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Deposition of mass-selected clusters studied by thermal energy atom
scattering and low-temperature scanning tunneling microscopy:
An experimental setup

Harald Jödicke, Renald Schaub, Ashok Bhowmick, René Monot, Jean Buttet,
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We present an experimental setup for the investigation of the processes occurring during the
deposition of mass-selected clusters on a well-defined surface. The sample is analyzedin situby two
complementary methods: thermal energy atom scattering~TEAS! and scanning tunneling
microscopy~STM!. TEAS is used to study the dynamical processes during the deposition and to
gather statistical information about the resulting structures on the surface. Subsequent STM
measurements allow us to investigate the collision outcome on an atomic scale. The setup is highly
versatile and guarantees ultra-high-vacuum conditions and cryogenic temperatures~'30 K! of the
sample at all times even during sample transfer. Clusters are produced in a CORDIS-type cluster
source. A new compact multichannel effusive He source in combination with a new
Wien-filter-based He detector are used for TEAS measurements. The new low-temperature STM
allows measurements in a temperature range between 8 and 450 K. Atomic resolution on the Pt~111!
surface is regularly observed atTsample58 K. The performances of the setup are illustrated by STM
images obtained after the deposition of Ag7

1 clusters withEkin595 and 1000 eV on bare Pt~111! and
by measurements made of the deposition of Ag7

1 clusters withEkin520 eV in a Xe–rare-gas matrix
adsorbed on Pt~111!. © 2000 American Institute of Physics.@S0034-6748~00!00207-0#
e
re
m
ig
o
n
a
om

ac

d-
y

is
th
ns
ga
re

rag-
is

nd
ated
on

case
d on

the
eri-
AS
tal
ds
er
ed
ses
ion
e in
he
me

y of
or-
ce,
I. INTRODUCTION

The fate of mass-selected clusters deposited on a w
defined surface or in a rare-gas matrix depends on a g
number of parameters. In recent years, molecular dyna
simulations have been performed to gain microscopic ins
into the deposition process in rare-gas matrices and on s
surfaces.1–6 Experimental results concerning the collisio
process between a cluster and a well-defined surface
however, still sparse. Except for the thermal energy at
scattering~TEAS! results of our group,7–9 almost all results
were obtained using either mass spectroscopy of the b
scattered cluster fragments,10–13 photoemission,14–16 Fourier
transform infrared,17 or microscopic methods such as fiel
ion microscopy,18 scanning tunneling microscop
~STM!,19,20 scanning tunneling spectroscopy~STS!,21 trans-
mission electron microscopy,22 or scanning electron
microscopy.23

The use of rare-gas matrices adsorbed on a surface
very elegant method to minimize the fragmentation of
clusters and to achieve controlled soft-landing conditio
The low-binding energy between the atoms of the rare-
matrix allows the cluster to be stopped very softly compa
to the abrupt impact on a hard-metal surface.

For small clusters with low-impact energy~,5 eV per

a!Electronic mail: wolfgang.harbich@epfl.ch
2810034-6748/2000/71(7)/2818/11/$17.00
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atom!, the experiments of Harbich and co-workers24,25 have
shown that less than 20% of the deposited clusters are f
mented when deposited in matrices of Ar, Kr, or Xe. This
confirmed by molecular dynamics~MD! simulations for
(NaCl)32,26 Cu147,2 and Cu2 clusters.27

Ag7
1 clusters, which have been soft landed on Pt~111! by

deposition at 20 eV impact energy on an Ar matrix, a
subsequent evaporation of the matrix, have been investig
by STM.28 This study indicates that the damage creation
the surface can be strongly reduced with respect to the
where the same clusters with the same impact energy lan
the bare surface.

The wealth of phenomena occurring during and after
deposition can hardly be characterized by a single exp
mental method. For this reason, we have combined TE
and STM as the main analytic tools in a new experimen
setup, which is presented in this work. The two metho
form an ideal combination for the investigation of clust
deposition, or more generally, for the study of disorder
surfaces. TEAS allows one to study the dynamical proces
occurring on the surface and to gather statistical informat
about the structures on a macroscopic part of the surfac
real time during and after the end of the deposition. T
method is nondestructive, allowing us to investigate the sa
deposit by other methods like STM. The subsequent stud
the resulting structures by STM yields complementary inf
mation on an atomic scale of the structures on the surfa
8 © 2000 American Institute of Physics
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2819Rev. Sci. Instrum., Vol. 71, No. 7, July 2000 Deposition of mass-selected clusters
which completes the information gathered by TEAS a
helps to interpret the TEAS data.

