HEAT TRANSFER ACROSS DIELECTRIC-METALLIC
INTERFACES AND THIN LAYERS AT LOW AND
ULTRA-LOW TEMPERATURES

JOANNA LIBERADZKA




HEAT TRANSFER ACROSS
DIELECTRIC-METALLIC INTERFACES
AND THIN LAYERS AT LOW AND
ULTRA-LOW TEMPERATURES

Joanna Liberadzka



Graduation committee:
Chairman Prof. dr. J.L.. Herek
Supervisor Prof. dr. ir. H.J.M. ter Brake
Co-supervisor  Dr. rer. nat. T. Kottig
Members Prof. dr. ing. B. van Eijk
Prof. dr. ir. H.H.J. ten Kate

Prof. dr. rer. nat. R. Nawrodt
Prof. dr. ir. T.H. Oosterkamp

Special expert Dr. G. Vermeulen

The research described in this thesis was founded by and carried out at CERN,
The European Organisation for Nuclear Research, Technology Department
(TE), Cryogenics Group (CRG), Cryolab & Instrumentation Section (CI).

Heat Transfer Across Dielectric-metallic Interfaces and Thin Layers at Low
and Ultra-low Temperatures

J. Liberadzka

PhD thesis, University of Twente, The Netherlands

ISBN 978-90-365-4704-8

DOI 10.3990/1.9789036547048

URL https://doi.org/10.3990/1.9789036547048

Printed by Ipskamp Printing, Enschede, The Netherlands
Cover by J. Liberadzka
©) J. Liberadzka, Enschede, 2019



HEAT TRANSFER ACROSS
DIELECTRIC-METALLIC INTERFACES
AND THIN LAYERS AT LOW AND
ULTRA-LOW TEMPERATURES

DISSERTATION

to obtain
the degree of doctor at the University of Twente,
on the authority of the rector magnificus,
prof. dr. T.T.M. Palstra,
on account of the decision of the graduation committee,
to be publicly defended
on Thursday, the 24" of January 2019 at 14:45

by

Joanna Liberadzka

born on the 30*" of January 1988
in Sochaczew, Poland



This thesis has been approved by:
Prof. dr. ir. H.J.M. ter Brake (PhD supervisor)
Dr. rer. nat. T. Kéttig (co-supervisor)



Contents

1__Introductionl 7
[1.1  The AEgIS experiment at CERN| . . . . .. ... ... ... .. 7
[1.2  Electrode requirements|. . . . . . . . .. ... ... 8
[1.3  Electrode development| . . . . . . .. ... ... ... ... .. 9
[1.4 Research goals| . . . ... ... ... ... ... ... ... . 10

|2 Theory of heat transfer at low temperatures| 13
[2.1 Heat capacity of solids| . . . . . . . ... ... ... ....... 13

[2.1.1  Dielectric crystals] . . . . ... ... ... ... ... .. 13
ZI2 Metald . . . . . .o 15
2.2 Thermal conductivity] . . . . . ... ... ... ... ...... 16
[2.2.1  Dielectric crystals] . . . . ... ... ... 0. 16
[2.2.2  Thermal conductivity of metals| . . . . . . . . ... ... 18
[2.3  Superconductivity and heat transter| . . . ... . ... ... .. 19
2.4 Thermal boundary resistance] . . . . . . . ... ... ... ... 22
241 Acoustic Mismatch Modell . . . . . ... ... ... ... 23
[2.4.2  Electron coupling to surface waves| . . . . ... ... .. 25
2.4.3 Diffuse Mismatch Modell . . . . . . . . ... ... .. 26
[2.4.4  Advanced higher temperature models| . . . ... .. .. 28
[2.5  Thermal conductivity of thin layers|. . . . . . . . ... ... .. 30
2.6  Thermal diffusivity] . . . . . . . .. ... o oo 35

|3 Experimental setup| 37

[3.1  Mock-up of the electrode]. . . . . ... ... ... 37
[3.1.1  Copper - indium - sapphire sandwichl. . . . . . . . . .. 37
[3.1.2  Sandwich with Ti - Au coating on the sapphire] . . . . . 39
BI3 Vorfica o ol [ Jsiibh l

[ i sandwich thin filmsl . . . . . . . Lo L 40

3.2 Ultra-low temperature measurements in the Dilution Refrigerator| 44
[3.2.1 The principle of achieving ultra-low temperatures|. . . . 44
[3.2.2  CERN Cryolab Dilution Refrigerator|. . . . . . .. . .. 45

3.3 Mechanical crycoolers| . . . .. ... ... ... 0. 47




CONTENTS

[3.3.1  Stirling and Gifford-MacMahon cycles| . . . . . ... .. 49

[3.3.2  Pulse Tube Refrigerator (PTR)| . . . .. ... ... ... 50

[3.3.3  Cryocoolers used in the CERN Cryolab| . . . . ... .. 51

4 Measurement methodology, instrumentation and accuracy| 53
4.1  Steady state measurement method| . . . . . .. .. ... 53
[4.1.1  Sensors used for the ultra-low temperature measurements| 56

[4.1.2  Superconducting Fixed Point Device SRD1000| . . . . . 57

[4.2  Sensor calibration in the ultra-low temperature range|. . . . . . 60
[4.2.1  Thermal cycling of temperature sensors| . . . . . . . .. 60

[4.2.2 Barechips|. ... ... ... ... . o 0. 60

[4.2.3 AApackages ... ... ... ... L. 63

4.3 Estimation of the steady state measurement uncertainty at ultra- |

| low temperatures| . . . . . ... .. ... L 64
[4.3.1 Temperature measurement uncertaintyf. . . . . . . . . . 64

[4.3.2  Power measurement uncertainty| . ... ... ... ... 66

[4.3.3  Uncertainty of the interface thermal resistivity] . . . . . 66

4.4 Transient measurement methodl . . . . . . .. . ... ... ... 68
4.4.1 Overview of the measurement methodsl. . . . . ... .. 68

[4.4.2  Measurement chain analysis| . . . . ... ... ... ... 69

[4.4.3  Accuracy of the heater - temperature sensor phase shitt |

[ methodl . . .. .. ... 69
[4.4.4  Accuracy of the temperature sensor - temperature sensor |

| phase shift method| . . . . . . . .. ..o 70
[4.4.5 Validation of the amplitude attenuation method and the |

| threshold frequency.| . . . . .. ... ... ... ... .. 71
4.5 Estimation of the uncertainty in the low temperature thermal |

| conductivity measurement| . . . . . . . ... ... 72
6 _Mathematical model 75
5.1 Copper - indium sc - copper connection| . . . . .. . ... ... 78
[5.2  Copper - indium nc - sapphire connection| . . . . . .. . .. .. 81
5.3 Copper - indium sc - sapphire connection| . . . .. .. ... .. 84
[5.4  Copper - indium nc - gold - titanium nc - sapphire| . . . . . . . 88
5.5 Copper - indium sc - gold - titanium sc - sapphire connection| . 92

6 Measurement results| 97
6.1 Steady state measurements ot the copper - indium - sapphire |

| sandwich setup| . . . . . . . .. .. .. .. L 97

[6.1.1 Thermal resistivity of the mechanically compressed setup| 98
[6.1.2  Thermal resistivity ot the decompressed sandwich setup| 101
[6.1.3  Sandwich without the clamping structure| . . . . . . .. 104
[6.1.4  Comparison with the model| . . . . . . . . ... ... .. 108




CONTENTS

6.2 Steady state measurements of the copper - indium - gold - tita-

| nium - sapphire sandwich setup|. . . . . . . . .. ... ... .. 112
[6.2.1  Measurements with an external magnetic field|. . . . . . 113

[6.2.2  Measurements without an external magnetic field|. . . . 115

[6.2.3  Comparison with the model| . . . . . . . ... . ... .. 118

6.3  Transient measurements in the low temperature range from 3 K |

[ to 30Kl . .. 121
[6.3.1 Thermal diffusivity of the copper - indium - sapphire |

| sandwich setup| . . . . . . . . . ... ... ... 122
[6.3.2  Thermal diffusivity of the copper - indium - gold - tita- |

| nium - sapphire sandwich setup|. . . . . . ... ... .. 124
[6.3.3 Theoretical estimation of the low temperature thermal |

| conductivity and thermal diffusivity|] . . . . . ... . .. 126
|6.4  Transient measurements at ultra-low temperatures| . . . . . . . 131
[6.4.1 Thermal diffusivity of the copper - indium - gold - tita- |

| nium - sapphire sandwich setup|. . . . . . . . . ... .. 131
[6.4.2  Theoretical estimation of the ultra-low temperature ther- |

| mal diffusivity|] . . . . . ... oo 133
[6.5_Conclusions drawn from the measurement resultsl . . . . . . . . 135

|7 Ultra-cold electrode design and thermal performance| 137
[7.1 Stress analysis and the quality of the indium bond in the old |

| electrodel. . . . . ... o 137
[7.2  Thin layers and their influence on the thermal performance of |

[ the electrodel . . . . . . . ... o oo 140
[7.3  New design ot the electrode and its manufacturing| . . . . . . . 141
7.4 Ultra-low temperature measurements|. . . . . . .. . ... ... 145
[7.4.1 Steady state measurement results|. . . . . ... ... .. 146

[7.4.2  Response to transient heat loads| . . . . ... ... ... 148

M5 _Outlookl . . . . oo oo 151

8 Conclusions| 153
A ppend 157
|Bibliography| 159
167
[Samenvatting| 171
|Acknowledgements| 173




CONTENTS




Chapter 1

Introduction

The European Organization for Nuclear Research (CERN) supports research
in the field of fundamental particle science. Besides the experiments located at
the ring of the biggest accelerator - the Large Hadron Collider, there are many
other experiments investigating physics from cosmic rays to supersymmetry.
The properties of antimatter are studied in a dedicated facility, which is the
Antimatter Factory, located in the Antiproton Decelerator (AD) complex.

1.1 The AEglS experiment at CERN

The Antimatter Experiment: gravity, Interferometry, Spectroscopy (AEgIS) [1]
is one of a few experiments studying the properties of antimatter at CERN.
The goal of the experiment is a first direct measurement of the antihydrogen’s
acceleration in free fall in the Earth’s gravitational field within 1 % precision.
The universality of free fall has been well measured for normal matter |2], but a
matter - antimatter configuration has never been studied before, and different
physical models predict a different result on the experiment. The AEgIS is
based at CERN’s antimatter factory, where it uses a beam of antiprotons from
the antiproton decelerator ring and combines it with positronium to create
antihydrogen.

Positronium consists of pairs of electrons and positrons, pairwise whirling
around each other. Positrons are provided to the experimental area by a 3+
decay of a ??Na source. Then positronium is obtained by shooting positrons
on a nanostructural porous material, where they ”catch” electrons. Before the
positronium merges with antiprotons, it is excited to a higher Rydberg state
with a laser. The antiprotons are trapped in the electromagnetic field of a Pen-
ning trap, where the antihydrogen is created by charge exchange, as presented
in figure [2]. Then the antihydrogen particles are accelerated horizontally,
they pass through a series of gratings of a Moire deflectometer, and finally they
annihilate on a detector plane. Knowing the place where they annihilated and
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Figure 1.1: Principle of the AEgIS experiment and the Moire deflectometer [3].

measuring their time of flight, one can calculate whether the gravitational ac-
celeration is the same as for normal matter. As a very light atom, antihydrogen
drops only several micrometers, so it is necessary to cool the particles down to
significantly reduce their thermal movement and thereby increase the precision
of the measurement [2]. Therefore a package of high voltage electrodes is sup-
posed to be placed on a mixing chamber (MC) of a dilution refrigerator (DR),
providing continuous cooling power and keeping the electrodes below 100 mK.

The CERN Central Cryogenic Laboratory, called Cryolab, was asked to
design a set of electrodes fulfilling a series of very demanding constraints, out
of which the most difficult one is the need of thermally anchoring the electrodes
to the mixing chamber of a dilution refrigerator and at the same time keeping
them electrically insulated.

1.2 Electrode requirements

In the ultra-cold region of AEglS, there are to be 10 electrically insulated
electrodes, some of them divided into 4 independent sectors. The requirements
can be summarised as follows:

e The electrodes should be cooled to temperatures below 100 mK in the
second half of the 100 s AD cycle, despite the introduced heat load coming
along wires, from radiation and annihilation of antimatter. The estima-
tion predicts a pulse of 107° J lasting 1 us, entering the region at the
beginning of each 100 s cycle. That would give an enormous (at 100 mK)
heat load of 10 W. We assume that the ideal pulse will in reality spread
over time resulting in 10 uW during a time period of 1 second. The
connection to the mixing chamber should guarantee a suitable thermal
anchoring statically and dynamically.

e Some of the electrodes will be divided into 4 electrically insulated sec-
tors. The insulation between sectors and neighbouring electrodes must
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withstand a potential difference of 1 kV. The division into sectors must
be done in such a way, that the trapped particles have no direct line of
sight to the dielectric, but only to polished, metallic surfaces.

e The electrodes should be manufactured with great precision, made of
radiation hard materials, and be compliant with ultra-high vacuum of
10~'2 mbar. Any outgassing from the electrode itself or its connection
to the mixing chamber would cause a degradation of vacuum and anni-
hilation of antimatter. The direct interface surface to the cold source is
considered to be covered by the design.

e Finally yet importantly, the design should take into account that there
is a limited space in the ultra-cold region. The electrode and the mixing
chamber, including required thermal shields at 1.5 K and 300 mK, have
to fit in the magnet cold bore of 90 mm diameter.

The fact that the electrodes should be highly thermally conducting and
at the same time well electrically insulated makes the task very demanding.
Except for dealing with a set of contradictive requirements, we are working
in the environment of ultra-high vacuum and ultra-low temperatures. A few
iterations in the development process of the electrodes were necessary, to reach
the final electrode design and the thermalisation strategy.

1.3 Electrode development

In the previous research in the Cryolab the conceptual design of the AEglS
electrodes was studied, and a series of measurements to test their performance
was conducted. In the initial design, the electrode consisted of four separate
copper elements with dielectric spacers separating them. Thomas Eisel [4] man-
ufactured one electrode according to this design, using sapphire as the spacer
material (figure on the left). Unfortunately, a construction of that type
turned out to be almost impossible to assemble with the required precision.
After the first attempt, the Cryolab team realised that in fact an electrode
does not have to be made of a bulk piece of copper. Sapphire, as a perfect
crystal, is a relatively good thermal conductor at low temperatures (see fig.
, and as a dielectric it provides the required electrical insulation. The idea
arose to manufacture the whole geometry from one precisely machined sap-
phire crystal, and then create the electrode sectors by sputtering gold on the
sapphire base. That approach guarantees much higher manufacturing and as-
sembling precision. G. Burghart designed a small and neat electrode, made
of sapphire covered with gold (figure on the right), which could fit in the
limited space of the AEgIS cold bore. For the future application, the electrode
would be attached to the mixing chamber with an intermediate layer of in-
dium foil. Indium has a particular property of ”cold welding” easily, when two

9
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Figure 1.2: Electrodes made by Thomas Eisel (left) and Gerhard Burghart (right) .

nonoxidized pure indium surfaces are compressed @ Under compression it
shows also quite a good adherence to nonoxidized surfaces of other metals. The
thermal performance of this electrode, attached to the copper lid of a mixing
chamber with a layer of indium in between, was measured in the CERN Cry-
olab Dilution Refrigerator, and unfortunately the performance was found to
be 4 times smaller than the estimation based on the preliminary results ,
what motivated further research.

1.4 Research goals

This work investigates the limitations of heat transport in a complex shape di-
electric crystal and in a dielectric - metal - superconductor sandwich structure.
Especially, it focuses on the problem of the thermal boundary resistance at a
dielectric-metal interface in the milliKelvin range, which we expect to be the
main thermal bottleneck for the application.

Thus we can formulate the following research goals:

e Measurement of a sapphire - indium - copper sandwich thermal resistivity
with investigation of influencing factors, such as:

— compression force applied to the sandwich and mechanical stress in
materials, especially in the dielectric,

— magnetic field and the switch between normal and superconducting
state,

— thermal cycling, ageing and the effects of a possible degradation of
the thermal properties;

e Measurement of a sapphire - titanium - gold - indium - copper sandwich
thermal resistivity with indium and titanium both in the normal and
superconducting states;

10
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e Analysis of the thin layers thermal conductivity and its influence on the
whole sandwich structure;

e Qualitative and quantitative description of the phenomena and a formu-
lation of a representative mathematical model;

e Design and test of the ultra-cold electrode for the AEgIS experiment,
fulfilling the very strict requirements, described in section (1.2

The next chapter summarises all the theory described in literature, nec-
essary for the understanding of the low temperature phenomena observed. A
detailed description of the sandwich setup and the apparatus, used for the
ultra-low and low temperature measurements, can be found in chapter [3| An
estimation of the measurement uncertainty corresponding to all types of sensors
and particular instrumentation used, is described in chapter @} The mathemat-
ical model created for various configurations of the sandwich setup, along with
the theoretical background used for its formulation, is explained in chapter
bl The ultra-low and low temperature measurement results are presented in
chapter [6] The new design, manufacturing and evaluation of the thermal per-
formance of the AEgIS electrode is described in chapter [7] In the last chapter
B} all the accomplished tasks are summarised, and the final conclusions are
drawn.

11
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Chapter 2

Theory of heat transfer at low
temperatures

A profound study of the structure of matter and the heat transfer mechanisms
is essential for the understanding of the low temperature heat transfer phenom-
ena at interfaces. Different mechanisms govern the heat transfer in metals and
dielectrics, and phenomena exist in the milli-Kelvin temperature range, which
are not yet fully understood. What happens in a thin layer of a dielectric, when
at ultra low temperature, the corresponding phonon wavelength exceeds the
dimension of the sample? For certain configurations of materials, involving thin
layers and superconductors, the experimentally verified theoretical description
reaches not lower than several hundred milli-Kelvin [8H28]. This chapter re-
sumes the established theory, which is necessary to build a model describing
the ultra-low temperature behaviour of the studied configurations of the setup.

2.1 Heat capacity of solids

2.1.1 Dielectric crystals

Various attempts to describe the nature of heat capacity of dielectric solids
were made. The most significant are the models presented by Albert Einstein
and Peter Debye [29,30].

Finstein described the vibration of the lattice structure as a series of inde-
pendent harmonic oscillators with the same frequency. The theory is consistent
with the Dulong-Petit law stating that at room temperature the molar specific
heat of a given material is experimentally related to the gas constant C' = 3R,
but for low temperature it predicts that the heat capacity decreases faster than
experimentally observed [30].

A model proposed by Peter Debye assumes that the quanta of energy as-
sociated with oscillations, called phonons by analogy to photons, propagate in

13



2. Theory of heat transfer at low temperatures

the material interacting with each other like gas particles in a box. It assumes
also a linear dispersion relation between the wave vector and the frequency of
oscillations. Debye introduced the frequency dependent density of states [31]

Vw3

D(w) = 2293

dw , (2.1)
where v is the speed of sound in the material, that in the presence of longi-
tudinal and transverse sound waves can be presented in the form of a Debye
velocity

3 1 2
— =3+ 3. (2.2)
vp  Up v

It is necessary to introduce a corresponding cut-off frequency wp limiting the
total number of modes to 3N

wp
3N = / D(w)dw. (2.3)
0
The internal energy of lattice vibrations equals [31]:
h
U(T) = / hwD(w) f (w, T)dw, (2.4)
0

where f(w,T) is a Bose-Einstein distribution function. Inserting the distribu-
tion function, one can define the molar heat capacity as [31]:

T\3 [hwp/ksT  plet

where © is the Debye temperature defined as kg© = hwp, kg is the Boltzmann
constant and A is the reduced Planck constant. Such a formulation predicts
correctly the high temperature limit of the specific heat Cyy = 3Nkp = 3R.
The low temperature behaviour also corresponds to experimental observations
with the heat capacity being proportional to the third power of temperature:

1274 /T3
— =) . 2.
Cy 5 R(®> ( 6)

In the intermediate temperature range the Debye approximation is not very
exact [30)].

The proportionality of the heat capacity of dielectrics to the third power of
temperature C' oc T2 is a very important information for ultra-low temperature
modelling of the thermal conductivity and the thermal diffusivity, describing
the thermal performance of the Cryolab DR sandwich setups and the AEgIS
electrodes.

14



2. Theory of heat transfer at low temperatures

2.1.2 Metals

In metals the contribution of valence electrons to the specific heat is small and
linearly proportional to temperature. The corresponding molar specific heat,
following [31] can be expressed as:

cy =~T + T3 (2.7)
where
2R kg
=7 2.8
v % (2.8)

is the Sommerfeld coefficient characterizing the electronic part of specific heat
and [ the lattice part described in section For copper, the Fermi energy
er = 7 eV and the Sommerfeld coefficient v = 5-107% J/(mol K?). The contri-
butions of both heat carriers are compared at an example of low temperature
specific heat of copper [31] in figure As one can see, in copper below 4 K
the contribution from electrons to the heat capacity becomes dominant over
the lattice contribution. It shows the necessity of including in the mathematical
modelling at ultra-low temperatures the contributions from the electron side
in multiple metallic layers of the Cryolab DR sandwich setup.

10 .
- 1
|¥ 1
- /
_ 8L Cu },’ |
£ /
] /
E 6 - »/' ]
~ A/
@] Y A
-~
g 4r P aai
< e
3 pad
= 2 //./ _
o ~T
(] A
o - R
w e
0 =] | |
0 2 4 6

Temperature T/ K

Figure 2.1: Low temperature specific heat of copper from [31]. The dashed line represents the
electron contribution and the dashed-dotted line the contribution of the lattice. The full line
is the sum of electron and phonon contributions. The circles indicate measurement data [19].
Below approx. 4 K the electron contribution is dominant over the lattice contribution.
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2. Theory of heat transfer at low temperatures

2.2 Thermal conductivity

2.2.1 Dielectric crystals

The thermal conductivity of dielectric crystals, following the kinetic theory of
gases can be expressed by [31]:

1
A= g vy l, (2.9)

where ¢y is the specific heat per unit volume, v mean velocity of the heat
carriers and [ their mean free path.

The velocity of heat carriers is evaluated by assuming a linear dispersion
relation and applying a dominant phonon approximation. Therefore it is equal
to the speed of sound in a crystal, and it is rather independent of temperature.

The mean free path is more difficult to evaluate as it depends on the scat-
tering of phonons at imperfections and with other phonons, and is therefore
dependent on the density of imperfections and the temperature. While scat-
tering with each other, two phonons can merge into one, or one phonon can
decay into two. When the energy of a phonon incident is relatively low, the
associated wave vectors remain in the first Brillouin zone [30,31]. The sum of
energy and quasi-momentum of the phonons is conserved, and the heat flow is
not degraded. This type of scattering is called a normal process (N-process).
For the normal processes the mean free path is described by the dependence
In oc T75 [31]. For higher energies of the incident phonon, the resulting wave
vector is laying outside of the first Brillouin zone, and a reciprocal lattice vector
G appears, that shifts it back to the zone. Such a process is called an Umklapp
process (U-process), it causes a degradation of the heat flow and a distribu-
tion of phonon energies between modes. The mean free path of U-processes is
described by the dependence Iy o< T~1 [31].

There is a whole spectrum of imperfections that can cause the phonons to
scatter: point defects, like an intrusion of another atom in a lattice structure,
dislocations of the lattice, grain boundaries, and above all a surface ”defect”
in the form of a finite size of the crystal. Each type of defect influences the
mean free path differently in terms of temperature dependence. A detailed
description can be found for instance in Low-Temperature Physics by Ch. Enss
[31]. As an example the thermal conductivity of sodium fluoride is depicted
in figure As one can see, at very low temperature, when the mean free
path of phonons is long and limited only by the imperfections, the thermal
conductivity follows the thermal dependence of specific heat A o ¢y oc T3.
When the temperature rises, there are more phonon modes occupied and a
higher chance of phonon-phonon scattering. At a certain temperature phonon-
phonon scattering becomes the dominant limiting factor of the heat flow in the
material, and the thermal conductivity decreases with increasing temperature
(figure . The overall temperature dependence shows a typical conductivity

16



2. Theory of heat transfer at low temperatures

peak around 25 - 50 K for dielectric crystals. In figure 2.3 one can clearly see the
influence of grain boundaries on the thermal conductivity of sapphire, causing
a decrease by two orders of magnitude.

100 - —

—
o
I
|

Thermal conductivity A / W em K

e

10 100
Temperature T/ K

Figure 2.2: Thermal conductivity of NaF from as an example of a rather ”perfect” dielec-
tric crystal in log-log scale, showing T dependence at the low temperature end. At higher
temperatures the phonon-phonon scattering dominates the heat transfer and the conductivity
decreases with increasing temperature.

i
‘Tx 100 [ ' -
=

o | i
=

< qL -
P

=

S i i
S

3

=

g0.01 =
= © Sapphire, single crystal
E L O Sintered Al,O4 §
g I I I 1 1 1 I 1

= 10 100 1000

Temperature T/ K

Figure 2.3: Thermal conductivity of sapphire: circles - single crystal; squares - sintered Al3Os.
A two orders of magnitude decrease in thermal conductivity because of a multi-grain structure
of the sintered material versus single crystal is clearly visible at temperatures below the
conductivity peak. As in the case of NaF (ﬁgure, above a certain temperature the phonon-
phonon scattering becomes dominant and limits the thermal conductivity.
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2. Theory of heat transfer at low temperatures

The sapphire disks used for measurements in the Cryolab DR are machined
from a single crystal and are considered as a perfect crystal structure. At ultra-
low temperatures, when most of the phonons are frozen out, the only factor
that could cause any dislocation and significant phonon scattering is the stress
in the material caused by a high mechanical compression force. However, if
the force is applied uniformly to the whole disk, one can still talk about the
so called ballistic propagation of phonons [32]. The mean free path could even
reach the order of 1 mm corresponding to the thickness of the investigated sap-
phire disk in the Cryolab DR sandwich setup. At low temperature the thermal
conductivity of sapphire is proportional to the specific heat and therefore to
the third power of temperature:

At o T3. (2.10)

sapphire

2.2.2  Thermal conductivity of metals

The electrons play a significant role in the thermal conduction of metals at low
temperatures, when there are few phonons left. One can write an expression
for the thermal conductivity of electrons by analogy to the lattice:

1
A =3 & op 19 (2.11)

where Cv is the electronic specific heat and vy is the Fermi velocity, and ¢

is the mean free path of electrons. The Fermi velocity is orders of magnitude
higher than the speed of sound. For that reason )\ff[ can be significant, despite
the low value of electronic specific heat. Moreover it has a linear temperature
dependence:
AR o T (2.12)
Many researchers state [33-37] that according to the Matthiessen rule [30],
the electronic thermal resistivity, which depends on the mobility of electrons as
the electrical resistivity, can be presented as a sum of resistivities coming from
the imperfections of the lattice, like defects and impurities, plus the ”ideal”
resistivity caused by electrons scattering on phonons:

1
\th
)\el
The ideal phonon related resistivity should disappear along with the decrease
of temperature to near absolute zero:

R} _,=RI (2.14)

imp *

— Rt Rth

imp

+ R (2.13)

The Wiedemann-Franz-Lorenz law states that the ratio of thermal to elec-
trical conductivity is proportional to temperature [30]:

N 7;2("’3)27“ (2.15)

g €
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2. Theory of heat transfer at low temperatures

At low temperature, when the electric conductivity becomes constant and its
value depends only on the imperfections, the thermal conductivity of electrons
is proportional to temperature )\i’l‘ o< T', which is the same temperature depen-
dence as derived from the theory, described in equation ([2.12)).
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Figure 2.4: Low temperature thermal conductivity of selected materials [38]. The conductivity
of sapphire is around three orders of magnitude lower than the conductivity of copper, but
relatively high compared to other dielectric materials.

The low temperature thermal conductivities of various materials, including
copper, indium and sapphire, are presented in figure The conductivity of
metals is significantly higher than dielectrics, but the conductivity of sapphire
is relatively high compared to other dielectric materials.

2.3 Superconductivity and heat transfer

The phenomenon of superconductivity, except for being very interesting, is also
very important for the thermal properties of materials and structures. First
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2. Theory of heat transfer at low temperatures

discovered by Kammerlingh Onnes in Leiden at a sample of mercury at low
temperature [39], it remained not explained theoretically until Ginzburg and
Landau presented their theory [40], which explained the macroscopic behaviour
of type I superconductors. Later on, Bardeen, Cooper and Schrieffer published
their ” Microscopic Theory of Superconductivity” [41], which until now remains
the best available description of the phenomena. Electrons in superconductors
are coupled via lattice interactions in so called ”Cooper pairs”, creating an
energy gap. The pairs behave as bosons, not fermions anymore, and follow
Bose-Einstein statistics. They don’t interact with the lattice in the same way
as in the normal conducting (nc) state, and the electrical resistivity vanishes
for DC conditions. Valence electrons in Cooper pairs no longer contribute to
heat transport and the thermal conductivity is much lower than in the normal
conducting state. The severe decrease of the thermal conductivity of indium in
its superconducting (sc) state is presented in figure
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Figure 2.5: Thermal conductivity of indium in normal and superconducting states. It should
be underlined that the presented thermal conductivity was measured on a sample of RRR ~
11000 [42]. The low temperature thermal conductivity of a lower purity sample would be
significantly lower.

Superconductors are characterized by the existence of a critical tempera-
ture T, below which they lose their electrical resistance, if an external magnetic
field strength is not higher than H > H. in the material (see figure ) A
material in the superconducting state is perfectly diamagnetic. It generates
an internal current in its outer shell such, that the corresponding magnetic
field repels the external magnetic flux. The external flux enters only that outer
layer of a superconductor, where it decays exponentially over a distance called
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Figure 2.6: A comparison between type I and type II superconductors, exibiting correspond-
ingly the Meissner effect (left), or the Meissner effect and Shubnikov phase, depending on the
temperature and magnetic field strength (right). Picture copied from .

"penetration depth”. Theoretically, pure (without imperfections) type I super-
conductors show a perfect Meissner effect, i.e. they repel all of the external
magnetic flux as shown in figure In type II superconductors above a cer-
tain value of magnetic field H.; a quantized amount of the flux traverses the
material in the form of vortexes, pinning the magnetic field inside the supercon-
ductor, if pinning centers in the form of impurities or lattice imperfections are
present (figure [31]. The surface occupied by the vortex grows with the in-
crease of external magnetic field, until at a field strength H. the material loses
its superconducting properties (figure ) It is important to mention, that
Heo >> Hep, e.g. for NbgSn H. =~ 40 uT" and Heo ~ 23 T'. The pinning allows
to generate very high magnetic fields by means of type II superconductors.

B B
AAAAAAAA

T>T, T<T,

Figure 2.7: Meissner effect in type I superconductor. All the external magnetic flux is repelled

from the superconductor .
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2. Theory of heat transfer at low temperatures

Pure elements are usually type I superconductors (Al, In, Nb, Ti, Pb),
and alloys like NbTi type II superconductors. There exist also High Temper-
ature Superconductors (HTS), usually much more complex compounds, like
YBayCusO7, that become superconducting at relatively high temperatures (7,
around 90 K).

