency. In a real setup the

question is: how far i3 (a)) from the temperature of the refrigerator?

We made use of these results, combined with theuleaéd characteristics of our filters to
predict their performance for thermalizing the &ledines (See below, sectid?2.3.8).

3.2.34 Filtering technique

Filtering the lines and thermalizing electrons e using dissipative low pass filters, which
attenuate the electromagnetic radiations receivedn fhotter parts above their cutoff
frequency, and reemit a thermal spectrum at thein eemperature. Room temperature

blackbody radiation extends up to frequenoies(kB / h) 300K = 6THz. In order to properly

thermalize photons at 30mK the filters have to cthe spectrum above

v~(kB/h)30 mK=600MHz, and all the way up to 6 THz with very high attaton. In

particular, there must be no “hole” in the stop4hafhus, one has to be particularly careful
when designing the filter to avoid transmissionoresices. This is why we always prefer
dissipative rather than reflective ones, which widably present complicated resonances

above their cutoff frequencies.

The filters usually consist of distributed RC line®viding better high frequency attenuation
than a cascade of discrete R and C elements watkame total values. Indeed, for a cascade
of discrete RC elements, the attenuation slope altloe cut-off is given by the number of

poles. In a distributed line, the attenuation stanbre slowly but its slope keeps increasing
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with frequency. Furthermore, at very high freque(typically a few GHz), discrete elements
like surface mounted resistors get shunted by tlpairasitic parallel capacitance and
attenuation decreases.

Diverse methods have been successfully applie@tidcate such devices: resistive coaxial
cables [87, 88], and powder filters based essénbal the skin effect in small metallic grains
[89].

During this thesis work, we have redesigned miefaritated meander filters that had been
developed in the Quantronics group in 1984d]. The new design has an improved geometry
to get a better attenuation, in particular to avbitland TM transmission resonang¢®8]. It
also involves new materials, fabrication process paickaging with the goal of getting more
robust filters than those of the old version, whigdre fabricated on silicon substrates, and for
which the insulator was SiN which cracked afteew thermal cycles and provoked shunts to

ground. The design of our distributed RC lineshisven inFig. 3.8.

signal__,
ground plane (©)

insulating layers . .
9lay signal line

metallic substrate

(a)

ground plane

insulating layers signal line cracks

Fig. 3.8 Cross section view of the micro-fabricated filtefsr readability, height and width are not
to scale. (a) New design. (b) Former design. (¢)e8wtic top view. The new design is equivalent
to an on-chip coaxial resistive line. The line isandering on the chip to increase the available
total length, to reach a sufficient attenuationhvdtsingle chip. The resistance and capacitance are
distributed along the line, like in the old designt no cross-talk can happen between two parts of
the line since the line is fully encapsulated byugd.
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3.2.35 Fabrication

We have chosen the various materials by payingiapatention to differential thermal
contractions, which, in the old version of theeli, were responsible for failure either by
shunt to ground or open circuit after a couple tedrtnal cycles. Filters are mounted in
metallic shielding boxes made of brass, and we elodrass substrate for the meanders
accordingly.

As can be seen ifig. 3.8, the meander is completely enclosed bymlp in a “coaxial”
geometry. To make this geometry requires 4 falidnasteps, to pattern each layer: the first
insulating layer, the meander, the second insgakatyer, and the top ground plane. All
patterns are done by lithography of photo-resistsgua UV mask aligner MJB 3 UV 400 IR
from Karl Suss.

All fabrication parameters are given in the artitev. Sci. Instrum77, 115102 (2006)

reproduced below. Here | just add schematic vieltheprocess, and detailed comments.

Insulating layers (Fig. 3.9)

The insulating layers consist of Cyclotene® 402848benzoCycloButene (BCB), a photo-
sensitive polymer from Dow Chemicals. Their thickeean be adjusted at will from a few
hundreds nanometers up to a few microns, by prgpambosing the viscosity and the
spinning velocity of the resist. This is useful folters since, depending on the desired
application, this tuneable thickness allows to vagacitance to ground without changing the
filter layout. In our case, we had an additionatstoaint on the dielectric thickness since the
fillers need to withstand the high voltages neags$ar the piezoelectric actuators. To
withstand 400 V with BCB (nominal electric fielddakdown of 300 V/um), we need at least
1.3 um. This sets a lower limit to thickness, kaggh mind that sharp defects will enhance
the field and may provoke breakdowns at lower \ga@ta To be on the safe side, we planned
twice that thickness, i.e. between 2.5 and 3 pne. first step of the process is schematically
pictured inFig. 3.9.
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Brass substrate 400 pm
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Fig. 3.9 Fabrication of the filters: step n°1, insulatingda. A BCB layer of 5 um is spinned onto a
polished brass substrate, to yield a final thickn&s3 um. It is then UV exposed through a mask.
BCB cross-linking is initiated where it is exposguegative resin). After development, a 200°C
1 hour cure is done in vacuum oven to yield ~75%ss#linking of the BCB. This step allows
BCB to endure the following fabrication steps whilishancing subsequent layers adhesion onto
the BCB, in comparison to a fully cured BCB (98%).

Meander (Fig. 3.10)

» Design
The control lines used for inertial piezoelectr@arse motion of the microscope must allow
fast (~us) charging of capacitances (~10nF). Thnposes an upper limit of the order of
~100Q for the series resistance of the filters. Givers ttesistance, and the dielectric
thickness already mentioned, the geometry of titer fivas chosen to provide a suitable cut-
off frequency. After considering several designs,faund that the layout shown kig. 3.11,
was satisfactory: it presents parts with a smabisgrsection, intended to procure series
resistance, and pads with a large cross-sectionding with capacitance to ground. It is thus
an intermediate design between a uniform crossesedistributed RC line and a cascade of
discrete RC elements. For the same total R antd &ven provides a steeper cut-off than the
uniform cross-section line, due to reflectionsnapedance (cross-section) discontinuities.
Besides electromagnetic propagation, another irapbrtonsideration in the design of the
meander is the total volume of resistive materimcause large volumes are needed to

thermalize well electrons at the lowest temperatdiee to weak electron-phonon coupling.

120



For a given layout, the volume of the resistive eriat can be changed by using materials
with different resistivities.

» Fabrication
We fabricated the meander with a 50% atomic cordepper-gold alloy.
The reason to choose an alloy is to introduce ashrdisorder as possible so that the ratio of
residual resistance (RRR) at 4 K would be as cisseossible to 1, in order to have rather
constant filtering performances over the tempeeatange.
The alloy was deposited by co-evaporation in a el@avaporator. Since gold and copper
evaporate at different rates, we prepared eachdirfnesh load that was fully evaporated, so
that reproducible properties were achieved. Inx&digeometry, one can tune the total
resistance to the design target by varying therlayekness. We obtained 75-9D total
resistance by evaporating a full load of 0.4 g gpper and 1.2 g of gold, at an initial rate
~1 nm/s, yielding a total thickness of about 350 nm
A 5 nm-thick Ti layer was deposited as an adhekiger for the alloy on BCB. However, the
adhesion remains poor, and the final yield is @& ¢tnder of 50%, in good part because of
pealing of the meander which causes open circuithoa shorts to ground. To improve
adhesion, a process is described in the BCB tegahdata. It consists in a short time ion
milling with 1 keV argon ions prior to depositian,order to create carbon radicals that would
make chemical links to titanium. We have not tribs process since we do not have the
available ion gun in our joule evaporator, but tiwdl hopefully solve most adhesion
problems encountered in the process.
We have tested an alternative solution to solveedhsdhesion issues, consisting in plasma
etching the surface of BCB with a mixture of &hd Sk in a Reactive lon Etching machine
just before introducing the sample in the evapaordtbis has improved slightly the results but
progress needs to be done to improve the yield.
Fabrication step n°2 is explained fg. 3.10. It consists in patterning a mask in a
photosensitive resist soluble in acetone througithvbne evaporates the meander. The mask
is then removed leaving only the patterns of thamder on top of the BCB. To obtain a neat
lift-off, we harden the resist skin (the first ~106M) in chlorobenzene prior to development,
to make an overhang. It is also possible to sghuea bilayer, using LOR 30B as a first layer
(see3.3.2.2).
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Fig. 3.10 Fabrication of the filters: step n°2, meander démrs For masking the alloy evaporation
we use positive photosensitive resist soluble iet@we. The surface of the resist is hardened in
chlorobenzene to make a “crust” that does not #isesduring development. This yields an
overhang which eases the lift-off. Otherwise, sittoe flanks of the resist are smooth the metal
layer can be continuous, and lift may result inisipg of the edges, and sometimes complete
removal of the circuit, since adhesion is poor.

Ground plane and shielding Fig. 3.11)

The final ground plane is made of a 1 pm-thick daleer. This film is made thick enough to

be a perfect reflector in the whole relevant fregpyerange, hence providing good isolation of
adjacent arms of the meander.

Filters are batch processed on 75 mm diameter sidfegy are subsequently cut into chips of
8 mm per 4 mm, and mounted in the boxes as depictég. 3.11. The chips are contacted to
the connectors by 100 pm-diameter insulated coppes. These wires are glued to the chip
bonding pad with conductive silver epoxy Epotek BZfom Politec Pl, and soldered to the
connector. The empty space around the chip igifiléh H20E, to shield as well as possible
the input from the output.

We chose this one because it is of convenient ustéh a reasonable polymerisation

temperature (~100°C), and a long life (up to ong)dat room temperature once the

ingredients are mixed. However, its thermal conioacis higher than that of brass. To our
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knowledge, there is no conductive epoxy whose theguntraction is matched to brass (or
copper). Despite this we observed only a few perfalures after about ten brutal cycles in
liquid nitrogen. We do not have yet much statistesthe ageing of these filters, but they
have proved quite reliable until now, over thetfirsar of experiment (4 out of 76 failed at the

first cooling, and none since then).

Au 50 pm 20 ym
1um ]
AA' Cross-section :  Aucu BCB 2 P"\
> ‘ B 2 um“\

| Brasssul 0 Um

Fig. 3.11 (a) Photo and cross section view of a filter. Tharecting pads are laid on a layer of BCB.
There are two pads in series (second not showrmemhotograph) to insert, if desired, a CMS
component like a ferrite. (b) Scheme of the mountitme chip is installed in a tightly adjusted
housing. A brass part comes above the filter: klectrically contacted to the ground plane and
shields the input from the output. To avoid micrewdeaks, electrical continuity is ensured by
filling the vacuum intervals with silver epoxy. Rity the box cover is glued with silver epoxy as
well. (c) The smallest boxes are 12x10x8moontaining one filter connected with SMC
connectors. The largest box is 34.5x30.1x13°montaining 28 filters out of which 25 are used.
Its connectors are micro-SubD from Cinch. We alse 1i3x22x8 mrhboxes containing 2 filters
connected by miniature triaxial Fischer series @@dnectors. All the boxes have a male connector
on one side and a female on the other so they eaasily inserted or removed from the lines.

By design, the filters are not matched to¢h0and the connection by bonding pads provides
as well a poor impedance matching. If necessarfprtefcould be made to perform for
instance high frequency experiments in the 100 MHzHz range, by making use of

appropriate 5@ microstrip design and launcher connectors.

123



3.2.3.6 Electromagnetic simulations of the filters.

250 pum |25 um
P ee‘ ______ \_e ........ ——

Fig. 3.12 The picture shows the design file used for elecagnetic simulation with Sonnet®
software. The green areas represent the resistieander and the red rectangles are vias
connecting top and bottom ground planes (not shdwigolate adjacent arms. In the bottom part,
a 3D view is shown, with a 40x magnification in tieail scale.

Electromagnetic simulations were carried out tockhthe design and performance of the
filters. For this purpose we have mostly used Sgran2.5D simulator well adapted for planar
circuits. In these simulations, we used the exdtdrflayout shown inFig. 3.12. This
technique relies on finite elements subdivisiorthed structure. As the frequency increases,
the size of elements is reduced too so that irmagplEM simulation software as we use, in
worse cases, the size of the memory requiremetessaa fa , and the computation time as
fma. As a result, these simulations are rapidly compenally demanding and intensive.

Indeed, above 100 GHz it became impossible to merfull simulation of a filter on our PCs
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within a reasonable time (because memory swappngreed). Moreover the accuracy of the
simulation is challenged even before one runs éuh@mory, since already at 12 GHz the
noise floor of the calculation is reached due te tkery high attenuation of the filters
around~ —-150dB.

Fig. 3.13 In order to reduce the computational size of tmeusition, to be able to reach very high
frequencies, we have subdivided the filter in serathdependent parts and cascaded the resulting
S matrices as depicted in this figure.

To extend the simulation at very high frequencied still obtain meaningful results, we have
subdivided the simulation in smaller parts whosen&rices are subsequently cascaded to
obtain the full behaviour of the filter. These sivilons require less memory and time to be
simulated and, since their attenuation is smailare is no problem with accuracy anymore.
The subdivision we made is shownhig. 3.13. We have checked that, in the range where
both the complete simulation and the subdividedutation are possible, they give the same
result. In this way we were able to perform simolag up to 6 THz. We have checked that
the hypotheses on which the simulation is baseth¢hathat the propagation effects in the
films thicknesses are not important) are still dalt such high frequencies. In particular, we
have used a quasi-optical prograWdDE, from Lumerical Inc.) to check whether TE or TM
waveguide modes could propagate in the narrow @es$ons of the filters (in contrast to the

TEM coaxial mode we are simulating with Sonnet)d ave found that no such mode can
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propagate below ~20 THz, and even then, they petpagith very large losses (data not

shown).

Using the exact geometric and material (dieleatnastant) parameters, and the measured
total DC resistance of the meander to get the mahtegsistivity, the simulations give the
results shown ofig. 3.15, with no adjustable parameter.

Of course, when predicting attenuations in the hesl of dBs, one must be very careful as
there is absolutely no way to check such predisti@ne can even be sceptical because leaks

in connectors, for instance, can easily producemtarger transmissions.

We have compared the predicted performance of thsept filter design with that of the
former generatiofi86] where the adjacent arms were not isolateddd this, we have simply
removed the vias connecting top and bottom grodadepinFig. 3.12. When doing so, we
see that the attenuation of the filters saturatesiral -90 dB above 5 GHz, and shows
transmission peaks around 50 GHz, due to TE m@&lesh simulations cannot be performed

above 100 GHz, because here we cannot subdividedtweork into independent smaller

pieces.
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Fig. 3.14 Simulation of the filters using Sonnet, up to véigh frequencies (1.2 THz) in order to
check their theoretical efficiency. The transmissiurve obtained with the actual geometry of
filters is plotted in red. The transmission of foemer design filters, where the adjacent arms are
not isolated is plotted in green. This shows theothtical expectation is far better for the coaxial
type filter, since no transverse electric or magnetode can be transmitted directly from input to
output in this version, whereas with no encapsugtit is easy to find transmission resonances,
even at about ten GHz.
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3.2.3.7 Filter attenuation

Figure Fig. 3.15) shows transmission measurement from K2 b 65 GHz of one of the
filters (connected with coaxial SMC connectors)e3é data are taken at room temperature,
using a 65 GHz vector network analyzer (Anritsu3/m2).

From DC to 4 GHz, the measured filter attenuatioltofvs very closely what is expected
from simulations (see32.3.6). Above 4 GHz, we do not measure any trissamn above the
noise floor of the analyzer, which suggests thasharp resonances are present. The finite
attenuation at low frequency comes from the dcstasce of the filter which makes a divider
with the 50Q port of the analyzer.

SMC connectors are specified to pass signals fra@@nup to 12 GHz. They introduce 3 dB
reflection at 12 GHz. The measurement was done 3MA to SMC transitions and thus does
not give access to the filter attenuation alond, rather to the full assembly including the
adapters. The noise floor for ambient temperatueasurements was around -100 dB. It was
worse for 4 K measurements, due to losses in calbegrinciple, it would be possible to
reach a ~ 20 dB lower noise floor by using a ldvgedwidth amplifier, but we had none with

an appropriate bandwidth.

0 A R

— ‘ | measurement :
M) 20 TSN simulation —
= D D N Y IR calibration floor | 1
% o
2 ! R =772 C_,,=80 pF
0N 60f UL .
n
C '80 e e i W ey B W
@®© L o .
— -100}---------

120 S A i

-140 el s PR S S S W s PR S S S S

0.1 1 10
f (GHz)

Fig. 3.15 Transmission of a coaxial meander low pass filmequnted in a shielded case, and
connected with SMC connectors. Data (red curvapken at room temperature with a Anritsu
37297D 65 GHz network analyzer. On the same plotsh@w the noise floor of the network
analyzer (grey dots). These data are to be comptrethe simulations done under Sonnet
electromagnetic simulation software (blue curvejound 5 GHz, the curve crosses the noise
floor, but the prediction states that it should tgwme to go down. The peak in the data around
9 GHz is a calibration artifact (also present oe ttalibration floor). The small discrepancy
between simulation and data between 2 and 6 Glgroisably due to the connection to the filter
which introduces reflection not included in the slation with direct 5@2 ports connection.

127



3.2.3.8 Analysing the full setup

We chose to install 2 sets of filters for each ;linae is anchored at 4 K and the other at
30 mK. First, in order to have an idea whether fittisring setup is appropriate, one can plot

the expected spectrum of a black body radiatiorttechiat 300 K and filtered by the setup.
The resulting spectrum is plottedkig. 3.16.

radiations seen by the sample
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Fig. 3.16 Graphical analysis of the thermal noise filteri@me can calculate the thermal noise power
spectrum received by the sample at the end ofterdi line, using the simulation results. The
setup envisioned here consists of a(b@esistor at 300 K and a line that includes twagasaof
filters: one at 4 K, and one at 30 mK. To obtaia thtal noise at 30 mK, one has to sum up the
contributions from all impedances, with the coresgfing attenuation provided by the filters.
Contributions are plotted at different stages dteffing: full lines correspond to the effective
radiations seen by the sample, which consist of3@@K black body (BB) spectrum attenuated
twice, the 4 K BB spectrum filtered once, and titen¥K BB spectrum. The dot-dashed curve
shows the 300 K BB spectrum filtered once. Dashedes show the 300 K and 4 K BB spectrums
not filtered. For clarity, all curves are referedde the noise power spectrum Sv(0) @30 mK (cf

equation 2.2)). From this picture one can grasp the vergdaattenuation needed to filter the
300 K radiation for proper 30 mK thermalization.

Sonnet simulations also provide theor T impedance model of the filter at all simuthte
frequencies. We can use this output, together with analysis performed i8.2.3.3, to
calculate the effective frequency dependent ramhattemperature as seen from the
experiment, given by3(11). The outcome of this calculation is showrFig. 3.17. In this

calculation, the role of the lossy coaxial line weating the filters is neglected, for
simplicity®.

It is in principle possible to include these loisgs in the noise analysis of the network. Tathis, one has to
take into account the temperature gradient (whieh o be calculated), and to subdivide the line ggveral
sections assumed at thermal equilibrium. Howevacesthese lines have a higher cut-off frequeneyntthe
microfabricated filters, the full analysis wouldtrahange much the results presented here.
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From this result, one sees that the effective phdemperature is equal to the fridge
temperature from 1 GHz to 50 GHz. At low frequerciadiations are out of equilibrium, but
are not too dangerous since they correspond toophlalready present in the spectrum of a
dissipative element placed at 30 mK, with a higbgel though (equivalent to that of a high
impedance). This could be solved by increasingnatigon in that range, using discrete
elements as mentioned in the paper. At higher &eqy the effective temperature of the

noise reaching the sample is also out of equilibribut sincehv > k,T,, the corresponding

photon flux density is negligibly small. To fix ids, the flux is plotted oRig. 3.17, assuming

that the sample is a 30 resistor. The number of photons reaching the sammgh be found

by integrating this curve over the bandwidth of fe¢up; the integral from 10 MHz to 6 THz
corresponds to one photon every®l
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Fig. 3.17 Solid lines: effective temperature of the radiaicamitted by elements at 300 K with a
single stage of filter at 30m K (red curve), anteatwo stages, one at 4 K, the other at 30 mK
(black curve). The effective temperature is cal@dausing the expressions of the network theory
given in3.2.3.3 and the results of the numerical simulati@ashed lines: the photon flux density,
given by the noise power spectrum absorbed by dilbpedance of 5@ at 30 mK (the sample),
divided by the energy of one photbm. This tells us for instance that one photon readhe
sample every 18 s in the total energy interval shown here.

These results give us confidence that the electwinshe sample can be brought to
equilibrium with the phonon distribution at 30 mKs already mentioned, no microwave
network measurements can check in detail thesagticets. The only possible check comes

from real experiments: for instance tunneling spsciopy, or josephson junction switching
probability measurement.
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3.2.3.9 Experimental validation of the filtering setip

To demonstrate the effect of filtering the linee wompared conductance curves of an N-S
tunnel contact obtained in the two different coafagions: first using the bare lines with no
micro-fabricated filter installed, second with #ile micro-fabricated filters installed. The data
obtained are plotted iRig. 3.18. Data are taken in each case on a 25higk-#@luminum film,
with a tungsten tip, at a fridge temperature aroddanK.

e data T fridge = 40mK

fit BCS + tip @ 45mK

—fit BCS + tip @ 60mK
T T

A dataT fridge = 40mK
fit BCS +tip @ 1.27K

with no filters

!
DOS pog| With filters

. . LY J
0 -A IO A 0 -A ;) A=18IZueV
(@) energy (ueV) (b) energy (ueV)

Fig. 3.18 Comparison of tunneling density of states measunésne a superconductor with a normal
tip. (a2) with no microfabricated filters installe(h) with the filters. In the first case, the me=sl
density of states is convoluted with a Fermi disttion at 1.27 K, indicating that the electrons are
very poorly thermalized. In the second case, thasmeed density of states can be fitted using an
electronic temperature in the tip of about 50 mK.

These measurements completely validate the fijesetup, since electrons of the tip are
thermalized to a temperature very close to thegéisl when all lines are filtered. The
effective temperature obtained in our experimesithe best electronic temperature achieved
with an STM until now: our setup enhances by adiact3 results obtained in former

experiments, and allows to envision several expamisiwhere a high resolution is needed.

3.2.3.10 Atrticle reprint: microfabricated filters

The article published in Rev. Sci. Instruf?, 115102 (2006) is reproduced hereafter.
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Microfabricated electromagnetic filters for millikelvin experiments

Hélene le Sueur and Philippe Joyez
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In this article we report on the design, fabrication, and tests of microfabricated broadband filters
suitable for proper electromagnetic thermalization of electrical lines connected to sensitive quantum
electronics experiments performed at dilution fridge temperatures. Compared to previous such
miniature filters, the new design improves on performance and reliability. These filters can be
packed in space-saving cases with either single or multicontact connector. Measured performance in
the accessible range compares well to simulations. We use these simulations to discuss the
effectiveness of these filters for electromagnetic thermalization at 30 mK. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2370744]

INTRODUCTION

A number of quantum electrical experiments need to be
operated at millikelvin temperatures for optimum perfor-
mance. One can think, for instance, of solid-state qubits or of
tunnel spectroscopy experiments (in which energy resolution
is directly proportional to the temperature). If cooling a
sample down to the millikelvin range is rather easy, ensuring
that an experiment is performed at full thermal equilibrium is
not. The reason is well known: leads connecting the sample
to room temperature apparatus feed in electromagnetic noise,
which may directly couple with the device under test (e.g., in
the case of a qubit) and/or heat up the electrons of a small
device above the temperature of the crystalline network. In-
deed, many experimental results in the field of low tempera-
ture quantum electronics can only be interpreted with an
electronic temperature greater than that of the refrigerator.
The noise generated by room temperature instruments is at
the minimum the Johnson thermal noise (the electrical
equivalent of Planck’s blackbody radiation) extending in fre-
quency up to 300 K kz/h ~6 THz, in the infrared frequency
range. One, thus, needs to insert in the leads connected to the
sample filters able to absorb this very wide band noise and to
reemit a thermal spectrum at the experiment temperature
which corresponds to a bandwidth of a fraction of 1 Ghz.
This problem has been investigated theoretically, and the
stringent requirements this imposes on noise attenuation
have been evaluated for operating Coulomb blockade
devices.'?