II. EXPERIMENTAL SETUP

A. General overview

The nature of the studied systems and of the cho
analysis methods impose a number of conditions for the
perimental setup, which greatly influence its layout. Fir
UHV conditions are necessary to protect the deposited c
ters and the sample surface from contamination from
surrounding atmosphere. Second, to be able to investi
the clusters ‘‘as they have been deposited,’’ it is necessar
freeze thermally activated movements of the cluster and
surface atoms on the surface. For the systems of metal c
ters deposited on metal surfaces under consideration, c
genic temperatures are necessary during the whole dura
of the experiment. Finally the microscope must be protec
from vibrations produced by the pumps of the TEAS expe
ment. For this reason, our setup is separated into two ch
bers, one containing the STM, the other the rest of the
perimental equipment. The two chambers are coupled for
TEAS measurements and the sample transfer and mec
cally decoupled before the STM measurements.

The layout of the experimental setup is shown in Fig.
The TEAS chamber contains the equipment for the sam

FIG. 1. Layout of the experimental setup with TEAS, STM, and trans
chambers. Two valves allow us to separate the chambers without brea
the vacuum in either of the two main chambers.
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preparation, the TEAS measurements, and for the depos
of clusters and atoms from the vapor phase. It is pumped
a 1000 l/s turbomolecular pump, which is backed by anot
50 l/s turbomolecular pump to improve He compression. A
ditional pumping is provided by a titanium-sublimatio
pump and two cryogenic pumps with a pumping speed
40 000 l/s. A base pressure,1310211mbar is reached dur
ing measurements.

The second chamber of the setup, the STM chambe
represented once in the sample transfer position~solid lines!
and once in the position it is in for the STM measureme
~broken lines!. The STM chamber holds the STM and i
cooling system. During sample transfer and TEAS measu
ments, the STM chamber is coupled to the TEAS cham
via an intermediate transfer chamber. This allows trans
ring the sample under UHV conditions and at cryogenic te
peratures. The transfer chamber also holds a simple sys
based on a linear manipulator, which can stock up to th
sample crystals with their sample holders and up to five
for the STM. Changing of samples and tips is done with
manipulator of the TEAS chamber.

To allow the mechanical separation of the STM cham
from the rest of the experiment, the STM chamber is plac
on a rail system. For the STM measurements, the S
chamber is shifted to the middle of a 1600 kg concrete ta
that is supported by a Newport I-2000 laminar air-flow v
bration damping system.29 This system isolates the STM
chamber effectively from environmental vibrations. In add
tion, a completely closed sound-isolating box is placed o
the STM chamber to isolate it against acoustic vibratio
Aluminum sheets covering the outer surface of this box
as a Faraday cage. During the STM measurements, the S
chamber is pumped by a vibration-free ion pump~1500 l/s!.
Additional pumping is obtained by a Titan sublimation pum
and by cryogenic pumping. The pressure during the S
measurements is in the order of 1.5310210mbar. This value
is, however, measured outside the cryostats. We estimate
the pressure inside the cryostats is below this value, as
most all residual gas that enters the cryostat will immediat
stick on its cold surfaces. In fact, when the microscope
cooled with liquid helium~LHe!, measurements without no
ticeable pollution are possible for several days after sam
preparation.

The transfer of the sample from the TEAS chamber in
the STM typically takes 15 min. Another 30 min are nece
sary to separate the two chambers and to prepare the S
for measurements. Thus, normally first STM images are
tained 45 min after the deposition of the clusters and the
of the TEAS measurements.

The modular layout of the experiment with the ST
chamber completely isolated from the rest makes our se
very versatile. First, any additional experimental equipm
can be added to the TEAS chamber, without disturbing
STM and second, the transfer chamber allows us, in a sim
way, to transfer samples and tips into the two experimen
chambers, without breaking the vacuum in either of them

r
ing
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2820 Rev. Sci. Instrum., Vol. 71, No. 7, July 2000 Jödicke et al.
B. TEAS chamber

In this section, the equipment located in the TEA
chamber, namely, the He source, the He detector, the clu
source, and the low-temperature~LT! manipulator, is dis-
cussed.

1. He source

To produce the He beam needed for the TEAS meas
ments, a new custom-built multicapillary effusive source30 is
used. This kind of source has been chosen as it is very c
pact and reliable. Furthermore, unlike a supersonic sou
this type of source needs very little pumping and thus p
duces very little vibrations or noise, a considerable adv
tage when used in combination with STM. The He source
mounted at an angle of 45° with respect to the sample
face. A scheme of the source is shown in Fig. 2.

First, ultrapure He gas is used to generate a pressur
'0.8 mbar in the central tube of the source. The gas t
passes through a microchannel plate, a grid of several th
sand parallel tubes of a diameter of 10mm and a length of
0.5 mm. The large aspect ratio leads to a very effective al
ment of the gas molecules.31 After the channel plate, the H
molecules enter an intermediate chamber, which is pum
differentially by a 60 l/s turbomolecular pump. A tube of 0
mm in diameter and of 20 mm in length is located 80 m
from the channel plate in the axis of the beam. The
molecules that are aligned well enough to pass this tube e
the main chamber and form the probing beam. The m
ecules that do not pass the tube are evacuated via the d
ential pumping of the intermediate chamber. For our m
surements, all information is obtained from the analysis
the intensity change of the specular beam, when cluster
adatoms are deposited on the surface or when moving a
lead to a structural change on the surface.32 A profile of the
resulting beam as measured on the sample, situated 100
from the end of the He source is shown in Fig. 3. The
locities of the He atoms in the resulting beam show a M
wellian thermal distribution, which of course is much larg
than the velocity distribution obtained in a supersonic bea
For the planned measurements, the low monochromaticit
the beam is advantageous, as unwanted interference ef
are suppressed.