Interestingly, the orientation of a thin superconducting film versus the outer
magnetic field may cause some additional effects. Because of the Meissner ef-
fect the density of flux lines just outside of the superconductor is higher than
far away in a homogeneous field (see figure . Therefore in a thin-film su-
perconducting flat disk oriented perpendicularly to the magnetic flux lines, the
outer edge of the disk is subjected to much higher magnetic field than the nom-
inal one. With increasing magnetic flux, the disk will lose its superconducting
properties starting from the outer edge and propagating to the middle of the
sample. This effect was observed for respective indium layers in the setup in the
Cryolab DR and described by T. Eisel in his PhD thesis [4]. A superconduct-
ing thin film, thinner than the penetration depth, placed in a parallel magnetic
field, may remain superconducting even for quite high magnetic field strengths
[30]. Therefore, in multilayer setups including superconducting thin films one
should take into consideration the shape and orientation of the thin film with
respect to the external magnetic field. Both of the sandwich setups studied in
the Cryolab DR, as well as the sapphire electrode in the AEgIS experiment
contain thin layers of superconducting materials, subjected to the influence of
an external magnetic field that can highly diminish their thermal performance.

B,

b

L8
1.8

Figure 2.8: Quantised amounts of magnetic flux in a form of vortexes penetrating the type II
superconductor in the Shubnikov phase [31].

2.4 Thermal boundary resistance

The main part of the Cryolab DR measurement campaigns focuses on the
steady-state behaviour of the sandwich setup. Determining the main con-
straints of the heat flow, i.e. the thermal resistivity of the sandwich setup,
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2. Theory of heat transfer at low temperatures

is essential for the final design of the AEgIS electrode. Several models describ-
ing thermal boundary resistivity have been developed and are well known in
literature. The most significant study of low-temperature thermal boundary
resistances, that later influenced almost all of the modern models, was carried
out by Pyotr Kapitza in 1941, who investigated the temperature discontinuity
between liquid helium and a bulk copper body [45]. He assumed that the heat
can only be transferred by phonons, and because of the high dissimilarity of
materials only a limited amount of phonons can be transferred. According to
the model the thermal boundary resistance, which is defined as:

_ AT
Q

has a T2 temperature dependence. Based on the work of Kapitza, further
models were developed, that described the thermal boundary resistance be-
tween solids and included a wide range of modifications, taking into account
more and more parameters. The models that are most important for the studied
electrode application are described hereafter.

R : (2.16)

2.4.1 Acoustic Mismatch Model

Further analysis of the boundary resistance was conducted by I. M. Khalatnikov
in 1952 |46] and in 1959 by W. A. Little, who described the acoustic mismatch
model [47], which is an extension of the Kapitza thermal resistance theory to
interfaces between solids out of which at least one is a dielectric. Phonons,
being the only heat carriers in such a configuration, are treated as plane waves
and the dielectric as an elastic continuum. Approaching the interface, waves
can get reflected or transmitted, depending on the angle of incidence. By anal-
ogy to optics, Snell’s law is used to define the critical angle that allows the

transmission of phonons:
sin o U1

= (2.17)

sinag vy

where a1 and ag are the angles of incidence in material 1 and 2, and v; and v9
are the corresponding speeds of sound. Let’s assume that material number 1 is
more rigid, and therefore acoustically ”better”, i.e. v1 > vs. In the interfaces
sapphire - indium and sapphire - titanium, the metals are softer than sapphire.
Approaching the respective interface from the metal side, the critical angle
equals to:

Qlerit = arcsin (Umetal> (2.18)

Usapphire

For the particular case of Kapitza resistance between liquid helium and copper
the critical angle equals to only 3°, and for the configuration sapphire - indium
to around 17°. The fraction of phonons falling in the critical cone for the
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2. Theory of heat transfer at low temperatures

sapphire - indium case is around 4.5 %. Moreover the transmission is further
limited by the difference of acoustic impedances Z = vp, where v is the speed
of sound, and p the density. The probability of transmission equals to [38]:

- Za (2.19)

The rate of heat flow Q carried by phonons impinging the contact area A from
side 1 is [38]:
Q 772k:j13 pP1U1 T4

- =" 2.20
A 3073 pov3 (2.20)
The resulting boundary resistance for AT < T is given as |38]:
AT 15 1% py v}
R=21 SR NN (2.21)
Q 27?2 kB P2 vg A T3
For later analysis we define a thermal interface resistivity (AT < T') as:
AT3AT
Kinterface = T (222)

Material properties used to estimate the thermal resistivity are summed up in
table The more dissimilar the materials, the better the AMM predicts the
interface resistance. Table shows the values of the critical angle, transmis-
sion probability and boundary resistance for certain configurations of materi-
als present in the setup simulating the ultra-cold electrodes. It is discussable
whether one should take into account longitudinal (L) or transverse (T) values
of the speed of sound. Here, both values are given for comparison and a further
discussion will be carried out in chapter

Table 2.1: Material properties used to calculate the resistivity according to the acoustic
mismatch model (L - longitudinal, T - transverse).

Material Speed of sound (m/s) | Density | Acoustic impedance
L T (kg/m3) L T
Sapphire [21] 10800 6400 4000 | 4.32-107 | 2.56-10"
Indium [21] 2600 1500 7470 | 1.94-107 | 1.12-107
Titanium 7 7
) 6070 3125 4510 | 2.74-107 | 1.41-10
Gold [48] 3240 1200 19300 | 6.25-107 | 2.32-107
Copper [50] 4600 2200 8960 | 4.12-107 | 1.97-107

W.A. Little [47] theoretically considered in his work also the influence of
many other parameters on the boundary resistance. He predicted that the sur-
face quality may have a significant influence on resistivity, i.e. that the effect
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Table 2.2: Critical angle, probability of transmission and thermal boundary resistivity for
various combinations of materials according to the AMM. Material properties used for the
calculation of the thermal resistivity are taken from table (L - longitudinal, T - transverse).

Interface Critical cone | Prob. of transm. | Resistivity (%)
L T L T L T

sapphire - 14° | 14° | 0.86 0.85 | 63.65 | 22.96
indium

copper - indium 34° 43° 0.87 0.92 11.02 2.09

gold - indium 53° 53° 0.72 0.88 8.29 0.73

titanium - gold 32° 23° 0.85 0.94 5.89 1.46

sapphire - 34° | 29° | 0.95 092 | 4520 | 1827
titanium

of surface roughness would depend on the phonon wavelength and that the
application of a compression force could improve the contact and therefore de-
crease the thermal boundary resistivity. He indicated a path of further research
concerning the possible couplings between electrons and surface waves, stating
that the boundary resistance should change when the metal switches between
normal and superconducting states. That information was the starting point of
a research conducted by Papk and Narahara [51], discussed in the next section.

2.4.2 Electron coupling to surface waves

The possible coupling options between conduction electrons and surface waves
were investigated by the Japanese researchers Papk and Narahara [51] and
published in 1970, almost 10 years after Little. They developed a mathematical
description of the phenomenon, in two cases: longitudinal waves approaching
the interface, getting reflected and transmitted as separate longitudinal and
transverse waves; and transverse waves approaching the interface getting also
reflected and transmitted as longitudinal and transverse waves. They obtained
an equation in the form of a Rayleigh surface wave, describing the interaction of
waves with electrons. In both cases (longitudinal and transversal), the thermal
conductivity was obtained in a solution that was consisting of two components:
with 7% dependence - as in a classic Kapitza resistance case (AMM), and a
component scaling with 7° representing the coupling of electrons to surface
waves, see equation . It should be underlined, that this contribution to the
thermal conductivity is only present if electrons are available on the acoustically
better side, characterized by a higher speed of sound. This contribution is
therefore not present at a nc indium - sapphire interface, but could be present at
a sc indium - copper interface. A numerical evaluation of the formula presented
by Papk, assuming solids with Poisson’s ratio of 1/3, equal density of materials
and the speed of sound in a metal 3 times higer than in the dielectric results
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in the following thermal conductivity (defined simply as Q/AT) [51]:

% =aT?® + BT° (2.23)
where o = 4 - 10> W/K* and 3 = 0.5 W/KS for the longitudinal waves, and
a = 13-103 W/K* and 8 = 7 W/K" for the transverse waves. In equation
the prefactor § is three to four orders of magnitude lower than «, so the
influence of the T° component is predicted to be small.

Papk and Narahara experimentally verified that a change of boundary re-
sistance between sapphire and indium exists, when indium changes form the
normal to the superconducting state, i.e. when the valence electrons that could
couple to eventual surface waves become unavailable. Since the speed of sound
in sapphire is much higher than in indium, according to their theory, there
should be no difference caused by couplings of electrons. They have measured
the sapphire - indium boundary thermal resistivity in a temperature range
from 0.6 K to 2.2 K and contrary to their expectations, recorded a small dif-
ference of resistivities in normal and superconducting states %z ~ 1.05. One
could imagine that a measurement of an interface between materials actually
fulfilling the speed of sound condition vUmetal > Vdiclectric could show a much
higher contribution of the surface waves to the thermal conductance.

2.4.3 Diffuse Mismatch Model

The diffuse mismatch model (DMM) was developed by E.T. Swartz in his PhD
thesis in 1987 [52]. In contrast to the AMM, it assumes that absolutely no
phonons are specularly reflected at the interface. Phonons can only scatter
forward (get transmitted) or scattered back, but in both cases they ”forget”
where they came from - there is no angular dependence between the incident
and outgoing phonons. All the collisions are elastic, which means that a phonon
can only forward its energy to another phonon of the same frequency. The
probability of transmission in the DMM tPMM depends on the speed of sound
in materials:
DMM
t (Zjv1 7 + Z055) (2:24)
where j denotes longitudinal and transverse modes. Phonon scattering at the
interface can reduce the thermal boundary resistance for the case of very dis-
similar solids. For such a case, the thermal resistance calculated with DMM
would be much lower than for the AMM. The roughness of the surface with
respect to the phonon wavelength is the main parameter determining whether
the heat transfer across the interface will follow acoustic or rather diffusive
mismatch model.
According to the AMM, a chance of transmission across a perfectly smooth
interface between two exactly the same materials (dissimilarity = 0) would be
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Figure 2.9: Ratio of the boundary resistance values predicted by the acoustic mismatch model
and the diffuse mismatch model depending on the dissimilarity of materials from .
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Figure 2.10: The transition between acoustic and diffuse regime of thermal boundary resis-
tance visible at the example of an interface between iron-doped rhodium and sapphire. The
continuous line is a prediction of the AMM, and the dashed one of the DMM. Black dots are
measurement points. One can see that the measurement follows the AMM theory quite well
up to around 7 K, when the phonon wavelength becomes shorter, the phonons get stattered
on the interface, and then a transition to the DMM occurs .

equal to 100 %. The DMM on the other hand, predicts 50 % of a chance for
transmission in this case, so the ratio Rqm/Ram = 2. The ratio of the resistance
values predicted by the AMM and the DMM as a function of dissimilarity
of materials is presented in figure . The line described as ”Kapitza
case” is an example of a very dissimilar interface between copper and sapphire.
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The range described as ”solid-solid” has a much lower dissimilarity, typically
observed between two solid bodies.

E. T. Swartz managed to observe the transition between acoustic and diffuse
regime in reality at the example of the interface between iron-doped rhodium
and sapphire. The plot of measured thermal boundary resistance of Rh:Fe on
sapphire versus temperature is shown in figure For low temperatures the
phonon wavelength is longer than the roughness of the interface, and the resis-
tance follows very closely the AMM. At approx. 7 K the wavelength becomes
comparable or shorter than the roughness of the surface, the phonons are get-
ting scattered, and the behaviour starts following the prediction of the DMM.

Other interesting attempts to estimate the thermal boundary resistance,
mainly at higher temperatures, are described in the next section.

2.4.4 Advanced higher temperature models
Joint Frequency Diffuse Mismatch Model

The Joint Frequency Diffuse Mismatch Model (JFDMM) is a modification of
the Diffuse Mismatch Model described by Hopkins and Norris in 2007 [54]. It is
meant to deal with temperatures of an order of a hundred Kelvin (or above the
Debye temperature), where the DMM fails to correctly predict the boundary
resistance. The JFDDM assumes that the phonons close to the boundary, i.e.
within the mean free path from the interface, vibrate with a frequency wpea,;,
which is an average phonon frequency of both interface sides, with weight
factors &; depending on the atomic masses M; and the number of states IN;
available on each side. Such frequency is definitely higher than the phonon
frequency on the acoustically ”weaker” side (with lower speed of sound) and
therefore enables more phonons to get transferred. This approach is rather
easy to implement mathematically, and therefore it could be considered as a
convenient method of decreasing the modelled thermal boundary resistance of
the sandwich setup.

Multiphonon processes

All of the models discussed so far assume that only two phonons participate in
the collisions responsible for the interfacial heat transfer. In reality however,
it could happen that three or even more phonons can collide at once, or one
phonon can decay into two, and significantly change the heat transfer coeffi-
cient. Inelastic multi-phonon processes were investigated and described by P.
Hopkins [55]. His study considers much higher temperatures than those of our
interest, but perhaps some of the described mechanisms are present also in the
ultra-low temperature range, and therefore could be used in the modelling of
the Cryolab DR sandwich setup.
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This model predicts that two phonon processes are more probable than
three phonon processes, three phonon more probable than four, etc. The con-
tribution of each type of a process according to this model at an example
of a Pb/diamond interface is presented in figure The thermal resistivi-
ties of not all the interfaces are predicted equally successfully with use of this
model as the presented example of Pb/diamond, but one can clearly see that
including three phonon processes in the modelling is highly justified for high
temperatures.
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Figure 2.11: ”High” temperature thermal boundary conductance ox predicted by the multi-

phonon model of P. Hopkins copied from [55] at a Pb/diamond interface. The contribution

fr?) o (DMM)

of each type of a process is marked (o}’ - n-phonon). is a prediction of the thermal

boundary resistance calculated with the DMM.

Machine learning

The latest attempt of handling the problem of the unknown thermal boundary
resistance involves one of the newest disciplines of science - machine learning.
In a scientific report published in Nature in 2017, Zhan, Fang and Xu [56]
described how by training the neuron network with multiple examples taken
from 62 literature sources, they succeed in predicting the value of thermal
boundary resistance, obtaing a corelation between predicted and experimental
values even higher than those of pure AMM and DMM. It should be underlined
however, that the researchers focused on rather high temperature applications,
which is not what AMM or even DMM were intended for. The result depends
heavily on the set of parameters used for training, and on the applied training
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algorithm, but in general it can be considered as a very interesting and suc-
cessful approach. Figure [2.12] presents a correlation between the experimental
values, and values predicted with a Gaussian Process Regression (GPR) model
obtained by the Japanese authors.

GPR
All collected descriptors
R=0.95
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Figure 2.12: Correlation of experimental values of thermal boundary resistance and values
predicted with a GPR model, obtained with a machine learning method .

Not too many models predicting the very low temperature interface resis-
tance exist. For ultra-low temperatures, when the wavelengths of the heat car-
riers are long, the AMM remains the most reliable and theory based description
of the phonon behaviour at the interfaces. Therefore, despite its disadvantage
of frequent overestimation of the value of the interface resistivity, it will be
used as a base for the mathematical model of the sandwich setup.

2.5 Thermal conductivity of thin layers

Many researchers have already described the fact that the thermal conductivity
of a thin layer differs significantly from that of a bulk material [57-62], being
also significantly different across and along the thin layer . The problem
is usually referred to, in a context of nano-layers in microelectronics, when
the mean free path of heat carriers is longer than the thickness of a layer,
even at temperatures way higher than the milli-Kelvin range. In thin layers of
high temperature superconductors, a reduction of the film thickness leads to a
decrease of its thermal conductivity as reported by Flik and Tien . Their
plot of the ratio of the thermal conductivity across the layer to the conductivity
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along the thin layer as a function of the reduced film thickness is presented in
figure 2.13] Assuming that the thermal conductivity can be still expressed as
in eq. , only the mean free path changes significantly with the thickness
reduction. According to their method one can calculate the ratio of mean free
path across the thin layer to the mean free path in a bulk material as:

g df. 1d

which for an exemplary ratio of the film thickness d to the mean free path [:
d/l = 0.1, gives a reduction of the thermal conductivity by a factor of 0.095.

Starting from slightly different assumptions, Flik obtained also a formula
for the reduction of the mean free path in the form:

2
leff o 1d d 1(d

where m is the matching parameter, which makes the solutions for the thermal
conductivity across and along the film merge for d = [ when the value of m is
set to 6. Then for the film thickness to the mean free path ratio d/l = 0.1 and
m = 6 the reduction of thermal conductivity is even more severe than obtained
from equation and equals to keg/k = 0.076.
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Figure 2.13: The ratio of thermal conductivities across and along the thin film k,/k. as a
function of the reduced film thickness d/l, where d is the film thickness, and [ is the mean
free path of heat carriers from [59].

Another approach presented by Majumdar [63] suggests that the effective
mean free path should be calculated with the formula:

lefr 1
b 2.27
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which for the same ratio d/I = 0.1 gives a reduction of the thermal conductivity
of an order of keg/k = 0.075, which is almost the same as the result obtained
with eq. .

Heino used the molecular dynamics method [61] to simulate the behaviour
of thin films, and reported that for very thin films with a thickness in the order
of several nanometers, the phonon group velocity and the dispersion relation
changes.

Turney, McGaughey, Amon [60], who based their research on lattice dy-
namic calculations, stated that for very thin films also the phonon density of
states is different than in a bulk material. The reduction of the thermal con-
ductivity obtained by Turney with various methods as a function of the film
thickness, is presented in figure
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Figure 2.14: The reduction of the thermal conductivity for a silicon thin film obtained by
Turney from: a) classical lattice dynamics (LD) calculations and the Green-Kubo method; b)
quantum lattice dynamics calculations and the experiment [60].

Langer, Hartmann and Reichling [62] measured the thermal conductivity
of thin films of gold and nickel on a quartz substrate with the modulated
thermoreflectance method. They stated that the thermal conductivity of gold
depends not only on the thickness of the film, but also on the polycrystalline
structure of it, due to the sputtering process. The thermal conductivity of the
thin films of gold and nickel as a function of the layer thickness is presented in
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figure As one can see, the thermal conductivity of gold highly depends on
the thickness of the layer. The conductivity of nickel is much lower than gold
at high temperatures, and it does not decrease significantly with a decrease
of temperature. Moreover, they pointed out that the phonon contribution to
the conductivity of thin metallic films may be significant due to lattice im-
perfections. Such conclusion could be an important information used in the
mathematical model of the sandwich setup.
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Figure 2.15: Thermal conductivity of gold (empty squares) and nickel (full squares) as a
function of the film thickness from [62]. Dashed lines are guides to the eye.

One more effect that could be observed in perfect crystals of dielectrics or
metals is the multiple reflections at outer boundaries. If the ratio of the mean
free path of a phonon in a material to the thickness of the layer itself are com-
parable, or if the mean free path is larger than the thickness of the material,
one speaks about the so called ballistic regime [64]. In such case the phonons
propagate freely across the material without scattering until they reach the
other side of the sample, where they can get transmitted, reflected or scat-
tered. In this situation, the effective thermal conductivity of the thin layer and
its interfaces depends on the ratio of the phonon wavelength to the roughness
of the sample outer surfaces, where it can behave as described by the AMM
or DMM. If the wavelength is definitely longer than the surface roughness and
the angle of incidence lies within the cone of acceptance, there is a chance for
transmission, see eq. and . In a configuration of two parallel, but
not perfectly parallel planes, also phonons approaching from slightly outside of
the cone, bouncing at the interfaces several times (see figure , may change
their angle of incidence after multiple reflections and eventually get transmit-
ted, what can increase the effective conductivity. If the phonon wavelength is
shorter than the roughness of the surface, the thermal conductivity of the in-
terface follows the DMM, the phonons get scattered, and the parallel plates
assumption is not valid.

Flik [59], Heino [61], Turney [60] and Langer [62] were considering the be-
haviour of thin films and its dependence on the mean free path of the heat
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Figure 2.16: Schematics of two configurations in which ballistic transport of phonons may
increase the effective thermal conductivity.

carriers mainly at high temperatures. One could expect that the same results
would be observed even in much thicker films at ultra-low temperatures. How-
ever, when the temperature decreases to several milli-Kelvin, one more severe
constraint appears: the phonon wavelength itself can reach or even exceed the
thickness of a thin layer. The question remains how much the effective conduc-
tivity decreases in such a situation. Could all the atomic layers in the thin film
move all together in parallel? It remains unsure, whether valence electrons in
such a thin layer could interact with eventual surface waves and significantly
influence the effective thermal conductivity.

Wang [65] conducted a computational study of a phonon transport in Si
thin films. He concluded that the phonon spectrum is confined, as the phonon
wavelength has to fit in the thickness of the layer. The reduction of the ther-
mal conductivity caused by the phonon confinement could reach even 3 orders
of magnitude (see fig. . The temperature range of Wang’s research was -
again - significantly higher than the range of this study, but surely the same
effect of phonon confinement would be present at ultra-low temperatures in
much thicker layers. Table summarises the properties of the thin layers of
the Cryolab DR sandwich setup and the temperatures at which the wavelengths
of phonons in each layer reach a size comparable to the thickness of the layer
itself. For the thin layer of titanium, the corresponding temperature is 5.8 K.
At approx. 0.4 K, when the titanium becomes superconducting, the wavelength
associated with the vibrations of phonons is much much longer than the thick-
ness of the layer. Therefore, the thermal conductivity of the sandwich setup in
the superconducting state may be severely affected by the exceptionally poor
thermal performance of the thin layer of titanium in the whole investigated
temperature range of 30 - 500 mK.
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Figure 2.17: The thermal conductivity of Si samples as a function of temperature calculated
by Wang [65]. Samples of bulk Si and thin films of three different thicknesses 130.3 nm,
13.03 nm, and 4.34 nm were analysed. The solid line corresponds to results for isotope -
enriched samples, and the dashed ones for samples of natural isotopes. The circular, triangular
and square points are experimental results [661/67].

Table 2.3: Temperatures at which the dominant wavelengths of phonons in thin layers of
sapphire, indium, gold and titanium of the sandwich setup is comparable to their thicknesses.
Longitudinal values of the speed of sound from table were taken for this estimation.

Material | Thickness | Speed of sound | Temperature
Sapphire 1 mm 10800 m/s 0.52 mK
Indium 125 pm 2600 m/s 1 mK
Gold 750 nm 3240 m/s 210 mK
Titanium | 50 nm 6070 m/s 5.8 K

2.6 Thermal diffusivity

Thermal diffusivity is a material property indicating how well the material
transports heat as a function of time. It is expressed in the form of the Fourier
equation:

or
—_— — T = 2.2
5 aV 0, (2.28)
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2. Theory of heat transfer at low temperatures

where a is the thermal diffusivity in m?/s. The value of the diffusivity can be
calculated from other known material properties

a= &’ (2.29)
where A is the thermal conductivity, ¢ heat capacity and p is the density. The
higher the value of the thermal diffusivity, the faster the material equalizes
temperature after receiving a heat pulse, or builds a steady state temperature
gradient in case of a boundary condition of constant but different temperatures
at the two sides of the sample (in a 1D case).

As stated in section [I.2] the heat load in the AEgIS project will be arriving
in very short pulses of 107° J every 100 s. Therefore, not only the thermal
conductivity of the sandwich setup, determined by multiple thin layers and
interfaces, must be verified, but also its thermal diffusivity. The response to
dynamic heat loads and the thermal anchoring of the electrodes should be
efficient enough to make sure that the temperature of the electrodes does not
exceed 100 mK, or in the worst case it decreases below 100 mK as fast as
possible after the heat pulse.

The thermal diffusivity measurement methods along with the evaluation of
their validity are described in chapter [4
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Chapter 3

Experimental setup

The complex shape of the electrode does not allow to study the effects of the
various interfaces and material properties separately. Hence, we use a mock-
up sandwich structure, that contains the same materials and interfaces as the
electrode mounted on its thermalisation plate in the AEgIS. The mock-up
is much easier to vary its parameters, and therefore it is more practical for
studying the interface properties. The measurements were performed at ultra-
low temperatures, i.e. in the temperature range from 30 mK to 500 mK, in the
Cryolab Dilution Refrigerator and at low temperatures, i.e. in the temperature
range from 3 K to 60 K, on the Cryolab pulse tube cryocooler. This chapter
presents a description of the two sandwich setups simulating the electrode and
the devices used in the measurement campaigns.

3.1 Mock-up of the electrode

The performance of two types of the sandwich structure has been measured.
Each of them allows us to investigate the properties of thin layers and various
interfaces in the normal conducting and in the superconducting states. In both
setups, the dielectric is in the form of a flat polished sapphire disk of 20 mm
diameter and 1 mm thickness. As indicated by T. Eisel [4], a sandwich with
an optically polished sapphire surface has much lower thermal resistance, than
with a rough one [4], so only the polished sapphire was used.

3.1.1 Copper - indium - sapphire sandwich

In the first run of the Cryolab DR a sandwich setup that is schematically
depicted in figure was measured. It consisted of the following elements:

e stamp made of high conductivity oxygen free (OFHC) copper,

e 125 um thick indium foil,
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3. Experimental setup

e 1 mm thick sapphire disk with flat, polished surfaces and a 2 um thick
layer of vapour deposited indium on both flat sides,

e 125 um thick indium foil,
e platform made of OFHC copper.

Indium has a characteristic property of cold welding to itself and creates good
mechanical connections to other metals, when left under pressure exceeding
its yield limit for several days . The surfaces of indium foil and copper were
scratched mildly and rinsed with acetone and isopropanol just before mounting
to minimize oxide layers. The clamping structure presented in figure [3.] is
the same as used by T. Eisel [4] in his measurements. It generates force high
enough for indium to creep out and create a ”cold weld”. Moreover, it includes
multiple thin layers of fiberglass-epoxy laminate, G10, to drastically reduce
the parasitic heat escaping from the stamp to the platform via the clamping
structure, bypassing the indium interfaces. To obtain a proper mechanical and
thermal connection four M5 bolts were re-tightened with a torque 1.2 Nm
several times during a few days and spring washers were used to maintain the
compression force as the indium creeped out. At the end the whole setup was
placed on the copper lid of the mixing chamber of the dilution refrigerator,
with a 125 um layer of indium in between to ensure proper thermal contact
also between the platform and the lid. Separate layers of the sandwich and the
whole setup are presented in figure [3.1

Stamp

Indium

« _
- Clamping structure:

. * G10 plates
« Sapphire + Stainless steel disk
* Stainless steel cylinder

«a» «—————— Indium * Bolts M5

___— Platform

—
__—Stamp
~_— Indium
_— Platform
-l —
Lid . Lid

o>
of &

Figure 3.1: Left: layers of the sandwich from bottom to top: lid (Cu) - indium foil - platform
(Cu) - indium - sapphire - indium - stamp (Cu). Right: model of the setup on the mixing
chamber lid. Thanks to the platform the setup is fully separable from the dilution refrigerator
for the preparation and assembly.
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This setup was measured in the dilution refrigerator several times in differ-
ent configurations: compressed, without compressing force, without the clamp-
ing structure and at the end in a wider temperature range. Indium becomes
superconducting below 3.4 K [31], but thanks to the presence of an external
magnetic field, one can force it into the normal conducting state, and thereby
significantly change the thermal conductivity of the sandwich. Without an ex-
ternal magnetic field, when the indium is superconducting and the valence
electrons are not available for heat transfer, there are four interfaces involving
dielectric-like behaviour: Cu - In, In - sapphire, sapphire - In and In - Cu.
The application of an external magnetic field reduces it to two dielectric-like
interfaces: In - sapphire and sapphire - In. The different thermal behaviour of
each case will be presented in chapter [6]

3.1.2 Sandwich with Ti - Au coating on the sapphire

The idea of creating the electrode by a deposition of gold on a sapphire base
presents a certain technological challenge. The adhesion of gold to sapphire is
not perfect and not all the methods can achieve the required results, especially
taking into account the very complicated geometry of the full scale electrode.
The electrode manufactured for G. Burghart with a sputtering technique had
45 nm of titanium below 520 nm of gold, where the Ti was necessary for the
adherence. Therefore in the second sandwich all the layers are represented, as
they were on the electrode, to investigate possible effects that might have de-
creased the overall conductivity. The second sandwich consists of the following
elements:

e stamp made of OFHC copper,

e 125 um thick indium foil,

e 520 nm of sputtered gold,

e 45 nm of sputtered titanium,

e 1 mm thick sapphire disk with flat, polished surfaces,
e 45 nm of sputtered titanium,

e 520 nm of sputtered gold,

e 125 pum thick indium foil,

e platform made of OFHC copper.

The sapphire disks with sputtered titanium and gold, still mounted in the
deposition holder, are presented in figure In this configuration there is
not only one, but two materials with superconducting properties, as titanium
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becomes superconducting below 0.39 K , what makes the thermodynamic
situation even more complex. The layers of titanium and gold are considerably
thinner than the layer of indium in the first setup. The whole setup being
compressed with four M5 bolts is shown in figure Later on, it was mounted
on the lid of the mixing chamber with a 125 pm thick indium foil in between,
and the clamping structure was removed.

The microstructure and elemental distribution of both sandwiches were

verified and are described in the next section.

Figure 3.2: Left: Four sapphire disks with deposited Ti and Au in a holder for deposition;
right: sandwich setup clamped with a force necessary for the indium to create a solid bond.

3.1.3 Verification of microstructure and elemental distribution in sandwich
thin films

After all the measurement campaigns, the microstructure of both sandwich se-
tups was checked with a Scanning Transmission Electron Microscopy (STEM)
and the elemental distribution was verified with a Transmission Energy Dis-
persive X-ray Spectroscopy (TEDS) by Alexander Lunt, CERN EN-MME-MM
. Ultra thin lamellae were cut out of the sapphire disks with deposited thin
films: indium in the first case, and titanium and gold in the second. The lamel-
lae were cut with a Focused Ion Beam (FIB) method [68].

The STEM images of the thin layer of indium show little evidence of grain
boundaries (figure , what suggests that it may be a single crystal. A single
crystal structure would be very favourable for the heat transfer across the
sandwich. The interface between sapphire and indium is sharp, what justifies
the use of the AMM as an estimation of the boundary resistance. The thickness
of the deposited indium layer equals to 2 pwm, as expected. The line scan of
atomic weight percent across the thickness of the film is shown in figure
Before scanning, the sapphire - indium sandwich was covered with a layer
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of platinum, visible below 0.2 wm. Above 2.2 pm the only constituents are
aluminium and oxygen in sapphire - Al;O3. Certain oxidation of the outer
surface of indium is also visible on the line scan around 0.2 pm, because that
surface was exposed to atmosphere for over 1 year after the measurements in
the Cryolab DR and before the STEM analysis.

