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Abstract

Measurement of specific heat is a powerful technique for the investigation of novel materials. Superconducting and
magnetic systems, in particular, can be thoroughly characterized by studying their electronic contribution to the specific
heat. To investigate their behavior in magnetic fields, single crystals need to be used, since the magnetic properties are
dependent on the crystalline orientation. Crystal quality is often enhanced when sizes are reduced down to below the
100 μm scale, which is lower than the limit of conventional calorimeters. Nanocalorimetry allows to detect the weak
electronic signature in the specific heat for such small samples with a preserved combination of high resolution and good
accuracy. This is achieved by miniaturizing the device using microsystems technology and by a proper optimization of
the measurement conditions.
In this thesis, a nanocalorimeter designed for the study of samples with masses from sub-μg to 100 μg in the temperature
range 1-350 K is used for studying three different systems, yielding insights into their physical properties.
In the magnetocaloric compound Fe2P a deep thermodynamic understanding of the first-order magnetic phase transition
at the Curie temperature TC ≈ 217 K is lacking. The nanocalorimeter is used to map the magnetic phase diagram for
fields applied parallel and perpendicular to the easy axis of magnetization. Two different phase diagrams are obtained
depending on the applied field orientation. The first-order magnetic phase transition is characterized by specific and latent
heat, providing a textbook example of thermodynamic properties around such a transition. The results are complemented
with a combined nanocalorimetry - x-ray diffraction study and by magnetization measurements.
The iron-based high-temperature superconductor BaFe2(As1-xPx)2 shows several anomalous physical properties which
have been associated to the presence of a quantum critical point. High-resolution specific heat measurements are an
important piece of the puzzle in understanding the behavior of this material. The specific heat is measured as a function
of phosphorus doping x in the superoptimally substituted range and several superconducting parameters are extracted. An
evolution from a single-gap to a two-gap is seen with doping, as well as a decrease of the London penetration depth close
to optimum doping, without signs of divergence.
The superconducting properties are as well investigated in the metastable β phase of gallium. β-Ga is obtained insitu from the stable α-Ga by increasing the temperature about 10 K above the melting point. This novel method to
produce β-Ga allows more reproducible and reliable measurements in comparison to traditional methods. A thorough
thermodynamic characterization of the metastable phase is obtained, giving insights into the conditions for a strongly
enhanced superconductivity in β-Ga in comparison to α-Ga. β-Ga is found to be a strong-coupling superconductor, with a
2.55 higher density of states at the Fermi energy in comparison to α-Ga.
These measurements demonstrate how several problems in condensed matter physics can be addressed through
nanocalorimetry, which allows mapping various phase diagrams and obtaining fundamental thermodynamic properties on
high-quality samples in magnetic fields.
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Abstract
Measurement of specific heat is a powerful technique for the investigation of novel materials. Superconducting and magnetic systems, in particular, can be thoroughly characterized by studying their electronic contribution to the specific heat. To investigate
their behavior in magnetic fields, single crystals need to be used, since the magnetic
properties are dependent on the crystalline orientation. Crystal quality is often enhanced when sizes are reduced down to below the 100 µm scale, which is lower than the
limit of conventional calorimeters. Nanocalorimetry allows to detect the weak electronic
signature in the specific heat for such small samples with a preserved combination of
high resolution and good accuracy. This is achieved by miniaturizing the device using
microsystems technology and by a proper optimization of the measurement conditions.
In this thesis, a nanocalorimeter designed for the study of samples with masses from
sub-µg to 100 µg in the temperature range 1-350 K is used for studying three different
systems, yielding insights into their physical properties.
In the magnetocaloric Fe2 P a deep thermodynamic understanding of the firstorder magnetic phase transition at the Curie temperature TC ≈ 217 K is lacking.
Nanocalorimetry is used to map the magnetic phase diagram for fields applied parallel and perpendicular to the easy axis of magnetization. Two different phase diagrams
are obtained depending on the applied field orientation. The first-order magnetic phase
transition is characterized by specific and latent heat, providing a textbook example of
thermodynamic properties around such a transition. Results are complemented with a
combined nanocalorimetry - x-ray diffraction study and by magnetization measurements.
The iron-based high-temperature superconductor BaFe2 (As1−x Px )2 shows several
anomalous physical properties which have been associated to the presence of a quantum critical point. High-resolution specific heat measurements are an important piece
of the puzzle in understanding the behavior of this material. The specific heat is measured as a function of phosphorus doping x in the superoptimally substituted range and
several superconducting parameters are extracted. An evolution from a single-gap to a
two-gap is seen with doping, as well as a decrease of the London penetration depth close
to optimum doping, without signs of divergence.
The superconducting properties are as well investigated in the metastable β phase
of gallium. β-Ga is obtained in-situ from the stable α-Ga by increasing the temperature about 10 K above the melting point. This novel method to produce β-Ga allows
more reproducible and reliable measurements in comparison to traditional methods. A
thorough thermodynamic characterization of the metastable phase is obtained, giving
insights into the conditions for a strongly enhanced superconductivity in β-Ga in comparison to α-Ga. β-Ga is found to be a strong-coupling superconductor, with a 2.55
higher density of states at the Fermi energy in comparison to α-Ga.
These measurements demonstrate how several problems in condensed matter physics
can be addressed through nanocalorimetry, which allows mapping various phase diagrams and obtaining fundamental thermodynamic properties on high-quality samples in
magnetic fields.
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Sammanfattning
Mätning av specifik värmekapacitet är en kraftfull teknik för utforskning av nya material. Speciellt supraledande och magnetiska system kan grundligt undersökas genom
att studera deras elektroniska specifika värme. För att kunna studera deras beteende i
magnetfält måste enkristaller användas, eftersom deras magnetiska egenskaper är beroende av kristallorienteringen. Kristallkvaliteten förbättras ofta när storleken går ner till
under 100 µm, vilket är mindre än den minsta storleken för kommersiella kalorimetrar.
Nanokalorimetri är en metod som tillåter mätningar av specifik värme på så små prover
med en bibehållen kombination av hög känslighet och bra noggranhet. Det uppnås genom miniatyrisering av mätsystem med hjälp av mikrosystemteknik (nanofabrikation)
och med en tillämplig optimisering av mätförhållanden. I denna avhandling används en
nanokalorimeter för undersökning av prover med massor från sub-µg till 100 µg vid låga
temperaturer (1-350 K). Tre olika system utforskas och deras fysiska egenskaper studeras.
För det magnetokaloriska Fe2 P saknas en djup termodynamisk förståelse av den
första ordningens magnetiska fasövergång som sker vid Curietemperaturen TC ≈ 217 K.
Nanokalorimetri används här för att studera de magnetiska fasdiagrammen för fält
pålagda parallellt och vinkelrätt mot den lätta magnetiseringsriktningen. Två olika fasdiagram observeras beroende på magnetfältsriktningen. Den magnetiska fasövergången,
som är av första ordning, karakteriseras genom specifikt och latent värme och uppvisar
ett typexempel på de termodynamiska egenskaperna runt en sådan övergång. Resultaten
kompletteras med ett kombinerat nanokalorimetri - röntgendiffraktion experiment och
magnetiseringsmätningar.
Den järnbaserade supraledaren BaFe2 (As1−x Px )2 uppvisar många olika speciella
egenskaper som indikerar en möjlig kvantkritisk punkt. Högupplösta mätningar av specifik värmekapacitet är en viktig del i detta pussel att förstå materialets beteende. Genom
att mäta specifika värmet i det överdopade området undersöktes de supraledande egenskaperna. En enkel- till två-gap utveckling ses med doping, såväl som en minskning av
London penetrationsdjupet nära optimal doping, utan divergens tecken.
De supraledande egenskaperna undersöks också för den metastabila β fasen av gallium. β-Ga erhålls in-situ från det stabila α-Ga genom en 10 K ökning av temperaturen
över smältpunkten. Denna nya metod för att producera β-Ga tillåter mer reproducerbar
och pålitlig mätning i jämförelse med traditionella metoder. En grundlig termodynamisk
karakterisering av den metastabila fasen ger insikt i omständigheterna för en starkare
supraledning i β-Ga i jämförelse med α-Ga. β-Ga är en starkkoppling supraledare, med
en 2.55 högre tillståndstäthet vid Fermi energin i jämförelse med α-Ga.
Mätningarna illustrerar tre olika sätt som nanokalorimetri kan tillämpas på problem
i kondenserade materiens fysik för att kartlägga olika fasdiagram och extrahera
grundläggande termodynamiska egenskaper i magnetfält.
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Chapter 1

Introduction
1.1

Motivation

Specific heat measurements are central for materials characterization in experimental
physics. Various types of phase transitions (structural, electronic, magnetic...) can be
associated with changes in specific heat as a function of a physical quantity like temperature or magnetic field. By measuring specific heat, several directly related thermodynamic
quantities like entropy, internal energy, and free energy can be obtained. These can then
be related to other physical parameters depending on the particular system studied.
Standard specific heat measurement systems (see e.g., Ref. [2]) allow the use of samples
with masses as small as 1 mg. For smaller samples, the device heat capacity becomes
so large compared to the sample’s that accurate data can no longer be collected. While
many materials can be obtained large enough to be analyzed with commercial calorimeters,
there is often a need in the condensed matter community to be able to measure smaller
samples. Some novel materials might not be available in large enough size due to their
complex structure. An example are some of the compounds belonging to the broad family
of high-temperature superconductors, which can often be grown only in µg size [3]. Being
able to measure smaller samples has also the advantage of decreasing the likelihood of
defects/impurities, leading to more reproducible data and, in particular cases, to the
attainment of metastable phases which would otherwise be difficult to obtain. Finally,
samples in thin film form (thicknesses up to a few hundred nm) have too low masses to
be measured with commercial calorimeters.
For these reasons, a device able to measure samples in the micro- and nanoscale is highly
needed. A few research groups have recently built such micro- and nanocalorimeters [4–7],
each of them specialized in the measurement of specific heat for certain sample sizes and
temperature ranges. The nanocalorimeter developed at Stockholm University [8, 9] is a
membrane-based, ac-nanocalorimeter able to measure samples with masses from sub-µg
up to 100 µg in the temperature range 1-350 K with high resolution and accuracy. The
device is the result of several years of development [3, 8–11] . The goal of this thesis work
is to apply the combination of high accuracy and resolution of our nanocalorimeter to
investigate a broad range of materials of interest in condensed matter physics that have
so far not been possible to address with calorimetry.
1
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1.2

CHAPTER 1. INTRODUCTION

Thesis outline

The introduction is presenting the information which can be obtained from specific heat
and giving an overview of calorimetry and nanocalorimetry methods. Sect. 1.3 is devoted
to describe the connection between specific heat and numerous physical properties. Detailed information about thermal studies of superconductors is given in Sects. 1.3.3 and
1.3.4. These correspond to an important part of the results presented later. Sect. 1.4
is focused on several common calorimetric methods, and discusses the advantages and
disadvantages of each technique. Nanocalorimetry is introduced in Sect. 1.5, with a brief
review of the nanocalorimeters developed in the scientific community and a summary of
the properties of the nanocalorimeter used at Stockholm University.
The second chapter focuses on the experimental methods used. The fabrication of the
devices is described in detail in Sect. 2.1. A batch process was developed during this
thesis work and allowed to produce up to 20 fully working calorimeters per batch. The
project was assigned to the PhD candidate, who performed autonomously all fabrication
steps, from mask design till device testing, with input from the advisor Andreas Rydh. The
high number of devices was the foundation for systematic measurements on many different
samples, as required for the subsequent studies. Sect. 2.2 describes the control electronics
used. Together with the calorimeter properties, they are essential for good measurements.
Sect. 2.3 provides details on the low temperature measurement system used, a cryostat
from Cryogenic Limited operating from room temperature down to 300 mK and with a
superconducting magnet generating up to 5 T fields. Finally, Sect. 2.4 is to describe the
experimental setup used at the beamline 6-ID-B at the Advanced Photon Source (APS)
for a combined x-ray diffraction and nanocalorimetry study.
The third chapter summarizes the results obtained during this thesis work on three different systems. Sect. 3.1 is devoted to Fe2 P, the parent compound of a broad class of
magnetocaloric materials (Papers I and IV). Its magnetic phase diagram is mapped with
specific heat for applied magnetic fields both parallel and perpendicular to the easy axis of
magnetization. The measurements are complemented by magnetization and x-ray diffraction studies. Particular emphasis is given to the characterization of the first-order character of the magnetic transition. Sect. 3.2 focuses on the superconducting properties of
the iron-based superconductor BaFe2 (As1−x Px )2 (Papers II and III). x is the amount of
phosphorus substitution, ranging in this study from x = 0.32 to x = 0.55. The superconducting gap distribution as a function of x was obtained according to an α model, while
numerous microscopic parameters were calculated according to the BCS and GinzburgLandau theories. Sect. 3.3 is instead devoted to a conventional superconductor, gallium
(paper V). Here, thanks to the possibility of thermally cycling small (10-100 µm size) gallium samples in-situ, the metastable β phase is obtained and measured down to 1.2 K. The
electron-phonon coupling strength is investigated in the superconducting state. Specific
heat measurements, as well as synchrotron measurements, were performed by the Phd
candidate together with other co-authors and under the supervision of Andreas Rydh.
Data analysis and writing of the paper were lead by the PhD candidate for Papers II and
V. Parts of the data analysis and writing of the paper were performed by the PhD candidate for Paper I, where the main work was done by Matthias Hudl. Zhu Diao lead data
analysis and writing of Paper III while Kristin Willa lead Paper IV. The PhD candidate
supported data analysis and commented on the manuscript for these papers.
All findings are summarized in Chapter 4.
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Specific heat

Several important thermodynamic quantities are related to the specific heat C. By integration of C/T over a certain temperature range, it is possible to calculate the entropy S
as:
Z
T

S(T ) =

C(T 0 )/T 0 dT 0 .

(1.1)

0

The internal energy U is also related to the specific heat through the relation:
∂U
.
∂T
From Eqs. (1.1) and (1.2), it is then possible to obtain the free energy F as:
Z T
Z T
C(T 0 )/T 0 dT 0 ,
C(T 0 ) dT 0 + U0 − T
F (T ) = U − T S =
C=

(1.2)

(1.3)

0

0

where U0 is the internal energy at zero temperature.
When a phase transition occurs, depending on the behavior of C and S, it can be classified
as first-order or continuous (second-order or higher) phase transition, see e.g., page 416 in
Ref. [12]. The former presents a discontinuity in the entropy (first-order derivative of the
free energy), while the latter has a continuous entropy, but presents a discontinuity in a
higher order derivative of the free energy (e.g., in the specific heat). A first-order transition
has a latent heat associated to it, while continuous phase transition do not release/absorb
latent heat. Typical examples of first-order transitions are melting/solidification, while
a typical continuous transition (second-order) is a material becoming superconducting in
zero magnetic field.

1.3.1

Phonon specific heat

When heat is provided to a sample, it has usually the main effect of increasing its lattice
vibrations. These are often described with the Debye model (See Ref. [13] for the original
1912 article, pages 457-461 in Ref. [14] for a more recent treatment). Lattice oscillations
are given in terms of quantized energy oscillations, i.e. phonons, which obey Bose-Einstein
statistics. Phonons are vibrating as quantum harmonic oscillators, with energy E(~
k) =
(n+ 12 )h̄ωs (~
k), where n is an integer number, h̄ is the reduced Planck constant and ωs (~
k) is
the angular frequency of oscillation along the s branch (i.e. acoustic and optical branches),
dependent on the wave vector ~
k. The Debye model assumes a linear dispersion for three
contributing branches ω = vs k and a cut-off angular frequency ωD = vs kD , where the
proportionality coefficient vs is the sound velocity. These assumptions allow to calculate
the phononic contribution to the specific heat as:
 Z

h̄vs k
T 3 ΘD /T x4 ex
.
(1.4)
dx, with x =
C = 9nkB
x − 1)2
ΘD
(e
kB T
0
n is the number of molecules per unit mole in the material, kB is the Boltzmann constant,
vs is the sound velocity in the material, k is the wave vector and ΘD is a parameter called
Debye temperature. The Debye temperature is an important physical quantity, which
enters in several theories in condensed matter, e.g., the BCS theory of superconductivity.
Heat capacity measurements allow an easy determination of ΘD . This is especially true
at low temperatures, where Eq. (1.4) reduces to:
CV =

12π 4 nkB 3
T
5Θ3D

(1.5)
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Figure 1.1: (a) Specific heat as C/T for α-Ga. (b) Low temperature specific heat as
C/T of a Fe2 P single crystal as a function of T 2 . The Sommerfeld term γ and the Debye
temperature ΘD can be obtained from the intercept and slope of the linear fitting function.
and C is simply proportional to T 3 . By representing C/T as a function of T 2 at low
temperatures, ΘD can be easily obtained from the slope of the fitting curve. It has to be
emphasized that the model gives a simple description which does not completely explain
all experimental data. It can be extended by e.g. considering different sound velocities in
the three different branches, by including anharmonic effects, which become important at
high-temperatures [15], or by including the contribution from optical phonons.

1.3.2

Electronic specific heat

The lattice component of the specific heat is dominant for nearly all materials at all
temperatures. An exception to this is given by metals at low temperatures, where the
specific heat due to electrons becomes the main component. This electronic specific heat is
described according to the Sommerfeld model (see Chapter 2 in Ref. [14], ). This considers
valence electrons as components of a gas of free and independent particles obeying FermiDirac statistics. The expression for the electronic specific heat is given by:
C=

π2 2
k N (EF ) · T = γ · T.
3 B

(1.6)

N (EF ) is the density of states for both spin directions at the Fermi energy, which is the
2
2 N (E ) is the Somenergy corresponding to the highest occupied energy state. γ = π3 kB
F
merfeld term and it is another important material parameter. By representing C/T as a
function of T 2 at low temperatures, it is possible to directly determine γ and as a consequence N (EF ). While the Sommerfled model is widely used, it has to be extended to
include electron-electron or electron-phonon interactions in systems where valence electrons cannot be considered as free.
A typical specific heat curve in the temperature range 0-320 K is given in Fig. 1.1(a) for
α-Ga. C/T is dominated by the lattice term given by Eq. (1.4). The curve presents a
peak at about ΘD /4 and tends to 1/T (C is constant) at high temperatures. The sharp
feature at 302.9 K is due to melting of Ga. In Fig. 1.1(b) an example is given from the
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low temperature specific heat of Fe2 P, represented as C/T as a function of T 2 . The slope
and intercept of the fitting line allow to estimate the Sommerfeld term γ and the Debye
temperature ΘD .