2. He detector

The He detector, mounted in the direction of the spe
larly reflected beam, is schematically represented in Fig
The detection is achieved in three steps. First, the atoms

FIG. 2. Schematic representation of the He source. The microchannel
is glued to the front end of the central tube, which is inclined to account
the channels which are not perpendicular to the surface of the channel
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enter the detector are ionized by electron bombardment f
a filament. The ionizer part of the detector is surrounded
a cooled Cu cage. Two holes on the axis of the detec
allow the He atoms to enter and to leave the cage. The h
also serve to pump the cage. By choosing the appropr
diameter for the two holes and by minimizing the volume
the cage, a high helium partial pressure inside the cag
obtained and the sensitivity of the detector is improved. T
ions then pass a series of electrostatic lenses, which a
them before they pass into the Wien filter where they
mass separated. Finally, the passing He ions are detecte
a channeltron. The Wien filter has been chosen as a m
separator because of its good transmission for incoming
oms, for its simplicity, and small dimensions. The limite
mass separation of this type of filter is sufficient to separ
the signals coming from the He from those coming from2
and H2O, the next other main peaks in the mass spec
under the experimental conditions. The stability of the sig
under typical measuring conditions is,2% with a resolution
in time ,1 s. A mass resolutionDM /M for He of 5 is
obtained. As an example, Fig. 5 shows the measured sig
background ratio for our combination of He source and
detector as a function of the sample temperature for a c
Pt~111! surface. The curve shows a Debye–Waller behav
with an increase of the ratio from 1.6 at 800 K to a maximu
of about 13 at a temperature of 100 K.

3. Cluster source

The cluster source has been described in de
elsewhere.33 It is a CORDIS-type sputtering source, whic
provides a continuous flux of monodispersed clusters. T

te
r
te.

FIG. 3. Profile of the He beam as measured 100 mm from the front en
the He source. FWHMDHe51.1 mm.

FIG. 4. Layout of the He detector, with the three main parts, ionizer, W
filter for mass selection, and channeltron for the He detection. The front
of the Cu cage surrounding the ionizer can be shifted in the horizo
direction. This is necessary, as the manipulator does not have the poss
to tilt the sample to deflect the beam into the manipulator.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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2821Rev. Sci. Instrum., Vol. 71, No. 7, July 2000 Deposition of mass-selected clusters
clusters are produced by sputtering of the target mate
with 20 keV rare-gas ions. Cations are extracted with
electrostatic lens and focalized into a Bessel box, wh
serves as an energy filter. It stops the neutral componen
the beam and filters the cations with an energy window
67.5 eV. The mass separation is done by a long quadru
that follows the Bessel box. The mass resolution is electro
cally controlled and is adapted to the cluster size under
vestigation. A mass spectrum for Agn clusters obtained from
the source is shown in Fig. 6. We typically obtain currents
0.8–1.3 nA for the silver heptamer. The quadrupole a
serves as a guide for the clusters of the selected mass.
incident clusters arrive with an angle of approximately 1
with respect to the surface normal. During deposition,
front end of the quadrupole is placed'5–8 mm from the
sample surface. The resulting distribution of deposited c
ters on the surface has approximately the shape of a Gau
distribution. Its full width at half maximum~FWHM! de-
pends on the distance of the quadrupole from the surface
on the deposition energy of the clusters. The distance of
quadrupole to the surface is chosen in order to obtai
FWHM which is large~3–4 mm! compared to the one of th
probing He beam.

4. Low-temperature manipulator

The custom-built manipulator of the TEAS chamber
lows us to perform most of the manipulations necessary
the experiments. It holds the sample during preparation

FIG. 5. Measured signal-to-background ratio for our TEAS system:
specular He intensity reflected on a clean Pt~111! surface as a function of the
sample temperatureTsampleshows the exponential Debye–Waller behavio

FIG. 6. Typical mass spectra for Agn
1 clusters for a primary Kr1-ion current

of 9 mA on the Ag target and a beam energy of 20 keV. Notice the od
even alternation and the magic numbers (n59) related to the electronic
shell structure.
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for the TEAS measurements and it allows transferring
crystal together with the sample holder to the STM chamb
The sample surface can be moved inx, y, and z directions
and rotated around the manipulator axis. All displaceme
are motorized and computer controlled. A long rigid tu
supports the functional part of the manipulator, the mani
lator head. The manipulator head is shown in Fig. 7.

To obtain the cryogenic temperatures necessary for
experiments, the manipulator is designed as a coaxial liq
flow cryostat using liquid nitrogen (LN2) or LHe. The
sample holder that contains the sample crystal is held b
clamp system made of molybdenum. The clamp is solde
directly to the heat exchanger and the good thermal cond
tivity of the molybdenum in the entire used temperatu
range guarantees an effective cooling of the sample.