1pm IProbe = 384pA WD= 4.8mm Detector = aSTEMALY Jul 2018  Alexander @CE RN
I { EHT =30.00kV Mag= 25.00KX 11:37:40 Lunt

Figure 3.3: STEM image of the 2 pm layer of indium on a sapphire substrate. No grains in the
thin layer are visible, what indicates that indium may be a single crystal. A sharp sapphire
- indium interface is visible.

The STEM images of the second sandwich (sapphire - Ti - Au) show a
grainy, policrystalline structure of both titanium and gold (figure . As men-
tioned in literature [62], a structure of that type can significantly decrease the
effective thermal conductivity of a thin film of gold. The top surface of the
gold layer is not perfectly flat, and certain waves are visible. The thin layer
of titanium has a distinct, sharp interface with sapphire. A bright line at the
titanium - gold interface suggests that there may be an ultra-thin layer of an
intermetallic compound created. It is questionable whether a layer of an alloy
would increase or decrease the thermal conductivity. If it is a medium having
properties between gold and titanium, it could decrease the dissimilarity and
therefore improve the heat transfer. If the properties and the crystalline struc-
ture of the intermetallic compound are much different than the neighbouring
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Figure 3.4: The line scan of atomic weight percent as a function of a distance across the thin
film. The thickness of the indium film is 2 pm, and the trace quantities of other elements
in the indium layer are insignificant. Before scanning the sapphire - indium sandwich was
covered with a layer of platinum, visible below 0.2 pum. Above 2.2 pm the only constituents
are aluminium and oxygen in sapphire - Al2Os.

materials, it could create another obstacle for the heat transfer. A layer of
platinum was deposited on the sapphire - Ti - Au sandwich before imaging,
and it is visible in the atomic weight line scan below 0.35 nm (figure |3.6|). The

thickness of titanium equals to (45 + 2) nm. The thickness of gold equals to
(520 £ 22) nm.
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IProbe= 384pA WD=46mm Detector = aSTEMA4T1 Jul 2018  Alexander GCERN
EHT =30.00kV Mag= 5031KX 15:44:03 Lunt

Figure 3.5: STEM image of the sapphire - Ti - Au sandwich. Both titanium and gold show a
grainy, polycrystalline structure. A sharp interface between sapphire and titanium is visible.
The bright line at the titanium - gold interface suggests that there may be an ultra-thin
intermetallic layer created. A wavy upper surface of the gold layer is visible.
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Figure 3.6: The line scan of atomic weight percentage as a function of the distance across the
thin film. The thickness of Ti thin layer is approx 45 nm and of gold approx. 520 nm.
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3.2 Ultra-low temperature measurements in the Dilution Re-
frigerator

3.2.1 The principle of achieving ultra-low temperatures

The thermal performance of the sandwich setup at ultra-low temperatures was
measured in the Cryolab DR, that provides continuous cooling power below
300 mK [16]. A classic DR, so called "wet dilution refrigerator” is immersed
in a bath of liquid helium, but there exist also ”dry dilution refrigerators”
pre-cooled by closed-cycle mechanical cryocoolers [69].

The cooling power of a dilution refrigerator comes from the heat of mixing of
4He and 3He, because the enthalpy of diluted >He is larger than pure *He. *He,
a lighter isotope of helium, is rare and therefore very expensive. It is created
in a 3 decay of tritium. One liter of gas at STP costs around $ 2000 [70], and
for its operation a dilution refrigerator needs a few tens of liters. A mixture
of these isotopes of helium has a very particular property of separating in two
phases below 0.87 K (figure . The concentrated phase consists almost only
of pure 3He. The diluted phase contains mainly *He with certain percentage
of 3He diluted inside. The lower the temperature, the less 3He in the diluted
phase, but as one can see in figure [3.7], even close to absolute zero temperature
there is always at least around 6.6 % of *He in *He [71]. This very important
property enables a continuous operation of a dilution refrigerator. ‘He stays
liquefied in the internal part of the refrigerator, while *He is circulated through
it. In the ”wet” version of the device, after He crosses the external pumps, it is
purified in a LN» trap, and precooled in the LHe bath. Then the tube enters the
Inner Vacuum Chamber (IVC). In the IVC several internal shields reduce the
radiation heat load. They are thermalised to the respective lower temperatures:
at 4.2 K to the bath, at approx. 1.3 K to the 1 K pot, at approx. 0.7 K to the
still, and at approx. 0.3 K to the heat exchanger. In the 1 K pot *He taken
from the external bath is expanded in a Joule-Thomson valve, what reduces the
temperature of the pot, flange and shield to around 1.3 K. At the level of the
still, the evaporation of 3He cools it down to 0.7 K. The incoming 3He precooled
in the bath and in the 1 K pot encounters a flow restriction - a needle valve, that
regulates its condensation pressure. Then in a spiral tube it passes through the
still and another small capillary constraining its flow, to ensure helium does not
evaporate again. After a series of counterflow sintered heat exchangers it enters
the heart of the device, where it mixes with “He. The mixing chamber (MC) is
the coldest place in the refrigerator with the temperature as low as a few milli-
Kelvin. Diluted 3He diffuses up to the still, where constant pumping reduces the
pressure and evaporates the helium, mostly He. A higher partial pressure of
3He than *He at a given temperature ensures that there is always significantly
more 3He evaporating than *He. Thanks to the fact that in a *He/*He mixture
there is always at least 6.6 % of 3He, it keeps diffusing from the mixing chamber
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to the still and constantly mixing with *He, provides continuous cooling power.
A scheme of the device with all the essential elements marked is presented in

figure
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Figure 3.7: Left: phase separation of 3He/4He mixture ; right: a scheme of a dilution
refrigerator . MC stands for the mixing chamber.

3.2.2 CERN Cryolab Dilution Refrigerator

The Cryolab DR is an example of a classic type of the device, immersed in a
bath of liquid helium. It was built in 2005 - 2006 following an in-house design by
Patrick Wikus . It is quite a big apparatus compared to some DRs available
from industry, with an Inner Vacuum Chamber diameter of 310 mm. In the
IVC there are 3 radiation shields: at 1.3 K cooled by the 1 K pot, at 600 mK -
700 mK cooled by the still, and the last one at around 200 mK. During a
standard operation it consumes 100 liters of liquid helium per day, and it has
a cooling power of 100 uW at 60 mK. There are 50 liters STP gaseous *He
circulating in a closed cycle. The mixing chamber of 112 mm diameter and
60 mm height, has a significant volume, which gives a possibility of conducting
measurements of small samples at very low temperatures in the helium mixture
itself. To increase the heat transfer between the helium mixture and the lid on
which the samples are usually placed, a sintered copper heat exchanger was
attached to the lid inside the MC with a layer of indium in between, what
significantly increases the heat transfer surface to the mixture.

Preparations for a run of the DR take usually a few weeks and include:
mounting of the sample, soldering the superconducting wires, closing the IVC,
pumping and leak-testing the insert (frequently, repeated several times), insert-
ing in the cryostat, pumping and leak-testing the outer part. The cool-down
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itself lasts about two days. First liquid helium is slowly transferred to the cryo-
stat cooling it from room temperature to 4.2 K. Then pumping on the 1K pot
reduces the temperature of the respective stage to 1.3 K. Finally circulating and
condensing the mixture of *He/*He cools down the mixing chamber to around
20 mK. After a few weeks since the beginning of the cooldown, when all the
residual heat loads diminished, by stopping the incoming flow and pumping on
the still, it is possible to reach a temperature below 10 mK . Such a state
lasts only about half a day, until the moment when all the 3He is evaporated.
A standard measurement run of the DR lasts around 2 months, during which
the machine requires frequent attention, so the noble goal of reaching tem-
peratures close to the absolute zero, has to be paid for with a lot of patience
and persistence form the side of the operator. The view on top of the cryostat
with all the connections to pumps, pressure sensors, amplifiers for temperature
sensors, etc, is shown in figure [3.8] The insert of the Cryolab DR with all the
elements marked is presented in figure [3.9

3He pumping line

He incoming line

Still pressure

Feedthroughs for
sensor

sensors and heaters .
B —— : Amplifier

‘ ; " Motor of 1K-pot
; needle valve
1K-pot pressure
sensor

Amplifier

IVC pressure sensor
IVC pumping port

Helium transfer line

Za / “He pumping line

Cryostat

Figure 3.8: The top of DR’s cryostat with all the connections marked.
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Figure 3.9: Insert of the CERN Cryolab Dilution Refrigerator as built in 2006 with the most
important elements described.

3.3 Mechanical crycoolers

The main interest of the presented study focuses on temperatures in the milli-
Kelvin temperature range, where the properties of materials and interfaces are
not yet fully explained. However, measurements at low temperatures around a
few Kelvin are significantly easier than running a dilution refrigerator. Finding
a way to estimate the ultra-low temperature performance of the electrodes,
by measuring their low temperature properties, would be a very valuable and
relatively simple way of validating them. Above 1.5 K the measurements can be
done in a standard helium bath cryostat, where by reducing the pressure above
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liquid helium (*He) its temperature is also reduced. Another method to cool
down well below the temperature of liquid nitrogen is with use of a cryocooler.
Cryocoolers are compact, freely standing devices, not requiring any cryogens,
what makes them extremely convenient to use. Therefore the sandwich setup
was installed on one of the Cryolab cryocoolers, where its low temperature
properties were characterised. The measurements were performed as in the DR:
by heating on the stamp and measuring the temperature difference between
the stamp and the platform. The sapphire - Ti - Au - In - Cu sandwich setup
installed on the cold head of the cryocooler with sensors and a heater attached
is presented in figure |3.10

Holder for the platform
temperature sensor

Platform

= — Sapphire
Stamp

Holder for the stamp
‘ temperature sensor

\ " Holder for the heater

Figure 3.10: The sapphire - Ti - Au - In - Cu setup mounted on a cryocooler for a low
temperature characterisation.

There are several types of mechanical cryocoolers, characterized with the
presence of a high heat capacity regenerator material. In a standard thermal
cycle, the gas is compressed at the warm end of the device, the heat of com-
pression is removed, then it flows to the cold end where it expands, cools down
and absorbs heat from its surroundings. A phase shift between the cycles of
pressure and volume change gives the actual cooling effect. Even assuming the
gas is ideal and the heat exchangers are perfect, because of the laws of ther-
modynamics limiting the adiabatic processes, the low temperature point of a
such cycle is still quite far from what we consider to be a "low temperature”
in cryogenics. The presence of a high heat capacity regenerator is essential to
obtain heat storage during the cycle and allows achieving much lower tempera-
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tures. The three basic types of cryocoolers are: Stirling, Gifford-McMahon and
a pulse tube. A brief introduction to the different types will present the cool-
ing capabilities, the related pros and cons of their operation and background
influences to thermal measurements.

I 1
—
\_'J [T I

a) Stirling-cryocooler b) Gifford-McMahon

c) Orifice pulse tube (PT)  d) Double inlet PT

Figure 3.11: Schemes of different types of mechanical coolers: a) Stirling type, b) Gifford-
MacMahon, c¢) Pulse tube with a buffer and the orifice, d) Double inlet PT. In reality the
displacer and the regenerator are frequently integrated, i.e. the displacer is made of the
regenerator material itself. Schemes by Torsten Ko&ttig.

3.3.1 Stirling and Gifford-MacMahon cycles

The Stirling thermodynamic cycle requires the displacer (responsible for dis-
placing the gas from the warm end to the cold end of the cooler) and the piston
(responsible for the compression of the gas) to move with 90° phase shift. More-
over, the moving parts introduce mechanical vibrations to the system. Pressure,
volume, cooling power and all other parameters typically change with a fre-
quency of 50-60 Hz. A scheme of a Stirling type cryocooler is presented in figure
B.11 a.

In a Grifford-MacMahon (GM) type of a cryocooler, the moving piston is
replaced by a compressor and a set of valves or a singular rotary valve, which
provides the pressure change in a proper phase shift with respect to the position
of the internal displacer. The compression - expansion cycle is the same as in
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a case of a Stirling cryocooler. There is no piston, but the moving displacer
still introduces certain mechanical vibrations to the system. A scheme of a
GM cryocooler is presented in figure b. The displacer typically contains
the regenerator material, making it an oscillating mass of around 1 kg, which
causes the main source of mechanical vibrations in both the Stirling and the
GM type of a cryocooler. A very characteristic phenomenon present in the
GM cryocoolers is a peak of mechanical vibration and temperature oscillation
around the operating frequency, usually around 1-2 Hz, which may disturb low
frequency dynamic measurements.

3.3.2 Pulse Tube Refrigerator (PTR)

A basic pulse tube consists of a compressor with a rotary valve, a fixed re-
generator and a tube filled with gas, but without the displacer. Only the low
temperature side of the pulse tube itself is connected with the regenerator.
Most of the gas particles stay in the pulse tube itself, cyclically changing their
positions along the tube, as well as pressure and temperature, creating a virtual
gas piston. It is assumed that there is no turbulence or convection of the gas
in the pulse tube. The open tube makes the device sensitive to the orientation
- it works best in vertical position with the cold end facing downwards (with
respect to gravity). Because of the lack of a mechanical displacer, a small phase
shift between the pressure and volume exists only thanks to the presence of a
heat exchanger at the warm end of the pulse tube. It is definitely not enough
to achieve any useful cooling power. An implementation of an additional el-
ement introducing a phase shift is necessary for the efficiency of the device.
Therefore, in most of the PTRs there is an orifice that leads to a buffer volume
at the warm end of the tube. The buffer volume is a few times bigger than the
volume of the gas inside the device. The orifice and buffer act as a resistance
and capacity and create the necessary phase shift. A scheme of a PTR with an
orifice and a buffer volume is presented in figure|3.11]c. The absence of moving
elements in the cold part makes the device almost vibration free compared to
the Stirling or GM cooler. A pulse tube refrigerator can be further improved by
applying a second orifice connecting the compressor with the warm end of the
pulse tube (fig. d). That type of a refrigerator is called a double inlet pulse
tube. In this configuration part of the gas entering the buffer responsible for
the phase shift, comes directly from the high pressure side of the compressor
without passing through the regenerator and the pulse tube. In order to reach
lower temperatures, the cryocoolers consist of two or even three stages. The
typical cooling power of a double stage PTR is around 1 W at 4.2 K and 40 W
at 45 K. GM cryocoolers and double inlet PTRs are easily available industrially
and commonly used. A much more profound description of the various types
of cryocoolers can be found in multiple sources, e.g. the ”Art of Cryogenics”
by G. Ventura [71].
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3.3.3 Cryocoolers used in the CERN Cryolab

There are several mechanical coolers used in the Cryolab for various types of
measurements. Because of the simplicy of operation in a wide temperature
range, and an absence of mechanical vibrations, the low temperature mea-
surements of the sandwich sample were performed on a two-stage pulse tube
refrigerator. The investigated temperature range was between 3 K and 60 K.

Vacuum
flange L]

Ist stage —>

Ist stage
heaters

2nd stage —\

G10 spacer —*
2nd stage heater

Experimental
platform

Position of
the attenuator
Sample

Exp. platform
thermal shield

Ist stage—>
thermal shield

Figure 3.12: A scheme of the two-stage PTR used for measuring the sandwich

Steady state and dynamic measurements with a heat input in a form of a
sine wave were performed, like in the DR. As mentioned before, the disadvan-
tage of using a cryocooler for dynamic measurements is that an interefrence
appears for frequencies of the thermal excitation close to the operating fre-
quency of the cryocooler. This resonance makes an accurate measurement im-
possible. The Cryolab team solved the problem by installing a special thermal
attenuator consisting of several interwoven layers of copper, lead and stainless
steel following . Thanks to its multiple interfaces, and a smart combination
of materials with high heat capacity and high and low conductivities, it atten-
uates the amplitude of temperature wave from several tens or even hundreds
of milliKelvin to well below 1 mK. The improvement of the signal thanks to
the installation of the attenuator the reader can find in . A scheme of the
PTR used for the measurements of the sandwich setup is presented in figure
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whereas a picture of the attenuator manufactured by the Cryolab team
is shown in figure 3.13]

A detailed description of the instrumentation used during the measurement
campaigns is presented in chapter [4] and further information about measure-
ments performed in the DR and on the pulse tube cryocooler are presented in
chapter [6]

Figure 3.13: Left: Drawing of the low temperature attenuator of thermal oscillations copied
from . Right: photo of the thermal attenuator for the pulse tube cryocooler manufactured
according to by the Cryolab team. Multiple disks made of lead and stainless steel with a
copper ribbon interwoven between them are visible.
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Chapter 4

Measurement methodology,
instrumentation and accuracy

The precision of any type of measurement can be a significant issue. The prob-
lem becomes even bigger, when dealing with temperatures close to absolute
zero. Besides using a suitable equipment, one has to pay special attention to
the measurement method, trying to minimize all the possible unwanted influ-
ences that could deteriorate measured signals.

4.1 Steady state measurement method

In steady state measurements, the temperature of the mixing chamber was kept
constant by using a Picowatt TS-530A temperature controller [76]. The heat
load was applied to the stamp with an electric heater while the temperatures
of the stamp and the platform were measured (both elements marked in figure
3.1). A plot of both temperatures as a function of the applied heat load is
presented in figure Knowing the temperature difference, the heat load and
the cross-section, one can calculate the thermal resistivity R = A - AT/Q.
However, because of its strong temperature dependence, described in section
the plot of resistivity as a function of temperature presented in figure
is not very informative. Since the temperature dependence of a perfect
Kapitza-like interface resistance is R = x T2 (following eq. ), plotting
the multiplication of resistivity and temperature to the power of three: RT3 =
k, one should get a constant. Such a way of representing the data, based on
the small temperature gradients assumption, is frequently found in literature.
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Figure 4.1: Temperatures of the stamp, platform and the mixing chamber as a function of
heat load applied to the stamp. Example for the compressed setup, without magnetic field,
mixing chamber temperature kept constant at approx. 70 mK.
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Figure 4.2: Thermal resistivity calculated as R = A - AT/ Q of the compressed sandwich
setup with indium in normal conducting state as a function of the stamp temperature, for
the mixing chamber temperature of 20 mK. A strong temperature dependence is visible, what

justifies the use of eq. (4.1)).

The gradient of temperature during the measurements in the Cryolab DR
is frequently higher than the absolute temperature, eg. AT = 50 mK at T}, =

30 mK. For such a case, the thermal interface resistivity Kinterface i the unit
of cm?K*/W can be calculated according to as:
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ATy - T¢)
1Q
where T, and T, are the temperatures on the hot side and the cold side of
the interface, Q is the heat load applied to the hot end (on the stamp), and
A = 3.14 cm? is the area of the interface. Using equation for relatively large
temperature gradients, one cannot expect the result to be constant and a cer-
tain linear temperature dependence is visible. A plot of the thermal resistivity
of the same setup configuration as presented in figure (compressed sand-
wich with indium normal conducting, mixing chamber temperature 20 mK),

but calculated with eq. (4.1]) is presented in figure

) (4.1)

Rinterface =

28 T T

- P [} N N [}
o>} =] o N = [«>]
T T

Thermal resistivity (nzm2 K* 1 W)
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10 . . . . . .
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Figure 4.3: Thermal resistivity of the compressed sandwich with indium in normal conducting
state, calculated acc. to eq. as a function of the stamp temperature. The temperature of
the mixing chamber was kept constant at 20 mK. A plot in a form of a horizontal line would
indicate a perfect Kapitza-like behaviour for the small gradients assumption.

The interface thermal resistivity calculated with equation (4.1)) requires
a precise measurement of the two temperatures, the power dissipated in the
heater, and the cross-sectional area. There are several factors influencing the
precision of the measurement in the Cryolab DR:

e the accuracy of the sensor calibration done in-house and the uncertainty
of the reference devices, in particular LakeShore U02611 RuO sensor and
the Fixed Point Device SRD1000;

e the accuracy of equipment in the measurement chain:

— Picowatt resistance bridges AVS-47A and AVS-47B for the temper-
ature measurement,
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— multimeters Keithley 2000 reading the voltage and current for the
power determination;

e the surface A depends on the manufacturing perfection and in all the
measured configurations it is determined by the diameter of the stamp
2 20 £ 0.1 mm, which results in a cross-sectional area of 3.14 + 0.03 cm?;

e the choice of the temperature sensor excitation, to make a trade off be-
tween sensor self-heating and voltage signal level,

e filtering, scrupulousness of grounding and the noise picked up by the
wiring in and outside of the cryostat.

This chapter presents the method of uncertainty estimation, that includes
all of the above mentioned factors for the measurement of the temperature and
power.

4.1.1 Sensors used for the ultra-low temperature measurements

There were three types of sensors used in the measurement campaigns. The
first type is a LakeShore Ruthenium Oxide (RuO) sensor in an AA package
[79] originally calibrated by the manufacturer and fitted with a Chebyshev
curve [80,81]. Ruthenium oxide has a very characteristic property of a negative
dR/dT dependence and a high sensitivity at very low temperatures. Sensor
number U01826 is always in the MC, and usually referred to as the ”Mixing
Chamber sensor”. Originally calibrated in a range from 50 mK to 40 K [81]
and extrapolated down to 20 mK by previous researchers working with the
Cryolab DR [4,82]. It gives an indication of the base temperature for each
measurement. Sensor number U02611, originally calibrated down to 50 mK by
LakeShore [80] has been permanently glued with Stycast® into a little copper
block, which allows to mount it with an M3 screw to any other surface with a
corresponding thread. Its calibration was extended towards low temperatures
with the use of a Fixed Point SRD1000 [83-85] device. It served together with
the Fixed Point Device, described in section as a reference to calibrate
most of the other sensors, therefore it is usually referred to as the ”reference
LS sensor”.

The second type is also a LakeShore RuO sensor in an AA package, but
delivered without a calibration curve. Four sensors of that type were calibrated
in one of the DR runs with respect to the Fixed Point SRD1000 device [83}-
85]. These sensors were mounted according to the instruction given by the
manufacturer, i.e. placed in a copper block in a cylindrical hole of a diameter
0.1 mm bigger than the diameter of the AA package, with a thin layer of
Apiezon N® grease [86] in between. Despite high sensitivity, which is certainly
their advantage, these sensors cannot be applied in some places of the setup,
because of relatively big dimensions. Out of the 4 calibrated sensors (certain
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redundancy is necessary in case of unexpected malfunction), only two were
actually used in measurements. These two sensors, numbered Rx61 and Rx66,
were always placed on the platform, and therefore usually referred to just as
the ”platform sensor”.

The third type is a small bare chip with a layer of RuO thick film, of around
0.9 kOhm resistance at room temperature. They were glued with Stycast® to
very small (4 x 6 mm) copper plates with a LakeShore Quad-Lead™ phosphor
bronze wire |79] soldered to it. Five sensors of that type, designated Rx0, Rx1,
Rx2, Rx3, Rx4, were prepared, thermally cycled, and calibrated (see section
4.2). Their small dimensions make it easy to mount in almost any place of
the setup. Their maximum resistance at low temperature does not exceed 20
kOhm, what makes them a bit less sensitive, compared to Rx61 and Rx66.
Sensor Rx4 was all the time placed at the stamp and is referred to as the
”stamp sensor”. In some measurement runs sensor Rx2 was placed on the lid
of the Mixing Chamber just below the platform, and therefore is referred to as
the ”lid sensor”. A comparison of the sensitivities of bare chips, represented by
sensor Rx4, and AA packages, represented by sensor Rx66 is shown in figure
[4:4] The sensitivity of the AA packages is at least an order of magnitude higher
than the bare chips.

100000
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10000
° T4
— 1000
- -~
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‘ [ ]
ot
10 .o..
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1 ®
10 100 1000

Temperature (mK)

Figure 4.4: Sensitivity of sensor RX66 (AA package) and Rx4 (bare RuO chip) as a function
of temperature. The sensitivity of AA packages is at least one order of magnitude higher than
the bare RuO chips.

4.1.2 Superconducting Fixed Point Device SRD1000

None of the original calibration curves of the sensors used around the MC goes
below 50 mK. A reasonable extrapolation down to 30 mK was made, based
on a typical experimental behaviour, but its accuracy should be verified to
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make sure the measurements match the required precision. The superconduct-
ing Fixed Point Device SRD1000 provided by Hightech Development Leiden
[84] was used to confirm the accuracy of the ultra-low temperature points.
The working principle of the SRD1000 is based on transition points of several
superconducting materials with very precisely defined properties. The device
mounted in the Cryolab DR has six transition points at temperatures ranging
from 15 mK to 1.2 K. For each point the following values are defined: Tgc - the
temperature when the sample is fully superconducting; Txc - the temperature
when the sample is fully normal conducting; T¢ - the transition temperature
(when half of the transition is completed); We = Toyg — 110 - width of the tran-
sition as marked in figure [I.5] where Tyy and Ty are the temperatures after
completing 10 % and 90 % of the transition; Ugopg, - relative uncertainty.

All the reference materials with their corresponding transition tempera-
tures, as well as the width of the transition W, and the relative uncertainty
Uy, are given in table It is remarkable that the uncertainty of none of
the transition temperatures exceeds 2 %.
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Figure 4.5: Voltage of the SRD1000 as a function of temperature during the transition of one
of the points, copied from the manual [85]

The superconducting samples are placed in an array of transformers with
constant voltage supplied to the primary coils. Their transitions at given tem-
peratures are detected by a change of voltage in the secondary coils. A scheme
of the circuitry and sensor connections is presented in figure

External disturbances are shielded by a Nb shield and a cryoperm shield.
The cryoperm shield of the SRD1000 should be demagnetized before inserting
in the DR with a DCS-20 degauss tool as indicated in the manual [84]. Any
residual magnetic flux trapped in the Nb shield could shift the transition points
and falsify the calibration result.
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Table 4.1: The temperatures Tsc, Tnc, the width of the transition We, and their relative
uncertainty for the superconducting Fixed Point Device SRD1000 #S301 installed in the
Cryolab DR.

# | Material | Tsc (mK) | Tne (mK) | 7o (mK) | We (mK) Ucry,
1 W 13.5 17.5 14.4 0.6 0.8-2
2 Be 19.5 21.5 20.7 0.4 04-2
3 | IrgoRhyg 31 36 35.0 1 0.6 -2
4 | IrgaRhg 62 66 64.3 0.7 02-2
5 Ir 92 98 93.7 1.5 0.3-2
6 Al 1180 1185 1183 1 0.02 - 2
SRD1000 coil system
B ¢ E'_ co!'lnpensatinn
FET |
~l,
*
signal leads
\

EMI-filters

P s C

Figure 4.6: Left: A scheme of the SRD1000 transformer coils copied from its manual .
Right: The SRD 1000 on the lid of the MC with sensors mounted on the golden base; the
stamp and the platform visible just behind the SRD.

The SRD was carefully mounted on the lid of the mixing chamber with
several sensors placed on its golden base for calibration. To ensure the temper-
ature uniformity of the samples and its surroundings during calibration, the
whole mixing chamber was varied in temperature with an internal MC heater.
Once a transition point was found, it was kept half way between the fully nor-
mal and superconducting states for several minutes by precisely controlling the
power applied to the MC heater. In that time the sensors were scanned through
and their resistance recorded for obtaining a suitable T(R) dependence. The
SRD device mounted on the lid of the MC with sensors attached and ready for
calibration is presented in figure [£.6] on the right.
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4.2 Sensor calibration in the ultra-low temperature range

4.2.1 Thermal cycling of temperature sensors

The LakeShore RuO sensors in AA packages are delivered in a ready-to-use
condition. The RuO bare chips on the other hand should be thermally cycled
before installation, to develop a sufficient amount of micro-cracks in the thick
film of RuO, that could ensure a stability of its properties [82,[87-89]. Once
cycled and calibrated, the sensors should not be heated up above room temper-
ature, because it anneals the cracks and changes the temperature - resistance
dependence. They should be kept in dry conditions, as they have a tendency to
absorb humidity, what also changes their properties. All bare chips have been
mounted on a copper flange, closed in a vacuum chamber and cycled 60 times
between room and liquid nitrogen temperatures. Afterwards they were cali-
brated, and those showing best behaviour (Rx0, Rx2 and Rx4), i.e. following
the theory [31,/71] and our expectations, were used in measurement campaigns.

4.2.2 Bare chips

The small RuO bare chips were the first temperature sensors used in this study.
After the thermal cycling, they were all mounted on a copper platform, tightly
surrounded by a radiation shield and calibrated versus the reference LS sensor.
They were calibrated in two ranges: the more important, lower temperature
range 20 mK to 300 mK, and the higher, less important, temperature range
300 mK to 3.6 K.
According to [31], a RuO thick film R(T) dependence below 1 K should
follow an equation:
R =Ry exp[(Tp/T) %3%] . (4.2)

Then the resistance of a sensor plotted versus 7~%3%% should result in a straight
line. Our sensors are apparently not exactly following that equation, and there-
fore the plot does not represent a straight line, see figure[4.7] Only the reference
LS sensor (U02611) behaves as described by the theory.

G. Ventura in Art of Cryogenics [71] cites Mott’s law stating that the R(T)
dependence of some amorphous materials and oxides below 1 K follows:

R = Ry exp[(To/T)" (4.3)

where n € (0.25; 0.5) and T € (1 K; 100 K). This equation was applied to the
0.9 kOhm bare chips. Their resistance, plotted versus 7~ and with logarithmic
scale on the vertical axis is again almost a straight line, but not sufficiently
precise, see figure The exponents found from the fit are summarised in
table [4.2]

Since the behaviour of bare chip sensors does not follow the expected theory,

I have decided to use a curve that would minimize the residuals of the fit sim-
ilarly to equations (4.2]) and (4.3)), but thanks to additional parameters, would
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Figure 4.7: Calibration of the sensors with an equation R = Ry exp [(To/T)~°-**°]. Only the
original U02611 shows the behaviour predicted by the theory (eq. [4.2).

100000 T
T *R0
T BRx1
_ ARx2
€ J
S | xRa3
g X Rx4
c
g
-2 10000
° I
2 1
T 1
Y
w 4
1000 +—+————+—+—+————————
0.5 1.0 1.5 2.0 2.5 3.0

Figure 4.8: Calibration of the sensors according to Mott’s law with equation (4.3]). Some
sensors demonstrate "better” behaviour (Rx0, Rx2, Rx4), i.e. the plot of its resistance is a
straight line, and some "worse” (Rx1, Rx3). The exponents n are summarised in table
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Table 4.2: Exponents found in the fit of the sensors electrical resistance - temperature depen-
dence according to equation (4.3).

Sensor | Exponent n
Rx0 0.176
Rx1 0.173
Rx2 0.241
Rx3 0.182
Rx4 0.189

give more flexibility in fitting. The fitting was done with help of a Matlab® tool.
The result of a numerical procedure highly depends on a proper choice of an
initial point. Two types of equations were tested: T' = aexp(b/R) + cexp(d/R)
and T' = aexp(b/R) + cexp(d - R). The one which resulted with a closer fit -
smaller RMSE was chosen.