1.3.3

Specific heat in superconductors

Specific heat in superconductors will be given a more detailed description, since it is an important part of this thesis work. Superconductivity is a peculiar phenomenon in condensed
matter physics where electrons condense in so-called Cooper pairs, which can move freely
in the materials giving rise to interesting physical properties (e.g., zero electrical resistivity, expulsion of magnetic field, magnetic flux quantization; See Ref. [16] for a review).
Superconductivity takes place only below a certain material-dependent critical temperature Tc . This temperature is only a few K for conventional superconductors and can
go as high as 134 K under ambient pressure for high-temperature superconductors [17].
Under pressure, superconductivity was found at temperatures above 200 K [18]. While
electron-phonon interactions are what causes conventional superconductivity, the reason
behind high-temperature superconductivity is still controversial [19, 20].
When a material becomes superconducting in zero magnetic field, its electronic specific
heat jumps at the critical temperature Tc and then exponentially decays with decreasing
temperature. No latent heat is released in the process, i.e. the transition is continuous.
An example is given in Fig. 1.2 for the iron-based superconductor BaFe2 (As0.68 P0.32 )2 . In
Fig. 1.2(a) the red circles correspond to the total specific heat as a function of temperature.
The material becomes superconducting at Tc = 28.5 K, as indicated by a weak peak in
C/T . The transition is more evident if the lattice contribution, which is not influenced by
superconductivity, is subtracted. This last can be estimated through a Debye model. It
is given as a black line in Fig. 1.2(a). If the phononic term is subtracted, the electronic
specific heat Ce is obtained. This is given in Fig. 1.2(b) as Ce /T . It can be noticed
that Ce /T is not constant as for electrons in the Sommerfeld model, but assumes an
exponential-like behavior. This because superconductivity is related to the formation of
an energy gap at the Fermi surface. Paired electrons do not contribute to the specific
heat, causing thus a deviation of the electronic specific heat from the Sommerfeld model.
Since the electronic contribution is only a small fraction of the total signal (about 10 % in
the example given), this last has to be measured with high resolution.
To better estimate the phononic term below Tc , it is possible to apply a strong enough
magnetic field to push the superconducting transition to lower temperatures and thus
extend the temperature range in which the material is in the normal state. While for type-I
superconductors Tc can be easily pushed down to 0 K, for certain type-II superconductors
the experimentally available magnetic fields (up to several tesla) might not be sufficient
to completely suppress superconductivity.
The normal state specific heat is indicated with Cn and the superconducting state specific
heat with Cs , while their difference with ∆C = Cs − Cn . Equivalently to Eqs. (1.1), (1.2),
and (1.3), the entropy difference ∆S(T ), internal energy difference ∆U (T ), and free energy
difference ∆F (T ) between the superconducting and the normal state can be obtained as:
T

Z
∆S(T ) − ∆S(0) =

∆C(T 0 )/T 0 dT 0

(1.7)

0

Z
∆U (T ) − ∆U (0) =
0

T

∆C(T 0 )dT 0

(1.8)
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Figure 1.2: (a) Specific heat as C/T for BaFe2 (As0.68 P0.32 )2 . The red circles correspond
to the experimental data. The black line is the normal state specific heat according
to a Debye-Sommerfeld model. A peak in C/T can be seen in the experimental data in
correspondence of Tc . (b) Electronic specific heat as Ce /T of the same BaFe2 (As0.68 P0.32 )2
sample.

∆F (T ) = ∆U (T ) − T ∆S(T ).

(1.9)

∆F (Tc ) − ∆F (0) = ∆U (Tc ) − ∆U (0) − Tc ∆S(Tc ) + 0 · ∆S(0).

(1.10)

At Tc , using Eq. (1.9):

Since the superconducting state ceases to exist at Tc , ∆F (Tc ) = ∆U (Tc ) = ∆S(Tc ) = 0.
Eq. (1.10) reduces then to:
∆F (0) = ∆U (0).
(1.11)
By using Eq. (1.8), Eq. (1.10) can also be rewritten as:
Z Tc
−∆F (0) = −∆U (0) =
∆C(T )dT.

(1.12)

0

∆F (0) is the condensation energy, i.e., the free energy difference between the superconducting and the normal state at zero temperature. The condensation energy is related
to the superconducting energy gap ∆(0) at zero temperature, i.e. the amount of energy
necessary to break a Cooper pair at 0 K. A common expression for this relation comes
from the Bardeen-Cooper-Schriffer (BCS) theory of superconductivity [21]:
−

∆F (0)
1
= N (EF )∆2 (0),
Vm
4

(1.13)

which assumes a uniform single-band gap distribution around the Fermi surface. Vm is
the molar volume.
The thermodynamic critical field Hc (0) can also be calculated from ∆F (0) as ([16], page
3):
µ0 Hc2 (0)
.
(1.14)
−∆F (0) =
2

1.3. SPECIFIC HEAT

7

µ0 = 4π · 10−7 H/m is the vacuum permeability. By using Eqs. (1.9) and (1.14), Hc can
be estimated at all temperatures up to Tc , where it goes to zero. Hc corresponds to the
magnetic field at which the field lines penetrate the material. In Type I superconductors
this corresponds to the critical field at which superconductivity is destroyed. In Type II
superconductors, however, the magnetic field can penetrate the material in the form of
Abrikosov vortices without superconductivity being destroyed. Only when the magnetic
field is higher than an upper critical field Hc2 , superconductivity is suppressed. Hc2 is not
directly related to thermodynamical quantities, but can be experimentally measured (e.g.,
by the temperature shift of the superconducting peak in C/T with magnetic field). The
zero temperature critical field Hc2 (0) is, however, often inaccessible because of the very
high magnetic fields required. In this case, an estimation of Hc2 (0) is given from the slope
dHc2 /dT near Tc according to the Werthamer-Helfand-Hohenberg (WHH) relation [22]:
Hc2 (0) = aTc |dHc2 /dT |Tc ,

(1.15)

where a is a material dependent constant.
From Hc2 (T ) and Hc (T ), the coherence length ξ(T ) and rhe penetration depth λ(T ) can
be evaluated as well. ξ is a parameter describing the characteristic length of a Cooper pair,
while λ is related to how far into the material an applied magnetic field can penetrate.
First, ξ(T ) can be calculated through (page 135 in Ref. [16]):
µ0 Hc2 (T ) =

φ0
,
2πξ(T )2

(1.16)

where φ0 = 2.067 · 10−15 Wb is the flux quantum. Then, λ(T ) is obtained by using ([16],
page 119):
φ0
λ(T ) = √
.
(1.17)
2 2πµ0 Hc (T )ξ(T )
While Eq. (1.16) is valid at all temperatures, Eq. (1.17) is obtained according to the
Ginzburg-Landau theory, which is strictly valid only near Tc . If its validity is extended to
all temperatures, then the superconducting carrier density ns (0) can as well be estimated
from Ref. [23]:
µ0 e2 ns (0)
1
=
.
(1.18)
2
λ (0)
m∗
e is the electron charge and m∗ the effective mass. From ξ(0) and ∆(0), the Fermi velocity
vF can also be estimated according to the BCS expression ([16], page 94):
ξ(0) =

h̄vF
,
π∆(0)

(1.19)

where h̄ = 1.05 · 10−34 J · s is the reduced Planck constant. vF is in turn related to the
Fermi temperature TF = m∗ vF2 /2kB . It has to be emphasized that ξ, λ, ns , and vF , TF are
all calculated from Hc2 . The formulas reported above related to these quantities are thus
only valid for Type II superconductors.

1.3.4

The alpha model for the superconducting energy gap

The BCS expression of Eq. (1.13) is providing a way to estimate the superconducting
energy gap ∆(0) from specific heat data. It assumes, however, a single-band isotropic
Fermi surface, which is not a valid assumption for many superconductors, which might
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Figure 1.3: (a) Temperature dependence of the normalized BCS superconducting energy
gap ∆BCS /∆(0). (b) Electronic specific heat as Ce /γn T as a function of T /Tc for β-Ga.
Blue circles correspond to experimental data, while the black line is a fit according to a
single-band α model with α = ∆(0)/kB Tc = 2.
have anisotropic Fermi surfaces, several bands, or a combination of both. In order to
extend the BCS description to these cases, Padamsee, Neighbor, and Shiffman developed
the so-called α model [24, 25]. In this model, specific heat is calculated according to the
BCS expression:
!
Z kB ΘD
˜2
˜ 2 1 d∆
∆(0)
Ces (t)
6α3
Ẽ 2 + ∆
= 2
d˜
,
(1.20)
−
f (1 − f )
γn Tc
π t 0
t
2 dt
where Ces is the electronic specific heat in the superconducting state, γn the Sommerfeld
coefficient in the normal state, t = T /Tc , ∆(t) is the temperature-dependent energy gap
˜
and ∆(t)
= ∆(t)/∆(0),
p α = ∆(0)/kB Tc , ˜ = /∆(0) is the normalized [to ∆(0)] single˜ 2 is the normalized energy of quasi-particle excitations, and
particle energy, Ẽ = ˜2 + ∆
f = [exp(αẼ/t) + 1]−1 is the Fermi-Dirac distribution function.
The superconducting gap is assumed to be BCS-like, with a temperature dependence as
reported in Fig. 1.3(a). The specific heat is represented as well with the BCS expression
of Eq. (1.20), but α does not assume a fixed value (α = 1.76 in the BCS theory), but is
instead free to vary. The constant BCS value is obtained under the assumption of weak
electron-phonon coupling, which is not valid for all materials. A strong electron-phonon
coupling leads to a α > 1.76, while an anisotropic gap leads to a α < 1.76 [25]. The α model
allowed to successfully fit specific heat data of many strong-coupling superconductors and,
with an extension to more than one band [26] multi-band superconductors. In Fig. 1.3(b)
an application of the α model to fit electronic specific heat data of β-Ga is reported. The
line is a very good representation of the experimental data. α = 2 > 1.76 is a sign of
strong-coupling superconductivity.
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Summary

All properties which can be obtained/estimated through specific heat measurements, are
listed in Table 1.1.
Property
Debye temperature

Symbol
ΘD

Unit
K

Sommerfeld coefficient

γn

J/molK2

Density of states at the
Fermi energy
Entropy
Free Energy

N (EF )

states/eV

S(T )
F (T )

J/molK
J/mol

Superconducting critical temperature
Specific heat jump at Tc
Superconducting condensation energy
Superconducting
energy gap
Thermodynamic critical field in superconductors
Upper critical field in
type II superconductors

Tc

K

∆C(Tc )
−∆F (0)

J/molK
J/mol

∆(0)

meV

µ0 Hc (0)

T

µ0 Hc2 (T )

T

ξ(T )

nm

From the Ce peak position with field.
The zero temperature Hc2 (0) can be
estimated through the WHH relation
of Eq. (1.15)
From Hc2 [Eq. (1.16)]

λ(T )

nm

From Hc and ξ(T ) [Eq. (1.17)]

ns

carriers/cell

From λ according to Eq. (1.18)

vF

m/s

Coherence length in
type II superconductors
Penetration depth in
type II superconductors
Superconducting carrier
density in type II superconductors
Fermi velocity in superconductors

Method
Fit of C/T (T 2 ) at low temperatures
(Slope)
Fit of C/T (T 2 ) at low temperatures
(Intercept)
From γ [Eq. (1.6)]
Integration of C/T (T 0 )
Integration of C-C/T according to
Eq. (1.3)
Peak position in Ce
Peak height in Ce
Integration of ∆C(T ) from 0 to Tc according to Eq. (1.12)
From ∆F (0) [Eq. (1.13)], alternatively from an α model fit [Eq. (1.20)]
From ∆F (0) [Eq. (1.14)]

From ξ(0) and ∆(0) according to
Eq. (1.19)

Table 1.1: Physical properties that can be obtained/estimated through specific heat measurements.

10

1.4

CHAPTER 1. INTRODUCTION

Calorimetry

Specific heat is a physical quantity that gives information about how the temperature of a
unit of material responds to a certain amount of heat provided. It is an intensive property
of the material, i.e., it does not depend on the amount of sample measured. What a
calorimeter measures is, however, not directly specific heat, but heat capacity. This is
defined as:
δQ
C(T ) ≡
,
(1.21)
dT
where C(T ) is the heat capacity (dependent on temperature), δQ is an infinitesimal amount
of heat provided to the sample and dT its temperature increase. Heat capacity is measured
in J/K. Since C is temperature dependent, δQ needs to be small enough for C to be
accurate. This is particularly important when measuring close to phase transitions, where
C can vary very strongly with temperature. C can be measured at constant volume (CV )
or constant pressure (CP ). While CV is the quantity more often used in theories, it is very
complex to measure since it is experimentally difficult to keep the sample volume constant.
CP is what is usually measured and what will be reported in this thesis. The difference
between CV and CP for solids is in any case negligible at low temperatures and quite small
at room temperature. For simplicity, the subscript P will be omitted in the following. By
C it is meant heat capacity measured at constant pressure. Note that specific heat is as
well indicated with the symbol C. From the figure caption and measurement units will be
evident if C is referring to specific heat or heat capacity.

Figure 1.4: General scheme showing the main components of a calorimeter. The sample is
connected through a thermal conductance Ki to a sample holder, which is then connected
through a thermal conductance Ke << Ki to a thermal bath. The thermometer and heater
are connected to the sample holder with thermal conductances Kt and Kh , respectively.
In some designs, the thermometer and/or heater may be directly connected to the sample
itself.
In principle, a calorimeter consists simply of a sample holder, a heater (to provide δQ)
and a thermometer (to measure dT ). Often holder, thermometer and heater are grouped
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together under the name addenda, i.e., added material. This because in a calorimeter
the heat is not absorbed by the sample only, but by the addenda as well, unless heating/temperature sensing is done by a component not in thermal contact with the sample
(e.g., laser heating). The total heat capacity C measured is then a sum of the sample heat
capacity Csample plus the addenda heat capacity Caddenda . It is generally supposed that
Csample >> Caddenda . However, this assumption is not always valid. For small samples
especially, the heat capacity of the addenda can be of the same order of magnitude if not
higher than the heat capacity of the sample. In this case, a measurement of Caddenda has
to be performed prior to the sample in order to subtract the unwanted background. For
Caddenda >> Csample , even a precise background subtraction might not be enough to be
able to measure Csample with high accuracy.
Ideally, one would like to have the calorimeter perfectly thermally insulated, so that no
heat is dispersed to the surrounding environment during the measurement (adiabatic conditions). However, perfect adiabatic conditions are impossible to achieve and a thermal
link with thermal conductance Ke to the environment (called thermal bath, as it has a much
bigger heat capacity than the sample) has to be taken into account. A general scheme of
the parts composing a calorimeter is shown in Fig. 1.4. The thermal connections between
the different components are denoted with the symbol K (thermal conductances).

1.4.1

Adiabatic

Adiabatic conditions can be obtained through a good insulation of the sample holder
from the bath (very small Ke ). Measuring in adiabatic conditions is very accurate, as
heat capacity is measured directly from its definition. However, several limitations can
be found. When Ctot is reduced to very low values, e.g., at low temperatures and/or
for small sample size, even a small Ke can lead to a temperature increase in the sample.
Disconnection of the sample from the bath (small Ke ) entails difficulties in changing the
sample temperature. A variable thermal link through the bath can be implemented to
solve this issue. Generally, materials which strongly change their thermal conductance
with temperature are chosen. When heated, they connect the sample through the bath.
Otherwise, the sample is insulated. These systems however increase the noise in the system
and are not used when very high resolution is required. Finally, equilibrium conditions
have to be achieved before starting each measurement. As a consequence, the technique
is relatively slow.
In order to overcome one or more of these issues, several non-adiabatic techniques have
been developed during the last few decades. The most common are briefly introduced
here. Many other techniques exist which are modifications or combinations of these.

1.4.2

Relaxation

The relaxation method was developed in 1972 by Bachmann et al. [27] in order to measure
samples in the mg range at low temperatures. The sample cell is not perfectly insulated,
but a finite thermal conductance Ke exists between the sample holder and the bath. The
first step consists of measuring this thermal conductance Ke . This may often be done with
the empty calorimetric cell: A small power P is applied, which increases its temperature
of a small amount ∆T . Ke will then be:
Ke = P/∆T.

(1.22)
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The measurement is repeated at different temperatures so as to have a distribution Ke (T )
in the desired temperature interval. Once Ke (T ) is obtained, the sample is mounted on
the calorimeter and a constant heating power is applied. The sample, which is originally
at the bath temperature Tb , increases its temperature until it is stabilized to a certain
value T1 . The difference between Tb and T1 is generally kept as small as possible (a few
percent of Tb ). Once T1 is stable, the power is suddenly removed and the temperature
exponentially decreases to the bath temperature, see Fig. 1.5. This happens because of
the thermal link Ke . Mesuring the characterisic decay time τ1 , the heat capacity Ctot of
sample + addenda can be obtained:
Ctot = τ1 · Ke .