The manipulator head is electrically isolated allowing
to apply a potential to the sample. The sample holder, m
of two molybdenum pieces, is deposited with the sam
inside the STM. A chromel–alumel thermocouple is sp
welded directly to the sample crystal. Springs made of
thermocouple material, which are placed on the manipula
head, establish the contact to the thermocouple on the sa
holder via two contacts on the back of the sample hold
This system guarantees an accurate determination of
sample temperature in a range between 60 and 1300 K
contrast, the thermocouple characteristics do not allow u
measure lower temperatures. However, measurements u
a Si diode showed that the sample holder reaches a minim
temperature of 20 K when cooled with LHe.

A filament placed directly behind the sample allows t
heating of the sample by thermal radiation or electron bo
bardment in the case where a positive potential is applie
the sample. This permits very fast sample heating with
heating rate up to 50 K/s.

Apart from this equipment, the TEAS chamber also co
tains an UHV evaporator~type EFM 3 from Omikron34! for
the deposition of atoms with thermal energy and an ion g
~type IQE 12/38 from Leybold35! to sputter the sample.

C. Low-temperature STM

The STM chamber containing the microscope and
cooling system is schematically shown in Fig. 8.

1. Cooling system

The cooling system consists of two concentric bath cr
stats. The inner cryostat~1!, called the LHe cryostat in the

e

–

FIG. 7. Details of the head of the manipulator and the sample holder.
Mo clamp, soldered to the front end of the heat exchanger, is operated
rotary feedthrough.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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2822 Rev. Sci. Instrum., Vol. 71, No. 7, July 2000 Jödicke et al.
following, contains the STM~2! in a chamber in its lower
part. The LHe cryostat can be filled either with LN2 for
measurements down to temperatures of'78 K or with liquid
helium for measurements down to'8 K. The volume of the
cryostat is 3.6 l.

The outer cryostat~3!, called the LN2 cryostat in the
following, screens the LHe cryostat against thermal radiat
from the environment. It consists of a tank~3a! that contains
the liquid nitrogen~5.2 l! and an aluminum cylinder~3b!,
fixed to the lower part of the tank. Three stainless-steel tu
suspend the tank from the top flange of the chamber.
bottom of the aluminum cylinder is closed with an aluminu
cover~3c!. The Al cylinder has massive, 7-mm-thick walls
guarantee a good conduction of the heat from the bottom
the tube to its top to minimize the temperature gradient
tween the top and the bottom.

In order to reduce the LHe consumption and to incre
the measuring time, special care has been taken to reduc
thermal losses of the LHe cryostat due to heat conduc
and thermal radiation. For this reason, the LHe cryostat
most parts of the STM are gold plated to reduce the emis
ity of their surfaces. The LN2 cryostat is silver plated for the
same reason. To reduce losses due to heat conduction

FIG. 8. Layout of the LT-STM. The whole unit, including the two cryosta
@~1! and~3!# and the STM~2!, is suspended from the top flange of the ST
chamber. During STM measurements, the massive STM block~9! contain-
ing the scan head~8! and the sample~10! hang freely on long springs~13!
from the top flange, guaranteeing a good isolation from vibrations from
STM chamber or the cryostats.
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suspension tube~4! of the LHe cryostat has been chosen lo
and with thin walls. A solid Cu rod~5! establishes a therma
bridge from the bottom of the LN2 cryostat to the top of the
support tube and cools the tube to'80 K at this point. Like-
wise, all other connections to the LHe cryostat are precoo
by anchoring them thermally to the LN2 cryostat.

Both cryostats have an opening~6! in the direction of the
TEAS chamber to allow the sample transfer. These open
are closed by metal doors during the STM measurement
block heat radiation on the STM. Large view ports in bo
cryostats allow visual control of all manipulations of th
STM. The view port of the inner cryostat is screened with
sapphire window, while for the outer cryostat a combinati
of a sapphire and a Pyrex window is used to screen
microscope against thermal radiation. This combinat
transmits light in a wavelength range between 0.3 and 3mm,
screening the inner cryostat against infrared radiation fr
the environment at 300 K. To ensure a good thermal con
a thin indium seal is pressed between the windows and c
stat.

When the LHe cryostat contains liquid helium, a th
stainless-steel tube with Cu screening disks~7! is introduced
into the suspension tube.

2. Microscope

The scan head of the microscope~8! is a custom-built,
modified ‘‘Beetle-style’’ scan head.36 The piezos~type EBL2
from Staveley Sensors Inc.37! have a diameter of 6.35 mm
and a length of 24.6 mm. A 0.2-mm-thick tantalum triang
~see Fig. 9! connects the top of the three coarse appro
piezos solidly, improving the stiffness of the unity and i
creasing its resonance frequency.

e

FIG. 9. Detailed view of the STM and the lower part of the LHe cryostat.
gold wires~16! connecting the STM block~9! to the support ring~15! that
is directly screwed to the LHe cryostat provide cooling of the microsco
during measurements. The whole measuring unit, including the STM b
and the support ring, can be removed in a simple way for maintenance
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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The whole piezounit is surrounded by the massive c
per block~9! called the STM block in the following. A gold-
plated copper disk~9a! is screening the piezos against he
radiation from the drawer~11!, in case the latter is heated.

