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Abstract

Two superconducting germanium based Skutterudite compound$aPt;Ge;, and
BaPt,Ge;;) were tried to be modi®ed to get good thermoelectric properties, by sub-
stitution. A sample series ofLaPt;Ge;, Sh, with x < 5 could be produced by arc
melting and annealing at 80CC for 10 days. The sample composition and quality was
analyzed by X-ray powder di raction at room temperature and in the electn microscope
with micro probe analysis. The critical temperaturd@ . for superconductivity decreases
very rapidly with increasing the Sb contermt = 0; T, = 8:27K; x = 0:5; T, = 5:20 K.
They are type Il BCS superconductors, which was veri®ed by susibdigy and speci-
®c heat measurement. Seebeck e ect increases from ¥=K for x = 0 to 43 V=K
for x = 5 at room temperature, resistivity at room temperature also increasesthin-
creasing antimony amount. The main reason for the the rapid increasingtioé Seebeck
coelcient is the charge carrier density, which was determined by Hatleasurement. Fur-
thermore phonon properties were investigated by thermal expansiord éneat capacity
measurement.



Kurzfassung

An zwei supraleitenden Germanium basierten Skutterudit VerbindundéaPt;Ge;, und
BaPt,Ge;,) wurde versucht, diese durch gezielte Substitution so zu ver ndemgss sie
gute thermoelektrische Eigenschaften aufweisen. Eine Probenreihe kaRt;Ge;, «Shy
mit X < 5 konnte durch Schmelzen im Lichtbogenofen und Gl'hen bei 8@ flr 10
Tage hergestellt werden. Die Zusammensetzung und Qualit t der Preb wurde mittels
R"ntgen- Pulverdi#raktometrie und im Elektronenmikroskop mittels micro pbe analy-
sis festgestellt. Die kritische Temperatuil, der Supraleitung sinkt sehr schnell mit einer
Erh"hung des Sbh-Gehaltsx =0; T, = 8:27K, x =0:5; T, = 5:20 K. Die supraleitenden
Proben sind Typ-1I, BCS Supraleiter, was mittles Messung der Suszbifit t und der spe-
zi®schen W rme veri®ziert wurde. Der Seebeck- Koe$zient steigt bei Raemperatur
von 3 V=K flr x = 0 auf 43 V=K flr x = 5. Der Widerstand bei Raumtempera-
tur steigt ebenso mit zunehmender Menge an substituiertem Antimon.eDGrund flr
die rasche Erh"hung des Seebeck-Koe$zienten ist die verringerte Lagdsin gerdichte,
welche mittels Hall-Messung ermittelt wurde. Aulerdem wurden Gittereigschaften
durch Messung der thermischen Ausdehnung und der W rmekapatziintersucht.
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1. Introduction

! Thermoelectricity as well as thermal conductivity and electrical condiwty is a bulk
property driven by a temperature gradient or an electric ®eld. Howews the most fas-
cinating one. If a temperature gradient is applied to a conductor withban electric ®eld
not only a heat ow occurs, but also electric current, due to thermodisusn. Because
of the charge of the electrons a ®eld in the opposite direction is created. hdey to
measure this current the circuit has to be closed. Fig. 1.1 left, illustes such a closed

THAT THAT
A B B
! T

Figure 1.1.: Left: closed circuit; if material 1 and 2 are diserent therwelectric cur-
rent ows. Right: open circuit; if material 1 and 2 are diserent potentia
dieerence is generated

circuit. If material 1 and material 2 are the same, the same curtterows in the left and
the right arm of the circuit and so it cancels out and can not be measuredlthough
it still is there. In order to measure this eeect two dieerent materi¢és have to be used.
The right side of Fig. 1.1 shows an open circuit; the observed thermoelectpotential is
proportional to temperature dieerence and to the diserence in thenoelectric properties
of the bulk materials. It does not depend on size or dimension of the condustoas-
suming that the dimensions are large compared to the mean free pathtioé electrons.

1From references: [1], [2], [3] and [4]



1. Introduction

This thermoelectric potential was ®rst observed in metals where Seebeokscients
were aroundl0 V=K. Later, semiconductors were started to be investigated with much
higher Seebeck coescients, around.00 V=K but also with higher resistivities. The best
thermoelectric materials are somewhere in between; see section 2.2. Theelectric de-

Heat Absorbed (Cold Side)

-
-
“ sas
p-Type Semiconductor N > Positive (+)

o Electrical Conductor
(Copper)
(Ceramic)

Heat Rejected (Hot Side)

s

Figure 1.2.: thermoelectric device; taken from [4]

Negative (-)

vices are made of a p- and a n-type legs connected with a metal; connddteseries with
the next couple, see Fig. 1.2. This increases the provided voltage. Using tthevices to
produce electrical energy out of thermal energy (for example wagsteat) is the reason
for intense research in this area. Such devices are small and waitkaut moving parts

and would therefore be very stable. Still the eeciency is quite low, smtil now they are

mainly used for niche applications, like power supply in space and coreeat, mechani-

cal heat engines are still much more escient. According to Vining [2] #tamost promising

applications for thermoelectric generator systems are small scalsiz€ and power scale)
waste energy converters.