Unfortunately, there exists no ready-made commercial
filters with such wide stop band and sufficient attenuation.
This is why in the last 25 years many custom filter designs
have been proposed in order to effectively thermalize experi-
ments at millikelvin temperatures. Most solutions rely on the
use of shielded lines (usually coaxial lines) and shielded dis-
tributed RC filters. These filters being dissipative, they must
themselves be placed at the lowest temperature so that their
own thermal noise is at equilibrium. A popular solution (easy
to make and use) is to combine both the line and the filter by
using a lossy coax such as Thermocoax®.>* One drawback
with this approach is that the length required for a low
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enough cutoff frequency is often of the order of meters,
which is impractical to install in many dilution fridges where
space is often scarce. Moreover, when such a line is running
between two or more different temperatures, estimating the
resulting output noise temperature is not easy. Other popular
filters are powder filters based on skin effect in metallic
grains.5 These are very effective filters, but once again they
tend to be rather large and their performance is not reliably
predictable at design time.

Some ten years ago, with the need for space-saving fil-
ters for Coulomb blockade experiments, one of us was in-
volved in the design and fabrication of miniature filters, as
reported in Ref. 2. These filters were based on microfabri-
cated chips made by optical lithography which consisted of a
resistive meander line sandwiched between two insulating
layers and ground planes, implementing a distributed RC fil-
ter. These filters had a predictable performance in the
0-20 GHz range, which could be tailored at design time.
They had several weaknesses, though: (i) their very high
frequency attenuation was intrinsically limited by residual
coupling between adjacent meander lines and (ii) it was fur-
ther degraded by shortcomings in the casing design. Finally,
(iii) these filters had reliability issues upon thermal cycling
attributed to differential contraction of the various materials
involved in the filter assembly. Critically reviewing these
problems, we came up with a new design of microfabricated
filters which corrects all these problems. We now consis-
tently obtain much better stop-band attenuation together with
other desirable characteristics: less dc resistance, less total
capacitance, better aging, and high voltage capability. In this
article we describe this design, along with the fabrication,
packing, and performance of the corresponding filters.

DESIGN

When designing a filter such as we need, one can imag-
ine that very high frequency electromagnetic waves (here-
after microwaves for short, but extending, in fact, up to in-
frared) will sneak into the least metallic hole, slot, or crack
and propagate through vacuum (or dielectric) much like a
fluid would: If there is a dielectric path between input and

© 2006 American Institute of Physics
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FIG. 1. Picture of a microfabricated filter chip and cross section of a me-
ander arm with materials and respective thickness (note different vertical
and horizontal scales).

output, microwaves will find their way. Thus, designing an
efficient filter is much like making the device leak tight to
fluids. The key step towards electromagnetic “hermeticity” in
our new design is the use of a brass substrate for the micro-
fabricated filter chip in place of the more standard silicon
substrate used in the old design. This way, not only do we
suppress the dielectric substrate which is difficult to seal per-
fectly and which behaves as a wave guide, but we also sup-
press differential thermal contraction of the filter chip with
respect to the brass case, which ensures that no cracks will
appear upon thermal cycling. The design of the filter chip
itself is shown in Fig. 1. It consists of a resistive meander
line connecting the input pad to the output pad. The meander
line alternates narrow parts and large pads. This provides a
steeper cutoff than a meander with uniform width having the
same total resistance and capacitance, due to reflections on
impedance discontinuities. The meander line is completely
surrounded by an insulating material and a ground sheath,
which provides decoupling of adjacent arms of the meander
at high frequency. Apart from the different sections, it is like
a miniature distributed resistive coaxial cable. Its behavior is
thus somewhat similar to that of Thermocoax-type filters, but
its waveguide modes are rejected at higher frequencies due
to the smaller cross sections of the dielectric.

FABRICATION

Fabrication starts from 0.4 mm thick brass sheet, out of
which we cut 75 mm diameter wafers. Each wafer is me-
chanically polished down to a 1/4 um grain size to yield a
fair optical polish. Then we deposit the bottom insulating
layer using spin coating. This layer consists of Cyclotene
4024 bisbenzocyclobutene-based (BCB) negative photoresist
from Dow Chemicals. For our requirements we chose a spin
speed of 6000 rpm, thus obtaining a resist thickness of
2.5 pm. By varying the dilution of the photoresist or/and the

Rev. Sci. Instrum. 77, 115102 (2006)

spin speed we can tune this thickness reliably down to
500 nm and change the filter capacitance accordingly. The
resist is then patterned using UV photolithography. The wa-
fer is subsequently immersion developed and submitted to a
moderate cure at 210 °C under inert atmosphere to convert
about 75% of the resist into the final polymer. This hardens
the layer, which can then handle further microfabrication
steps, and enhances subsequent layer adhesion. In this step,
the BCB loses ~10% thickness. Then, following the manu-
facturers recommendation, the wafer is submitted to a
SF¢/0O, reactive ion etching plasma to eliminate resist resi-
dues and enhance subsequent layer adhesion on BCB. This
plasma etching further reduces the resist thickness by about
100 nm. Next, we spin on a 1.3 wm thick layer of Shipley
S1813 positive photoresist. The meander pattern is then ex-
posed, aligned onto the previous insulating layer. Prior to
developing, the wafer is immersed for 30 s at 30 °C in
dichlorobenzene to obtain after developing an overhanging
resist profile needed for a good lift-off. The substrate is then
placed in a Joule evaporator and we deposit a 5 nm thick
titanium adhesion layer followed by a 100—400 nm thick
copper-gold alloy at 50% atomic content with a resistivity of
~1.3X 1077 Q' m to form the resistive meander. The thick-
ness of the layer is chosen to obtain the desired total resis-
tance of the meander and filter characteristics. As copper and
gold evaporate at different rates, we prepare a fresh load at
each pump down and evaporate it completely to obtain a
reproducible alloy. After deposition the resist is lifted off in
acetone. In a third lithographic step, we pattern a second
BCB layer to cover the meander in the central part of the
chip while leaving uncovered the substrate between arms of
the meander and the connecting pads of the meander (see
Fig. 1). The BCB is finally hard cured for 1 h at 250 °C
under inert atmosphere to achieve 98% polymer conversion
and bring it to nominal electrical and mechanical character-
istics. In the last lithographic step, another layer of Shipley
S1813 is used to evaporate a ~1 um thick gold sheath on
top of the meander to terminate encapsulation and electrical
shielding of the meander in the central part. Finally, the brass
wafer is diced into 3 X 8 mm? chips for individual filters. For
multiline filters, several adjacent filters are left attached to-
gether.

ASSEMBLY

Filter chips are then mounted in cases. In Fig. 2 we show
the design of a case for a single filter equipped with soft-
soldered standard SMC coaxial connector. The goal is to
mount the filter chip in between two perfectly separated
chambers. The two chambers are separated by a small me-
tallic barrier running across the meander. Perfect electromag-
netic separation of the chambers is reached by filling all ma-
chining gaps with silver epoxy. In each chamber we establish
a connection from the connector pin to the filter pad using
thin wire and silver epoxy. Finally, we close the cover apply-
ing here also silver epoxy to make it electromagnetically leak
tight. Following the same design, other cases with different
connectors can be made. In particular, double filters for
shielded twisted pair lines are assembled in cases fitted with
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FIG. 2. Exploded view of a single filter case equipped with SMC coaxial
connectors. Connections between connector pins and filter pads are made
with thin insulated wire and silver epoxy (not shown). All machining gaps
and joints are filled with silver epoxy to achieve perfect electromagnetic
separation between input and output connector chambers. Screws can be
used to thermally anchor the case.

miniature triaxial connectors (Fischer series 101), and up to
25 filters can be packed in a 34.5X30.1X 13 mm® case
equipped with two 25 contact shielded micro-subD connec-
tors.

TESTING

Figure 3 shows the measured attenuation of a single fil-
ter equipped with SMC coaxial connectors. These measure-
ments were performed using a 65 GHz, two 50 () port vector
network analyzer (Anritsu 37297D). The S,; forward trans-
mission data show that the filter has a steep cutoff reaching

o
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simulation
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FIG. 3. In the main panel, transmission of an assembled filter having a dc
resistance of 77 () and capacitance to ground of 80 pF. The data were mea-
sured using a microwave network analyzer up to 65 GHz. Above ~4.5 GHz
the noise floor of the analyzer is reached (the peak at 9 GHz is also noise
and is due to a calibration artifact). We also plot the results of a microwave
simulation with no adjustable parameters (see text). In the inset, results of
the microwave simulation at higher frequency and predictions for the trans-
mission of the same filter if the meander arms were not screened, as in
Ref. 2.
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an attenuation greater than the ~—100 dB noise floor of the
analyzer at 4.5 GHz and remains below the noise floor up to
65 GHz. Attenuation measurements carried out at 4.2 K
(data not shown) show little change in the response of the
filter, essentially due to a ~20% reduction of the resistivity
of the alloy we use. However, due to losses in the cables
running from the network analyzer into the liquid helium
Dewar, the sensitivity of this low temperature measurement
is much lower than that of the room temperature measure-
ments shown in Fig. 3, and thus it is less suited to test for
proper attenuation performance. Repeated thermal cycling of
the filter showed no measurable change in properties. Since
one application for these filters in our laboratory will be to
filter high voltage lines connected to piezoelements in a low
temperature scanning probe microscope, we further submit
all assembled filters to a 30 s, 400 V test between the mean-
der line and ground. A significant fraction of the filters do not
pass this test, developing a permanent short to ground. Ac-
cording to the specifications, the BCB breakdown field is
greater than 300 V/um. Given the BCB thicknesses used,
400 V should not exceed the breakdown voltage of the di-
electric. We think the lower breakdown voltage observed in
many filters is due to the field enhancement occurring on
sharp defects. The overall yield after assembly and high volt-
age test is of the order of 50%, which could likely be im-
proved by a better control of process parameters and clean-
liness. Note that given their rather low resistance, these
filters are acceptable on lines driving ~ 10 nF piezoelements
used for inertial stick-slip motion, where a large instanta-
neous current is needed.

SIMULATIONS

We now compare the measurements shown in Fig. 3 to
the expected behavior of this filter. For this we have modeled
the full filter chip using a 2.5-D planar electromagnetic simu-
lator (Sonnet). Given the feature sizes and aspect ratios used,
approximations made in such a simulation are valid through-
out the whole frequency range we consider.® The data input
in the geometrical model were the nominal dimensions of the
meander line and the measured thickness of both BCB layers
(1.6 wm for the bottom layer and 2.2 wm for the top layer)
obtained using a thin film profile meter. The sheathing of the
meander is modeled using vias between metallic layers
above and below the dielectric layers. Electrical data for the
BCB are taken from the manufacturer: ,=2.5, the relative
dielectric constant, and a loss tangent of 2 X 1073. These in-
puts yield an 81 pF capacitance to ground of the filter at low
frequency, in remarkable agreement with the 80 pF measured
value. The conductivity of the meander is adjusted to repro-
duce the 77 Q) dc resistance of the filter. Given these inputs,
the calculated forward transmission also shown in Fig. 3 is in
very good agreement with the measurements. The small dis-
crepancy showing up above 2 GHz might be due to the fact
that we do not take into account the circuit outside the filter
chip. For instance, the small wires connecting the chip to the
connectors introduce some inductance in series with the fil-
ter, which increases attenuation as frequency rises. The con-
nectors also introduce losses in the transmission above
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10 GHz. These simulations also show the superiority of the
present design compared to the former one:” if we remove
isolation between adjacent arms of the meander, the filter
transmission remains between -85 and —95 dB in the
5-100 GHz range (see inset of Fig. 3).

Given the good agreement obtained, one can wish to
push this simulation up to higher frequencies to get insight
on the behavior of the filter in ranges where it would be
extremely difficult to measure. However, it turns out that the
full chip simulation remains at the simulator noise floor (be-
tween —150 and —170 dB, depending on the frequency7)
above 12 GHz, and furthermore, becomes too large to be
performed on an average workstation for frequencies larger
than ~100 GHz. In order to go beyond these limitations one
needs to recourse to subdividing the filter into smaller parts
and to cascading the resulting S matrices. Note that this as-
sumes that the subdivided parts are coupled exclusively
through their connecting ports (i.e., no coupling through the
sheathing, which is what one expects from a bulk metallic
shield). Doing so, we can push the simulation up to 6 THz
without excessive complications (see inset of Fig. 3). We find
that above 50 GHz oscillating features appear with a 95 GHz
period, corresponding to standing waves in the 1 mm long
features of the meanders, and a second one at ~400 GHz
corresponding to a standing wave in the width of a large pad
in the meander. To sketch the filter behavior, we can say that
after the initial cutoff, the transmission curve forms a quasi-
plateau between roughly 20 and 400 GHz with a maximum
transmission of ~-220 dB and subsequently falls rapidly
again with an overall exp(— \J?) dependence due to skin effect
losses.® Note that these simulations do not take into account
a number of effects which might be important at very high
frequency such as the increase of the loss tangent of the
dielectric or the surface roughness of the conductors, which
likely would further increase filter attenuation.

DISCUSSION

Based on these simulations, we can evaluate the effec-
tiveness of these filters for experiment thermalization. To do
so, we calculate the effective temperature seen by a device
connected to a line comprising a 50 {) source at 300 K and
either a single filter anchored at 30 mK or two filters respec-
tively placed at 4.2 K and 30 mK. This frequency-dependent
effective temperature is the temperature at which an imped-
ance equal to the output impedance of the line should be to
have the same noise level as that reaching the device con-
nected to the line at 30 mK at a given frequency. The equiva-
lent noise source at the output of the line can be evaluated
exactly by adding properly the contributions coming from
the various parts of the line situated at different temperatures
weighted with the corresponding attenuation provided by the
setup.9 The result is displayed in Fig. 4 and shows that ef-
fective 30 mK thermalization is reached in the 1-30 GHz
range when using two filters in series.'® At higher frequen-
cies, the photon flux at the output of the line is larger than
that of a 30 mK impedance but remains, in absolute, so low
that its probability to spoil an actual experiment is negligible.
On the lower end of the spectrum, the effective temperature
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FIG. 4. Calculated effective temperature (full lines, left axis) seen by a
device connected to a line comprised of a 50 ) source at 300 K and either
a single filter (red curves) anchored at 30 mK or two filters (black curves)
respectively placed at 4.2 K and 30 mK and photon flux density (dashed
lines, right axis) at the output of this line on a 50 () load.

is also above equilibrium but corresponds to photons present
in the thermal spectrum at 30 mK. Further reduction of noise
in this part of the spectrum may be desired, in particular, to
protect the experiment against electromagnetic interferences
(EMIs) in the laboratory ambient. In this frequency range,
this can be done using carefully assembled discrete elements.
In this goal, the connecting pad of the filter chip were made
to accommodate 0805-size surface mounted components
such as readily available lossy inductors sold for EMI filter-
ing with good attenuation in the 0.1-1 GHz range.

At low temperature, Joule effect in such a resistive filter
can easily heat the electrons of the filter out of equilibrium,
due to the poor electron-phonon coupling.11 Therefore, care
should be taken not to drive excessive currents through these
filters. For a given allowed relative increase 7 of the elec-
tronic temperature, we can evaluate at lowest order the maxi-
mum dc current allowed to flow in the filter as i,
=\/50VT|5)h(7;—1)/R, where o~ 1 nW/um?/K? is the cou-
pling constant, V is the volume of the resistive material vol-
ume where electron-phonon coupling takes place, Ty, is the
phonon temperature, and R is the resistance of the filter. To
fix ideas, if one takes the whole volume of resistive material
of the filter measured above, V=1.5X10° um? and a
5% increase in the electron temperature (7=1.05) above
Tph=30 mK, one gets a maximum allowed dc current
imax=0.34 uA.

POSSIBLE IMPROVEMENTS

As mentioned above, the resistivity of the copper-gold
alloy we use depends on temperature. This alloy was chosen
mainly for its ease of use in our Joule evaporator as it yields
a relatively low-stress film. This alloy could be replaced by
another type of resistive alloy less dependent on temperature,
provided maybe another deposition technique was used. Pos-
sible choices could then be Ni—Cr, Cu-Ni, or Cu—Mn.
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3.24 Tunneling spectroscopy

3.24.1 Tunneling spectroscopy measurements

The first step in local spectroscopy is to identifiyere the measurement will take place in the
circuit under investigation. This is done visuallgn an AFM topographic image (see
Chap. 2). Once a satisfying image is taken, théstietracted, the tuning fork is stopped, and
the microscope is switched to STM (current) fee#tbmode.

Then, we choose the position at which we want tfop@ spectroscopy on the AFM image,
by just clicking at the desired location on the g@aln response, the control software deflects
the piezoelectric tube at the designated poinhefitnage, by applying the appropriate static
voltages to the tube’s outer electrodes. Afterwavds only change the tube elongation by
varying the inner electrode’s potential, to closeopen the contact at will, so that the tip

remains at the same position over the sample.

When first closing the contact, we apply a constaias voltage between the tip and the
sample, large enough to ensure that a currenflaxm when the desired contact transparency
is reached (if a superconductor is probed, the Wwwdsmge should not be in the gap of the
superconductor). We typically used a few mV for #wperiments performed so far on
aluminum. Then we tune the contact transparenogxbgnding or retracting the tube to reach
contact resistances in the range from the hundveklQ to a few M. This can either be done
manually, or by setting a current setpoint and ipgtthe STM in closed loop. These
resistance values are used because they are widld stor tunneling spectroscopy
(R>>h/2é~13 k) while still providing currents which can be measliwith a good signal-
to-noise ratio. Indeed, the tunneling spectrosampyhod presented in Chapter 1 is based on
the assumption that the tunnel coupling of theestah both electrodes is only a weak
perturbation of these states, and that tunneling loa treated at the lowest order in
perturbation theory. This is the case only if thermal state tunnel resistance of each
conduction channel in the contact is much larganth/2é=13 kQ. On clean surfaces the
contact resistance can be made much lower if dkdig such measurements cannot be

interpreted simply as spectroscopy measuremerdé(spter 1).

Once a stable contact established, we perform Esecipic measurements which consist in
measuring the differential conductance of the tloastact. This can be done in two ways:
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(i) the first one is to recorl{V) curves, and perform numerical differentiation wiglspect to
voltage. Better results can be obtained by avegas@veral such curves to reduce the noise.
(i) The second method is to measure directly teeivdtive di(V)/dV using a lock-in
technique: a small sinusoidal signal is added & DQI€ voltage and the corresponding AC

response current is measured synchronously. In@uobasurement, the energy resolution is

given by ~VZ +VZ2 .., whereVyoise is the equivalent total RMS noise including both

oise !
instrumental contributions and intrinsic thermadithi of the Fermi distribution in the tip (See
reprint in section3.2.4.3, page 142), andc is the AC drive amplitude. Hence, to preserve
the resolution it is best to work at low AC drivmyt it reduces the signal to be measured. In
our experimentsVnoise Was a couple of pV (See reprint). We normally apsat with

Ve O[1-3 pV, which means that the typical magnitude of the @@rent to be measured

was of the order of 1 pA, and much less in the@fapsuperconductor.

The main advantage of this synchronous detectidh mespect to the previous one is that it
picks only noise in a narrow band around the freguef the modulation, resulting generally
in a much better signal to noise ratio. In paracuwne can avoid this way the 1/f noise which
cannot be averaged with the first method. The lackequency is optimally chosen where
the signal-to-noise ratio at the output of the ®ircurrent amplifier is optimum. Given the

amplitude of the signal measured, it was importartptimize this point, as well as the tunnel
current amplifier sensitivity (See reprint,3r2.4.3).

A high qualitydl/dV spectrum with very low noise required long lockaweraging time for
each voltage point, and was typically taken overoaple of minutes. This makes those
measurements very sensitive to mechanical drifswadden reconfiguration in the contact
transmissions. Fortunately, as already mentiong@perating in contact on a thin oxide layer
we could often measure reproducible spectra orstiales of a few hours.

When for some reason a good stability cannot behezh it is often worth to use the first
method, which, however also requires some cautiefien successivgV) characteristics
deviate too much from each other, averaging therkesiano real sense. So it is more a
guestion of how to accept or reject the data, amém become more subjective in the end,

even though objective rules have been tentativaiyntilated 94].
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In the following | discuss the data acquisitionupetind more specific details regarding the

current measurement.

3.2.4.2 Data acquisition setup

A schematics of the setup is showrfig. 3.19

The DC voltage source is a programmable DC souf&d from Yokogawa. It allows to
voltage bias from -30 V to 30 V, with 5 digits pigon, down to 100 nV increments using the
appropriate range.

The lock-in is a Stanford Research SR830 DSP dilpitk-in amplifier. It has internal AC
source, providing AC excitation, from 4 mV to 5 ¥dafrom 1 mHz to 102 KHz.

i e s
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SR830 fy ﬁ ; o z
[———=| stanford —5{+10 : eeeeerereeeenerenenenene :
Research
Y differential Vour
| : amplifier :
! fitters !
: L_gain_:

Fig. 3.19 Block diagram of the density of states measurersetip. Via the GPIB bus, a computer
controls a DC source and a lock-in amplifier to m&C voltage ramps of desired speed and step

size, and record the differential conductanﬂ¢ dv (V) of the contact. Voltage bias is applied to

the tip and the current flow is pre-amplified bgwstom current to voltage converter (CVC) we
have developed (se88.4.3, p 142). The input and output connectianthe preamplifier are
made through a home made instrumentation amplthet,decouples the experiment ground from
the rest of the electronics. On the output it pesi if desired, another stage of amplification and
filtering, with adjustable parameters. Its outputdd through a differential connection to the inpu
A-B of the lock-in.

Both the AC excitation delivered by the lock-in smeiand the DC voltage enter a battery
powered differential low noise summing amplifierdecouple the experiment ground from
the rest of the electronics (PC etc.). Additionahys differential amplifier divides the AC
signal by a factor 100, and adds it to the DC bldss composite signal is then sent to the
current preamplifier to be applied as the tip b@gtionally, the preamplifier can further
divide again this signal by a factor of 1000, wHew level bias are required, as when
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measuring the superconducting gap of aluminium. $teaming differential amplifier is
situated in a so-called "Electro-Magnetic Interfee’ (EMI) shielding case. This shield also
contains all the batteries that power the pre-dmapland the differential input and output
amplifiers. The pre-amplifier is mounted right hetoutput connector of the refrigerator, to
avoid for extra noise and stray capacitance [3ge3.20). It contains the heart of the current
amplification system, and was carefully optimizedleliver minimal back-action noise on the
tunnel contact, high current sensitivity and lalgandwidth. A complete description of the
pre-amplifier and its performances was done in raicle, which is reproduced below (see
reprint,3.2.4.3), so | will not discuss this part furtherd

The output signal of the pre-amplifier is again #figgd by a home-made low noise
differential amplifier. The gain of this stage da@ chosen from 1 to 1000, and filters can be
applied from DC to 100 kHz, either low, high or Hapass. This amplifier is also battery
powered and situated in the EMI shielding case.