(1.23)

If Caddenda is comparable to Csample , an empty cell measurement has to be done before

Figure 1.5: Temperature variation as a function of time in the relaxation method.
mounting the sample in order to get explicit values of Caddenda .
An assumption on which the method relies is that the time necessary for the sample to
stabilize its temperature τ2 is much shorter than τ1 . This is equivalent to say that the
sample temperature is following the holder temperature very quickly. If τ2 ∼ τ1 instead
(because of e.g., a poor thermal attachment of the sample to the calorimeter), there will
be a temperature lag between the holder and the sample, reducing then the accuracy of
the measurement. In this case, corrections have to be made in order to take into account
a nonzero τ2 [27, 28].
The relaxation method is widely used in the calorimetry community. A commercial
calorimeter based on this method is the Quantum Design Physical Property Measurement
System (PPMS). Its characteristics are given at the company website [2] and discussed in
some recent papers [29, 30]. The PPMS is a laboratory equipment which allows several
different types of measurements at temperatures between 0.4 and 400 K and with magnetic
fields as high as 16 T. The heat capacity probe consists of a 3 × 3 mm2 thin Al2 O3 platform
with a thin film heater and a Cernox thermometer [31]. Thin wires connect the heater and
sensor to the measurement system and also act as thermal links to the environment. The
sample is usually thermally attached to the platform with the use of Apiezon N grease
[32], a substance that has suitable thermal and structural properties at low temperatures.
A heat pulse of length ∆t ≈ τ1 (relaxation time to the bath temperature of sample +
addenda) is provided by the system, which then fits the temperature decay for a time
2τ1 . Measuring τ1 and knowing the applied power P and the thermal link to the bath Ke ,
the heat capacity C is calculated. A possible contribution from a nonzero τ2 (due to a
imperfect thermal link between the sample and the platform) is taken into account during
the fit. The heat pulse is sent several times in order to allow averaging and reduce the
noise.
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Typical performances of the system are:
• Resolution of 10 nJ/K at 2 K.
• Accuracy < 5% between 2 and 300 K (typical: 2%).
• Sample size between 1 and 500 mg (typical: 20 mg).
These characteristics allow to measure a fairly high number of materials which can be
grown in mg size with high resolution and good accuracy. A large number of laboratories
worldwide use this system to characterize their samples.

1.4.3

Differential Scanning Calorimetry

Figure 1.6: Sketch of an experimental setup used in differential scanning calorimetry
(DSC). Each of the two identical cells (sample and reference sides) contains a heater to
provide a power P and a thermometer to measure the cell temperature T . If Pr = Ps and
the difference in temperature ∆T = Ts − Tr is measured the calorimeter is working as a
heat-flux DSC. Alternatively, if Pr and Ps are adjusted so to have ∆T = 0, we have a
power-compensated DSC.
In differential scannnig calorimetry (DSC) [33], two identical cells are built on the same
device. The sample is placed on one cell (the sample side), while the other cell is left
empty (the reference side). See Fig. 1.6 for a sketch of a differential scanning calorimeter.
The measurement can be performed according to two different methods.
In the first method heat is provided in equal amounts to both sample and reference (constant power P ). A single heater can be used in this case. The difference in the temperature
change between the two cells ∆(dT /dt), due to the sample, is measured. The heat capacity
C is then obtained as
P
C=
.
(1.24)
∆(dT /dt)
This method is called heat-flux DSC.
In the second method a heater is placed in each cell. The two heaters are then controlled
to have a temperature increase dT /dt in the two cells constant. The difference in power
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∆P between the two cells, due to the sample, is recorded. C is obtained as
C=

∆P
.
dT /dt

(1.25)

The method is called power-compensated DSC.
In order for this method to provide accurate data sample and reference side heat capacities
must be as equal as possible. This is to have ∆P or ∆(dT /dt) coming purely from the
sample and not from device imbalance. The thermal link between sample and reference
should be very small (ideally zero) to avoid cross-heating. Moreover, from Eqs. (1.24) and
(1.25), it can be seen that for small values of C the power P becomes very small as well.
In order for P to be measurable, very high scan rates dT /dt (up to 106 K/s [34]) have to
be used. As the measurement time is very short, averaging from different scans is usually
performed to further increase the resolution.
DSC is a widely used technique, especially in the study of polymers [35, 36], biological
systems [37, 38] and for the study of chemical reactions [39, 40]. Commercial equipment
is, however, typically limited to relatively high temperatures (e.g. T > 80 K).

1.4.4

AC Calorimetry

In AC Calorimetry the sample is heated through an alternating power P (t) with angular
frequency ω. Often P is provided by a resistive heater through which a current I is
circulating.
P (t) = R · I(t)2 = R ·

h√

2I0 cos

 ω i2
t
= RI02 [1 + cos (ωt)] = P0 [1 + cos (ωt)] (1.26)
2

This causes temperature oscillation with amplitude Tac,s at the same frequency ω (double
that of the current). The temperature oscillation is, however, shifted by a certain phase
ϕ compared to the heating power (see Fig. 1.7).
Tac,s = Tdc + Tac,0 cos(ωt − ϕ),

(1.27)

where Tdc is the average temperature value around which oscillations take place.
Writing down the heat transfer equations for the particular system used and inserting the
expressions for P and Ts it is possible to get an expression for the heat capacity C, as
a function of P0 , Tac,s , ω, and ϕ. Basically, the heat capacity is obtained through the
measurement of the temperature oscillations in the sample Tac,s , due to the oscillating
power P .
The main advantage of this technique is the much higher signal-to-noise ratio compared
to DC techniques previously described. Using a lock-in amplifier it is indeed possible to
select only the signal corresponding to a particular frequency ω, discarding then most part
of the noise. The first AC calorimeters, used since Corbino’s device in 1911, were based
on a single unit operating as both a heater and a thermometer [41–45] (see Fig. 1.8). In
these systems, an alternating current with frequency ω is injected in the heater and its
voltage measured. It is possible to show how the voltage signal contains a third harmonic
term (with frequency 3ω) related to the heat capacity of the sample. For this reason, the
method is called the 3ω method. The 3ω signal is very small compared to the larger first
harmonic, but it can be reliably separated with the use of a Wheatstone bridge and a lockin amplifier. These reduce the first harmonic and amplify the third harmonic, respectively.
The 3ω method allows quick and sensitive measurements, but it has the drawback of a
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Figure 1.7: Power and sample temperature Ts as a function of time during an AC specific
heat measurement.

Figure 1.8: Diagram of the elements composing an AC calorimeter. Left, in the 3ω method.
Right, in the AC steady-state method of Sullivan and Seidel [46].

limited bandwidth in which the heat capacity can be properly separated from the other
thermodynamic quantities [45]. A more versatile method, developed by Sullivan and Seidel
in 1968, is the so-called AC Steady State method [46]. The heater and thermometer are in
this case two separate elements (See Fig. 1.8). The thermal oscillations measured at the
thermometer are at the same frequency of the oscillating power (at the second harmonic of
the oscillating current). The signal can then be extracted with higher precision through a
lock-in amplifier and without the need of a Wheatstone bridge. Moreover, signal averaging
can be readily implemented as the measurement takes place at a steady-state of the system.
A variant of the AC steady-state method is used in this thesis to perform the specific heat
measurements. In Sect. 1.5.1, the implementation adopted is described and the equations
for the heat transport are solved in order to get expressions for the heat capacity C and
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Nanocalorimetry

Commercial calorimeters can nowadays measure samples with masses in the order of mg.
In research labs samples of such sizes were already routinely studied in the 1970’s [47].
In order to measure smaller samples, the addenda heat capacity needed to be reduced.
However, the devices were already at the limit of the miniaturization process available
with standard techniques. In the relaxation calorimeter of Bachmann et al. [27] (1972),
the sample holder consisted of a thin silicon disk, an electrically insulating material with
good thermal conductivity. On top of this, a thermometer and a heater were built by
ion (e.g., phosphorous) implantation. The thermometer and heater heat capacities were
thus already included in the platform heat capacity, as they were part of the platform
itself. With this construction method, Greene et al. [48] were able to measure a 25 µm
thick film of Al, with a mass of around 1 mg. The best resolution achieved was in the
order of 10 nJ/K. In 1981, Early et al. [49] replaced silicon with sapphire, a material with
much lower specific heat at low temperatures. This device allowed them to measure thin
films of the Mo0.58 Ru0.42 superconductor, with masses as low as 100 µg and a resolution
better than 1 nJ/K. However, further reduction in the platform size (heat capacity) was
not possible as that would have meant a complete loss in structural stability.
In 1989, Graebner adopted a new modulated-bath technique [50], with which he measured
a 2.9 µg sample of the superconductor Ba0.6 K0.4 BiO3 . He did it by gluing an assemble of 20
small crystals on top of two thermocouple wires. These were then connected to a thermal
bath whose temperature was made to oscillate. In this way, the addenda heat capacity
was reduced to the glue and wires only. The resolution achieved was of the order of pJ/K
at 30 K, allowing him to vaguely see the superconducting phase transition at 30 K. Despite
its high resolution, the method has not been extensively used in the following years. The
reason is the exponential drop of the thermocouple sensitivity at low temperatures, which
makes measurements impossible when T approaches zero. Moreover, uniform thin film
deposition on the wires was not possible in this system.
The breakthrough in small sample calorimetry came a few years later with the work of
Denlinger et al. [51], where a calorimeter was developed using semiconductor processing
technology. The platform consisted of a thin (∼180 nm) square-shaped silicon nitride
membrane, etched into a silicon chip through wet etching in potassium hydroxide (KOH).
Silicon nitride is a good material for calorimeter platforms as it has good structural stability even at thicknesses in the order of hundreds of nm. The heater and thermometer were
thin films patterned and deposited on top of the membrane itself. This design allowed to
reduce the heat capacity of the addenda by two orders of magnitude in comparison to all
previous techniques, as here the thickness of the components is in the order of hundreds
of nm, instead of tenths of µm. The reported addenda heat capacities are 4 · 10−6 J/K at
room temperature and 2 · 10−9 J/K at 4.3 K. 3 different thermometers are deposited on
the device in order to have a good sensitivity in the entire temperature range between 1.5
and 800 K. Using the relaxation method, Denlinger et al. measured thin films with total
masses of a few µg. Two years later, the term nanocalorimeter is used for the first time in
the experiment of Lai et al. on Sn nanoparticles [52]. In this work, a differential scanning
calorimeter was used.
During the 20 years following the work of Denlinger et al., a variety of membrane-based
nanocalorimeters has been developed in the scientific community [4–6, 40, 53–57]. Each of
them is specialized in a certain temperature range or for the analysis of a certain physical
phenomenon/class of materials. They differ in the design and in the choice of materials
for the calorimeter components, affecting temperature range, resolution, accuracy, etc.
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Nanocalorimetry at Stockholm University

The nanocalorimeter used at Stockholm University is a 6.2 × 3.8 mm silicon chip covered
by a 150 nm thick silicon nitride (Si3 N4 ) layer. The silicon is removed in correspondence
of two 1 × 1 mm squares, where only the thin Si3 N4 layer is left. This process creates two
membranes on top of which the actual devices are deposited, see Fig. 1.9(a). Each device is
a stack of thin films which correspond to the different components of the nanocalorimeter.
The samples are glued on top of this stack with the use of a low temperature grease
(Apiezon N [32]). Usually the sample is mounted on top of the left membrane, while
the right membrane is left empty and acts as a reference. Having the device built on
top of a thin Si3 N4 membrane allows to reduce both the device heat capacity and the
thermal connection between the device and the environment. The first is to ensure that
the device heat capacity is not dominating over the sample, the second is to not have
the heat dissipated outside the device too quickly and allow a correct measurement. The
differential construction allows an increase in the resolution because of the possibility to
measure differential signals, which are smaller in amplitude and can be further amplified by
the measurement electronics, see Sec. 2.2. This is particularly important when measuring
samples in nanoscale, where the sample heat capacity is of the same order of the device’s.
According to the definition of heat capacity of Eq. 1.21, it is necessary for the measurement
to provide a small amount of heat δQ to the sample and measure the temperature difference
dT caused by δQ. This is done through the first two layers, which act as a heater and a
sensor. A second heater is deposited on top of the first two components in order to be able
to locally increase the sample temperature. Both heaters are of the resistive type, i.e., a
current I is made circulating through them and the heating power P generated according
to Joule’s law P = R · I 2 , where R is the heater resistance. While a continuous current
is circulating in the offset heater, the measurement heater is operating with alternating
current. For this reason, the two heaters are usually referred to as DC and AC heaters,
respectively [see Fig. 1.9(b)]. The sensor is a resistive sensor as well, i.e., its electrical
resistance is measured and subsequently associated to a temperature. In order to do that,
the sensor has to be initially calibrated against a readily calibrated thermometer. The
material chosen for the heaters is titanium because of its good mechanical properties,
while the sensor is made of a Ge0.83 Au0.17 alloy because of its high sensitivity in a very

Figure 1.9: Optical microscope images of the nanocalorimeter at Stockholm University.
(a) A nanocalorimeter glued and bonded on top of a cryostat plugin (b) A zoom-in image
of one of the 1 × 1 mm membranes, with the active layers deposited in the middle as a
stack of thin films.
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Figure 1.10: (a) Temperature dependence of the heat capacity C of a typical nanocalorimeter. (b) Comparison between the temperature dependence of the heat capacity C of an
empty device (red circles) and a URu2 Si2 crystal. The sample heat capacity is an order
of magnitude higher than the device’s at all temperatures.

broad temperature range and low magnetoresistance [58]. The different components are
separated by SiO2 insulation layers to avoid shorts. Leads made of titanium and gold
connect the active parts of the calorimeter in the center of the membrane to external gold
pads, which are used to connect the device to a cryostat plugin [See Fig. 1.9(a)]. On
top of everything, a gold thermalization layer is deposited to spread the heat uniformly
across the sample. The shape and size of all constituents is carefully selected so to have
a uniform heat distribution and to avoid possible unwanted connections between layers
during fabrication (See [9, 10]).
The thickness of each layer is in the order of ∼ 100 nm. This makes the total thickness
of the device just above 1 µm. This allows to reduce the total device heat capacity to
80 nJ/K at 300 K and 20 pJ/K at 1 K. The full temperature dependence of a typical device
heat capacity is reported in Fig. 1.10(a), while a comparison between the heat capacity
of an empty device with a URu2 Si2 crystal is given in Fig. 1.10(b). The sample under
examination has a mass of about 4 µg and its heat capacity is an order of magnitude higher
than the device’s at all temperatures. This allows accurate measurements on samples as
small as a few 100 ng, where the heat capacity of the sample starts to be of the same order
of magnitude of the device heat capacity.
In order to achieve the best possible resolution, the AC steady-state method of Sullivan
and Seidel is used [46]. An oscillating power P (t) is provided to the sample through the
AC heater, which causes temperature oscillations Tac (t) in the sample at the same angular
frequency ω with a phase lag φ, see Eqs. 1.26 and 1.27. The main advantage of this method
is the possibility of filtering the measured signal around the operating frequency fop using
a lock-in amplifier, reducing considerably the external noise contributions.
By solving the heat transfer equations as done in [46], it is possible to obtain an expression
for the heat capacity of the sample Cs . The heat conductances to take into account are
the ones between the external bath and the device Ke , and between the sample and the
calorimeter Ki , due to the grease and to the heat conduction internal to the sample. The
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heat conductances between different layers of the calorimeter can be considered as infinite.
By following the procedure of [1, 9], it is possible to obtain the following equations for the
apparent heat capacity C̄ and apparent thermal conductance K̄:
P0
sin φ
ωTac,0
P0
cos φ,
K̄ =
Tac,0
C̄ =

(1.28a)
(1.28b)

where:
C̄ = C0 + (1 − g)Cs

(1.29a)

K̄ = Ke + gKi

(1.29b)

(ωτi )2
g=
1 + (ωτi )2
τi = Cs /Ki .

(1.29c)
(1.29d)

It is then possible to obtain C̄ and K̄ by accurately measuring the power amplitude P0 ,
the oscillating angular frequency ω, the temperature oscillation amplitude Tac,0 and the
phase lag φ. For C̄ to reduce to C0 + Cs , g must be small (g << 1), see Eq. 1.29a. For
that to happen, the internal relaxation time constant τi and the measurement angular
frequency ω should be as small as possible. Since τi is fixed by the sample and grease,
the choice of the measurement frequency f is essential for an accurate measurement. f
has then to be as small as possible for optimal accuracy, but at the same time it cannot
be too small in order to not loose in resolution, which decreases with decreasing f at low
frequencies [9, 11]. The main reason for the reduction in resolution at low frequencies is to
be attributed to a too small phase lag φ. As it can be seen from Eq. 1.28, small values of
ω and φ lead to a larger uncertainty on C̄ and K̄. An operating frequency φop giving both
good resolution and accuracy has to be located and maintained during the measurement.

Figure 1.11: Frequency dependence at room temperature for a URu2 Si2 sample. The
dashed line indicates the operating frequency fop = 1 Hz. (a) Apparent heat capacity
C (red circles) and tangent of the phase lag φ between heating power and temperature
oscillations (blue circles) (b) Apparent thermal conductance Ke between the device and
the external bath.
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As an example, the frequency dependence of the heat capacity C = C0 +Cs and the thermal
conductance Ke for a URu2 Si2 sample at room temperature are reported in Fig. 1.11(a)(b). The tangent of the phase lag φ between power and temperature oscillations is as well
given in Fig. 1.11(a). C presents a plateau at low frequencies, but it quickly decreases once
f reaches a few Hz due to a non negligible g. The frequency at which C deviates of 1 %
from the zero Hz value is about 1 Hz, which is chosen as the operating frequency fop . At
fop tan φ ∼ 1.4 (φ ∼ 55◦ ). This corresponds to the limit of the linear part in the tan φ(f )
curve. It is possible to show [11] that this frequency is related to the ratio Ki /Ke . Since
this ratio is usually not strongly dependent on temperature, by keeping tan φ constant
throughout the measurement both good accuracy and resolution are ensured.
When Cs is of the same order of magnitude or smaller than C0 , the calorimeter can be
used in differential mode. The same power is applied to both reference and sample sides
(Ps = Pr = P0 ). This is causing temperature oscillations Ts and Tr at the same frequency
of the power ω, but with different amplitudes and phases. By calculating the amplitude of
the vector difference Tdiff between Ts and Tr , it is possible to calculate the heat capacity
C according to [9]:
P0 Tdiff
C=
,
(1.30)
ωTac,0,s Tac,0,r
where Tac,0,s and Tac,0,r are the amplitudes of the temperature oscillations on sample and
reference sides, respectively. Since the differential signal is smaller, it can be amplified in
a greater extent than the sample signal and thus be measured with higher resolution.
To summarize, the nanocalorimeter used in this thesis allows measurement on samples
in micro- and nanoscale with good accuracy and resolution because of a low device heat
capacity and thermal conductance, a differential measurement scheme, and a correct determination of the operating frequency using a phase-stabilized method.