Following an example of the reference LS sensor calibration curve, which
is in the form of a Chebyshev polynomial, I decided to use the Chebyshev fit
in the 300 mK - 3.6 K range. This polynomial works quite well in a broad
temperature range, provided a sufficient amount of points is given, but only
within the defined calibration limits. A recurrence formula is used to calculate
the temperature [80]:

T= Z A; - cos (i - arccos(k)) (4.4)

where k = ((Z - ZL) - (ZU - Z))/(ZU - ZL), Z = lOg(R), and ZU and ZL
are the upper and lower boundaries of the calibration range. Results of the
calibration for the three bare chip sensors that were used in the measurement
campaigns, i.e. Rx0, Rx2 and Rx4, in both temperature ranges are summed

up in table (.3

Later on, the ultra low temperature end of the calibration curves was ver-
ified with the SRD100 Fixed Point Device showing a satisfactory accuracy of
the curves. The deviation between the calibration curve and the indication of
SRD for sensor Rx4 at the three transition temperatures of 35 mK, 64 mK and
94 mK are shown in table £.4l The small discrepancy between the transition
temperatures T¢ in table [£.1] and the temperatures given in table [£.4] is a re-
sults of keeping the sensors not perfectly in the middle of the transition during
the calibration.

62



4. Measurement methodology, instrumentation and accuracy

Table 4.3: Calibration curves of the bare chip sensors labelled Rx0, Rx2, Rx4 in two temper-
ature ranges.

Rx0 \ Rx2 \ Rx4
Exponential fit in the range 16 - 300 mK
. T =aexp(b/R T=aexp(b/R) | T =aexp(b/R
Equation +c exp(é/é?))) +c exp(d(/é) ) +c exp(d(- é) )
a -0.04961 -0.114 0.04087
b 812.7 3269 5766
¢ 0.04267 0.1113 -0.05737
d 5628 4788 -1.34E-05
Chebyshev fit in the range 0.3 - 3.6 K (eq. |4.4|)
Order 11 10 10
ZU 3.463560 3.461210 3.472973
7L 3.115042 3.118039 3.119736
Coefficients
A0 1.196255 1.242987 1.212532
Al -1.386635 -1.453824 -1.418521
A2 0.601521 0.598438 0.607825
A3 -0.261663 -0.206505 -0.249012
A4 0.130127 0.066201 0.099380
A5 -0.048005 -0.020462 -0.025916
A6 -0.005229 0.006175 -0.010027
AT 0.022423 -0.002558 0.014371
A8 -0.013987 0.001469 -0.000447
A9 -0.003668 -0.000300 -0.008514
A10 0.006139 -0.002009 0.008002
All -0.007728

Table 4.4: The accuracy of Rx4 calibration verified with the SRD1000.

SRD1000 temperature | Deviation | Relative error
33.55 mK 0.31 mK 0.91 %
64.02 mK -1.14 mK -1.82 %
94.71 mK -3.11 mK -3.39 %

4.2.3 AA packages

The calibration curve of the reference LS sensor, originally valid down to 50
mK in the form of a Chebyshev polynomial [80], was extended down to 20 mK
versus the SRD1000. Inverting Mott’s law eq. (4.3) to obtain T'(R) dependence,
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we get

T = Ty(ln 2)~Yn (4.5)

Ry

This equation has 3 fitting parameters and it was applied to 3 or 4 temperature
points of the SRD at around 20 mK, 35 mK, 63 mK and 95 mK, as a precise
low temperature extrapolation of the main fit. The reference sensor and all
the others AA packages were placed on the base of the SRD1000 device in
consecutive runs of the DR and calibrated. Results of the calibration for the
reference LS sensor (extrapolation), Rx61 and Rx66 are presented in table

Table 4.5: Summary of the low temperature calibration curves for the reference sensor and
the two used AA packages in given ranges.

Sensor Equation Range (mK)
Ref LS | T = 760(In 2 ) /04727 20 - 75
Rx61 | T = 32790(In ;Z5)~1/0-278 | 30 - 100
Rx66 T = 2300(In 17)~1/04 30 - 250

4.3 Estimation of the steady state measurement uncertainty at
ultra-low temperatures

4.3.1 Temperature measurement uncertainty

For low heating powers and very small temperature differences an accurate
measurement of temperature is very important. The uncertainty of the tem-
perature readout depends on the sensor used. For the reference LS sensor the
absolute measurement error consists of the following three components:

e an absolute precision of the reference device used and the calibration
done by the producer, defined as +3 mK at 50 mK, +3.5 mK at 100 mK
and +4 mK at 300 mK [90],

e the deviation of the Chebyshev fit obtained by the producer, which in a
range of 50 mK - 0.8 K can be evaluated by the RMS error of the fit =
0.1 mK. Translated to the standard deviation as

fit int
ot = \/ DO RMS | (4.6)

fit points — fit coefficients
it gives o5 = +0.16 mK,
e the standard deviation of the readout from the AVS resistance bridge.

For all the other sensors the absolute error consists of more components, e.g.
for sensor Rx4:
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e the inaccuracy of the reference LS sensor versus which they were cali-
brated, as described above:

— the precision of the reference device used by the producer [90],

— the perfection of the Chebyshev fit obtained by the producer afts =
+0.16 mK,

— the standard deviation of the readout from the AVS bridge, as de-
scribed later;

e the perfection of the curve fit, which for Rx4 equals to 032(4 = £0.33 mK,
and all the standard deviations for all the other sensors are summarized

in table

e the standard deviation of the Rx4 readout from the AVS resistance
bridge, as explained below.

Table 4.6: Standard deviations of the calibration curve fits for the sensors used in the steady
state measurements of the sandwich.

Sensor | og; in mK | Range in mK
Ref LS 0.16 50 - 800
Rx61 0.4 30 - 100
Rx66 0.41 30 - 250
Rx4 0.33 30 - 300

The inaccuracy of the readout of an electrical resistance according to the
manuals of the resistance bridges AVS 47A and AVS 47B [91] can be calculated
as AR = 0.001% FullScale+0.05% Reading. A usual recording of a steady state
measurement lasts around 10 - 20 min during which several tens of measure-
ment points are created. Thus in the electrical resistance readout the standard
deviation of the measured data has been included:

ARSys = /(0.001% FullScale + 0.05% Reading)? + 02, . - (4.7)

reading
Converting it to the temperature difference:

ravs _ T(R+ AR3yg) — T(R — ARgys)
5 :

A (4.8)
An average ATLASVS recorded during the calibration of sensors versus the
reference LS equals to £0.12 mK.
Thus the total error in temperature for e.g. sensor Rx4 can be calculated
as:

ATI = J(ATREE)? + (0552 + (ATEYS) + (0l )2 + (ATRYS)? . (4.9)
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The absolute error calculated according to this worst case scenario results
in AT of approx 4 mK at the low temperature end, and approx. 6 mK at
the high temperature end of the measurement, depending on the sensor.

4.3.2 Power measurement uncertainty

Voltage and current supplied to the heater are measured by two Keithley 2000
multimeters in four-wire configuration. According to their manuals, the preci-
sion of the readout is calculated as:

AU =40 -107% - Reading + 35 - 107% - Range (4.10)
for the voltage range below 100 mV,

AU = 25-107% - Reading + 7 - 107% - Range (4.11)
for the voltage range 100 mV - 1V,

AT =300 -107% - Reading + 80 - 107% - Range (4.12)

for the current measurement.
The error of power measurement equals to:

AQ ==+(U- AI|l + |I-AUJ). (4.13)

4.3.3 Uncertainty of the interface thermal resistivity

The resistivity error is calculated as:

(Thxa + ATrxa)* — (Tus — ATis)* Amax

R%};ax = Q _ AQ 4 (4-14)

Rth (Thxa — ATrxa)* — (Tis + ATis)* Amin (4.15)
min Q + AQ 4 °

ARY™ = R — R (4.16)

AR™ = R _ R (4.17)

A temperature uncertainty in the order of a few milli-Kelvin amplified by
the power of four in eq. (4.14)) and (4.15) would give an enormous error in
thermal resistivity. It seems reasonable to assume that at zero heat load, the
temperature difference between the measured elements of the sandwich setup
should equal to zero as well. Thus we implement additional on the spot offset
calibration, which cancels out the very small temperature difference caused by
the remaining heat inleaks from wires, other residual heat loads of the sample
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environment or imperfect calibration of sensors. This offset is valid only close
to the initial point with described conditions. It shifts the initial temperature of
the stamp a little, reducing the temperature difference to zero and then decays
quickly, without influencing the higher power and higher temperature part of
the acquired data. An individual offset value was found for each base temper-
ature of each configuration measured. It is therefore justified to assume that
for the measurement of temperature differences at low heat loads some com-
ponents of the total error AT also cancel each other out. The temperature
uncertainty could be reduced to the component caused by the resistance bridge,
i.e. ATAVS. The reduction of the error components decays in exactly the same
way as the decay of the offset for each configuration and base temperature.

The presented approach is a very safe estimation of the possible error,
rather overestimating, than underestimating it. A plot with error bars of the
thermal interface resistivity for the first configuration measured - compressed
setup in a normal conducting state is presented in figure as an example.
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Figure 4.9: Example of a thermal interface resistivity curve for the compressed setup configu-
ration with indium in the normal conducting state. Both horizontal error bars (for the stamp
temperature), and vertical error bars (for the thermal resistivity) are presented. One can
see that increasing the heat load and the temperature difference across the sample improves
the accuracy. Blue - MC temperature 30 mK, green - MC temperature 50 mK; yellow - MC
temperature 70 mK.
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4.4 Transient measurement method

441 Overview of the measurement methods

There are two basic ways to experimentally determine the thermal diffusivity
and both of them are based on a 1D heat transfer equation with periodic,
sinusoidal boundary condition. Application of a sinusoidal heating to one end
of a semi-infinite rod, having basic physical properties like density p, heat
capacity ¢ and thermal conductivity A, results in the following time-dependent
temperature distribution along its length z:

T(z,t) =Ty + Tampl exp_% cos (wt — %) , (4.18)

where T is the initial temperature, Thyp is @ maximum amplitude of the
temperature oscilation at x = 0, and p = ,/% is the thermal diffusion length

[92]. In the first method, the temperature variation at a certain position x
is measured and g is calculated based on the attenuation of the temperature
amplitude Typp (2):

Tampl(m) = Tampl(o) : eXp_‘%a (419)
X
Hampl = . (420)
In (Tampl(o)/Tampl(x>)

In the second method, p is evaluated from the phase shift ¢(z) in the temper-
ature signal:

: (4.21)

Mphase = ———————. (4.22)
P (z) — 9(0)

It can be a phase shift between the heater signal and the temperature sensor,

or between two temperature sensors. In any case the thermal diffusivity a is

calculated as:

(4.23)

A pPw
a=—=—"-.
pc 2
In the next sub-section the measurement chain used in these methods is
analysed. Next, the accuracies obtained with each method are discussed and
it is concluded that the phase shift methods are not accurate enough for our

specific purposes.
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4.4.2 Measurement chain analysis

Voltages and currents used to read out the resistance of the temperature sen-
sors at ultra-low temperatures are orders of magnitude lower than at room
temperature. In the dilution refrigerator they should be low enough to avoid
the self-heating of the sensor falsifying the measurements, but on the other
hand high enough to make the signal well visible above the background noise.
Picowatt AVS47A and AVS47B resistance bridges are used to read out the
sensors keeping the power dissipated in the sensors at the level of femtowatts,
and low pass filters reduce the noise in the signal. To make the measurements
as fast as possible, the internal buffer of a Keithley 2000 multimeter is used
to store the measurement data taken with a fixed frequency. In the transient
measurements the signal from the temperature sensor passes through the:

e low-pass pi filter of the cryostat feedthrough,
e room temperature amplifier,
e resistance bridge,

e multimeter with an internal buffer, connected to the analog output of the
resistance bridge,

and finally it is saved by the DAQ computer.

The power in the form of a sinusoidal wave of a given frequency and ampli-
tude or a step function is supplied by a function generator. The signal also goes
through a low pass filter, before it is stored in the buffer of the Keithley 2000
multimeter. There are elements present in the temperature read-out chain, like
the amplifier and the resistance bridge, which are not present in the read-out
of the power. It may be, that the difference in the measurement chains of the
temperature and power, introduces an additional phase shift which obscures
the real results. It is therefore necessary to validate the measurement capability
of our DAQ), before applying the methods described in section to measure
the thermal diffusivity of the sandwich.

4.4.3 Accuracy of the heater - temperature sensor phase shift method

The frequency range of the thermal excitation is extended by comparison to
previous measurements |4]. Several measurements for each frequency were made
with the heater - temperature sensor phase shift method. The results were plot-
ted, fitted and the phase shift was determined. For the diffusivity calculations
a phase shift value in radians is used. The list of accuracies in seconds and ra-
dians as a function of the frequency of excitation is presented in table [72].
The accuracy in radians decreases significantly for high frequencies (> 0.1 Hz).
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Table 4.7: The accuracy of a heater - temperature sensor phase shift method as a function of
frequency |72].

Frequency (Hz) | Deviation (s) | Deviation (rad)
1/60 + 0.41 + 0.05
1/30 £+ 0.15 + 0.03
1/15 + 0.08 + 0.04
0.1 + 0.03 + 0.04
0.2 + 0.08 + 0.21

The influence of the resistance bridge on the phase shift was estimated by
comparing the results obtained with and without the bridge present in the mea-
surement chain at room temperature. The difference in phase shifts between
the heater and the temperature sensor with and without the resistance bridge
as a function of frequency is presented in figure [72]. For low frequencies
the introduced change of phase shift reaches 7 seconds. Such a big influence
of the bridge on the results at low frequencies and the low accuracy of the
measurement at high frequencies make the heater - temperature sensor phase
shift method not suitable for the application in the DR setup.
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Figure 4.10: Differences in heater - sensor phase shifts between measurements with and with-
out resistance bridge as a function of frequency [72].

4.4.4 Accuracy of the temperature sensor - temperature sensor phase shift
method

Having excluded the application of the heater - sensor phase shift method, one
should analyse the accuracy of the sensor - sensor phase shift method. Signals of
both of the sensors measuring the temperature difference across the sample go
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through the resistance bridge and are affected, but both in the same way. Thus
the presence of the bridge should not influence the relative measurement of the
phase shift. The two sensors are read out by the bridge in different resistance
ranges of 20 kOhm and 200 kOhm. The possible phase shift introduced by
the resistance range setting on the bridge was therefore analysed [72], and the
result is presented in figure The accuracy of the phase shift caused by
choice of the resistance range for the lowest frequency equals to 0.045 rad and
for the highest frequency to 0.29 rad. It could be used for measuring samples
of low diffusivity, but highly diffusive samples like the sandwich setup require
high excitation frequency (as explained in the next section) and therefore the
accuracy of the sensor - sensor phase shift method is insufficient. This method
will not be used for the sandwich setup measurements.
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Figure 4.11: Differences in sensor - sensor phase shifts between measurements in resistance
ranges 20 kQ and 200 k2 as a function of frequency [72].

4.45 Validation of the amplitude attenuation method and the threshold
frequency.

The amplitude method is not influenced by the measurement chain and set-
tings of the resistance bridge, as both sensors are read out in the same way.
The fast Fourier transformation (FFT) is used to extract the amplitude values
from the high frequency measurement recordings. The validity of the amplitude
attenuation method was verified on a copper rod sample at room temperature
and at LNg temperature by Jessica Golm [72]. The temperatures measured at
two points at a well defined distance between each other were recorded with
Pt100 sensors, and the diffusivity was calculated. An example of the recording
for a frequency of 0.2 Hz is presented in figure (left) and the obtained
thermal diffusivity as a function of frequency in figure (right). The cal-
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culated thermal diffusivity rises with the increase of frequency before reaching
a plateau. Clearly, for very low frequencies the thermal response resembles
" quasi-steady state”, and no proper diffusivity can be measured. Only for fre-
quencies higher than the critical value f. a constant value of diffusivity is found:
a=(12+02)cm?/sat T =297 K and a = (3.2+£0.3) cm?/s at T = 77 K
[72], which is in excellent agreement with literature values a = 1.15 cm?/s at
T =300 K and a@ = 3.1 cm?/s at T' = 80 K [93]. The threshold value of fre-
quency f. above which the plateau is reached, is increasing with the decrease
of temperature: f. @ 300 k = 0.06 Hz and f. @ 77 k = 0.2 Hz. One can expect
that at ultra-low temperature the threshold frequency would be even higher.
The amplitude method is therefore suitable for the measurements of highly
diffusive samples and will be used in the low temperature and ultra-low temper-
ature study of the sandwich setups. Attention should be paid to the threshold
frequency, which is increasing with a decreasing temperature, and it depends on
the time constant of the sample and the thermalisation to the cooling source.
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Figure 4.12: Left: a fragment of the temperature wave recording validating the amplitude
method on a copper sample, for the heating frequency of 0.2 Hz. Right: the thermal diffusivity
of the copper sample as a function of the frequency of the applied heat wave. The diffusivity
can be measured correctly only above a certain critical value of frequency f., that increases
with a decrease of temperature, which is related to the thermal time constants of the sample
and its thermalisation to the heat sink [72].

4.5 Estimation of the uncertainty in the low temperature ther-
mal conductivity measurement

The thermal conductivity of the sandwich setup in a higher temperature range
was measured on the pulse-tube cryocooler with two LakeShore Cernox® sen-
sors. The total error of the measurement on the cryocooler stand is a square
root of the sum of squared errors in the measurements of the applied power,
length, cross-sectional area and temperature gradient of the sample:
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2 2 2 2
N - ) oA oA
AN =+ (E)QAQ> +<8LAL> +<8AAA> +<6TAT> . (4.24)

Calculating the partial derivatives we obtain:

Al ==+

(A -LATAQ>2 + (A -QATAL>2 + (A?-.ALTAAY
o s (4.25)
+ (A'( T)QA(AT)) ] ,

where the error of the heat load measurement AQ can be calculated as a
square root of a sum of squares of the errors from the voltage U and current [
measurements:

AQ = £,/(IAU)? + (UAI)2. (4.26)

The diameter of the sapphire disk equals to ¢ 20 & 0.1 mm, which results
in a cross-section of A = 3.14 4 0.03 cm?.

The distance between the stamp and platform sensors in the sapphire -
indium - copper setup equals to Ly, = 19.75 £ 0.1 mm and for the sapphire -
titanium - gold - indium - copper setup equals to Lr;_ay—1m = 27.75+0.1 mm,
so in both cases AL = +0.1 mm.

The resistance error depends on the voltage and current measurement de-
viation:

2 2 2
OR OR 1 U
AR = <8UAU) + (MAI> = <IAU> + (IzAI> . (4.27)

For both Cernox sensors the resistance is converted into temperature according
to polynomial calibration fit curves in the following form:

log T = po + p1log(R) + p2 (log(R))2 + .. —i—pn(log(R))H. (4.28)
The absolute temperature measurement error is then calculated as:
AT =|T(R) £ T(R+ AR) | (4.29)

what gives an error of approx. AT = +7mK at T'=4.9 K, and AT = £116 mK
at T =67 K [94].

For the measurement of the temperature gradient along the sample, both
sensors are read-out with the same current value supplied with the same current
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source, so the negligible error corresponding to the measurement of current is
replaced with a standard deviation of the resistance:

2
AR = (}AU) + (20)2. (4.30)

Thanks to the offset compensation with zero heat load, the error between the
two sensors is reduced to the differential measurement:

A(Ty — Ty) = ATy + AT, ~ 2AT, (4.31)

where AT is calculated from the resistance measurement as in eq. (4.29)).
The error bars for the thermal conductivity measurements in the temper-
ature range 3 K - 60 K are usually within the size of a point on a plot.
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Chapter 5

Mathematical model

In order to design the electrode, a thermal model of the electrode is required.
As discussed in chapter 3, two sandwich structures are used to develop and
validate this model. The first structure consists of copper, indium and a sap-
phire disk, whereas the second resembles the actual electrode, configuration
with layers of titanium and gold layers deposited on the sapphire disk. Both
sandwich setups contain multiple layers and dielectric-metallic interfaces and
they are therefore too complex to investigate the influence of each separate
parameter by analysing the behaviour of the entire sandwich directly from the
measurement observation. Mathematical modelling based on the available lit-
erature data is necessary to describe the observed phenomena in a way that
would allow its application for other purposes. To simplify this difficult task,
the setups are divided into smaller, easier to analyse fragments. The most basic
sub-set, from which one can start the analysis, is the copper - indium - copper
connection between the lid of the mixing chamber and the platform. The effi-
ciency of electrons in transferring heat between normal conducting metals is so
high, that the corresponding thermal resistance is not measurable within the
required precision. Thus, the first analysed configuration will involve copper
and superconducting indium, since the thermal interface resistance between
copper and normal conducting indium is negligible.

The following configurations will be analysed in order of increasing com-
plexity (here sc stands for superconducting, and nc for normal conducting):

1. copper - indium sc - copper

2. copper - indium nc - sapphire /symmetric

3. copper - indium sc - sapphire /symmetric

4. copper - indium nc - gold - titanium nc - sapphire /symmetric
5. copper - indium sc - gold - titanium sc - sapphire /symmetric
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5. Mathematical model

Each case is simplified and presented as a series of resistors, where each
resistor symbolizes the thermal resistance of a layer or an interface. Such a sim-
plification of the setup by separation into multiple resistances in series allows
to calculate the intermediate temperatures between the resistances by solving
a system of independent one-dimensional equations. The Fourier equation de-
scribing the heat transfer can be simplified in the one-dimensional steady state
case to the well known form:
drl
ar
where ¢ is the steady-state heat load, A is the area of the cross-section, and A
is the temperature dependent thermal conductivity.

As explained in chapter [2, the sub-Kelvin thermal conductivity of all layers
can be described as A = a T" (W/(m - K)), where n = 1 for the conductivity
of metals, n = 3 for the conductivity of dielectrics and superconductors, and
« is a constant taken from literature. Then, the heat transfer equation for all
types of resistors in the model has the form:

gder = AaT"dT (5.2)

Integrating both sides of the equation from the cold end (c) to the hot end (h)
of the layer that is considered:

g=ANT) (5.1)

h h
q'/ d:c:Aa/ T"dT, (5.3)
A (T T
Q= ot (5.4)

where [ is the length of the layer cross-section between the hot and cold ends.
When the temperature at one side of the resistor and the heat load are known,
one can calculate the temperature at the other side in an explicit way, obtain-
ing:

q 1
Ty = ¢/2——— + T2 5.9
h Qm A + co ( )
for metallic layers, and
q !
Ty = ([4——— + T4 5.6
h oy A + co ( )

for dielectric and superconducting metallic layers. The constant o, has a unit
of W/(m - K?) and oy a unit of W/(m - K*).
For relatively small AT the thermal resistance of interfaces can be described

according to eq. (2.21)) as R = % = kT3, where & is a constant having the

unit of cm?K*/W and can be calculated as:
15R3p1v3
K= g, 5.7
212k}, pova (5.7)
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where p; and v; are the density and the speed of sound of the material with
higher acoustic impedance and po and vy of the material with lower acoustic
impedance. The heat transfer equation at the interface for large temperature
differences with respect to the absolute temperature has the form of [73|/78,95]:
. A

= —(Tp — T2). 5.8
Knowing the temperature on one side of the interface and the heat flow, one
can calculate the temperature on the other side of the interface as:

n:ﬂm%+m. (5.9)

Equations (5.5)), (5.6), (5.9) were implemented in the model separately for
each layer and each interface. Starting from the bottom, i.e from the tempera-

ture of the lid or of the platform, temperatures of all the layers up to the stamp
were evaluated for a given heat load. The measured stamp temperature from a
configuration without the clamping structure measured in a wide temperature
range is given here as a reference to test and justify the modelling assump-
tions. The detailed analysis of the experimental results is presented in chapter
[6] along with the calculation of the interface thermal resistivities based on the
model built here. It is worth mentioning that thanks to the integration over
the temperature from the cold to warm side, this solution is not based on the
assumption of small temperature gradients, what makes its results more exact
at higher heat loads.

A correct value of the speed of sound is necessary to evaluate the interface
resistivity « according to eq. . The three phonon branches (one longitudi-
nal and two transverse) contribute to the heat transfer across the interface, and
there are different speeds of sound associated with each of them, as presented
in table For a copper - liquid helium case, it is evident that one should take
into account only the longitudinal branch, as it is the only one present in the
liquid. For solid - solid interfaces according to the AMM, both longitudinal and
transverse waves can be transmitted from one medium to the other, converting
into corresponding longitudinal and transverse waves [47,[51/53]. Some authors
[96] take into account only the transverse vibrations, with the argument that
the transverse speed of sound has usually a lower value and differs less between
various materials, what opens a wider channel for the heat transfer across the
interface, compared to the longitudinal mode. The contribution of longitudinal
modes is shown by Wang [65] and by Chen [97] to be diminishing with decreas-
ing temperature in thin layers. Since all interfaces in both sandwich setups have
at least one neighbouring thin layer, all the interface resistivities are calculated
with transverse values of the speed of sound. The longitudinal and transverse
modes in the model are presented symbolically as two independent parallel re-
sistors in all the figures showing analogous electrical schemes corresponding to
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various configurations of the sandwich setup. Such a representation is of course
a huge simplification, since the modes can convert to the other type, and it is
only supposed to remind the reader about the existence of both modes.

Material properties used for the estimation of the theoretical interface resis-
tance, i.e densities and corresponding speeds of sound, are taken from literature
data summarized in table 2.1

5.1 Copper - indium sc - copper connection

In building up the complete sandwich stack, the model starts with the analysis
of the connection between the lid of the mixing chamber and the platform,
which consists only of two interfaces of the same type Cu - In, and one metallic
layer of indium in between. When indium is in the normal conducting state
and the thermal contact is very good, the temperature difference between the
lid and the platform is lower than the accuracy of the measurement. Therefore
that case will not be discussed.

The behaviour of the Cu - In sc - Cu connection is simulated with three ele-
ments in series: the interface resistance, the 125 pm layer of metallic but super-
conducting indium, and the interface again. The resistivity of all three compo-
nents has a temperature dependence R o< T3. The ultra-low temperature con-
ductivity of indium from [38] in the nc state equals to Ary ne = ane 7' (W/K cm)
where ay = 5.735 W/(K2cm). The ratio of nc to sc thermal conductivity from
98] equals to Ay ne/amm se = 64.6/T2. Thus, in the sc state Apy s¢ = Qe T
where ag. = 0.0888 W/(K%cm). The resistivity & of the Cu - In interface es-
timated according to eq. and calculated taking the transverse speed of
sound equals to 2.09 cm?K*/W.

The CAD model of the Cu - In - Cu connection and the analogous electrical
scheme corresponding to it, with all the elements described, is presented in fig-
ure[5.1] The additional orange colored resistors represent the possible couplings
of electrons to surface waves [51]. Such couplings would open a new channel
for heat transfer across the interface with a temperature dependence R oc T7°.

In the mathematical model the temperatures are calculated from the cold
side (Tiiq taken as an input parameter) towards the warm end (Tplatform = T4
being the result of the calculation). In between the limits, there are two more
temperatures calculated: the bottom temperature of the indium layer 75, and
the top temperature of the indium layer T3, as presented in figure All the
temperatures calculated from the model as a function of the applied heat load
for the base temperature of 50 mK are presented in figure In the same
figure also the measured platform temperature is shown.

78



5. Mathematical model

Possible couplings of electrons to surface waves,

Figure 5.1: The CAD model of Cu - In - Cu connection between the MC lid and the plat-
form with a scheme of the corresponding electrical model. The T and L resistors in parallel
representing the interface resistance correspond to transverse and longitudinal waves. ”In”
resistor represents the indium layer.
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Figure 5.2: Measured lid and platform temperatures as a function of the heat load applied to
the platform (bottom and top dotted lines, respectively), plus the calculated temperatures of
the platform and across the indium layer, starting from the measured lid temperature (mixing
chamber at 50 mK).
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One can see from the distances between the lines in fig. that the main
contribution to the total resistance comes from the interfaces rather than from
the layer of indium, because the top and bottom temperatures of the indium
layer are almost coincident. The calculated temperature of the platform is
lower than the measured one, which means that the model underestimates the
thermal resistivity of the Cu - In sc - Cu connection. Therefore, a search for
additional contributions to heat transfer in the form of electron couplings to
surface waves is not opportune, since that will further reduce the interface
resistance. The fact that both interfaces and the bulk thermal conductivity
of the superconducting indium have the same temperature dependence o< T°
makes it difficult to estimate whether the additional resistance comes from the
interfaces or from the layer of indium itself. A change of any of these parameters
would result in the same overall effect. One can find in the literature more than
one value of the speed of sound of indium [10,21}/47.65,99], and as explained
before, it is a subject of a discussion, if one should take into account longitudinal
and/or transverse phonon waves. The interface resistance also depends heavily
on the presence of oxides and quality of the interface. Thus the theoretical
estimation of the interface resistance could vary within one order of magnitude.
It seems reasonable to assume that the real resistivity of the interface is higher
than predicted from the theoretical estimation.

Cu-Insc-Cu
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E + T platform measured
g T platform calculated
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'G_EJ w0l + Tlid

60 ¥
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Figure 5.3: Temperatures starting from the measured lid temperature and calculated from
the model with the theoretical Cu - In interface resistance multiplied by a factor of 3.5, as a
function of the applied heat load for the mixing chamber temperature of 50 mK.
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Multiplication of the estimated interface resistance kou_1m by a factor of
3.5, results in an almost perfect agreement of the measured and calculated
temperature, see figure The fact that only a multiplication of k resulted in
a very good agreement of the measured and calculated data is also a proof that
the temperature dependence R o< T3 of the phenomenon has been correctly
described in the model. Therefore the multiplication factor of 3.5 will be used
in more complex configurations of the setup to describe the resistivity of the
Cu - In connection.

5.2 Copper - indium nc - sapphire connection

The second analysed configuration is the copper - indium - sapphire sandwich
with indium in the normal conducting state. Measurement of the Cu - In nc
- Cu connection showed that the electrons are very efficient in transferring
heat across the interface with In nc and also in normal conducting indium
itself. Therefore in the Cu - In nc - sapphire setup, the main obstacle for the
heat transfer is the indium - sapphire interface. Neglecting the contributions
from the normal conducting indium, the electric analogy corresponding to this
setup consists of three resistances in series: an indium nc - sapphire interface,
the dielectric sapphire disk, and again a sapphire - indium interface (see figure
59).

The sub-Kelvin thermal conductivity of sapphire taken from [16] equals
t0: Asapphire = Qsapphire T3 (W/(cm K)) , where Qgapphire = 0.023 W /(cm K%).
The sapphire - indium interface resistivity according to eq. equals to
Ksapphire—In = 22.96 cm?K*4 J/W. All three resistances in series have a theoretical
T3 temperature dependence.

The resulting temperatures according to the model based on theoretical
values are presented in figure The total thermal resistance predicted by
the model is higher than the measured one, and the main contribution comes
from the interfaces, not from the sapphire itself.

