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Abstract. The performances of the new ScientaOmicron LT-UHV 4-STM microscope have been certified
by a series of state-of-art STM experiments on an Au(111) surface at 4.3 K. During the STM opera-
tion of the 4 STM scanners (independently or in parallel with an inter tip apex front to front distance
down to a few tens of nanometers), a AZ stability of about 2 pm per STM was demonstrated. With this
LT-UHV 4-STM stability, single Au atom manipulation experiments were performed on Au(11 1) by record-
ing the pulling, sliding and pushing manipulation signals per scanner. Jump to contact experiments lead to
perfectly linear low voltage I-V characteristics on a contacted single Au ad-atom with no need of averaging
successive [-V’s. Our results show how this new instrument is exactly 4 times a very precise single tip
LT-UHV-STM. Two tips surface conductance measurements were performed on Au(111) using a lock-in
technique in a floating sample mode of operation to capture the Au(111) surface states via two STM tips

dI/dV characteristics.

1 Introduction

Low temperature scanning tunneling microscopes
(LT-UHV-STM) are well known instruments. They are
able to deliver atomic resolution images on ultra-high vac-
uum (UHV) atomically well prepared metal and semi-
conductor surfaces [1] with a vertical resolution (AZ)
better than a few picometer for the best instruments [2].
Using the different parameters available on an STM (the
tunnel current intensity I, the bias voltage V and the
tip end apex surface distance Z), I-Z, IV, dI/dV and
dI/dZ characteristics can be recorded locally on the
imaged surface or on a single adsorbate (atom, molecule).
Single atom [3,4] and single molecule manipulations [5]
can be performed on the more stable LT-UHV-STM
instruments. It is also possible to record the I(t) time
dependent feedback current (the so-called manipulation
signal) during an atomic scale manipulation to get the
precise mechanical behavior of the adsorbate during its
STM manipulation [6]. Because an STM is based on the
scanning of a single atomically sharp metallic tip, it also
offers a lot of possibilities in term of electronic transport
measurements for example by approaching the tip apex
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end atom in electronic contact atop an adsorbate [7-9],
laterally [10] or by doing the reverse i.e., by pulling from
one end the molecule out of its supporting surface [11-13].

To perform more advance atomic scale electronics and
also single molecule mechanics experiments [14], a sin-
gle metallic tip is not enough. This is for example the
case for atomic scale transport measurements in a pla-
nar configuration on a surface [15], for transport measure-
ments along dangling bond (DB) atomic wires atom by
atom constructed on a passivated semi-conductor surface
[16-19] and for molecule mechanics with the expected
measurement of the motive power of a single molecule
motor [20,21]. For example, a complete test of the func-
tioning of the recent atom by atom constructed NOR/OR
Boolean logic gate on Si(100)H [22] is demanding at least
4 atomic scale electrical access to this gate. On this DB
circuit, each of the 2 inputs can be performed by a small
molecular switch i.e., a single chemisorbed molecule whose
end phenyl interacts (or not) in a butterfly configuration
with the corresponding input DB dimer. The bi-stability
of a given molecular switch input will be controlled by
positioning the STM tip apex directly on the switchable
phenyl group and its bias voltage pulsed. The output
status measurement is performed using 2 STM tips
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positioned at both end of short atomic scale DB wires
interacting with the 3 DB dimers of the calculating block
of the NOR/OR logic gate [22].

Driven by piezo motors, the first generation of UHV
4-probes systems have been around for quite some times
[23-26]. But this first generation had not demonstrated
reproducible atomic resolution per tip nor the nice possi-
bilities of state-of-art LT-UHV-STM experiments like sin-
gle atom manipulation. Very recently, the situation had
changed with the new version of the low temperature UHV
4-probes released by ScientaOmicron where each STM
scanner is truly a high performance LT-UHV-STM by
itself as demonstrated here. Furthermore, the four LT-
UHV-STM of this new 4-probes head (here after called
LT-UHV 4-STM) can scan independently on the same sur-
face under the tip navigation of a high resolution UHV-
SEM microscope.

In this paper, we report the complete exploration of
the performances of our LT-UHV 4-STM head recently
delivered by ScientaOmicron. This new equipment was
tested and tuned on an Au(111) surface. On this new
instrument, we have basically reproduced per scanner all
the STM experiments recalled above and performed since
20 years on the most stable single tip LT-UHV-STM. After
a specific tuning to its vibrational environment, we demon-
strate here how this new instrument is exactly 4 times a
very precise LT-UHV-STM. The inter tip apex distance
can go from millimeters to a few nanometer on the same
surface depending on the tip apex end radius of curva-
ture used during the measurements. We have performed
imaging (Sect. 3), electronic measurements at atomic scale
(Sects. 4 and 5) and achieved single atom manipulation as
well (Sect. 6) using alternatively the 4 scanners available
on our LT-UHV 4-STM. No difference in performances
were noticed between them. Only the tip apex mounted
of each scanner can differ from tip to tip. We demonstrate
how this new LT-UHV 4-STM & UHV-SEM extends
experimental capabilities of a 4-probes system down to
atomic scale (Sect. 7 for 2 tip floating electrical mea-
surements). All the presented measurements have been
performed at 4.3 K.

2 The LT-UHV 4-STM

The new LT-UHV 4-STM was installed on a large sta-
tic anti-vibration concrete block equipped with a passive
anti-vibration legs system. It is the last version of the UHV
4-probes systems constructed by ScientaOmicron. Deliv-
ered in September 2014 to our Pico-Lab low noise clean-
room building and running since February 2015, our new
instrument has also its specific UHV sample and tip prepa-
ration chambers UHV interconnected to the LT-UHV
4-STM chamber. It is also equipped with a very specific
UHV-transfer printing chamber [27] and with specific
miniature molecular evaporators to allow multiple mole-
cular species sublimation. In this paper, we only focused
on the LT-UHV 4-STM head of our system which is the
new part as compared to its first version described in
reference [25]. Our head has 4 independent miniature

LT-UHV-STM scanners able to scan on the same surface
and in parallel.

The sample must be mounted on a standard Scienta-
Omicron UHV transfer plate. This transfer plate can cir-
culate from place to place in our UHV system depending
on the sequence of operations from the introduction to
the UHV chamber to imaging, atom manipulation and
atomic scale electronic contacting. Since all the imaging,
manipulations and electrical measurements are performed
directly under the LT-UHV 4-STM head, there is no need
on our new system for a specific and long LT transfer
between the chambers as it was the case on the previ-
ous version of this equipment [25]. As illustrated by the
Figure la photo of our LT-UHV 4-STM stage, a very con-
venient 28 positions carrousel is servicing the LT-UHV
4-STM head where the tip holders, the sample plates and
for example a miniature molecular evaporators can be
stored. The LT-UHV 4-STM stage is shielded by 2 thermal
radiation shields in contact with respectively LN2 and LHe
cryostats. The transfer of a sample plate in the cryostat is
performed during the opening of a very convenient double
doors system through the shields (not shown in Fig. 1a).
The head hosts both the sample stage and the four tips
holders with their respective piezo drivers, called hereafter
PS1, PS2, PS3 and PS4. The stage is attached to the cryo-
stat and to extra cooling wires introduced to the LT-UHV
4-STM stage house as well. This guarantees both sample
stage and the 4 tips with their piezo scanners to be work-
ing at the same temperature. The working temperature
can be selected to be 4.3 K, 78 K or room temperature
with a possible heating to go step by step from 4.3 K to
78 K and so on.