22

CHAPTER 1. INTRODUCTION

Chapter 2

Experimental Methods
2.1

Nanocalorimeter fabrication

A membrane-based nanocalorimeter allows to perform high resolution and accurate measurements on micro- and nanoscale samples but the 150 nm Si3 N4 thin membrane makes
the device very fragile. This complicates the handling and the fabrication of the calorimeters. To allow systematic measurements in a reasonable time scale, the simultaneous
fabrication of many devices was required. Prior to this thesis work, the devices were produced one at a time on prefabricated silicon nitride membranes. The developed batch
production allows instead to have up to 48 nanocalorimeters out of a 2 inch Si wafer
(typically 20-30 of them fully working at the current yield). Other than an increased
production rate, the batch process has the advantage to create more uniformity between
the devices and to simplify the fabrication process in comparison to the deposition of the
nanocalorimeters on top of prefabricated membranes.
A 2 inch <100> Si wafer covered by 150 nm of LPCVD (Low Pressure Chemical Vapor
Deposition) Si3 N4 on both sides is used. The wafer size is limited by the maximum sample
dimensions which can be handled in the nanofabrication facility used. The main idea is
to deposit the nanocalorimeters on one side (referred to as frontside) and then remove the
Si from the other side (backside) in correspondence of 1 × 1 mm squares which have the
stack of thin films previously deposited in their centers. The technique used to remove
the Si is a wet etching in potassium hydroxide (KOH).

2.1.1

Backside patterning

Since the etching rate of Si3 N4 in KOH is negligible [59], it can act as a very good mask
for the release of the membranes from the backside of the wafer. To create openings in the
nitride in the wanted areas, a pattern is created with photolithography and then the Si3 N4
is removed through a dry etching in CF4 /O2 plasma. The procedure is the following:
• The wafer is cleaned in acetone in an ultrasonic bath for a few minutes. The highest
power can be used without risk of breaking the wafer. This is then rinsed in isopropyl
alcohol (IPA) and dried with the use of a nitrogen gun. The backside is then further
cleaned in a RIE Oxford Plasmalab 80+ with an O2 plasma for 20 minutes. The
parameters used are: pressure 100 mTorr, RF power 10 W, ICP power 250 W, O2
flow 20 sccm.
• The wafer is covered by a ∼ 1.5µm thick layer of Microposit S1813 photoresist
23
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Figure 2.1: (a) Design of the mask used to pattern the backside of the wafer. (b) Sketch
showing how KOH is anisotropically etching Si (grey) through a Si3 N4 mask (green).
(positive photoresist) by using a spinner. The parameters used are: spinning speed
4000 rpm, time 1 minute, baking: 1 minute at 90◦ C. By having a chuck which is
smaller than 2 inch, photoresist spills on the frontside are minimized.
• The wafer is placed in the contact mask aligner, where a properly selected mask
has been previously mounted. The mask is designed so to open squared windows
corresponding to the membranes and a rectangular frame around each chip which is
facilitating their release after that the wet etching is completed, see Fig. 2.1(a). Since
KOH is etching Si anisotropically, with a 54.7◦ angle between the <100> and the
<111> directions, the openings on the backside have to be larger than the wanted
size on the frontside, see Fig. 2.1(b). More specifically, each trench/window has to
be 2t cot(54.7◦ ) larger, where t = 300 µm is the wafer thickness.
• The wafer cut is aligned to the lateral marks on the mask, see Fig. 2.2. This ensures
that the pattern is corresponding to the correct crystal orientation of the wafer. By
using both the lateral and top alignment marks, it is also possible to fix the wafer
compared to the mask and retrieve the same exact position when the frontside layers
are deposited. This process allows to center the nanocalorimeters in the center of
the membranes.
• Once a satisfactory alignment is reached, the photoresist is exposed for 6.5 seconds.
The UV light used has a wavelength of 405 nm and an intensity of 25 mW/cm2 .
• Development takes place in a Microposit MF319 solution for 30 seconds, followed by
a 30 seconds rinse in water and drying with a nitrogen gun.

Figure 2.2: Alignment marks used to achieve a correct alignment between the mask and
the wafer and between back- and frontside.
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Figure 2.3: A 2 inch wafer after the backside patterning
• The pattern is checked under an optical microscope and if satisfactory, it is loaded
in the Reactive ion Etching (RIE) system (Oxford PlasmaLab 100).
• The wafer is exposed first to an O2 plasma for 2 minutes to remove unwanted photoresist residues from the exposed areas. The etching parameters are the same as
listed previously during the initial wafer cleaning. The O2 etching is followed by a
2 minutes CF4 /O2 etching to remove the nitride from the openings in the photoresist. The parameters used are: pressure 90 mTorr, RF power: 100 W, ICP power
0 W, CF4 flow 25 sccm, O2 flow 3.1 sccm. With these parameters, the measured
etching rate of Si3 N4 is ∼ 1.5 nm/s.
• With the nitride removed, the photoresist can be dissolved in acetone. The wafer is
then rinsed in IPA and dried with a nitrogen gun. The backside patterning is then
completed. The result is shown in Fig. 2.3.

2.1.2

Frontside patterning

The wafer is flipped and the nanocalorimeters are deposited on the frontside. 10 photolithography steps have to be performed to complete all the layers composing the measurement devices. These include two heaters, a sensor, three insulation layers, a thermalization layer, and 3 connector layers, see Table 2.1 and Fig. 2.4.
Layer
1) External Leads
2) External Pads
3) Sensor Leads
4) Sensor & Passivation
5) First Insulation Layer
6) AC Heater
7) Second Insulation Layer
8) DC Heater
9) Third Insulation Layer
10) Thermalization Layer

Material
Ti + Au
Au
Ti + Au
GeAu + SiO2
SiO2
Ti
SiO2
Ti
SiO2
Ti + Au

Thick.(nm)
50 + 30
100
20 + 80
50 + 30
100
70
100
70
100
20 + 50

Dep. technique
E-beam
E-beam
E-beam
Sputtering
Sputtering
Sputtering
Sputtering
Sputtering
Sputtering
E-beam

Table 2.1: Summary of all layers composing the nanocalorimeter.
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Figure 2.4: The 10 layers deposited on the nanocalorimeter’s frontisde
To avoid damaging the nitride, an additive photolithography process is used for all layers:
photolithography is followed by a thin film deposition and a lift-off. In more details, the
process works as follows:
• The wafer is first cleaned in acetone/IPA and then in O2 plasma as described in
Sect. 2.1.1.
• A first lift-off photoresist (LOR) is spun on top of the wafer. Microchem LOR7B is
used. Spinning takes place at 4500 rpm, with baking for 2 minutes at 190◦ C, resulting
in a ∼ 500 nm thick layer. The LOR is developed isotropically, which guarantees an
undercut below the top resist, facilitating the lift-off.
• A ∼ 1.5µm thick S1813 layer is deposited as described in Sect. 2.1.1.
• The wafer is loaded into the contact mask aligner. The lateral and top alignment
marks of Fig. 2.2 are used to get the first layer aligned with the backside pattern.
The error in the alignment procedure is of the order of ∼ 10 µm, which is only 1 %

2.1. NANOCALORIMETER FABRICATION

27

of the membrane size (1 mm). Once the first layer is correctly aligned, the positions
of the following layers can be precisely adjusted to match it. The error in alignment
between layers on the frontside can then be as low as ∼ 1 µm.
• Once a correct alignment is achieved, the photoresist is exposed and developed as
described in Sect. 2.1.1.
• A short 2 minutes cleaning in O2 plasma is performed to remove unwanted residues
of photoresist from the developed areas, which might prevent a correct lift-off. The
etching parameters are the same as in Sect. 2.1.1.
• The desired thin film is deposited either through electron-beam (E-beam) evaporation or sputtering. The evaporation system used is a custom-made EurovacThermionic, while the sputtering system is an AJA Orion. The thickness of each
film and the technique used for deposition are summarized in Table 2.1. E-beam
evaporation is used for the leads and the thermalization layer since it allows a fast
deposition of gold and titanium. A too high deposition rate is however to avoid
because of the high radiation heating from the crucible on the photoresist. This last
could change its structure and complicate the lift-off. A deposition rate not higher
than ∼ 1 Å/s has to be preferred for the particular evaporator in use. For the main
components of the calorimeter (heaters, sensor, insulation), a good step coverage
is required in order to avoid shorts between the different layers. As a consequence
sputtering is used, which is far more isotropic than evaporation. Moreover, deposition of alloys, like GeAu, with the right stoichiometry would be very problematic
with an evaporator.
• Once deposition is completed, the wafer is placed in a solution of Microposit Remover
1165 heated at 60◦ C on a hot plate for the lift-off. This particular remover is no
longer produced because of particularly toxic components. Mr-Rem 700 is a safer
alternative [60]. During the lift-off the photoresist is removed, together with the film
on top of it. Only the film deposited directly onto the wafer is kept. To achieve a
good lift-off, the wafer has to be soaked in the solution for about 20 minutes. Gently
shaking the wafer accelerates the process. Ultrasonication is better avoided since
it breaks the removed film in small pieces, which can then easily redeposit on the
wafer, see Fig. 2.5(c). These flakes can create great damage if they redeposit in the
central areas of the calorimeter, since they easily create shorts/open circuits between
different layers. Ultrasounds might as well cause some of the deposited components
to break. If some small residues of resists are left, ultrasonication might be used
to remove them, but only after the wafer has been inserted in a clean solution of
remover, to limit the possibility of redeposition. The ultrasound power should be as
low as possible to avoid damage to the deposited layers.
• After the lift-off is completed, the process can start over with cleaning and deposition
of the following layer. An image of the frontside of the wafer after the external leads
have been deposited is given in Fig. 2.5(b), while a zoom on the active area after
sensor and ac heater deposition is given in Fig. 2.5(a).
The first 3 layers are connections between the central and external areas of the devices.
The fourth, sixth and eighth layers are the active components of the nanocalorimeters
(sensor, AC heater, and DC heater, respectively). After each of these layers is deposited,
the devices can be tested with the use of a micromanipulator and a multimeter. This is
to detect possible shorts between active layers and to verify how uniform the electrical
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Figure 2.5: (a) Optical microscope image of the wafer frontside after successful deposition
of the sensor and the AC heater. (b) Frontside of the 2 inch wafer after successful deposition of the external leads.(c) Optical microscope image of a part of the wafer frontside
after lift-off. Ultrasonication caused redeposition of metal flakes.
resistance of the various components on the wafer is. This is found to be in the order of
a few percents for all layers, with the thermometers being the most uniform, with a standard deviation of about 1.4 % [61]. The reason for the higher uniformity in thermometer
resistance is likely to be attributed to the sensors being the first layer in the stack. This
makes them less sensitive to step coverage issues.

2.1.3

KOH Etching

The last step in the batch process is the wet etching in KOH, through which the Si is
removed from the areas where the Si3 N4 was etched away during the backside patterning.
The process simply consists of inserting the wafer in a 30 wt.% KOH solution heated up to
80 ◦ C, see Fig. 2.6(a). A polypropylene (PP) beaker has to be used to avoid etching of the
container. With the chosen parameters, an etching rate of about 75 µm/h is expected [59],
for a total etching time of 4 hours. A PP coated magnetic stirrer is used to mix the
solution and obtain a more uniform etching. To obtain a more uniform temperature in
the beaker, it is inserted in a larger one containing water, which is then placed on the hot
plate. By doing this, it is also possible to monitor the etching temperature by placing a
thermometer in the surrounding water.
Since KOH can easily etch all the thin films deposited, the wafer has to be inserted in
a special support which prevents the solution to be in contact with the frontside, see
Fig. 2.6(b). The holder protects the deposited structure during etching, but damages can
still be caused once the nitride membranes are released if one or more of these are breaking
in the KOH solution. To avoid this problem a protective layer of ProTEK B3 [62] from
Brewer Science is spun on the frontside before the wafer is fixed into the holder. The
procedure is the following:
• The frontside of the wafer is cleaned with a usual acetone/IPA bath + 20 minutes
in O2 plasma.
• A primer is deposited to improve the adhesion of the ProTEK. It is spun for a minute
at 1500 rpm and baked at 205 ◦ C for an additional minute.
• The ProTEK is spun at 4000 rpm for 1 minute and baked in two steps (120◦ C for 2
minutes and 205◦ C for 1 minute). The first step allows evaporation of the solvent,
while the second hardens the polymer. The expected thickness of the protective
layer is about 4 µm [63].
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Figure 2.6: (a) Setup used for wet etching in KOH. (b) Wafer holder used to protect the
frontside from corrosion during etching. Image from Jakob Appelgren.
It is very important during the spinning of the ProTEK to not let residues leak on the
backside, since these would prevent KOH from accessing the backside of the wafer during
wet etching. The use of a spinning chuck smaller than the wafer size reduces the leakages
to the backside to an acceptable level.
Initially, the batch process was performed with the ProTEK layer only, without the use
of the holder of Fig. 2.6(b). However, the protective layer used to lift-off at the borders
during the 4 hours long etching and many devices were damaged. The combined use of
wafer holder and ProTEK provides the best results.
Once the KOH has etched all the Si, the membranes are released. When this happens, it is
possible to see through the wafer since the membranes are transparent, see Fig. 2.7(a). At
the same time, a thin Si3 N4 frame keeps the devices still connected to the rest of the wafer,
but it makes it easy to collect each nanocalorimeter. By using conventional tweezers, it
is possible to break the thin nitride frame and separate the device from the wafer, see
Fig. 2.7(b). Before separation of the devices, the wafer is carefully extracted from the
KOH solution and inserted in a water bath to remove all residues of etching solution. It
is then left to soak in acetone overnight to remove the proTEK layer. At this point, the
devices can be separated and, if organic traces are left on the top side, cleaned in O2
plasma for 20 minutes. It is important during plasma etching to avoid having air trapped
under the membranes, which can break them once vacuum is created in the chamber.
48 nanocalorimeters are deposited on the frontside of a wafer. However, only about 2030 of them were fully working in the batches produced during this thesis work. The
main problem is the breaking of the fragile nitride membranes after they are released.
In particular, they can be easily damaged while the wafer is removed/inserted in the
water/acetone bath and when it is left to dry because of surface tension.
The achieved yield of about 50 % is satisfactory for research purposes. To increase it
closer to 100 %, a possible solution would be to replace the wet etching with a deep
reactive ion etching (DRIE). This would reduce considerably the risk of destroying the
membranes without greatly influencing the etching time. The drawback is that no DRIEs
are available locally so external equipment would have to be used.

2.2

Control electronics

After a nanocalorimeter is successfully produced, it can be glued and bonded to a cryostat
plugin, which is then connected to the control electronics. The medical glue BF-6 is used to

30

CHAPTER 2. EXPERIMENTAL METHODS

Figure 2.7: (a) Optical microscope image of a device taken from the backside of the wafer
after the membrane is released. (b) A 2 inch wafer after etching in KOH. Each device can
be manually selected and separated from the main structure.

Figure 2.8: (a) Optical microscope image of a nanocalorimeter glued and bonded to a
cryostat plugin (b) A typical connection scheme. Us and Is are the voltage and current
on the sample side thermometer, Uhs and Ihs voltage and current on the sample side AC
heater, Us,off and Is,off voltage and current on the sample side DC heater. Analogous
names have been used on the reference side. Udiff is the differential voltage between the
two cells.
connect the calorimeter because of its good bonding properties at cryogenic temperatures.
25 µm aluminium wires are used to connect the external leads to the plugin, see Fig. 2.8(a).
Each plugin has a total of 20 connectors. They allow to send currents I and to measure
voltage drops U through the active components (sensor, AC heater, and DC heater) of
each calorimetric cell, see Fig. 2.8(b) for details. For sensors and AC heaters, the current
is sent through a pair of leads and the voltage drop measured on a separate pair. This
4-probe set-up allows to accurately measure the resistance of sensors/AC heaters, without
a contribution from the leads. Beyond these 16 connectors, 2 more are used to measure
the differential voltage Udiff between the two cells. The remaining two connectors are used
for the DC heater, either on the sample side only, as shown in Fig. 2.8(b), or to both cells
in parallel. A voltage Us,off is applied across the offset heater, increasing the temperature
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of the sample side cell by an amount measured by the sample side thermometer. If the
DC heaters on both cells are to be used simultaneously, their ground pads can be bonded
together to the thermometer ground pad (see Fig. 2.8(a)) and two different voltages can
be sent to the sample and reference sides.
The plug-in is connected to 8 separate preamplifiers. They have variable gains between
1 and 5000, which are automatically changed during the measurements by the LabVIEW
controlling software. The alternating currents at the heaters are provided by a fieldprogrammable gate array (FPGA) card with integrated digital-to-analog and analog-todigital converters contained in a National Instruments PXI system. The FPGA allows as
well to measure the respective voltages at the first and second harmonic of the heating
current. Each signal contains an amplitude and a phase information, as well as a DC
component, which are collected by the measurement software. This is a custom-made
LabVIEW application.

Figure 2.9: Scheme of the circuit used to measure the thermometer resistance on sample
(left) and reference (right) side. A DC bias (Vdc,s , Vdc,r ) is applied on both cells and the
currents (Is , Ir ) are measured on a 100 kΩ resistor. The voltages (Us , Ur ) are measured
directly on the thermometer leads. The differential voltage Udiff is measured across the
two cells.
In Fig. 2.9, a schematic of the circuit used for the sensors is given. Vdc,s and Vdc,r are
two DC voltages provided by the FPGA and can assume a value between 0 and 10 V. The
currents are measured across a high precision 100 kΩ resistor, while the voltages (Us , Ur ,
and Udiff ) are measured directly at the sensor leads. The AC heaters are connected to the
FPGA through a similar circuit.

