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Abstract

We present a scanning tunneling microscope (STM) designed to operate between 275 mK
and room temperature, in magnetic fields up to 14 T and in ultrahigh vacuum (UHV). The
system features a compact STM connected to an UHV compatible He-3 refrigerator fitting into
a bottom loading cryostat with a superconducting magnet. In this configuration, the cryostat is
sitting on top of the UHV chamber, resulting in a very short distance between the STM access
and the experimental position. It further enables proper thermal anchoring of the entire STM
setup, allowing millikelvin temperatures to be reached in true UHV conditions. We achieve a
hold time of about 40 h at 275 mK and a turnaround time of 10 h between room and base
temperature. We demonstrate atomic resolution and present tunneling spectra obtained at
275 mK on the high-T-c superconductors Bi2Sr2CaCu208+delta and YBa2Cu307-delta.
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We present a scanning tunneling microscope (STM) designed to operate between 275 mK and room
temperature, in magnetic fields up to 14 T and in ultrahigh vacuum (UHV). The system features a
compact STM connected to an UHV compatible *He refrigerator fitting into a bottom loading
cryostat with a superconducting magnet. In this configuration, the cryostat is sitting on top of the
UHV chamber, resulting in a very short distance between the STM access and the experimental
position. It further enables proper thermal anchoring of the entire STM setup, allowing millikelvin
temperatures to be reached in true UHV conditions. We achieve a hold time of about 40 h at 275
mK and a turnaround time of 10 h between room and base temperature. We demonstrate atomic
resolution and present tunneling spectra obtained at 275 mK on the high-7,. superconductors

BiszzCﬁCUzOS +8 and YB32CU307 -5
[S0034-6748(00)02503-X]

I. INTRODUCTION

Scanning tunneling microscopy has become a widely
used technique since its development in 1982 by Binning and
Rohrer.! Over the years, there has been a large effort in
instrumentation design, in particular towards scanning tun-
neling microscopes (STMs) operating at low temperatures in
ultrahigh vacuum (UHV).? In addition to its fantastic ability
to image surfaces with atomic-scale resolution, the STM has
proven to be a unique tool for spatially resolved tunneling
spectroscopy. In recent years, the interest in locally probed
electron spectroscopy has been steadily growing, especially
in the field of superconductivity. The direct access to the
local density of states (LDOS)? with very high energy and
spatial resolution, gives the possibility to investigate crucial
characteristics of the superconducting state like the quasipar-
ticle gap, the pairing symmetry, the low-energy excitations
in the vortex cores,* ¢ as well as eventual pseudogap signa-
tures present in the normal state.”® A further remarkable
demonstration of scanning tunneling spectroscopy (STS) is
the successful real space imaging of the vortex cores and the
vortex lattice by mapping the spatial variation of the
LDOS 4-69-11

Up to now, only few STM/STS experiments have been
performed below 1 K,*!>!% demonstrating the promising sci-
entific insight that is within reach. Nevertheless, achieving
scanning tunneling spectroscopy at millikelvin temperatures,
in high magnetic fields and in UHV, still remains a chal-
lenge. The effort is worthwhile, as the very low temperatures
will give the opportunity to study unconventional low-T.
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superconductors like strontium—ruthenates'* and heavy fer-
mions or magnetic superconductors'” like chevrel phases and
borocarbides. Together with high magnetic fields it will fur-
thermore give a chance to investigate magnetic field induced
superconductivity (MFIS).'® Also for high-T. superconduct-
ors it is crucial to be able to make investigations both at high
fields and low temperatures for a better understanding of
their anomalous non-BCS behavior. Finally, true UHV con-
ditions are essential if accurate spectroscopy on materials
with highly sensitive surfaces is aimed.

We succeeded in developing such a low temperature
STM, which features a large temperature range reaching
down to sub-Kelvin temperatures, high magnetic fields, and
UHV. In this article, we will mainly focus on the cryogenic
setup and show familiar results obtained on well-known
compounds with the goal to demonstrate the stability of the
instrument at very low temperatures in UHV. The STM head
has been described in details elsewhere.!”!8

Il. SYSTEM DESIGN

Good thermal anchoring to reach millikelvin tempera-
tures while keeping the vibration level low, is a very impor-
tant condition for any low temperature STM application in
UHYV. Additional constraint arises from the need of in situ tip
and sample exchange as well as from the limited space avail-
able within the bore of a conventional superconducting mag-
net. Central features of our design are a compact STM,!"!8
an UHV compatible single-shot *He refrigerator, and a bot-
tom loading cryostat. The STM is attached to the *He pot by
a spring to provide vibration isolation. Flexible copper wires
bridge the spring to achieve a sufficient thermal contact.