2. Theoretical aspects

2.1. Superconductivity

! Superconductivity is a quantum mechanical phenomenon; it is the vamsghof the elec-
trical resistance in certain materials below a characteristic tempéure T, a characteris-
tic ®eldHc and a characteristic currentlc. At lower temperatures the superconducting
state resists higher magnetic ®elds or currents. For conventionap& superconductors,
the most simple case, the relation betweehc and Hc is given in Egn. 2.1 and shown

in Fig. 2.1. " #

T 2
He(T)= HE 1

T (2.1)

The critical current, that can also destroy the superconducting &te, is approximately

Hc/Hc(0)

. . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2
TITc

Figure 2.1.: Temperature dependence of the critical ®eld

reached when the induced magnetic ®eld at the surface of the sampujeads the critical
®eld. The superconducting state is also de®ned by the Meissner- Odedere ect. For
small ®elds a superconductor can expel all applied magnetic ®elds Wbgcgucurrents. It

1From reference [5]



2. Theoretical aspects

is then a perfect diamagnetic material, witlB 0 within it.

B = 0(H+M):O —m—

1 (2.2)
While cooling down a sample in a ®eld (FC) und&g shielding currents arise in the su-
perconductor surface. These currents create a ®eld, such thatidesthe superconductor
the applied and the induced ®eld exactly cancel, while outside they add.isTiakes
superconductivity being a thermodynamic state.

2.1.1. BCS theory

2 The BCS theory is a microscopic theory of superconductivity, introduced 195y John
Bardeen, Leon N. Cooper and John R. Schrie er. The theory includes themation of
Cooper pairs out of electrons, caused by the presence of an attractivagntial, coming
from the lattice vibrations (electron-phonon-interaction). The wave functiorior these
paired electrons is adjusted to minimize the free energy and gives tlasib of the BCS
theory. The gain of energy by the formation of Cooper pairs, out of electrongear
the Fermi level, gives rise to an energy gap around the Fermi level. Tdep size is
proportional to ! p, the Debye frequency because of this electron-phonon-interaction.
Furthermore there is an exponential dependence on U, the electdronon-interaction
potential and N(Er), the density of states at the Fermi level.

=2 ~lpexp (2.3)

N (Eg)U
The electronic part of the thermal conductivity is small as there are ndases at Ef
(because of the gap). The critical ®eld, the transition temperature dnthe critical
current are quanti®ed by the energy gap and therefore strongly ianced by the density
of states at the Fermi level. The connection to the transition temperate is Eqn. 2.4.

kB Tc 113 p exp (24)

1
N(EF)U
A magnetic ®eld as well as a current (connected over Biot Savart law) salan energy
e ort to exclude this ®eld. This energy is proportional t®? so the critical ®eld is where
this excluding energy is equal to the gap energy. The temperaturepéndence of the

2From reference [6]



2.1. Superconductivity

gap aroundTc is in generally Landaus theory of second order phase transition.

(T)= o= 174 1 T=T (2.5)
Cs o 0:82 0
T = 8:5exp T (2.6)

The energy gap is often experimentally measured employing the speci@at Eqn. 2.6.

stands for the Sommerfeld coe cient. Cgs is the speci®c heat of the superconducting
state and in a real measurement it is gained by measuring also thecgpe heat of the
normal state C,, (using a magnetic ®eldH > Hc) and subtracting it. The speci®c heat
jumps at a ®xed value atf =T ¢ and falls o! exponentially.

C Ces Chn.
o (T=To) —“‘SC jroce =1:43 (2.7)
n n

2.1.2. Type | / type |l superconductors

3 Type | superconductors switch, while increasing the magnetic ®eldugitly from Meiss-
ner state to normal state. This means switching from no penetration ehagnetic ®eld
to full penetration at the critical ®eldHc. Increasing the magnetic ®eld tdl.,, type

Il superconductors switch from Meissner state to a mixed state. Tiwe vortices carry
“ux lines with an elementary amount of ux ¢ = Zﬂe Increasing until the second critical
magnetic ®eldH., the ux increases continuously until full "ux penetration is reached in
the normal state. The Ginzburg-Landau theory was originally introduced a phenome-
nological theory of phase transitions. For temperatures clo3e: the Ginzburg-Landau
equations can be obtained from the BCS theory. Type | and type Il fuponductors are
explained as a result of considerations concerning the temperature efggence of two
characteristic length: the coherence lengthsand the penetration depth . The density
of Cooper pairsng = j (1°)j2 changes with this characteristic coherence length The
penetration depth of the magnetic ®eld can be gained from the London equations. Fig.
2.3 shows the meaning of and and how they change starting from the surface. The
interface energy between the superconducting phase and themal conducting phase
can be positive or negative. A negative interface energy means thia interface is as big
as possible and that causes a division in small superconducting (without) ard normal
conducting (with ux) areas. This can be done until the quantum limit and ithen a

stable type Il superconducting mixed state. The connection to the twmarameters and

3From references [7], [8], [9], [10] and [11]
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g

Figure 2.2.: interface energy in connection with and ; picture taken from [9]

can be explained over the two energies connected with this paramstethe energy
Eg, that is necessary to eject the the magnetic ®eld and the enery gained by the
condensation of the Cooper pairs. If>> the interface energy is positive, energy is
needed to build this interfaces - type | superconductors. Ik< | the energy needed
to eject the the magnetic ®eld at this surfac&? is smaller than the energy gained by
the condensation at this surfac&? so the di erence of this energy is the surface energy,
that favors having big surfaces. This is realized as cylinder vorticeshwibagnetic ux
lines and normal conduction state inside and superconducting state idé .