The sample stage can be translated in X and Y
directions by specific piezo motors over a range of about
3 mm in each direction. A Zeiss UHV SEM Gemini col-
umn electron microscope with a resolution of 15 nm is
mounted atop the LT-UHV 4-STM head to monitor the
tips position and when necessary to image micro and
mesoscale objects. The end of the SEM gun is positioned
at the center of the LT-UHV 4-STM head (see Figs. 1b
and 4 for a better view of a 4 scanning tips configura-
tion UHV SEM imaged). It is better to lock the sample
stage for SEM scanning operations and to release it during
STM operations. In this case, the LT-UHV 4-STM head
is supported by mechanical springs damped by a mag-
netic system. After its release, a few hours are required to
reach the best performance of each of the 4 LT-UHV-STM
scanners.

For the LT-UHV 4-STM head itself, each scanner
accommodates a specific tip holder and its piezo scan-
ner. Each scanner is controlled by one matrix electronic
controller unit independent of the others. The maximum
scanning range for each scanner is about 2.0 ym at 4.3 K
with no apparent deformation of the STM image recorded
at least up to 1.6 pum as presented in Figure 2 for PS3.
We have taken a specific care for the grounding of the
LT-UHV 4-STM sample stage. Since the general design of
this new LT-UHV 4-STM head originates from a
4 probes measurement problem at the nanoscale, the sam-
ple stage is grounded. We have added a specific very high
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(b)

Fig. 1. (a) A top view optical photo of the LT-UHV 4-STM stage with all the cryostat shielding stage out. The SEM gun is
coming also on top of this stage. The servicing carrousel with 28 slots is clearly visible together with the four piezo scanners
and their wiring. (b) While completely re-assembled, an SEM top view image showing the 4 tips, the tip holders and one part
of piezo scanner PS2 (SEM image recorded at 5 kV, 400 pA with a magnification of 54).

Fig. 2. A 1.6 pm X 1.6 pm extra-large constant current STM
image using piezo scanner PS3 of the Au(11 1) surface recorded
at 300 pA for a 200 mV bias voltage. 34 mono-atomic step
have been recorded on the imaged area with no double tip
effect demonstrating that after a bit of re-construction a gold
tip apex can be nicely stabilized at the tungsten facet of a 45°
mounted tip. Notice the small impurity at the center of the
image which was perturbed by the scanning.

independance electronically controllable relay to switch
on and off the sample stage ground [15]. In that case,
multiple tips electrical floating measurements are possible
independent of each STM I-V convertor (and of the
matrix controllers) via also a specific electronic switch
per tip. The range of the I-V convertors is 0.0 to 3.3 nA
(or 0.0 to 333 nA) for each scanner. After a good offset
tuning per I-V convertor, they all present the same sensi-
tivity and noise level (see also Fig. 6).

When the ground of the sample stage is disconnected,
STM imaging is only possible by using 2 STM tips, one for
scanning and one used as a top counter electrode

connected directly to the ground or via the virtual ground
of its I-V converter. Another consequence of the 4-prober
origin of our new LT-UHV 4-STM, each tip holder is main-
taining its tip 45° inclined relative to the sample surface
and not vertically as in a standard single tip LT-UHV-
STM (see Figs. 1b and 4). We have modified some tip
holders to recover a 90° standard STM configuration. This
offers a better stability for I-V measurements and for sin-
gle adsorbate manipulations. From the top, a partial SEM
view of each tip apex can still be recovered in this 90° case
by performing a specific modification of the tip holder
body.

3 Sample and tip preparations

On our LT-UHV 4-STM, sample and tip preparations are
performed external to the cryostat and then loaded on
the servicing carrousel before being introduced on the LT-
UHYV 4-STM stage. For certifying our LT-UHV 4-STM, we
have selected the Au(111) surface. The sample is a com-
mercial single crystal Au(111) from MaTecK with only
one side polished. After its introduction into the UHV
preparation chamber attached to our LT-UHV 4-STM
chamber, the sample surface was cleaned by ArT sput-
tering with energy of 1 keV and a current of 5 puA for
10 min. Then, the Au(111) sample was annealed at 450 °C
for 20 min. After 3 cycles of sputtering and annealing,
an atomically clean Au(111) surface was obtained. The
Au(111) surface terraces and mono atomic steps can be
imaged by each scanner, as shown in Figure 2. This im-
age was recorded using PS3. The same images were also
recorded using PS1, PS2 and PS4 when the tips loaded
on those scanners are atomically well defined (see the dis-
cussion below). Two face to face 45° inclined tips can
be approached in mutual contact according to the SEM
image. One tip can even scan the tip end apex of the other
one in a way to measure the tip to tip end apex distance
(see Sect. 7 below).

To get the same STM images from all the scanners
and in a 45° tip holder configuration, many tips must be
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Fig. 3. (a) A 100 nm x 100 nm constant current STM image using piezo scanner PS3 of the Au(111) surface recorded at
170 pA for a 100 mV bias voltage showing the native (22 x v/3) herringbone Au(1 1 1) surface structure on the terraces separated
by the mono-atomic steps. These herringbones terminate at the [211] mono atomic steps and extend continuously down to the
neighbor lower terrace. (b) A constant current line scan crossing the herringbone structure on the same terrace from A to B in
image (a). The hep and bece areas are arraying periodically along AB line alternatively. (¢) A constant current line scan crossing

the mono atomic 0.2 nm surface steps from P to Q.

tested as compared with a standard single tip LT-UHV-
STM operation. When a tip is scanned in a 45° configura-
tion, it is mainly its end facet and not its apex end atom
which is forming the tunneling junction with the surface.
This renders more delicate the usual tip forming procedure
practiced in-situ on a standard LT-UHV-STM by apply-
ing large bias voltage pulses to reconstruct the tip end
apex atomic structure. With a tip facet facing the sample
surface, a bias voltage pulse can shape a few and almost
equivalent atomic scale apex. In this case, a few tips must
be tested per scanner to be able to shape the good one.
Electrochemically etched tungsten tip have been loaded
on the 45° tip holders as shown in SEM image Figures 1b
and 4. Then, each tip has been in-situ re-prepared by a
gentle mechanical indentation (8-10 A in the Au(111)
surface) together with a bias voltage pulse from +4 to
+5 V. With this preparation technique, stable tip apex
can be reconstructed even in a 45° configuration. As com-
pared to a single tip LT-UHV-STM, more tips must be
tested per scanner before getting a good one for scanning
or for dI/dV spectroscopy. In this prospect, the servicing
carousel presented in Figure 1a is very important for load-
ing new tips. With our specific 90° tip holder, this problem
doesn’t occur. Here, we have recovered the normal tip
re-construction procedure of a standard LT-UHV-STM.
In our actual utilization of this new LT-UHV 4-STM head
and since this head was designed for atomic scale contact,
we have mainly worked up to now with three 45° and one
90° oriented tips.