On transfer into the STM chamber, the sample hol
~10! is pushed into the drawer. A good thermal contact
tween drawer and sample holder is assured by a spring~11a!.
The drawer contains a Si diode~11b! ~type DT470-SD from
Lake Shore Cryogenics Inc.38!. It is placed as close as pos
sible to the sample holder to allow an accurate determina
of the sample temperature. A massif Cu piece~12! that sur-
rounds the drawer is screwed to the top of the STM blo
The Al disk with the ramp~11c! for the coarse approac
between sample and tip is screwed to the bottom of
drawer. The drawer stands on the coarse approach piezo
simplify the construction and to avoid unnecessary heat c
duction to the LHe cryostat through cables with a large cr
section, no resistive sample heating has been installed in
drawer. The heating of the sample is achieved by focaliz
the beam of an Ar laser on the sample holder or the draw
A small part of the drawer is covered with a carbon film
This spot with improved radiation absorption~e51! serves
as a target for the laser. As a Si diode is placed in the dra
the maximal temperature permitted is 450 K. The perf
mances of the heating system will be discussed in Sec. II

During measurements, the STM block is suspend
freely from the top flange of the STM chamber on thr
60-cm-long springs~13!, which pass the two cryostats insid
tubes. The choice of long springs and the heavy mass o
STM block ~1.3 kg! lead to a low eigenfrequency of 0.8 H
for vertical oscillations of the block. This arrangement is
lates the STM effectively against vibrations from the cha
ber or from the cryostats. The springs are suspended on K
tal wires. These can be enrolled on the axis of three ro
feedthroughs~13a! allowing us to adjust the length of th
springs. This is necessary, as the springs get much stiffer
consequently reduce their length when cooled down to cr
genic temperatures~by '2 cm when cooled from 300 to 7
K!. An eddy-current damping system~14! is installed around
the bottom part of the block, serving as a damping elem
for the oscillations of the block. It consists of 12 CoSm ma
nets ~14a! fixed on the STM support ring and copper fla
~14b! fixed on the STM block. As the damping forces a
proportional to 1/r @wherer(T) is the electrical resistance o
the flaps#, the damping gets much stiffer when the STM
working at low temperatures wherer is low.39 We have cho-
sen the geometry of our flaps in order to allow a sufficien
weak damping at LHe temperature and we used unanne
Cu to reduce the differences between the resistance at
and low temperature.

The STM block is surrounded by a support ring~15!.
The ring has three radial arms~15a! separated by 120°, with
conic holes on the top and the bottom. Two cones, fixed
the block, enter the conic holes on the arm from above
underneath. This limits the vertical and the horizontal mo
ments of the block to the distance between the cones.

The cooling of the STM is done in two different mode
During the STM measurements, the thermal contact betw
the STM block and the LHe cryostat is guaranteed by'80
Downloaded 08 Apr 2008 to 128.178.174.165. Redistribution subject to A
-

t

r
-

n

.

e
To

n-
s
he
g
r.

.

er
-
4.
d

he

-
-
n-

ry

nd
-

nt
-

led
igh

n
d
-

en

gold wires~16! of a diameter of 0.2 mm. These connect t
block radially to the massif Cu support ring that is direc
screwed to the bottom of the LHe cryostat. The very s
material of the wires translates very little vibrations from t
cryostat to the block. Likewise, the contact between the S
block and the drawer is established by 20 Cu wires~17! of
the same diameter. These are electrically isolated to allow
to apply a bias potential to the drawer. This cooling mode
sufficient to compensate the thermal radiation on the dra
and to keep the sample at low temperature during meas
ments.

When a more effective cooling is needed to cool do
the STM from higher temperatures, the STM block can
pressed against the arms~15a! of the ring by means of a
manipulator bellow~18!, which is placed underneath th
block. The bellow can be filled and pumped via a microtu
~18a!. He gas is used to fill the bellow to avoid condensati
inside the tube at low temperatures. The block is pressed
by the bellow with a maximal force of 100 N and under th
condition a very good thermal contact is guaranteed. W
pressed up, the lower cones of the STM block enter the lo
cones of the arms of the ring. In this way, the position of t
block is fixed exactly, which is essential for the sample tra
fer to or from the TEAS chamber. The bellow, by means
a piston system~19!, also presses the drawer up against
piece~12! that surrounds it. This way, a good thermal co
tact to the drawer and the sample is established. Three c
~20! fix the orientation of the drawer during the sample tran
fer.

The bellow also allows us to lift up the drawer from th
piezos very precisely. By regulating the pressure in the b
low the drawer can be lifted or lowered with a precision
'0.1 mm.