The sapphire disk is made of a relatively perfect crystal and limited by flat,
polished, parallel surfaces. At ultra low temperatures, one can assume that the
phonons are not scattered significantly in the sapphire, and travel ballistically
across the medium. Phonons that are within the cone of acceptance entering
from on one side, remain in the same cone and directly exit on the other side. In
an extreme case of no scattering at all in the sapphire, the two interfaces would
behave like one. As stated by Peterson and Anderson [77] the total boundary
resistance of the two interfaces could be described as:

Raouble int = (2 - w)Rsingle int = (2 - w)ﬁTisv (510)

where w takes a value from 0 (no parallel plates effect) to 1 (full effect). Ap-
plication of a double interface resistance of that form in the model gives a
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Figure 5.4: The Cu - In - sapphire connection between the stamp and the platform with
the scheme of a corresponding electrical model with indium in the normal conducting state.
The T and L resistors in parallel, representing the interface resistance, correspond to the
transverse and longitudinal phonon waves. The ”S” resistor represents the sapphire disk.

good agreement between the calculated and measured stamp temperature for
w = 0.8, as presented in figure [5.6)

Certain small deviations between the measured and calculated values to-
wards the high temperature end are consistent with the assumption that phonons
are hardly scattered in the sapphire at ultra low temperatures, but the scat-
tering becomes visible, although still very small, with the rise of temperature.
The higher the temperature, the less accurate the parallel plates assumption is.
That small discrepancy between measured and calculated values suggests that
w should in fact be temperature dependent to reflect the nature of the par-
allel plates assumption more accurately. The mean free path ly;pp of phonon
in sapphire can be calculated from the dependence between the thermal con-
ductivity A, heat capacity c,, speed of sound v, and density p described by

equation (2.9)):
3\

Cppvs.
It is usually assumed that the mean free path in dielectrics at ultra-low temper-
atures is so long, that both heat capacity and the thermal conductivity have a
temperature dependence o< T3. Taking the ultra-low temperature thermal con-
ductivity from and assuming that the ultra-low temperature heat capacity
of sapphire can be extrapolated from its low temperature heat capacity, tak-

Ivrp = (5.11)
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Figure 5.5: Temperatures starting from the measured platform temperature and calculated
from the model based on the theoretical interface resistances as a function of the applied heat

load for the base MC temperature of 50 mK.
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Figure 5.6: Temperatures starting from the measured platform temperature and calculated
from the model including the parallel-plates assumption with w = 0.8 as a function of the
applied heat load for the base MC temperature of 50 mK.
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ing the same temperature dependence as ultra-low temperature properties of
quartz, one can calculate the phonon mean free path in sapphire. Depending on
the value of the speed of sound (longitudinal or transverse) the result changes
a little, but it has a constant value in the order of 2-3 mm below 1 K. The
estimated value of the mean free path is 2-3 times larger than the thickness of
the sapphire disk, therefore the parallel-plates assumption is valid.

A detailed comparison of the theoretical and experimental results is made
in chapter [6] for the whole collected set of data.

5.3 Copper - indium sc - sapphire connection

Now the model can be extended to the full sandwich structure as presented
in chapter 3 (see figure . The copper - indium interfaces were discussed in
section [5.1] and the copper - indium - sapphire connection was considered in
section [5.2] In the latter case, indium was in the normal state and due to the
high electron contribution to the thermal conductivity, the bulk thermal resis-
tance could be neglected. In the practical case of the electrode, the indium is in
the superconducting state which has two effects. Firstly, the electrons no longer
contribute to the thermal conductivity. However, the resulting higher bulk re-
sistivity can still be neglected. The overall thermal resistance is predominantly
determined by the interfaces. Secondly, the interface resistance from sapphire
to indium may also increase simillar to the increase of the copper - indium
interface discussed in section [5.1l The CAD model of all the elements with the
electric analogon of the resistors in series is presented in figure [5.7]

The chain of resistors starts at the bottom at the temperature of the lid
Tiig = 11 and contains all the interfaces and layers, with the temperatures
Ty — T19 calculated in the nodes in between them, up to the temperature of
the stamp Ty = T11. Again, all the resistances have a temperature dependence
R o< T73. The additional orange color resistors represent possible couplings of
electrons to surface waves [51]. Such couplings would open new channels for the
heat transfer across the interfaces with a temperature dependence R oc T75.
According to [51] they could be present only if the electrons are available for
the heat transport on the side with a higher speed of sound, which is true for
the In sc - Cu interface, but not for the In sc - sapphire interface.

The indium - sapphire - indium connection is modelled including the parallel-
plates effect as concluded in the previous section Rin_sapphire—tn = (2 — 0.8) -
22.96 T3 = 27.55 T—3. The Cu - In interface is modelled with a multiplica-
tion factor of 3.5 as a result obtained in section Ry =3.5-2.09 T3 =
7.32 T—3. The temperatures of the long chain of resistances are calculated
explicitly and the result of this calculation is presented in figure 5.8

The calculated stamp temperature is much lower than the measured one,
meaning that the model predicts lower resistivity values than they are in re-
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Figure 5.7: The Cu - In sc - sapphire /sym. setup with all the elements described. The
electric analogy is a long series of resistors representing all the interfaces and layers. All the
resistances have a temperature dependence R o< T~ 3. Orange coloured resistors symbolize
possible couplings of electrons to surface waves with a temperature dependence Rel.coupl. X
T35, which could create an additional channel for the heat transfer.

ality. There could be two explanations of this discrepancy: either the indium
- sapphire - indium connection with indium superconducting cannot be mod-
elled as in the normal conducting case in section [5.2 or the Cu - In interfaces
in the part between platform and stamp differ significantly from the interfaces
analysed in section [5.1

The electrons in normal conducting indium could take part in the heat
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Figure 5.8: Dotted curves: measured temperatures of lid, platform and stamp as a function
of heat load applied to the stamp for a MC base temperature of 50 mK. Solid lines: calcu-
lated platform and stamp temperatures, starting from the measured lid temperature. The
theoretical value of the Cu - In sc interface resistivity has been multiplied by a factor of 3.5,
according to the findings of section [5.1} The sapphire - In sc interface resistance included the
parallel-plates assumption as a result from section

transfer across the interface by redistributing the energy over different phonon
frequencies in indium, which is the acoustically weaker material. That would be
contrary to the assumption of Papk and Narahara [51], but is not completely
impossible, as they also measured a small change of the interface resistance
depending on the state of indium (nc or sc). Multiplication of the sapphire - In
interface resistance by a factor of 5, results in a very good agreement between
the measured and calculated stamp temperatures in that configuration, as pre-
sented in figure 5.9} It is very improbable that the parallel plates assumption
loses its validity with an application of the external magnetic field, as it has no
influence on the bulk properties of sapphire and on the ballistic propagation
of phonons in this dielectric.

The other possibility is that the Cu - In interface quality of the sandwich
section between platform and stamp differs significantly from the lid to plat-
form connection analysed in section [5.1] The Kapitza resistivity is known to
have low reproducibility and to differ significantly between interfaces depend-
ing on the roughness, purity, oxidation, etc. [21,53.|77]. Despite the attempts
to reproduce all Cu - In interfaces with the same procedure, the quality may
differ between the interfaces. Moreover, the lid to platform connection was
compressed much more than the sandwich itself. Higher compression should
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Figure 5.9: Dotted curves: measured temperatures of lid, platform and stamp as a function
of heat load applied to the stamp for a MC base temperature of 50 mK. Solid lines: calcu-
lated platform and stamp temperatures, starting from the measured lid temperature. The
theoretical value of the Cu - In sc interface resistivity has been multiplied by a factor of 3.5,
according to the findings of section [5.1] The sapphire - In sc interface resistance included the
parallel-plates assumption as a result from section [5.2] and was subsequently multiplied by a
factor of 5.

make the indium creep more, and might have formed a better indium - cop-
per bound than in the sandwich. Multiplication of the Cu - In interface by a
factor of 28 (which seems a lot) gives a good agreement of the measured and
calculated data comparable to fig.

Multiplication of any of the resistivities x by an optimized constant value re-
sults in a good agreement between the measured and calculated temperatures.
The different contributions cannot be discriminated since all resistances have
a temperature dependence of T3, Therefore, an important conclusion should
be drawn, that the temperature dependence of the observed phenomena is
correctly described by the model. The resistance of the sandwich consisting of
sapphire, indium and copper depends only on interfaces involving dielectric-like
properties, and much less on a dielectric layer of sapphire or metallic indium.
An analysis of the measurement results and its comparison with the model is
presented in chapter [6]
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5.4 Copper - indium nc - gold - titanium nc - sapphire

The second sandwich consisted of layers of copper, indium, gold, titanium
and sapphire. The thin layers of gold and titanium are orders of magnitude
thinner than indium or sapphire in the previous setup. The easier to analyse, i.e.
containing fewer dielectric interfaces, is the case with both indium and titanium
in the normal conducting state, and therefore this case will be analysed first.
The CAD model of all the elements visible and with the corresponding chain
of resistors of its electric analogon is presented in figure [5.10

Gold, Ry, o T~ negligible
Rri ne — ay Negligible
Titanium nc, Ry 715
Rei nc - sapphire € T7°
Rsapphire ¢ T73

Rri nc - sapphire % T7°
Titanium nc, Ry T-15
Ri ne — au Negligible

Gold, Ra, « T~ negligible

Figure 5.10: The CAD model of the Cu - In - Au - Ti - sapphire setup with all the elements
visible. The corresponding electric scheme contains all the resistances used to calculate the
total resistance of this setup with layers of indium and titanium in normal conducting state.
Two resistors at every interface symbolize transverse and longitudinal phonons, but the final
estimation of interface resistivity is calculated with transverse values of the speed of sound
only.
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The ultra-low temperature thermal conductivity of gold equals to Aay =
aay T, where aay = 4.31 W/(em K?2) [33]. The value depends mainly on the
amount of impurities, which should be very small in a sputtered thin layer.
However, its crystalline structure may influence the heat transport, see figures
and The low temperature thermal conductivity of titanium in the
normal conducting state is taken from [34] Api ne = 3.45- 1072 T W/(cm K).
In other sources [36] the lattice component of the thermal conductivity of
normal conducting titanium in the 2 K to 30 K temperature range is evaluated
to be equal to: Arj ne = 1.8 -107* 71 W/(cm K). The exponent higher than
one shows that the lattice contribution to the overall thermal conductivity of
titanium in normal conducting state is significant, even though the electrons are
available for the heat transport. It may also be interpreted as a particularly
weak electronic contribution to the total thermal conductivity, which would
indicate that the thermal resistivity of the 45 nm Ti nc layer is not negligible.

The sapphire - titanium interface is the only interface involving dielectric
properties in this configuration. The thermal boundary resistivity estimated
with equation for transverse values of the speed of sound gives a value of
Ksapphire—Ti = 18.27 cm?K*/W.

A series of equations corresponding to all resistors in the chain was solved
and the computed temperatures along with the measurement data are pre-
sented in figure Note that in this figure the measured lid and platform
temperatures as well as the calculated platform temperature all coincide since
the thermal resistance of the indium nc - Cu interface can be neglected.

The temperature curves of bottom and top of the sapphire disk are drawn
indicate that the main contribution to the total thermal resistance comes from
the interfaces and not from the sapphire itself. The calculated temperature of
the stamp is lower than the measured one, even without including the parallel
plates assumption introduced in section [5.2 It may be that the mechanism
of adhesion of Ti to the sapphire is disturbing the parallel plates assumption
and a further reasoning for that effect will be discussed in the next chapter. A
certain discrepancy between measured and calculated values could be an effect
of an inaccurate value of the speed of sound. Multiplication of the sapphire
- Ti interface resistivity Kgapphire—Ti by @ factor of 1.5, which seems a very
reasonable and probable value, gives the calculated stamp temperature close
to the measured one, but the temperature dependence, i.e the shape of the
line is not represented adequately. The increase of thermal resistivity must
come from another effect, characterised by a lower temperature dependence
T™, where n € (—3;—1). Such an exponent is present in the resistivity of
gold and titanium R oc 7~!. The thin layer of titanium deposited on the
sapphire disk has a thickness of only 45 nm and as already mentioned, the
bulk conductivity of titanium is lower than for other metals and has a trace
of dielectric behaviour [36]. The thermal resistances of the titanium and gold
layers present in the model vanish, because of their extremely small thickness,
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Figure 5.11: Dotted curves: measured temperatures of lid, platform and stamp in the Cu -
In nc - Au - Ti nc - sapphire setup as a function of heat applied to the stamp for a MC base
temperature of 50 mK. Solid lines: calculated temperatures based on the model of figure [5.10}
starting from the measured lid temperature.

when calculated in a classical way. At such low temperatures the mean free path
of phonons exceeds the dimensions of the sample by far, the thermal gradient
cannot be established, and the standard equation used for the heat transfer
calculation does not hold. The effective thermal conductivity of such a layer is
much lower as explained in section [2.5] A reduction of the apparent thermal
conductivity of thin layers of various materials has been observed before and
described in literature [60,61,100-102]. In the extreme case of the wavelength
approaching or exceeding the dimensions of the sample, the effective thermal
conductivity can decrease even several orders of magnitude (see figure .
The dominant wavelengths of phonons in all the thin layers of the sandwich as a
function of temperature are presented in figure[5.12] At ultra-low temperatures
the wavelength associated with heat carriers in thin layers of gold and titanium
is longer than the thicknesses of these layers. Gold is known to be a good
conductor, both thermally and electrically, but the mobility of electrons in
titanium is questionable [36], what creates a suspicion that the titanium layer
can significantly decrease the overall thermal conductivity.

Treating the thin layer of titanium as a resistance having a temperature
dependence given by low temperature properties of normal conducting tita-
nium, but with an effective thermal conductivity severely diminished )\i}fif =
6 - 1075\ 1 ne gives an excellent agreement between the measured and calcu-
lated temperature of the stamp, as presented in figure [5.13]
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Figure 5.12: Phonon wavelengths in thin layers of the sandwich setup as a function of tem-
perature. The wavelengths were calculated for the values of the speed of sound summarised
in table The temperatures at which the dominant phonon wavelengths in the thin layers
of titanium and gold are equal to the thicknesses of these layers in the setup are marked.
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Figure 5.13: Dotted curves: measured temperatures of lid, platform and stamp in the Cu -
In nc - Au - Ti nc - sapphire setup, as a function of heat applied to the stamp for a MC
base temperature of 50 mK. Solid lines: calculated temperatures based on the model of figure
5.10] starting from the measured lid temperature. The theoretical conductivity of titanium
was reduced several orders of magnitude to reflect the behaviour of the thin layer (multiplied
by a factor of 6-107).
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That agreement shows that the effect of reduced conductivity of thin layers
dominates the heat transfer at ultra-low temperatures. The thin layer of tita-
nium creates a serious bottleneck for the heat flow also in normal conducting
state. A further confirmation of the importance and the influence of the thin
layer of titanium will be given in the following section and in chapter [6]

5.5 Copper - indium sc - gold - titanium sc - sapphire connec-
tion

The last and the most complex configuration that remains, is the Cu - In -
Au - Ti - sapphire setup with indium and titanium in the superconducting
state (Ti is superconducting only below 0.39 K). The multiple thin dielectric
and metallic layers, and dielectric-metallic interfaces in series are presented
in figure along with the corresponding resistance chain of the electric
analogon. As before, the resistance of all the interfaces is symbolized by two
parallel resistors representing longitudinal and transverse phonon waves. The
orange parallel resistors represent possible couplings of electrons to surface
waves and are present only at two types of interfaces: In sc - Cu and In sc - Au,
i.e. in places where the conduction electrons are available on the acoustically
”stronger” side [51].

Except for the thin layer of gold, which follows R oc T~!, the thermal resis-
tances of all the other elements have temperature dependences R oc T73. The
thermal conductivity of the sapphire, indium and gold layers is the same as in
previous sections. Ho and Hallock |98] defined the ratio of thermal conductances
of indium in normal and superconducting states as Ay ne/Am sc = 64.6/72.
The same ratio is used to evaluate the low-temperature thermal conductivity
of bulk superconducting titanium based on its normal conducting properties
according to [34], obtaining A ¢ = 5.34 - 107> T3 W/(cm K).

The copper - indium and sapphire - titanium interface thermal resistivity
values were introduced in previous sections. The indium - gold and gold -
titanium interface thermal resistivity values calculated with transverse speed
of sound are equal to s, Ay = 0.73 cm?K*/W and ka,_1i = 1.46 cm?K* /W,
which is low compared to the sapphire - indium interface resistivity, due to
relatively similar densities and speeds of sound in metals.

In section [5.1]it was shown that the Cu - In sc interface resistivity should be
multiplied by 3.5 to reflect the measurement, and to account for the interface
quality established between the stamp and the platform. The same multipli-
cation is applied to the Cu - In interfaces in the present configuration of the
setup.

As concluded in section the thin layer of titanium has an enormous
influence on the total resistivity of the sandwich. It can be expected that even
a stronger influence is observed in a superconducting thin layer, when the
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Figure 5.14: The CAD model of the Cu - In - Au - Ti - sapphire setup and its electric analogon.
Indium and titanium (Ti below 0.39 K) are in the superconducting state and therefore the
chain of resistors representing dielectric - metallic interfaces and thin layers in the electric
analogon is particularly long. The orange parallel resistors represent possible couplings of
electrons to surface waves and are present only at two types of interfaces: In sc - Cu and In sc
- Au, i.e. in places where the conduction electrons are available on the acoustically ”stronger”

side .

electrons are not contributing to the heat transport at all, and the wavelength
of phonons at ultra-low temperature exceeds the thickness of the layer (fig.
. A reduction of the effective thermal conductivity of the thin layer even
by several orders of magnitude could be justified . For the effective thermal
conductivity of Ti sc )\eTfif = 2.2 104 Apy & the calculated value of the
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stamp temperature agrees very well with the measured one as presented in
figure The reduction factor 2.2 - 1074 applied in the superconducting
case is two orders of magnitude less severe than the factor 6 - 107 introduced
in section The two orders of magnitude are result from applying the ratio
ATi ne/ATi se = 64.6/T? based on indium as discussed above. In reality the ratio
Anc/Asc for titanium is probably lower than for indium, because of a rather weak
contribution of electrons to the thermal conductivity of normal conducting
titanium. Keeping the reduction factor of 6 - 1076 obtained for the normal
conducting state, without implementation of the nc/sc conductivity ratio 64.6
characteristic for indium, and only changing the temperature dependence from
Ane ¢ T1 to A ox T3, the conductivity of titanium in the superconducting
state would still have to be reduced 1.76 times to match the experimental
results. It means that in reality the ratio of the nc to sc thermal conductivity
of titanium close to its critical temperature equals to A ne/ATi ¢ = 1.76/T2,
which is much lower than for indium and it fits the picture of low thermal
performance of titanium.

Cu - In sc - Au -Ti sc - Sapphire
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! —T top of sapphire
100 | T bottom of sapphire
¢ + T platform measured
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Figure 5.15: Measured and calculated temperatures of the Cu - In sc - Au - Ti sc - sapphire
setup as a function of the applied heat load for the base MC temperature of 50 mK. To reflect
the behaviour of the thin layer of titanium its bulk conductivity was multiplied by a factor of
2.2-107* to get an almost perfect fit between measured and calculated stamp temperature.

Since most resistances have a temperature dependence R o< T3 it is ar-
guable if the increase of the total thermal resistance of the sandwich does not
come from another effect, than only from the reduced thermal conductivity of a
superconducting thin layer of Ti. The sapphire - Ti interface has been analysed
in section where it was demonstrated that the effect of thin layer dominates
the conductivity of the whole sandwich. The couplings of electrons to surface
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waves should not be present, as sapphire is acoustically stronger than titanium.
The quality of the sapphire - Ti interface should not change with an external
magnetic field, so we can exclude it form the list of potential contributors to
the total resistivity of the present configuration of the sandwich. The Cu - In
interface was modelled based on the findings from section but it may be
that its resistivity differs from the one in section because of the smaller
compression force applied to the sandwich compared to the lid - platform con-
nection or because of eventual trace quantities of oxides. The other metallic
interfaces: In-Au and Au-Ti might have also created an intermetallic layer that
could increase the total thermal resistivity, but its exact value is difficult to
evaluate.

The main conclusion that should be drawn from the presented modelling is
that the thin layer of titanium in both normal and superconducting state can
have a huge effect on the total thermal resistivity of the setup. All the effects
will be further analysed and evaluated in the next chapter.
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Chapter 6

Measurement results

There were several measurement campaigns conducted in the Cryolab DR,
during which steady state and transient measurements were performed. During
the measurements the heat was applied to the stamp and the temperatures
on the stamp and on the platform were measured. The thermal resistivity was
calculated according to equation ([4.1)), because of a relatively large temperature
gradient across the sandwich structure compared to the absolute temperature.
The detailed measurement methodology is described in chapter |4 The results
obtained for the less complex setup with a sapphire - indium - copper sandwich
are presented first, and the more complex analysis of a sapphire - titanium -
gold - indium - copper sandwich follows.

6.1 Steady state measurements of the copper - indium - sap-
phire sandwich setup

In the first run of the DR the copper - indium - sapphire sandwich setup was
studied in three different cases:

e sandwich compressed with a mechanical force in the MC temperature
range 30 mK - 70 mK;|

e sandwich without compression in the MC temperature range 30 mK -
100 mK,

e sandwich without the clamping structure in the MC temperature range
30 mK - 100 mK, later repeated in a wider MC temperature range 30 mK
- 300 mK.

Indium becomes superconducting at 3.41 K in the absence of an external
magnetic field and at this temperature its thermal conductivity starts decreas-
ing significantly with decreasing temperature [42]. In the ultra-low temperature
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range it behaves thermally as a dielectric. The application of an external mag-
netic field higher than B, forces it to be normal conducting. In the case with
indium in the superconducting state there are four interfaces in the direction
of the heat flow involving dielectric-like materials: copper - indium sc, indium
sc - sapphire, sapphire - indium sc and indium sc - copper. The application of
an external magnetic field reduces the amount of dielectric interfaces to two:
indium nc - sapphire and sapphire - indium nc, and therefore improves the
thermal performance of the sandwich. The measurement results of all three
mentioned cases are described in detail in the following subsections.

6.1.1 Thermal resistivity of the mechanically compressed setup

In the first measurement campaign the setup was compressed with approx.
10 MPa pressure, as described in chapter [3]

Indium in the normal conducting state

The thermal resistivity of the sandwich with indium in the normal conducting
state, for mixing chamber base temperatures of 30 mK, 50 mK and 70 mK, is
presented in figure The resistivity was calculated according to eq. .
The thermal resistivity at different base temperatures plotted versus the stamp
temperature overlap within the measurement precision. The error bars, in-
creasing towards the low temperature end, represent the difficulty of a precise
measurement of small temperature differences, as discussed in chapter [4 The
slope of the lines would indicate that the behaviour of the setup depends not
only on a pure interface resistance with a temperature dependence R oc T73.
Depending on the temperature, the thermal resistivity of the sandwich takes a
value from 13 cm? K*/W at the low temperature end to 27 cm?K*/W at the
high temperature end.

The theoretical value of the single sapphire - indium interface resistivity
calculated according to eq. for values of the speed of sound in the trans-
verse direction, as summarised in table equals to 23 cm? K*/W. This value
should be multiplied by two to reflect the behaviour of a sandwich consisting
of two interfaces in series: indium - sapphire and sapphire - indium. An average
value of the resistivity in figure is around 20 cm?K*/W. The fact that the
sandwich has a resistivity close to the theoretical resistivity of a single interface,
could be explained by the ”parallel plates effect”. At ultra-low temperatures
the mean free path of phonons in a perfect crystal of sapphire reaches the value
of the sapphire thickness. Phonons entering the cone of acceptance (according
to AMM, section on one side, almost don’t scatter in the 1 mm thick
sapphire disk, and they remain in the same cone at the second interface. In such
situation, the two interfaces could be treated as one [4,64,77]. With an increase
of temperature, the phonon mean free path shortens, phonons scatter more in
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Figure 6.1: Thermal resistivity of the compressed setup with indium in the normal conduct-
ing state. Error bars representing the measurement uncertainty become larger towards the
low temperature end, what represents the difficulty of measuring very small temperature
differences, especially at very low temperatures.

the sapphire and the parallel plates effect becomes less pronounced. Following
that assumption, the thermal resistivity should take a value of 23 cm?K*/W
at the lowest temperatures, and rise to 2 - 23 = 46 cm?K*/W with an increase
of temperature. It could explain, why in figure the value of resistivity rises
with temperature, instead of being constant, as a perfect interface of Kapitza-
like behaviour would be.

Another explanation of the non-zero slope of the thermal resistivity plot
is the fact that the measured temperature gradients are definitely not small
compared to the absolute temperature of the sandwich compounds. For high
heat loads the temperature difference between the stamp and the platform is
larger than the absolute temperature of the platform. For example, at a base
MC temperature of 30 mK, when the stamp temperature reaches 120 mkK,
the platform is still at around 45 mK, so AT/T, = (120 — 45)/45 = 1.67.
Therefore measurements at ultra-low temperature may deviate from the perfect
Kapitza theory, which predicts that the thermal resistivity calculated with eq.
(2.21)) and only for small temperature gradients the plot would be a flat line.
The high temperature gradient and the power of 4 in equation cause a
linear increase of resistivity with temperature, which should be and is observed.
In fact thermal boundary resistance measurements described in literature are
almost never represented by a perfectly flat line and a certain slope is observed
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The question remains why the thermal resistivity is lower than the theo-
retical value even for a single interface at the lowest measured temperatures.
The low value of thermal resistivity at 30 mK could be a result of the presence
of the clamping structure, which compresses the setup with quite a high force.
Perhaps at ultra-low temperatures, despite containing multiple layers of epoxy
laminate and interfaces between them, the thermal resistivity of the clamping
structure becomes comparable to the sandwich and there is some small, but
significant amount of heat bypassing the sandwich. That influence will be eval-
uated later with the results of the decompressed setup and the setup without
the clamping structure.

Indium in the superconducting state

Without the external magnetic field, indium is in the superconducting state
which doubles the number of interfaces characterised by a dielectric-like be-
haviour, and significantly increases the total thermal resistivity of the setup.
The significant interfaces are: copper - indium sc, indium sc - sapphire, sap-
phire - indium sc and indium sc - copper. The plot of the thermal resistivity of
the compressed setup with indium in the superconducting state at various base
temperatures, with comparison to the normal conducting state, is presented in
figure Large error bars below 150 mK in the superconducting case are the
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Figure 6.2: Thermal resistivity of the compressed setup with indium in the normal conducting
and the superconducting states plotted as a function of the stamp temperature. Large error
bars on the superconducting plot below 150 mK result from an attempt to measure two
different types of sensors in the same resistance range of the AVS bridge.
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result of an attempt to measure two sensors of very different electrical resis-
tances in the same resistance range of the AVS bridge. The thermal resistivity
of the setup is approximately two times higher than with indium in the nor-
mal conducting state, taking values from approximately 32 to 70 cm?K* JW.
At stamp temperature of 100 mK the thermal resistivity increases from 20
to 40 cm?K*/W, when the magnetic field is switched off. A theoretical es-
timation of the total sandwich resistivity, being a sum of four interfaces in
series and taking the speed of sound for transverse phonons, results in a value
of approx. 50 cm?K*/W. Including the parallel plates effect at the sapphire
disk at the lowest temperatures, i.e. taking into account the following inter-
faces: copper - indium sc, indium sc - sapphire twice, but treated as one, and
indium sc - copper, the total theoretical resistivity equals approximately to
27 cm?K*/W. The parallel plates assumption seems justified, as the value of
27 cm?K* /W is close to the measured resistivity at the lowest temperatures
(32 cm?K*4 /W). Towards higher temperatures the parallel plates assumption
weakens, and therefore should lead to an increase of the thermal resistivity of
a sandwich with an increase of temperature, and such a behaviour is observed.

Relatively large temperature gradients and some additional effects may
also be present at the copper - indium sc interface that cause a deviation
from a perfect Kapitza-like behaviour, which would be visualized by a flat line.
Furthermore, it is relevant to consider the effects of the compression force and
the clamping structure, and it will be described later.

6.1.2 Thermal resistivity of the decompressed sandwich setup

In the second measurement campaign the compression force was removed and
the same setup was measured with the clamping structure still mounted, at
base MC temperatures of 30 mK, 50 mK, 70 mK and 100 mK with indium in
the normal conducting and the superconducting states.

Indium in the normal conducting state

A comparison of the normal conducting indium results with and without com-
pression is interesting for the AEgIS project, where the space for the electrodes
in the cold bore is limited. A possibility of eliminating the structure clamping
the electrodes would be a big advantage, freeing space for instrumentation and
thermal shields, and enabling a new electrode design. The 1 T magnetic field
background around the ultra-cold trap in the AEgIS experiment guarantees
that the indium remains in the normal conducting state. The comparison of
results for the compressed and uncompressed sandwich setups is presented in
figure The curves representing the setup without compression lie a bit
higher than curves representing the compressed setup, but the difference is
comparable to the measurement precision. Respective error bars are not plot-
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ted for clarity, but are similar to the ones in figure[6.1} The plots overlap within
the measurement accuracy, which means that the compression force does not
have a significant influence on the thermal resistivity of the sandwich setup
with indium in the normal conducting state.
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Figure 6.3: Comparison of the thermal resistivities of the compressed (x) and decompressed
(o) setup, with normal conducting indium in both cases.

Indium in the superconducting state

The same comparison of the influence of the compression force is done for the
case with superconducting indium. The thermal resistivities of the compressed
and decompressed sandwich with indium in the superconducting state is plotted
in figure The presence of a compressing force has a significant influence on
the results, decreasing the thermal resistivity. Unlike in the normal conducting
case, the resistivity of the copper - indium interface is a significant element
of the total resistivity. Results in figure [6.4] suggest that the indium - copper
interface is less perfect than the sapphire - indium interface and therefore it is
more sensitive to the presence of the compression force.

In the sandwich setup with indium in the normal conducting state, only
the sapphire - indium interface involves a material with dielectric-like prop-
erties. i.e. sapphire. The surface of the sapphire was optically polished and
indium was vapour deposited on it, which makes the interface quite ”ideal”
and its manufacturing procedure is reproducible. The surface of the sapphire
disk was completely wetted by indium during the deposition providing a very
good micro-scale contact. In the sandwich setup with indium in the supercon-
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Figure 6.4: Comparison of the thermal resistivity for the compressed and not compressed
setup, in both cases with superconducting indium.

ducting state, also the indium - copper interface is characterised by dielectric
properties. However, the surface of copper is not perfectly polished and can
have a trace of an oxide layer, what makes the thermal connection to indium
less ”perfect”, and therefore more sensitive to the applied force. Moreover, with
time and thermal cycles a certain ageing effect might appear, involving a for-
mation of a new metallic interlayer between indium and copper. The ageing
effect has already been noticed and described by other researchers . An ad-
ditional layer of an alloy having properties different than the two neighbouring
metals could significantly increase the total thermal resistivity in the super-
conducting case. It could also explain why the measured thermal resistivity of
the sandwich is much higher than the theoretical estimation, which equals to
27 em?K*/W (including the parallel plates assumption).