The bottom loading configuration, although implying a
more complex cryostat design compared with conventional

© 2000 American Institute of Physics
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FIG. 1. Complete system setup. On the left-hand side, the cryostat is shown
with the inset driven up for STM measurements at low temperatures and
high magnetic fields. On the right-hand side, the inset is driven down, to
remove the bottom of the 1 K shield and to access the STM for in situ tip
and sample exchange.

top loading systems, offers numerous advantages. It substan-
tially reduces the distance between the experimental and the
STM access positions (see Fig. 1 for their exact location),
resulting in a very compact construction. A special coiled
capillary design® supplying liquid “He to the *He refrigera-
tor, allows the complete *He insert together with the STM, to
travel between both positions. This leads to a much lower
reference temperature compared to the one obtained by
pressing the STM against a cold finger in UHV, and it pro-
vides ideal thermal anchoring for all electrical and mechani-
cal connections between the top of the cryostat and the STM.
Whether the STM is in the in-field experimental position at
low temperatures or in the access position for in situ tip and
sample exchange, it always stays in the same UHV environ-
ment and is never disconnected from the control electronics,
thus keeping the tunnel junction under permanent control.
Finally, while the STM warms up to room temperature when
accessing tip and sample, the *He insert stays below 40 K.
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This avoids warming up the sorption pump to room tempera-
ture, thus maintaining the cryogenic vacuum and consider-
ably shortening the cooling time of the microscope.

To reduce vibrational noise, we adopted essentially a
two stage vibration isolation: (i) the entire system stands on
a building independent basement and the pumping lines are
fed through concrete blocks, thus eliminating most vibrations
originating from the building and the roughing pumps, (ii)
the STM is decoupled from the cryogenic assembly by the
spring (=2 Hz resonance frequency) which connects it to the
3He pot. At present, damping is only provided by the wires
running between the STM and the *He pot.

lll. CRYOGENICS

The cryostat and the single-shot *He refrigerator have
been designed with the distinctive aims of being bottom
loading, with a fast cooldown and a long hold time at base
temperature.'” As shown in Fig. 1, the refrigerator is housed
in an UHV tube (clear bore ¢p=56 mm) which is open at the
bottom. To allow the travel of the *He insert, a patented
design®® of two capillary coils has been developed. One coil
is dedicated to run the 1 K pot and the second connects the
sorption pump to an external *He storage vessel. The 1 K pot
is directly supplied with liquid “He by a capillary tube (‘He
coil) which is connected to the main bath at the cryostat
bottom. The same tube then operates as the 1 K pot pumping
line and is further used to cool the sorption pump. Thus a
single flow of “He enables the complete insert to run. The
flow is regulated by a needle valve at the “He pickup. Pump-
ing the 1 K pot through long coiled capillary tubing still
allows a 1 K pot reference to achieve a temperature of about
1.6 K with a 63 m*/h pump.

To obtain the best cryogenic performances of the sys-
tem, all electrical and mechanical connections from the top
are thoroughly thermalized at the 1 K pot. The heat load is
further reduced by enclosing both, the *He pot and the STM,
within a radiation shield connected to the 1 K pot (1 K
shield). To achieve proper cooling and a rapid thermal equi-
librium on the STM, it is connected to the *He pot by a CuBe
spring and by very fine copper braids which provide addi-
tional heat conductance to the sample holder. To optimize
the thermalization of the instrument itself, we used through-
out highly thermal conductive materials.”!

The single-shot refrigerator can run at a base tempera-
ture of 275 mK for about 40 h with a total of 4.5/ 3He gas
and a residual heat leak to the *He pot of about 25 uW. After
in situ tip and sample exchange at room temperature, the
STM is cooled back to 275 mK within 10 h, 90% of the time
being necessary to reach 20 K.