A manipulator in the STM chamber~21! is used to lift
up and move the drawer and to open and close the ro
door ~22! of the LHe cryostat.

3. Performance of the cooling system

A filling of the LHe cryostat lasts for up to 28 h while
the LN2 cryostat has to be refilled every 14 h. The tim
between two successive tank fillings is long enough to all
comfortable handling of the STM.

The cooling behavior of the LN2 cryostat, the STM
block, and the sample, when cooled down from room te
perature, are shown in Fig. 10. The temperature on the o
cryostat is measured by means of a chromel–alumel ther
couple on the outer surface of the screening tube, 2 cm ab
its lower end. A second Si diode of the same type as the
measuring the sample temperature is used to measure
temperature of the STM block.

With drawer, STM block, and support ring pressed
gether by the manipulator bellow, a temperature of 80 K
the sample and the STM block is reached within 90 min a
the inner cryostat has been filled with LN2. Then, the cool-
ing slows down and the temperatures stabilize on their m
mum values within 3 h. After this, the STM block is releas
in its free-hanging measuring position with a minimu
sample temperature of 78.5 K.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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For measurements at lower temperature, the LN2 in the
inner cryostat is replaced by LHe. A temperature of 10 K
reached within 40 min after the start of the filling with LH
Then, the STM block is released in its free-hanging posit
by reducing the pressure in the manipulator bellow and
sample temperature stabilizes at its minimum value of 7.
within 150 min, with the STM block at 5.7 K. Approxi
mately 15 l of liquid helium are needed to cool down t
inner cryostat and the STM from LN2 to LHe temperature.

The temperature measured at the lower end of the L2

cryostat decreases much slower as the whole massive a
num screening tube has to be cooled down. A final temp
ture of 90 K is reached after'5 h. During the STM mea-
surements the LN2 cryostat is pumped to solidify the liquid
nitrogen to avoid bubbling, causing unwanted vibratio
which would disturb the measurement. The solidification
the LN2 leads to a further decrease of the temperature m
sured on the LN2 cryostat to'66 K.

4. Sample heating by laser

To heat the sample, the beam of an Ar laser with
output power of 5–6 W is focalized on the sample or t
drawer. Approximately 40% of the laser output power
used to heat the sample, while the rest is absorbed and
flected by the screening windows and the different opti
elements employed~two mirrors and one focalizing lens!.

Two different heating modes are used, depending
whether the inner cryostat is cooled with LN2 or with LHe.

In the first case, the sample can be heated up to a g
temperature and be stabilized at this temperature. The
perature of the sample can be stabilized on every interm
ate temperature between 77 and 450 K by regulating
output power of the laser with a feedback loop on the te
perature measurement. The stability of the temperatur
,60.01 K. Up to 300 K, the stability of the STM is goo
and only a small amount of drift is observed, allowing occ
sionally atomic resolution on Pt~111!. At temperatures
higher than 300 K the continuous irradiation of the sam

FIG. 10. Temperature behavior of the LN2 cryostat, the STM block, and the
sample when cooled down from room temperature to the lowest pos
temperatures. The increase when the block is released in its free-ha
position is due to the thermal radiation of the light used to survey
manipulations.
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holder with more than one watt leads also to a tempera
increase of the STM block and the piezos, resulting in
stronger drift.

When LHe is used as a cooling liquid, continuous he
ing would lead to a high LHe consumption. Therefore, in th
case, we only heat the sample until the desired maxim
temperature is reached, then stop the laser and cool b
down the sample to the lowest possible temperature. T
procedure also allows us to make use of the good stabilit
the STM at low temperature, which allows us to obta
atomic resolution on Pt~111! regularly. The temperature be
havior of the sample and the STM block when heated w
the laser is shown in Fig. 11 for the two cryogenic liquids f
output powers of 5.2 and 5.7 W, respectively. In the case
LN2 the sample reaches 200 K within 37 min, while heati
up to 373 K takes about 2 h 25 min. To cool down the
sample and the block rapidly, they are pressed against e
other and against the support ring.

With LHe as a cooling liquid, the temperature first in
creases very quickly, as the heat capacity of the drawer
sample holder is very small at low temperature, and a te
perature of 70 K is reached within 2 min. It takes'30 min to
reach a sample temperature of 220 K.

In both cases the temperature increase of the STM bl
due to the thermal radiation from the hot drawer and
conduction in the wires for the cooling is small compared
the temperature of the sample.