4 Atomic resolution

Conditioned by the tip apex used per scanner, each piezo
scanner was independently tested and is presenting the
same scanning characteristics and performances. On the

Fig. 4. Atomic resolution constant current STM images of
Au(111)-(1 x 1) surface recorded with the scanners PS1, PS2,
PS3 and PS4 with in each case an optimized 45° oriented tip.
The central SEM image is illustrating the position of each
tip during the scanning. The size of all the STM images is
3 nm x 1.5 nm recorded at 200 pA for a 500 mV bias voltage.
Notice the difference in corrugation between each image indi-
cating how the tip apex used are different per scanner. Those
images can be recorded independently and in parallel (see also
Fig. 14).

Au(111) atomically clean surface, the STM image
recorded with PS3 is presented in Figure 3. The nice
mono-atomic surface step series imaged in Figure 2 is

10702-p4



J. Yang et al.: Imaging, single atom contact and single atom manipulations at low temperature

20F
E 10k
-10 -I | " 1 i 1
0.0 0.5 1.0 1.5
(b) Lateral distance (nm)

Fig. 5. (a) A 1.5 nm X 0.75 nm zoom-in on the Figure 4
PS2 constant current image of the Au(111) (1 x 1) flat area
recorded at 320 pA for a 50 mV bias voltage. As indicated
on the extracted scan line (b), the apparent corrugation with
those scanning conditions is AZ = 20 pm with a noise level
in AZ of about 2 pm. The surface inter atomic distance along
the [110] direction is 2.9 A to be compared with the 2.885 A
surface crystallographic distance.

recovered plus the herringbone structure of the 22 x /3
reconstructed terraces and the Au(111)-(1 x 1) surface
atomic structure in between the reconstructions.
In Figure 3, the herringbone structure are arraying with
hep and bec areas following a period of 13.7 nm. The pro-
file lines crossing the herringbone structure shows a sur-
face corrugation corresponding to the crossing from fcc
to hep. Each herringbone structure is ending at a 0.2 nm
mono atomic step height with the herringbone structure
continuously extending on the neighbor lower terrace [28].

Fach scanner being equipped with a 45° tip orienta-
tion and after a zoom-in on a flat Au(111)-(1 x 1) surface
area, the PS1, PS2, PS3 and PS4 scanners are all able to
deliver nice atomic scale resolution images as presented in
Figure 4 with a bit of corrugation difference coming again
from tip apex difference from scanner to scanner. Those
images can be recorded in series or in parallel with no
differences as soon as there is no mechanical interaction
between the scanned tip apexes. At 4.3 K, the thermal
drift recorded on each scanner is <0.9 nm/h in a-direction
and <0.02 nm/h in y-direction on our system. The 1 x 1
atomic surface structure presented in Figure 4 is exhibit-
ing the periods 3.1 A, 2.9 A and 2.79 A in the three surface
sample {110} directions. The error of 8.5% and —2.3% are
caused by the inequivalent thermal drift in the X and Y
scanning directions. For a 50 mV bias voltage and for a
feedback current of 320 pA, the Au(111) (1 x 1) apparent
surface atomic corrugation is 20 pm with a noise level of
about 2 pm for example on PS2 (Fig. 5). This very good
imaging performance (equivalently observed on the 4 scan-
ners for the Au(111) surface) demonstrates how each
LT-UHV-STM scanner of our LT-UHV 4-STM head is
equivalent to a very stable single tip LT-UHV-STM head.

5 I-Z curves and jump to contact

Through vacuum and between a metallic tip and a metal-
lic surface, the tunneling current intensity depends expo-
nentially on the tip apex end atom to surface distance Z.
It follows the well known I = Ipe™"* decay law [29]. Here,

B =2,/3% ¢ is the tunneling inverse decay length through

vacuum and in first approximation ¢ is the average work
function between the 2 metals in action in the tunnel junc-
tion. Here, it is most certainly gold and gold in view of
our tip apex preparation procedure on the Au(111) sur-
face. Similar I-Z curves were recorded very early during
the STM invention period [30]. Using PS1, we have repro-
duced the standard I-Z characteristics first in a retraction
mode of operation in a way not to transform the tip apex
end during the approach mode (see below). After select-
ing a nice atomically clean area on the Au(111) surface,
away from a mono atomic step and for the same 10 mV
bias voltage, 3 feedback tunneling current intensity values
where selected: 20 nA, 2 nA and 200 pA to fix up the
starting tip apex end atom height relative to the surface.
Then, the feedback loop was switched off during 7 s. While
retracting continuously in Z the tip mounted on PS1, the
tunneling current intensity was recorded up to the limit
of the I-V convertor functioning. The retraction time
duration was 5 s. As presented in Figure 6, those three
I-Z curves are perfectly matching from each other and
when superposed, they are spanning more than 6 orders
of magnitude in I. As expected, when the tip is retracted
from the surface, the tunneling current intensity decreases

2
Using & = 0.95(“””

dz

Figure 6, an apparent barrier height of 3.43 eV + 0.2 eV
is obtained instead of about 5 eV for a gold-gold vacuum
tunnel junction. There are a few explanations for this dif-
ference. For example, the Z piezo variation may not be
fully linear over those 6 orders of magnitude (the same
for the I-V converter) and the exact tip apex composi-
tion may not be exactly gold or fully metallic (see the
next section). In any case, the Figure 6 reported measure-
ments are demonstrating a nice functioning of the PS1
scanner and can be reproduced on all the 3 other scanners.
In Figure 6, all the I-Z curves are saturating down when
reaching about 0.9 pA. This is the actual noise limit of the
I-V convertor connected to the tip mounted on PS1. It was
about the same value for all the others -V convertors.
On Figure 6 and by expanding those curves up and
towards a possible tip apex to Au(111) surface single
atom electronic contact, one is reaching I, = GoV at
about Z, — 2 A with V = 10 mV where G is one quantum
of conductance (see below). Notice that the absolute Z,
value is generally not known in STM. Its value was set up
here using the 20 nA, 10 mV feedback conditions.

