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In labs across Europe physicists are pushing the boundaries of how far we can cool the 
electrons in nano-fabricated circuits and quantum-enhanced devices. The cryogen-free 
revolution in dilution refrigeration has liberated researchers from a reliance on helium, 
a costly and non-renewable resource, and hugely expanded the numbers of cooling 
machines available for new science and quantum technology applications which exploit 
the properties of materials at kelvin and millikelvin temperatures.

W
hile dilution refrigerator technology is 
developing at pace, mainly in terms of 
capacity and cooling power, in general 
commercially available base tempera-

tures are bottoming out around a few mK. Through a 
combination of canny low temperature technique and 
careful engineering it is possible to get the electrons in on-
chip devices close to these mK temperatures and make 
use of them. However, getting any lower, into the mi-
crokelvin regime, and demonstrating that the electrons 
are that cold, is a physical and technological challenge 
currently in the hands of a few specialist laboratories [1].

Until recently the record temperature for on-chip elec-
trons stood at around 4mK, demonstrated in a GaAs 2D 
electron gas sample back in 1999 [2]. Here we look at 
the breakthroughs made in the last 5 years by some of 
the partners in the Horizon 2020 European Microkelvin 
Platform collaboration [3] who have finally broken the 
millikelvin barrier. This work has brought together re-
searchers at Royal Holloway University of London, TU 

Delft, Chalmers, VTT and the authors’ own institutions 
Lancaster University and the University of Basel.

Why do we want to do this?
As well as the challenge and excitement of investigating 
systems in completely new regimes where new discover-
ies tend to lie waiting, getting electronic devices colder 
than the current “industry standard” of 10’s of mK is be-
coming increasingly important for enhancing sensitivity 
in observing physical effects and improving the perfor-
mance of quantum technologies, metrological standards 
and sensors. Extreme low temperature environments have 
inherent exploitable advantages. First, systems must be ex-
tremely well shielded against thermal and electromagnetic 
disturbance, which in turn enhances the signal-to-noise 
of systems under observation (as a guide, dilution refrig-
erator temperatures are orders of magnitude lower than 
the Cosmic Microwave Background). Second, one can uti-
lise the low temperature behaviour of electronic materials 
such as conductance quantisation and superconductivity.
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Colder electronic samples and devices will enable 
searches for new physics in a large range of systems such 
as topological insulators, new collective electron-spin 
states, 2D materials, quantum Hall, exotic superconduc-
tors and quantum phase transitions. On the technology 
side lower electron temperatures may prove crucial for 
increasing the coherence times of solid-state qubits, re-
ducing metrological uncertainty in resistance standards 
and increasing the sensitivity of detectors for astrophys-
ics and cosmology.

Why is it difficult?
Readers familiar with the frontiers of low temperature phys-
ics may be asking themselves why this is such a problem; the 
cooling of bulk materials deep into the microkelvin regime 
has been possible for decades using the textbook technique 
of adiabatic demagnetisation of, say, chunks of high purity 
annealed copper forming a “demag stage” pre-cooled by a 
dilution refrigerator.  Others may be wondering what is 
so difficult for nanoelectronic devices when laser-cooled 
atomic gases are regularly reported in the pK and nK re-
gimes. The challenge becomes one of asking what cooling 
techniques are available (lasers are not, demagnetisation is) 

and what problems beset nanoscale devices in remaining 
cold (more susceptible to nuisance heating than bulk ma-
terials, but not so fragile as gas condensates). 

m FIG. 1: As the temperature of a material drops, it becomes increasingly easy to drive its internal sub-
systems out of thermal equilibrium. Left, an image of a Coulomb blockade thermometer [7], a device 
that measures its own internal electron temperature. Right, a sketch of the thermal subsystems inside 
its conducting parts. At millikelvin temperatures and below, the conduction electrons, crystal lattice 
and nuclear spins of the same material can all be at significantly different temperatures. It becomes 
harder to cool the conduction electrons with the refrigerator via contact with the lattice. In the device 
shown here the conduction electrons can instead be cooled via demagnetisation refrigeration of the 
nuclear spins in on-chip volumes of copper [8]. 
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transferring this cooling via the chip’s electrical con-
tacts. This versatile and adaptable technique has been 
demonstrated in combination with modern cryogen-free 
refrigerators and successfully cooled 16 demagnetised 
measurement wires to fractions of a mK [5]. 

Meanwhile, VTT and Lancaster decided to deposit 
demagnetisation material directly on to chips and inves-
tigate whether it would cool. Serendipitously it did. The 
key was to add the material to a device that was also an 
accurate thermometer of electron temperature. Coulomb 
blockade thermometers made by Mika Prunnila’s team at 
VTT had already been shown to work down to 4 mK in 
an immersion cooling experiment [7]. Coating the con-
ducting parts with copper provided a new on-chip cooling 
method. The total amount of copper was approximately 4 
µmol, 5 or 6 orders of magnitude less than would be used 
in a traditional demag stage, but the thermal link between 
the copper and the device was essentially perfect. Starting 
from the base temperature of a cryogen-free dilution re-
frigerator and a magnetic field of 5 T, electrons were cooled 
from 9 mK to 5 mK [8]. The most surprising result was 
how long the tiny amount of copper stayed cold: just below 
5 mK for up to 1000 seconds. Measurements made using 
a colder dilution refrigerator were able to reach 1.1 mK. 