2.3

Low-temperature measurements

In order to perform low temperature measurements in magnetic fields, a 5 T cryogen-free
3 He cryostat manufactured by Cryogenic Ltd was used, see Fig. 2.10.
The cryostat is using two closed-cycle loops with 4 He and 3 He, respectively. The first
cycle is used to reach temperatures close to 1 K, while the second allows to cool further
down to 300 mK. The lowest temperature in the system is reached at the 3 He pot. The
temperature is controlled through a Lakeshore 340 controller.
The sample mounted onto the plugin is inserted into the cryostat through a load-lock
placed in its lower part. The sample space is pumped down to high vacuum (∼ 10−6 mbar)
at room temperature through a turbomolecular pump. The vacuum is then held at low
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Figure 2.10: Cryostats used at the department of Physics of Stockholm University for
low temperature measurements in magnetic fields, together with the control elctronics. 1)
Cryostat able to reach magnetic fields up to 5 T and temperatures as low as 0.3 K. 2) Cold
head. 3) Magnet power supply. 4) Temperature controller. 5) Measurement computers.
6) National Instruments PXI system. 7) Preamplifiers and electronics panels.

temperatures by the cryopumping of the cold components. The plugin fits into a socket
in the middle of the cryostat which is in thermal contact with the 3 He pot. The sample is
surrounded by a 5 T superconducting magnet. The magnetic field is generated through a
current which is provided by a magnet power supply from Cryogenic. The sample is in the
normal configuration sitting perpendicular to the field. A 90 degrees holder can, however,
be used to do experiments requiring the field being parallel to the sample. The socket is as
well electrically connected to a board on the electronics panel through 20 wires. These are
organized in twisted pairs to reduce the effect of external noise. Each pair is one out of 10
channels on the measurement board. Each channel can be an input or an output signal.
Both are managed by the FPGA. This is providing the alternating currents at the AC
heaters as well as it measures the respective voltages at the first and second harmonic of
the heating current. Before being read by the FPGA, signals are amplified through eight
preamplifiers with a variable gain from 1 to 5000. Each signal contains an amplitude and
a phase information, as well as a DC component, which are collected by the measurement
software. The LabVIEW software allows control of the desired parameters (e.g., applied
magnetic field, temperature sweep, heater current,. . . ) and takes care of several automatic
adjustments:
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• The power applied to the thermometer. A high power gives a better reading, but it
causes an offset of the thermometer (and sample) temperature. Its value is chosen in
order to have the best possible resolution, without excessively increasing the sample
temperature. The software allows to automatically adjust the thermometer power
as the base temperature changes, keeping a good resolution at all temperatures and
avoiding overheating.
• The AC power applied by the heater. Also here, a compromise has to be made
between resolution on the specific heat measurement and resolution on the temperature measurement. A higher AC power gives a better reading, but generates larger
temperature fluctuations. The software generally maintains a constant ratio Tac /T .
The ratio is set depending on the variability of the measured physical properties
(e.g., specific heat) in the specific temperature range. Usually, a Tac /T ∼ 10−3
works well at all temperatures. However, it might need to be reduced in proximity
to very strong phase transitions.
• The oscillation frequency ω is changed in order to keep the phase difference φ between oscillating power and temperature oscillation constant. This assures that the
best conditions for good resolution and accuracy are maintained through the measurement.
• The preamplifiers ranges are automatically adjusted to obtain a good reading of the
signals and to avoid overloads.
• Data points can be averaged within a desired time or temperature range in order to
increase the signal-to-noise ratio.
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X-Ray diffraction measurements

Nanocalorimetry was performed together with x-ray diffraction measurements at the 6ID-C beamline of the Advanced Photon Source (APS) at Argonne National Laboratory
outside Chicago. The beamline is dedicated to wide-angle x-ray scattering experiments.
A 4 He cryostat with a 4.5 T magnet was used for this experiment.
In Fig. 2.11 a picture of the experimental setup is given. The incoming x-ray radiation
has an energy of 11.22 keV, with a 0.01% bandwidth selected by a Si (111) double-bounce
monochromator. The beam size is controlled with the use of slits. A NaI scintillator
allows to detect the scattering intensity of the transmitted beam. The entire crysotat can
be translated along the three directions or rotated along two directions with the use of a
high precision stage.

Figure 2.11: Experimental setup at the 6-ID-C beamline of the Advanced Photon Source.
1) Incoming 11.22 keV photon beam. 2) 4 He cryostat with 4.5 T magnet. 3) Rotation
stage. 4) Detector arm. 5) High resolution analyzer. 6) NaI scintillator.
The PCB containing a nanocalorimeter with a sample is mounted on the cold finger of
the cryostat. This is located in the lower section, in the middle of the magnet. Both the
calorimeter and the magnetic field are orientated vertically, along the z-axis. Beryllium
windows allow the x-ray beam to shine through the cryostat with minimal intensity losses.
The sample is sitting in vacuum inside the cryostat. The minimum temperature reachable
with the system is 4 K.
The simultaneous use of calorimetry and x-ray diffraction is very valuable from a scientific
perspective, but it presents several advantages from a technological point of view as well.
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By having a thermometer in direct contact with the sample, errors arising from a weak
thermal connection with the sensor are strongly reduced. This is particularly important for
small size samples, where the beam intensity can change their temperature significantly. It
is as well critical close to phase transitions, where a lag between the cryostat thermometer
and the sample temperature can easily occur.
Easy localization of the beam is an additional advantage of having the sample mounted
onto the nanocalorimeter. In Fig. 2.12 the temperature rise ∆T observed while moving a
YBCO crystal in the x and y directions is given. A clear increase is observed when the
x-ray beam is hitting the sample.
Finally, the use of the offset heater allows to quickly change the sample temperature while
keeping the cryostat at the same base temperature. Heating/cooling rates up to 100 K/s
can be achieved. Moreover, since only the center of the nanocalorimeter is heated, minimal
thermal expansion of the system is achieved. This allows to avoid very time consuming
re-centering and re-alignment of the beam during a temperature scan.

Figure 2.12: Temperature increase ∆T from the base temperature as a function of the
sample position. The red squares correspond to a x-scan, the black squares to a y-scan.
An YBCO crystal is used, with the cryostat sitting at 80 K. Reprinted from [64] with the
permission of AIP Publishing.
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Chapter 3

Results
3.1
3.1.1

Magnetic phase diagram of the magnetocaloric Fe2 P
The magnetocaloric effect

Fe2 P has attracted attention in the condensed matter community in recent years because
it is the parent compound of a family of materials with outstanding magnetocaloric properties. The magnetocaloric effect is defined as the change of temperature in a magnetic
material due to an applied magnetic field. It has been known since the end of the 19th
century, but it is only recently that it has been intensively investigated as a more efficient
alternative to conventional gas compressor refrigerators [65]. This is due to a magnetic
cycle being able to reach very close to 100 % Carnot efficiency and a higher cooling power
per unit volume since a solid is used instead of a gas. Magnetic refrigeration is as well of
interest since it allows to replace the ozone-depleting chlorofluorocarbons currently used
in standard refrigerators.
In a magnetic material, the total entropy of the system Stotal can be divided into three
terms Slattice , Selectrons and Smagnetic , due to the lattice vibrations, free electrons and their
spins, respectively. If a magnetic field is applied to the material, its internal magnetic
moments will tend to align to it, reducing the magnetic entropy by a quantity ∆SM .
The effect of the field on Slattice and Selectrons is instead usually negligible. If the field is
applied adiabatically (no heat exchange with the surroundings), the total entropy of the
system will not change (∆Stotal = 0). As a consequence, the lattice and electronic entropy
Slattice + Selectrons have to increase to balance the decrease in Smagnetic . An increase in
Slattice means an increase in temperature ∆Tad . This is valid for positive magnetocaloric
materials. Some materials might show a negative magnetocaloric effect, where temperature
decreases when a magnetic field is applied, see Ref. [66] for an example. In the following,
by magnetocaloric effect is meant positive magnetocaloric effect.
In Fig. 3.1(a), a sketch of the temperature dependence of the total entropy Stotal is given
for two values of applied magnetic field. It can be noticed how the entropy increases
with increasing temperature and decreases with increasing magnetic field. A possible
thermodynamic cycle using the magnetocaloric effect is given by the arrows. The same
cycle is schematically represented in Fig. 3.1(b). Starting from the top left corner in both
figures, we have a system in zero magnetic field and at low temperature. By applying a
magnetic field in adiabatic conditions, an increase in temperature ∆Tad is obtained (topright corner of the cycle). This temperature increase can be removed by connection to a
thermal bath, restoring the initial temperature (bottom-right corner of the cycle). If now
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the magnetic field is removed in adiabatic conditions, a decrease in temperature below the
initial point is obtained (bottom-left corner of the cycle). The system can now be thermally
connected to the heat load (the object to be cooled) to decrease its temperature. The cycle
can then restart. The area inside the cycle in Fig. 3.1(a) is the work done and has to be
ideally as large as possible.
It has to be noticed that only in proximity of a magnetic phase transition the two curves
S(0) and S(H) are separated. Far from that, S(0) and S(H) overlap and there is no
magnetocaloric effect.

Figure 3.1: a) Total entropy Stotal as a function of temperature T for a magnetocaloric
material in zero field and for an applied field H. The black arrows indicate a possible
refrigeration cycle. The adiabatic temperature change ∆Tad and the isothermal magnetic
entropy change ∆SM are indicated on the plot. b) Schematic representation of a thermodynamic cycle based on the magnetocaloric effect [67]. Reprinted by permission from
Springer Nature. Copyright (2002).
In order to be suitable for applications, a good magnetocaloric material needs to have a
high adiabatic temperature increase ∆Tad (or, equivalently, a high ∆SM ) in the temperature range of interest. It is possible to show [68] that:
Z
∆Tad = −µ0
0

H

T
CH,P



∂M
∂T



dH 0 ,

(3.1)

H,P

where µ0 is the vacuum permeability, CH,P is the specific heat at constant magnetic field
and pressure and ∂M
∂T H,P the derivative of the magnetization M as a function of temperature T at constant field and pressure.
The operating temperature T is fixed by the temperature range in which the refrigerator
is intended to work (often around room temperature). In order to have a big ∆Tad , it is
then necessary to have one or more of the following:
• Low specific heat C.
• Magnetization M which is strongly varying with temperature.
• Large magnetic field excursion (high H).
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µ0 H is technologically limited to about 2 T, which is the maximum magnetic field applicable with ordinary magnets. Superconducting magnets are able to achieve higher magnetic
fields, but are avoided because of the high costs involved in keeping them at the low temperatures
required for them to work. With H fixed, materials with low values of C or high

∂M
are
desirable for applications.
∂T
Materials presenting first-order magnetic phase transitions are ideal candidates because
the magnetization shows a sudden jump at the transition temperature TC . As can be seen
from Fig. 3.2, this is the case for Fe2 P, which shows a first-order para- to ferromagnetic
phase transition at TC ≈ 217 K. This magnetic transition is coupled to a change of the
lattice constants in the hexagonal structure (c shrinks by 0.084%, while a expands by
0.074% [69]).
Fe2 P is a particularly interesting material because its saturation moment, which is related
to the cooling power, can be enhanced with Mn doping. Moreover, the Curie temperature can be tuned with doping on the P site (with As, Ge or Si). The compound
MnFeP0.45 As0.55 e.g., shows a remarkable magnetocaloric effect at a TC ∼ 300 K [67].
Many other compounds of the Fe2 P family have been investigated (see Chapter 3.3 in
[70] for a summary). However, a thorough analysis of the fundamental properties of the
parent compound has still not been performed. In particular, a detailed understanding of
the behavior of Fe2 P single crystals for different field orientations (study of the anisotropy)
has been lacking. Such understanding is desired because it has been shown recently [71]
that a substantial cooling power is achieved simply by rotating a sample of a material with
strong magnetocrystalline anisotropy in a magnetic field. A first analysis on Fe2 P single
and poly crystals reveals very different magnetization contours for field applied parallel or
perpendicular to the c-axis (the easy axis of magnetization) [72]. In order to confirm and
extend these results, specific heat measurements were performed in this work.

Figure 3.2: Fe2 P. Temperature dependence of the magnetization M for a magnetic field
between 0 and 7 T applied parallel to the c-axis. Reprinted with permission from [72].
Copyright (2013) by the American Physical Society.
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3.1.2

Magnetic phase diagram

The specific heat of a single crystal of Fe2 P was measured around the Curie temperature
TC for magnetic fields between 0 and 2 T, applied parallel and perpendicular to the c-axis.
Higher fields were not used because of the magnetic torque created by the field on the
sample. Such torques have been shown to be high enough to destroy the nitride membrane
of the nanocalorimeter for fields above 2 T.
A small amount of Apiezon-N grease was applied on the sample side of the calorimeter.
Its specific heat was measured in the full temperature range in order to be able to subtract
it later from the sample signal. Between 150 and 300 K the grease signal is 2 − 3% of the
total signal.
The Fe2 P cystal was then mounted onto the grease and its heat capacity measured in zero
field over the full temperature range. In order to obtain the molar specific heat Cmol , the
volume of the crystal was obtained from a SEM image, see inset of Fig. 3.3(a), and Cmol
was calculated according to:
Cmol =

C
C
,
=
Nmol
V /(NA Vunit cell )

(3.2)

where Nmol is the number of moles in the sample, NA Avogadro’s number, and Vunit cell
is the single formula unit cell volume. The measured volume V is (8 ± 1) · 104 (µm)3 ,
corresponding to ∼10 nmol.
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Figure 3.3: Temperature dependence of the specific heat C of a Fe2 P single crystal. a) At
0 T applied magnetic field. Inset: SEM image of the crystal mounted on the nanocalorimeter. b) Around the 217 K transition for magnetic fields applied parallel to the c-axis. c)
Around the 217 K transition for magnetic fields applied perpendicular to the c-axis. Inset:
the magnetic contribution Cm is shown at high fields (1, 1.5 and 2 T). Reprinted with
permission from [73]. Copyright (2014) by the American Physical Society.
The obtained C over the full temperature range is shown in Fig. 3.3(a). In agreement
with previous measurements [74], a sharp peak is observed at TC ∼ 217 K. In Fig. 3.3(b)
the field dependence of the specific heat for magnetic fields applied parallel to the c-axis
is reported. The field stabilizes the para- to ferromagnetic transition, pushing it to higher
temperatures. The peak, which is very sharp in zero field, quickly broadens at fields
higher than 0.1 T, suggesting that the transition is not anymore of first-order above 0.1 T.
This is in agreement with magnetization data [72]. In Fig. 3.3(c), the field dependence of
the specific heat for fields applied perpendicular to the c-axis is shown. A very different
behavior is revealed. At low fields (< 0.5 T), the peak is unshifted and the first-order
character is preserved. At higher fields, 2 peaks can be detected. The first one is pushed
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to lower temperatures for increasing fields, while the second shifts to higher temperatures.
The presence of two peaks is highlighted in the inset of Fig. 3.3(c), where only the magnetic
contribution to the specific heat Cm = C − Cbackground is reported. Cbackground is a simple
polynomial fit obtained from a number of curves with field parallel to the c-axis away from
their respective transitions.
Magnetization measurements on crystals from the same batch were performed [73] to confirm the behavior detected with specific heat. The field dependence of M (measured along
the field direction) below (188 K), at (216 K), and above (276 K) the Curie temperature is
shown in Fig. 3.4(a), while the temperature dependence of M for 10 mT, 100 mT and 1 T
field, applied parallel and perpendicular to the c-axis is presented in Fig. 3.4(b).

Figure 3.4: Fe2 P. a) Magnetic field dependence of the magnetization M at 188, 216 and
276 K. The solid curves are data with field applied along the c-axis, the dashed curves with
field applied perpendicular to the c-axis. b) Temperature dependence of the magnetization
M for a field of 10 mT (red), 100 mT (green) and 1 T (blue). Filled symbols are data points
obtained with field applied parallel to the c-axis, empty symbols with field perpendicular
to the c-axis. The inset shows a zoom on the low field curves for H ⊥ c. The zero field
Curie temperature is indicated with a vertical dashed line. Adapted with permission from
[73]. Copyright (2014) by the American Physical Society.
From Fig. 3.4(a), for fields parallel to the c-axis (solid black curves), a quick saturation
of the magnetic moments typical of a ferromagnetic state is detected below the Curie
temperature, while above TC a linear dependence of M(H) can be seen, associated with a
paramagnetic state. From the temperature dependence in Fig. 3.4(b) (filled symbols), it
is possible to notice that the magnetization shows a discontinuity at TC for 10 and 100 mT
applied field, but the transition becomes continuous and shifts to higher temperatures for
1 T. These results are in very good agreement with our specific heat data for parallel fields.
For fields perpendicular to the c-axis the picture is more complicated. From Fig. 3.4(a)
(dashed blue curves) it is possible to see that there is a linear paramagnetic behavior at
276 K. At 216 K a linear behavior with much higher slope than in the paramagnetic state
is observed at low fields. However, a sudden increase in the magnetization is detected
at ∼0.5 T, which then tends to saturate at higher fields. The same linear behavior with
saturation at high fields is observed at 188 K. The saturation happens however at a higher
field value in this case. The strong linear increase at low fields is interpreted as a tilting of
the magnetic moments towards the hard axis (along the applied field). The saturation of
the magnetic moments at high field is instead associated to a magnetic ordering along the
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basal plane (perpendicular to the c-axis). There is a competition between spontaneous
order along the easy axis as opposed to the applied field. This last dominates only at
high enough fields and temperatures. The temperature dependence of Fig. 3.4(b) (empty
symbols) is confirming this interpretation. A cusp is observed, a sign of the competition
between field-induced and spontaneous magnetization.