The signal coming out of the differential amplifisrfed to the input of the lock-in, used in
differential mode (A-B) to avoid ground loops. Ingarameters of the lock-in were typically:

AC coupled, normal reserve, 300 ms integration time
In our setup, the tip is polarized, though one @dauotagine polarizing the sample instead,

while setting the tip to ground. However, this d@was made to allow independent sample

transport measurements, requiring sample biasing.
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Fig. 3.20 Picture of the tunnel current pre-amplifier, witbver and shield removed. It is plugged
right at the output of the refrigerator.

Fig. 3.21 Details for the installation of the low noise etectics
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Fig. 3.22 Block diagram of the setup of the AFM-STM microseoip the dilution refrigerator. A
computer controls all the electronics through bu$ke tuning fork is connected to the PLL which
gives the information of the frequency shift to tfeedback system. The tip is electrically
connected to our home-made amplifier, which give®rmation on the tunnel current. The
feedback can be set to control either frequencguorent, depending on the desired operating
mode. The high voltage electronic drives the pikec tube for precise motion of the tip. All
guantities can be recorded by the computer. Symbalspresent the microfabricated filters; an
additional low pass filter stage consisting of oése RC elements is set at room temperature on

the high voltage lines. All setups pictured hereensdready presented in the previous sections (see
chapter 2 for the AFM contral).

As already mentioned, the EMI shielding case costail low level signals amplifiers, and
their batteries. It is laid on the vibration isadeit table, and is a through-route to all
connections to the fridge. High level signals eingethe cabinet, like high voltages for piezo
elements go through feed-through low-pass filt&tsconnections between this cabinet and
the refrigerator are completely shielded with fld&imetallic p-metal EMI shielding tube, as
can be seen iRig. 3.21.

Data are acquired by a personal computer that comsntene different apparatus through the
available 1/0 ports (GPIB and RS232). These insemis are interfaced by a program | have
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developed using Testpoint® from National Instrurserthat performs the simultaneous
operations necessary for a good control over tleeastope, and data acquisition.

Many modules are used to control the microscope:

-Coordination of stick-slip actuators & capacitpesition sensors

-Tuning fork control: resonance measurements, Ritdtrol.

-Interfacing with the standard Molecular Imaging croscope front-end program, for
controlling approach and withdraw of tip, changbegween AFM and STM mode...
-Interfacing with remote refrigerator temperaturenitor.

For dl/dV measurements, the program sets the instrumenmptees and subsequently
controls the DC voltage sweep and data acquisitidie DC voltage sweep is done by
changing the Yokogawa source output stepwise. A&fbdeh step, the program waits five times
the integration constant of the lock-in and theadeethe lock-in measurement over the GPIB

bus before performing the next DC voltage increment

3.2.4.3 Article reprint : Tunnel current pre-amplifi er

The article published in Review of Scientific Ingtients,77, 123701, (2006), is reproduced
below.
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Room-temperature tunnel current amplifier and experimental setup
for high resolution electronic spectroscopy in millikelvin scanning

tunneling microscope experiments

Héléne le Sueur and Philippe Joyez

Service de Physique de I’Etat Condensé (CNRS URA 2464), CEA Saclay, 91191 Gif sur Yvette Cedex, France
(Received 26 July 2006; accepted 26 October 2006; published online 1 December 2006)

The spectroscopic resolution of tunneling measurements performed with a scanning tunneling
microscope is ultimately limited by the temperature at which the experiment is performed. To take
advantage of the potential high spectroscopic resolution associated with operating a scanning
tunneling microscope in a dilution refrigerator we have designed a room-temperature tunnel current
amplifier having very small back action on the tunnel contact and allowing to nearly reach the
predicted energy resolution. This design is a modification of the standard operational amplifier based
tip-biasing current-voltage converter which implements differential voltage sensing and whose back
action on the tip voltage is only ~2 uV rms for a 14 MV/A transimpedance and 22 kHz
bandwidth. © 2006 American Institute of Physics. [DOI: 10.1063/1.2400024]

INTRODUCTION

Scanning tunneling microscope (STM) operated in spec-
troscopy mode provides valuable local information on the
energy dependence of electronic mechanisms in the sample.
For this purpose, low temperature STMs are, in particular,
widely used to investigate recently discovered superconduct-
ors or proximity effects. In this tunneling spectroscopy tech-
nique, when one of the electrodes is nonsuperconducting, the
energy resolution is ultimately limited by the temperature at
which the experiment is carried out. Indeed, the most precise
results in this field are obtained using STMs in dilution
re:frigeratorsl’7 with which one can commonly cool experi-
ments in the 10—100 mK range. However, in these experi-
ments the energy resolution usually achieved is in practice
significantly less than the thermal fundamental limit. There is
thus a need for better instrumentation allowing to fully ex-
ploit the potential of these low temperature measurements.

In this article we discuss the required characteristics of
the experimental setup in order to achieve optimal spectro-
scopic resolution and we present a room-temperature ampli-
fier optimized to have a back-action noise on the tunnel con-
tact low enough that the energy resolution is close to the
temperature limited value in an experiment carried out at
40 mK.

TUNNEL SPECTROSCOPY BASICS

For a perfect voltage bias between two electrodes made
of good metals, the tunnel current can be expressed as

7,|2

dqre

f
X pr(e)de,

(V)= f [n(e = eV) = ng(e)]p,(e = eV)

where n; z(¢) are the occupancies of the electronic states at
energy ¢ in the left or right electrode, p; r(e) are the densi-
ties of states in the electrodes, and 7 is the tunneling Hamil-
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tonian matrix element between the two electrodes, assumed
here to be independent of energy. When one knows the den-
sity of states and the occupation of the energy levels in one
of the electrodes, the measurement of the /-V characteristic
of the contacts allows us to extract information on the elec-
tronic state of the second electrode. For instance, if the left
electrode is a normal metal in equilibrium at zero tempera-
ture, p; can be assumed nearly constant near the Fermi level
and n; is a step function at the Fermi energy. Then, the
derivative dI(V)/dV gives a direct measurement of pg(eV). If
the temperature 7 is finite, the step function becomes a Fermi
function, i.e., a rounded step function. In this case, the dif-
ferential conductance dI(V)/dV is given by the convolution

product pg* f

D | puteritev-ende. (1
where f; is the derivative of the Fermi function f; of the left
electrode which is a bell-shaped ﬁunction having a full width
at half maximum of 2In(3+2V2) kT. Such a convolution
product smears out the details in pg, limiting the energy reso-
lution to ~3 kT.

In real life experiments the bias voltage cannot be per-
fectly fixed, however. It has fluctuations characterized by a
distribution function P(V) and what is actually measured is
the average value,8

a\ o [*dw
<dv>(v)_ LO o PWav. (2)

where V=[VP(V)dV is the average voltage. By inserting (1)
into (2) and permuting integration orders, Equation (2) can
be rewritten under the same form as (1) with the convolution
product P f; in place of f; Thus, not surprisingly, noise will
further blur the resolution and appear under most circum-
stances as an excessive temperature. If P(V) is Gaussian with

© 2006 American Institute of Physics
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FIG. 1. Simplified schematics of the amplifier and connection to the tunnel contact. The tip and sample “cold ground” are connected to the amplifier through
a shielded twisted pair with filters (not shown). The “cold ground” signal is sensed by an LT1028 ultralow voltage noise operational-amplifier and used to
offset the desired tip bias voltage. This sum is then used as the voltage reference of the current voltage converter. The first difference amplifier (Diff. Amp.
1) is made using high precision resistors (0.01%) to accurately subtract the bias voltage from the output of the CVC. The two other circuits (Diff. Amp. 2 and
Cap. Comp.) compensate the ac currents flowing to ground in the stray capacitance Cyy,,~ 200 pF. For best current sensitivity, the 14 M) feedback resistor
of the CVC is placed at low temperature and connected through a coaxial cable. Bandwidth of the CVC is adjusted to 22 kHz to limit noise peaking by the

use of Cgy~ 1 pF.

a rms width V,, the effective temperature can be evaluated as

+
Toe=\T2+3(eV,/km)?’

EXPERIMENTAL CONSIDERATIONS

Following the above discussion, in order to reach the
highest level of spectroscopic resolution in a tunneling spec-
troscopy experiment it appears necessary to perform the ex-
periment at the lowest possible temperature, which in prac-
tice means in a dilution refrigerator. It also appears equally
important that the electromagnetic noise reaching the tunnel
contact through the connecting wires has both a distribution
and a spectrum compatible with the energy resolution
sought. To reach such a low noise level in an experiment one
must act at three levels. At the first level, the wires reaching
the tunnel contact must be properly thermalized, so that the
contact really “sees” an electromagnetic temperature equal to
that of the refrigerator. This is achieved by careful shielding
and filtering of the cables connected to the tunnel contact so
that thermal radiation coming from room-temperature appa-
ratus is removed.'” At the second level, the wiring of the
experiment must follow well established low noise tech-
niques to avoid stray pickup of electromagnetic signals in the
laboratory ambient (mains, radio signals, etc.) by the wires
connected to the tunnel contact. In particular, if not using a
magnetic shield enclosing the whole experimental setup, one
has to select a proper circuit topology and grounding strategy
to avoid noise due to inductive coupling in so-called ground
loops.11 At the third level, the intrinsic voltage noise of any
instrument connected to the tunnel contact must be consid-
ered. Contrary to the output noise of voltage generators
which can usually be reduced to appropriate levels by using
simple voltage dividers, the input noise of amplifiers is gen-

erally fully present on the tunnel contact in the bandwidth of
the setup and can be seen as a back-action on the tunnel
contact. Thus, in order to reach the ultimate energy resolu-
tion, one must use an amplifier with rms input voltage noise
V, such that V,<kT/e. As experiments are performed at
lower temperatures, this puts more stringent requirements on
the amplifier noise characteristics. Yet, in the low tempera-
ture STM literature, this back-action is seldom considered
and the current sensitivity (i.e., output voltage noise density
divided by the transimpedance) is often the only figure of
merit given to characterize the measurement chain.

IMPLEMENTATION

In our installation of a STM in a dilution refrigerator we
have followed systematically the above considerations. The
electromagnetic thermalization of all the wiring connected to
the STM is achieved using shielded lines and custom micro-
fabricated low-pass filters described in Ref. 10. Besides this,
we realized that having a very good control of the effective
bias voltage applied to the tunnel contact is almost impos-
sible when one uses a standard current-voltage converter
(CVC) because such a circuit does not follow the good prac-
tice of having a single voltage reference point in a low signal
level circuit. Namely, the voltage reference (“ground”) of the
CVC usually sitting at room temperature is physically sepa-
rated from the electrode of the tunnel contact which should
be precisely at the same potential. This makes the system
prone to ground-loop noise problems. To overcome this
problem we designed a modified CVC which allows differ-
ential sensing of the voltage on the tunnel contact. A simpli-
fied schematics of this amplifier in shown in Fig. 1.
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FIG. 2. (Color online) Results of SPICE simulations.
E Panel (A): normalized linear ac response at the output
of the amplifier in response to a small variation of the
tunnel resistance, as a function of frequency. The nor-
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In this design, tip and sample “cold ground” are con-
nected to the amplifier through a shielded twisted pair. The
“cold ground” signal is sensed by an LT1028 ultralow volt-
age noise operational amplifier and added to the desired tip
bias voltage. This sum is then used as the voltage reference
of the CVC. This design allows to cancel tip voltage fluctua-
tions due to magnetic noise pickup from the laboratory en-
vironment at low frequency which cannot be easily shielded.
The current-voltage converter is made with an OPA627
which offers a good combination of current and voltage
noises and bandwidth. Given the ~200 pF total capacitance
to ground of the tunnel current line in the twisted pair cable,
the 14 M) feedback resistor and an ~1 pF capacitor which
limits output noise peaking at cutoff frequency,12 the
OPAG627 delivers a 22 kHz bandwidth, sufficient for STM
imaging. The noise coming from the LT1028 is also limited
by reducing its bandwidth using a 100 nF overcompensation
capacitor and RC low-pass filter (neither shown). The opera-
tional amplifiers used in the rest of the circuit are low noise
operational amplifiers (OP27 or similar) which add negli-
gible noise to the signal.

The amplifier is constructed using surface mounted com-
ponents and fits easily on a 45X 50 mm? printed circuit
board. The circuit board is mounted in a small metallic box
which plugs directly into the socket of the twisted pair cable
at the output of the refrigerator to avoid adding further cable
length and stray capacitance. The amplifier is battery pow-
ered and ground loops with other instruments are strictly
avoided by using differential instrumentation amplifiers both
in front of the bias input and following the output of the
amplifier. Batteries and instrumentation amplifiers are placed
in an electromagnetic interference (EMI) shielding cabinet
and a continuous metallic shield between the refrigerator and
the cabinet completely encloses the amplifier and its connec-
tions to the batteries and the instrumentation amplifiers.

AMPLIFIER PERFORMANCE

We used SPICE"® simulations extensively during the de-
sign stage to optimize the level of noise of our amplifier and
its dynamic behavior. SPICE simulations offer a rapid and

simple way to evaluate several design options. This is par-
ticularly helpful for selecting the best suited operational am-
plifiers, as most manufacturers provide SPICE models for
their operational amplifiers and many of these models in-
clude noise characteristics. In Fig. 2 we show the predicted
frequency dependences for key properties of our amplifier.
The ac response to changes in the tunnel contact resistance
and in the bias voltage are flat up to a —3 dB bandwidth of
22 and 30 kHz, respectively. The input impedance of the
amplifier as seen from the tunnel contact is 14 () at very low
frequency and then rises linearly with frequency up to a
maximum of 10 k€ at the cutoff frequency of the amplifier.
The CVC thus delivers a good voltage bias at all frequencies
for a tunnel contact in standard tunneling conditions (tunnel
resistance >h/e’>~26 k()). We have also investigated the
efficiency of the differential voltage sensing scheme imple-
mented in the amplifier at different frequencies. For this we
simulated an ac voltage difference between the cold ground
and the room-temperature ground and looked how much of
this voltage was present on the tunnel contact bias
[Fig. 2(d)]. This shows that this setup can efficiently sup-
press low frequency noises due to currents flowing in the
ground, and thus, provided the twisted pair wiring avoids
picking up flux, it should be effective against pickup of
mains power and its harmonics.

In order to make accurate noise calculations, we need to
properly take into account the noise due to the dissipative
wires and filters sitting at different temperatures in our setup.
Even though SPICE normally has a single temperature for all
elements in the model, it is fairly easy to make a model for
resistors at different temperatures for this purpose.'4 What
the noise calculations show is that the input voltage noise of
the amplifier, i.e., the back action of the amplifier on the
tunnel contact, is essentially determined by the input voltage
noise of the CVC (OPA627) and resistor noise in the twisted
pair and its filters."® The input voltage noise of the amplifier
does not depend on the input current noise of the CVC nor
on the Johnson noise in the feedback resistor which both
only appear in the output noise of the OPA627 owing to the
low input impedance of the CVC provided by feedback loop.
It neither depends on the LT1028 voltage sensor because its
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FIG. 3. (Color online) Noise performance of the ampli-
fier. Dash-dotted curve: predicted input noise voltage
density on the tunnel contact. The input noise is inde-
pendent of the feedback resistor temperature in this
range. The integrated noise gives ~2uV rms. Thick top
curves: predicted output noise with the feedback resis-
tor at room temperature (dashed line) or at low tem-
perature (solid line). Thin gray line: measured output
noise while experiment was at low temperature. No ad-
justable parameters are used. The discrepancy above
10 kHz is attributed to an additional stray feedback ca-
pacitor on the OPA627 in parallel to the Cgyw=1 pF
installed capacitor (see Fig. 1).
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noise at the noninverting input of the OPA627 is negligible
compared to the intrinsic voltage noise of the OPA627. For
this setup, SPICE simulations predict that when running the
experiment at 30 mK, the amplifier and wiring make an
~2.0 uV rms back-action noise on the tip bias voltage. The
smearing of the spectroscopic resolution due to this voltage
noise has the same rms width than a 13 mK Fermi function,
and its broadening of a 30 mK Fermi function is similar to a
2.6 mK increase in temperature. Since this noise level is es-
sentially due to the input voltage noise of the OPA627, it
could be reduced by narrowing the bandwidth or by substi-
tuting it by an operational amplifier with less voltage noise.
For this purpose one could use, for instance, an AD745, but
its greater current noise would adversely affect the output
noise of the CVC, i.e., its current sensitivity. As stated above,
the output noise also depends on the Johnson noise of the
feedback resistor of the CVC. In fact, for the large resistor
value we use, at room temperature this is the dominant out-
put noise contribution at low frequency. Consequently, the
sensitivity of the amplifier can be significantly improved by
reducing the temperature of this resistor,'® as shown in Fig.
3. Using one extra coaxial line in the refrigerator, we placed
the feedback resistor at the temperature of the microscope

1E6

(see Fig. 1) but it could also be placed at 4 K with no change
in performance. This, together with the twisted pair cable,
makes a total of three lines for the tunnel contact bias and
measurement. In this configuration, the output noise of the
amplifier is peaked around the cutoff frequency of the am-
plifier, typical of an optimized CVC." At low frequency, it
rises due to 1/f noise. In between, around 100 Hz, the output
noise has a flat minimum corresponding to a current sensi-
tivity of 4 fA/Hz"2. This minimum is the most favorable
frequency range for lock-in measurements of differential
conductance since it provides the highest signal-to-noise ra-
tio for the weak ac current one needs to measure when using
an ac bias voltage well below kT/e, which is necessary to
preserve the spectral resolution.

EXPERIMENTAL RESULT

In Fig. 4, we show a differential tunnel conductance
measured with this amplifier. In this experiment the STM
was equipped with a tungsten tip and the sample was a
25 nm thick evaporated aluminum film deposited on an oxi-
dized silicon substrate. The data were recorded at a tempera-
ture of ~40 mK, well below the superconducting transition
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FIG. 4. (Color online) Experimental differential con-
ductance taken on a 25 nm thick aluminum film with a
tungsten tip for two different temperatures and ac exci-
tations, and comparison with the prediction for normal-
superconductor tunnel spectrum at different tempera-
tures, with a gap A=182ueV. On the right panel, a
close-up on the right hand side peak. In spite of the
unexplained discrepancy, the aspect ratio of the peak
and its dependence on ac amplitude and/or temperature
in this range indicate that the effective temperature of
the measurement is close to the refrigerator temperature
and proves that the back action of our amplifier is not
larger than expected from the simulations.
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123701-5 mK spectroscopy resolution STM amplifier
temperature of the aluminum film, but above that of tungsten
(15 mK). In this case, theory predicts that the differential
conductance should be simply proportional to a convolution
product of the density of state of the BCS theory for the film
with the derivative of the Fermi function of the normal state
tip. The only adjustable parameters in this curve are the su-
perconducting gap of aluminum,'” the asymptotic value of
the conductance at large voltage, and the temperature of the
tip. Fitting the data with theory should thus give access to the
effective temperature of the tip, including all noise contribu-
tions. In our case, for a reason not presently understood, a
precise fitting of the data within this model is not possible.
Nevertheless, the peak height in the differential conductance
of such normal metal-superconductor contact gives a good
indication of the effective temperature of the normal metal.
Based only on the height of the peak, the effective tempera-
ture would be around 45 mK for a measurement performed
at 40 mK. The fact that the peak height still varies when
temperature and ac excitation are lowered confirms such an
estimate and it also proves that the amplifier input noise is
close to the predicted value. Thus, the spectroscopic resolu-
tion of this measurement is very close to the ultimate thermal
limit and a factor of ~4 better than the best previously pub-
lished resolution obtained with a STM.
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3.3 Fabrication techniques

3.3.1 Tip fabrication

The preparation of the tip is essential to obtditha same time a good spatial resolution
using the Atomic Force sensor, and good tunneksglts.

The first point is obvious: lateral resolution amled with a force sensor depends on the tip
shape and the sample local topography. Ideally;gbdect tip” should have, at large scale a
high aspect ratio, and at small scale, an apex avgmall radius. However, tips that are too
thin are very fragile and should be avoided in temperature experiments where there is no
way to interchange the tip.

The second point deals with tunneling spectrosce@y:need a well characterized metallic
tip, with a known density of states around FermeleThis requirement is worth mentioning,
as most metals tend to spontaneously oxidize jraant some of these oxides (mixed valence
oxides of Nb, for instance) may have “exotic” etedic properties. Also, obviously, the
oxide should not be so thick as to prevent tungeéihall. In most cases it is preferable to
clean the tip from its oxide prior to attempt tulnmg.

Materials commonly used for STM tips are thus padily stiff, not too reactive metals, either
normal or superconducting depending on the apicatnd easily machined to form high
aspect ratio tips. Those are typically Tungstend@nd Iridium or Platinum / Iridium alloys

for normal tips, and Niobium for superconductinggsn

3.3.11 Electrochemical etching

The simplest yet effective way to fabricate tipsigists in cutting a wire with a blade. This
works for STM images on rather flat sample typicaked in STM surface studies, where tips
with high aspect ratios are not needed: there istam of the tip which is closest to the
surface, and tunneling occurs from this atom. Sipshare not suited for our needs, as there is
little hope that they would have the desired higpeat ratio shape needed for AFM. The need
for sharp, high quality tips has fostered strongeaech effort during the past years (for
reviews on the subject see [95-97]), and a largebaun of methods are now employed in the

field of microscopy to fabricate local probe tips.

Among the possibilities to fabricate AFM-STM tipslectrochemical etching is one of the
simplest and most reproducible method. Its maiwHegk is the sequential processing of
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tips, contrary to parallel procedures where mapy #re processed together out of the same
wafer, which has long been done for e.g. siliconMARProbes [98]. In contrast,
electrochemical etching is "craftsmanship”: eaghigi fabricated individually out of a thin
wire of the desired metal. The wire is cut to dasitength and dipped into an adequate
electrolyte. Either DC or AC voltage polarizatios applied to the setup until the wire is
sufficiently etched to display a sharp shape.

We usually process tips in small batches. Afteritaion, each tip is subsequently observed
in a Scanning Electron Microscope (SEM) to deteenwrhich tips of the batch are the best
suited for the experiments, taking into accounhlcagility (i.e. aspect ratio), and sharpness
(i.e. apex radius).

The setup for electrochemical etching of tips isadived inFig. 3.23. The principle is to etch
the metal of the wire (oxidize it) and benefit frahe differential mobility of ions in the
solution to get a differential etch rate, and tesiced final shape. Indeed, near the surface of
the solution, ions are less mobile than in the Khudlue to confinement. Consequently the
wire will be preferentially etched in the bulk oliet solution, and with a decreasing
effectiveness as reaching the surface. In tungstere is an additional effect enhancing the
latter, called the necking phenomeri®8] that is responsible for such accentuated ogca
profiles most valued by AFM users.

This setup has originated from a very well knowtugdor etching STM tips, actually derived
from the first makings of field emission electronicrascopy (FEEM) and field ion
microscopy (FIM) tips ([100-103]) and modified byuldwik et al[104] to provide easy
control over the end of the chemical reaction. &wjen an electrochemical etching process it
is mandatory to turn the reaction off when the rmptisharpness is reached. If the reaction is
prolonged after this optimal point is reached, tiheonly gets blunter, and one might not get
the desirable overall shape eitj&05]. The key advantage of the specific setup shaw
Fig. 3.23 is to automatically (and simply) stop ttieemical etching when the tip is well-

formed, and the apex is sufficiently thin for theemo break under its own weight.
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Fig. 3.23 Setup used for electrochemical etching of tips. Tlwe gold electrodes soaked with a
different solution. The wire to be etched linksctlieally the two electrodes: at one end (the
anode) the wire is oxidized, at the other end (ththode), water is reduced. Here the wire is
oxidized on the top gold ring, in which the etch@ectrolyte) is held by capillary forces; charges
produced by oxidation flow to the bottom electrg@essing by the wire, and into the conducting
solution. When the wire is completely oxidized g anode, it breaks under its own weight, thus
opening the circuit, and falls in the bottom beakenere one can collect it. The upper part can
make good tips as well (sé&. 3.24).