5. Resonances of the STM

Mechanical vibrations from the environment are very
fectively damped by the two-stage damping system~First
stage: heavy table on vibration isolation feet; second sta
suspension springs of the STM block!. Isolation against
acoustic noise is made by the sound isolating box, surrou
ing the STM chamber. To avoid that eigenmodes of the S
are excited by the remaining external vibrations or vibratio

le
ing
e

FIG. 11. Temperature behavior of the sample and the STM block w
heated with the laser:~a! When using LN2 as a cooling liquid~laser output
power 5.2 W! after the heating, drawer, STM block, and support ring a
pressed together by the manipulator bellow and the sample is rapidly co
down again.~b! When using LHe as a cooling liquid~laser output power 5.7
W!.
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induced by the scanning movement of the piezo, we h
chosen a very rigid design of the piezounit. This has b
achieved by using rigid piezotubes with a large diameter
by further rigidifying the unit by connecting the top ends
the coarse approach piezo with a tantalum triangle. Furt
more, unlike in many other STM designs, the piezos
mounted on a heavy mass~STM block!, which is ineffec-
tively excited by the piezo movement. The resonance sp
trum of the STM, measured at LHe temperature, is show

FIG. 12. Resonance spectrum of the STM. We have simulated an ext
vibration by applying a sinusoidal tension~2 V pp! to thex1 electrode of the
scan piezo, while we were monitoring the in-phase piezoelectric volt
pick-up on thex1 electrode of a coarse approach piezo~see Ref. 40!.
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Fig. 12.40 Besides a resonance at 945 Hz, the first ma
resonances are found at frequencies of 2800 and 3200
External vibrations of these high frequencies are w
damped by the damping system and they lay well above
scanning frequency.

III. EXPERIMENTAL RESULTS

We present the first high-resolution STM images o
tained after deposition of metal clusters on a metal surfac
well as in a Xe matrix.

The Pt~111! sample has been prepared by means of
ion sputtering ~several hours with 1000 eV a
Tsample5400 K), annealing up to 1050 K, and exposure to
O2 partial pressure of 131027 for 3 min at
Tsample5900–1000 K. The cleanliness of the surface and
cluster deposition have been monitored by TEAS.

A. Deposition of Ag 7
¿ on Pt „111… with EkinÄ95 eV at

TsampleÄ93 K

After the deposition of the clusters, a large number
spots with a diameter of'15 Å are observed on the surfac
which we identify as the cluster impacts. At higher magn
cation, the atomic structure of some of these impacts co
be resolved. A typical example is shown in Fig. 13. T
impact region can be divided in three parts; zone 1 is m
probably the central impact zone, characterized by a cer
disorder of the atoms. They are not in registry with the ato
of the surface or the adsorbtion sites on the surface and

al

e

o-
FIG. 13. The cluster impact zone after dep
sition of Ag7

1 with 95 eV at Tsample593 K,
Tmeasure58.4 K. ~a! Three-dimensional projec-
tion of the STM image,~b! top view of the
same zone~53 Å353 Å!, dz/dx mode to get
contrast on cluster and surface, and~c! line
scan as marked in~b!.
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aged at random height. In zones 2 and 3 the lateral posit
of the atoms correspond to the one of the Pt lattice. Th
atoms are imaged gradually higher than the surface as
approaches zone 1~see the line scan!.

The apparent disorder in zone 1 could be an indicat
that local melting has taken place in the impact region a
that the material has been quenched in an amorphous sta
the subsequent ultrafast cooling. The image of melting at
impact is in agreement with the results of several MD sim
lations for clusters with impact energies of 3.5–30 eV p
atom.1,2,6Kaiser, Bernhardt, and Rademan explain their ST
images of Sb8

1 clusters deposited on highly oriented pyr
lytic graphite with 26 eV per atom with local melting.19

B. Deposition of Ag 7
¿ on Pt „111… with EkinÄ1000 eV at

TsampleÄ93 K

When the impact energy of the clusters is increased
1000 eV, the situation changes completely~Fig. 14!. The
impacts consist of a central impact region, a vacancy isl
~crater! with a diameter of 10–15 Å, and small approx
mately round islands of substrate atoms ejected onto the
face decorating the rim of the crater. The measured diam
of the impact zone~crater1islands! is 40610 Å. Typically,
3–4 islands are found around a vacancy island. Someti
craters with just one or with up to seven islands are obser

Analysis of the images show that per impact an aver
of 80620 atoms have been ejected onto the surface. On
other hand, the size of the craters corresponds to only
vacancies. Even when taking into account tip effects and
seven additional atoms from the cluster, the number of a
toms on the surface is superior to the expected value.

We conclude that these additional adatoms are eje
from inside the bulk and that a great number of bulk vac
cies have been produced by the cluster impacts. This e
has also been observed by STM for rare-gas sputtering
energies in the kV range on Pt~111! by Michely and
Teichert.41

The two experiments presented here clearly demons
the possibilities of our STM as a tool to investigate t

FIG. 14. STM image of the surface after deposition of Ag7
1 clusters with

1000 eV atTsample593 K ~500 Å3500 Å, Tmeasure562 K).
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cluster-surface-collision outcome on a microscopic sca
The above interpretations must, however, be considere
preliminary and the few experiments performed do not all
us to draw definite conclusions yet. More experiments a
lower deposition temperature are needed, since at a sur
temperature of 93 K where these experiments were p
formed, Ag and Pt adatoms are highly mobile and can d
fuse away from the impact zone.