After recording the I-Z tunnel junction characteristics
in a retraction mode and being satisfied by the excellent
stability of the piezo scanners in Z of our LT-UHV 4-STM
head (Fig. 6), we have also performed the reverse that is
approaching the tip apex towards the surface and looking
for the well-known jump to contact phenomenon. Jumps

exponentially. and from
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Fig. 6. Three I-Z curves recorded on PS1 in a retraction mode
for a 10 mV bias voltage and 3 feedback loop set up currents:
20 nA (blue), 2 nA (red) and 200 pA (black). Those I-Z curves
develop between the I, single atom contact limit I, = GoV
for V.= 10 mV and the 0.9 pA detection limit of the I-V
convertor used for PS2. More than 6 orders of magnitude in
Z are accessible for this electronic. For the 3 I-Z curves, the
extracted apparent barrier height is 3.43 eV + 0.2 eV.

to contact between a metallic tip and a metal surface
were first recorded in 1987 by Gimzewski and Moller [31]
and had continued to be explored over the years [32,33].
A vacuum tunneling junction between a metallic tip apex
and a metallic surface has generally a good probability to
break down when the tip apex end atom distance to the
surface is below Z = 3 A (atom to atom). Below this dis-
tance, the conductance can increase very fast due to the
attractive adhesive force between the tip apex end atoms
and the metallic surface until a metallic nanoscale neck
is created between the two [32,33]. During this jump to
contact (normally easily observed by a very abrupt junc-
tion conductance increase on the I-Z characteristics), a
metallic point contact is created between the tip and the
sample. Its conductance depends on the precise atomic
scale structure of the neck i.e., on the type of metallic
surface and on the tip end apex atomic structure.

On the Au(111) surface and as presented in Figure 7,
we have reproduced this jump to contact phenomenon
with our LT-UHV 4-STM. As compared to the Figure 6
initial feedback loop step up conditions, an intermediate
5 mV bias voltage for a 1 nA feedback tunneling cur-
rent intensity was used on PS1. Starting from this set up
point S and with a 45° oriented tip, the feedback loop was
switched off and Z reduced continuously down to 2 A. As
reported in Figure 7, the jump to contact occurs 1.2 A
below S at point J. After this J jump, it reaches a plateau
when the metallic atomic neck is formed to the complete
contact point. During the tip retraction phase, retardation
adhesive forces keep the conductance decreasing slowly
forming a small hysteresis cycle as expected [32,33] up to
the K breaking point of the neck occurring AZ = 30 pm

20 -16 -12 -08 -04 00
z (Angstrom)

Fig. 7. (a) A complete jump to contact and retraction I-Z char-
acteristics on an Au(111) surface using a gold coated tungsten
tip. The initial Z starting point marked S is corresponding to
a 5 mV bias voltage and 1 nA feedback current. The S-Q-J
curve is the jump to contact characteristics and the K-Q-S
curve is the retraction curve. This was recorded on PS1 in
a single down and up continuous Z variations forming a nice
small loop hysteresis Q-J-K-Q due to the atomic scale me-
chanic difference between forming and breaking a conductive
neck. The awaited Gy conductance plateau for a single metal
atom contact is starting at J on the jump to contact to satu-
rate towards a 0.9 G contact conductance, a little lower than
Go. The same conductance plateau is recovered again during
the tip retraction up to the K breaking point. The same S
set point is recovered after the complete retraction from Q to
S indicating that the Au(111) surface remained intact after
this rather soft contact. On the S-Q and Q-S portion of those
curves, the apparent tunnel barrier work function is 4.2 eV.
(b) The schematic of the tunneling junction used for the jump
to contact experiment showing the 20 k€2 resistance introduced
between the tip and the I-V converter on PS1 to protect the I-V
converter input stage in case of a very large current intensity
during a large jump to contact.

away from the J point. After the breaking of this metallic
neck, a standard I-Z retraction curve is recovered between
Q and S reaching again the same S feedback set point than
before starting the approach. From Q to S, a vacuum tun-
neling junction is formed again and the apparent barrier
height for this junction is 4.2 eV, a little bit larger than
the one found above on the I-Z retraction characteristics
Figure 6. The junction conductance plateau after the K
point is converging towards 0.9 G taking into account the
20 k) series resistance inserted in the circuit to protect
the I-V convertor during those measurements.

6 1-V curves of a single atom contact

Beneficiating from the high stability and low noise of our
LT-UHV4-STM scanners, we went a step further by
recording the I-V characteristics of a single Au ad-atom
tunnel junction exactly at electronic contact with this Au
ad-atom. This electronic contact point was determined
by reaching the maximum current intensity through the
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Fig. 8. (a) Two jump to contact characteristics on an Au(111)
surface using a gold coated tungsten tip with no retraction
curve shown. The initial Z starting point marked S is corre-
sponding to a 5 mV bias voltage for 1 nA feedback current. The
first S-P-J approach curve was recorded on a native Au(111)
surface on an area corresponding to the STM image (b).
After the tip retraction and returning to a standard STM im-
age mode leads to the STM image (c) showing one Au ad-atom
more added at the exact position of jump to contact experi-
ment. Starting from the same feedback conditions at S than
the S-P-J previous curve, the second S-Q-K approach curve
was recorded with the STM tip apex end atom now exactly
positioned atop the new Au ad-atom identified in (c). The
awaited Gy conductance plateau for a single metal atom con-
tact is starting at J on the jump to contact to saturate towards
a 0.8 Go. The (b) and (c) STM images were recorded in a con-
stant current mode for I = 1 nA and a 10 mV bias voltage.
Image scale 20 nm x 20 nm for a 100 pm AZ corrugation. All
the measurement were performed here on PS1.

junction but with a minimum mechanical deformation of
this junction at contact with the Au ad-atom as previously
practiced on a single Cg molecule [8]. For this purpose, a
single Au ad-atom was first created on Au(111) because
using a tip apex coated with Au(111) surface atoms, some
very soft jumps to contact events can lead to the trans-
fer of only one Au atom from tip apex to the surface
when retracting the tip after a jump to contact [32,33].
This is not observed for all the jump to contact experi-
ments. But when occurring for example during a Figure 8a
S-P-J like approach sequence, the surface STM image pre-
sented in Figure 8b is showing a new Au ad-atom after the
tip retraction at the location of the contact. This image
can be compared with the STM image at the same sur-
face location before the S-P-J jump to contact [32,33].
During this S-P-J approach presented in Figure 8a and
before the jump to contact at P, the apparent tunneling
barrier height calculated from S to P is 5 eV, very close
in this case to the 5.4 eV Au(111) work function.
Having located the deposited Au ad-atom on the
Au(111) surface (Fig. 8¢c), the tip apex was positioned
atop this ad-atom. Then, two very low voltage I-V char-
acteristics (from —2 mV to +2 mV) were recorded after
switching off the feedback loop and selecting first 2 very
characteristic feedback loop set point currents: I = 8 nA
and I = 120 nA. For a 5 mV bias voltage and on the
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Fig. 9. Two non-averaged very low voltage I-V characteristics
recorded (a) for I = 8 nA feedback current intensity and a
5 mV Bias voltage and (b) for I = 120 nA with also a 5 mV
bias voltage with the tip apex end atom exactly positioned
atop the Au ad-atom imaged in Figure 8c. I = 120 nA is the
last stable possible recorded I-V curve before a jump to con-
tact to occur. It was determined by following in real time the
I(t) noise on an oscilloscope. Both I-V curves are showing a
1 mV offset voltage attributed to the I-V converter used in
those experiments on PS1. The 8 nA set up I-V is not fully
linear. This can be attributed to the electronic asymmetry of
the “metal tip — vacuum-Au ad-atom-Au(11 1) surface” tunnel
junction where for a 8 nA feedback current, the Au ad-atom is
more electronically coupled to the Au(111) surface than to the
metallic tip apex end Au atom. The 120 nA [-V characteris-
tics is fully linear and symmetric because of the almost perfect
equilibration of the electronic interactions (the Au(111) sur-
face one side and the end atom tip apex on the other side) in
the junction before the jump to contact. This is confirmed by
the 13 k2 resistance of this junction instead of the 12.91 k2
awaited quantum resistance for a one quantum channel of con-
duction through a single Au ad-atom.