Figure 3.5: Fe2 P magnetic phase diagram obtained from specific heat (filled symbols) and
magnetization (open symbols). The upper panel shows the behavior for fields parallel
to the c-axis, the lower panel for fields perpendicular to the c-axis. The three different
phases are indicated with the symbols PM, FMc and FM⊥ (see text) and with different
background colors. The direction of the spontaneous magnetization Ms is indicated for
each phase. The position of the critical point (CP) is indicated for both field directions.
The curves are guides to the eyes through the experimental data. Solid curves indicate a
phase transition, while dashed curves represent a weaker crossover from one phase to the
other. The thicker solid curves indicate first-order transitions. Adapted with permission
from [73]. Copyright (2014) by the American Physical Society.
In Fig. 3.5 a summary of the features discussed so far is presented on a magnetic phase
diagram. The upper panel contains the H − T phase diagram for H k c. The transition
temperature from the paramagnetic (PM) to the ferromagnetic (with magnetization parallel to the c-axis, FMc ) phase is indicated by the black curve Tc∗ , which is an interpolation
of the experimental data. The experimental points are obtained from the peak position in
the specific heat (filled symbols) and from the inflection point of the M (T ) curve (empty
symbols). The critical point (CP) indicating the shift from a first-order to a continuous
transition is indicated in the figure. The line is solid in the first-order part and dashed
elsewhere. There the transition is very broad and TC∗ does not represent a phase transition
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temperature anymore, but rather the average temperature of a crossover between the two
phases. The lower panel contains the H − T phase diagram for H ⊥ c. The PM and
FMc phases are always present, but a new phase (FM⊥ ) appears, in which the applied
field overcomes the magnetocrystalline anisotropy and the magnetization aligns along the
field. Also here, the specific heat data are indicated with filled symbols (blue squares corresponding to the low temperature peak, red circles to the high temperature peak), while
the magnetization data with empty symbols (red circles corresponding to the inflection
point above the cusp in Fig. 3.5(b), blue squares to the inflection point below it). The
high temperature phase line is indicated again as TC∗ , while the low temperature transition
is labelled Tλ , as done in [71]. The critical point at which the phase transition splits into
two and the first-order character is lost is highlighted. The thick solid line indicates the
first-order character, while the thin solid line the second-order transition between the two
ferromagnetic phases. The transition between FM⊥ and PM is represented with a dashed
curve to indicate a crossover between the two states. The location of the critical point
and the character of the FMc -FM⊥ transition are confirmed by the latent heat measurements and evaluation of the structural transition position data presented in the following
paragraph.

3.1.3

First-order phase transition

In addition to study the phase diagram, the zero field transition was thoroughly investigated. The goal was to detect its first-order character (hysteresis between heating and
cooling and presence of latent heat) and the structural transition associated with it. This
study was not performed before to our knowledge since the requirements on crystal purity
and calorimeter resolution are very high.
Measurements were performed with a small heating oscillation amplitude (Tac < 160 mK)
and with a slow base temperature scan (0.1 K/min). The first is to ensure that the
hysteresis can be detected (it is expected to be of only ∼1 K) and the second to have
a good number of data points in the temperature region of interest. The sample was
cooled from room temperature down to below TC and then reheated above TC . Coupled
to the ferromagnetic transition, a structural transition modifies the size of the crystal and
induces a stretch in the thermometer as well. This is detected as a constant shift of the
data, as the thermometer suddenly changes its resistance at the transition. The data
presented in the following all contain a correction for this shift. In order to have a more
precise temperature measurement, the thermometer on the reference side was used. This
is to avoid errors due to the stretch of the crystal or the latent heat released at TC . A
compensation for different powers applied to the sample and reference side has been used.
The temperatures from the two thermometers after compensation agree well far from the
phase transition.
The specific heat as a function of temperature around TC is shown in Fig. 3.6(a). It is clear
that the curves do not diverge at the same temperature during heating and cooling, but
at two different temperatures T0 and T1 , about 1 K apart. They represent the transition
temperatures of the supercooling and superheating states, respectively [75]. The two data
sets can be well fitted by a power law of the form:
C =B+D·t+

A±
|1 − t|α .
α

(3.3)

t = T /Ti is the reduced temperature, with Ti , i = 0, 1 the transition temperatures in the
supercooling/heating states, respectively. B + D · t represents a linear background, which
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must be continuous at the transition. A± , B, D and α are fitting parameters (A± refer
to the areas above and below the transition temperature, respectively). The exponent α
is set to be the same for both curves. Fitting the data in the reduced temperature range
5 · 10−4 < |1 − t| < 10−2 , we obtain the following:
α = −0.006 ± 0.01
A+ /A− = 1.006 ± 0.01
The best fit curves are reported as solid black lines in Fig. 3.6(a). It has to be noticed
that the fitting function used is theoretically expected only for second-order phase transitions [76, 77]. Surprisingly, however, it gives a good description of the data despite the
first-order character.
As a second test, we measured the latent heat associated with the zero field transition.
In order to do that, the heater is switched off and only the temperatures on sample
and reference sides are measured. As the release/absorption of latent heat is sudden,
the temperature is measured with a very short time constant (30 ms). In Fig. 3.6(b)
the intermittent temperature difference ∆T = Tsample − Treference is plotted as a function
of T during cooling (Here T is the temperature on the reference side). A clear peak
∆T = 372 mK is observed in the data. Assuming from Fig. 3.6(a) a specific heat in the
proximity of the transition C = 71 J/molK, the latent heat released when passing from
the paramagnetic to the ferromagnetic state can be estimated as:
L = C · ∆T = 26.4 J/mol.
This corresponds to an entropy change ∆SL = L/TC = 122 mJ/molK ≈ 0.015R (R is
the gas constant). The measurement has been repeated with an applied magnetic field
perpendicular to the c-axis as well. At 0.5 T the latent heat released during cooling is only
15 % of the zero field latent heat and vanishes at higher fields. This confirms the position
of the critical point in the lower panel of Fig. 3.5(c) at ∼0.5 T.
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Figure 3.6: Temperature dependence around the first-order transition temperature TC
of a) Specific heat C during cooling (blue data points) and heating (red data points).
The solid black lines correspond to a power law fit according to Eq. 3.3. b) Intermittent
temperature difference between sample and reference side ∆T c) Persistent difference
between the sample side and reference side thermometer resistance ∆R, normalized by
the reference side resistance R, for three different magnetic fields, applied perpendicular
to the c-axis. Adapted with permission from [73]. Copyright (2014) by the American
Physical Society.
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Finally, measuring the difference in the resistance between sample and reference side thermometers ∆R = Rsample − Rreference , it has been possible to give an estimate of the persistent sample stretch during the phase transition. The results are given in Fig. 3.6(c) for 0,
0.5 and 1 T applied magnetic field (perpendicular to the c-axis). The data is normalized
by the reference side resistance R. At 0 T (red data points), a sudden persistent jump
at the transition ∆R/R ∼ 0.1 % is detected. For 0.5 T (green data points), the stretch
amplitude is already lower and the jump in resistance is distributed along a temperature
range ∼0.7 K. At 1 T, the transition is clearly continuous (the first-order character is lost)
and distributed along a temperature range of almost 10 K. What is interesting to note is
that the temperature at which the structural transition takes place (defined as the mid
point in the ramp) is shifting to lower temperatures for increasing fields. The stretch in
the crystal is thus associated with the lower temperature phase line of Fig. 3.5 (low panel).
The structural change around the first-order phase transition in Fe2 P was investigated
through a combined nanocalorimetry/x-ray diffraction study as well. The experimental
setup used is shown in Fig. 2.11. The sample was mounted so that the magnetic field

Figure 3.7: Combined x-ray diffraction - specific heat study of a Fe2 P single crystal a)
Temperature dependence of the lattice parameter a as obtained in the current experiment
(red squares) and in the literature [78] (black stars). Inset: Temperature dependence of
the same lattice parameter a for different values of magnetic field applied perpendicular to
the easy axis of magnetization. b) Temperature dependence of a in proximity of the Curie
temperature TC for heating and cooling. c) Intensity of the radiation at the detector as
a function of the scattering angle θ for 6 different temperatures (A-F). d) Heat capacity
of the crystal as a function of temperature. The 6 different points at which a θ scan was
performed are reported as 6 different stars. Reprinted from [64] with the permission of
AIP Publishing.
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was applied perpendicular to the easy axis of magnetization c. The cryostat was kept
at a temperature of 4 K and the sample temperature increased with the use of the offset
heater. The first study consisted of fixing the sample temperature and scanning the angle
θ in order to find the Bragg angle θBragg , at which the detector is encountering a peak in
intensity. By knowing θBragg and the energy of the incoming photon beam λ = 11.22 keV,
the lattice parameter a can be calculated from the Bragg law:
√

2a
sin (θBragg ) = λ,
h2 + k 2 + l 2

(3.4)

where h, k, l are the Miller indices of the selected diffraction plane, (4,2,0) in our case. In
Fig. 3.7(a) the obtained temperature dependence of the lattice parameter is reported and
compared to literature values [78]. A sudden change in a is observed at TC , in agreement
with literature values and data from Fig. 3.6(c). In the inset, the same curve is reported
for different values of magnetic field, applied perpendicular to the easy axis of magnetization. It can be seen how the structural transition is sharp at low fields (0 and 0.25 T)
and becomes continuous at higher fields. In contrast to Fig. 3.6(c), a clear shift of TC at
lower temperatures cannot be seen. A zoom on the transition temperature region is given
in Fig. 3.7(b). The hysteresis due to the first-order character of the phase transition can
be observed in structural measurements as well: a assumes different values depending on
whether the sample is heated or cooled through the transition temperature. Also here, the
hysteresis is about 1 K, in agreement with specific heat data reported in Fig. 3.6(a). In
Fig. 3.7(c), a θ scan of the (4,2,0) Bragg peak is given for 6 different temperatures during
heating of the sample in zero magnetic field. The heat capacity was measured simultaneously. The same 6 points are reported on the heat capacity curve presented in Fig. 3.7(d).
Two peaks can be seen in Fig. 3.7(c) for temperatures below TC (A-C). The second peak
disappears at TC . This is likely due to the presence of twinning or different domain structures in the particular sample studied. This hypothesis is confirmed by the heat capacity
curve, which was taken at a fixed frequency f = 0.5 Hz and with very small temperature
oscillations Tac ≈ 50 mK. In contrast to data presented in Fig. 3.6(a), the heat capacity
is not peaking and then relaxing directly to the paramagnetic state, but it is decreasing
to a quasi-stable intermediary state before doing so. The reason is likely to be associated
to twinning or domain structures in the particular sample studied. These results show
an unprecedented control over the thermal state of the sample using a nanocalorimeter
platform in x-ray diffraction experiments, enabling a precise correspondence between heat
capacity and structural data.
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Superconducting properties of BaFe2 (As1−x Px )2
Iron-based superconductors

In 2008 superconductivity was detected in LaFeAsO1−x Fx , with a Tc = 26 K [79]. This
was the first compound of a new generation of high-temperature superconductors. They
are characterized by the presence of iron, which due to its high magnetic moments has always been thought as detrimental for superconductivity. LaFeAsO1−x Fx is part of a broad
family of superconductors chracterized by the stochiometry RE FeAsO (the so-called 1111
family, RE = Rare earth - La, Ce, Pr, Nd, Sm. . . ). They have a tetragonal structure at
room temperature, with alternating layers of FeAs and RE O, stacked along the c-axis, see
Fig. 3.8(a). The parent compound (LaFeAsO for LaFeAsO1−x Fx ) does not show superconductivity, but displays a low-temperature antiferromagnetic spin-density-wave (SDW)
state as well as a tetragonal to orthorombic phase transition taking place at intermediate temperatures (100-200 K) [80]. The SDW and structural transitions are very close
in temperature and likely interconnected. They are suppressed by replacing O with F,
which introduces an additional valence electron (electron doping), and superconductivity
appears. Pressure acts as chemical doping, suppressing the structural-SDW transition and
giving rise to superconductivity with a maximum Tc = 43 K [81].

Figure 3.8: Sketch of the crystal structure of a) LaFeAsO family (1111). Reprinted by permission from Springer Nature: [81], Copyright (2008) b) BaFe2 As2 family (122). Reprinted
from [82] with permission from Elsevier, Copyright (2008).
The same type of structure and behavior was found soon afterwards in the AFe2 As2 (A
= Ba, Sr, Ca) systems (122 family), first reported in the hole-doped Ba1−x Kx Fe2 As2 [83].
In Fig. 3.8(b) the crystal structure of the parent compound BaFe2 As2 is reported. As
for the 1111 family, the structure is tetragonal, with a stack of FeAs layers intercalated
by an insulating (in this case Ba) layer. The materials undergo a SDW-structural transition as well, which is suppressed by chemical doping or pressure when superconductivity
starts to appear. Other iron-based systems are the LiFeAs (111) [84], FeSe (11) [85] and
Sr2 VO3 FeAs (21311) [86]. They all show very similar properties [87–89]:
• Alternating layers of conducting iron-pnictogen (chemical element of the group 15 e.g., As, P) or chalcogen (chemical element of the group 16 - e.g., Se, Te).

48

CHAPTER 3. RESULTS
• Except for the 11 case, the iron-pnictogen/chalcogen layers are separated by layers
of alkaline, alkaline-earth, lanthanide, transition-metal elements, or oxides of these
compounds.
• Tetragonal structure at room temperature.
• Antiferromagnetism in the parent compound. This suggests that magnetic excitations play an important role in the development of high-temperature superconductivity in these materials.
• Coexistence of magnetism and superconductivity, with a possible quantum critical
point (QCP) at optimal doping in some compounds, see Fig. 3.10(a) for an example.
• Multi-band nature: The Fermi level is crossed by several different bands. In particular, the band structure gives rise to semimetallic behavior with hole and electron
pockets, see Fig. 3.9.

Figure 3.9: Simplified one dimensional sketch of the band structure in a semimetal (like
iron-based superconductors). The two bands overlap around the Fermi energy EF , giving
rise to transfer of electrons from one band to another. Hole and electron pockets are then
created.
The discovery of iron-based superconductors is of particular importance as it is the second
family of high-temperature superconductors after the cuprates, discovered by Bednorz and
Müller in 1986 [90]. The comparison of the properties of these two families is expected
to give fruitful insights into the development of high-Tc and guide the search for new
superconducting materials at even higher temperatures.
In the following, focus will be placed on the 122 family. This system has been the most
studied among iron-based superconductors because single crystals can be produced in large
enough sizes (> 1 mg) and with enough purity for different experimental techniques to be
used. Three different types of chemical doping are available [91]:
• Electron doping through substitution of Fe with e.g., Co, Ni, Rh or Pd.
• Hole doping through substitution of Ba with e.g., K, Cs or Na.
• Isovalent doping through subsitution of As with P or Fe with Ru.
All three allow to reach similar maximum critical temperatures, of the order of 30 K.
Moreover, the phase diagram and Fermi surface of these compounds share several similar
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features. As an example, the phase diagram and Fermi surface for the isovalent doped
BaFe2 (As1−x Px )2 are shown in Fig. 3.10. From the phase diagram of Fig. 3.10(a), it can
be seen how doping is suppressing the SDW-structural transition, until superconductivity
appears at a phosphorous content x ∼ 0.22. The superconducting critical temperature Tc
is maximum at x = 0.30 and then decreases at higher x. Superconductivity is completely
suppressed at x ∼ 0.7. The effective mass m∗ is strongly enhanced while going towards
optimum doping [92]. The Fermi surface consists of three hole pockets at the center of the
Brillouin zone and two electron pockets at its corners, see Fig. 3.10(b).
Several experimental methods indicate the presence of a possible quantum critical point
(QCP) in the optimum doped region [93–97]. By approaching the QCP, unconventional
physical properties are observed, e.g., a non-Fermi liquid behavior of the electrical resistivity [92]. A divergence of the London penetration depth λ near optimum doping was
also associated to quantum fluctuations [93] near the QCP. This is not in agreement with
the Uemura scaling [98] Tc ∝ m∗ /ns ∝ λ−2 , which is valid for most high-temperature
superconductors (ns is the superconducting carrier density). In order to address this issue and gain more information about the pairing mechanism, we performed specific heat
measurements on BaFe2 (As1−x Px )2 single crystals in the overdoped regime.

Figure 3.10: BaFe2 (As1−x Px )2 . a) Phase diagram, showing the suppression of the SDWstructural transition and the rise of the superconducting dome with phosphorous doping
x. The position of the expected quantum critical point (QCP) is indicated at the extrapolation of the SDW line to zero temperature. The blue shaded area corresponds to a Fermi
liquid behavior of the resistivity (ρ(T ) ∼ ρ0 + aT n , with n = 2), while the red shaded
area to a non-Fermi liquid (n = 1). The doping dependence of the Fermi temperature TF
and effective mass m∗ are also reported. b) Fermi surface at optimal doping composition
(x = 0.30) from band-structure calculations. Three hole pockets are found at the center
of the Brillouin zone, as well as two electron pockets at the corners. The Fermi velocity
vF is related to the shading color. Reprinted with permission from AAAS from [93].
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Microscopic superconducting parameters

The specific heat of three single crystals of BaFe2 (As1−x Px )2 , with phosphorus concentration x = 0.32, 0.50 and 0.55, was measured over the temperature range 1-300 K, and
in applied magnetic fields up to 5 T. The composition with x = 0.32 corresponds to near
optimal doping, while x = 0.50, 0.55 are in the overdoped region. The crystals were grown
at Argonne National Laboratory. Before attaching the crystal the grease was measured
separately and its signal later subtracted from the total heat capacity in order to obtain the
pure sample heat capacity. The molar specific heat was obtained from the heat capacity
according to Eq. (3.2).