Systematic studies of the collision outcome in the ran
from the lowest possible energy~soft landing! up to the keV
energy range are now underway, combining STM and TE
to take advantage of the full potential of the new setup.

C. Deposition of Ag 7
¿ in 5¿2 ML of Xe on Pt „111… with

EkinÄ20 eV at TsampleÄ20 K

As we plan to do a number of STM and STS measu
ments with soft-landed clusters or clusters that are still p
tially embedded in the rare-gas matrix, we have depos
Ag7

1 clusters on a Xe matrix to get a first impression of wh
has to be expected.

For the deposition of the rare-gas layer, a partial press
of 5.831029 mbar of Xe was introduced into the TEA
chamber with the sample at'30 K. The deposition was
monitored by TEAS. This allowed us to determine the to
coverage within a few percent of a monolayer. The measu
TEAS signal for the Xe deposition is shown in Fig. 15.
total of 5 ML were deposited. Figure 16 shows the Pt~111!
surface with a multilayer coverage of Xe. The Xe adlay
orders in a higher-order commensurate phase.42 This leads to
a buckling with a period of 24.160.7 Å that has been ob
served earlier by STM for a 1 ML covering.43 Our measure-
ments nicely confirm the rotation of the adlayers and sh
that the buckling is also present at a coverage of sev
monolayers.

The deposition of the 5 ML of Xe was followed by th
deposition of Ag7

1 clusters, with an incident energy of 20 eV
2 ML of Xe were added after the end of the cluster depo
tion to cover the clusters and parts of the surface that m
have been uncovered during the cluster deposition. This

FIG. 15. Normalized intensityI /I 0 of the specularly reflected He beam
during the deposition of Xe–rare-gas layers on Pt~111! at Tsample'30 K.
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2827Rev. Sci. Instrum., Vol. 71, No. 7, July 2000 Deposition of mass-selected clusters
ditional coverage should protect the clusters and the sur
from any contamination. An image obtained after this de
sition is shown in Fig. 17. We observe large terraces, c
ered with the rare gas, which are strewn with a large num
of small hillocks, all having approximately the same dia
eter of 20 Å. We conclude that these protrusions on the r
gas matrix mark the points where a cluster is buried ins
the matrix. The matrix atoms on top of the clusters are
aged by, at most, 1.4 Å higher than the surrounding ma
atoms. Some of the atoms on the hillock have moved la
ally by some tenths of an angstrom from their position on
undisturbed Xe lattice.

The fact that it is possible to identify the position of
cluster, even if it is buried inside several layers of rare g
shows that it is possible to investigate clusters by STM
STS while they are still in the matrix. Further experimen
will have to show if one can obtain uncovered clusters an
in this case the interaction between the cluster and the m
is strong enough to prevent the cluster to be moved by
tip.

FIG. 16. Atomically resolved STM image of the buckled multilayer X
matrix adsorbed on Pt~111! ~200 Å3160 Å, Tmeasure58 K).

FIG. 17. Atomically resolved STM image of the Xe matrix after the dep
sition of Ag7

1 clusters with 20 eV incident kinetic energy on 5 ML of X
followed by the deposition of 2 ML of Xe. The four hillocks are identified
the position of the buried clusters~300 Å3300 Å, dz/dx mode,
Tmeasure58 K).
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IV. DISCUSSION

We have presented a new experimental setup combin
TEAS and STM as experimental techniques for the inve
gation of the processes occurring when clusters are depo
on a well-defined surface. The setup is separated into
chambers, one containing the STM, the other the rest of
experimental equipment. A transfer chamber connects
two chambers for sample transfer, while during STM me
surements the two chambers are mechanically separate
order to isolate the microscope from vibrations.

This modular layout is highly versatile and guarante
UHV conditions and cryogenic temperatures at all times
cluding the sample transfer.

A new compact multichannel effusive He source in co
bination with a new Wien-filter-based He detector are us
for the TEAS measurements. A custom-built manipulator
lows us to transfer the sample between the two chambers
to perform most manipulations necessary for the experim
It includes a liquid-flow cryostat as well as a sample heat
and allows sample temperatures in the range of'30–1300
K.

The new low-temperature STM is based on a ‘‘Beet
style’’ scan head. A two-stage damping system is used
isolate the microscope effectively from mechanical vib
tions. The STM is placed inside a LHe cryostat that co
down the whole microscope and ensures stable measu
conditions with a low drift rate and a minimum sample tem
perature of 8 K. A laser beam focalized on the sample hol
is used to heat the sample. This system allows us to stab
the sample temperature on any intermediate value betwe
K and the maximal temperature of 450 K with an accuracy
,60.01 K.

The performances of the STM are illustrated with hig
resolution images obtained after the deposition of Ag7

1 clus-
ters with impact energies of 95 and 1000 eV atTsample593 K
showing a very different collision outcome in the two cas

First images of Ag7
1 clusters deposited withEkin520 eV

in a 7-ML-thick Xe matrix adsorbed on Pt~111! show that it
is possible to identify the position of these soft-landed cl
ters even when embedded inside the matrix.
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