Combining both off-chip and on-chip techniques, as 
demonstrated in Basel [6], and also replacing copper 
with indium, the team led by Attila Geresdi, formerly 
at Delft and now at Chalmers, made a breakthrough 
by cooling the electrons in a Coulomb blockade ther-
mometer below 1 mK (see Fig. 3). They realised that 
indium has a significantly larger cooling power than 
copper and this, combined with external cooling of the 
leads, allowed them to cool the electrons to 420 µK and 
keep them below 700 µK for more than 85 hours [9]. 
The base temperatures achievable with indium will ul-
timately be limited by its magnetic properties at very 
low temperatures and fields. Consequently, copper is 
capable of producing lower temperatures, but indium 
certainly has advantages above 400 µK.

Right now at Basel an experimental campaign is un-
derway that combines everything we have learned so far: 
off-chip, on-chip and the best choices of thermometry 
and materials for each stage. Preliminary results indi-
cate base temperatures around 300 µK and days-long 
sub-mK hold times.

What next?
As well as setting new records, we have demonstrated that 
it is possible to cool electrons in on-chip nanofabricated 
devices well below temperatures currently accessible on 
commercial refrigerators. New tools lead to new phys-
ics, and one of the next challenges is identifying which of 
the new techniques is best suited for particular on-chip 
applications and investigations beyond those mentioned 
here. A key aspect of the European Microkelvin Platform 

At low temperatures, the conduction electrons in a de-
vice decouple from the host lattice and, in turn, the cold 
chip substrate. See figure 1. At the same time the electron 
heat capacity reduces with temperature and exacerbates 
sensitivity to the many sources of parasitic heating such 
as radiation, electromagnetic noise and eddy currents. 
Ultimately the electron temperature is determined by the 
balance of cooling power vs parasitic heating.

Finally, one must measure the temperature of the 
electrons in the device, in equilibrium with the ther-
mometer, to demonstrate that they are actually cold. 
This is no mean feat. The electrons are almost always at 
a temperature above that of the chip substrate which, in 
turn, will be hotter than the cold end of the refrigerator. 
Therefore, we choose a temperature-dependent property 
of the electrons themselves. Good examples are noise 
thermometers, the thermal properties of quantum dots, 
and Coulomb blockade thermometry.

How do we do it and where are we now?
Low temperature physicists are used to exploiting high 
field superconducting magnets for bulk demagnetisation 
cooling. See figure 2. Investigating how this technique 
might be applied to on-chip nano-fabricated devices was 
something of a natural progression. Earlier records were 
set by using ingenious ways of transferring the cold tem-
peratures of large demag stages “off-chip” to the con-
duction electrons in a device. Typically, this is done by 
immersing the chips and measurements leads in cold liq-
uid helium. The challenge is to transfer the cold while en-
suring the device and leads are electrically isolated from 
the demag stage. Royal Holloway researchers employ 
these methods to cool 2D electron gases [4].

The Basel team developed a completely new approach 
to off-chip demagnetisation by cooling each measure-
ment lead separately with its own mini demag stage and 

. FIG. 2:  Adiabatic demagnetisation cooling exploits the magnetocaloric effect where the temperature 
of certain materials can be changed by the application of a magnetic field. Paramagnetic indium 
or copper (as shown here) is pre-cooled under high magnetic field using a dilution refrigerator and 
superconducting solenoid. The key to the technique is to reduce the field whilst protecting the material 
from external heat leaks in order to follow the constant entropy adiabat as closely as possible. This can 
result in significant cooling of the material below the base temperature of the refrigerator.
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Faster Vacuum 
Process Integration – 
via USB Transducers

A new type of combi-transducer with USB 
connection complements the product portfolio of 
Thyracont Vacuum Instruments. High accuracies 

and wide measuring ranges have become standard at 
Thyracont. Now a vacuum transducer with a brand-new 
special feature in the form of a USB-C connection has 
been developed. This communication interface increases 
flexibility and enables quick and easy interconnection 
to other portable devices via USB-C. Such compatibility 
allows a plug & play connection to all common computers 
or Android smartphones in order to display the measured 
vacuum precisely and quickly during process monitoring.  

There is no need for a separate power supply, as the 
reduced power consumption of the device is covered by 
all standard computers and smartphones. The exact digital 
readjustment to atmospheric or zero pressure, as well as 
many other functions which support the monitoring, 
can be carried out intuitively using our VacuGraphTM 
software, which is available for various operating systems. 
In addition, the software is supplemented by the Android 
app VacuSniff to support visualization of measurements 
on smartphones and tablets. The combination of mobile 
devices and USB-C allows to put sensors into operation 
while the vacuum process is running and can this way 
upgrade the process with improved monitoring. n

For more information, contact: 
Thyracont Vacuum Instrument 
https://thyracont-vacuum.com/en 
+49 851 95986-0

ADvERTORIAL

is to bring innovation out of the laboratory and into the 
marketplace. Ultimately, we would like to see off- and on-
chip cooling become easily accessible and cost-effective, for 
example as an add-on option to commercial cryogen-free 
dilution refrigerators. n
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b FIG. 3: The cold stage of an on-
chip demagnetisation experiment 
at TU Delft [9]. The top of this setup 
attaches to the coldest part of a 
dilution refrigerator, which is at a 
temperature around 10 mk. Bulk 
copper and indium demagneti-
sation stages cool the incoming 
connections to the sample. Other 
sources of external heating are re-
duced by careful electronic filtering 
and shielding. Finally, microscopic 
amounts of indium on the sample 
itself are able to cool the on-chip 
electrons to temperatures close to 
400 µk. Photograph by Matthew 
Sarsby, TU Delft.