Figure 8a S-P-J jump to contact [-Z characteristics, this
corresponds to junction conductance of 0.0206 G and
0.3100 Gy respectively. On the S-P-J Figure 8a I-Z char-
acteristics, this 0.0206 Gy conductance set point is posi-
tioned in between S and P i.e., before the jump to contact.
The 0.3100 G set point is located in between P and J
i.e., in the Figure 8a Z transition values during a jump to
contact.

For the 0.0206 Gy conductance set point, the I-V pre-
sented in Figure 9a is characteristics of a vacuum tunnel-
ing junction between the gold end apex of the tungsten
tip and the new Au ad-atom deposited on Au(111) by the
jump to contact. It was quite stable and do not required
any care nor any averaging over a series of I-V curves.
As compared to the 0.0206 Gy set up conductance, the
junction resistance extracted from this almost linear I-V
curve is 645 kQ2 i.e., 0.0201 Gy.

For the 0.3100 GGy conductance set point, the I-V char-
acteristic was more delicate to record since positioned in
the rather unstable jump to contact Z values between P
and J. Therefore, contacting the Au ad-atom was per-
formed by approaching the tip apex to surface not con-
tinuously as in Figure 8a (or Fig. 7) but by increasing
manually the feedback current step by step taking care at
each step to avoid any P to J like jump to contact between
the tip apex and the Au(111) surface. We were guided for
this by the real time the I(¢) tunneling current fluctuation
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after each increase of the feedback current intensity. Just
before any jump to contact, there must be a signature
noise increasing in the tunneling current intensity and
indicating that the ad-atom is hesitating between surface
and tip apex adsorption. Those I(t) variations were fol-
lowed in direct for each set up current from 8 nA up to
120 nA where the I(t) noise suddenly started to increase.
This was the only way to capture the last stable Z value
before a real jump to contact. Such an I(¢) procedure
was effective because of the exceptional stability in Z of
our LT-UHV 4-STM scanners (2 pm noise in Z measured
in the imaging mode). The Figure 9b I-V curve is very
stable for the 120 nA set up point and do not required
any averaging over a series of I-V curves. As compared
to the 0.3100 G set up conductance, the junction resis-
tance extracted from this Figure 9b I-V curve is 33 kQ2
i.e., 0.303 G. Subtracting the 20 k{2 protection resistance
maintained in series in the circuit (see Fig. 6b) from this
measured 33 k€2, the “tip apex-Au ad-atom-Au(111) sur-
face” junction resistance is 13 k2. This is very close to the
12.91 k2 quantum resistance of single atom point contact
junction for a single ballistic channel Au atom and the
“one shot” Figure 9b I-V characteristic is truly linear at
low voltage.

Very indicative of the stability of the LT-UHV 4-STM
scanners and after recording the two Figure 9 I-V char-
acteristics, a new jump to contact I-Z characteristics was
recorded on this Au ad-atom starting from the same initial
S set point (1 nA, 5 mV) i.e., with a Z value larger as com-
pared to the initial I-Z curve because of the supplementary
Au atom under the tip apex on PS1. Interestingly and as
presented in Figure 8a, the S-Q-K jump to contact on this
IV measured single Au atom occurs at a point @ corre-
sponding to a 0.031 Gy and the stability plateau of the
metallic contact formed occurs at point K corresponding
to a 0.42 G. Therefore, the first 8 nA I-V curve Figure 9a
was recorded just before the jump to contact Z values.
The 120 nA one Figure 9b was recorded just before the
formation of the neck that is just before the mechanical
deformation of the “tip apex-Au ad-atom-Au(111) sur-
face” junction leading to a jump to contact. Notice that
starting from the same S point, the S-Q-K jump to con-
tact curve is shifted to the right by 1.1 A as compared to
the S-P-J one. This is about the STM corrugation of the
Au single adsorbate recorded at the feedback set point S
(see Fig. 11).

7 Single atom lateral manipulation

As re-demonstrated in the previous section, some jumps to
contact are able to produce single Au ad-atom on
Au(111). But to demonstrate the atomic scale writing
ability of our LT-UHV 4-STM scanners, more than a few
Au ad-atoms are required on the Au(111) surface. There-
fore and for testing atom by atom lateral manipulation,
individual Au atoms were produced massively on the
Au(111) surface following the usual single tip LT-UHV-
STM procedure [34]:

(b)

Fig. 10. (a) Constant current STM image of the Au nan-
oclusters area after its negative pulse destruction showing all
the small and large Au adsorbates plus the central crater in the
Au(111) surface (recorded on PS3, I = 200 pA, V = 500 mV,
image size 100 nm x 100 nm). (b) constant current STM image
on a flat Au(111) terrace where the herringbone reconstruc-
tion are clearly together with about 30 Au ad-atoms, 10 Au
dimers and a few other adsorbates composed of more than 2
Au atoms (recorded on PS3, I = 200 pA, V =500 mV, image
size 50 nm X 50 nm).

1. an electrochemically etched tungsten tip is indented
into the Au(111) surface by more than 1 nm with pos-
itive bias voltage higher than 5 V. As a consequence,
the end apex of this tip is heavy coated with Au atom,

2. the tip is moved away from the indented Au(111) sur-
face towards a large flat and atomically clean Au(111)
terrace (see for example Fig. 2),

3. applying now a negative bias voltage between —3 to
—4 V and approaching the gold coated tip apex by
0.8-1.0 nm towards the Au(111) surface leads the tip
to release on this surface a few large Au nanoclusters
with a diameter generally larger than 10 nm,

4. the tip apex is moved on a given Au nanocluster, is
approached by 1.2 nm under now a large positive bias
voltage from +4 to +6 V. As a consequence, this Au
nanocluster is normally decomposed in a multitude
of very small Au entities and a lot of individual Au
ad-atoms can be found around on the Au(111)
surface.