At present, no active temperature regulation is installed
on the STM itself. The *He pot temperature acts as the STM
reference temperature and can be regulated between 275 mK
and room temperature. Monitoring the STM and *He pot
temperatures showed, that below 20 K the thermal equilib-
rium is typically achieved within a minute. Above 20 K a
delay in the order of an hour is necessary step due to the
increasing heat capacity of the metallic STM parts. Installing
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FIG. 2. Raw data topographic images obtained in constant current mode at
275 mK with electrochemically etched Ir tips: (a) ex situ cleaved HOPG
with R,=0.25G(). The atomic corrugation is about 1.6 A. (b) in situ
cleaved BSCCO at B=6 T with R,=0.7 G(). The atomic corrugation is
about 1.3 A.

a heater directly on the STM could considerably shorten this
delay.

Operating the STM generates no detectable heat dissipa-
tion, except when driving the inertial slider'® to move the
sample with respect to the tip. Applying a high ac voltage
(typically 150V, at 1500 Hz) to the piezotube, generates a
heat leak in the order of 100 W on the *He pot. At 275 mK
it can lead to a peaked temperature rise of about 10 mK at
the *He pot. Due to the high heat capacity of the *He pot at
very low temperatures compared to that of metals, the base
temperature is recovered within a minute after stopping the
slider.

IV. UHV AND MANIPULATION

Ultrahigh vacuum is achieved by a 300 //s ion pump
and by the cryopumping of the large cryostat surfaces ex-
tending into the UHV space (Fig. 1). One reaches a cryo-
genic vacuum of 10 ' mbar at the low temperature sample
location. To access the STM inside the UHV space, an UHV
platform for in situ manipulations was designed. It allows the
removal of the 1 K shield around the STM, to transfer tips
and samples to the STM, and to cleave the samples at room
temperature. In order to control the spot where the tip is
going to tunnel on the sample, a stepping motor’> driven
mechanism performs the sample transfer with the possibility
to locate precisely (2.5 um/step) the sample with respect to
the tip along the transfer axis. Displacements can be con-
trolled with submicronic resolution using a scanning electron
microscope (SEM). As the STM scan size at 300 mK is
about 4 um, we can access any surface structure along the
transfer axis.

V. SYSTEM PERFORMANCES

To prove the system stability and to demonstrate that
high quality tunneling spectroscopy is achieved at very low
temperatures in UHV, we present familiar results obtained
on highly oriented pyrolitic graphite (HOPG) and on two
different high-7'. superconductors.

Preliminary tests were performed on HOPG at both
room temperature and very low temperatures, to achieve a
proper calibration of the microscope. All data shown here
were taken with electrochemically etched Ir tips mounted
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FIG. 3. Differential tunnel conductance spectra obtained at 275 mK in zero
field using a lock-in technique and electrochemically etched Ir tips: (a) in
situ cleaved BSCCO with R,=0.5 G(); (b) YBCO with R,=0.7 GQ).

perpendicular to the ab plane of the sample. In Fig. 2(a), we
show a raw data topographic image of HOPG taken at 275
mK at constant current. The hexagonal carbon S-site lattice
(ay=2.46 A) is clearly resolved. We further obtained atomic
resolution on an in situ cleaved Bi,Sr,CaCu,Og, s single
crystal at 275 mK in a field of 6 T [Fig. 2(b)]. It is relevant
to point out that a true UHV environment is necessary to
obtain this result. The ab plane atomic lattice (ay=~b,
=54 ;\) and the modulation along the b axis (=26 A) of
the BiO plane are distinctly observable.

We further demonstrate the ability to perform stable
spectroscopy on complex materials at very low temperatures
in UHV, by showing reproducible differential tunnel conduc-
tance spectra taken at 275 mK on an YBa,Cu;0,_ 5[ YBCO,
Fig. 3(b)] and on an in situ cleaved Bi,Sr,CaCu,Oq. s
[BSCCO, Fig. 3(a)] single crystal. The measured differential
tunnel conductance, which is proportional to the local den-
sity of states (LDOS),’ clearly shows the well-known super-
conducting gap. The large and controlled temperature range
together with the magnetic field will be essential to investi-
gate with more details the temperature and field dependence
of the LDOS of high-T. superconductors, especially in the
intermediate state.

In summary, we have presented a unique STM setup,
which extends conventional spectroscopic studies of super-
conductors to sub-Kelvin temperatures and high magnetic
fields in a true UHV environment, thus giving the exciting
opportunity to explore superconductivity and other low en-
ergy electronic phenomena in a large range of the H-T phase
diagram, which so far has barely been studied by this tech-
nique.
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