3.3.1.2 Tungsten tips

Tungsten is the most widely used material to fotetteochemically etched STM tips for
several reasons:

* High stiffness:
It is among the stiffest materials with a Young miog of 4.18* N/n?, about 7 times more
than quartz for instance (cf Chap. 2). This confee appropriate behaviour for controlling
contacts of atomic size: for instance tungsten agrexnot prone to the so-called “jump to
contact” usual for gold and other ductile materidfsddeed the dynamics of the jump is
governed by a competition between bonding forcesedastic forces in the mater{dl06]. In
tungsten, the stiffness is high enough to preveminfa jump to contact in a Mechanically
Controlled Break Junction (MCBJ)07] experiment.
In our case tips made of tungsten are interestewaulse they are more robust than tips of
other materials suitable for STM, and, if short @glo their (elastic) resonance modes do not
interfere with the use of the tuning fork.
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» Electrical properties of tungsten:
Tungsten is a non-magnetic normal metal with gooadactivity (~1.8.10Q*m™, ~4 times
less than gold) down to very low temperatures, la@mbmes superconducting with a variable
Tc from ~ 15 mK for the crystalline form alpha up3.5 K for the beta form. Experimental
studies on the diverse crystalline forms of tungdtave shown that the critical temperature
can be tuned at will by varying the proportionstlodse phases in a polycrystalline system
([108-110)).
We have tried several diameters, starting with i@ @0 pm-diameter drawn wire from an old
stock, a 25 um-diameter pure (99,95%) and a 10 jameter gold-coated (~1 pm) both
bought from Goodfellow®. All the types tried showaarmal densities of states at 30 mK.

» Drawbacks:
The main drawback of tungsten for STM applicatisnithe formation of an oxide layer which
hampers correct tuning of the contacts conductdnc8TM applications this requires in-situ
cleaning of the tip before making measurements.tNiesitu cleaning techniques require
very high temperatures or intense electric fi¢idsl].
Another technique consists in covering the tip vatthin inert gold layer, after removing the

oxide by ion-milling for instance (see below)

» Simple etching procedure:
A key advantage of Tungsten is the ease with whichn be electrochemically etched: it is
very simply oxidized in a basic aqueous solutioke IKOH, NaOH, at low chemical

potentials, and its most stable oxitWOf’ forms a soluble complex witlOH™, easy to

remove by dipping the wire in deionised water. bhsic oxydo-reduction reactions involved
in the etching process &gi@9]:

Cathode: 6H,0+6€e - 3H9 + 60H
Anode: W® +80H - WO,” + 4H, O+ 66
Actually, a correct description would involve thesation of intermediate chemical species

like tungsten trioxideWO,, which is not soluble. Furthermore, the reactiorth& anode

involves the formation of bubbles, which is not memed in the reaction above. The
formation of an oxide layer during electrochemiething is discussed in several papers
[99, 112, 113], though none of them really conctude the dependency of its thickness on
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the applied external parameters like the bias geltaurrent densityDH™ concentration etc.
It is usually a few nanometers thick, and has tsudgsequently removed using either of the
techniques described in literatde 1].

We have tried to improve several aspects of thadation. First of all, the curvature radius as
well as the aspect ratio are thought to depend andhe thickness of the meniscus in which
the reaction takes plad®9]. This parameter is controlled by the surfaeeston of the
electrolyte, and that is the reason why one gelyeaalds to the etchant (in our case KOH
4M) a significant proportion (20%) of ethanol, amet[114], or isopropanol which lowers
surface tension. We use a setup in which a drogesftrolyte is held in a gold ring, which
also requires in itself a low surface tension. Benmng those points, we decided to
incorporate soap in the solution. In that manres,dlectrolyte film held in the gold ring can
be almost as thin as desired.

In our application, the need to connect the tigteieally and to unbalance the tuning fork as
little as we could (see chapter 2), made us optafasery thin 10 pm-diameter wire, and
several millimetres long, to ensure electrical aanty from the tip to the big gold pad (see
tuning fork setup). Thus, because of its thinnggs,prone to be stuck by capillary forces in
the electrolyte film, instead of falling. We thugagh at the bottom end a small copper chip,
which smoothly stretches the wire, and helps linfflglwhen the reaction is over.

The wire we use is ~ 1 um gold coated to preveatuhgsten from oxidizing. The presence
of gold does not prevent the reaction to take place

After etching, tips have to be cleaned in deionigader using ultra sound to remove some
chemical reaction by-products. Some of them areeasily removed [112, 115, 116] so a
subsequent step of ion milling mechanical cleamiaug be necessaf$13]. After having done
several experiments using non ion-milled tips, vweeided it was preferable to process this
second step, to avoid in-situ tip cleaning, whicé aot really controlled, and result in tip
blunting, and/or damage to the sample.

The ion-milling consists in exposing the tips ~BM to a 1 keV Ar ions beam. We have
verified, according td113], that the tip radius further decreases whebnstted to ion
milling, but we have not experienced double tipsrimg or other non desirable effects due to
crystalline structure of tungsten. However, weraseable to draw ferm conclusions based on
our few tests since we had no tool to investigheedrystalline structure. A subsequent gold
layer of 10 nm is deposited in-situ after ion-migjj to protect tungsten from oxidation, and
hopefully enhance the tunneling behaviour.
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Parameters of tungsten tip etching processes #nergd in the following figure together with
illustration of the results obtained. We quite ogfrcibly obtain ~ 10 nm radius of curvature
directly after etching, and an etching length af00% of the original diameter. As already

noted, the 10 um diameter wire is more difficuletoh using this setup due to its lightness.

AccV SpotMagn Det WD ————— 20m

26.0kv 1.0 2182x SE 16.0 6.10

®=10pm V=10V Pup.dows™10NM
{KOH 4y, 39+ s0ap,0.2p
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Pyp=15nmM
{KOH,,,80%+ ethanol, 204 Paonr=100N
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o=2oum VIOV P ©=90pm V=10V py,=10nm
{KOH )30+ s0ap,0.2p p, ~20nm {KOHu,39+50ap,0.25  p.~ =30nm

Fig. 3.24 Parameters used in this thesis work for the fabocaof tungsten tips, and the
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corresponding results photographed in a scanniagtreh microscope (SEM). The measured
curvature radius of the apex is nofgdvith a subscript up for the upper part and a stsdown

for lower part of the etched wire. The best tipfies (see text) were obtained using a 90 um
diameter wire. We could reproducibly obtain goguépex with the 20 um diameter wire, though
the profile was less predictable. The 10 um diametee gives the worst results, both concerning
shape and curvature, because we have to attachreas®eto it, and this is not much reproducible
from one batch to another. Wigles observed on teatgst magnifications are due to mechanical
noise in the SEM, enhanced by the fact that wires-almm long.



3.3.1.3 Niobium tips

We have not used so far superconducting tips ferggndistribution function measurements.
However we have tried making some either by eletigmical etching or by RIE. Niobium
reacts mainly with Fluor based chemicals, so a etething would imply Hydrofluorhydric
acid (HF), and a dry etching §Br CF. It is also possible to attack niobium using a ix
Nitric, sulphuric and acetic acid.

A major problem with niobium, also encounteredhimtfilms fabrication is the formation of
badly conductive oxides. These oxides may changestiperconducting gap amplitude,
provoke losses in resonators or quasiparticlestiagsingle electron devices. These oxides
are of course also annoying for STM use, and ned&& removed before tip use.

3.3.14 In-situ tip cleaning

Our experiment is very different from high vacuuetups, in which all devices are fabricated
under extreme cleanness conditions, and never egdgosair before being measured.

Indeed, the first time we want to form a tunnelte@h it is necessary to remove the oxide
layer formed on the tip, which is too thick to tehrhrough. Moreover, some parts of the
sample might present thick enough native oxide riayd/or ice, to prevent tunneling as
well. We found this in particular on bulk aluminunvhere the native oxide is of a few

nanometers (~ 5-10 nm).

To do in-situ cleaning, we apply a relatively higbltage to the tip (~ +5 to +10 V), and
extend the piezoelectric tube manually (i.e. noteimdback mode) at low speed towards the
surface until a current flows. Then we quickly gk to lower bias voltage (~ a few mV) and
try to tune the conductance and get stable contadter performing such “cleaning”, the
conductance is higher than before at the same Higgsindicating that oxide layers have
been removed either from the tip or from the sample

The mechanism likely to be involved in such clegnmelectron sputtering: a bias voltage of
up to 10 V is applied over distances of the ordet om. The resulting field of $®V/m is
therefore intense. Electrons are thus much acdetér@and can leave the metal more easily
[111]. This may allow some contaminants to be gpatt from the tip, or from the sample,
depending on the polarization.

If the sample cleaning is too long, one might reenoempletely the oxide layer on the sample

So that a stable contact is not any longer posailbe same place.
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3.3.15 Tip damages and tip reshaping

Depending on the nature of the local oxide layat ahthe tip apex, it may be necessary to
press the tip down on the sample to obtain theretbgunnel conductance for tunneling
spectroscopy.

How hard one needs to press can be estimated Iygrbe difference in Z position of the
piezoelectric tube between the two modes AFM andl S the same (X,Y) position.
Knowing the amplitude of excitation of the tuningrk (see chapter 2), one can roughly
deduce the actual tip position and determine whethis harshly pushed in the sample or
not'.

Under such stresses, the tip may bend or deforogrbieg blunter. This can in principle be
diagnosed by checking that the feedback in AFM mizdéhe same before and after the
contact has been established. Also, after theagpldeen laid on the structure to make tunnel
contacts it is likely to be contaminated with somaterial unintentionally collected from the
surface (ice, oxide...). After having establishdéwa contacts, we often observe that the AFM
imaging resolution is much worse than initially.

Since changing a rounded tip requires a completerthl cycling for the refrigerator, we have
investigated possibilities to re-sharpen the tipubing the procedure described1d7] (also
applied in[118]) and consisting of pulling a small metallieak out of a metallic electrode on
the sample. Using this method, we were able to raptess restore sharp tip apex from badly
rounded tips. The procedure is not fully reprodiggilior example when the tip is bent, but it
has had a good yield until now.

! This is only an estimation since the positiontaf tube recorded in the AFM mode is not the avepagéion
of the tip, but depends on the tip-sample poteshalpe, and on the amplitude of oscillation ofttimeng fork

(see Chap. 2). Therefore, one cannot simply sutttnedork amplitude to deduce the rest position.
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In practice, the following reshaping procedure wlase with the tungsten tip over a silver
electrode:
* The tube is extended roughly a few nanometers attwvsurface (found
from the force mode feedback position), and thelldaek is turned off.
» The feedback gains are set to very low valueshab the maximum tip
velocity obtained is around ~0.5 nm/s.
» Current setpoint is set to 80 nA, which is the maxin signal one can
measure with the cold feedback resistor. The setupe amplifier allows
us to plug a different resistance at room tempesatBy switching to
lower resistance, one could reach higher curréniisyve found the actual
current flow convenient.
» Tip voltage bias is set to ~-10 V.
* Feedback is turned ON. The tube extends towardssameple until it
reaches the setpoint value, and the feedback dwerates current.
* Then voltage bias is set to lower absolute value$ . The tube further
extends towards the sample.
» Some back and forth movements of low amplitude A2 are done
slowly with the tip to enhance sticking of the nietato the tip.
» Current setpoint is now reduced to ~2 nA, so tlhe tietracts, very slowly.
Since the feedback is slow, the actual current imesnat the maximum
value (~80 nA) during a few nanometers while tlpeidirising, indicating
that the tip-to sample contact is submitted to dweé&dion (preferably
plastic). Current now diminishes by steps, correspg to new
configurations in the tip shape.
 The current setpoint has to be increased once niorerepeat the
procedure.
One stops the procedure when the current remagisviile retracting over large distances,
approximately equal to the thickness of the metddliyer: this is roughly the best one can
hope to do. Of course this depends on mechanioglepies of the material in which one dips
the tip: a ductile, low melting temperature matei® preferable.Fig. 3.25 shows the
mechanism of tip reshaping.
Capillary forces exerted by plunging the tip inte telectrode may not alone be responsible
for tip sharpening: the same typical applied vasf@ave been reported elsewhdrid] to
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provoke tip sharpening while keeping the tip awaynt the surface. Atomic migration under
a high electric field is likely to be involved iruch procedure. It may also be part of the

process of in-situ tip cleaning described abovackvhmounts to reorganizing the tip apex.

(a)

VAN e U

(c) I
(e) JL I
Fig. 3.25 When one plunges the tip in a ductile material,esdre forces may overcome elastic
deformation of the material, so that it can stigktte tip. If the two materials can melt, sticking
can be enhanced by flowing a current meanwhileidgpfhe tip. When the tip is retracted, a neck

forms. This neck should ideally form as late assfimbe during the retraction. The neck goes
thinner as the tip moves back and finally breaksiteg a fine tip apex.

. A
\ 4
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Finally, the type of metal used to reform the tgsho be compatible with the spectroscopic
measurement carried out. That is to say if the iipnormal, one should not use

superconducting metal...

In Fig. 3.26 we show an example of how the image guakn be greatly enhanced after

performing such a reshaping procedure. The samerred a sample is shown before and

after a tip was reformed. The maximum height ofgample is ~ 60 nm, and the tip has been
reshaped in a 30 nm silver thin film.

The edge of the 60 nm features are well distingudshindicating the procedure was

successful over expectancies: indeed, this impghestip had been refined over a length at
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least equal to 60 nm. On other trials to reshapdifh the features walls were not as distinct
as onFig. 3.26, though small features could be distisged on the flat parts.

] aluminum 60nm i
silver 30nm silicon

00 1000 1500 nm

u] 50 100 nm

0
(a) before (b) after
where the tip has been reformed
(2 spots)

Fig. 3.26 (a), (b), Two images taken with the microscope FVAmode at 40 mK, on approximately
the same region of the sample, comprising a si&yar of 30 nm, and one of aluminium of 60 nm
as indicated on the images. The left image (agksrt after the tip had been damaged by laying on
the sample to make tunnel contacts through theedsiger (see.1.2, p104). The right one (b) is
taken just after having reshaped the tip in theesifilm located on the left. (c) Scanning Electron
Microscope image taken after the experiment washed.

3.3.2 Sample preparation

Samples were prepared using standard lithograpthnigues: e-beam or UV patterning of
sensitive resists, dry or wet etching, joule orceten gun evaporation for the deposition of
thin films... | describe here the different pro@ssased during this work.

3.3.2.1 Position encoding grid

As briefly mentioned in the introduction chapteur samples were designed so that it is
possible to find easily a particular nanostructofea few microns wide in the middle of a
sample of a few millimetres. Since our imaging emith the piezoelectric tube at low
temperatures does not exceed 8 pum, this wouldnewuay too much efforts in trials-errors, if
no means of locating the tip with respect to theda were included.

The microscope possesses its own relative positieter, owing to the capacitive
measurement (see chapter 2), but it does not gigesa to the absolute position over the

sample.
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This drawback has several origins:

 The sample is glued by hand on the sample holéeceénot reproducibly,

* The tip does not always have the same length, eredbes the sample

have the same thickness,
* Finally, stray capacitances are sensitive to theileel arrangement of the
cables, humidity levels, etc, which change from ameto another.

All these typically change the capacitance measengfoy ~0.1 pF from one run to the other,
which corresponds to a fictitious displacement@d um.
One then has to tackle the problem differently, ancode directly on the sample a coordinate
system relative to e.g. the center, which can be ss a local map of the sample.
Since the full range of our scanner is 8 um, weepata coordinate code every 16 um, such
that wherever the scanner lands on the samplecgyrtiae first image contains at least a part
of a code. After having deciphered the positionngisthe motors combined to capacitance
measurements, the desired nanostructure can bberkac only a couple of images and
displacements. The whole procedure of finding aosttncture thus takes generally less than
% hour.
The binary code is presentedFig. 3.27. Each axis X and Y is encoded on 8 Iptead over
two lines. The first two lines encode the X pogitithe last two the Y position. The first line
left bit of each axis is the sign bit, and the otfebits stand for powers of 2. The full code
tells the position from the center in the form ohaltiple of 16 pm.

I+

]

N
S

22
23 24525 26

8um

dot=1
—
no dot=0

................

Fig. 3.27 Binary code patterned all over the surface of cam@es to ease the location of the
interesting structure. This is the local map ofshmple.
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It is encoded as bumps or dips in the sample seirfaach like the Braille alphabet for blinds.
This technique of patterning the sample with reale shapes is standard in near-field
microscopy (as opposition to far field, where thesaof interest can be accessed at a glance).
The true innovation in the form presented her¢has information is everywhere so that it is
impossible to miss it, and it is unique so thatrehe no ambiguity. This lightens very much
the efforts to reach the interesting point, as camag to other techniques, and it is not too
difficult to design. Note however that the designttee encoding grid must not disturb the
fabrication and the functioning of the structure®é studied. For this reason, we leave intact
a square of 100 um side at the center of the saompighich we fabricate the finest patterns.
Within this area, there are usually enough recapi&objects with small designs (connecting

pads etc...) so that if the tip lands there, it isdifficult to locate.

Fabrication of the encoding grids was done usuatlgptical lithography, prior to fabrication
of structures on the sample. This way, it can béemwprocessed, using photolithography
masks.
* One starts from a standard Si/S®dbstrate, on which one spins Shipley®
S1805 photoresist at 4000 rpm during 45”. The tesithen dried 1’30 at
110°C, and cooled down at ambient temperature. thickness yield of
the film is about 500 nm.
Resist should not be thicker than the minimal patsze which is 1 um, because of light
diffraction by the edges of the mask. A 1 um resotuis commonly achievable with most
photosensitive resists and UV mask aligners, bgitires some care: in particular the contact
between the mask and the wafer has to be very tight
« The resist is exposed at 100 m¥aming a MJB3 UV Aligner from Karl
Suss { = 365 nm), with hard contact using a vacuum chiitle exposure
dose is ~ 10% lower than recommended, to avoid@nlg of the patterns.
* The resist is developed 35” in MF319 Shipley® depel, ODI rinsed and
dried.
The substrate is subsequently engraved with reaaiv etching using fluor based chemicals
adequate for Si.
* We used a flow of SF6 at 28 cc/min, in a chambesgure of 10 pbar. RF
power is set to 50 W, which results in ions beitgederated at 170 V.

These parameters yield an anisotropic etching ratteeof ~ 1 nm/s.
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We generally etched ~ 70 nm down in the substmaf@dvide clear contrast on AFM images.
Fig. 3.28 shows the aspect of samples with an engayid.

Fig. 3.28 (a) large range SEM image of the sample once tldégyengraved. The center is bare to let
some room for fine structures. Large pads can pegieed without problem over the grid: one can
still see the code, and the pads are continuolidin@d SEM zoom on three consecutive patterns.
The dots represent a one, and the absence of dok€thby red dashed circles) stands for a zero.
(c) AFM image taken just after the landing; the ifjas with respect to the center is known
immediately from the code: (1+4)x16 pm to the Igft bit on) in X and (1+8)x16 um to the
bottom (F' bit on) in Y.

With this engraving recipe, the codes appear asidiphe topography of the sample.
It is also possible to evaporate material throdghresist mask, which would result in bumps

on the topography. This technique is applied fetance when the grid cannot be patterned
before the fabrication of structures.

3.3.2.2 Multiple angle evaporation

Metallic circuits we measure generally consist inltiple metallic layers of various shapes,
which are deposited one after another. These lagansbe deposited by metal evaporation
through a mask of resist, or they can be etcheadiouniform layers.

Whenever possible, it is convenient to evapordtéhal different metallic layers under the
same vacuum, using a unique resist mask.

This is true for several reasons: first, when smstllictures are patterned, it is technically
challenging, and time-consuming to carry out sevéhmgraphy steps aligned on each other.
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Second, when one needs to control the contactpaamscy between two layers, it is better to
evaporate them in a controlled environment, withbrgaking the vacuum. It is possible
though to circumvent the latter problem by machinithe surface of an air (water)
contaminated sample using argon ion beam millieg@3s3.1.2).
Suspended masks are used to evaporate multipldlimé&tgers of different shapes without
having to break the vacuum, as depictedrign 3.29. They are formed with a bilayer of resist
either photosensitive or electro-sensitive, depanain the size of patterns required. The top
layer has less solubility in the developer than lble¢tom layer so that one can form an
undercut in the mask. The top layer should alsstifEenough so that it does not collapse
when the bottom is evacuated.
Finally, the height of the bilayer and the angledemwhich one evaporates define the
displacement between the patterns.
For electron beam lithography, we use a bilayeri¢abed in the following way:
* spin of MMA 8.5 MAA EL10 from Micro Chem at 1500mp60”,
» bake on the hot plate for 2’ at 170°C,
» wait for thermalization at ambient temperature,
* go through the procedure from step 1 to 3 oncenagdai increase, if
needed, the thickness of MMA (caution: one hastaa $he spin as soon
as the resist is dispensed on the wafer to avedissolution of the first
layer)
* spin PMMA A3 from Microchem® at 5000 rpm for 60"
* bake 20’ at 170°C
These yield a bilayer thickness of ~ 1 um MMA, a&tdnm PMMA on top. MMA is more
sensitive than PMMA to electron exposure so it asgible to expose the MMA with low
doses without breaking the PMMA layer. This is bady how one can do undercut, and
overhang masks as shownFig. 3.29.
For optical lithography, we use LOR30B from Micrdé@n as the under layer, and S1800
from Shipley® as the top layer. LOR30B is not anicglly sensitive resist, it can be made
very thick and it does not disolve into S18 develofll this makes fabrication less tricky
than using MMA/PMMA bilayers.

163



. b

cross section

(4

00 o

00 .Q
] K| PMMA ~70nm

MMA
layer 2 layerl ~1pm

Fig. 3.29 The suspended mask is formed by a a first thickrlaf resist, and a thin top layer of
another resist that is less soluble or less sgasine can form circuits with two different metall
layers as pictured on the scheme, by simply evaipgranaterials through the same mask under
different angles.
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CHAPTER 4

MESOSCOPIC

SUPERCONDUCTIVITY
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4.1 Introduction to proximity effect

The superconducting order parameter is a subtlaetiiyavhose space and time variations

present a great richness of behaviours. It desctiee pairing correlations between electrons
with opposite spins occupying time-reversed orlstates. The pairing potential that drives
the superconducting order only occurs in superccinoly materials, and originates in BCS

superconductors from the electron-phonon couglidg

The interest of mesoscopic superconductivity is cmmbine materials with different
properties, and to probe the superconductivitylbtiha relevant scales.

Proximity superconductivity occurs when a non-sapeducting (N) material is placed in
contact with a superconducting (S) one. Pairingatations leak from the S side into the N,
and the order parameter of the S is reduced clogée interface. Some superconducting
properties are transferred onto the N side: thetmdefield is excluded close to the interface,
diamagnetism occurd20], the density of states is modified and maynebmes acquire a
true gap [121, 122], and a supercurrent may flomwssan SNS structuf@23]. However, the
resistance of an N wire connected on one end t8 atectrode is equal to its normal state
value at zero temperature, despite a reductiontatmediate temperatur§s24]. Proximity
superconductivity is thus not simply a reduced stgaductivity, and its investigation, started
in the years 1960s, is not yet completed.

A key element in our understanding of proximityeeff is the Andreev reflection process
[125]: when an electron incoming from the N sidginges an NS interface with an energy
smaller than the superconducting gap energy,nbtssimply transmitted to the S side, but is
retro-reflected as a hole, with an extra pair tiemed to the superconductor. We will exploit
this very physical point of view whenever possible.

