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Scanning probe microscopy (SPM) 
at cryogenic temperatures and in 
high magnetic fields allows study-
ing many quantum phenomena at 
the nanoscale. Due to the ongoing 
helium crisis, closed-cycle cryostats 
are becoming more and more po-
pular. However, almost all available 
dry coolers suffer from severe vi-
brations, which prohibits sensitive 
measurement techniques. In this 
article, we present state-of-the-art 
SPM measurements performed in 
a new type of dry magnet system 
with extremely low vibrations. This 
cryostat system provides a unique 
solution for sensitive techniques 
that require a calm, yet cold envi-
ronment.

M any quantum phenomena 
studied in physics as well 

as materials science today require 
variable or cryogenic tempera-
tures, often in conjunction with 
high magnetic fields. In order to 
reach low temperatures and to cool 
super conducting solenoids, which 
provide high magnetic fields, he-
lium is the only available cooling 
agent. For more than a hundred 
years now, scientists have made use 
of liquefied helium and successful-
ly employed its low boiling point 
of 4.2 K to cool their samples. 
Even lower temperatures can be 
achieved by pumping on liquid he-
lium to reduce its vapor pressure. 
However, liquid helium has never 
been cheap, and in recent years, 
prices have gone up considerably. 
At the same time, supplies have 
become increasingly unreliable 
even in high-tech locations such as 
some of Europe’s capitals. This in-
security has started to threaten the 
scientific progress of many scien-
tists, and hence the move towards 
the so-called “dry” technologies is 
a natural evolution. 

Such cryostats still have no other 
choice than to cool with helium, 
but they keep a fixed amount of the 
precious gas contained in a closed-
cycle, which maintains low tem-
peratures by a cyclic compression 
and expansion of the working gas. 
Hence, the running costs are kept 
at a fraction of those compared to 
liquid helium based coolers. The 
invention of the Gifford-McMahon 
and pulse-tube coolers seems to 
have solved most problems at first 
sight. However, one very significant 
problem has remained with almost 
all commercially available setups: 
The cold heads generate relatively 
strong vibrations on the order of 
many microns, which is prohibitive 
for most sensitive measurement 
techniques – in particular scanning 
probe microscopy, which extends 
down to (sub-)atomic resolution 
routinely.

In this article, we present a new 
cooling system, which by design 
minimizes the vibrations dramati-

cally, and hence enables even deli-
cate measurements without further 
modifications. In particular, the 
microscopes do not require spring-
mounting or active dampening 
inside to further reduce vibrations. 
This even enables the combination 
of scanning force microscopy with 
high-resolution confocal imaging 
and spectroscopy using free optical 
beams, as well as combinations 
with magnetic fields. We show 
some recent examples of state-of-
the-art applications of scanning 
probe microscopy based research 
performed in an exceptionally quiet 
dry cryostat.

The Cryostat

The design of attocube’s dry cryo-
cooling system (Fig. ) is based on a 
pulse tube cooler, with two separate 
cooling stages at T = 40 K (top 
stage) and T = 4 K (lower stage). 
The 2-stage pulse tube cryocooler 
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Fig.  The closedcycle cryocooling sys
tem is based on pulse tube technology 
and consists of three main parts: a pulse 
tube, a rotary valve, and a compressor. 
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tube, surrounds the sample space coaxi
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is driven by a remote compressor 
and connected via a rotary valve 
that controls the frequency of the 
pulsing. Often, such systems are 
also equipped with superconduc-
ting magnets, conductively cooled 
by the pulse tube through thermal 
contacts.

This particular design ensures 
mechanical decoupling between 
the pulse tube and the sample space 
in such a way that the vibrations 
from the pulse tube cryocooler do 
not influence vibration-sensitive 
experiments, while still ensuring a 
good thermal contact for sufficient 
cooling power. Initial cooling of the 
whole system requires  – 10 hours 
with no magnet and 10 – 1 hours 
including a  T magnet. Usually, the 
cryostat and magnet are always kept 
cold between measurements, so that 
cooling down a microscope insert 
from T = 300 K to base temperature 
(4 K) is normally achieved within 
1 – 2 hours, depending on the mass 
of the microscope. Warming up 
the microscope system also takes 
only about 1 hour. Thanks to the 
top-loading architecture, the sample 
space is immediately accessible after 
warming up. The configuration of 
the system allows for a turnover 
time of about three hours, including 
sample or tip exchange, which typi-
cally requires only a few minutes.

Low Vibration Sample Space

For the initial characterization, a 
calibrated vibration detector was 
used to measure vibrations in-situ 
directly at the sample location [1]. 
Careful measurements of the am-
plitude spectral density show a red-

uction of up to three orders of ma-
gnitude at the pulse tube frequency: 
We measure absolute vibration 
amplitudes below 20 nm (vertical 
axis) and  nm (horizontal axis) 
respectively compared to the dis-
placements measured on the cold 
head itself of approximately  µm 
[2]. The measured absolute vibrati-
on amplitude along the vertical axis 
in the nm range is low enough to 
enable scanning probe micros copy 
measurements such as atomic and 
magnetic force microscopy (AFM, 
MFM) as described below.