As presented in Figure 10a, this process was performed
on our LT-UHV 4-STM using PS3 but with a vertical ori-
ented tip. A zoom-in STM image of the random distri-
bution of those Au ad-atoms on the Au(111) surface is
also presented in Figure 10b. These scattered Au ad-atoms
are now ready to be used for STM single atom manipu-
lations and to construct atomic scale nanostructure by
repositioning the atoms one by one on the Au(111) sur-
face as usually practiced with a single tip LT-UHV-STM.
Notice that with a 45° tip on PS3, it was very difficult
to control a single atom lateral manipulation as compared
to the 90° oriented relative to the surface tip used on
single tip LT-UHV-STM. With such a 45° tip, the prob-
ability of a successful single atom lateral manipulation
was less than 10%. On our system and to reach a 70%
rate of success comparable to a single tip LT-UHV-STM,
the tip holders were modified by rotating the tip holder
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Fig. 11. (a) Constant current STM image of a small
7 nm X 7 nm Au(111) surface area with 3 adsorbates: two
Au ad-atoms and one Au dimers identified using the line scans
presented respectively in (¢) and (d). The Au dimer was on
purpose manipulated from position A to the pre-determined
position B in a pushing constant current manipulation mode.
(b) Constant current STM image of the same Au(111) surface
after the Au dimer manipulation. Both images were recorded
on PS3, I = 20 pA, V = 500 mV. The tunnel junction resis-
tance during the Au dimer pushing was set up at 500 k2.

micro-tube towards a vertical orientation. In this case, the
above described multiple Au ad-atom production can pro-
ceed as usual together with single Au atom lateral manip-
ulation. Of course, one inconvenient of this new 90° tip
orientation on our LT-UHV 4-STM is that the top navi-
gation UHV SEM cannot image the end apex of 90° ori-
ented tip. This may encourage LT-UHV 4-STM designers
to develop a new LT-UHV N-STM version with N > 4
scanners where some scanners will be equipped with 90°
tip holders for in parallel atom by atom manipulation and
the other scanners for atomic scale measurement with a
45° tip holder orientation. This is for example an urgent
demand for 4 probes atomic scale electrical measurement
along an atomic scale dangling bond wire where a sup-
plementary scanner will be in charge of holding the 90°
oriented tip for single H atoms extraction on Si(100)H.

During a lateral single atom manipulation on a surface,
the manipulation is controlled by the tip to surface tun-
neling junction resistance. Generally for a single Au atom
manipulation on an Au(11 1) surface and using a single tip
LT-UHV-STM, a junction resistance between 150 k{2 and
500 k€2 is used in a constant current mode of operation
i.e., with the feedback loop ON during the atom manipu-
lation sequence [35]. In this case and when an atom lateral
manipulation proceed along the surface, the AZ tip apex
relative height variations during the manipulation (the
so-called manipulation curve [36]) can be recorded in time.
It provides very important information on the mechanical
behavior of the adsorbate between the tip apex and the
surface during the manipulation. Here, the pulling, slid-
ing and pushing modes of lateral manipulation have been
observed for a single metallic ad-atom manipulation on a
metallic surface [34,37].

300
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Fig. 12. Contact current manipulation curves on a single Au
ad-atom on an Au(111) ultra clean terrace for 3 different tun-
neling junction resistance R. (i) R = 330 kQ for a pulling
mode. Here, the irregular feature recorded at the beginning
(left) of the manipulation signal is caused by a 5° deviation
of the manipulation direction relative to the [110] direction
on the Au(111) surface [34], (ii) R = 333 k2 for a pushing
mode with no apparent misalignment in this case because of
the repulsive force of the tip apex and the Au ad-atom and
(iii) R = 500 kQ for a quasi-sliding mode where the tip apex
is supposed to be always atop the Au ad-atom during the ma-
nipulation sequence. Here, the misalignment was about 30°
according to [34]. For those 3 resistances, the bias voltage was
always maintained to 500 mV. The AZ(t) are represented here
parameterized by the X (¢) tip apex scanning motion leading
the presented AZ(X) manipulation curves.

To reproduce those characteristic manipulation curves
on our LT-UHV 4-STM, PS3 was equipped with a 90° ori-
ented tip holder, the tip apex was gently indented in the
Au(111) surface and was moved at the location of some
isolated Au ad-atom monomer and dimer among the many
produced on the Au(111) surface. The PS3 STM feedback
loop was tuned to reach the standard 150-500 k€2 junc-
tion resistances used on LT-UHV-STM for single atom
manipulations. For reference and in comparison with what
was discussed in Sections 4 and 5, such a junction
resistance tuning corresponds to a tip apex end atom to
Au ad-atom distance 1-3 A away from the jump to con-
tact point. Then, the tip was line-scanned in a constant
current mode along a selected direction of manipulation.
The time dependent AZ(t) tip height variation for PS3
was recorded at the same time leading to the manipu-
lation signal. Before and after a manipulation sequence,
STM imaging was performed with the same PS3 to con-
firm the lateral displacement of the selected Au ad-atoms.
Figure 11 is presenting the manipulation of an Au dimers
from A to B on the Au(111) surface over a distance of
1.17 nm. This dimer was selected because it was located
nearby two single Au ad-atoms. Notice that their position
was not perturbed by the manipulation of the dimer in a
pushing mode. This was possible because of the 90° tip
orientation used in this manipulation. A 45° tip will have
also perturbed the other atoms around by its facets.

Obtained during the lateral manipulation of a single
Au ad-atom on an Au(111) atomically flat terrace, the
pulling (i), pushing (ii) and quasi-sliding (iii) manipula-
tion signals are presented in Figure 12. They were
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(c)

Fig. 13. (a) and (b) constant current STM images of a 20 nm x 16 nm Au(111) surface where many single Au ad-atom have
been manipulated in a constant current pushing mode to construct a letter C with 6 Au ad-atoms. A total of 11 Au ad-atoms
have been manipulated 6 for the C and 5 to clean the surface around the C. (¢) a pseudo 5.12 nm x 5.12 nm 3D STM image
with AZ = 0.12 nm of the central part of the image (b) showing the details of the C letter constructed over an herringbone
reconstruction. Both (a) and (b) images were recorded on PS3, I = 50 pA, V = 500 mV. The tunnel junction resistance for all

the Au ad-atom manipulations was set up at 333 k2.

obtained by selecting respectively three different junction
resistance: 150 k€2, 330 k2 and 500 k2. For recording very
pure manipulation signals, it is very important to use an
atomically flat surface [34,37] since any atomic scale cor-
rugation will be reported in the tunneling current and
therefore on AZ(t). This is what we have also observed
here since on a reconstructed Au(111) surface, any mis-
alignment of the manipulation direction relative to the
herringbone orientation leads to irregular and not peri-
odic AZ(t) manipulation signals. This is the explanation
why the sliding manipulation signal presented in Figure 12
is not perfect as compared to the one already recorded
in the past using a single tip LT-UHV-STM. On a posi-
tive side, this confirms that each scanner of our LT-UHV
4-STM is a very performant LT-UHV-STM also in the
X and Y lateral directions.