Figure 3.11: a) Reduced specific heat C/T as a function of temperature of a single crystal
of BaFe2 (As1−x Px )2 (x = 0.32). Red dots represent the experimental data, while the
black line is a Sommerfeld-Debye fit of the normal state C/T . The signal due to the
superconducting electrons is the difference between the red and black curves below Tc =
28.4 K. In the inset, a SEM picture of one of the samples studied is shown mounted on the
nanocalorimeter. b) The electronic specific heat Ce /T as a function of temperature. γn
represents the normal state specific heat coefficient, while γr is the residual specific heat
coefficient at zero temperature. The entropy conservation construction used to find Tc is
shown as a dashed line around the peak.
In Fig. 3.11(a), the reduced molar specific heat C/T as a function of temperature for the
sample with x = 0.32 is shown over a wide temperature range. The experimental data
is represented with red dots. The superconducting transition can be noticed as a small
peak at Tc = 28.4 K. The data above Tc , mainly of phononic origin, can be fitted with
the sum of a Debye function (see Eq. (1.4)) and a Sommerfeld term (see Eq. (1.6)), which
is represented as a black line in Fig. 3.11(a). The electronic specific heat will then be the
difference between the raw data and the Debye function. It is given in Fig. 3.11(b). The
same data were taken for two higher P compositions (x = 0.50 and x = 0.55) and for
applied magnetic fields between 0 and 5 T, see Fig. 3.12
From this information and by using the methods described in Sect. 1.3.3, several superconducting parameters could be obtained. The value of C/T above Tc represents the
Sommerfeld coefficient in the normal state γn , which is γn = 28.0 mJ/molK2 . There is
a sizable residual coefficient at low temperatures γr = 4.7 mJ/molK2 , which represents
17% of γn . This value is in agreement with similar data for Co (electron) doped samples
at optimal doping (24 % in [100]), but it is much higher than that for K (hole) doped
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Figure 3.12: Reduced specific heat C/T as a function of temperature and applied magnetic
field of a single crystal of BaFe2 (As1−x Px )2 a) x = 0.32 b) x = 0.50 c) x = 0.55. Adapted
with permission from [99], Copyright (2016) by the American Physical Society.
samples (2.4% in [101]). The residual coefficient is associated with the presence of either
non-superconducting areas in the sample or pair-breaking. It can be thus due to nonsuperconducting impurities as well as unpaired electrons around the Fermi surface. Pure
nodes without pair-breaking disorder are not expected to give any residual C/T . However, with nodes in the gap, disorder will easily break the pairs. The high value of γr in
our system should be related to the presence of a non-gapped Fermi surface and not to
strong impurities, as the material is in general clean enough for quantum oscillations to
be observed [92].
∆C is found to be doping dependent, with a Tc3 scaling relation, in agreement with the
BNC scaling [102] found in many iron-based superconductors. The penetration depth
λab (0) is found to increase with doping (see inset of Fig. 3.13(b)), without any divergence
at optimum doping as reported from direct penetration depth studies [93]. The reason for
this difference is currently not understood. A possible explanation would be a difference
in sensitivity of the two techniques to different sheets on the Fermi surface.
From the normal state Sommerfeld term γn , the density of states at the Fermi energy
N (EF ) was calculated, see Eq. 1.6. Having N (EF ) and ∆F (0), an estimate of the gap
amplitude ∆BCS (0) according to the BCS theory was obtained ([16], page 58):
1
∆F (0) = − N (EF )∆2BCS (0).
2

(3.5)

The values obtained are comparable, but 10-20 % lower than those reported by ARPES
measurements [103, 104].
Knowing the Sommerfeld term in the normal state γn , it is possible to estimate the effective
mass enhancement m∗ /mb compared to the bare band electronic specific heat. In this
case, the Sommerfeld term γb is estimated by density functional theory calculations [94]
as γb = 6.94 mJmol−1 K−2 . Knowing the bare band mass mb /me [94, 105], the effective
mass m∗ /me is then calculated as:
m∗ /me = (γn /γb ) · (mb /me ) .

(3.6)

The results obtained are shown in Fig. 3.13(a) (blue filled circles), together with data at
higher x from Refs. [106] and [105] (red hexagons). m∗ is increasing as optimum doping
conditions are approached. The behavior can be well represented with a logarithmic
function of the type m∗ /me = 1.85 − 0.70 ln(x − 0.30). This function differs in the first
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Figure 3.13: a) Effective mass m∗ /me as a function of doping x. Blue filled circles represent
data from this work. Red hexagons are data taken from [105, 106], while the blue squares
are their renormalized values. Inset: The superconducting carrier density ns (0) as a
function of doping x. Dark blue circles represent data from this work, light blue circles
are calculated using data from [107]. b) Uemura plot of several known superconductors.
Data from this work are given as dark red circles, data calculated from [107] as light red
circles and the rest is taken from Refs. [93, 98]. Inset: Penetration depth λab (0) as a
function of doping x. Dark blue circles are data from this work, light blue circles are
recalculated data from [107]. Adapted with permission from [99], Copyright (2016) by the
American Physical Society.
two numerical terms if compared with m∗ /me = 1 − 0.90 ln(x − 0.30) used in Ref. [94].
The difference is due to different renormalization involved, as specific heat data involves
a signal averaging on all bands of the Fermi surface, while the data reported in Ref. [94]
are obtained from the β electron sheet only. The high doping data points have then been
shifted upwards (blue squares) to take into account the different renormalization.
Having the effective mass m∗ and knowing the London penetration depth λL it is then
possible to obtain the superconducting carrier density ns (0) (See [16], page 113):
ns (0) =

m∗
.
µ0 λ2L e2

(3.7)

ns (0) is shown in the inset of Fig. 3.13(a) for the data collected in this work (dark blue
circles) and for data taken from Ref. [107] (light blue circles). It is decreasing with
increasing doping and vanishes at x ∼ 0.65, around the point where Tc goes to zero [94,
108].
Finally, from the coherence length ξab (0) and the averaged gap ∆(0), the Fermi velocity
can be calculated using the BCS definition of the coherence length ([16], page 94):
ξab (0) =

h̄vF
.
π∆(0)

(3.8)

From the Fermi velocity, the Fermi temperature TF is obtained through EF = kB TF =
m∗ vF2 /2. Knowing TF and Tc , it is thus possible to add the studied materials to the socalled Uemura plot [98], see Fig. 3.13(b). The dark red circles indicate data points from
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this study, light red circles are data points obtained from [107]. A linear scaling of Tc with
TF is found, in contrast to penetration depth measurements [93]. For comparison, data
from other superconductors are added to the Uemura plot [93, 98]. BaFe2 (As1−x Px )2 fills
the gap in the plot between cuprates and heavy-fermion superconductors.

3.2.3

Superconducting energy gap

The Ba-122 family is particularly interesting for the study of the superconducting order
parameter, as different dopings cause different gap scenarios. Even the same material,
measured with different experimental probes, leads to different results in some cases.
One of the important aspects which has been investigated is the structure and symmetry of the superconducting gap (also known as the superconducting order parameter). In
ordinary BCS superconductors a spherical single band s-wave symmetry is found, with a
uniform energy gap developing isotropically along the Fermi surface. MgB2 can be represented by two s-wave gaps having the same sign (s++ ). In cuprates, agreement has
been reached on a dx2 −y2 symmetry [109], a four-fold symmetry with line nodes - lines of
points of the Fermi surface where the energy gap vanishes. For what concerns iron-based
superconductors, no general agreement has yet been reached [110]. The main hypothesis
is a s-wave symmetry on both the electron and hole pockets, but with a different sign of
the order parameter (the so-called s± wave, see e.g., [111]). Experimental techniques like
penetration depth, angle resolved photoemission spectroscopy (ARPES), nuclear magnetic
resonance (NMR), phase sensitive Josephson tunneling and temperature dependent electronic specific heat are used for the study of the superconducting order parameter [110].
In Fig. 3.14, a sketch of the four previously described gap symmetries is shown.

Figure 3.14: Sketch of some of the most common gap symmetries. The height of the
sheet is proportional to the gap amplitude. A deformation above the zero-green level is
to associate to a positive sign of the order parameter, a deformation below to a negative
sign. Reprinted by permission from Springer Nature: [111], Copyright (2010).
Despite intense effort from the scientific community in order to univocally identify the gap
symmetry and structure in iron-based superconductors, no ultimate proof has been given
at the moment. Although the s± wave is believed by many to be the most likely, there is
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evidence in certain materials or from certain experimental probes for s++ , d -wave or s±
with nodes on the electron pockets [88, 110].
Referring to the three categories previously defined (electron, hole, isovalent doping), we
have:
• Electron doped: Heat transport measurements [112, 113] show no nodes along the
ab plane (reduced thermal conductivity κ/T → 0 for T → 0) for all doping concentrations. However, nodes are detected along the c-axis for overdoped samples.
Moreover, studies in magnetic fields show that the order parameter has deep minima
in the overdoped samples along the ab plane. The fact that nodes are not present at
all dopings is an indication that they are accidental, not imposed by the gap symmetry (as for d -wave symmetry in cuprates). The presence of nodes is confirmed by
electronic Raman scattering [114], which allows to associate the nodes to both hole
and electron pockets. However, nodal (or near-nodal) behavior is detected at optimal doping as well. Specific heat measurements detect a residual Sommerfeld term
at zero temperature [115, 116], which is minimum at optimal doping and increases
in the underdoped and overdoped regimes. This is compatible with the presence
of nodes out of optimum doping as detected from thermal conductivity. Moreover,
a two-gap analysis allows to well fit data at all dopings. The obtained gap amplitudes and weights are compatible with those obtained from muon spin rotation
(µSR) [117], but differ substantially from ARPES measurements [118]. Despite the
doping dependence of the nodes, the remainder specific heat signal is found independent of doping, showing that the gap structure itself does not vary considerably
with doping. Finally, the magnetic response of the low temperature electronic specific heat is not compatible with a pure s-wave or d -wave scenario, but agrees well
with a two-gap s-wave model.
• Hole doped: Heat transport measurements [119] give very similar results as for
electron doped samples: They exclude nodes along the ab plane but show hints of
strongly reduced gap in the overdoped regime. Moreover, for compounds with x ∼ 1,
strong evidence for a d -wave symmetry is found [120]. Close to optimal doping, a
double gap is detected from specific heat [101], in agreement with NMR [121] and
ARPES [122] measurements. NMR and ARPES measurements allow as well to
assign the big gap to the smaller hole and electron pockets and the small gap to the
outer hole pocket. Specific heat measurements for different dopings [123] report the
evolution of the two gaps with x. As for electron doped samples, the two gaps are
detected at all doping levels. Moreover, a third gap, responsible for a shoulder at a
Tc,s slightly higher than Tc is assumed in [123].
• Isovalent doped: The main effect of doping seems not to be to change the amount
of charges in the compound, but to reduce the pnictogen height, which has been
shown to be related to superconductivity [124]. The mechanism is similar to application of an external pressure. Results are quite different from the electron and hole
doped compounds. ARPES measurements detect nodes or deep minima in the gap,
but they do not agree on their positions [103, 104]. The presence of nodes is confirmed by thermal conductivity and penetration depth measurements [125], as well
as NMR [126]. Specific heat measurements in field at optimal doping are compatible
with the presence of nodes as well [127].
The doping dependence of the electronic specific heat can provide hints on the evolution of the order parameter through the phase diagram. This study has been done for
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electron (Co) and hole (K) doped compounds [116, 123], but was lacking for isovalent
(P) compounds, as the synthesized cystals generally have been too small to be measured
with commercial calorimeters. The data presented in Figs. 3.11 and 3.12 was used. After
subtraction of the residual term γr , the remaining superconducting signal was analyzed
according to a two-gap alpha model (see Sect. 1.3.4). A routine was written to vary α1 ,
α2 (related to the gap amplitudes ∆1 and ∆2 ) and the weight γ1 of the main gap, automatically selecting the best fitting parameters. The results for the three different doping
levels analyzed are given in Fig. 3.15. The reduced specific heat has been normalized by
(γn − γr ) and represented as a function of T /Tc in order to allow a direct comparison of
the three sets of data. The fitting parameters are reported next to the curve in each plot
and in table 3.1.

Figure 3.15: Electronic specific heat divided by temperature for three single-crystals of
BaFe2 (As1−x Px )2 , with x = 0.32 (top left), x = 0.50 (top right), and x = 0.55 (bottom).
The residual term γr is subtracted. C/T is normalized by (γn − γr ) and plotted as a
function of T /Tc . The experimental data are represented with black dots, while the fitting
functions according to a double-gap alpha model are reported as red, blue and green curves
for x = 0.32, 0.50 and 0.55, respectively. The gap amplitudes and weights are given next
to the curves. Adapted with permission from [128], Copyright(2015) by the American
Physical Society.
For x = 0.32 (near optimal doping), the experimental data are well fitted by a single
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Property
Tc (K)
c (T)
µ0 Hc2
γn (mJ/molK2 )
γr (mJ/molK2 )
γr /γn
∆1 (meV)
∆2 (meV)
γ1
∆avg (meV)
∆BCS (meV)

x = 0.32
28.4
44.2
28.0
4.7
17 %
5.3
100 %
5.3
4.6

x = 0.50
18.2
12.8
20.2
6.2
31 %
3.5
1.3
93 %
3.4
2.9

x = 0.55
12.5
5.38
19.2
5.4
28 %
1.9
0.6
71 %
1.7
1.7

Table 3.1: Superconducting parameters for BaFe2 (As1−x Px )2 obtained from electronic
specific heat.
function with an energy gap of 5.3 meV, slightly lower than the ARPES values of 68 meV [103, 104]. However, the gap detected with ARPES is maximum on the electron
pockets (close to 8 meV) and minimum on the hole pockets (close to 6 meV), where it also
goes to zero on one band. Assuming that the specific heat signal is coming mainly from
the hole pockets because of the higher charge carriers effective mass [129], the difference
can be explained.
For x = 0.50, the best fit is given by a main gap ∆1 = 3.5 meV with 93 % weight and a
minor one ∆2 = 1.3 meV. The residual term γr for this composition assumes a value of
31 %, which could imply a higher percentage of non-gapped Fermi surface.
Finally, for x = 0.55, the main gap reduces to a value of ∆1 = 1.9 meV and the second
one, ∆2 = 0.6 meV assumes a much higher weight (29 %). The amplitude of the residual
term γr /γn is comparable to that in the x = 0.50 case (see table 3.1). To emphasize the
growth in weight of the second gap, the three sets of data are shown on the same plot in
Fig. 3.16. It is clear that an increase in the phosphorus doping in the material causes a
redistribution of the superconducting gap, in strong contrast e.g., to cobalt doping [115],
where a single gap is detected at all Co concentrations.
An average of the gap amplitudes ∆1 and ∆2 (with respective weights γ1 and γ2 ) obtained
through the two-gap alpha model:
q
∆avg (0) = ∆21 (0) · γ1 + ∆22 (0) · γ2 .
(3.9)
can be compared to ∆BCS as calculated according to Eq. 3.5. ∆avg and ∆BCS are shown in
table 3.1 for the three doping levels. While there is very good agreement for the x = 0.55
sample, the less doped crystals show a ∆BCS around 15 % lower than ∆avg . The difference
can be explained considering that the ratio α = ∆/kB Tc for these two samples is higher
than the BCS limit. The condensation energy has then to be lower than that expected for
αBCS = 1.764 [130], giving an underestimation of ∆BCS . Except for this small difference
due to strong-coupling, the two average gap amplitudes are in good agreement between
each other.
In order to get more information about the gap symmetry the specific heat can be studied
in an applied magnetic field. Plotting the variation of the reduced specific heat at zero
temperature caused by the field ∆γ = γ0 (H) − γ0 (H = 0) as a function of field H, it is
possible to quantify the anisotropy of the gap(s) in the system. In particular, for a single
s-wave gap, ∆γ is expected to be linear with H [131] (∆γ ∝ H 1 ). For a d -wave scenario,
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Figure 3.16: Normalized electronic specific heat in the superconducting state for x = 0.32
(red), x = 0.50 (blue) and x = 0.55 (green) as a function of reduced temperature. Adapted
with permission from [128], Copyright(2015) by the American Physical Society.
√
∆γ presents instead a H dependence [132] (∆γ ∝ H 0.5 ). In general, ∆γ is represented
as a power law dependence with field (∆γ = A · H n , with A, n free parameters). From the
value of the fitting exponent n, it is possible to conclude on the degree of anisotropy of the
gap in the material (see e.g., the discussion in [115] for Ba(Fe1−x Cox )2 As2 or in [123] for
Ba1−x Kx Fe2 As2 ). In particular, an exponent n close to 1 indicates low anisotropy, while
n close to 0.5 high anisotropy.
To obtain ∆γ, the electronic specific heat was measured under different magnetic fields
up to 5 T, applied along the c-axis of the crystal. As an example, the evolution of the
electronic specific heat with applied field is shown in Fig. 3.17(a) for the sample with
x = 0.55. The superconducting peak is reduced in field and pushed to lower temperatures
(the magnetic field tends to weaken superconductivity). Data have been taken down to
a lowest temperature of around 1-2 K. The curves have then been extrapolated to 0 K in
order to get γ0 (H). The difference ∆γ = γ0 (H) − γ0 (H = 0) is reported in Fig. 3.17(b) as
a function of the applied magnetic field for the three doping levels. A fit with a power law
∆γ = A · (µ0 H)n was used for all the curves. The obtained values for the exponent n are
reported next to each curve. They are the same, within uncertainties, for all the curves
(navg = 0.66 ± 0.01). This result would imply a high degree of gap anisotropy as n is closer
to 0.5 than 1. Moreover, since n is unchanged throughout all doping compositions, the
gap anisotropy should be constant as well. This is intuitively in contrast with the behavior
obtained from the temperature dependence of C/T , where a strong doping dependence
is observed (see e.g., Fig. 3.16). The reason for this behavior is due to the fact that the
∆γ(H) curves of Fig. 3.17 are not sensitive to the weight of the gaps (γ1 , γ2 ), but only to
the ratio of their amplitudes ∆1 /∆2 [133]. In fact, ∆1 /∆2 ∼ 3 for both the x = 0.50 and
x = 0.55 samples (see table 3.1). For the optimally doped sample (x = 0.32), no minor gap
is detected from the temperature dependence of C/T . However, since the field dependence
of ∆γ is the same as for the overdoped samples, it seems likely that a second gap does
exist in the system with an amplitude of ∼5.3/3 meV = 1.8 meV. Its weight, however,
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must be very small (< 5%), as it has not been observed in the temperature dependence
of C/T .