An SNS structure in which an N wire is connectedath ends to S electrodes is a model
structure for probing proximity superconductivityp to now, most experiments measured
only the maximum supercurrent in such structures, the theoretical predictions have not
been fully probed. Our aim was to exploit the spawce energy resolution of our AFM/STM
machine to investigate proximity superconductithyough the local DOS in a model SNS
structure in which the phase difference is corgbkxternally.
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4.2 Theoretical description of Proximity Effect

4.2.1 Inhomogeneous superconductivity

The investigation of proximity superconductivity svaitiated by the Russian school around
Bogolubov [126- 128], and by the Orsay group leddbyGenne§l129]. From the theoretical
point of view, proximity superconductivity is padf the wider field of inhomogeneous
superconductivity. In metallic structures containsuperconducting materials, the quantum
states of quasiparticles obey the celebrated Bbgohde Gennes equatiofis30]. A solution
for the treatment of inhomogeneous supercondugtivis derived by Gor’koy131] using
guantum field theory methods for calculating elecic Green functions. This formalism was
further simplified by Eilenbergdi32] using the disorder averaged Green functichrgue.

In the case of diffusive conductors in which thectlonic mean free path is short, Usadel
[133] derived a set of equations sufficiently simpd be handled. Other important situations
have also been addressed. In particular, the toanppoperties of fully coherent proximity
effect structures were calculated by Beengkad4] in terms of their scattering matrix, which
allowed to make predictions using the Random Mathrory (RMT).

4.2.2 The Bogolubov — de Gennes equations

The formation of pairs is described in the BCS thidny the exchange of virtual phonons
[14], but it can be equivalently formulated as arteraction between time-reversed
conjugates, without specifying the nature of thapimg. In this point of view, the electron
and hole quasiparticles of the normal metal arglaslby the pairing Hamiltonian. Thus, the

eigenstates of the system no longer corresponikttren or hole-like quasiparticles, but to a

superposition of them. The two corresponding amgés u(r) and v(r) obey the

Bogolubov-de Gennes equatidas80]:

ERNEAREs)

where H, is the usual electronic Hamiltonian containing kineetic and potential terms, and

A(r)is the pair potential, to be determined self-cdesidy. A way to solve a system is to

determine all eigenstates of E4.X), and to fill the states up to the Fermi leval.most
circumstances, this strategy is however too diffituhandle.
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4.2.3 Theoretical description of the proximity effect in diffusive

systems at equilibrium

The Green function formalism does not require tteideine the solutions of the Bogolubov-
de Gennes equations. Here, the formalism is odtli@ad the main results pertaining to
diffusive conductors are presented.

Symbols employed in this part follow the followingles: U is a scalarlJ is a vectorU is

a 2x2 matrix,(..) is an averagd,..,..]a commutator, anfl.,.} an anti-commutator.

4231 Electronic Green functions
Different types of electronic Green functions aedirted. The retarded one write:
G*(rtlr ) ==i6 (=t )yna s  £) w2 't o)
where|1//H> is the ground state stationary wave function ef slgstem,d (t) the Heaviside

function, andy, (r) (resp.y, (r)) is the annihilation (resp. creation) operatoadérmionic

guasiparticle with spim at positionr . The advanced Green function writes:
G (r i ) =i0(t =)y ws ( 2) i € 2 i)

The retarded Green function contains the full infation on equilibrium properties.

4.2.3.2 Green functions in the Nambu space

Due to electron-hole coupling, superconductors described by a richer set of field
correlators, represented by a 2x2 matrix in theated Nambu space:

{w, (r)w ()} {w ) w ()}
i ) () ol ()

where diagonal elementé{wﬂ,w;}>0 represent the conventional occupation numbers or

M (rt]rt)=

“normal” correlations, while anti-diagonal elememgasure the so-called “anomalous” pair

correlations,<{1//l ,1//1}>0 or the amplitude for creating or annihilating argeom the system,

( ), being a statistical average over the state ofyiseem. Since in the following we only
discuss equilibrium situations, we limit the dissios to the retarded Green function:

GR(r,tr yt)==ig(t-t)M(r tt 't) 4.2)
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4.2.3.3 Quasiclassical Green functions in the dirtyimit - Usadel

equation

The above Green functions obey the microscopick@erequationg131]. They oscillate
with the differencer - r' at the scale of the Fermi wavelength, which is Imslorter than
characteristics lengthscales occurring in supergctimy devices, such agv. /A, the
coherence length in a clean superconductor. Byiatang over the relative coordinate one
obtains the quasiclassical Green functions, whadlow the Eilenberger equations [132, 135].
Usadel [133] showed that a further simplification can barred out when considering
diffusive conductors, in which case one needs anlysidering isotropic Green functions of

the type
GE, (rt=t) =0 (t-t')(M (r.tIr 1))

denotes disorder and statistical averaging ovestate of the system. By taking

Dis.

where( ),

the Fourier transform’ over the time coordinate one obtains the posiinergy retarded
Green function in the diffusive case

A

R(r, B)=F (& (r, t- 1)
R obeys the Usadel equation :
nD0, (RO, R =[ =i M, +7,6 R ,R] 4.3)

whereD is the diffusion constant of the materi&], is the spin-flip scattering rate and

(i E)

where E is the energy referenced to the Fermi lex®&l=0) andA(r) is the mean-field
effective pair potential of the BCS theory, whiahpriori depends on space in a proximity
system. We discuss it further below.

4.2.3.4 Properties of the Green function elements +Physical
guantities

The R matrix can be written as

! The advanced Green function can be expressédias-a, RT6Z, with &, the third Pauli matrix.
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R(r, E):[IST —FGJ

where F, the anomalous Green function, a@d the normal Green function, are complex-
valued functions of space and energy, and T deriotesreversal. The Green function is
traceless Tr R=0) and normalized R = 1), so that

G2+ FF'=1.

Expressed in terms &fandG, the Usadel equation becomes:
1D (GO?F - FO?G) = —2iEF - 2A G+ 47l GF
. 4.4)
F(nDO2F'+2A") = F' (nDOZF +2A)

All the equilibrium physical quantities can be ab&al from these Green functions. For
instance,

* The quasiparticle density of states is given by
p(r,a)IpN ReG(r ,s), 4.5)

where p,, is the normal state density at the Fermi level.

» The supercurrent writes

wp

E
J :;—'; JdEtan}{Z—KaTj R¢FOF' - F'OF)

where s, = p,€° D is the normal state conductivity of the electrode

* The superconducting pair potential (also known dgioparameter) is

A(r)=MhT dEtan}{%j(F(r E)-(F(r ,E))*) (4.6)

2 B
whereV(r) is the phonon-mediated interaction potential,chihis zero in normal metals and
finite in superconductold.36].
The last equation4(6) explains why solving the Usadel equations mxmity effect
problems is generally hard. Indeed, solvidgl] forF andG is “only” a non-local problem in
space which can be treated energy by energy. Eaquétic) however transforms the problem
into a much more complicated energy-integral pnobleince the solutions fdf andG at a
given energy then also depend on the solution atheer energies!
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One can express the pair potential as the product

A(r)=pWV (r)P(r) 4.7
of space-dependent material properties with the panplitude function #(r). This
distinction between the pair potential and the pamplitude is important: in NS
heterostructures for instance, the discontinuity@f at interfaces will show up in(r),
resulting inA(r) = 0 in normal metal regions, where@ér) Is generally non-zero even in the
normal metal regions and varies smoothly acrosanclaeterfaces (for an illustration see
below, Fig. 4.10). The pair amplitude function can itde$f expressed as the integral of an

energy-resolved pair amplitude functipfE,r ) :

hawp

P(r)= [dEp(Er), (4.8)

0

where

p(E.r)= tan?—{ZZTJ(F(r E)-(F'(r ,E))*). (4.9)

4.2.3.5 Boundary conditions

Deep inside reservoir electrodes at equilibriumtha absence of supercurrent flow, the

gradient terms in4.4) vanishes and the Green functions assume thiivalues. In a normal

metal R=4, . In a superconducting electrode
- Sign(E+[A)( E A
- /E2_|A|2 iN -E)
At an interface between two metals, one needsnermgdto take into account scattering due to
an imperfect interface. The (dis)continuity of t@@een functions in this case has been
worked out in Refs.[137- 140]. Introducing the gpalccurrent density

j(r,E) =o,ROR, (4.10)

the Green functions (dis)continuity relations caa bxpressed as a spectral current

conservation equation across the interface
J.Sdslz-jlzllzz__'.sdszrjz (4.11)

where the subscripts 1,2 denote the side of trefade, &; an elementary surface element

pointing from side i to side j, and with the curtren
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. T, R.R]
|12_Goz N :
v 4+7,(37{R, R} -2
In the latter expressionG,=2¢€/h is the conductance quantum and fhe are the

transmissions of the channels across the intertaossidered as a scatterer for electrans,
Landauer.
Following Nazaro\139], we re-write

~ o 271Gy (4 A A
o =[Ru R Z(31{R R}) (4.12)
where G = GOZ'I'n Is the normal state conductance of the interfamkZ4u) is a function

characterizing the distribution of the interfaceauwhel transmissions:

_G 21,
Z(u)= G, ;2+Tn(u—1)

which is such that for any interfagg(u=1) =1.

For various known probability distribution funct®rP(T) of transmissions across the

interface,Z(u) can be evaluated as

uniform - ————
2+t(u—1)
1
J‘ZiTTP(T_)l g7 |tunnel- 1
2(==2TUY  _Fistic 1%
fT P(T)dT u
° dirty — ‘/i
1+u
diffusive _ 2rccos!

J1-uw?
Above we have considered several distributiongHeiT,
* Uniform stands for an interface having all channelgh identical
transmissiond =t.
 Tunnel and ballistic are sub-cases of the abovén wikland, t=1
respectively.
« The “dirty” case assumes the universal Schep & Baabkannel

transmission distribution valid for disordered nfiéees[141]
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_ 26, 1
7G, TVNI-T

* Finally, the “diffusive” case assumes the Dorokhdigtribution [142]

P(T)

found in diffusive conductors.
G 1
P(T)=—=X
=g vt

Note however that the latter case is given justifd@rmation: it cannot correspond to a

physically realistic interface since the Dorokhoistdbution is valid only for transport

through a thick diffusive medium.

4.2.4 Parameterization of the Green functions

The retarded Green function matrix is a 2x2 maitith the following constraints:

TrR=0

R2=1e- G*+FF'=1
Hence, the four elements of the matrix are not ieddpnt; only two independent parameters
need to be specified to construct the matrix, wekieral possible choices. In the following |
present two common parameterizations of the retb@reen function.

4241 0, p parameterization

The most widely used parameterization in the litekats thed-p parameterization:
_ cosd  singe’
R(r, E) :( j :

singde™” - co9
where 6(r,E) and ¢(r,E) are generally complex functions. This parametétinaprovides

an intuitive geometrical representation of the @reenction at the Fermi level, when bath
andg are real angles, allowing picturing the statenefsystem on a sphere ($eg. 4.1):

6 is the “pairing angle”, withd =0 for a normal metal at the pole of the sphere and
6 == /2 for a BCS superconductor at the equator.

¢ Is the phase of the superconductor, corresporditige “longitude”.

In this representation, the density of states afitations is given by (E =0)= Reco#,

corresponding to the projection of the point onvidical axis of the sphere.
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Fig. 4.1 Geometrical representation of the state of a pritxisystem at zero energy in thg ¢
parameterization.

In absence of a magnetic fiellandy satisfy the coupled second order differential ¢iQua:
4E sing + 2co9 (A + &°A')+2n DY =sin m( 4T, +1D(y )2)
oA _ A9
2c0000'g + singy =i 2D
nD
derived from the Usadel equationd.4), where the symbol prime denotes the spatial

derivative.
4.2.4.1.b Nazarov's Andreev circuit theory

Based on this geometrical interpretation, Nazarag klescribed an elegant mechanical
analogue way of solving the Usadel equations atRéweni energy in arbitrary proximity
effect networkg137]: he showed that the state of a proximity eystan be found by solving
the mechanical equilibrium of a set of springs loa $urface of the sphere, where the springs
represent the links of the network with strengtiggprtional to their conductance.

As a simple example, one can determine the Fenral &ensity of states of a system schemed
on Fig. 4.2, representing a T-shaped normal metal ectimg a normal reservoir and two
superconducting reservoirs to which a phase diffezas applied. One can guess that, if short
enough, the normal wire connecting the two supefgotors may sustain supercurrent,
though since it is attached to a normal resenisiigensity of states will be finite at the Fermi

energy. We are in the presence of what is callgdpless” superconductor.
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Fig. 4.2 Left: Sketch of an SNS system where the normaloregs gapless, but can sustain a
supercurrent. Right: circuit representation onuhg sphere: one finds a finite density of states a
zero energy.

4.2.4.2 Ricatti parameterization

An alternate parameterization scheme of the Graentibn is the Ricatti parameterization
[143, 144, 146, 149]:

- 1-7 2
R=—1 [ [ j (4.14)
I+ 2y -1

wherey andy are also complex functions ofand E.

The Usadel equationd.@) expressed in terms of thand j functions are:

* 5-1 o
IE7 - Aj? +A +4hFSf]7%+hD[—i~(;7 )+ j: 0
7 (4.15)

2By —A'y? +A +4hrsfy% +hD[—i(y‘)2 +y"j =0
¥7

the prime still representing the spatial derivati@me notes here the symmetry between the
two equations, which yields the general relation:

7(E)=7(-E)*, (4.16)
related to the electron-hole (or time reversal) sytry. In general, this symmetry does not
simplify the task of solving the system, exceptsituations whereA can be taken real

throughout the system (i.e. no phase differencprésent). In this case;=7 and has an

energy-even real part and an odd imaginary pad tla@ Usadel equations reduce to a single
differential equation.
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4.2.4.2.a Advantages of this parameterization

Compared to th@-¢ parameterization, the two parameter functionshere treated on the
same footing, and they are only algebraically comdhiinstead of through transcendental
functions. As a consequence, Equatiohd§) are somewhat more easily handled numerically
than @.13).

On a more physical ground, the Ricatti parameterslaeply related to the Andreev equations
[125] themselves derived from the Bogolubov - denti@s equations4(l). This link is
particularly obvious if one considers the cleanegcas which the impurity scattering is
neglected143] (i.e. the Eilenberger equations in the clémit). In the diffusive case, this
formal link is still visible in the boundary conmihs for y andy, deep in the

superconducting reservoirs (see below).
4.2.4.2.b Ricatti parameters in reservoirs

Deep into reservoirs, the gradient terms4iri ) vanish. For a normal reservoir the solut®n i
then trivial: y =7 =0. For a BCS reservoir with a pair potentisd? (with A real positive),
assuming there is no pair-breaking,(=0), y andy verify

2Ej = A€’j” —Ae™

2Ey = Ae_i[”y2 - A€’

whose solutions are given by either of the followéwgivalent expressiohs
T E
V(E) = ys(E) = exp( i + I Sig(A-E) ArccosA—J

-Sign(A+E)
[c2 A2
:ie‘¢[E+ E A ] 4.17)

=e¢[i E—Sign(A+E)\/ﬁJ

A

Expressions foly are the same with replaced bye. The physical solution is retained by the

argument that correlations must tend to zero fghtenergies. These expressions coincide

with the Andreev reflection amplitudgs25] and are plotted iRig. 4.3.

! Here, the principal determination of square radtsegative number are always takgm = +iy/[¥ .
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Fig. 4.3 Ricatti parametey(E) of the retarded Green function in bulk supeduarior with real
pairing potential¢ = 0), as a function of energy. In this cages y. These functions coincide with

the Andreev reflection amplitude at a perfect Nxiiface. In the inset, the modulus squarg ief
plotted as a function of energy. It coincides vitie Andreev reflection probability which is unity
below the gap of the superconductor.

4.2.4.2.c (Dis-)Continuity of Ricatti parameters ainterfaces

Expressing Green functions in terms of the Ricptrameters, Equationgt.(1)-@.12)

transform to

Ao, (1+ yzf/z) 1+ ylyl) 2)

G, (7)) (" 7))
Ao, (1+y) Z£1 (1+W1)(1+Viz)]

1
whereGy denotes the conductance of the interfdgethe area of the conductor on side 1 of

(4.18)

G (n—yz)(1+y1172)z[1 (( 2(11 ~z)]
2

the interfacé ands; the normal state conductivity of electrode 1. Bbeve expressions are
symmetric by exchanging tilde and non-tilde terang] similar terms are obtained on side 2,
by permuting indices 1 and 2, and changing sige (@ell)). These equations link the
derivative of the Ricatti parameters on either safethe interface to the jump of the
parameters across the interface.

4.2.5 Spectral quantities in the Ricatti parameterization

Following from @.5), the normalized density of states writes

p(r.E)=py Re[l_yfj (4.19)

1+yy

! In the 1-D approximation discussed below, theediffice between cross sections of the electrodbstbrsides

of a contact can be accounted for by the t&rm
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the order parameter is expressed as the integealemergy of the pair amplitude:

_ " EN » (7))
A(r)==ip\V(r) Jtanh[ZkBTj[Hy;? [HWJJdE (4.20)

4.2.6 A word on the non-equilibrium theory

In non-equilibrium situations the retarded and adeal Green functions need to be
supplemented with the Keldysh Green function whadntains the electron and hole
distribution functions. In this non-equilibrium foelism the equations are very similar to
those presented here. In spite of this formal sintyl, solving numerically the non-
equilibrium equationg144] can be much more complicated than solving ebailibrium

situation, which is already not so easy, as wilekplained in the next section..
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4.3 Solving the Usadel equations numerically

As explained above, for a given diffusive proximiggfect structure at equilibrium, all
physical properties can be obtained from the faflthe retarded Green function, which is the
solution of the Usadel equation in the whole sutet with the appropriate boundary
conditions. However, since the Usadel equationsaupled non-linear differential equations,
it is not possible to obtain analytical solutioexdept in rare limit casg445]). Hence, one
needs to recourse to some numerical method to Hedge equations. Many fields in physics
(hydrodynamics, plasmas...) face problems of smiylpe and generic Finite Element engines
have been developed to solve for multi-dimensiarai-linear differential equations. One
could in principle use these tools for proximityeet too, as they allow for arbitrary shapes
and easily make use of distributed computing aechitres.

4.3.1 Reduction of the problem dimensionality

However, up to now, all numerical work on Usadeli@ipns was done using specifically
written code applicable only to idealized reducédahsionality problems, mostly 1*DThis
approach allows reducing the number of geometpeaameters, maintaining better control
on the numerical process and having much shorteolugon times. This approach is
particularly well suited to model large translationariant systems like planar junctions
made of different stacked materials. It is alsoliapple for small systems having a typical
"wire" geometry with transverse dimensions smadiuggh to assume the Green functions are
homogeneous in any cross-section of the wire, wiakying along the wire. In practice, this
1-D approximation is a good assumption for diff@sivires if the diameter of the wire is
small compared to the diffusive coherence length~/AD/A , whereD is the diffusion
constant of the material amd the relevant order parameter in the structure.@okimity
structures made with Aluminum as the supercondueatma standard diffusive metals, is of
the order of a hundreds of nm. Hence, one canyeiatiticate a quasi 1-D structure using e-
beam lithography.

We have used the 1-D approximation of the Usadelagons for modelling the SNS
experiment we have performed and which is preseméd.6. In the following we assume
and discuss only this case.

! Notable exceptions are 2D resolution§li46] for the diffusive limit and147] in the ballistic case.

179



4.3.2 Specifying the 1-D problem

From now on we consider the resolution of the SKM$lem shown irFig. 4.4, in the 1-D
approximation. We thus have to solve the Usadebiegus to obtain the set of functions

7(x E),7(x,E),A(X) wherex is the coordinate along the system and these iinscbbey
(4.15) in the bulk of the electrodes and.18) at the interfaces. Far enough in the
superconducting electrodes we assume the superctomdeaches the bulk Green functions.
Hence at the left and right boundarigsi(L/2+ LS) where isLs taken large enough, we
impose the bulk Green functiond.17) as boundary conditions, with the approprjtase
difference. Assuming an exponential relaxationh&f superconductor towards its bulk Green
function, Lg ~5¢ should make a negligible difference with an irtBty long system. Note
that the problem is not necessarily symmetric du¢he possibility of specifying different

interfaces.

Interface discontinuity

relations
/ \

L L X

2 2

Fig. 4.4 1-D SNS system to be solved using Usadel equatidgthsthe Ricatti parameters. In each
electrode we must solve for a pair of coupled epargl space dependent functions, plus the self
consistency equation giving the order parameteth@teft and right of the system we assume the
electrodes recover the state of the bulk BCS sopeator, with possibly a phase difference
between them, while at the imperfect NS interfaaediscontinuity relation links the derivatives of
the functions on both sides with the jump in thachions. The initial profile of the order
parameter is plotted in the bottom part: the maoslwiithe order parameter is assumed constant in
the superconductors and zero in the normal part.

180



4.3.3 Solving strategy - self-consistency

As a starting point to numerical computation, inecessary to impose a profile for the order

parameterA(x). The simplest starting assumption is to takéx) as a step function,

assuming constant values inside the superconduetmiszero inside N, for the phonon-

mediated attraction doesn't exist in normal metd|s= 0 (SeeFig. 4.4).
From this point, corresponding(x, E) and 7(x, E) are then found by solvingt(15) and

(4.18) energy by energy in a large enough energyeréinom E =0 to many timeg\) so that
we can subsequently compute an updated profildh@forder parameter using.20). The
procedure is then iterated until consistency ished. An example showing the convergence
of such iterative calculation is shown below, iotgEn 4.4.2.2Fig. 4.10.

In inhomogeneous phase situations, we will assumeeak supercurrent density in the
superconductors so that the phase drop occursammbss the normal wire. Otherwise, the
boundary conditions we consider for the extremiaes not suited. Note further that self-
consistent magnetic effects may need to be takenaiccount if the supercurrent is large. In
the present treatment we neglect the effect ofnlagnetic field, except maybe through a
spin-flip scattering rate [146, 148].

4.3.4 Implementation details

The interface boundary conditions introduce paike-Idiscontinuities iny(x),7(x) at

Xx==*L/2. Such discontinuities cannot be handled by stahdaumerical integration
algorithms which assume smooth functions. It ig¢dyeb splity and j into distinct functions
having different domains:

yl(x),ﬁl(x) for x<—|J2,

7(%),7(x) - $7,(x),7,(x) for —L/2<x< /2,

7,(X),7,(x) for x>/ 2,
so that these functions are smooth and have boymdenrditions only at their ends. These
functions need to be solved simultaneously eveanghdhey are now on distinct intervals. In
order to solve them in a single differential int&gyn, and not sequentially, we apply a trick
which consists in “folding” them onto a single intal, as schematized fig. 4.5. We thus

need to solve a set of 6 second-order differestgplation (DE), on a single interval. These
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equations are coupled 2 by 2 (by setggf) along the interval and re-coupled altogether at

the extremities (by the boundary conditions).

“L/2-Ls -L/2 L/2 L/2+L,
s - —
Qe ! N S VT
"Folding" S| (flipped & scaled) !yt - Interface
discontinuity
relations

YR, PR Sk (fipped & scaled)

Fig. 4.5 To numerically solve the equation for boundary dtos in the SNS system, it is
convenient to fold the system as described, so dhdtoundary conditions are brought at the
extremities of a single interval, a standard situetor which algorithms exist.