To confirm that any scanner of our LT-UHV 4-STM
can construct a surface nanostructure atom by atom, a
quite large Au(111) flat terrace was selected and imaged
using PS3 to locate a large number of Au ad-atoms pro-
duced as explained above (Fig. 13a). As presented in
Figure 13, step by step and in a pushing mode, 6 Au
ad-atom were manipulated using PS3 to construct the
letter C (the first letter of CNRS and of our laboratory
CEMES). Per scanner, this demonstrates the nice writ-
ing ability of our LT-UHV 4-STM. Some Au ad-atoms
were also pushed away from the scene to clean the selected
Au(111) terrace. To conclude this section, a nice zoom-in
pseudo 3D STM image of this letter is presented in
Figure 13c.

8 Two tip Au(111) surface conductance
measurements

The atomic resolution STM images presented in Figure 4
were obtained scanner per scanner independently and with
a common ground. Taking the advantage of such high per-
formance of our LT-UHV 4-STM, it was also important
to demonstrate how to proceed with 2 tips interdependent
measurements at the atomic scale. We will describe here
only one set of experimental data in this direction. The
results presented below open the way for an atomic scale

generalization of the 2 probes I-V measurement performed
recently on the MoS2 surface with an inter-tip distance
around 100 nm [15]. Those 2 probes I-V measurements
were recorded on a first generation 4 probes machine with
no atomic resolution ability per scanner [25].

At first, we show how the high resolution STM imaging
performance of the LT-UHV 4-STM is preserved when the
Au(111) surface is imaged using two scanners simultane-
ously operating at the inter-tip distance well below 1 pum.
The tips used in this experiment were mounted on the
45° oriented tip holders on PS2 (tip B) and PS4 (tip C)
scanners. Before the experiment, each tip apex was pre-
pared independently by the procedure described above in
Section 2 with a very large 100 pm separation distance.
Then, those tips were progressively navigated to reduce
their inter-tip distance by using the top-view UHV-SEM
of our LT-UHV 4-STM. The UHV-SEM navigation en-
ables to reduce the inter-tip distance to about 200 nm as
presented in Figure 14a. Since the planarity of the gold
sample is not mastered on the long range with a nanome-
ter precision during its mounting on the sample stage, the
controlled approach was then performed by using the STM
feedback loop for each scanner. In this way, we avoided
any tip crash in lateral (between two tips) and in vertical
(between each tip and the surface) directions. After the
gentle approach at the tip separation distance of about
200 nm, these two tips were scanned simultaneously on
Au(111) in a constant current mode. The corresponding
STM images are presented in Figures 14b and 14c for tip B
and tip C, respectively. Tip B was scanned on 5 nm x 5 nm
surface area keeping continuously the atomic resolution
(Fig. 14b). At the same time, tip C was scanned larger
on a 150 nm x 150 nm surface area with satisfying per-
formance, i.e., we can clearly observed the Au(111) her-
ringbone reconstruction and the sharp monoatomic step
as well. Interestingly, we were also able to collect SEM
images of both tips (Fig. 14a), which were approached to
the gold sample (their corresponding STM feedback loops
were closed). Please notice that in this case, it was neces-
sary to perform the SEM imaging with a low current den-
sity (200 pA) in order to avoid any tip crash because of the
e-beam capture by the tip. During SEM imaging, the PS2
scanning was stopped. However PS4 was maintained in its
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Fig. 14. (a) Top view UHV-SEM image of the 2 tip tunneling junction on the Au(111) surface (10 keV, 200 pA) certifying
the 200 nm top tip B to tip C selected distance. Tip apex B is a bit sharper than tip apex C. The small b and large ¢ white
superimposed squares on (a) are indicating the STM scanning range for images (b) and (c). (b) PS2 STM constant current
image of the Au(111) surface with tip B (1 nA, 10 mV) for a small 5 nm X 5 nm scanning range. (¢) STM PS4 constant current
image of the Au(111) surface with tip C (0.1 nA, 100 mV) for a large 150 nm x 150 nm scanning range. Images (b) and (c)

were recorded simultaneously using the common sample stage ground for both electronics.

Tip B apex

2Ll

TipC apex

(b)

Fig. 15. (a) Top view UHV-SEM image of the 2 tips tunneling junction on the Au(111) surface (10 keV, 200 pA) certifying a
40 nm top tip B to tip C selected distance. The white open square superimposed on (a) is indicating the STM scanning range
for the image (b). (b) Pseudo 3D STM constant current image obtained when tip C mounted on PS4 is imaging the surface
delimited by the white border square on (a). At the top right part of this STM image, the yellow corrugation is indicating the
starting of tip B being scanned by tip C while tip C is beneficiating from its feedback loop (0.1 nA, 100 mV, 330 nm x 330 nm).

Marked by the dotted black square on (b), the scanning area corresponding to the STM image presented in Figure 14c.

STM scanning mode of operation. This reflects in the little
horizontal strips around the SEM image at the end of tip
C. Finally, notice that due to the 45° tip orientation with
respect to the surface plane, the Figure 14a top-view SEM
image does not give access to the exact position of the tip
apexes providing the STM images. Indeed, the tip termi-
nal gold nanoclusters responsible for the Au(111) surface
STM images presented in Figures 14b and 14c are located
under the top-view SEM image of the tips, as schemati-
cally depicted in the Figure 14a by two white squares.
As presented in Figure 15, we went a step further by
reducing again the inter-tip distance. Firstly, we reached

a 40 nm distance (according to the top-view SEM
image Fig. 15a). Then, we completely stopped PS2 scan-
ning but maintained its feedback loop active. Secondly, we
progressively enlarged the imaging area of tip C mounted
on PS4 to finally obtain the STM image of the end of tip B
mounted on PS2 using the end apex of tip C as presented
in Figure 15b. Note that at the contact between tip B and
tip C, the constant current STM image (Fig. 15b) is a com-
posite image resulting from three tunneling current paths
to the sample stage ground: (1) the path from the bottom
end apex of tip C facing down the Au(111) surface, (2)
the lateral path between tip C apex and tip B apex in a
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Fig. 16. (e) A mosaic of 4 superimposed constant current STM images (a—d) recorded by PS3 and PS1 and delimited by the
white dotted lines on this mosaic. The superposition of those images leads to the determination of the exact distance between the
two f and g gold nanoclusters, which were responsible for the atomic-resolution STM imaging of the Au(11 1) surface performed
simultaneously by the use of PS1 (f) and PS3 (g). The scanned area of those STM images are indicated by the small white square
on (e). Corresponding STM scanning parameters were (0.1 nA, 1 V, 5 nm x 5 nm) for (f) and (0.5 nA, 100 mV, 5 nm X 5 nm)
for (g). (h) A schematic representation of the cross-section of this 2 tip tunneling junction on the Au(111) surface, where the
two tip apex radius of curvature is indicated together with the relative position of the (f) and (g) gold nanoclusters facing the
Au(111) surface during the simultaneous STM measurements (note 45° tips orientation). The measured distance between (f)
and (g) is 750 nm. (i) UHV-SEM (10 keV, 200 pA) top view image of the 2 tip tunneling junction on the Au(111) surface
obtained for PS1 and PS3, which were in positions corresponding to STM scanning areas from images (f) and (g), respectively.

lateral contact and (3) the path between the bottom end
apex of tip B facing also down the Au(111) surface. As a
consequence, the very fast AZ corrugation increase back
right of the STM image in Figure 15b does not provide
any measurement of the distance between the nanoclus-
ters facing the Au(111) surface on both tips, which are
the exact STM imaging tip apexes. As mentioned above,
it is related to the 45° orientation of those tips. Finally
notice in Figure 15b the perfectly resolved herringbone
reconstruction of the Au(111) surface obtained by scan-
ning with tip C even at about 40 nm distance from tip B.