Contact Mode AFM Measurements

One estimate for the overall vibra-
tions and hence the noise encoun-
tered in a real AFM measurement is 
given by the relative displacement 
amplitude between the AFM tip 
and the sample without scanning. 

In the simplest configuration, 
this quantity (z-noise) is acquired 
in contact mode. In contrast to 
most other AFMs, our instrument 
does not use a 4-quadrant diode 
detection system, but a fiber-based 

interferometer (Fig. a) [3]. We 
acquire z-height data over a few 
minutes (10,000 points @ .12 ms 
sample time), while keeping the 
tip in contact with the sample 
surface at a fixed lateral position. 
The data is line-by-line flattened 
to remove slow drifts below 1 Hz 
(e. g. piezo creep), so that the ef-
fective bandwidth is approximately 
1 to 200 Hz. Typically the z-noise 
data has a Gaussian distribution 
characterized by its standard de-
viation (Fig. b), which in this case 
was σ =  pm rms. This value is 
measured with the feedback loop 
enabled (with the same parame-
ters as used for regular imaging), 
and is almost as low as in typical 
liquid helium cryostats. When the 
feedback is turned off, the noise 
amplitude increases approximately 
by a factor of 4. To further demon-
strate the low vibration noise we 
imaged atomically flat terraces of 
height corresponding to the lattice 
parameter a = 0.3 nm in our dry 
cryostat at T = 3.2 K on a strontium 
titanate (SrTiO3) commercial wafer 
(Fig. c, d). This demonstrates the 
extremely low noise in the cryostat 

Fig.  a) Interferometric head for AFM measure
ments with builtin fiberbased interferometer. 
b) Contact mode noise scan histogram of the 
zheight values measured with a bandwidth of 

1 ... 200 Hz at 3.2 K. The measured amplitude of 
the relative displacement standard deviation is 
5 pm. c) Contactmode AFM image of atomical
ly flat terraces on SrTiO (200 scan lines) at 3.2 K. 

The step height is 0.3 nm, corresponding to the 
lattice parameter of the crystal. d) Line profile 
showing the height of the atomically flat terra
ces on SrTiO.

Fig. 3 MFM measurements of the vortex 
lattice in superconducting BSSCO at dif
ferent magnetic fields: a) –1 mT, b) –4 mT. 
The images taken at T = 4 K show con

stant height measurements ~30 nm 
above the sample, with an active phase
locked loop (PLL). 
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on a real sample, hence enabling the 
investigation of other interesting 
physical phenomena further dis-
cussed below.

Magnetic Force Microscopy

Physics at low temperatures offers 
the challenging and rewarding 
opportunity of investigating fun-
damental properties of matter. In 
particular, the scanning probe fa-
mily of magnetic imaging methods 
includes powerful techniques to 
probe fundamental interactions on 
the nanometer scale. 

One interesting example of 
quantum objects that are intensely 
studied with these methods are 
vortices in type-II superconductors, 
motivated mostly by the desire to 
pin down the nature of high-Tc su-
perconductivity. The magnetic pro-
perties of a superconducting vortex 
originate in a circular supercurrent, 
which allows one magnetic flux 
quantum (Φ0 = 2.07 . 10–15 Tm2) to 
penetrate the superconductor. The 
density of vortices can be  tuned 
and is directly proportional to the 
external applied magnetic field in 
the intermediate region between 
the lower critical magnetic field 
Hc1 and the critical field Hc2 above 
which superconductivity vanishes. 
Through the mutual repulsion of 
neighboring circular currents, a 
vortex lattice forms in order to 
minimize the free energy density, 
which in the easiest case is hexa-
gonal as theoretically predicted by 
Abrikosov [4]. However, due to na-
tural or artificial defects present in 
most materials, there are additional 
pinning forces, which immobilize 
and trap vortex cores at preferred 
locations, distorting the ideal lat-
tice. While vortices can move upon 
application of an external current 
and induce electrical resistance, 
controlled tailored pinning is desi-
rable to reduce this adverse effect 
and minimize electrical losses. 

Magnetic force microscopy 
(MFM) is a viable tool to observe 
such vortex lattices, e.g. on a freshly 
cleaved Bi2Sr2CaCu2O8+x (Bi-2212) 
cuprate superconductor (Fig. 3). The 
orientation of the vortices with 

respect to the moment of the tip 
is indicated by the colour of the 
vortices: bright colours indicate 
repulsive forces. Here, the tip was 
scanned at the constant height of 
about 30 nm above the surface of 
a freshly cleaved piece of Bi-2212 
(sample courtesy of A. Erb, TU 
Munich, Germany). Note that the 
applied field was always much 
lower than the coercitivity of the 
hard-magnetic tip (~40 mT), hence 
the orientation of the tip moment 
was kept unchanged. While at low 
vortex densities (Fig. 3a) pinning 
effects dominate and the lattice is 
disor dered, higher fields and hence 
higher vortex densities result in a 
more ordered hexagonal Abrikosov 
pattern (Fig. 3b). Statistical evalua-
tions of such measurements are of-
ten used in material science to find 
out about the pinning forces in the-
se materials (see for example [5]).