The Usadel equations to solve for each electroel@an linear differential equations (NLDE)
with boundary conditions given across an intervdiere are no efficient algorithms for
solving this kind of NLDE; they all basically wolky trial and error, trying to find the initial
value of the derivatives on one side of the intemvaich allow meeting the boundary
conditions of the function on the opposite sideedehso-called "shooting" algorithms may
converge badly, for instance when the DE has aromxqmial sensitivity to its initial
conditions. In contrast, fdinear DE, deterministic algorithms exist to solve sudutdary
condition problems. We can thus use such an algoriiy linearizing the Usadel equation. To

do so, we express each of the above 6 Ricatti mEamasy(x, E) =y, (x, E)+dy(x,E)
where y,(x, E) is a trial function anddy(x, E) is a corrective term (assumed small) to be
determined. By performing a first-order expansinrﬁjr(x, E), one obtains a linear DE for

9y (% E):
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A+2iEy, —y2A +1D| - 22200 |4 2E - A + 20D 12T |5
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—arD 5, + 1Dy = 0
1+757,

(written here forl, =0, for simplicity) which can be solved efficientlyielding a calculated

first-order correcting function. If the computedriexting function is indeed found small

everywhere, it is added tg, while if it is large at some places, only a snfi@kttion of it is
added toy, to obtain a new function closer to the real solutiThe process is iterated until

sufficient convergence is reached. Finally, eactosé order DE is transformed to two
coupled first order equations for numerical resolut

We have first implemented such a numerical resmutising Mathematica, which allows
flexible and compact programming of complex proldeamd immediate visualization of the
results. In particular, in numerical integratiorfSDE problems one does not need to spend
much effort about numerical details such as thereigation of the equations. This
implementation worked, but was too slow to realadty perform self-consistent gap profile
calculations, or to explore many interface parametehen trying to reproduce the
experimental data presented in the second pahi€thapter.

With the help of Juan Carlos Cuevas (D.F.T.M.C.vd@rsidad Autébnoma de Madrid), and
based on one of his programs which solved the Si8lgm in N with rigid S boundary
conditions, we implemented this calculation in FG&N code. This code makes use of a
very efficient algorithm from Numerical Recipes,okm as the “relaxation method”. The
algorithm is based on computing a large matrixihglfinite differences iy and inverting it
with a highly optimized routine. Filling the matrooefficients necessitates ~ 800 lines of
algebraic FORTRAN code. Since producing such aelagce of code error-free (or even
debugging it) is clearly beyond possibilities of mméiumans, we generated this FORTRAN
code automatically. Starting from the Usadel equesti all the required algebraic
manipulations were carried out using Mathematigaalfy the FORTRAN syntax itself was
output using theFort r anFor m function. For nearly interactive use, we still IcHie
FORTRAN program from within Mathematica and vismalits results with Mathematica.
Parameters and results are passed through text Titee resulting FORTRAN code is about
two orders of magnitude faster than the correspundiperhaps not fully optimized)
Mathematica program. Using the FORTRAN code, Griieantions of an SNS structure at a

hundred points in each electrode (i.e. 300 in @) be calculated for 1500 values of the
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energy in ~ 60 s on a regular PC. Self-consistapt @alculation, if needed, requires further
iterating this whole calculation, usually less tlH#antimes. Note that if gap self-consistency is
not necessary, one can much reduce the numbereafies to sample while still obtaining
accurate Density of States (DOS) profiles in thieactire in only about ~10 s. Hence, a self-
consistent DOS calculation can be 60 times longgn its non-self consistent counterpart.

_.» initial guess of order parameterA (X)

e ForE fromE,,;, toE,,

’; choose a trial functiony™ (x, E)

| solve Usadel equation for the errody(x)
iterate(
\ y < p+oy

N converged solutiony(X, E)

"=~ - calculate the newA(X) = p, V. E TdEIMg e

Fig. 4.6 Steps for the numerical resolution of the Usadabéigns. First a profile of order parameter
is guessed. Then for each energy, we first guessital value for they functions, and use a
linearized Usadel equation to compute a corre¢gua which we add to the guess function. This
step is repeated until convergence is reached, thennext energy is evaluated. Once the
correlations are found at all positions and energime can deduce the corresponding profile of
the order parameter and iterate the procedurdulf self-consistent calculation is desired.

184



4.4  General results on proximity effect in SNS strucires

In this section, | present the known proximity efféeatures encountered in SNS structures.
To illustrate these features, | show results okthifrom the numerical resolution of the

Usadel equation presented in the previous section.

4.4.1 “Minigap” in the DOS

Fig. 4.7 shows the normalized density of states P@r the simple case of a 1D SNS
structure withL =2& (& is the superconducting coherence length), andegerhterfaces
(i.e. no discontinuity of the Green functions al $iaterfaces).

Far away from the normal metal, the supercondud@i@® DOS is recovered, as expected (it
is the imposed boundary condition, after all).

The most striking feature in this DOS is the preseaf an energy band smaller than the
original gap of the bulk superconductor with exaaéro DOS. This so-called minigap is
present throughout the structure (even in the &reldes), with a uniform value. The minigap
is a salient generic feature occurring in any protyi effect structure with finite-size normal
metal part§121], not only in 1D SNS structures.

Y el A
minigap

Fig. 4.7 Normalized Density of States (DOS) predicted by tluenerical resolution of the Usadel
equation in an S-N-S geometry with perfect inteefazero phase difference and uniform cross-
sections in S and N electrodes. In this image anthé following, the part of the 3-D graph
corresponding to the N electrode is made darker tihe rest.
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4.4.2 Inverse proximity effect — Pairing amplitude and paring

potential

From Fig. 4.7 it is clear that the DOS is also modifie$ide the superconductor. This
modification can be seen as the evanescent patteofvavefunction of normal electrons
undergoing Andreev reflection at the N-S interfatlee evanescent wave has a characteristic
decay scale of. A consequence of this modification of the DO% ishange in the energy
resolved pair amplitude Eg4.9) which is shown irfrig. 4.8, at zero phase difference across

the structure, and iRig. 4.9, for ar phase difference.

zero phase difference

energy-resolved
pair amplitude

Fig. 4.8 For the same system ideal model system as in thaops figure at zero phase difference,
we compare here side by side and at the same #talBensity of States (DOS) and the energy-
resolved pair potential (Ec#.Q), at zero temperature).

1 phase difference

energy-resolved
pair amplitude

Fig. 4.9 Same figure abig. 4.8, forr phase difference.
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Both of these phenomena occurring on the superadodside of the contact are known as
the “inverse” proximity effect.

We see that the amplitude of the energy-resolved aaplitude function bears many
resemblances with the DOS: it displays the samaigap” feature, and peaks at the same
positions. However, it falls to zero at high enevgyere the DOS goes to 1. In the case of the
n phase difference, there is no minigap (or its lvidtzero). Here the pair potential changes
sign across the structure (corresponding to theeem of the phase shift), and exactly in the
middle of this symmetric structure, one recovereemal state metal (i.e. constant DOS and
zero pair amplitude).

4.4.2.2 Self-consistency

The pair potential is obtained according to Ej7)-@.9), by integratingp(E,r) to obtain

the integrated pair amplitude. As previously expadli (see 4.3.3), this calculation involves
iterating the numerical resolution of the Usadalaepns to reach self-consistenéyy. 4.10,
shows the iterated calculation of the pair poténtiathe structure shown ifrig. 4.7 to
Fig. 4.10. One observes the reduction of the patiertial in the S electrodes on a length scale
of the order of¢, a manifestation of the inverse proximity effdct.the system we consider
here, with high transparency interfaces and equaidN area, the inverse proximity effect is
particularly important, which makes reaching fudlfsconsistency difficult. Here, it can be
considered reached after 10 iterations. In mangagen quantitative predictions are not
needed, the first iteration already qualitativetggicts correctly the behaviour of the system.
This can be seen for instanceFiy. 4.11, where we compare the self-consistentevaf the
minigap to the non-self-consistent value obtainédirat iteration assuming a step like
potential, and the result of a calculation notrgkinto account inverse proximity effeate(
assuming rigid bulk superconducting Green functigpdo the interface)l44]. In this figure
we can also check the accuracy of our numericalltseby comparing the predicted minigap
in SNS system with clean interfaces as a functibthe N length, to previously published
results. We more or less recover the results ozigeét al. [143], but the observed
discrepancy is presently not understbod

L A careful examination of our numerical resultswebdhat the calculated solutions for symmetricalcttres
are slightly asymmetric (See e.fig. 4.10), for a reason not yet elucidated. Thisld explain the

discrepancy.
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Fig. 4.10 Iterated pair amplitude and order parameter pfilleng the S-N-S structure. The curves
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in the bottom panel are obtained by multiplying tlueves in the top panel by the pair interaction
potential depicted in the middle panel. Hence,deghe normal metal the pair amplitude is non
zero, while the order parameter is zero due t@absence of pairing interaction. The pair potential
is reduced in the superconducting electrodes, altieet inverse proximity effect. One sees clearly
that the typical length scale is of the ordegof
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Fig. 4.11 Predicted values of the minigap in SNS structuriés elean interfaces, as a function of L,
the normal metal length. Green and red curves laeerésults of our calculation, taking into
account the inverse proximity effect. Green isrtha-self-consistent obtained at first iterationg an
red is the converged result at iteration 10. The ldurve is taken from Fig. 1 [A44] and the
open dots, from Fig. 3 if143]. In the inset, the same data are plottedlmgdog scale, showing
an asymptotic 2 dependency of the minigap at large L.

4.4.3 Role of interfaces

Imperfect interfaces reduce the strength of theipriby effect: the minigap is reduced, and
on the S side, the inverse proximity effect, wiie associated reduction of the pair potential
is weaker (Sedig. 4.12). This can be easily understood in teohscattering : at a dirty
interface, an electron coming from the normal meéa, in addition to the Andreev reflection
process, a finite probability to experience a ndrneflection, which does not induce pair
correlations in the N part. For a detailed invesimn of the role of the interface parameters
see Ref[149].

Even with perfect interfaces, the 1D model carn shibw discontinuities in the derivatives of
the Green functions at interfaces if the electradesot have the same cross-section (while
sill staying in the 1D approximation). In this cagethe superconductor is much larger than
the normal metal, the inverse proximity effectlsoareduced (Seeig. 4.13).
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perfect interfaces scattering interfaces

Fig. 4.12 Comparison of the DOS in the same ideal SNS stracivith perfect interfaces as in
Fig. 4.7 - Fig. 4.8 (left) and same structure with resistiveeifaces (right), at zero phase
difference. In this latter plot we assume the faes contribute to the total normal state rest&tan
by the same amount than the wire.

uniform cross-section larger S cross-section

Fig. 4.13 Comparison of the DOS in SNS structures with peérfaterfaces but different cross
sections in S and N parts. On the left, N and Sfegual cross-sectiofrig. 4.7 -Fig. 4.8), while
on the right, the S cross section is ten timeselatgan the N cross sections. In this case, the
superconductor appears more “rigid”: the inversexjpnity effect is reduced, and the minigap
increased.

4.4.4 Dependence of the minigap on N size

Fig. 4.11, shows the dependence of the minigaplib &NS structure with clean interfaces,
as a function of the length of the N part. In the log-log inset, one sees #itdargeL, the

minigap varies ak™. This dependence can be traced to the diffusiaeacter of the problem:

an electron in the N part has a characteristic diveér = L?/D, which defines the Thouless

energy scaIeET:h/r:hD/Lz, frequently encountered in mesoscopic systems. The

190



proportionality noted above shows that the miniggs proportional to the Thouless energy

when E; < A [143]. The precise proportionality factor dependstiee details of the system,

and, in particular, on the interfaces, as showthénprevious section.

4.4.5 Phase modulation of the proximity effect

The originality of the equilibrium SNS system isitlone can impose a fixed superconducting
phase differencé across the structure. Experimentally, this caradd@ieved by closing the
system in a loop and threading a flux in the losge(below) or by driving a supercurrent
though the system. This phase difference affeeD@S of the whole structure in a periodic
manner[150]. We show the evolution of the DOS of an SNiSIgure witho in Fig. 4.14.

When the phase is varied, the minigap evolves rlyug$1|cos(5|, pinching off linearly at

o=nmmod 2r .

Fig. 4.14 Evolution of the DOS of an SNS structure (samenaBig. 4.7 -Fig. 4.9 ) for a phase
difference between the superconductors varying dmtw0 andr (the behavior is even,n2
periodic in phase difference).
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4.5 SNS systems viewed as scattering structures

Pioneered by Landauer, the description of quantoheient structures in terms of scatterers
for electronic conduction channels has proved aegoiulway of understanding mesoscopic
devices. In particular, its formal simplicity oftatlows intuitive insights on the behaviour of
the systems. For proximity effect structures, itaiscomplementary tool for the Green
functions approach which gives its predictions otiilgough the “black box” of numerical
resolution of the Usadel equations.

The scattering approach of SNS structures is wgllagned by Beenakker in Refl34]. In
this approach one combines the ordinary electrecadtering matrixs of the N part with the

Andreev scattering matria(e,¢) describing the NS interfaces and which couplestela
and hole motions in the N part of the structureisTiatrix a(a,go) depends on both the

energy and the phase of the superconductor antecarpressed with thg, given in @.17).

Working out the scattering matrix of the whole stuure, one finds resonant conditions at well
defined energies|KA, given by the roots of

Det[]l—a(e ,—gol)* S(e) a(e ,gl)z)S(—g)* J =0 (4.21)
where 1 is the unity matrix{134]. These resonances correspond to quasipasiakes for
which after an Andreev reflection at each extrerttity particle interferes in phase with itself
(Fig. 4.15), giving rise to a localized state insitie N part, called an Andreev Bound State

(ABS). Such a structure can be viewed as a FabmtPesonator made with phase-
conjugation mirrors, and the ABS are the mode$si@féesonator.

a(s,9,) a(z,9,)
2/
2, ESc/f:%//Z\\%) 7
S, N S,

Fig. 4.15 Sketch explaining the formation of Andreev bounadtes in an SNS structure. At well
defined energies, when following a trajectory sashdescribed in this figure, the particle can
interfere constructively, giving rise to a localizstate with the particle confined mostly inside th
normal metal.

All the properties of the system can be obtaineanfthe global scattering matrix, provided
the statistical properties of the constituents mnewn (and, in particular, their energy

dependence)151]. This is where this approach merges with fiedl of Random Matrix
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Theory[152]. In particular one can predict the DOS of sheicture, which, at energies below
A, is the distribution of the roots of.@1).

DOSA

A [
DOS /ﬂ\\&~
>
e
Fig. 4.16 Sketch showing the link between a discrete cobectdf Andreev bound states (top)
obtained in the scattering formalism, and the DO ioed from the Green functions formalism.

This approach can be simply and completely worketdiro the case of short SNS structures
(L<§), for which the energy dependence of the N patteang matrix can be neglected and
assuming “rigid” BCS superconducting reservoirs. (@ssuming no inverse proximity effect).

The Andreev bound states are then completely detedrand one predicts their energies to

be [134]:
& =*A [1-1 sinf (éJ ,
\ 2

where J = ¢, — ¢, is the phase difference across the structurc—:{apd.,ri ,...,rn} IS the set of

eigenvalues oE's, i.e. the normal state transmission probabilities ofekegtronic channels

in the N part. The ABS come in pairs, symmetriclglibe Fermi energy, hence the + sign.

In this latter short contact limit with rigid BC®servoirs, the fact that the pair interaction
potential is zero or finite does not change theerbes of the system (seey blue curve in
Fig. 4.11), and hence, this description appliewalsto fully superconducting systems with a
short constriction. This scattering approach ofasespic superconductivity has indeed been
thoroughly tested in atomic contact experimentswimch the number of channels is small
and their individual transmissions can be deterthif@53- 157], and spectroscopic
measurements of transitions among ABS using micvewaradiation are now being

attempted.
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4.6 An STM experiment on the proximity effect

Although the proximity effect in various structurbas been investigated for many years
[158], no experiment could investigate it in det®dany predictions were found in agreement
with the theoretical predictions, though a compnsinee comparison is still lacking. The main
results obtained are:
* The tunneling density of states was measuredaw alistances away from
a NS interface using a few fixed tunneling profde?].

* The maximum supercurrent of an SNS structure wesaed[159].

In order to probe the proximity effect in greatatall, we have fabricated a series of SNS
structures of various sizes and measured the taoakling DOS at many different positions
in the structure. Our aim was in particular to shgate the dependence with the length of the
N part, and the dependence of the proximity efféth the phase difference between the two
S electrodes. Here, an important goal was to pamidemeasure the minigap in the local DOS
predicted to occur for short enough N wires.

Last but not least, this experiment provided ushvét real test-bed for the experimental

system.

4.6.1 Sample geometry

Our aim is to investigate quasi-1D S-N-S structuresvhich the phase difference can be
controlled externally. For this purpose, we haveemed an N wire in a superconducting loop,
which allows to control this phase difference by applied magnetic field. On the same
sample, we designed many wires with different laagtovering all the different regimes of
the proximity effect (§.4.4): the long junction regime equivalent to twdependent S-(semi-
infinite N wire) systems and in which the local D@&es not vary with the phase difference,
and the short junction regime in which proximitypsuconductivity develops all along the N
wire and in which the local DOS varies with the gdadaifference as explained i4.8.5. The

samples fabricated using electron beam lithograplyshown irFig. 4.17.
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Fig. 4.17 Our samples consist of an array of SNS structuii/s avloop geometry, the normal wire
being inserted in a superconducting loop. The nbteragth, ranges from 300nm to 3um. The
labels (number or letters) allow to identify theusture using AFM imaging. Leads connect all the
structures to a common ground, necessary to siektih current in tunnel spectroscopy
measurements.

4.6.2 Implementation of the experiment

4.6.2.1 Achieving a good phase bias

We discuss in this section the conditions for daafle control of the phase difference across
the N wire. The flux of the magnetic field deteresrthe integral of the phase gradient around
the loop. We designed our experiment so that tlaseldifference across the N wire is given
by the flux applied externally. Two correcting effe have to be considered:
* A part of the integral arises from the S part & tre due to its non-zero
inductance.
* The applied magnetic flux is modified by the sciegncurrent that

develops in the loop.
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4.6.2.1.a Kinetic inductance correction

At a given flux, the ratio between the phase défee accumulated along the S wire and

along the N wire,6® /'Y | is also the ratio of their kinetic inductancdstheir geometric

inductance is relatively small. The kinetic induata of an S wire writefd 60]:

1 /)
[9==Rs
: nRN A

where R® is the normal state resistance of the (S) wirmilSily, the kinetic inductance of

the N wire subject to proximity effect takes, umtaumerical factdr a similar expression:
Ny

&

with ¢, the minigap energy. One thus obtains the relation:

(S) (S)
0”7 & Ry
5™ ARY

This ratio is small for all our samples. It dece=afrom about 1®in the shortest wire down
to 10% in the longest one.

4.6.2.1.b Circulating currents correction

The geometric self-inductanc€_ of the loop brings a correction to the externalpplied

flux, due to the circulating currents (deig. 4.18). Since those currents depend themselves

the phase bias, this gives rise to a self-congiggumation for the true phase bias
5:%(@“—1@ (9)). 4.22)

whose solutions are a reduced phasdor flux ®_,<®, and an enhanced phase above

[161, 162].

When the productf; i. of the inductance and the critical current of teak link is not

small compared to the flux quantum, this causesehgsc behaviour and a jump of phase

bias arounck (seeFig. 4.18)[163].

However if the geometrical inductance term of E22) can be neglected, this effect does

not show up. The geometrical inductance is at érser £, U p,l with | theeffectiveloop

! From[148] and[159], one can evaluate the kinetic inductance dfffasive normal wire subject to proximity

superconductivity, assumingg, ~ 3.1e; [143].
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radius (for the short wires the loop is almostuac, whereas for the long wires, the shape is

ellipsoidal - sedig. 4.19). For all wiresL is lower thanfly) (see4.6.2.1.a).
Since the critical current of the N part is Oe /(eR}’) [159], the maximum phase
correction isd, = 2zu le; I(®,eR}’). This correction is negligible for all samplesglirding
the shortest N wires. Numerical estimates are irfidlh@wving ranges:
L0[1-2] pH,
LP0[3-9] pH,
L£y°0[25-5309 pt,
& O[1.5- 9 pey,
ic 0[0.04-17.% 4,

yielding in the worst case (the smallest loop) engetrical flux (L;i.) around 1% ofD,.

S »
2 |

0 - E- .
D2 @, ®

ext

Fig. 4.18 Currents in the wire contribute to the total flieedugh the loop, which affects the phase
difference across the N wire. In our experiments tborrection is small since the geometric
inductance is small compared to the total kinatiductance of the loop. The phase difference
accumulated along the S part is also small compirekat along the N part because its kinetic
inductance is smaller. Right: red curve: when tle®ngetric inductance of the loop is not
negligible the S-N-S junction exhibits an hysterdtehaviour, and there is a jump of phase around
w; blue curve: in our experiment, the geometric otduoce is negligible, and we can achieve phase
biases continuously from O o

4.6.2.2 Sample fabrication

We have fabricated SNS structures made of alumirmumd silver. Aluminum is a

weak-coupling superconductor well described by BI&S theory, and silver a metal with
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good electronic coherence properties due to thigy @ magnetic impurities in the sources
Furthermore, the Al-Ag interface can have a goaddparency, which is essential to obtain a
sizeable proximity effect. The interface quality iikdeed of great importance for the
propagation of electronic correlations into themak metal (see44.3 p 189).

For that reason, one has either to fabricate thepaby evaporating both layers without
breaking the vacuum, or to mill the surface offir& layer before depositing the second one.
Both techniques are described in Chapter 3. We bated for the first one, using shadow-
mask deposition at two angles, with a bilayer sfsteforming a suspended mask.

This method faces the difficulty that two distinellectrodes (the normal and the
superconducting ones) have to be deposited, wightato connections, and no overlap at any
other place. This imposes both small structures kange deposition angles through a
suspended mask with a large height. To put numbergmployed +17° deposition angles on
a~1pum/70 nm thick MAA / PMMA bilayer, whichejds a ~ 600 nm lateral displacement
sufficient to avoid overlap between the patterrtse Toops are half ellipses, with one radius
defined by half the normal length from 150 nm t6 @m, the other radius being at most 1 um
for the largest and 0.6 um for the smallest. Thethmd also faces the challenge to deposit
thin and narrow wires (nominal width of 50 nm) atge angles. Indeed, the deformation of
the suspended mask due to stresses results in wides than expected (up to 70 nm), and
with a poorly defined shape.

Avoiding overlaps between N and S in another pllaan the wire edges ensures that the
superconducting region remains genuine, which al@ensidering a bulk superconductor

away from the interface, and investigating the rseeproximity effect in the superconductor.

4.6.2.3 Overview of the measured SNS structures

Some of the structures &fig. 4.17 which we measured during the experimeatshown
below with their dimensions. Those photographs waken in a SEM after the experiment
was completed.

'Fe is often the dominant impurity in Au, and coppxide is magnetic.
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/210 16

400 | 600 | 1000 | 2800
405 | 575 | 975 | 2810
300 | 500 | 900 [ 2700
307 | 430 | 870 [ 2550
59 [ 65 61 64

220| 275 | 240 | 220

175| 300
300 | 360

Table: dimensions (nm)

Fig. 4.19 Scanning electron micrographs of the S-N-S proximsttuctures. The darker material is
aluminum, and the lighter is silver. Silver (norjmaires of different lengths are connected across
a loop of aluminum (superconductor). The total tarig, of each wire (indicated on the table) was
measured from the maxima of the overlap regionth) an AFM. Both nominal and measured
length are mentioned. Other dimensions were medsuith the SEM; in particular the “free”
length (a) of the wires, difficult to obtain witheé AFM due to tip size effects. The wires were
designed to be 50nm wide but they come out slighityer. Marks on the different structures
come from the tip reshaping procedures (see chadoBk to recover a good tip shape in situ.
From place to place, the normal wire is enlargedsibly due to mask deformation.