The determination of the distance between the
nanocluster apexes of two STM tips is a very important
information for any future 2 tips atomic scale electronic
contact measurements on a surface. In order to obtain
this information for tip B and tip C, the native morphol-
ogy of atomic steps on our Au(111) surface was used. The
atomic step structure of the same surface area was imaged
using sequentially tip B and tip C. Then, the respective
STM images were overlapped. This procedure leads to
a mosaic of constant current STM images presented in
Figure 16e. From such a mosaic, the distance between
the two STM imaging tip apexes f and g can be deter-
mined with a precision of a few nanometers. For example,
this procedure was applied to the atomic resolution STM
images obtained by simultaneous scanning with tip B and
tip C (Figs. 16f and 16g). In this case, the relative dis-
tance between those tip apexes is about 750 nm. More-
over, we also obtained the corresponding top SEM image
of both tips in these defined positions on the Au(111)

surface (Fig. 161). By superimposing all the information,
the exact tip apex positions can be determined also on the
SEM image. The schematic drawing of the cross-section of
this double tip apex tunnel junction (with two respective
f and g nanocluster tip apexes) is given in Figure 16h.
As schematically presented one can take into account the
top-view radius of curvature for each tip, which are
obtained from SEM image with a precision of 10 to 20 nm
(the precision of our UHV-SEM), and correlate them with
the tip to tip separation. This methodology for the deter-
mination of inter tip apex distance providing the STM
images is extremely important for atomic scale electronic
contacts. We also point out that this methodology gains
from the advantage of having all STM scanners able to
image a surface with an atomic resolution. Particularly
this crucial feature was missing in the previous version of
the 4-probes [25].

The same methodology of tip apex distance determi-
nation was applied for dI/dV spectra measurements
performed on the Au(111) surface in between 2 STM tips.
The energy location of Au(111) surface states relative
to the Fermi level is well known [38,39]. They are gen-
erally single tip LT-UHV-STM characterized by record-
ing dI/dV tunneling spectra with either tip or sample
grounded. Typically a lock-in technique is used to record
the dI/dV signal derivative. For the Au(111) surface, the
surface states maximum is showing up around —400 mV
[38,39]. In our experimental setup, a lock-in electronics
with a 500 Hz frequency and a 50 mV modulation ampli-
tude was coupled to the PS4 STM electronic circuitry in
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Fig. 17. (a) Top UHV-SEM image (10 keV, 200 pA) of the 2
tip tunneling junction set up on the Au(111) surface to record
a floating surface dI/dV spectrum. The PS2 tip was electri-
cally connected to a lock-in electronic system (500 Hz, 50 mV).
(b) dI/dV spectra obtained for the Au(111) surface. The first
dI/dV spectrum (“single tip”) was recorded with the Au(111)
sample stage grounded. It shows the standard dI/dV maxi-
mum of the surface states around — 400 mV [38,39]. The sec-
ond superimposed dI/dV spectrum (“two tips”) was recorded
with the sample stage ground electronically disconnected. In
this case the PS4 tip was used as a ground counter electrode
with a defined 10.5 MX2 resistance of the corresponding tunnel-
ing junction. For both spectra, the PS2 tip — sample distance
was defined by I = 0.1 nA and V' = 300 mV STM feedback loop
parameters. The distance between two tip apex gold nanoclus-
ters responsible for the corresponding tip — sample tunneling
junctions was estimated to be 1.2 ym as indicated by the white
dots in (a) (note that the corresponding tip apex to tip apex
distance observed in top SEM image is about 500 nm).

a standard manner [39]. Then, two kind of dI/dV spec-
tra were recorded on Au(111) using our LT-UHV 4-STM.
In the first case, we performed a standard, single tip LT-
UHV-STM dI/dV experiment, in which the LT-UHV
4-STM sample stage was grounded. In the second case, the
sample stage ground was electronically disconnected and
we used instead the virtual ground of the PS2 [V
convertor. The tip mounted on PS2 was playing the role of
a “top Au(111) surface ground” whose relative distance
to the PS4 master tip can be varied within an atomic preci-
sion. In our test dI/dV experiment, the distance
between the two imaging tip apexes was of about 1.2 um
(Fig. 17a). The two recorded dI/dV spectra are presented
in Figure 17b. Each spectrum reproduces nicely the very
well-known dI/dV signal for the Au(111) surface state

region [39]. The strong similarity of both recorded
spectra can be easily explained by the large inter-tip dis-
tance, which exceeds the Au(111) surface 4.3 K electronic
mean free path.

9 Conclusions

In this paper, the performances of the new LT-UHV
4-STM  stage constructed by ScientaOmicron were
explored using an Au(111) surface. We have demon-
strated that this new instrument is exactly 4 times a very
precise single tip LT-UHV-STM able to scan simultane-
ously with an inter tip apex distance between 2 front
to front tips ranging from millimeters to a few tens of
nanometers on the same surface depending of the tip apex
end radius of curvature per tip. We have performed large
scale constant current imaging of the Au(111) surface,
very precise atomic scale imaging using all the 4 scanners
independently or in parallel with a AZ stability of 2 pm
at 4.3 K. For single atom manipulation, we have modi-
fied the original tip holder to orient the tip 90° relative
to the surface sample. After this transformation, Au atom
can be manipulated on the Au(111) surface and the well-
known pulling, sliding and pushing manipulation signal
were recorded as if those manipulations were performed
on a very stable single tip LT-UHV-STM. Jump to contact
experiments lead to record the linear I-V characteristics of
a single Au ad-atom exactly electronically contacted with
no need to average over many such I-V curves at 4.3 K.
We have also started to play with 2 tip surface elec-
tronic measurements in a floating mode of operation
succeeding for a small tip apex to atomic apex contact
surface distance of 1.2 pm to capture dI/dV characteris-
tics usually recorded with one STM tip and with the sam-
ple stage connected to the ground while keeping atomic
resolution per tip. For two 45° oriented tips and using
the top UHV-SEM and STM images, we have also deter-
mined the position of the metallic nanocluster facing the
surface and responsible for the STM imaging. With this
new LT-UHV-4 STM head, we are now entering in a new
era of atomic scale measurements for atomic scale wires
and circuits, single molecular wires and intramolecular cir-
cuits but also for performing single molecule mechanics on
atomically loaded single molecule motors and on trains of
molecule-gears up to solid state nanoscale gears.
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