Figure 3.17: a) Reduced electronic specific heat for the x = 0.55 sample in magnetic
fields from 0 to 5 T. The extrapolations of the curves to zero temperature give γ0 . b)
∆γ = γ0 (H)−γ0 (H = 0) as a function of applied field H. The experimental data are fitted
with a power law ∆γ = A · (µ0 H)n . Adapted with permission from [128], Copyright(2015)
by the American Physical Society.
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3.3
3.3.1

In-situ production and thermal characterization of β-Ga
Metastability in Gallium

Gallium (Ga) is a metallic element showing several peculiar physical properties. Since its
melting temperature Tm,α = 302.9 K (29.75◦ C) is below the human body temperature, a
Ga sample melts in one’s hand. Like water, the density of the liquid is higher than the solid,
making Ga crystals floating in the liquid. Its main applications are in the semiconductor
industry, where compounds like GaAs, GaN are widely used. Ga has attracted as well
attention in more fundamental studies because of its very rich phase diagram. Many
metastable phases can be obtained at ambient pressure from the main phase, α-Ga. The
first two metastable phases, β-Ga and γ-Ga, were first discovered at the beginning of
the 1960s [134]. They can be produced by liquefying small (< 500 µm) Ga samples and
supercooling them. β-Ga solidifies only at 256.9 K way lower than Tm,α . γ-Ga solidifies
at an even lower temperature (237.6 K) [135]. They are characterized as well by different
superconducting temperatures. While α-Ga becomes a superconductor only below Tc,α =
1.08 K [136, 137], β-Ga has a Tc,β = 6.1 K [135, 138] and γ-Ga Tc,γ = 7.6 K [135]. The
reason for the different melting and superconducting temperatures lies in a different crystal
structures from that of α-Ga [139, 140]. As an example, a comparison of the unit cell for
α- and β-Ga is given in Fig. 3.18.

Figure 3.18: Left: Orthorhombic unit cell of α-Ga with 8 atoms/cell. Two Ga2 dimers are
represented in magenta. Right: Monoclinic unit cell of β-Ga with 4 atoms/cell. Reprinted
with permission from [141], Copyright (2018) by the American Physical Society.
Six more phases, from δ up to κ-Ga [142–144] were later found. Their size is inversely proportional to their stability [145]. Moreover, additional metastable phases can be obtained
at high pressures [146].
Because of their metastable nature, not much data is available in comparison to α-Ga.
The most studied is the β phase, the easiest to produce and maintain because it presents
the least difference in energy from the stable α-Ga [147]. Its superconducting properties
were studied with different experimental techniques [138, 148, 149]. While it is clear from
them that β-Ga is a Type-I superconductor, no agreement is found on whether it is strongor weak-coupling. Low-temperature specific heat data can help in resolving this issue and
to provide more understanding about the physical properties of β-Ga.
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In-situ production of β-Ga with a nanocalorimeter

Figure 3.19: a) TEM image of Ga droplets dispersed in polystyrene [145]. Reprinted with
permission of Europhysics Letters, Copyright (2011). b) Sketch of an experimental setup
where single Ga droplets are selected with the use of a micromanipulator. Reprinted with
permission from [138], Copyright (1974) by the American Physical Society.
The most common technique to produce Ga metastable phases consists in dispersing Ga
droplets in an emulsion and reducing their size to the desired value by ultrasonication.
Most experimental studies found in the literature are using this technique. The main
drawback is that a ensemble of Ga particles with different sizes is obtained, see Fig. 3.19(a).
Since the size is related to the particular metastable phase the system relaxes into, a mix
of different phases is usually obtained. A technique able to isolate single droplets and
place them on the measurement device is preferred. In Ref. [138], single droplets could be
extracted and placed on a pick-up coil, see Fig. 3.19(b), with the use of a micromanipulator.
The metastable nature of β-Ga makes, however, the droplets easily relax to α-Ga during
handling.
By placing small (10-150 µm) Ga samples onto the nanocalorimeter [see inset of
Fig. 3.20(a)] and performing a proper thermal cycle with the use of the DC heater, it
was possible to supercool α-Ga and make it solidify into β-Ga. In Fig. 3.20, heatingcooling specific heat curves are given for relaxation into the α phase [Fig. 3.20(a)] and
β phase [Fig. 3.20(b)]. In both cases, the thermal cycle started at 255 K, with a solid
sample of α-Ga. The sample was then heated and melted at Tm,α = 302.9 K. Heating
of the liquid continued a few degrees above Tm,α . Cooling then started. In both cases,
Ga did not solidify at the same temperature it melted, but the liquid supercooled several
degrees below Tm,α . The key in order to make Ga solidify in the metastable phase was
to heat up the sample at a high enough temperature above Tm,α . If the temperature is
increased up to 313 K, as shown in Fig. 3.20(a), the liquid Ga solidifies at 285 K back to
the α phase. If the liquid is instead brought up to 317 K, as shown in Fig. 3.20(b), the
sample will supercool down to 232 K and then solidify into a different phase (β-Ga). This
procedure was repeated for different samples of various sizes in the 10 − 150 µm range with
very reproducible results. The reason for this behavior might lie in the presence of weak
bonds in the liquid at temperatures slightly above Tm,α [150].
We could thus show a new method for producing β-Ga in-situ on top of the measurement
device. This removes the need of handling the sample and thus reduce considerably the
chances of relaxation to the α phase.
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The specific heat curve as C/T in the full temperature range (1.2 - 315 K) for both phases is
reported in Fig. 3.21(a), while the entropy S in Fig. 3.21(b). S is higher in the metastable
phase. The latent heat L for the β phase was estimated by assuming the entropy of
the liquid to be the same for both curves. By knowing that Lα = 5585 J/mol [151],
Lβ = Tm,β · ∆S(Tm,β ) = 2891 J/mol. This value is about 10% higher than that reported
in Ref. [152]. The Debye temperature can be estimated for both materials by the low
temperature C/T according to Eq. 1.5. We obtain θD,α = 350(20) K and θD,β = 120(20) K.
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Figure 3.20: Temperature dependence of the specific heat of a Ga sample as C/T during
heating (red circles) and cooling (blue circles). a) The sample is heated up to 313 K and
cooled down to 255 K. Melting is observed at 302.9 K. Supercooling takes place down to
285 K, where solidification in the same α phase takes place. Inset: Optical microscope
image of the sample glued onto the nanocalorimeter. b) The sample is heated up to 317 K
and cooled down to 220 K. Melting takes place always at 302.9 K. Supercooling continues
down to 232 K, where solidification in the β phase takes place. Reprinted with permission
from [141], Copyright (2018) by the American Physical Society.
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Superconducting properties of β-Ga

By cooling down a β-Ga sample to the cryostat base temperature, it was possible to measure its low-temperature specific heat and as a consequence collect information about its
superconducting properties. The temperature dependence of the low temperature specific
heat is shown in Fig. 3.22(a) for zero and 100 mT applied magnetic field. The superconducting transition is seen as a step in the zero field curve at Tc = 6.04(5) K. 100 mT is
enough to suppress superconductivity at all temperatures. The 100 mT curve is therefore
taken as the normal state curve. The difference ∆C/T = [C(0 mT) − C(100 mT)]/T =
(Ces − Cen )/T is reported in Fig. 3.22(b). Ces is the electronic specific heat in the superconducting state and Cen in the normal state.

- G a

2

)

( m J /m o lK )

3

0 m T
1 0 0 m T
0
0

(a )
2

4

T (K )

6

8

1

0
-2

S

4 0
2 0

2

/T ( m J /m o lK

6 0

C

C /T ( m J /m o lK

2

)

8 0

0

3
6
T (K )

0
-1
0

(b )
2

4

6

8

T (K )

Figure 3.22: a) Temperature dependence of the specific heat of β-Ga as C/T in zero field
(blue circles) and 100 mT applied magnetic field (red circles) b) Temperature dependence
of ∆C/T = [C(0 mT) − C(100 mT)]/T . The black line is an interpolation of the data
points according to an α model. Inset: Temperature dependence of the entropy difference
∆S = Ssuperconducting −Snormal . The dashed line is an extrapolation of ∆S(T ) at the lowest
temperatures. Reprinted with permission from [141], Copyright (2018) by the American
Physical Society.
The entropy difference between superconducting and normal state ∆S(T ) =
RT
0
0
0 (∆C/T )dT is reported in the inset of Fig. 3.22(b). By extrapolating ∆S(T ) to zero,
an estimation of the Sommerfeld term γn = ∆C/T |T →0 = −1.53 mJ/molK2 can be obtained. This value is close to estimations from critical field curves of Ref. [138] and
around 2.55 times higher than that for α-Ga [136, 153]. This determination of γn is independent on device and grease contributions since these are canceling out in the difference
∆C/T = [C(0 mT) − C(100 mT)]/T . However, γn can be underestimated if disorder or
other effects make Ces /T |T →0 6= 0.
The specific heat jump at Tc can be extracted from Fig. 3.22(b) as ∆C/Tc =
2.80(5) mJ/molK2 . The ratio ∆C/γn Tc = 1.83(7) is substantially higher than the 1.43
typical of a BCS weak-coupling superconductor. This is a sign for strong-coupling in βGa. The other standard ratio used to evaluate the coupling strength, α = ∆(0)/kB Tc ,
where ∆(0) is the superconducting energy gap at zero temperature, can be calculated if
∆(0) is found. In order to do this, the specific heat was fitted according to an α model,
see Sect. 1.3.4. The best fit to the experimental data was obtained for α = 2.00(5), which
corresponds to the specific heat curve represented as a black line in Fig. 3.22(b). Also in
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this case, the ratio is higher than the weak-coupling BCS limit αBCS = 1.76. α = 2.00(5)
gives a ∆(0) = 1.04(3) meV, in good agreement with tunneling measurements [148, 149]
on thin films.
∆(0) can be as well estimated from the free energy ∆F (0) using the BCS relation of
Eq. 1.13. ∆F is obtained by integrating ∆C down from Tc , according to Eq. 1.12, while
the density of states N (EF ) is calculated from the Sommerfeld term γn , according to
Eq. 1.6. We obtain −∆F (0) = 14.4(4) mJ/mol and N (EF ) = 0.65(2) states/eVatom,
which leads to ∆(0) = 1.83(3). This corresponds to a 9% underestimation of the value
found through the α model. The difference can be attributed to a lower ∆F for strongcoupling superconductors than what is expected in the BCS limit [130, 154]. N (EF ) is
2.55 times higer in comparison with α-Ga. This is in agreement with both theoretical
predictions [147] and Knight shift data [155]. N (EF ) obtained through γn represents
the dressed/renormalized value. Band-structure calculations, on the other hand, give the
bare density of states N0 (EF ). For β-Ga, N0 (EF ) = 0.42 states/eVatom [155], a value
rather similar to what can be obtained by a simple free-electron model. For α-Ga, N0 (EF )
is reduced in comparison to a free-electron model because of a strong pseudogap at the
Fermi energy [147, 156–158]. It can be estimated as 0.12 states/eVatom if considered to be
approximately 3.5 times smaller than that for β-Ga [147]. Both N (EF ) values calculated in
this way are lower than the experimental values obtained from specific heat. If we assume
that the difference is coming from an effective mass enhancement m∗ /m due to electronphonon coupling, the electron-boson renormalization parameter λ can be estimated from
m∗ /m = 1 + λ = N (EF )/N0 (EF ). This gives a λα = 1.08 for α-Ga and λβ = 0.55 for
β-Ga.
From ∆F (T ), the thermodynamic critical field Hc (T ) can be obtained through Eq. 1.14.
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Figure 3.23: (a) Temperature dependence of the electronic specific heat as Ce /T for applied
magnetic fields between 0 and 43 mT. Inset: Temperature dependence of the critical field
Hc . The hollow circles correspond to the critical fields measured from the in-field
curves.
 2 
T
The red curve is a parabolic fit according to Hc (T ) = Hc (0) 1 − Tc
. The black
curve corresponds to Hc (T ) calculated from ∆F (T ). (b) Temperature dependence of the
electronic specific heat as Ce /T for applied magnetic fields between 0.1 and 4.1 mT. Inset:
Temperature dependence of the critical field Hc near Tc . The black circles correspond to
the critical temperatures measured from the in-field curves. The red curve is a linear fit.
Reprinted with permission from [141], Copyright (2018) by the American Physical Society.
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Property
Tc
γn
∆C/γn Tc
N (EF )
−∆F (0)
µ0 Hc (0)
∆(0)/kB Tc
∆(0)
N0 (EF )
λ
θD

Unit

α-Ga

β-Ga

K
mJ/molK2

1.08(1)
0.600(5)
1.41
0.25(1)
0.17(1)
5.03
1.65-1.97
0.15-0.18
0.12
1.08
350(20)

6.04(5)
1.53(4)
1.83(7)
0.65(2)
14.4(4)
57(2)
2.00(5)
1.04(3).
0.42
0.55
120(20)

states/eVatom
mJ/mol
mT
meV
states/eVatom
K

Table 3.2: Superconducting parameters for α- and β-Ga. For α-Ga, Tc values are taken
from Refs. [136, 137, 153], γn from Refs. [136, 153], ∆C/γn Tc from Ref. [136], N (EF ) is
calculated from γn according to Eq. 1.6, ∆F (0) is calculated by integration of ∆C data
taken from Ref. [136], µ0 Hc (0) from Ref. [159], ∆(0)/kB Tc from Ref. [160] and references
therein (value strongly dependent on the crystallographic axis), ∆(0) is calculated from
∆(0)/kB Tc and Tc , N0 (EF ) from Ref. [155] for β-Ga and as 3.5 times smaller for α-Ga,
according to estimations from Ref. [147]
.
The resulting Hc (T ) is shown in the inset of Fig. 3.23(a) as a black curve. The zero temperature critical field is estimated to be µ0 Hc (0) = 57(2) mT, and the slope close to Tc
|dHc∗ /dT |Tc = 15(1) mT/K. These values can be experimentally verified by measuring the
specific heat for different applied magnetic fields. This was done for several fields up to
43 mT. The experimental curves are reported in Fig. 3.23(a). The magnetic field pushes
the superconducting transition to lower temperatures and broadens it. The location of
the transition was taken as the middle of the superconducting step. The resulting experimental values of Hc (T ) are reported as hollow circles
 in the inset
 of 3.23(a). They
2
T
are interpolated by a parabolic function Hc (T ) = Hc (0) 1 − Tc
, which gives a zero
temperature µ0 Hc (0) = 46.5(1) mT. To evaluate the slope of Hc (T ) near Tc , specific heat
measurements at low magnetic fields were performed and are reported in Fig. 3.23(b).
Also here, the Hc (T ) curve obtained is shown in the inset. |dHc∗ /dT |Tc = 13.1(2) mT/K.
The experimental values are about 15-20% lower in comparison to Hc (T ) evaluated thermodynamically from ∆F (T ). This difference is likely due to the demagnetization factor
of the sample.
All superconducting parameters of β-Ga obtained from specific heat are summarized in
Table 3.2, together with reference values from α-Ga taken from the literature. We could
not evaluate superconducting parameters on the same samples for α-Ga since the superconducting temperature Tc,α is lower than the minimum temperature at which the
nanocalorimeter can be used. From these data, we can conclude that β-Ga is a strongcoupling superconductor. The 6-fold increase in Tc for the metastable phase is in agreement
with a strong increase in density of states at the Fermi energy N (EF ). It is, however, in
contrast with a decrease in the electron-boson renormalization parameter λ and in the
Debye temperature θD . Band-structure calculations accurately accounting for the effect of
dimer bonds would be helpful to understand this discrepancy, since the values of λ obtained
from the presented analysis are sensitive to the bare-band density of states N0 (EF ).

Chapter 4

Summary
A batch process allowing to produce up to 48 nanocalorimeters per run was developed.
The fabricated devices allow the investigation of materials in single crystal form (masses
in the µg range) at low temperatures and in magnetic fields up to 5 T. Magnetic and
superconducting materials were shown to be particularly suited for these studies.
The first-order para- to ferromagnetic phase transition in Fe2 P at TC = 217 K was investigated for fields parallel and perpendicular to the c-axis. Very different phase diagrams
were found depending on the field direction. The ferromagnetic phase is stabilized with
field applied parallel to the c-axis, while two different ferromagnetic phases with spontaneous magnetization parallel and perpendicular to the applied field were obtained for
fields perpendicular to the c-axis. A weak structural transition was associated to the
phase boundary between the two ferromagnetic phases. Around the zero field phase transition, it was possible to observe the presence of supercooling/superheating states typical
of first-order phase transitions. Through differential temperature scanning, it was possible to estimate the latent heat associated with the transition. Concurrent specific heat
and x-ray diffraction enabled a one-to-one association of thermodynamic and structural
information.
From an analysis of the specific heat data through BCS and Ginzburg-Landau theories
in BaFe2 (As1−x Px )2 , several microscopic superconducting parameters were obtained. In
particular, the penetration depth along the ab plane λab (0) was found to decrease going
towards optimum doping, without any divergence. The dependence of Tc on the Fermi
temperature TF is linear and fits in between cuprates and heavy fermions on the Uemura plot. The superconducting gap structure and symmetry in the overdoped regime
was investigated through measurements of the electronic specific heat C as a function of
temperature and applied field. The temperature dependence of C was fitted to a two-gap
alpha model, which gave the gap amplitudes and their weights. A single gap of amplitude
∆ = 5.3 meV is detected close to optimal doping, while a second minor gap appears for
increased P concentration, with a weight increasing up to 29 % for x = 0.55. The magnetic
field dependence of the zero temperature specific heat coefficient, however, showed that the
gap anisotropy is high, but does not change significantly with doping. This is interpreted
as due to the presence of a very small gap even close to optimal doping, not detectable
with an alpha model fit. Moreover, the field dependence is shown to be independent of
the weight of the gaps.
The nanocalorimeter was used to produce the metastable β-Ga from the stable α-Ga
through a simple thermal cycle around the melting point. Low-temperature specific heat
data on β-Ga were for the first time obtained and were used to study its superconducting
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parameters. Both ratios ∆C/γn Tc and ∆(0)/kB Tc indicate that β-Ga is a strong-coupling
superconductor. The 6-fold enhancement in Tc for the metastable phase is associated to a
strong increase in the density of states at the Fermi energy N (EF ). A detailed comparison
of the superconducting properties of α- and β-Ga was obtained.
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