4.6.3 What do we measure?

During this experiment we have first used our ARMIdcate the systems, and image them.
Once a satisfying image was obtained, we turnetheffAFM mode (see chap 2), positioned
our tip above the desired place, formed a tunnetmgtact between the tip and the sample
with a resistance in the 100 k-1(Mrange, and recorded the conductance of the coasaat

function of voltage, flux through the loop....

We first present the complete set of data taketherfiour systems shown kig. 4.19, and we
draw the main conclusions that can be inferred flloem. The longest wire (#4) in which the
proximity effects developed at both ends do noeriete in the middle of the wire is
described first; we then present the strong interfee regime that occurs in the short wires #1

and #2; the intermediate regime found in wire #he presented .
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Throughout the whole data presented in this chaphterpositions at which the spectra were
taken are indicated on an AFM image, with arrowsddferent colours labelling the
corresponding curves. All plots presenting the fimsidependence follow this format. All
spectra are normalized to the high voltage condeet&alue, for the ease of comparison, and
usually offset by integers for clarity.

4.6.4 Density of states in a long SNS structure

The first measurements | will present here wereedan the longest wire of length
L, =2.8 pm labelled 4 inFig. 4.19. The density of states measured at vaupmsitions in the

normal wire #4, and at zero magnetic flux, is shawirig. 4.20. The DOS differs from its
normal state value only close to the NS interfacel no effect is observed in the center part

of the wire. At 30 mK, the thermal length, =,/AD/k,T is ~2 um for D =170cnf /s,
roughly equal to the N wire length. In this reginme expects a small reduction of the

density of states in the central part of the winterface imperfections can further reduce the
proximity effect.

9 T T
8 AN
dr o /\\/A
av
i T~
4: ~_
3| -
!
!
0 2200 0
V (V)

Fig. 4.20 In a normal wire of total lengthL =2800nm the density of states exhibits strong

modification close to the interface with the supeituctor, and recovers the shape of a normal
metal density of states (i.e. a flat one) as ores gavay from the superconductor. On the right is
shown the AFM picture of the structure, on whick mdicated the various contact points. On the
left are plotted the normalized conductance datantat each contact point. Curves are offset by
integers for clarity.

The proximity effect decays with the distance te thterface at all energies. At the Fermi
level, proximity effect has the longest extensiarthe normal region. Ifig. 4.21 is plotted
the evolution of the DOS at the Fermi level as racfion of distance from the interface. We
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find that the recovery to the normal DOS is closeah exponential, with a characteristic
length of 240 nm.

In absence of proximity effect in the central pafrthe wire, no effect of the phase difference
is expected. This will have to be checked in the egperiment since it was not done during
the present one. When these data were taken, we goudrive enough current in the coil,

and this wire was not measured again once we Haedsthe coll issue.

1.1 — : : : : : :
0.9
0.8
0.7}

yO+Aen(-x/t)

di/dv (V=0)

0.6 -_ -

L Value Error
0.5} E
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0.4 A -0.74447  0.04039 ]
03k t 2427 3755 ]
0.2 -_ -
0.1F e
0.0 [ 1 1 1 1 1 1 1 i

0 200 400 600 800 1000 1200 1400

distance from interface (nm)

Fig. 4.21 Normalized conductance at the Fermi level as atiomof distance to the interface. The
density of states recovers progressively its norstatle value, with a characteristic distance of
240 nm. The positions are indicated with an eresrdf 50 nm (see&6.7).

4.6.5 Density of states in a short SNS structure

4.6.5.1 position dependence

We consider here wires with total length 400 nm) (@id 600 nm (#2), and with an overlap
region of ~ 50 nm for #1 and ~ 70 nm for #2 at emath (see discussion id4%.7).
Local DOS data are presented for the two wireBign 4.22 andrig. 4.23. In each structure
the density of states was measured at various i@usiin the normal wire and in the
superconducting electrode.

* Wire #1 (length: 400 nm)
One observes on those plots the presence of @tergy gap independent of position in the
N wire: this is the predicted minigap. On the sgpeducting side, and close to the interface,
one notices the existence of states between thgapirand the superconducting gap. This
phenomenon, called the inverse superconductingimpityxeffect (see4.4.2), had not been
observed before.
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These measurements of inverse proximity effecteaienically challenging, because the DOS
is small, which requires a high current sensitiygge chapter 3). The measured currents were
of the order of 20 fA in the minigap region, andX8 in between the minigap and the gap,
with a noise of ~5 fA. Data B shown on a logaritbrecale inFig. 4.22 allows to estimate the
measurement noise: an apparent conductance of %{d30s measured in the minigap with
an AC excitation of 3 pV, and the peak to peak @dis2 10 pS. We take the value of

7 10° uS to be the offset of our measurement in tha:dhis was the typical value that we

read when the tip was away from the sample, whachb®e seen as a leak resistor in the setup.
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Fig. 4.22 Local DOS in the shortest wire measured, with téealgth 400 nm and “free” length
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around 300 nm. The spectra are recorded at vapiouss in the structure, both in the normal and
the superconducting regions. Data are plotted engttaph (upper left), and the corresponding
positions are shown on the AFM image (upper rigim)he normal wire, we show three contact
positions labeled C, D and E. Tunneling data asehpoints exhibit a true minigap around the
Fermi level, with a width independent of positiohhe density of states varies nevertheless
strongly with position, as shown in the lower-rigitaph. The tunnel spectroscopy has also been
recorded in the superconducting region at positiahsled A and B, A being far from the normal
region, and B close to it. Data taken at thesetpa@nre shown on the lower-left graph: the density
of states at position B is non-zero below the gegygy. To make it clear, data at position A and B
are also shown using a logarithmic scale, on theedaight graph. Unfortunately, data were
noisier at pos. A due to less averaging, and thegpoiled by a high noise level, compared to pos.
B. A non-zero DOS is observed below the supercamtygap, but not below an energy close to
the minigap energy, observed in curves C, D, EEand
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*  Wire #2 (length: 600 nm)
Similar observations were performed in this slightnger wire. The main difference is a
smaller minigap energy, as expected.

)
|

200 4002

di/dV (normalized)

0.1t

0.02f

-200

V(W)

Fig. 4.23 Local DOS in the wire #2 (600 nm). A minigap is eb&d again, smaller than in wire #1.
The graphs have the same formatting thafig 4.22. The spectra on the S side that were not
taken with enough sensitivity to display them igddthmic plot. Positions in S close to the
interface (G, M) still show a characteristic enevgyich coincides with the minigap, above which
a non-zero DOS can be seen (contrary to what happethe bulk at pos. F). As iRig. 4.22
positions A and B, F should exhibit a larger gaamtl& and M. The variations of superconducting
gap between these different positions may arisa fifickness variations of the aluminum wire
(the thinner, the higher the gap). Even though Bhwecloser to the normal wire than G on the
image, the DOS at G is not less affected by invBisehan the DOS M (see bottom-right panel).
In fact, G is on top of the N-S overlap (see toppipy). Adjustements of the data (see687.2)
showed that the interface near G is cleaner thamther interface, which explains why the gap is
more reduced at G.
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4.6.5.2 phase dependence

At each position presented &ig. 4.22 andrig. 4.23, the phase was modulated by applying a
magnetic fluxFig. 4.24 shows how the minigap closes as the phase through, as well as
the appearance of features in the DOS shape.

Noticeably, a peak emerges on the minigap edgelasito the BCS coherence peak in a true
superconductor. This is what one would naively ekpe a superconductor with an order
parameter equal to the minigap. Since the minigages with the phase difference, the peak
is displaced and its shape evolves with the phidfezahce.
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Fig. 4.24 Normalized conductance for different values of entrin the coil; each graph represents a
different positions in wire #1, labeled by the saetters as irFig. 4.22. For clarity, curves are
displaced by integers on all graphs except forpibstion B in the superconductor where data are
shown on a logarithmic scale, for there is onlynzals amount of states that are modified by

inverse proximity effect.
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Fig. 4.25 Same as itfrig. 4.24 for wire #2. Positions G and M on theesgpnducting side were not
measured as a function of phase bias.
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4.6.5.2.b Phase calibration

In order to obtain the coil current to phase cosiogr, we determine the flux which
corresponds to a phase difference. We find 78£1 mA in wire #1, &1 mA in wire #2.
All data plotted as a function of the phase asstinoge values calibration values.

phase difference

—— wiren®l
wire n°2

\3-4

G (normalized)

-100 50 0 50 100 150 200 250 300
Coil current (mA)

Fig. 4.26 Normalized conductance at the Fermi level, as ation of coil current, at one position in
the two wires presented in this section. Sincesthe of the loop is not constant, one has to aaply
higher magnetic field to thread one flux quantumodigh the loop, so the period is not a constant
function of coil current. The X axis is shown eitlire direct coil current values (bottom axis) or in
phase value (top axis), assuming the aforementivalees of the current forraphase bias. When
the coil current is too high, one can observe depgiin the superconductor, resulting in an
increase in the Fermi level density of states. Tihi®bserved above 180 mA at the position
presented here in wire #2. The data were not takeire #2 for [>125mA.

4.6.5.2.c minigap as a function of phase

The criterion employed to determine the amplitufie¢he minigap should rigorously detect
the value of polarization at which the density t@tes begins to be non zero, with a threshold
as small as the accuracy in the DOS measurementevs, due to finite energy resolution of
the density of states measurement (see Chap.i8)riterion yields a zero gap value over a
whole phase range aroundTo go beyond this limitation, and show data amhole range

of phase bias, we define the minigap amplitude dahe position of the maximum of the
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derivative of each curve, obtained numerically frdma data. Gap determinations obtained

with this procedure are shownhig. 4.27.

. ' * C wire #1
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Fig. 4.27 In wires #1 and #2 the gap amplitude has beeneggdlats a function of phase bias. One sees
a diminution of the gap amplitude as the phaseeams®s towards, and an increase after
Considering all the data, one can see this behavisymmetric around 0 and For each wire,
data are shown for various positions, and the adémce between data show that the minigap
amplitude is independent on position.

4.6.5.3 Is the Al electrode affected by the appliefikld?

The phase modulation data that we have presentgiteeto apply magnetic fields not small
compared to the critical field of the Aluminum fémOur current to field calibration, derived

from the flux calibration using the loop area,d$5 Gauss/m.. The field applied in the

phase modulation experiments, up to about 50 Gasisgt small compared to the critical
field of Al wires. The depairing due to the fiekldharacterized by the depairing en€iif8]

um:%égw, (4.23)

with B the magnetic field anal the width of the superconductor.

The predictions of this model were found in quatite agreement with experiments

performed on Al wires with similar widths [148, 164
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The DOS measurements taken in the Al electrodevatpbsitions close to the NS interface
show an effect of the magnetic field over the cwoitrent range (70 mA) explored in phase
modulation experiments. These data, present&iyird.28, point out that the depairing effect
is larger in the region close to the current-sigkmire (seeFig. 4.17) with a larger width of
500 nm, than on the narrower opposite side, whiseedepairing is smaller. Fits with the
Skalski mode[165] are consistent with the estimated width \téoizs.

Note however that the simple wire model yieldidg2@) is not rigorous for our structure
whose geometry varies on the length-scale of thhe width. These results also indicate that a

symmetric design of the S electrode at the two erfdhe N wire would have been more
appropriate.

G (normalized)

G (normalized)

Sy

0.0 I
140 150 160 170 180 190 200 210 220 230
I (mMA)

coil

Fig. 4.28 Left: Local DOS at two positions in the Al S elexte, for different coil currents
(0.65 G/mA). The gap reduction is slightly more ortant at position M than at position G
because of a larger depairing energy in M, duewdar electrode. Bottom right: Variations of the

zero energy DOS with the coil-curren, in the bufktiee sinking wire. The critical field here is
about 120 Gauss, for a wire of 500 nm-width.
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4.6.6 Density of states in a medium-size SNS structure

4.6.6.1 Intermediate regime

When the length of the normal wire is increasegestonducting correlations are expected to
be present throughout the structure, till it excethee thermal length. From the experimental
point of view, the picture is however less simpéxduse, when the minigap becomes too
small, the resolution achieved with the tunnelingtimod (see chapter 1 and 3) does not allow
to observe a zero DOS inside the minigap, but ardyp. Note that this was already observed
in the phase dependence of the minigap araund

In the 1 um-long wire #3 the minigap, estimatedekirapolating the values obtained on the
other wires, is 9 uV. Given the 10 pV resolutioroaf microscope, we indeed cannot expect
to observe a true gap.

Data taken in wire #3 are plotted Big. 4.29. Close to the interface, the curves migtish by
pronounced features just belotv on the N side, and by a peak Bt=A on the S side. As
one goes towards the middle of the wire, featupgear at lower energy: states aggregate at
the minigap edge.
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Fig. 4.29 Left: Local DOS in the 1 pm long wire #3. Spectreravtaken at positions very close to the
N S interface, as shown at U on the S side, and8,the N side. The spectrum evolves from a
near-BCS spectrum at position U (d&g. 4.7), to a gapless spectrum at position T atilthe S
side. Other positions display some of the featshesvn inFig. 4.22 andrig. 4.23. An estimated
minigap can be obtained from the width of the cantaiice dip (dashed lines). Position T is noisy
partly due to mechanical instabilities of this @mtf and partly to the very low conductance of the
contact: we did not achieve more than ~0.04 p8iafbsition and could never again observe this
kind of data.

4.6.7 Comparison with theory
We now compare the above results to the predictidribe quasiclassical theory presented
above, using the the technique described4i3.8

4.6.7.1 Parameters entering the theory

(i) For the superconducting aluminum electrode, wg need to know the value of the gap of
aluminumA. This value is obtained from a separate DOS measemt in the bulk, i.e. “far
away” from the normal region and at zero magnedidf As discussed in chapters 1 and 3,
the conductance is the density of states convowitd the electronic energy distribution
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function in the tip. From the fits, one obtainstbtite temperature of electrons in the tip, and
the gap of the superconductor. This valueAofshould be constant on all the samples, but
actually, the apparent gap near low resistancefates needs to be reduced by a few percent,
to take into account inverse proximity effect whismot calculated self-consistently here, for
simplicity (cf. Fig. 4.22).

(i) For the N wire, we mainly need to know the diffusconstanD. It is assumed to be the
same for all wires, fabricated in the same depmsistep. The diffusion constant in the S
electrode also enters the theory, but we noticadl tite predictions are weakly sensitive to
this value, due to interface parameters (see vt so we took the same value as for silver.

(i) Geometrical parameters and positioning accurdty 1-D approximation used in the
numerical calculations requires making some simiplif assumptions on the geometry and
defining effective lengths (Sd€ég. 4.30). In particular, the effective lengthof the wire is
taken intermediate between the “free” lengtand the total lengthy. Even in the absence of
positional uncertainty relative to the sample imatpe position of the tip in the model also
needs to be redefined: in the model, what is relevs the distance to a sharp interface,
whereas in the experiment, the position of theidipot at a well defined distance from the
interface. Furthermore, the tip-to-interface dis@Rrs« entering the 1-D model is different
from the distance to the apparent interface in the AFM image. In¢helest approximation,
we consider, in the N wire,
/—-a

Xott = X+T-
We stress here that this is not to be taken asaat enapping: such a mapping does not exist.
On the S side also, a similar redefinition is reed; since the Al thickness has to be taken
into account.
Once this mapping done, one expects the discregmrmtween the 1-D model and the
experiment to be in relative most important for ghertest wires and close to the interfaces.
Additionally, the experimental tip positioning acaay, mainly limited by tip deformations, is
estimated at +25nm in worst cases. Hence, smalistdgnts of the positions were allowed

for a few curves in order to obtain a predicted D@Better agreement.
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Fig. 4.30 Top: relevant geometric and material parameterdeszribe the overlap junctions in the
SNS structuresiag A, are the nominal cross sections of the strucBottom: in the 1-D model,
we introduce effective parameters discussed inetkie

(iv) As discussed in the theory section, the interfagesparency is an important parameter,
which, experimentally, is not well controlled. Ihet model we have to provide the

transmission distributiorP(T) of the conduction channels of the interface (sée.8.5,

p. 171). While attempting to reproduce the expentake measurements, we found the
depression just abova found in some data could only be reproduced byrasy) the
channels transmission is close to unity. For siaitgli and to reduce the number of
parameters, we assumed all transmitted channelsballistic channels {=1). This is
consistent with the fabrication procedure wherénboétal are deposited in the same vacuum,
thereby ensuring interface relatively good cleasn€oing so, we are left only with the
number of interface channels as a free paramehes. also is reasonable since the effective
overlap between the electrodes can vary due todigersion in the fabrication process,
which is clearly seen on the scanning electron agi@phs of the structure&ig. 4.19).
Moreover, as already mentioned, the cross-sectiea @iffers from one side to the other side
of the interface. Thus, some channels belongindpécsuperconductor are not coupled to the
normal region, which weakens the inverse proxinefject in the superconductor. For
convenience in the dimensionless numerical equatreach interface we rather specify the

resistance ratior =R, /R, , where R, = G =(~ q)_lis the normal state resistance of the

contact andV the number of transmitted channels, and
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Y S i
¢ Ao, Ap,€D

is the resistance of a lengflof the N wire,A being its cross-section, apd, the density of
states.

Finally, in the parameters describing the interface @.18) enters the product of the cross
section with the conductivity of the material. Sihnwe assumeiij D is the same in both

materials, and knowing the density of states of At the Fermi energy,

Py =2.15x10" J nfand of Ag, p,, =1.03x 10" J n¥, we expect a conductivity about

twice as large in Al. According to the nominal gesirical parameter8a = 8Aag. Hence, in
the calculation we take the prodégica =\ Aagoag, With A = 16.

4.6.7.2 Comparison with theoretical predictions

4.6.7.2.a Determination of the parameters

Determining appropriate model parameters was dormitrial and error process in order to
obtain a good overall rendering of the data. Firs, diffusion constant is fixed and then the
left and right interface resistance ratioss are adjusted for each wire in order to try
reproducing the width of the minigap, and, if pbssi the individual shapes of the curves. In
spite of the apparent large parameter space, lyynglavith the numbers one rapidly acquires
the feeling of the direction in which to adjust treious parameters.

Indeed, initially the parameters space was everhrtarger since we were also adjusting the
average transmission of the interface channels éeah trying other distributions), before
realizing that the optimum was consistently foumdlydor high transmissions, at which point
we decided to freeze this parameter to unity fdrirderfaces. The fact that only high
transmissions allow to account for the data mayeappnconsistent with the mismatch
between Fermi velocities of silver and aluminum,ickhare respectively 1.39 1én/s and
2.03 16 m/s. Such mismatch unavoidably induces reflectiomever it is well-known that
very good contacts can be achieved between matdréaling different Fermi wavevectors.
One may invoke interdiffusion of materials at theerface, or other microscopic process that
allow departure from the theoretical behaviourhaf interface.

In the following table are summarized the set ahp@eters we have converged to.
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wire #1 wire #2 wire #3wire #4

Effective length¥ (nm) 350 | 550| 950 2750

Diffusion constanD (cnfs™) 170
Gap energy (ueVv) 165 170;173 175 170
averager 1

Left interface

r_ ratio 0.7 4.0 0.5 1.0

averager 1
g ratio 0.5 0.05 2.0 0.6

124

Right interfac

Table. 4.1 Sample parameters used for the calculated resudtemted in this section. In wire #2, the gap
energy differs between the two superconductingreldes: the first given value corresponds to tfteolee.

One can check whether these parameters are regsofadm the diffusion constant, one can
calculate¢ = 250 nm, andR: = 3.7Q, corresponding to a resistance per squRye 0.7Q

quite reasonable for this kind of films. From themmnal cross-section of the wires
(30x50 nnf), and the silver Fermi wavelength = 5.24 10°m, one arrives to a number of

N~22000 channels in the wire corresponding to a mum interface resistance
Rmin =(V Go)* = 0.6Q. Hence the interface resistance ratio could be las as

Rmin/ Re= 0.015. The values obtained are globally largedjcating either a deviation from
clean interfaces, or a variation in the number r@hgmitted channels from the simple
estimation above. Since we obtain a better agreemmeine fits by assuming ballistic channels
rather than a disordered interface, we concludetheaactual overlap between aluminium and
silver is responsible for the observed variatioRsis is checked by having a look at AFM
images, where the overlap can be roughly evaludtied. method is not really sensitive, and
only allows checking whether interface parameteesraasonable or not, especially for wire
#2 where there is a huge variation between leftragid interfaces. In next figure are plotted
the cross sections measured parallel to the siwer on AFM images, for both wire #1 and
wire #2. On this figure, one can observe tlpb wire #1 the overlap is quite equivalent for
both interfaces, wich is consistent with the valuesind  for this wire, andi{() on the
contrary, in wire #2, the right interface overlapclearly observable whereas the left one does
not appear at all, which once again backs up thedivalues r and k. On wire #3 and #4,
the left and rigth overlaps look similar (data shown).

These observations allow us to infer that the nunlbé&ransmitted channels is not limited by

the wire cross section, but rather by the overlaps.
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Fig. 4.31 Cross-section views of wire #1 and wire #2. Lefhgla AFM images, on which are
indicated by a straight line the locations whereantaken the height data. Right panel: height data
along the line. One can see that on wire #1 thelawes balanced between left and right
interfaces. On the contrary, on wire #2 one carttse®verlaps are really asymmetric.

Finally, regarding the value of the gap used fachewire (to avoid doing self-consistent
calculations), we see that indeed these gap valoeslate somewhat with the quality of the
interfaces we consider: lower gap values are fdondvires with clean interfaces. A finer
analysis would have required taking two gaps teetako account the asymmetry of the
contacts. Indeed, careful examination of the cuvesd M inFig. 4.23 shows that the gap is
larger on the “left” side of the wire (M curve) thaon the “right” side (G curve),
corresponding to the interface resistances we fgidce by construction the model cannot
capture all details of the experiment, we thoughtds a bit pointless trying to refine further
this particular aspect. In principle, though, aplaxed in the theory part, such details on the
order parameter should be captured by performitigceasistent calculations, which are only
a matter of patience.

Using the above parameters, the calculated DOSlgs@to=0 for the four wires are shown
in Fig. 4.32.
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Fig. 4.32 Calculated DOS profiles @=0 for the four wires. The interface parametersshr@wvn in

Table. 4.1 and have been chosen to obtain the dwestll fit at all the measured positions,
presented hereafter.

4.6.7.2.b Position dependence

The theoretical predictions for the conductancdaiobd by convolving the DOS with a
thermal rounding function taken at 60 mK, are pdttin Fig. 4.33 together with the
experimental data for the 4 wires measured. Alitpos are labeled with the same letters as
in Fig. 4.22 Fig. 4.23 andrig. 4.29.
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Most features of the conductance curves are ga#imaty accounted for, except at a few
positions such as C and E in the shortest wireHgle, we attribute the discrepancy to the
failure of the 1D model, which is corroborated bg better agreement obtained for the longer
wires. Note that some small position adjustmentshinvthe estimated position accuracy,
have been made for fitting some curves.

The dip predicted at zero voltage at positions AR, AC is not observed experimentally. A
possible explanation for this effect is the preseota small depairing process in the N wire.