As described in section [6.1.1] the clamping structure might have bypassed
part of the heat supplied to the stamp with the heater. The influence of the
clamping structure is not significant for the normal conducting case (figure ,
because of a relatively low resistivity of the sandwich itself, which is the main
heat path. However, in the superconducting case the resistance of the sandwich
is several times higher and more comparable to the bypass resistance. Therefore
the influence of the bypass is much more pronounced. Removal of the compres-
sion force from the clamping structure should increase its thermal resistance
even more than the resistance of the sandwich. Much less heat flows through
the decompressed clamping structure, and the calculated thermal resistivity of
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the setup is higher.

The fact that lines representing the decompressed setup lie much higher
than the compressed setup can thus be a result of two effects: ageing of the
copper - indium interface, or the bypass that might have falsified the results for
the compressed setup. A measurement of the setup without the clamping struc-
ture present at all could help to distinguish which of these effects is dominant.
These results are present in the following section.

6.1.3 Sandwich without the clamping structure

The clamping structure was designed in a way to minimize the potential heat
flow that could bypass the sandwich, flowing from the stamp to the platform
via the clamping structure. However, despite 20 layers of G10 and several
elements made of stainless steel, which because of its grainy alloy structure has
a relatively low thermal conductivity at low temperatures (see figure , the
amount of heat flowing via the clamping remains uncertain. Judging by the
results presented in section [6.1.1] and [6.1.2] that amount of heat may not be
negligible. Two more measurement runs were done with the clamping structure
completely removed. The first in a MC temperature range from 30 mK to
100 mK, and the second in a much wider MC temperature range from 30 mK
to 300 mK.

Indium in normal conducting state

Results of the measurements without the clamping structure compared to the
previous measurements of the compressed and the decompressed setup, and to
the results obtained by T. Eisel [4], always with indium in the normal conduct-
ing state, are presented in figure [6.5

The curves corresponding to the two runs without the clamping structure
are close to overlap within the measurement precision and they seem to have a
constant offset comparing to the results from the two measurement runs with
the clamping structure mounted on the sandwich (compressed, decompressed).
It indicates that the presence of the clamping structure changed the path of the
heat flow, as the thermal resistivity of the setup without clamping structure
is higher than with the clamping structure. The clamping structure in the
DR is built mainly of G10 layers, which is an epoxy - glass fibre composite.
Peterson and Anderson [77], who conducted low temperature measurements of
various interface resistances, wrote that the thermal conductivity of epoxy has
a temperature dependence of Aepoxy T?. Thus, the corresponding amount of
bypassing heat could be estimated as:

Tstamp

Qbypass = 37bypass / T2 dl' = Ybypass (Ts:iamp - Tglatform)’ (6'1)

Tplatform
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Figure 6.5: Thermal resistivity results with normal conducting indium for the cases: com-
pressed, decompressed, without clamping structure, without clamping structure in a wide
temperature range, and compared with results obtained by T. Eisel for 1.5 mm thick sap-
phire disk, compressed with the same clamping structure . Including a parasitic heat flow

via the clamping structure Qbypass = Ybypass (Tiamp - Tg’latform) would shift the results for

the compressed and the decompressed setup exactly to the position of the curves representing
the setup without the clamping structure.

where v is a constant. It can be demonstrated that if the amount of heat
flowing via the clamping structure was proportional to T, Scamp — Tg’latform with
the proportionality coefficient v ~ 0.001 W /K3, the results for both the com-
pressed and decompressed setup would be shifted towards higher resistivities
and almost exactly overlap with the results for the setup without the clamping
structure. The temperature dependence Qpypass = 7 (7, S?,’Jamp - Tg’latform) may
also reflect a combination of different contributions to the total resistivity of the
clamping structure: an interface resistivity between multiple layers (R oc T73),
a bulk dielectric resistivity of G10 (R o< T~2), and a bulk metallic resistivity

of brass and stainless steel (R oc T71).

T. Eisel measured the same setup with a 1.5 mm thick sapphire disk and
compressed with a similar force as the first described case. Thus his results
should be compared mainly to the compressed setup case. The increase of the
sapphire thickness by 50 % increases the thermal resistivity of the sandwich
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almost twice, e.g at 50 mK the resistivity rises from 15 cm?K*/W to almost
30 cm?K*/W, when the thickness of the sapphire disk changes from 1 mm to
1.5 mm. The thicker the sapphire disk, the higher the chance that the phonons
get scattered, and the less justified the parallel-plates assumption. It may also
be, that the quality of the copper - indium - sapphire connection differs slightly
between the setup of T. Eisel and the setup presented in this thesis, despite
the same mounting procedure. Many authors mention irreproducibility of the
interface results [53,77].

The influence of the clamping structure on the thermal resistivity of the
sandwich is thus much lower, than the cumulative effect of the 50% change of
the sapphire thickness and the re-assembly of the setup.

When indium is in the normal conducting state and the electrons are avail-
able for the heat transport, the ageing and alloying effect remains invisible, and
the thermal resistivity does not change significantly with time or with thermal
cycles (figure , what is an important information for the application in
AFEgIS. Furthermore, the results show that for the new electrode the clamping
structure can be removed once the indium bond has been established.

Indium in the superconducting state

The thermal resistivities of the setup with indium in the superconducting state
in the same configurations: mechanically compressed, decompressed, without
clamping structure, and without clamping structure in a wide temperature
range is presented in figure [6.6] The thermal resistivity of the first two cases
(the compressed and the decompressed sandwich) do not overlap as already
discussed in section The thermal resistivities obtained in the two mea-
surement runs without the clamping structure are very close to each other,
which is supporting the results. They take a value from 100 cm?K*/W to
163 cm?K*/W. The suspicion, that the compressing force was not fully re-
leased in the decompressed setup run, seems justified, as the results for the
decompressed setup are closer to the compressed one than to the setup with-
out the clamping structure. However, the remaining compression force should
not be very high. It is difficult to explain the large increase of the thermal resis-
tivity between the decompressed setup and the two runs without the clamping
structure, only with an elimination of the clamping. There should be additional
explanations.

The ageing or alloying process at the "imperfect” copper - indium sc in-
terface might have also caused an increase of the resistivity from run to run.
It is probable that the alloying process was more intense at the beginning -
in the first run, when the compression force was applied (and a partial com-
pression in the second run). Accordingly, the influence of that effect should be
more pronounced between the first two runs, than the last two runs. A trace
of that effect may be still visible between the results obtained in the 3™ run
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Figure 6.6: Thermal resistivity of the compressed setup, decompressed, without clamping
structure, and without clamping structure in a wide temperature range, versus the tempera-
ture of the stamp, with indium in the superconducting state.

- without the clamping structure, and in the 4" measurement run - in a wide
temperature range. The resistivity in the run without the clamping structure is
a bit lower than the resistivity from the run in an extended temperature range
(figure , but the difference is comparable with the measurement error.

The behaviour of the copper - indium sc interface is totally different than
the sapphire - indium nc interface, due to electron availability for heat transfer
in normal conducting indium. As concluded from the results with indium in
the normal conducting state, the quality of the sapphire - indium connection
and the validity of the parallel-plates assumption should not change with time
or thermal cycles.

The 125 pum layer of indium was compressed above its elastic limit during
the mounting, to make sure the cold weld is obtained (see chapter [3)). The
grainy, stressed layer of indium itself contains a lot of dislocations and probably
some traces of oxidation, so it is not expected to have a very high thermal
conductivity in the superconducting state, when the electrons are not available
for heat transfer. The alloying effect at an interface with copper could make
its conductivity even lower.

Measurements in almost all of the runs were done first without the external
magnetic filed, i.e. with indium in the superconducting state, and afterwards
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with magnetic field, to make sure that no magnetic flux is trapped in the super-
conductor. Trapped flux would prevent indium (and titanium) from obtaining
its fully superconducting properties. The decompressed setup was the only one
measured first with an external magnetic field and later without it. Therefore,
there might have been some flux trapped in indium and some electrons might
have been available for heat transport. An electronic contribution to the heat
transfer would decrease the effective thermal resistivity of the sandwich and
could explain the steeper slope of the lines representing the decompressed setup
in figure [6.6]

To sum up, the quality of the indium - copper interface, the ageing effect,
and the layer of superconducting indium have a very big influence on the ther-
mal resistivity of the sandwich. The values measured in the runs without the
clamping structure are way above the theoretical estimation of 27 cm?K*/W
(estimation for the speed of sound in the transverse direction, including the
parallel plates assumption), or even 50 cm?K*/W (estimation for the speed

of sound in the transverse direction, without the parallel plates assumption
included).

6.1.4 Comparison with the model

In the mathematical model explained in chapter [5] the stamp temperatures
have been estimated based on the platform temperatures and the theoretical
prediction of the interface resistivities. Here, the interface resistivities x and
characteristic conductivities of thin layers o will be calculated using the same
electric analogies, equations , and the measured temperatures. All the
calculations are based on the last measured configuration - without clamping
structure in a wide temperature range, since that is the configuration that
seems the most attractive for AEgIS.

Cu - In sc - Cu connection

In section [5.1] a chain of three resistances in series, representing two Cu - In
interfaces and the indium layer in between, is described. For each measurement
point of a defined heat load and known stamp and platform temperatures,
three heat transfer equations corresponding to these resistors can be written,
as eq. (b.4) and eq. . They contain two unknown temperatures, marked as
T5 and T3 in ﬁgure and four uncertain values: Kcy—1n, PCu—In; OIn scs Nin sc-
Assuming that the temperature dependence of all three resistances follows the
theoretical prediction R o< T73, i.e. ncu_in = 3 and N, s« = 3, and treating
KCu—In and ag, g as unknowns which should not change with the heat load,
it is possible to solve a system of 6 equations (3 equations for two consecutive
measurement points) with 6 unknowns: 4 intermediate temperatures, Kcy—_im
and agp sc-
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The obtained solution shows that the resistance corresponding to the 125 um
layer of indium is way lower than the interface resistance and equals kiy ¢ =
lIn/aIn sc — 0.08881%5\)//"22;1 K5 = 709 W/l(cm2K4) = 0.141 Cm2K4/W. The calcu-
lated interface resistivity kKou_m plotted as a function of the upper interface

temperature is presented in figure [6.7]
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Figure 6.7: Calculated values of Cu - In interface resistivity as a function of the calculated
upper (warmer) interface temperature. The blue line is a linear fit with a formula Kcu—m =
15.65 T+ 5.87 (for T in K).

If the measured temperature gradients were really small, the total resistance
could be approximated by R = T3, with x being a constant. For significant
temperature gradients it is necessary to include in the model the first - linear
term of the Taylor expansion, therefore the blue line is a fit with a formula
aT + b, which seems to correctly represent the fitted data, for a = 15.65 and
b = 5.87 for T in K. All the calculated resistivity values are summarised in
table Other researchers also observed a linear temperature depedence of
k [4,53,/77). It may be that a difficult to quantify oxidation of the surface
or another unpredicted effect also contributes to the temperature dependence
j—; = 15.65. The interface resistivity Kcu_m calculated here will be used in more

complex configurations of the setup to calculate resistivities of other interfaces.

Cu - In nc - sapphire

The same approach was used to calculate the sapphire - indium interface re-
sistivity from the model described in section [5.2] The temperature dependence
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Table 6.1: The theoretical and calculated values of the characteristic interface resistivities and
thin layer conductivities present in the Cu - In - Cu setup. The values in the right column
are calculated from the model based on the experimental data.

Value Theoretical resistivity | Calculated from the model
Kln se = lin/0mm sc 0.141 cm’K*/W 0.141 cm®K*/W
KIn—Cu 2.09 cm?K*/W 15.65 T + 5.87 cm?K*/W

of the sapphire - indium interface resistance is assumed to be equal to the the-
oretical prediction R = Ksapphire—indium 1| —3 and the temperature dependence
of a sapphire thermal conductivity is modelled as Asapphire = Qsapphire 1’ 3. The
values of Ksapphire—indium and Qsapphire Were obtained from the measured data by
solving the system of 6 equations for every pair of two neighbouring measure-
ment points (two different heat loads). The calculated thermal conductivity of
sapphire compared to literature data and the values of the interface resistivities
are summed up in table

Table 6.2: The theoretical and calculated values of the characteristic interface resistivities
and thin layer conductivities present in the Cu - In nc - sapphire setup.

Value Theoretical Calculated from the model
K e 22.96 cm?K*/W | 35.46 T +10.17 cm?K?/W
Qsapphire 0.023 W/(cm K*) 167 W/(cm K*%)
Ksapphire = lsapph/Qsapph | 0.043 cm?K*/W 6-10~* cm?K*/W
sy 22.96 cm?K*/W | 67.97 T + 21.29 cm2K*/W

The calculated resistance corresponding to the sapphire disk is very low
compared to the resistances of the interfaces, and the estimation of the phonon
mean free path in sapphire below 1 K gives a value of approx. 2 mm. Therefore,
it seems to be a correct approach to model the two interfaces surrounding the
sapphire disk according to the parallel plates assumption described in section
After including the parallel plates assumption in the model, the calculated
sapphire - In interface resistivity, which is rising with temperature, was fitted

linearly obtaining: mg’:;?)ﬂfrle gisk = 67.97 T +21.29 cm®K*/W, as presented in
dr

figure The temperature dependence o7 = 67.97 can be explained with
the fact that the parallel plates assumption should become less valid with
the temperature rise, when phonons start scattering more and more in the
sapphire disk. The m?jgzgfrle qisk found here will be used in models of more
complex configurations of the setup.

Cu - In sc - sapphire

It is assumed that the sapphire - indium interface does not change its prop-
erties depending on the presence of the external magnetic field, and that the
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Figure 6.8: Calculated values of In - sapphire - In resistivity including the parallel plates
assumption as a function of the calculated sapphire temperature. The blue line is a linear fit
with a formula P21l =67.97 T 4 21.29 cm?K*/W (for T in K).

sapphire disk —

properties and thickness of the layer of indium foil are the same as in the lid -
platform connection. In the model of the copper - indium sc - sapphire configu-
s:;gﬁfrle aisk and am, s calculated above will be used to find the new value
of the Kou—m sc and the exponent describing the temperature dependence n de-
fined as R = kT~ ". As explained before the Cu- In interface resistance depends
heavily on the amount of oxidation and on the intermetallic alloys formed and
therefore can vary significantly between the measured cases. The exponent n
of the resistance temperature dependence is found to be ncy_m sc = 2.88 < 3,
what shows that the alloyed interface differs slightly from an ideal AMM in-
terface, having more electronic contribution to the heat transfer. The copper -
indium interface resistivity for the sandwich case calculated for n = 3 and fitted
linearly as a function of temperature gives: mscafﬂ‘fgcgc = 53.75 T + 43.61. The
temperature dependence of m%aé‘f}ﬁcgc is stronger than for kKcoy_1m sc calculated
from the lid to platform connection (figure . It agrees with the assumption
that the resistivity of that type of connection can vary significantly. The higher
resistivity may be a result of the fact that the sandwich was compressed with a
lower force than the lid to platform connection, and therefore the formed bond
has different properties. The theoretical AMM resistivity values and the values
obtained from the model for this configuration of the setup are summed up in

table

ration K
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Table 6.3: The theoretical and calculated values of the characteristic resistance parameters
in the Cu - In sc - sapphire setup.

Value Theoretical Calculated from the model

K bire ik 22.96 cm?K*/W | 67.97 T + 21.29 cm?K*/W

g, 2.09 cm?K*/W | 53.75 T + 43.61 cm?K* /W
nggndwich iy R = g7 3 2.88

The findings from the analysis of the Cu - In - sapphire sandwich will
be applied to the analysis of the measurement results of the second sandwich
setup, that is discussed in section

6.2 Steady state measurements of the copper - indium - gold
- titanium - sapphire sandwich setup

The second and more complicated sandwich consists of the following layers (fig.
5.14)):

e stamp made of OFHC copper,

e 125 pum thick indium foil,

e 520 nm gold (as measured and described in section ,

e 45 nm of titanium (as measured and described in section [3.1.3)),

e 1 mm thick polished sapphire disk,

e 45 nm of titanium,

e 520 nm of gold,

e 125 pum thick indium foil,

e platform made of OFHC copper,
The thin layers of titanium and gold were deposited on a polished sapphire
with a magnetron sputtering technique. The setup was compressed at room
temperature and the clamping structure was removed before the measurements.

It was measured in a wide temperature range, for the case without an external
magnetic field even up to the stamp temperature of 500 mK.
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6.2.1 Measurements with an external magnetic field

By applying an external magnetic field the number of significant interfaces, i.e.
including dielectric-like properties, reduces to two: titanium - sapphire and sap-
phire - titanium. The plot of the thermal resistivity of the sandwich with indium
and titanium in the normal conducting state and with error bars indicating the
accuracy of the measurement is presented in figure As in previous mea-
surements, the size of the error bars increases when the temperature decreases
due to the small heat loads applied on the stamp, what visualises the difficulty
of measuring very small temperature differences. The curves representing the
results at various base temperatures overlap within the measurement precision.
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Figure 6.9: The thermal resistivity of the copper - indium - gold - titanium - sapphire sand-
wich, with indium and titanium in the normal conducting state as a function of the stamp
temperature with varying base temperature of the mixing chamber.

The measured thermal resistivity of the sandwich with titanium and in-
dium in the normal conducting state takes a value from approx. 28 cm?K*/W
at the low temperature end to 78 cm?K*/W at the high temperature end. The
theoretical estimation of the interface resistance, including the parallel plates
assumption, i.e. treating the two interfaces titanium - sapphire and sapphire -
titanium as one, gives a value of about 18.3 cm?K*/W. This estimation predicts
a lower resistivity than the measured one, even at the lowest temperatures. The
mechanism of adhesion of titanium to sapphire most probably involves a for-
mation of an ultra-thin layer of TiO. Such an oxide layer may significantly
increase the sapphire - titanium interface resistivity, or perhaps even deterio-
rate the parallel plates effect by scattering phonons at the interface. With an
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increase of temperature the parallel plates assumption becomes even less valid,
and at the high temperature end, when the two interfaces should be treated
completely separately, the thermal resistivity would take a theoretical value of
about 36.6 cm?K*/W. The measured values are roughly a factor of two higher
than the theoretical prediction.

A comparison of the thermal resistivities of the first sandwich setup with
the second setup with magnetic field applied is presented in figure [6.10} The
thermal resistivity of the second sandwich is approximately a factor of two
higher. Dissimilarity between the acoustic impedances of sapphire and indium
is bigger than between sapphire and titanium, so according to the AMM (sec-
tion, the thermal resistivity of the second sandwich with titanium nc and
gold should be lower than of the setup with only indium, assuming that the re-
sistivity of all metallic - metallic interfaces is negligible compared to dielectric -
metallic interfaces. The fact, that the resistivity of the sandwich with titanium
nc and gold is higher than the copper - indium nc - sapphire setup, indicates
that another source of thermal resistance exists in the Ti - Au sandwich, even
when titanium and indium are in the normal conducting state.
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Figure 6.10: A comparison of the thermal resistivities of the two sandwich setups in all
measured configurations with magnetic field applied.

The STEM imagining described in section showed that both titanium
and gold have a polycrystalline, grainy structure. A polycrystalline structure
of thin films of gold significantly reduces its effective thermal conductivity
. The thermal conductivity of thin layers has been discussed in section
Many examples show that the conductivity of thin layers of both metals and
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dielectrics decreases several times, when the thickness of the layer is smaller
than the mean free path of the heat carriers. Since at ultra-low temperatures
the wavelength associated with heat carriers in thin layers of gold and titanium
is longer than the thicknesses of these layers (see figure , the observed 2x
reduction of the thermal conductivity compared to the theoretical value is very
well possible, even when the layers are in the normal conducting state.

6.2.2 Measurements without an external magnetic field

Titanium becomes superconducting below 0.39 K . Thanks to that, without
the application of an external magnetic field, it is possible to separately analyse
the influence of the superconducting thin layers of titanium and indium. When
titanium switches from the superconducting to the normal conducting state at
0.39 K, the observed change of resistivity corresponds to the thermal resistivity
caused mainly by the dielectric-like thermal properties of the superconducting
thin layer of titanium. A plot of the thermal resistivity of the second sandwich
in the temperature range of the stamp from 60 mK to 500 mK is presented in

figure [6.11]
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Figure 6.11: The thermal resistivity of the copper - indium - gold - titanium - sapphire
sandwich setup, with indium in the superconducting state and titanium changing from the
superconducting to the normal conducting state at its critical temperature of 0.39 K.

The thermal resistivity takes a value of approximately 180 cm?K*/W at the
lowest measured stamp temperature of 60 mK. The highest thermal resistivity
value of about 480 cm?K*/W was measured for a stamp temperature of 396 mK
and at base MC temperature of 245 mK, just before titanium switches to the
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normal conducting state. The elimination of the dielectric behaviour of the thin
layer of titanium due to the change from sc to nc state starts to significantly
reduce the thermal resistivity of the sandwich above 0.4 K stamp temperature.

The sandwich with thin layers of titanium, gold and indium, when indium
and titanium are superconducting, contains twice the number of interfaces
involving a dielectric-like behaviour than the first setup with indium in the
superconducting state:

1. copper - indium sc,

2. indium sc - gold,

3. gold - titanium sc,

4. titanium sc - sapphire.

All of these interfaces are repeated symmetrically on the other side of the
sapphire, what gives in total 8 interfaces. The theoretical estimation of the
sum of the interface resistivities including the parallel-plates assumption at the
sapphire disk results in approximately 27 cm?K*/W (for the speed of sound of
transverse phonons). The estimated value is 6 times lower than the measured
thermal resistivity at the lowest temperature. Without including the parallel-
plates assumption, the estimation gives approx. 45 cm?K*/W (for the speed
of sound of transverse phonons), which is also much less than the measured
resistivity at any temperature. The estimated value of 27 cm?K*/W is even 18
times lower than the measured resistivity at 396 mK stamp temperature. In fig.
[6.11] one can see a large influence of the thin layer of Ti and the neighbouring
Au-Ti interface, when titanium becomes normal conducting above 390 mK.
The decrease of thermal resistivity from about 475 cm?K*/W to 420 cm?K*/W
demonstrates the high influence of such a thin layer on the thermal resistivity
of the whole setup.

The theoretical value of the total interface resistance for the sandwich with
titanium and gold is lower than that of the first sandwich, because of a smaller
dissimilarity between the neighbouring materials. A plot of the thermal resis-
tivities of both sandwich setups in all measured configurations, without the
application of an external magnetic field, is presented in figure [6.12] Contrary
to the theoretical prediction of the AMM, the measured thermal resistivity of
the sandwich with thin layers of superconducting titanium and indium is much
higher than the thermal resistivity of all the measured configurations of the
copper - indium - sapphire sandwich. It indicates that there is another source
of thermal resistivity in the sandwich with titanium and gold than just a simple
sum of the interface resistivities.

The effect of the reduced thermal conductivity of thin layers, which is visible
for the normal conducting case as explained in section [6.2.1] seems to be even
stronger in the superconducting case. The phonon wavelength in the 45 nm
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Figure 6.12: Thermal resistivity of both sandwich setups in all measured configurations with-
out the application of an external magnetic field, as a function of the stamp temperature.

layer of titanium is longer than the thickness of this layer already at 5 K. Be-
low 0.39 K when titanium is superconducting, the wavelength associated with
phonons is more than 10 times longer than the thickness of the layer (see figure
. Thus at this temperature a thin layer of titanium, having dielectric-like
thermal properties, creates a serious bottle-neck for the heat transfer. Below ap-
prox. 0.3 K the dominant phonon wavelength in gold also exceeds the thickness
of this layer, which decreases the effective thermal conductivity even further.
The 6 to 18 times higher than expected thermal resistivity could be explained
among others by the highly reduced conductivity of the thin layers.

The copper - indium sc interface, which is most probably responsible for
the twice higher than expected thermal resistivity of the copper - indium sc -
sapphire sandwich, as described in section [6.1.3] is also present in this setup.
As indicated by the STEM analysis presented in section 3.1.3 [68], the layer of
titanium has a sharp interface with sapphire, but there should be at least a few
atomic layers of TiO responsible for the attachment of titanium to sapphire.
Moreover, there may be an ultra-thin layer of an intermetallic compound cre-
ated between titanium and gold. It may be that this intermetallic layer creates
an additional thermal resistance. The outer (i.e. further from the sapphire disk)
surface of the layer of gold is not perfectly flat, but rather wavy. It is question-
able, whether the indium foil managed to fill all the grooves between the waves,
or if the contact area in a micro-scale is much smaller than the nominal area.
The sandwich was assembled in an air atmosphere, not in vacuum, so there
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may also be tiny amounts of air trapped in the grooves, that could additionally
degrade the interface quality by inducing a local oxidation.

6.2.3 Comparison with the model
Cu - In nc - Au - Ti nc - sapphire

As presented in previous sections of this chapter the theoretical estimations of
the Kapitza resistivity of the sapphire - indium and sapphire - titanium inter-
faces in the normal and the superconducting states do not differ significantly,
in contrast to the obtained measurement results. Therefore, the titanium nc
- sapphire - titanium nc connection will be treated as the indium nc - sap-
phire - indium nc connection including the parallel plates assumption, which
results from section The electrical analogon of that configuration is pre-
sented in figure The characteristic conductivity at; n and the exponent
nTi ne Of the temperature dependence of the thin layer of titanium satisfying
equation is found from the measurement data. A set of equations as ex-
plained in section has been solved and the obtained values were averaged
(see & ne = @Tinc/lTi = 1/KTi ne figure , giving as a result the con-
ductivity of the 45 nm layer of titanium: o/ . = @Ti ne/lTi = 1/KTi ne =
1/33.78 = 0.0296 W/(cm? K®) and nj ne = 2.453. The corresponding conduc-
tivity of "bulk” titanium would be ari ne = 0.0296 W/(cm? K") - 45 nm =
1.332-1077 W/(cm Km), which is of course not physical, as the strong reduc-
tion of conductivity is only an effect visible in thin layers and it cannot be
treated as a property of a bulk material. Therefore o/ , ., i.e. the value char-
acteristic for a thin layer of 45 nm, was summarised in table as a result
obtained from the model. The exponent of the titanium conductivity equal to
nTi ne = 2.453 indicates that there is a significant contribution from the lat-
tice side to the conductivity of the thin layer of titanium, even in the normal
conducting state.

Table 6.4: The theoretical and calculated values of the characteristic resistivity and thin layer
conductivity present in the Cu - In nc - Au - Ti nc - sapphire setup.

Value Theoretical Calculated from the model
R 18.27 cm?K* /W 70.92 T + 20.34 cm?K* /W
KTi nc = lTi/aTi ne 1.3-1073 CmQKQ/W 33.78 chKn/W
abulk 3.45-1073 W/(cm K2) | 1.332-1077 W/(cm K")
N pe IDA=a T™ 1 2.453

The high resistance value of the thin layer of Ti (both x and n) may be also
an effect of the uncertain nanometer layer of an oxide responsible for the ad-
hesion of titanium to sapphire [97,105]. Perhaps better distinguishing between
the effects of the interface and the thin layer properties (unfortunately rather
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difficult to realize) would result in an increase of the values of k corresponding
to the interface effects and a decrease of k£ and n of the thin layer.
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Figure 6.13: The calculated value of KTi nc = I1i/aTi nc @s a function of the temperature of
its thin layer for exponent n i ne = 2.453. The averaged value equals 33.78 cm?K" /W.

Cu - In sc - Au - Ti sc - sapphire

The electric analogon of the last analysed configuration is presented in figure
The Ti sc - sapphire - Ti sc connection is modelled as In nc - sapphire
- In nc including the parallel plates assumption, because the theoretical esti-
mations of the sapphire - Ti and sapphire - In resistivity do not differ a lot.
Interfaces between metals and superconductors, i.e. Cu - In sc, In sc - Au and
Au - Ti sc, are modelled as the Cu - In sc interface described in section [6.1.4]
The layers of indium foil are also modelled as in section [6.1.4] Since gold is
known to be a good thermal conductor, and the resistance corresponding to
its thin layer calculated in a classical way is negligible, it will be skipped in
the model. Instead, the thin layer of superconducting titanium will have a new
value of k and n assigned, corresponding to its superconducting state. In the
equations the properties of titanium were modelled as resistivity, not conduc-
tivity, what makes the contribution of titanium to the total sandwich resistivity
more visible.

The calculated, averaged value of the exponent equals to npj ¢ +1 = 3.855
and it decreases slightly above 350 mK, see figure [6.14] close to the point
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where titanium becomes normal conducting and electrons start playing a role
in the heat transfer. The resulting resistivity for nr; s« = 2.855 is presented
in figure and follows the shape of the plot in figure The value of
resistivity rises to the maximum of 170 cm?K"/W at approx. 330 mK. At that
temperature the resistivity starts decreasing in accordance with the decrease
of the exponent. The temperature is a bit lower than the nominal temperature
of the superconducting transition of titanium. It may be that the internal
stresses in the thin layer of sputtered titanium, resulting from the differences
in sapphire and titanium lattice spacing, the presence of the Earth’s magnetic
field or a certain amount of impurities (mainly oxides) cause a decrease in
the temperature of the superconducting transition of titanium from 0.39 K to
approximately 0.33 K - 0.35 K [106].
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Figure 6.14: The calculated values of the exponent describing the temperature dependence
of the resistance of the thin layer of Ti sc in a form Rri sc = k1i scT . Averaging gives a
value of nri sc +1 = 3.855, i.e. n1i sc = 2.855.

The high value of the calculated resistivity reflects the diminished heat
transfer across the thin layer of titanium, and there are several reasons con-
tributing to these limitations. The first is the fact that the dominant phonon
wavelength exceeds the thickness of the layer, what can decrease the thermal
conductivity of the thin layer several times, as explained in section It is
very probable that the ultra-thin interlayers of compounds responsible for the
adhesion of gold to titanium and titanium to sapphire [97,/105,107] also limit
the heat transfer in the sandwich, by creating other ”interfaces” and disturbing
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the continuity of the lattice structure.

It is clear that the presence of the thin layers of titanium and gold creates
a serious bottleneck for heat transfer and therefore the deposition of these
layers should be avoided on the bottom surface of the electrodes, anchoring
them to the cold source in the AEgIS experiment. Indium shows much lower
thermal resistivities, especially in the normal conducting state, and it enables
the removal of the clamping structure.

kappa of Ti sc layer (r;m2 K"

0 50 100 150 200 250 300 350 400
Upper Ti layer temperature (mK)

Figure 6.15: The calculated values of the k1 sc describing the temperature dependence of the
resistance of the thin layer of Ti sc in a form Rri sc = ki s " for n = 2.855.

6.3 Transient measurements in the low temperature range from
3 Kto 30K

The thermal conductivity and diffusivity of both sandwich setups was measured
in the temperature range from 3 K to 30 K in the CERN Cryolab pulse tube
refrigerator. The setup was mounted on the cold head of the cryocooler with two
Cernox sensors: on the stamp and on the platform. A layer of indium below the
sensors was used to improve their thermal contacts. A sample heater (SHT) was
glued to the stamp and the power was supplied with a function generator. The
setup hanging on the cryocooler is presented in figure [3.10} Both setups were
measured without the clamping structure present. At each base temperature
the thermal diffusivity was determined with the amplitude method described
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in section for thermal excitation frequencies from 0.02 Hz to 12 Hz.