As an indicator for the perfor-
mance of the system, we measured 
the signal-to-noise ratio (SNR) 
from the peak heights of the isola-
ted vortices for example at B = 1 mT 
to be larger than 20:1, with a 10 ms 
bandwidth, matching the SNR 
measured in low noise liquid heli-
um cryostats. 

Skyrmions in A Crystal 

Magnetic skyrmions are nanoscale 
spin textures in chiral magnets. 
The name skyrmions allude to a 
non-linear field theory proposed 
in the context of nuclear physics 
by T. H. R. Skyrme [6]. In magnetic 
materials corresponding topologi-
cally nontrivial configurations were 
recently discovered within a narrow 
region of temperature and magne-
tic field [7]. The skyrmion-lattice 
phase can be observed in materials 
without inversion symmetry. The 
topological stability of magnetic 
skyrmions makes them excellent 
candidates for future high density 
magnetic storage materials [8, 9]. 
Skyrmions as little as 1 nm were 
recently reported [10]. Furthermore, 
the demonstration of the creation 
and annihilation of a single skyr-
mion [11, 12] shows their potential 
for the application in information 
technology.

Using a high-quality single-
crystal of Fe0.5Co0.5Si (sample 
courtesy of A. Bauer and C. Pflei-
derer, TU Munich, Germany, [13]), 
both helimagnetic structures at 
T = 3.2 K in zero magnetic field as 
well as a skyrmion-lattice texture at 

Fig. 4 MFM images of a polished surface 
of bulk samples of Fe0.5Co0.5Si. a) Heli
magnetic phase of the sample at T = 3.2 K 
after zerofield cooling (B = 0 T). b) Meta

stable skyrmionlattice phase measured 
at T = 3.4 K in an external magnetic field 
B = 15 mT after fieldcooling. 
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T = 3.4 K in an externally applied 
field B = 1 mT (Fig. 4) could be 
observed during measurements in 
our labs. In both cases, the magne-
tic tip was kept at a constant height 
of 20 – 30 nm over the sample 
surface, with a phase-locked loop 
activated to track the cantilever 
resonance frequency. For field coo-
ling to observe the skyrmion phase, 
the sample was first heated to 0 K, 
then the mag netic field was incre-
ased to 1 mT, and subsequently 
the sample was field-cooled to 
base temperature again. With the 
persistent switc h heater of the 
super conducting magnet enabled, 
the temperature stabilized at 3.4 K 
at the sample position and 3. K at 
the magnet.

In summary, we have shown 
above that our cryostat design en-
ables very sensitive scanning probe 
microscopy experiments at low 
temperatures and in high magnetic 
fields. This is possible even without 
the need for additional spring sus-
pension or internal damping in the 
microscope itself. The low noise in 
AFM measurements was demons-
trated via imaging of atomic steps, 
with further applications ranging 
from vortex imaging in supercon-
ductors to the observation of exotic 
new phases in materials potentially 
interesting for magnetic storage at 
nanometer length scales. 
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Confocal Microscope with Optical Cryostat

Manufacturer: Montana Instruments. 
Distribution: LOT-QuantumDesign.
Product: “Cryostation” (an optical cryostat with closed helium 
cycle) that is perfectly suited for optical experiments thanks 
to its high mechanical stability. With the confocal microscope 
option, the sample can easily be focused to an unsurpassed 
accuracy, even at temperatures as low as 3. K. 
Features: The system is based on a vacuum-compatible Zeiss 
“EC Epiplan-Neofluar 100 x” objective with an infinity color-
corrected image distance, a numerical aperture (NA) of 0.0 
and 0.31 mm working distance. Drift of both the sample and the 
optic, even when cooling down the sample, is eliminated by a 
patented design. Sample translation and focus is accomplished 
with built-in nano positioners. Temperatures of the high-
resolution objectives and sample are controlled to an accuracy 
of 0.01 degrees for undetectable drift levels. The provided re-
placement power supply ensures performance. 
Applications: The “Cryostation” microscopy option is the ideal 
tool to run confocal microscopy on single molecules with a 

cryostat with a closed helium 
circuit in an almost drift-free 
setup with a high numerical 
aperture. 
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Dual Rotating Compensator Ellipsometer

Manufacturer: Woollam. 
Distribution: LOT-QuantumDesign.
Product: Spectroscopic ellipsometer “RC2”, the first device 
of this kind with two rotating compensators. 
Features: The ellipsometer combines the best features of pre-
vious instruments with innovative new technology: dual rota-
ting compensator, achromatic compensator design, advanced 
light source and next-generation spectrometer design. The 
device is the first commercial spectroscopic ellipsometer to 
collect all 1 elements of the Mueller matrix. Mueller matrix 
SE allows characterization of the most advanced samples and 
nanostructures. Synchronous operation of both compensators 
allows highly accurate data without waiting to “zone-average” 
over optical elements. The system collects the entire spectrum 
(over 1000 wavelengths) simultaneously in a fraction of a sec-
ond. Thus the device is a near-universal solution for the diverse 
applications of spectroscopic ellipsometry.
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