More calculations are needed to test this hypashesi
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Fig. 4.33 Comparison of data with theory at zero phase lmaslif wires (top left: #1, top-right: #2,
bottom-left: #3, bottom-right: #4) presented ints®ts 4.6.4 t04.6.6. Each curve is labeled by a
letter corresponding to the position labels.
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We have then compared the data with the predidiedepvariations for the conductance. Data
and predictions are compared kig. 4.34 for two positions on the two sides of &
interface in wire #1.

The important result demonstrated here is thatrtimgap is observed unambiguously on the
S side: the minigap measured in the N part anchsseciated feature observed on the S side

4.6.7.2.c Phase dependence

have the same phase evolution.

The presence of the same energy scale (the minidpighout the SNS structure is an
important characteristic of the influence of thaité N electrode on the S side, which is well

reproduced by the theoretical predictions.

Experiment

Theory
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Fig. 4.34 Comparison between tunneling conductance data egdicfons at two positions on the

two sides of the NS interface in wire #1. Experitaédata (left) and theoretical predictions (right)
at position C on the normal side (top), and attpwsiB on the S side (bottom). The minigap in the

N part and its associated feature in the S sidevidhe same phase variations.
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4.6.7.2.d Length dependence

The different S-N-S structures were fabricated gdther on the same chip. In these
conditions, one can hope to get the most similtariace parameters and metal properties.
Although interfaces are not identical (SEable. 4.1), the dependence of the minigap with the
N wire length could be approximately checked dutimgexperiment.

Tunneling spectra are shownhig. 4.35 in the central positions of the four wim@easured.
The measured minigaps are in agreement with theuledkd ones. Oifrig. 4.35 are also

shown theoretical curves presented in a paper &@nCuevas et gl144].

4.0 ' T ' T aluminum ' T
3.5r 400 nm ~1.& .
3.0 ' —— 600 Nm ~2.4 |
S 30 —1 um-4 ]
,G\‘J 25 2.8 um~1%&
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/A

Fig. 4.35 Top: tunneling spectra in the middle of four wi{g4-4) with different lengths, expressed
in units of ¢ . Bottom: theoretical predictions for the DOS i thiddle of the N wire for different
lengths, assuming perfect interfaces, and negtpdtiverse PE. This figure is reproduced from
FIG. 1 of Ref.[144]. The dependence of the measured minigap tseasily comparable to
theoretical predictions because the interface petens vary from one wire to another. However,
our measurements already qualitatively resembl@tbdictions.
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4.6.7.3 Summary of the fitting parameters

Position X x/a Xeft OXef
(nm) (nm) (nm)
E 41 13% 62
Wire 1 D 154 50% 175
C 266 87% 287
B 338 110% 420
M 0 0% -66
L 67 16% 127
K 255 59% 315
Wire 2 J 304 71% 364 -31
| 324 75% 384 -40
H 421 98% 485 -73
G 516 120% 660 110
U -19 -2% -1
T 26 3% 66
S 52 6% 92
Wire 3 R 131 15% 171 21
Q 191 22% 231 -44
P 261 30% 301
@) 348 40% 388
N 435 50% 475
AC 1352 53% 1402
AB 2066 81% 2116
AA 2193 86% 2243
Wire 4 Z 2346 92% 2498 -102
X 2499 98% 2549
W 2547 100% 2677 -89
V 2576 101% 2597

Table. 4.2 Parameters used for the fits presenteldign 4.33 &Fig. 4.34.x is the effective apparent position
of the tip from the AFM image, while; is the effective position using the crude mappiigrussed in
84.6.7.1. The last column are shifts which were iapplo the listed effective positions to improve tiits.
The most important corrections were needed in @jrim which the geometry of the wire was not norhina
(See micrograph ifig. 4.19)
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4.6.7.4 Experimental limitations

Some experimental limitations were already disatisgethe beginning of the experimental
section. We discuss here several aspects of therimgntal realization of importance for the

comparison wit theory.
4.6.7.4.a Positioning accuracy

AFM pictures were usually taken just before theusgition of the spectra. Whenever it was
necessary to take more extra image(s), they weyersoposed with the reference image, in
order to show all points on the same image, andlile to compare the position of the
different contacts. Although this superimpositiorogedure is accurately done on visual
appreciation, it induces a small inaccuracy in dabsolute position of the tunneling contacts
measured, because the imaging resolution genechliyges from image to image. Note
however that an extra uncertainty on the tip posiarises from tip deformations during the
establishment of a tunneling contact with suffitiemarge conductance (see chapter 3). The

overall positioning accuracy is estimatedtad nm.

For this reason, some conductance curves may ber itted by theoretical predictions at
slightly different positions.

4.6.7.4.b Energy resolution

A standard issue in STM spectroscopy is the eneegplution linked to the electronic
temperature in the tip, when using a normal tigl &nthe external electromagnetic noise. The
broadening of the DOS by these effects hindersottservation of too small minigaps, as
discussed in46.4, p. 200.

To reproduce the data, we convolved the calculdtB®S with a thermal broadening
function at an effective temperature of 65 mK, irée from tunneling experiments on the S
electrode.

We could, in principle, take the problem the otheay around, and deconvolve the
experimental data from this broadening to allow aremaccurate determination of the
minigap. However, we did not try this procedureaaese it does not work well on noisy data,

with non-monotonic shapes.
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4.6.7.5 Model limitations

Here are presented some points that could be eatiancthe theoretical treatment used to

reproduce the data.
4.6.7.5.a Depairing

At low energies, on the LDOS of wire ##&ig. 4.33), and far in the normal region, one
predicts a dip in the density of states at low gypevhich is not observed.

The thermal broadening introduced in the calcutgtishich accounts well for the other data,
and in particular for the rounding of the DOS & thinigap edges, does not account well here
for the data at small energies.

A possible explanation for this discrepancy isekistence of a small depairing process in the
N wire.

This can be handled theoretically in the quasiatas$ormalism, by setting a non zero spin-
flip rate term in the Usadel equatiods15).

However, the source of silver was specified witbeay high purity (1 ppm impurity), which

does not favour this hypothesis.
4.6.7.5.b  Self consistent treatment of the proximitgffect

As mentioned above, the order parameter in therSctizse to the NS interface is reduced.
This implies in return a reduction of the inducedxmity effect. An iterative calculation has
to be performed until the process converges (9eé4.832 p. 187) and yields a stable order
parameter profile (sel€ig. 4.10). Note that this inverse proximity effégtsmall because the
superconducting electrode has more channels tlanatiniow normal wire.

4.6.7.5.c 1-D model of the NS interface

In our 1-D model, the geometry of the NS interfeecaot taken into account. In our samples,
the superconducting electrode is deposited on fofh@ N wire, over a 50 nm nominal
overlap length, comparable to the width of the MewSince this overlap length is smaller

than the coherence lengtlh,,..,<<¢, a 1-D model is roughly justified, but may yield

verlap
guantitative differences. Note however that thdapsle of the suspended mask, observed
sometimes, may have resulted in a larger overtapny case, the precise position of the N-S
interface is not known with a better accuracy thla@ overlap length, comparable to the

positioning accuracy.

224



A simplified analysis of a 3-D system, neverthelemsturing some of changes brought by the
3-D geometrnyf166], yielded a modified profile of the order pameter, with two steps instead
of a single one as shown fifig. 4.36. This prediction could not be checkedour
experiments. The full self-consistent solution &-B model, and the detailed investigation of

an N-S overlap junction, constitutes a real chgkeim the field.

S dg

| N

AGYA s | S

|

Fig. 4.36 Model of the overlap junction considered[i66]. A two step profile is predicted for the
order parameter.

4.6.7.5.d Transverse extension, sample geometry

In our case, another, and probably more criticakuaption is the 2-D character of the
electrodes.

The 1-D model applies when the transverse dimeasaya much smaller tha&i. In our
situation, & =+AD /A = 250nm for the assumed vali@=170cn{ /. The diffusion constant

in aluminum was not measured in the samples, Ihar@xperiments have given values in the
range D =100- 300cm /.. The width of the aluminum wire is thus not snedimpared to
the coherence length, and lateral inhomogeneitags ko be expected in the contact area.

A more symmetric design between the wide curramitisg side and the other one would also
avoid a dissymmetry in the boundary conditionstfe superconducting gap. Indeed, when a
magnetic field is applied for varying the phasefedldénce, the width dependent depairing
affects both sides differently: the gap on the witl&rent-sinking side is more depressed than
on the other side (séeg. 4.17).

4.6.8 Article reprint: proximity effect in S-N-S structur es

We reproduce below a preprint, supplemented byrtiagerials (available in online version).
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Phase controlled superconducting proximity effect probed by

tunneling spectroscopy

H. le Sueur, P. Joyez, H. Pothier, C. Urbina, and D. Esteve
Quantronics group, Service de Physique de I’Etat Condensé (CNRS URA 2464),
CEA-Saclay, 91191 Gif-sur-Yuvette, France
(Dated: January 31, 2008)

Abstract
Using a dual-mode STM-AFM microscope operating below 50 mK we measured the Local Density
of States (LDoS) along small normal wires connected at both ends to superconductors with different
phases. We observe that a uniform minigap can develop in the whole normal wire and in the
superconductors near the interfaces. The minigap depends periodically on the phase difference.
The quasiclassical theory of superconductivity applied to a simplified 1D model geometry accounts

well for the data.

PACS numbers: 07.79.-v, 74.45.+c, 74.78.Na, 73.20.At



The proximity effect at the interface between a normal metal (N) and a superconductor
(S) consists in the appearance of electron pair correlations on the N side and in their weak-
ening on the S side (for a review, see [1]). These correlations confer to the normal metal
superconductor-like properties near the interface. The quasiclassical theory of superconduc-
tivity [2] provides a powerful framework to describe this proximity effect in diffusive metals.
It predicts that if the normal metal has a finite extension, it then behaves as a genuine
superconductor, i.e. it can carry a supercurrent and there is an energy range around the
Fermi energy in which there are no available states for quasiparticles. As shown in Fig. la
for the case of a one dimensional SNS structure, the Local Density of States (LDoS) is ex-
actly zero in an energy range [—d,+4]. However, 0 is smaller than the gap A of the bulk
superconductor and it is therefore called the “minigap”. It is predicted to be the same
everywhere in the structure, 7.e. both in the N metal and in the S electrodes. However,
the finite LDoS appearing in the superconductors between § and A, which can be seen as
the evanescent tail of normal electrons undergoing Andreev reflection [1] at the NS inter-
faces, dies exponentially away from the interfaces. Another important prediction is that
0 depends periodically on the phase difference ¢ between the order parameters of the two
superconductors [3] and vanishes at ¢ = 7w mod 27, as shown in Fig. 1b. Although spectral
properties of proximity structures have been partially probed in spatial measurements of the
LDoS [4-8] and in transport measurements (refs. in [1] and [9-12]), neither the existence of
a uniform minigap nor its phase modulation have been reported. In this Letter we report
on high resolution measurements of the phase and space dependence of the LDoS on both
sides of the interfaces of SNS structures, that allow to complete our understanding of the
proximity effect.

Variations of the LDoS over small distances can be accessed using a Scanning Tunnel-
ing Microscope (STM) because the dependence of the tunneling current on tip-to-sample
voltage V' directly probes the available electronic states at energy eV. In a measurement
with a normal metal tip, the differential conductance dI/dV (V) at small energies is sim-
ply proportional to the LDoS of the electrode under the tip, broadened by an instrumental
function which is ideally the derivative of the Fermi distribution function of the electrons in
the tip at temperature T, [13]. This sets a limit to the energy resolution at around 3.5 kgT.,
which can be nevertheless small enough to resolve the features due to the proximity effect,

provided the electrons in the tip are cooled well below the temperature §/kp.



In order to perform such measurements on nanocircuits, which contain large insulating
areas on which STMs cannot be operated, we have designed and built a cryogenic dual
mode STM-AFM (Atomic Force Microscope) [14, 15]. Other dual mode instruments are
being developed and used elsewhere [16, 17]. The AFM mode is used to acquire detailed
topographic images of the samples which later on allow for accurate positioning of the STM
probe. The microscope is mounted in a table-top dilution refrigerator with a base tempera-
ture of ~35 mK. By itself this is not sufficient to ensure a low electronic temperature 7, and
therefore a high energy resolution: it is of critical importance to also shield and filter all the
electrical lines needed to operate the microscope, and to measure the tunnel current with a
low back-action amplifier. For these purposes, we developed microfabricated cryogenic fil-
ters [18] and a custom low-noise, differential-sensing current amplifier [19]. The local probe
sensor of the microscope consists of an electrochemically etched tungsten tip [20] glued on
one prong of a miniature piezoelectric quartz tuning fork. The latter is a high quality factor
electromechanical resonator, which here serves as the AFM transducer [21]. In this appli-
cation, a room-temperature phase-locked loop detector drives the tuning fork at resonance.
The actual resonance frequency, which depends on the short range interaction between tip
and sample, is regulated by a slower feed-back loop acting on the tip-to-sample distance.
After cooling down, the tip is moved on the sample substrate towards the structures of
interest, using a 3-axes capacitance-indexed coarse-positioning system based on stick-slip
motion. During this stage, the microscope is operated in AFM mode, and recognition of
superficial patterns etched in the substrate is used to locate the structures. Once a satis-
factory AFM image is recorded, the tuning fork excitation is switched off, and spectroscopy
measurements are performed in STM mode, at several positions along the structure. At each
point, the tip is first biased at a voltage larger than A/e and lowered until a conductance of
the order of 1 uS is reached. The differential conductance at this position is then recorded
as a function of the DC tip-sample bias voltage, using a lock-in amplifier with typically a
1 4V AC excitation.

AFM pictures of four of the SNS structures that were measured are shown in Fig. 2.
They consist of a loop formed with a 60 nm-thick, 200 nm-wide U-shaped superconducting
aluminum (Al) electrode and a nominally 50 nm-wide and 30 nm-thick normal silver (Ag)
wire. The Al film is designed to overlap the Ag wire at both ends over nominally 50 nm.

Several structures were fabricated simultaneously on the same insulating substrate chip



with Ag wire lengths ranging from 300 nm to 3 pum. The aspect ratio of the structures
was chosen such that, at low temperature, a magnetic flux ® threading the loop imposes a
phase difference ¢ = 27® /P, across the silver wire, with &y = h/2e the flux quantum (the
magnetic field is produced by a small superconducting coil under the chip). To sink the
tunnel current when performing spectroscopy, the Al electrode is connected to ground on
one side. The visible part of the Ag wires is covered by a fully oxidized 2 nm-thick aluminum
film. By putting the tip in mechanical contact with this oxide layer, one can obtain nearly
drift-free tunnel contacts, which allows to take reproducible, high resolution spectra.

When the tip is placed on top of an Al electrode far away from any contact to the Ag,
the differential conductance (Fig. 2a curve A, and Fig. 2b curve F) displays the well known
behavior of a Bardeen—Cooper—Schrieffer (BCS) superconductor, with an energy gap and
its characteristic singularity at the gap edge. These curves are well fitted with a BCS DoS,
with an energy gap A ~ 170 pV for Al, and T, = 65 mK. This effective temperature is
higher than the temperature of the refrigerator during the measurements (35 mK), probably
because of a still insufficient reduction of the electrical noise. The corresponding energy
resolution of 20 peV is nevertheless, to our knowledge, the best obtained so far in STM
spectroscopy.

In Fig. 2 we also show the LDoS measured at zero flux for several positions along each
of the four normal wires. Both in the 300 and in the 500 nm-long Ag wire, the differential
conductance vanishes around zero voltage, on an energy range independent of position, which
is the signature of a minigap in the DoS. The minigap is larger for the shorter wire. In the
900 nm-long wire, the conductance is strongly reduced on a smaller energy range around
zero, but remains always finite. Finally, in the middle of the 2.7 um-long wire, dI/dV (V) is
nearly constant, i.e. unaffected by the proximity effect. Yet, in this long wire, the LDoS is
strongly affected near the ends of the wire. When the tip is placed on the Al near a contact
to the Ag wire, a small finite conductance is observed at subgap voltages (see e.g. curve
G in Fig. 2b, curve T in Fig. 2c¢ and curve B in Fig. 2a and the corresponding close-up in
the bottom part of Fig. 4). In structures displaying a finite minigap in the N wire we find
that the same minigap is also present on the S side, despite very different overall shapes
of the LDoS. Correlatively, the order parameter is slightly reduced close to the interface as
shown by a shift in the position of the peak in the density of states (160 pV at position B
vs. 170 uV at position A in Fig. 2a). Farther from the normal metal (positions A and F in



Fig.2), the subgap LDoS vanishes.

The variations with the phase difference ¢ of the LDoS in the middle of the shortest
wire (position D) are shown in Fig. 3. As ¢ is increased, dI/dV (V) gradually deforms
and 0 disminishes. Around ¢ = 7, the minigap vanishes, and the LDoS approaches that
of the normal state: superconductivity is then maximally frustrated in the wire. This
behavior is ®g-periodic with the applied flux [15], which provides the phase calibration for
each structure. The left quadrants of Fig. 4 show the measured variations of the subgap
conductance on both the S and N side (positions B and C respectively), establishing further
that for all values of ¢, the minigap is the same in both the S and N part of the structure.
A similar phase modulation is observed in the 500 and 900 nm-long wires.

The above measurements can be compared with the predictions of the quasiclassical the-
ory of superconductivity in diffusive metals. This theory is based on the evaluation of the
quasiclassical retarded Green function which, for a superconductor, is a 2 x 2 matrix of
disorder-averaged correlation functions in electron-hole (or Nambu) space. This matrix de-
pends on position and energy and obeys a diffusion equation, known as the Usadel equation,
with boundary conditions at the interfaces [22]. Finding the LDoS in our structures requires,
in principle, to specify their full 3-D geometry (including the interfaces and their properties),
a complex task which, as far as we know, has never been done. For simplicity, we restrict
here to solving a crude one-dimensional SNS model involving geometrical and material pa-
rameters common to all structures (as they are fabricated simultaneously), and per-structure
parameters characterizing the NS interfaces [15]. Due to the finite extension of the overlap
interfaces of N and S in the samples, one cannot define exactly the tip-to-interface distance.
Hence, for simplicity, in the model the effective position of the tip along the effective N wire
length is crudely mapped to the apparent position of the tip on the AFM image, with an
offset roughly equal to half the overlap length (see [15] for further details). Finally, in order
to account for the effective temperature of the tip, we compare the measurements with the
outcome of this model convolved with the derivative of Fermi function at 65 mK. In spite
of the simplifying assumptions of the model, an overall agreement is obtained for the phase,
space, wire length and energy dependence of all the conductance curves, as shown in Figures
2 and 4. Deviations are most pronounced in the shortest wire at positions near the wire ends
(e.g. positions C and E), for which the 1D approximation neglecting the finite extension

of the overlap junction geometry is relatively more important. Also, a narrow dip in the



conductance predicted near V' = 0 at the middle of the 2.7 yum-long wire is not observed
(see Fig. 2d), which may point to some uncontrolled depairing mechanism not taken into
account in the model.

In conclusion, we have measured with unprecedented energy resolution the spatial and
phase dependence of the superconducting proximity effect in a series of diffusive structures.
In particular, we have shown that an identical phase-dependent minigap is present in both
the N and S electrodes, an important prediction of the quasiclassical theory. These find-
ings are a first illustration of what can be achieved with this low temperature AFM-STM.
There is a large variety of hybrid nanocircuits, which combine for example magnetic ma-
terials, semiconductors or even molecules such as carbon nanotubes, that should also give
rise to a number of interesting short range “proximity effects” at interfaces. In addition, the
capabilities of this new instrument can be extended in various ways. For instance, a super-
conducting tip would allow probing the superconducting condensate [23] or the electronic
distribution functions in nanocircuits driven out-of-equilibrium, providing insight on local
electron dynamics in the samples [24]. One could also use spin-polarized tips [25] to resolve
spin order, or use the sensor for local gating or electrostatic force measurements [26] on the
circuit. This combined AFM-STM cryogenic microscope is thus a versatile tool that opens
broad perspectives in mesoscopic physics.
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FIG. 1: (color online) (a) LDoS in a 1-D SNS structure, obtained by solving the Usadel equations
of the quasiclassical theory of superconductivity in diffusive metals, taking into account scattering
at interfaces and geometrical parameters [15]. A is the gap of the superconductor. A uniform
minigap J, defining a range of energy 20 in which the LDOS is exactly zero, appears across the
normal region and in the S electrodes. In the latter, the finite conductance between & and A
decreases exponentially away from the interfaces, and the BCS DoS is eventually recovered. The
color scale was chosen to enhance the visibility of the minigap. (b) Predicted 2m-periodic phase

modulation of 4.



dl/dV (normalized)

dl/dV (normalized)

dl/dV (normalized)
o
gz
8 ; g
)
3

FIG. 2: (color online) Measured (thick grayed lines) differential conductance taken for zero flux
through the loop at various positions (indicated by the arrows and labeled by capital letters) of the
four SNS structures shown by the AFM images (taken at 35 mK). The length of the silver wire is
respectively (a) 300 nm, (b) 500 nm, (c¢) 900 nm, (d) 2700 nm. The curves are normalized to 1 at
large voltage and are shifted by integer numbers for clarity. The thin black solid lines correspond

to the model based on the quasiclassical theory of superconductivity introduced in the text and

described more in depth in Ref. [15].
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FIG. 4: (color online) Differential conductance versus voltage, for different values of the phase
difference ¢ across the 300 nm-long Ag wire. Left quadrants : measured; Right quadrants :
calculated. Top : on the N side (position C); Bottom : on the S side, close to the interface (position
B - Note that the scale is linear up to 0.02 and logarithmic above, to magnify the variation for
small subgap conductance). This shows that the minigap is also present on the superconductor

side with the same value as on the N side. Dashed lines are guides to the eye.
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4.7 Conclusions

There is an overall excellent agreement betweenctreluctance data taken at various
positions in SNS structures with different lengémsl the predictions based on the theory of
inhomogeneous superconductivity in diffusive cordrg; using a 1-D model, and
supplemented with tunneling theory.

Many aspects of the superconducting proximity éffaca diffusive system were observed.

Noticeably the normal length dependence of the gais,, as well as its modulation with

the phase bias, were observed and found in quiwveitagreement with the predictions. The

inverse proximity effect, i.e. the existence ofizeable DOS in the S electrode in the energy

range [gg —A] was investigated for the first time. Remaining Brdescrepancies with the

predictions can be attributed to a combination ®pegimental problems, and of an
insufficient modelling of the complex sample 3-Dbgeetry.

From the experimental point of view, a more dethitesestigation of the N-S interface region
would allow to probe the validity of the 1-D modahd of more advanced 3-D calculations.
Solving Usadel equations self-consistently in a 84D geometry with finite element
methods, and boundary conditions (sek28.5, pl71) is worth only if an appropriate
pavement of the system allows to limit the amodrdabculations to be performed.

4.7.1 Further experiments

Some interesting experiments follow from those @nésd in this thesis.

4.7.1.1 Out of equilibrium proximity effect

A full derivation of the out-of-equilibrium proxiny effect in diffusive S-N-S structures was
performed recently144]. Thel(V) characteristic and filling factors of a long SINfction
were predicted, as a function of the normal wirggté.

The investigation of this well defined non-equiltbn situation is important because even its
transport properties, i.e. thg€V) characteristic, has not been probed yet. We @m®po
perform a combined investigation of the local DO af transport properties. Note that the
present theory does not take into account the sevproximity effect, which was shown to be
important in our experiments. In particular, we wWenhow the subgap density of states is

modified in out-of-equilibrium situations.
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4.7.1.2 Gapless superconductivity

Proximity SNS structures in which the N electrodeaiso connected to a normal reservoir
have a zero minigap, but can still carry a supeecur This gapless superconductivity still

deserves more detailed investigations (se2.8.1.bFig. 4.2).
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