6.3.1 Thermal diffusivity of the copper - indium - sapphire sandwich setup

The thermal diffusivity of the copper - indium - sapphire sandwich sample as a
function of frequency for temperatures from 2.8 K to 8.4 K is presented in figure
[72]. The size of the error bars at the level of the pleateau (around 1 Hz),
not presented here for clarity, is comparable with error bars in figure [6.20} As
in the steady state measurements, the accuracy of the measurement decreases
along with a decrease of the measured temperature differences, i.e. towards the
high temperature end for measurements performed with the same power at
each base temperature (as in figure , and towards high frequencies. Figure
shows how (AT)~! increases (i.e. the measured temperature difference
decreases) with an increase of frequency and with an increase of the platform
base temperature. The smaller and smaller temperature gradients cause an
increase of the measurement error.
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Figure 6.16: Thermal diffusivity of the copper - indium - sapphire sandwich setup as a function
of frequency for platform temperatures from 2.8 K to 8.4 K |72]. The peak-to-peak voltage of
a sine wave supplied by the function generator to the sample heater (SHT) of 100 2 resistance
was 8 V.

The distance between the temperature sensors on the stamp and the plat-
form necessary for the diffusivity measurements equals 19.75 mm. The singular

point at 1.7 Hz having a much higher diffusivity than the rest of the 3.1 K series,
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Figure 6.17: An increase of 1/AT (i.e. decrease of the measured temperature difference) as a
function of frequency for several platform temperatures. The peak-to-peak voltage of a sine
wave supplied by the function generator to the sample heater (SHT) of 100 Q resistance was
8V [72].

and the disturbance around 1.75 Hz visible for all base temperatures, are the
result of a resonance with the operating frequency of the pulse tube cryocooler.
As already known from the validation of the measurement method described
in chapter 4] there is a temperature dependent threshold frequency f.,, below
which a proper diffusivity measurement is not possible. For the copper - in-
dium - sapphire sandwich the first threshold frequency equals to around 1 Hz
at 2.8 K, and 0.2 Hz for 8.4 K. Unexpectedly, a second threshold frequency
fe, appears around 2 Hz, above which the diffusivity starts rising again. The
influence of the increased measurement error for small AT is causing such a
behaviour in the extracted thermal diffusivity data [72].

Measurements at frequencies higher than 10 Hz are impossible because of a
high noise in the temperature signal. Therefore, the thermal diffusivity from the
plateau between 0.3 Hz and 2 Hz, where the diffusivity takes a value of approx.
100 - 200 cm? /s, was taken as a characteristic value at a given temperature.
Higher base temperatures have been measured as well, and all of them show
an increase of the thermal diffusivity with an increase of frequency above the
pleateau [72].

The thermal diffusivity of the sandwich as a function of temperature for
various peak-to-peak voltages supplied to the heater is presented in figure [6.20]
It allows a direct comparison with the Ti - Au sandwich results, discussed in
the next section.
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6.3.2 Thermal diffusivity of the copper - indium - gold - titanium - sapphire
sandwich setup

The copper - indium - gold - titanium - sapphire sandwich setup was measured
on the cryocooler in two configurations: with and without the cryocooler cold
tip attenuator, described in section [3] installed between the cold head and the
sandwich. The principal purpose of the attenuator is the elimination of the
resonance peak around 1.7 Hz. The thermal diffusivity of the second sandwich
setup measured without the attenuator is presented in figure

The distance between the stamp and platform sensors equals to 27.75 mm.
The resonance peak around 1.7 Hz is not shown. The plateau of thermal diffu-
sivity between the two threshold frequencies is visible at the lowest tempera-
tures as in figure When the temperature increases, the plateau gradually
disappears and the value of diffusivity is monotonically increasing with fre-
quency, creating a limit for the experimental determination of the diffusivity
towards higher temperatures.

The installation of the attenuator described in section [3.3.3] significantly
changed the obtained values of the thermal diffusivity, especially in the low
frequency range, as shown in figure For the lowest measured tempera-
tures, the first threshold frequency shifts to much lower values and the thermal
diffusivity has a constant or even slightly increasing value towards low frequen-
cies. At higher temperatures the diffusivity value decreases with a decrease of
frequency. A modification of the measurement stand - the installation of the
attenuator - influenced the results. It is difficult to decide which value should
be taken as representative for the diffusivity of the sandwich setup. The value
from the plateau was taken, but since the plateau disappears at temperatures
above 10 K, the precision of the diffusivity readout is low.

The thermal diffusivity of both sandwich setups as a function of tempera-
ture, with and without the attenuator, for various heating powers are compared
in figure [72]. The results show a good agreement for all peak-to-peak volt-
ages (4 V,8V, 10V, 16 V, 20 V) of the sine waves supplied to the 100 € heater.
Only the low temperature part of the plot below 5 K, for the highest heating
power of 16 V and 20 V, without the attenuator, deviates from the rest. The
diffusivity in figure [6.20] is plotted as a function of temperature, which is the
mean temperature between the stamp and the platform. It may happen that
for high heating powers, the temperature gradient across the sample is slightly
different, despite the same mean temperature, what could explain the devia-
tion of results. The peak of the thermal diffusivity of the copper - indium -
sapphire sandwich is at 6 K, and of the copper - indium - gold - titanium -
sapphire sandwich at 4 K. Both curves merge at approximately 3 K, despite
the expectation that the thermal diffusivity of the setup which has a higher
thermal resistivity - the sandwich with titanium and gold - would be lower.
In the next section, the results are related to the theory and the parameters
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Figure 6.18: Thermal diffusivity of the Cu - In - Au - Ti - sapphire sandwich setup as a
function of frequency at different platfrom temperatures without the attenuator installed
|72]. The peak-to-peak voltage of the sine wave supplied by the function generator to the

100 Q heater was 20 V.
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Figure 6.20: Thermal diffusivity of both sandwich setups as a function of temperature, for
various peak-to-peak voltages supplied to the 100 € heater (4 V, 8 V, 10 V, 16 V, 20 V) [72].
The temperature on the horizontal axis is the average temperature between the platform and
the stamp.

influencing the thermal diffusivity are analysed.

6.3.3 Theoretical estimation of the low temperature thermal conductivity
and thermal diffusivity

To check whether the value of the diffusivity taken from the plateau is realistic,
a theoretical estimation is made. The thermal diffusivity can be calculated as in
eq. (2.29). The densities and low temperature heat capacities of all the materi-
als can be found in literature [8.9}12,/13./93,108-111]. To make the estimation as
accurate as possible, an effective measured thermal conductivity of the whole
sandwich in steady state conditions is used instead of taking literature values
of separate materials. The low temperature thermal conductivity of both sand-
wich setups containing all the thin layers and interfaces was measured in-situ
on the cryocooler. That measurement was performed by applying a constant
heating on the stamp, and measuring the temperatures on the stamp and the
platform. The effective conductivity of the sandwich was then calculated as:

)\eff Ql

sandwich — A - AT’ (62)
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where Q is the applied heat load, [ is the distance between the sensors, Amin
is the minimum cross-section of the sandwich, and AT is the measured tem-
perature difference. The minimum cross-section of both sandwiches equals to
3.14 cm?. The measured thermal conductivity of both sandwich setups in the
temperature range from 3 K to 60 K is presented in figure [72]. As in the
ultra-low temperature steady state measurements, see figure the thermal
conductivity of the sandwich with titanium and gold is lower than the conduc-
tivity of the sandwich with only indium. The peak of the copper - indium -
sapphire sandwich conductivity is at around 30 K, and the copper - indium -
gold - titanium - sapphire sandwich at around 7 K. Both curves merge towards
the low temperature end of the plot, as in the thermal diffusivity measurements.
The error bars are within the size of the plotted points.
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Figure 6.21: Effective low temperature thermal conductivity of both sandwich setups mea-
sured on the cryocooler [72]. The error bars are within the size of the plotted points.

The thermal resistance of the setup can be also calculated from the liter-
ature values as a linear combination of resistances of individual elements and
interfaces:

Rtot = Esz + 2j-RinterfaLcej (63)

where X; R; is the sum of resistances of each layer present in the sandwich, and
Yj Rinterface; 18 the sum of interface resistances calculated according to equation
(2.16)). The resistance of each layer can be calculated as:

R = — (6.4)
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where z; is the thickness of each layer, A; the conductivity of each layer, and A;
is the cross-section. The cross-section of the setup changes along the sandwich,
see e.g. figure The diameter of the sapphire is 20 mm, whereas the width
of the copper platform equals 50 mm. To simplify the problem the minimum
cross-section of 3.14 cm? is taken.

The significance of the thermal interface resistance in the low temperature
range from 3 K to 60 K can be verified by comparing the theoretically estimated
1/Ryot with the measured value of conductivity. The low temperature thermal
conductivity of all the materials according to literature data, and the estimated
thermal conductivity of the copper - indium - sapphire sandwich is presented
in figure Since the interface resistance even in the ultra-low temperature
range does not follow exactly the temperature dependence described by eq.
, i.e. Rinterface ¢ T3, but rather Ripterface < 1™, where n € (—3; —2), the
theoretical estimation of the low temperature thermal conductivity, plotted in
figure was done for three cases |72]:

(a) the estimated total resistivity is a sum of resistivity values of all the
materials;

(b) the estimated total resistivity is a sum of resistivity values represent-
ing materials and interfaces in between, with an interface resistance
Rinterface (8 Tﬁ?’;

(c) the estimated total resistivity is a sum of resistivity values represent-
ing materials and interfaces in between, with an interface resistance
Rinterface X T—25.

The dashed and dotted lines in fig. represent the literature values of
bulk thermal conductivities of all the constituents of the first sandwich setup.
These are for reference only concerning the temperature dependence. Abso-
lute levels cannot be compared to measurement data because of considering all
cross-sectional areas to be equal to the minimum area in the sandwich. One
can see that the green line, corresponding to case (a), follows quite closely the
thermal conductivtity of copper, except for the low temperature end. Case (b),
represented by the blue line, has a slightly lower thermal conductivity, and as
expected the influence of the interface resistivity becomes more significant when
the temperature decreases. Changing the interface resistance temperature de-
pendence from T3 to T~2% (case (c), represented by the violet line), gives the
lowest estimation of the thermal conductivity, and follows the measurement
results very closely, except for a certain deviation at the high temperature end
above 35 K, which can be explained by lower measurement precision at higher
temperatures [72]. The temperature dependence of the thermal boundary re-
sistance with an exponent higher than -3 was also observed and discussed by
other authors [112]. The maximum thermal conductivity for all the cases equals
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Figure 6.22: Thermal conductivity of the individual materials the sandwich consists of, and
the resistivity of the whole sandwich estimated with and without taking into account interface

resistances .

around 10 W/(cmK) at around 28 K, and agrees with the measured value. The
more important - low temperature - behaviour of the setup is predicted very
well by case (c), what also justifies the use of Ay, = 3.14 cm? as the critical
cross-section of the whole setup.

With the measured and modelled thermal conductivity one can now calcu-
late the total thermal diffusivity of the sandwich as :

l

A~ Riot - Ctot * Prot
where the total resistance is calculated according to equation , the cross-
section for the heat transport is assumed to be constant and equal to A =
Apin = 3.14 cm?, 1 is the total thickness of the setup, equal to the distance
between the temperature sensor on the stamp and that on the platform. The
multiplication of the specific heat and density cio: - pror Of the whole sandwich
depending on the thickness of each layer is calculated in the following way:

(6.5)

Gsandwich =

.
Ctot * Ptot = EiTl - Ci - pi- (6.6)

The specific heat of sapphire, gold, indium, and copper was taken from litera-

ture data |§|, The 45 nm layer of titanium was neglected in eq.
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as its contribution to the total heat capacity is vanishing. The comparison of
the estimated and measured thermal diffusivity for both sandwich setups is
presented in figure [6.23

For both setups the curves of measured and estimated thermal diffusiv-
ity have a very similar shape, and the peak of diffusivity occurs at the same
temperature of approx. 5 K for the copper - indium - sapphire sandwich and
approx. 4 K for the copper - indium - gold - titanium - sapphire sandwich. How-
ever, the measured value of diffusivity is for both setups several times lower
than predicted.
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Figure 6.23: A comparison of the thermal diffusivity values as a function of temperature of the
Cu - In - sapphire setup (left) and Cu - In - Au - Ti - sapphire setup (right), both estimated
according to eq. and measured. The measurement was done for various peak-to-peak
voltages applied to the heater [72].

Since the thermal conductivity taken for the diffusivity estimation was mea-
sured, the only error can be coming from incorrect estimation of the total heat
capacity, especially the volume of the material actually taking part in heat
transfer and storage. It is discussible whether the total volume of copper should
be taken in to account or only the part of the setup in a direct line of the heat
flow, corresponding to the smallest cross-section. The total volume of copper
in the stamp and the platform is 3.3 times bigger than the volume in the direct
line of the heat flow for the copper - indium - sapphire sandwich, and 2.7 times
bigger for the sandwich with titanium and gold, see figure [72]. The shape
of all the elements was dictated by the necessity of providing a compression
force for measurements in the DR. Including in the calculations the geometry
factor reflecting the amount of material really participating in the transient
heat transfer gives a good agreement between the measured and modelled val-
ues for the Cu - In - sapphire setup as presented in figure [6.25] For the second
sandwich setup the modelled value is still approx. 3 times higher than the
measured one, but both curves seem to merge towards the low temperature
end.
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Figure 6.24: Schematics presenting the total amount of material and the amount taking a
part in the heat transfer for the Cu - In - sapphire setup [72]. The geometry factor for this
setup equals to 3.3.
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Figure 6.25: A comparison of the thermal diffusivity value as a function of temperature of the
Cu - In - sapphire setup (left) and Cu - In - Au - Ti - sapphire setup (right), both calculated
acc. to eq. including the geometry factor and measured. The measurement was done for
various peak-to-peak voltages applied to the heater |72].

6.4 Transient measurements at ultra-low temperatures

Diffusivity measurements were performed with the amplitude method also in
the ultra-low temperature range. Only the Au - Ti sandwich was studied with
the right conditions of applied heating frequency f > f.1. The focus is on that
sandwich due to the fact that there are more thin layers and interfaces present,
and therefore it is more likely to deviate from the expected behaviour, based
on direct material contributions.

6.4.1 Thermal diffusivity of the copper - indium - gold - titanium - sapphire
sandwich setup

The copper - indium - gold - titanium - sapphire sandwich was measured at
base MC temperatures of 30 mK, 50 mK, 100 mK, 180 mK, and 250 mK.
The maximum frequency of sinusoidal voltage supplied by the function gener-
ator was 3 Hz. Above this frequency the measurement became too noisy. The
setup was measured with and without magnetic field, switching indium and
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titanium from normal to the superconducting state. In most of the measure-
ments at ultra-low temperatures the plateau was impossible to observe. When
the threshold frequencies f., and f., become very close to each other, one can
observe only an inflection point in the plot of diffusivity as a function of fre-
quency. For some measurements even the inflection point is not observable and
the values keep rising with frequency. During transient measurements in the
cryocooler, the installation of the attenuator significantly influenced the results
at low frequencies. It is possible that a modification of the way the setup is
linked to the heat sink - MC would change the results, but it is not applicable
in the DR.

With titanium and indium in the normal conducting state, inflection points
are observed in the measurements only at base temperatures of 30 mK and
50 mK (figure . The diffusivity value calculated at these points equals
aLs qwien = 0.5 £0.1 cm? /s at an average temperature between the stamp and
platform of 45 mK, and a° 4., = 1.5 £0.2 cm?/s at an average temperature
of 93 mK [72]. The uncertainty has been calculated from the standard deviation

around the inflection points.
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Figure 6.26: Thermal diffusivity of the Cu - In - Au - Ti - sapphire sandwich setup as a
function of frequency at MC base temperatures of 30 mK (left) and 50 mK (right). The
additionally indicated temperature values of 45 mK and 53 mK (left), and 93 mK (right),
are mean temperatures between the platform and the stamp [72].

No inflection points have been observed at these temperatures in the su-
perconducting case, but a plateau can be observed at base MC temperatures
of 180 mK and 250 mK (figure . The diffusivity calculated at the plateau
is a5 qwien = 1.2 £0.1 cm?/s at an average temperature of 230 mK, and
A qwien = 1.4 £ 0.1 cm?/s at a temperature of 290 mK [72]. Only four dif-
fusivity measurement values have been reliably obtained in the ultra-low tem-
perature range.
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Figure 6.27: Thermal diffusivity of the Cu - In - Au - Ti - sapphire sandwich setup as a
function of frequency at MC base temperatures of 180 mK (left) and 230 mK (right). The
additionally indicated temperature values of 230 mK (left), 257 mK and 290 mK (right) are
mean temperatures between the platform and the stamp[72].

6.4.2 Theoretical estimation of the ultra-low temperature thermal diffusivity

The theoretical estimation of the diffusivity can be done as in section [6.3.3
The thermal conductivity of the copper - indium - gold - titanium - sapphire
sandwich is taken from the measurements presented in section [6.2] and calcu-
lated according to eq. . The ultra-low temperature values of specific heat
of sapphire, indium and copper were taken from [38]. The contribution of gold
and titanium to the heat capacity of the whole sandwich was neglected, be-
cause of the very small thickness of these layers. The application of the volume
factors Viotal/ Vdirect line = 3.3 for the copper - indium - sapphire sandwich and
2.7 for the sandwich with titanium and gold, introduced in section [6.3.3], seems
to be justified, due to their contribution to the heat capacity influencing tran-
sient measurements. The estimated value of the thermal diffusivity with and
without the application of a corresponding volume factor, compared to the
ultra-low temperature measurement results is presented in figure A very
good agreement between the measured and predicted values with an applica-
tion of the volume factor is observed for the sandwich with titanium and gold in
both normal and superconducting case. Theoretical values are also plotted for
the Cu - In - sapphire sandwich. The theoretically predicted diffusivity value
for the normal conducting case is almost an order of magnitude higher than
for the superconducting case, and it is consistent with the experimental data
for the sandwich with layers of Ti and Au. In the superconducting state the
Cu - In - sapphire sandwich should have theoretically a slightly higher value
than the sandwich with Ti and Au, but it was not measured experimentally
with frequencies higher than f.;, so a comparison of the measurement results
is not possible.

The thermal diffusivity of both setups in the full temperature range of the
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Figure 6.28: Thermal diffusivity of the sandwich setups at ultra-low temperatures obtained
from measurements and from the theoretical estimation . The theoretical prediction is
presented with and without the volume factors included in the calculation. Theoretical values
are also plotted for the Cu - In - sapphire sandwich, which was not tested experimentally.

measurements, from 30 mK to 30 K, is presented in figure . For a
better comparison between the two temperature regions the volume reduction
factors were not taken into account in the modelling results. Despite a certain
gap in the measurements around 1 K, a good coherence of ultra-low and low
temperature results is observed. The overall diffusivity of the copper - indium
- sapphire setup is higher than of the sandwich with thin layers of titanium
and gold, what is probably an effect of the additional interfaces present in
the second setup that decrease its thermal conductivity and therefore also the
diffusivity.

134



6. Measurement results

10000: L 2ol 1 L IIIIII! L ol 1 L .....1:
3 Sapphire-In-Cu ; nc 3
3 Sapphire-In-Cu modeling ; nc
i Sapphire-Ti-Au-In-Cu ; nc
------ Sapphire-Ti-Au-In-Cu modeling ; nc
1000 Bp 9 -
‘_'u) 9 b o C
(o]
£ ] - :
S L
-]
£ K
E 10 4 :;? Ay 3
B
o L
c .
— %
13 ‘ -
0.01 0.1 1 10 100

Temperature (K)

Figure 6.29: Thermal diffusivity of both sandwich setups in a temperature range from 30 mK
to 30 K [72]. Volume factors were not taken into account in the modelling results.

6.5 Conclusions drawn from the measurement results

An unexpected parasitic heat flow via the clamping structure of the first sand-
wich setup has been observed and quantified. An influence of several factors
like ageing, alloying, formation of intermetallic compounds and oxidation of the
surface on the interface thermal resistivity and on the total thermal resistance
of the sandwich has been explained. A mathematical model has been created
corresponding to all measured configurations of the setup.

The thermal diffusivity of both sandwich setups has been measured and
modelled. The measurement results of the first sandwich setup correspond to
the model with a volume factor included. The measured thermal diffusivity of
the second sandwich is lower than predicted by the model.

A clear conclusion can be drawn that the presence of the thin layers of
titanium and gold significantly decreases not only the thermal conductivity,
but also the thermal diffusivity of the sandwich. Therefore, the deposition of
these layers should be avoided on the bottom surfaces of the electrodes, which
are responsible for the thermal anchoring of the electrodes to the cooling source
in the AEgIS experiment.
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The most important outcome of the measurement results is that when in-
dium is in the normal conducting state, which is the case in the AEgIS exper-
iment, the clamping structure can be removed without a significant change in
the quality of the thermal connection to the mixing chamber. Thanks to this
information, a modification of the electrode is possible to improve its thermal
performance. Because of the 1 T magnetic field surrounding the electrodes, the
main focus of the next chapter will be the analysis of the thermal performance
of the electrode in the normal conducting state.
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Chapter 7

Ultra-cold electrode design and
thermal performance

The ultra-cold electrodes, which the Penning trap in the AEgIS experiment
will consist of, should fulfill a series of very strict requirements, summarised
in chapter [I] After a series of preliminary measurements, the first design of
the electrode was made in the Cryolab by G. Burghart and is presented in
figure Unfortunately, its thermal performance was a few times lower than
expected [7]. Several factors that might have influenced it are described below.

7.1 Stress analysis and the quality of the indium bond in the
old electrode

The complicated shape of the electrode and its small dimensions make the
phonon path in the dielectric long and narrow, with the smallest cross-section
next to the cylindrical hole separating sectors of about 12 mm? (see figure
. The way the electrode was mounted, i.e. supported at the bottom and
pressed with the bolts on both sides (see picture , caused bending of its del-
icate structure and introduced mechanical stresses. The plot of the equivalent
(von Mises) stress is presented in figure The highest value of the stresses
occurred in the place of the smallest cross-section, where it acts like a ” disloca-
tion” of the sapphire lattice and additionally disturbs heat transfer (see chapter
. The smallest cross-section became a significant thermal bottle-neck.

The bending of the electrode influenced also the quality of the indium
bond at the bottom. As presented in figure the pressure distribution was
not uniform and as a result the correct indium bond, described sometimes
as a ”cold weld” [5,6] can be created only on a small fraction of the whole
surface, corresponding to the spots with the highest pressure, as indicated by
the pressure distribution obtained from the ANSYS® simulation (compare
figures and [7.4). After dismounting of the electrode setup the indium cold
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weld was established only at the spots of the highest force, at similar locations
as predicted by the numerical simulation.

Figure 7.1: The electrode designed by G. Burghart fully instrumented for the measurements
in the Cryolab DR. Picture taken by H. Derking after dismounting the electrode with its
thermalisation platform from the lid of the mixing chamber.

o

Figure 7.2: Finite Element Method simulation of mechanical stresses in the electrode designed
by G. Burghart. Applied pressure of 12 MPa (corresponding to the force generated by the
bolts) on the sides of the electrode results in around 7 MPa at the bottom surface pressed to
the thermalisation plate. The electrode mounted in this way has a tendency to bend and the
highest stresses occur in the place of the smallest cross-section (red colour), along the main
heat transfer path.
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Figure 7.3: Plot of the pressure distribution at the bottom of the old electrode designed by G.
Burghart, loaded with a pressure of 12 MPa on each side, obtained from the Finite Element
Method simulation. Grey colour indicates the area where the pressure in indium is lower than
2 MPa, and therefore insufficient for the formation of a solid indium bonding @ The stress
concentration up to 40 MPa in the corners is a typical result of a numerical simulation of two
compressed rigid bodies. In reality the distribution will be a bit more uniform, because of a
layer of plasticised indium.

Figure 7.4: Traces of the indium bond at the bottom of the electrode designed by G. Burghart.
Their position corresponds to the pressure distribution in figure [7.3] Picture taken by H.
Derking.

A more uniform way of pressing the electrode provided by another type
of clamping could result in the formation of the cold weld on a larger part of
the bottom surface of the electrode, and therefore highly increase the effective
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contact area and improve the heat transfer.

As concluded in chapter [6] in the presence of an external magnetic field, the
clamping structure can be removed without a significant increase of the copper
- indium - sapphire thermal boundary resistance. Thanks to the possibility of
the removal of the clamping structure, one can not only save some precious
space in the cold bore of the AEgIS experiment, but also attach the electrodes
in a different way, providing a much more uniform pressure distribution at
the bottom of the electrodes during the clamping procedure. The removal of
the clamping structure eliminates also the mechanical stresses in the critical
cross-section of electrode, what should improve the heat transport across the
sapphire itself.

7.2 Thin layers and their influence on the thermal performance
of the electrode

The thermalisation platform on the mixing chamber of the dilution refrigera-
tor responsible for providing the cooling power to the ultra-cold electrodes in
the AEgIS experiment will probably be made of OFHC copper. Therefore a
layer of indium foil is necessary to provide proper mechanical attachment and
thermal contact via an indium bond between the electrodes and the platform.
The vapour deposition method was proved to be a robust way of bonding the
dielectric sapphire with metallic layers [4].

The thermal conductivity of a sapphire - indium - copper sandwich was
demonstrated to be approx. 27 cm?K*/W at 100 mK on the warmer side of the
interface (fig.[6.5). A quick estimation of the amount of heat transferred across
the interface between the electrode and the thermalisation plate, assuming that
the temperature of the plate is at approximately 80 mK, and the electrode at
100 mK, can be evaluated to be 0.5 uW per cm? of area:

B A
427 em?2K4/W

Q ((0.1 K)* — (0.08 K)*) ~
(7.1)
¢ W
~05-1077— -A=05AuW,
cm
where A is in cm?. Thus a surface of around 2 cm? should be sufficient to
provide at least 1 uW of heat flow extracted by the cold source. More heat
can be extracted if the mixing chamber and the thermalisation plate are colder
than 80 mK.

As concluded in chapter [6] the presence of the thin layers of titanium and
gold forming the four sectors on the electrode should be avoided on the bottom
surface of the sapphire, as it significantly decreases the rate of heat transfer.
The deposition of four sectors on the complicated shape of the electrode has
to be done with a complex mask, to avoid merging of the sectors. It is also
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important to keep the lowest sector of the electrode electrically separated from
the bottom surface, which is attached to the metallic platform for thermali-
sation. Therefore, the masks for deposition of titanium-gold and later indium
should be designed and manufactured with very high precision. The sputtering
of titanium and gold should be done first and the vapour deposition of indium
afterwards, because of the lower temperature of vapour deposition of indium,
compared to the sputtering of gold.

7.3 New design of the electrode and its manufacturing

Having gained experience with the first design, a series of improvements was
implemented in the new design of the electrode, incorporating the results of the
studied sandwich configurations, in order to increase its thermal performance
both in steady state and transient conditions. The recommendations for the
new design, which were formulated as a conclusion from the analysis are the
following;:

e increase the size of the smallest cross-section, not to create a geometrical
thermal bottle-neck along the thermal pathway in the sapphire,

e avoid the stress concentration at the smallest cross-section by modifying
the shape of the electrode and the way it is mounted,

e obtain a better quality cold weld at a larger part of the bottom surface
of the electrode by modifying the clamping structure;

e avoid the presence of thin layers of titanium and gold on the bottom of
the electrode.

The most important result of the sandwich setup study is that the appli-
cation of force to this type of pressed contact is not necessary for proper heat
transfer in the presence of magnetic field, causing indium to be normal con-
ducting. Therefore, the space previously occupied by the clamping structure
can now be used for significant modification of the shape of the electrode. The
new design of the electrode has a wider top part to increase the cross-section
size of the critical heat path. Thanks to the fact that the electrode does not
have to be pressed during the cooldown and operation, the holes for the bolts
can be eliminated, and despite a smaller total external dimension, the bottom
surface can be increased. Omitting the clamping structure, that compresses the
electrode in the experiment, excludes the mechanical stresses in the material,
especially around the critical cross-section (compare figure and that
could limit heat transfer after the cool-down, as explained in chapter |2 Re-
moval of the clamping structure allows us also to press the electrode not only
from the top, but also in the middle, what makes the pressure distribution on

141



7. Ultra-cold electrode design and thermal performance

the bottom much more uniform, the stresses in the sapphire smaller, and the
chances for the cold weld formation much higher.
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Figure 7.5: The 3D distribution of von Mises stresses in the new electrode design. The struc-
ture was loaded with a force F = 471 N on top of the electrode and another 471 N in the
middle of the electrode, which results in a pressure on the bottom of the electrode of approx.
4.7 MPa. Such a pressure is sufficient to cause creeping of indium and to form a proper in-
dium bond. The applied forces correspond to the way the electrode will be later fixed on the
platform.
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Figure 7.6: The sapphire base for the new electrode manufactured by Dr. Sztatecsny GmbH,
as delivered. One can see the polished cylindrical surface in the centre.

The electrode according to the new design was manufactured by Dr. Sz-
tatecsny GmbH. The sapphire, just after arrival from the manufacturer, is
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Figure 7.7: Two electrodes in a mask for gold deposition. Titanium and gold were already
sputtered on one face and the circumference surfaces. The electrodes are ready for the de-
position on the second face. The dark grey colour visible across the sapphire comes from
the 45 nm layer of titanium on the opposite face of the electrode, which was sputtered first.
Thin steel stripes keeping the electrode on the plate are responsible for providing a sufficient
separation of the sectors. The bottom surfaces of the electrodes, where later on the indium
deposition will follow, are protected by the central bar.

presented in figure and the corresponding technical drawing with all the
dimensions and tolerances can be found in the appendix.

The four sectors of the electrodes were created on a sapphire base with
a magnetron sputtering technique. Because of the poor adhesion of gold on
sapphire, it is necessary to add a 45 nm layer of titanium below the 520 nm thick
layer of gold. Electrodes in a mask for gold deposition with one side already
covered with titanium and gold, and the second side ready for deposition, are
presented in figure [7.7] The separation of the four sectors is obtained thanks
to a mask of 1 mm thick stainless steel strips. It is very important to keep
the bottom surface of the electrode electrically separated from the side sectors,
which is established by the central holder of the deposition mask.

Afterwards, a 600 nm layer of indium was vapour deposited on the bottom
surfaces of both electrodes without any under-layer. The mask for indium de-
position, designed in a way to make sure that the bottom surface would not
be electrically connected with the side sectors, is presented in figure [7.8] While
placing the electrodes in the mask for indium deposition, one has to pay special
attention trying not to scratch the golden sectors.

After the deposition of the electrode sectors and the bottom indium inter-
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Figure 7.8: Electrodes in the mask for indium vapour deposition. Only the bottom surfaces
of the electrodes are visible and are exposed to the vapour deposition process.

face, one of the electrodes was placed on a copper platform with 125 um thick
indium foil in between, to install and measure its properties in the DR. It is
essential to remove the layers of oxides from both copper and indium to make
sure they are not disturbing the formation of the cold weld. To remove the
oxide, the surfaces could be scratched or treated with mild HCI solution @ In
the case of copper, mild scratching with Scotch-Brite was sufficient, whereas
the indium was etched with HCI and rinsed with demineralised water and iso-
propanol. The electrode was pressed with a clamping sturcture designed in a
way to provide a uniform pressure distribution in the layer of indium at the
bottom of the electrode. The four M3 bolts, presented in figure on the left,
were tightened with a very low torque of 10 cNm each. Such torque generates
a compression force of around 235 N in each screw, which results in a pres-
sure of 4.7 MPa at the bottom of the electrode. The pressure distribution at
the bottom of the electrode was estimated with the Finite Element Method,
and the result of the simulation is shown in figure [7.10] One can see that the
obtained pressure distribution is way more uniform than for the old design of
the electrode (compare figures and [7.10). On the whole bottom surface the
pressure is higher than 3.7 MPa, which should be sufficient for the formation of
the cold weld @ To check the quality and robustness of the obtained indium
bonding, the electrode was kept hanging on a horizontal rod wrapped in a soft
piece of cloth for 24 hours as shown in figure on the right. No sign of any
degradation of the bond was observed.
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Figure 7.9: Left: One of the electrodes pressed with four M3 screws. Each screw was tightened
with a torque of 10 cNm, which gives a force of around 235 N per screw, and 4.7 MPa pressure
on the indium foil below the electrode. Right: Test of the indium bonding. The cold weld
withstood 24 h of the platform’s weight hanging below the electrode without any sign of
degradation of the bond.

Figure 7.10: Simulation of the pressure distribution on the bottom of the new electrode,
compressed as presented in figure (left) with a torque of 10 cNm in each screw. The
pressure distribution is very uniform, with the lowest value of approx. 3.7 MPa - exceeding
the yield limit of indium. For sufficiently clean indium, such a uniform distribution highly
increases the chance of a uniform cold weld at the bottom surface of the electrode. Simulation
with ANSYS®. Stress concentration up to 27 MPa visible in the corners is a typical result
of a numerical simulation and presents no ground for a concern.

7.4 Ultra-low temperature measurements

The same temperature sensors and heater, that were previously used on sand-
wich setups, have been glued to the electrode with Stycast®. The electrode,
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cold welded to the platform and mounted on the lid of Cryolab DR mixing
chamber, is presented in figure [7.11] on the left. The exact position of sensors
is schematically marked in the same figure on the right.

21.9

/ Tplatform

Sapphire — In — Cu interface

Figure 7.11: Left: picture of the new electrode with the top and side sensors and the heater
glued, mounted on the lid of the mixing chamber. Right: a part of the technical drawing of
the electrode with the positions of the electric heater and sensors marked.

During the measurements the heat was supplied by the electric heater (EH)
on the top sector of the electrode and the temperatures on the top and side sec-
tors were measured. The temperature range of the measurements corresponds
to the requirements of the application and to the research done on the previous
version of the electrode. The measurements were done both with and without
magnetic field, at 30 mK, 50 mK and 70 mK base temperatures of the platform
in steady state and transient conditions. A few transient measurement points
were taken also at 17 mK base temperature of the mixing chamber.

7.4.1 Steady state measurement results

The most important question that should be answered in steady state measure-
ments is, what amount of heat can be extracted from the electrode, keeping its
temperature below 100 mK. Measurements on the old electrode showed that
at a base temperature of 50 mK the temperature of the side sensor reaches 100
mK for a heat load of 0.20 uW , which is around 4 times less than expected
from the preliminary measurements. The side electrode sensor was chosen as
the representative one for the behaviour of the electrode, because it reflects
better the real conditions of the electrodes in the AEgIS experiment where the
heat will be distributed more uniformly than just in the top sector. A full plot
of the measured side temperature as a function of the applied heat load, for all
base temperatures, is presented in figure[7.12] The lower the temperature of the
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7. Ultra-cold electrode design and thermal performance

platform, the more heat can be extracted from the electrode keeping it below
100 mK. The amount of heat transferred via the new design of the electrode
for the same conditions as in [7], i.e. base temperature of 50 mK and probing
the electrode temperature with the side sensor, equals to 1.12 uW, which is
5.6 times more than before. The more than 5 times improvement, comes from
a series of modifications, and can be considered a success.

180

160

140

120

100

80
——hase temp 30 mK

60 —=—base temp 50 mK

40 base temp 70 mK

Side electrode temperature (mK)

20

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Heat load (pW)

Figure 7.12: The temperature of the side of the electrode as a function of the applied heat load
for different base temperatures. The amount of heat transferred while keeping the electrode
at 100 mK equals 1.12 uW. The lower the base temperature, the higher the amount of heat
transferred, while keeping the electrode at 100 mK.

The Kapitza-like thermal resistivity of the electrode - platform, i.e sapphire
- indium - copper connection, calculated with the temperature of the side sensor
corresponds to the resistivity value of the sandwich setup measured before. In
the temperature range of 40 mK — 180 mK, the determined resistivity has a
value of 22 % — 56 Cm\?VK4, as presented in figure m The old electrode
did not reach a temperature low enough for a direct comparison, but in a

temperature range of 80 mK — 200 mK, the thermal resistivity had a value of
24 214
210 <8 — 260 <MK respectively (7], which is several times higher than for

the new design. In figure the thermal resistivity of the sandwich sapphire
- In nc - Cu setup is given as a comparison. At the lowest temperatures the
thermal resistivity is almost the same for both setups: the electrode and the
sandwich. The values diverge with an increase of temperature and heat load.
The difference must be a result of a large amount of sapphire in the electrode.
The effect of an increase of the thermal resistivity with an increase of the
sapphire thickness has been observed in figure [6.5]
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301 —&—no clamping, wide range, TMC 30 mK
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Figure 7.13: Thermal resistivity of the electrode - platform connection with indium in normal
conducting state for three base temperatures. The resistivity values are calculated for the
side electrode sensor. As a reference, previous results of the sapphire - In nc - Cu sandwich
are shown (see figure [6.5).

7.4.2 Response to transient heat loads

If the main constraint for the heat flow in the electrode were the Kapitza-like
interface resistance to the platform on which the electrode is mounted, the sys-
tem could be simplified to a lumped one, consisting of a mass of certain heat
capacity C representing mainly the sapphire, as the contribution of thin layers
to the heat capacity is negligible, and the thermal resistance R of the electrode
- platform interface. Whether that is the case, can be judged calculating the
Biot number. The Biot number is the ratio of the heat transfer across the ex-
ternal surface of the body to the internal heat transport Bi = %, where
IBi is a characteristic dimension of the body, hg; is the heat transfer coefficient
across its external surfaces, and Ap; is the thermal conductivity of the body. It
indicates whether a body cools down or warms up uniformly or if the internal
temperature gradient is significant. The number lower than 0.1 informs that
the system can be successfully modelled as a lumped one. For the heat trans-
fer in the electrode the characteristic dimension is its height Ig; = 21.9 mm.
The ultra-low temperature thermal conductivity of sapphire from section [5.2]
at 100 mK equals Ag; = 2.3 - 1072 W/(m - K). The heat transfer coefficient
between the electrode and the platform read out from figure [6.5 for an average
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temperature of the interface T,, = 90 mK, as used in equation , equals

3
hgy = fev = % 0.27 W/(m?K). Thus, the Biot number for the
electrode kept at around 100 mK equals Bi = 2.57, indicating that the tem-
perature gradient across the electrode is significant, and the system cannot be

modelled as a lumped one.

The values of heat capacity C and resistance R can be used to estimate the
time constant describing the transient behaviour of the system by analogy to
its electric equivalent [113]. The time constant is usually called RC' or 7 and
has a unit of seconds. It can be obtained from measurements by finding a time
(from the beginning of step like heating or cooling) after which the temperature
change equals to 63 % of ATyax, because e t/T = el =0.37.

The time constant of the electrode can be estimated. The volume of sap-
phire in the electrode equals to 3.066 cm? and with a density of 4 g/cm3,
it gives a mass of 12.26 g. The ultra-low temperature specific heat of sap-
phire at 100 mK is evaluated to be around 2.83 - 10719 J/(g K) (extrapo-
lated towards low temperatures from [12]), so Celectrode = 3.47 - 1079 J/K,
which is an extremely small value. The characteristic resistance of the sap-
phire - indium - copper interface at an average temperature of 90 mK equals
27 cm?K* /W, and the bottom area of the electrode Ajnterface = 1.972 cm?, giv-
ing Rinterface = 1.88- 104 K/W. This results in a time constant 7 = 6.5 - 107° s
which is very short. Since the ultra-low temperature dependence of the specific
heat of sapphire is ¢, o< 7% and the interface resistance R oc T3, the RC value
should be temperature independent, if the internal temperature gradients were
insignificant. The internal resistance of the sapphire should be included in the
estimation because of the relatively high Biot number indicating a significant
resistance from the sapphire itself. The smallest cross-sectional area of the heat
path in sapphire electrode equals Ay, = 0.348 cm? and the length of the heat
path in the sapphire electrode is approximately equal to the height of the elec-
trode | = 2.19 cm. Taking the sapphire conductivity of 2.3-107> W/(cm K) at
100 mK (as for the Biot number estimation), the corresponding resistance of
the electrode equals Rsapphire = 5375=5 W/Q('Clngl ‘I:(n)l —o3is o = 2.4 10° K/W,
which is indeed much more than the resistance of the interface, and the total
time constant of the system equals around 7 ~ 1 ms. Such would be the time
constant corresponding to the behaviour of a lumped system. The fact that the
internal resistance is an order of magnitude higher than the interface resistance
informs us, that for high intensity heat pulses the temperature in some parts
of the electrode could reach a value higher than 100 mK.

The heat load supplied to the electrode in transient measurements reflects
approximately the future conditions of the electrodes in the AEgIS experiment.
An estimated heat load of 107° J in one micro second corresponds to an enor-
mous power of 10 W. An assumption is made that the heat load will spread
over a time scale in the order of 1 second, which seems reasonable and nec-
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essary. A response of the electrode is, therefore, measured for three types of
step function heat loads lasting: 0.25 s, 2 s and quasi-steady-state of 100 s. The
power was adjusted in such a way that the corresponding integrated amount
of energy deposited in each case equals to 107> J.

The maximum temperature of the electrode is an interesting parameter for
its application in the AEgIS experiment. The maximum measured temperature
is higher at the top sector than at the side one, which is closer to the heat sink.
The maximum temperature is also higher for higher base temperatures. At the
lowest measured base mixing chamber temperature of 17 mK, the maximum
temperature of the sectors never exceeds 100 mK (figure on the left). For
the quasi steady state pulse the temperature rises to maximum 80 mK at the
highest base temperature of 70 mK. For the shortest heat pulse of 0.25 s the
recorded temperature did not exceed 130 mK at the highest measured base
temperature of 70 mK. However, the heat in the AEgIS will be distributed
more uniformly than with a single heater in the top sector, what should result
in a lower maximum temperature.

For the measurement points exceeding 100 mK, it is worth to show how
long that sensor actually has a temperature higher than 100 mK, which is
presented in figure[7.14] on the right. The side sector of the electrode is warmer
than 100 mK for no longer than 5 s out of 100 s of the total cycle duration, even
for the most intense pulses. The lower the base temperature, the shorter the
time above 100 mK. The top sector, where the heat was deposited, is warmer
than 100 mK for no longer than 12 s, and that time decreases significantly with
a decrease of the base temperature.

Inand Tinc Inand Ti nc
140 14
120 'y ® Top, pulse 0.25 s - 12
. <)
100 2 * Top, pulse 25 £ ® Top, 0.25s
. A‘. ') A s
E 80 - ® Top, pulse 100 s S 8 . Top, 2s
S L ]
3 60 - d A a Side, pulse 0.25 s g 4 Side, 0.25 s
E a 8 6
— N : )
20 » Side, pulse 2 s E 4 . Side, 2 s
Side, pulse 100 s = ¢
20 . P =
0 0 4
0 25 50 75 0 25 50 75

Equilibrium temperature (mK)

Equilibrium temperature (mK)

Figure 7.14: Left: the maximum temperature recorded on the electrode during transient
measurements for the top and side sectors at various equilibrium temperatures and durations
of the heat pulse, with indium and titanium in the superconducting state. Right: the time
when the temperature of the sectors is higher than 100 mK as a function of the equilibrium
temperature for different heat pulse durations. For the heat pulse of 100 s the maximum
temperature has never reached 100 mK.
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As demonstrated in a series of measurements, the electrodes could stay
below 100 mK if kept at a sufficiently low base temperature of 20 mK - 25 mK.
For higher base temperatures, the maximum temperature of some sectors can
exceed 100 mK only for a few seconds after the arrival of the heat pulse. In
the AEgIS experiment the heat will be deposited on the electrodes in a more
uniform manner than only in one sector, what would make the temperature
distribution more uniform and possibly result in an excursion to a maximum
temperature lower than 100 mK even at higher base temperatures.

7.5 Outlook

The important conclusion from chapter [6]is, that when indium is in the normal
conducting state the clamping force of the sapphire - indium - copper sandwich
can be removed without any significant degradation of the interface thermal
properties. Thanks to this information and therefore the possibility of omitting
the clamping structure of the electrodes, the design of the electrodes could be
modified significantly.

The newly designed electrode included a series of improvements. The shape
of the sapphire was modified adding material in the critical parts, to avoid the
effect of a thermal bottle-neck in the smallest cross-section. The area of the
bottom surface was increased, and the presence of several thin layers elimi-
nated, which highly improved the thermal contact between the electrode and
the thermalisation plate. The mounting strategy was also modified, providing
a more uniform pressure distribution at the bottom surface of the electrode,
and improving the quality of the indium bond.

The newly designed electrode can transfer a heat flow of 1.2 uW while
remaining at 100 mK (measured at the side sector) when the thermalisation
plate is at 50 mK. Even more heat can be transferred when the thermalisation
plate is kept at a lower temperature. In transient conditions the electrode can
extract the requested amount of energy of 10 wJ, deposited in a time scale of
approximately 1 s, without increasing the temperature above 100 mK, if kept
at a base temperature of approximately 25 mK. For higher base temperatures,
the temperatures of some sectors can increase above 100 mK but only for a
few (< 12) seconds out of the 100 s cycle. During the rest of the cycle time the
electrode remains below 100 mK.

The way in which the electrode was mounted during the cold weld formation
at room temperature can easily be applied to the package of several electrodes
mounted at the same time to the thermalisation plate in the AEgIS experiment.
The presence of a cylinder pressing the electrodes in the middle will help obtain
a proper alignment of the whole series of electrodes. The indium bonding is
a sufficient fixation of the electrodes in the AFEgIS experiment. However, one
should keep in mind the particular properties of the cold weld. Its mechanical
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strength is the highest and reaches reasonably high values [5,6], when charged
with a purely tensile load. Shear stress caused by bending, torsion, or a side
force is very destructive. Therefore, any unnecessary manipulation involving
the electrodes should be avoided after the removal of the clamping structure.

Small improvements, not having any significant influence on the heat trans-
fer, can still be made, e.g. the shape of the four golden sectors could be slightly
modified (e.g. the bottom sector could be a bit higher) to obtain a better ac-
cess to all of the sectors from the sides of the electrodes package, in order to
facilitate the attachment of the electrical connections.
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Chapter 8

Conclusions

The work presented in this thesis was motivated by the challenge encountered in
the AEgIS project. The aim of the AEgIS project is the first direct measurement
of the Earth’s gravitational field on antimatter. To achieve this goal within
1 % precision, antihydrogen must be cooled down below 100 mK to minimize
the thermal movement of the particles. The ultra-cold electrodes, where the
antihydrogen formation takes place, were designed in accordance with a series
of very restrictive requirements. Based on the previous experiments conducted
in the CERN Central Cryogenic Laboratory, all factors influencing the thermal
performance of the electrodes, which should be made by depositing four golden
sectors on a sapphire base, have been profoundly analysed and several further
measurement campaigns have been conducted.

The properties of the interface, responsible for the thermal anchoring of the
electrodes to the mixing chamber of a dilution refrigerator, have been studied.
The influence of the thin layers of gold, titanium and indium, with titanium
and indium in the normal and superconducting states, have been evaluated.
The interface thermal resistivity of various dielectric-metallic connections was
modelled and measured in compliance with the definition of the Acoustic Mis-
match Model.

The first sandwich setup measured in the CERN Cryolab Dilution Refrig-
erator consisted of sapphire, indium and copper. It represents the minimum
amount of materials and interfaces necessary to guarantee the requested fea-
tures of the electrodes. The main conclusion from the analysis of this setup is
that once a proper indium bond between the sapphire and copper has been
obtained, when indium is in the normal conducting state, the thermal proper-
ties do not change significantly depending on the presence of the compression
force. Therefore, the clamping structure can be removed from the electrode
leaving some precious space for the instrumentation. The fact that the clamp-
ing structure can be removed changes significantly also the way the electrodes
are attached to the thermalisation plate.
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The measured thermal resistivity of the sapphire - indium - copper sandwich
with indium in the normal conducting state takes a value from 17 cm?K*/W
at the lowest measured temperature of approximately 30 mK, to 44 cm?K*/W
at 375 mK stamp temperature. The thermal resistivity of the same setup
with indium in the superconducting state takes a value from approximately
100 em?K*/W at 50 mK to 163 cm?K*/W at 340 mK. The increase of the
thermal resistivity of the sandwich is explained by a doubled number of dielec-
tric - metallic interfaces. The validity of the parallel plates assumption at the
sapphire disk has been shown (chapter. Including the parallel plates assump-
tion, the measured value of the interface thermal resistivity is consistent with
the prediction of the AMM at the lowest temperatures. The effect of alloying
and ageing of the copper - indium interface, increasing the interface thermal
resistivity, has been observed (chapter @

The second measured sandwich consisted of sapphire, titanium, gold, in-
dium and copper. Despite having twice more interfaces than the first setup,
the theoretical estimation of the thermal resistivity for the second setup gives
a lower value, because of smaller differences between the acoustic impedances
of neighbouring materials. The measured total thermal resistivity of the setup
takes a value from 28 cm?K?*/W at 38 mK to 77 cm?K*/W at 407 mK. It is
questionable whether the parallel plates assumption remains valid for a sap-
phire disk with layers of TiO at interfaces to titanium, since the measured
thermal resistivity is higher than the theoretical prediction and higher than
the value measured for the first setup. The thin layers, of a thickness lower
than the wavelength of phonons at ultra-low temperatures, have been found
to be the main reason for the increase of the thermal resistivity. The inter-
layer responsible for the adhesion of titanium to sapphire and the intermetallic
compounds between all the metallic layers additionally contribute to the total
thermal resistivity.

The significance of the thin layers is even more visible when indium and
titanium are in the superconducting state and the electrons are not available for
the heat transport. The measured thermal resistivity of the second sandwich
setup with the layers of indium and titanium in the superconducting state
takes a value from 187 cm?K*/W at 63 mK to 480 cm?K*/W at 400 mK stamp
temperature, at which temperature titanium becomes normal conducting and
the resistivity decreases.

The mathematical model of both setups was built. It contains all the thin
layers and interfaces present in the real sandwich setups and allows an exact
identification of the contributions from each thin layer and interface to the total
thermal resistivity. The model shows that the effective thermal conductivity of
a 45 nm layer of titanium has a magnitude similar to the Kapitza-like interface
resistivity. This is important information for all kinds of thermal designs work-
ing in ultra-low temperature conditions. It also indicates that the electrodes
forming the Penning trap in the AEgIS experiment should be designed avoid-
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ing the deposition of thin layers of titanium and gold on the bottom interface
responsible for the thermal anchoring.

The sandwich setups have been measured also in the transient mode on a
pulse-tube cryocooler and in the Cryolab DR. The thermal diffusivity was found
to be frequency dependent [114]. That surprising result has been explained by
a profound analysis and verification of the measurement method. The mea-
surement result depends on the thermal link between the setup and the heat
sink. The minimum temperature dependent threshold frequency f.1, that en-
ables correct transient measurements, has been introduced [72]. The measured
thermal diffusivity increases with a decrease of temperature in the temperature
range from approximately 6 K to 30 K. The diffusivity of the sapphire - indium
- copper sandwich is approximately one order of magnitude higher than the
diffusivity of the setup with thin layers of titanium and gold. The diffusivity
of the first setup takes the highest value of approximately 200 cm?/s at 6 K,
and the diffusivity of the second one rises to the maximal value of 100 cm?/s
at 3 K. Both curves seem to be merging towards the low temperature end at
around 3 K (fig. , where the diffusivity starts decreasing. Only four re-
liable measurement points have been taken at ultra-low temperatures for the
setup with thin layers of Ti and Au. The measured values were 0.5 cm?/s at
a base temperature of 45 mK and 1.5 cm?/s at 93 mK with Ti and In in the
normal conducting state; and 1.2 cm?/s at 230 mK and 1.4 cm?/s at 290 mK
for Ti and In in the superconducting state. The values measured at ultra-low
temperatures are much lower than in the low temperature range, but they fit
quite well the overall theoretical prediction obtained from the model (fig. .

Based on the findings from the ultra-low temperature measurements and
the modelling, two new ultra-cold electrodes for the AEgIS experiment have
been designed and manufactured. The new design included also results of a me-
chanical stress analysis. Thanks to the fact that the clamping structure can be
removed after the indium bond is obtained, without a significant degradation
of the electrode performance during its operation, the shape of the new elec-
trodes could be modified to increase the area of the smallest cross-section in the
heat pathway. The increased amount of material in the smallest cross-section
minimizes mechanical stresses in that place to avoid an additional limitation
of the heat flow. The four sectors of the electrodes have been deposited with a
magnetron sputtering technique on the sapphire base with a very high preci-
sion. The layer of indium has been vapour deposited on the optically polished
bottom surfaces of the electrodes, paying attention not to merge the deposi-
tion with the lowest sectors of the electrodes. One of the electrodes has been
attached to the thermalisation plate with an indium bond. Thanks to the new
design of the clamping structure, the pressure distribution is very uniform,
making the quality of the indium bond better at the whole surface.

The thermal performance of the electrode has been measured in the Cry-
olab DR. The steady state measurements show that the electrode can transfer
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1.2 uW, when the temperature measured on the side of the electrode does
not exceed 100 mK, and the thermalisation plate is kept at 50 mK. This is
more than 5 times the amount of the heat that could be transferred by the old
design of the electrode at the same temperatures. The transient behaviour of
the electrode has also been measured as a response to the heat pulse of 10 pJ
deposited in different time intervals. For the heat pulse duration of 2 s or even
0.25 s, the temperature of the electrode never rises above 100 mK, if it is kept
at an equilibrium temperature of about 25 mK, i.e. the mixing chamber at
17 mK.

The new design of the electrode fulfils all of the severe demands that have
been formulated in chapter [[] The electrodes can be applied in the AEgIS
project with some minor changes, e.g. to facilitate the attachment of the wiring
to the four sectors, that create the quadrupole electric field of the Penning trap.
Thanks to the new way of mounting the electrodes on the thermalisation plate,
the whole package of 10 electrodes of different thicknesses can be easily aligned,
attached and tested.
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Summary

The AEgIS project is one of the experiments based in the Antimatter Factory
of the European Organisation for Nuclear Research (CERN). Its goal is the
first direct measurement of the Earth’s gravitational acceleration on antimatter
within 1 % precision. In the framework of this project, a thermalisation strategy
for a set of ultra-cold electrodes forming a Penning trap for antimatter has
been investigated. The electrodes need to fulfill a series of requirements. Some
of them must be divided into 4 sectors and the electrical insulation between the
sectors and the neighbouring electrodes must withstand up to 1 kV potential
difference. Each electrode will be made of a single sapphire crystal and the four
sectors will be sputtered with gold to provide a sufficient electrical insulation
and at the same time proper thermal anchoring. T'wo sandwich setups reflecting
two possible ways of anchoring the electrodes on a mixing chamber of a dilution
refrigerator have been analysed. The first sandwich consisted of copper, indium
and sapphire, and the second of copper, indium, gold, titanium and sapphire.
Sapphire was always in the form of a flat polished disk of 1 mm thickness, and
the metallic thin layers had following thicknesses: Ti 45 nm, Au 520 nm and
In 125 pm.

The thermal resistivity of both setups with and without an external mag-
netic field was measured. The total thermal resistivity of the first setup with
indium in the normal conducting state takes a value from 17 cm?K*/W to
44 cm?K?*/W in the temperature range from 30 mK to 375 mK. With indium
in the superconducting state, the total thermal resistivity is much higher and
takes a value from 100 cm?K*/W at 50 mK to 163 cm?K?*/W at 340 mK. The
investigation of the first sandwich has confirmed the validity of the parallel
plates assumption at the sapphire disk, and demonstrated the importance of
the oxide layers on the interface thermal resistance. The important conclusion
has been drawn that with indium in the normal conducting state the compres-
sion force can be removed without changing the total thermal resistivity of the
sandwich. It allowed a significant modification of the clamping structure and
the shape of the electrode.

The total thermal resistivity of the second setup with thin layers of gold
and titanium takes a value from 28 cm?K*/W at 38 mK to 77 cm?K*/W
at 407 mK with titanium and indium in the normal conducting state. This
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result shows that sputtering of titanium and the mechanism of its adhesion to
sapphire can have a significant influence on the interface thermal resistivity.
The same setup with superconducting layers of titanium and indium has the
highest thermal resistivity of all the measured configurations, which takes a
value from 187 cm?K*/W at 63 mK to 480 cm?K*/W at 400 mK. It shows a
huge influence of the thin layers on the total thermal resistivity of the sandwich.

The low temperature and ultra-low temperature thermal diffusivity of the
sandwich has also been measured. The results are consistent with respect to the
built model over the whole temperature range, opening a possibility of a correct
evaluation of the ultra-low temperature behaviour of the setup by measuring
its low temperature properties. Such a conclusion is very important not only
for the application in the AEgIS project, but also in any other system where
the difficult to evaluate ultra-low temperature thermal performance plays a
main role.

The new electrode has been designed taking into account findings from the
ultra-low temperature measurements and conclusions drawn from the stress
analysis. The electrode has been manufactured according to rigorous proce-
dure to make sure it fulfils all of the demanding constraints. A new way of
clamping the electrode has been designed. It provides a more uniform pressure
distribution on the bottom surface of the electrode and increases the chances
for a formation of a robust indium bond. The thermal performance of the elec-
trode has been tested in steady state and transient conditions and it proved to
be over five times higher than the performance of the old design. The newly
designed electrode fulfils all the requirements and has a sufficient thermal per-
formance for the application in the AEgIS experiment.
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Samenvatting

Het AEgIS project is één van de experimenten in de Antimatter Factory van de
Europese Organisatie voor Nucleair Onderzoek (CERN). Het doel is het maken
van de eerste directe meting van de zwaartekrachtversnelling van de Aarde op
antimaterie binnen 1 % nauwkeurigheid. In de context van dit project is een
thermalisatie-strategie onderzocht voor een set ultrakoude elektroden die een
Penning trap voor antimaterie vormen. De elekroden dienen aan een aantal
eisen te voldoen. Sommigen moeten in vier sectoren worden verdeeld en de elek-
trische insulatie tussen de sectoren en de aangrenzende elektroden moeten een
potentiaalverschil tot aan 1 kV kunnen weerstaan. Elke elektrode zal gemaakt
worden van een enkel saffierkristal en de vier sectoren worden gesputterd met
goud om tegelijkertijd een toereikende elektrische insulatie en een fatsoenlijk
thermisch anker te leveren. Er zijn twee sandwich-opstellingen onderzocht die
twee mogelijke manieren reflecteren om de elektroden aan de mixkamer van
een dilution refrigerator te verankeren. De eerste sandwich bestaat uit koper,
indium en saffier, de tweede uit koper, indium, goud, titanium en saffier. Het
saffier had altijd de vorm van een platte, gepolijste schijf van 1 mm dik. De
dikte van de dunne metalen lagen was als volgt: Ti 45 nm, Au 520 nm, In
125 pm.

De warmteweerstand van beide opstellingen is zowel met als zonder een
extern magnetisch veld gemeten. De totale warmteweerstand van de eerste op-
stelling met indium in de normaal geleidende staat loopt van 17 cm?K*/W tot
44 cm®K* /W binnen het temperatuurbereik 30 mK tot 375 mK. Met indium in
de supergeleidende staat is deze veel hoger, met een waarde van 100 cm?K*/W
bij 50 mK tot 163 cm?K*/W bij 340 mK. De analyse van de eerste sandwich
bevestigde de geldigheid van de parallelle platen aanname bij de saffieren schijf
en demonstreerde het belang van de oxidelagen op de warmteweerstand tussen
de raakvlakken. De belangrijke conclusie is getrokken dat met indium in de
normaal geleidende staat de drukkracht verwijderd kan worden zonder dat de
totale warmteweerstand van de sandwich verandert. Dit maakte een aanzienli-
jke aanpassing van de klemstructuur en elektrodevorm mogelijk.

De totale warmteweerstand van de tweede opstelling, met dunne laagjes
goud en titanium, neemt een waarde aan van 28 cm?K*/W bij 38 mK tot
77 cm?K* /W bij 407 mK, met het titanium en indium in de normaal geleidende
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staat. Dit resultaat toont aan dat het sputteren van titanium en diens manier
van hechten aan saffier een aanzienlijke invloed kan hebben op de thermische
grensweerstand. Dezelfde opstelling met supergeleidende lagen titanium en in-
dium heeft de hoogste warmteweerstand van alle gemeten configuraties, met
een waarde van 187 cm?K*/W bij 63 mK tot 480 cm?K*/W bij 400 mK. Dit
laat een enorme invloed zien van de dunne lagen op de totale warmteweerstand
van de sandwich.

Ook de thermische diffusiviteit van de sandwich bij lage en ultralage tem-
peraturen is gemeten. De resultaten zijn consistent met betrekking tot het
opgestelde model over het gehele temperatuursbereik, wat de mogelijkheid
biedt tot een correcte evaluatie van het ultralage-temperatuursgedrag van de
opstelling door het meten van diens lage-temperatuurseigenschappen. Een dergeli-
jke conclusie is niet alleen zeer belangrijk voor de toepassing in het AeglS
project, maar ook in elk ander systeem waar de moeilijk te evalueren thermis-
che prestatie bij ultralage temperatuur een hoofdrol speelt.

De nieuwe elektrode is ontworpen met inachtname van bevindingen van de
ultralage-temperatuursmetingen en conclusies getrokken uit de stressanalyse,
en is gefabriceerd volgens een rigoreuze procedure om te zorgen dat het aan
alle strenge eisen voldoet. Er is een nieuwe klemmethode ontworpen die een
meer uniforme drukverdeling op de onderkant van de elektrode verschaft en
de kans op een robuuste indiumverbinding verhoogt. De thermische prestatie
van de elektrode is getest onder steady state en transiénte omstandigheden en
bleek meer dan vijf keer hoger dan van het oude ontwerp. Hij voldoet aan alle
eisen en heeft een voldoende thermische prestatie voor toepassing in het AEgIS
experiment.
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