Type-1 & Type-I1 superconductors

.Mt Meissner

M. H H,

Meissner

H H

3

Type-1 superconductors
are dogmatic:
“Superconductivity or nothing I H.

Flux lines
present

Figure 2.3.: Magnetization properties of Type | and Type Il supercondocs; picture
taken from [10]



2.2. Optimization and selection of thermoelectric materials

2.2. Optimization and selection of thermoelectric
materials

4 The transport parameters that in"uence the thermoelectric perfonance are carrier
concentration, carrier mobility and esective mass, and lattice thermalonductivity. Op-

timization of this parameters is complex and a lot of times excludes each other.

The ®gure of merit ZT is used to compare the e€ciency of Thermoelectric deeg. It

is de®ned as :
S2T

Z7T = (2.8)

where S is the Seebeck coe€cient, is the thermal conductivity, the electrical conduc-
tivity and T the temperature.

2.2.1. Free charge carrier concentration

All the factors of Eqn. 2.8 are strongly in uenced by the number of free alge carriers.
The electrical conductivity depends on the the carrier concentration mé the mobility

= ne (2.9)

For the electronic part of the thermal conductivity (in metals the domirtang part) the
WiedemannFranz law is valid:

& = LT = constT (2.10)

with L the Lorenz number. So for metals the optimization of thermoelectrigerformance
is limited to the optimization of the Seebeck coe€cient, which is also strongly inamced
by the charge carrier concentration. The Seebeck coe€cient, for a gile parabolic band
with high charge carrier concentrations at high temperatures, cae bvritten as:

8 2k2 23

3617 mT an (2.11)

Figure 2.4 taken from [14] shows the optimum of the charge carrier condeation for
Bi,Tes. It is at about 10° 1C0carriersscm® which is in the range of an heavily doped
semiconductor.

4From references [12], [13] and [14]
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b

0.5 -

|
0
1018 1019 1020 1021

Carrier concentration (cm-3)

Figure 2.4.: Optimum of ZT with respect to charge carrier concentratianlt is a com-
promise between the in'uence on of the free charge carrier concentoat

on the thermal conductivity , the Seebeck coe cient and the electri-
cal conductivity . A typical range for good thermo electrical materials is

10'° 10?'carriersscm?®. Taken from reference: [14]



2.2. Optimization and selection of thermoelectric materials

2.2.2. Mobility and eeective mass

5 Seebeck coescient depends not only on the charge carrier density, balso on the
e€ective mass, Eqn. 2.11. To get a big voltage between the hot and the coldceit is
important to have only one type of charge carrier (electrons and holes redvom the hot
to the cold end). This is ful®lled by Fermi levels near the edge of a band gépe sharper
and higher the edge the better the Seebeck coeescient. A sharp artdgh edge at the
density of states for single parabolic band model is equivalent to an hige&ive mass
m*. High mobility increases the ZT by increasing the electric conductivitfgn.2.9.
Mobility and e€ective mass are generally con icting parameters, heaaoge carriers
cause a low mobility. But mobility is also in uenced by scattering processike electron
phonon scattering, scattering with impurities, defects and grain bodaries.

2.2.3. Lattice thermal conductivity

® Considering Eqn. 2.8 and Eqn. 2.10 as well as the right side of Fig. 2.4 it can kers
that the electronic part of the thermal conductivity and of the electrial resistivity give a
constant contribution (é\) to the value of ZT. For metals ZT is mainly determined by the
Seebeck coeecient. The lattice part of the thermal conductivity is triedto be minimized
independently. So the material should be glass like for phonons and tatybke for
electrons. One approach to reduce thermal lattice conductivity is torim nanostructured
materials to increase phonon scattering on surfaces. Another is point eldfscattering,
by inducing vacancies or site substitutions. Clathrates and skutielites form a cage that
can be ®lled or partly ®lled with weakly bound big atoms, so called "rattlers”. Bee
"rattlers" are have been thought to move independently from the cagend act as some
center of scattering. More likely the rattling e€ect is part of an more eperal cause of
low lattice thermal conductivity |: a large unit cell. The number of phonon modes is
3N, with N the number of atoms per unit cell. Every material has 3 acousticones
and 3N-3 optical modes if there is more than one atom in each unit cell (N>1). &h
heat transport is performed primarily by the acoustic modes, becaue group velocity
of the high frequent optical modes is very low or even zero. The optical modgge a
contribution to the internal energy and therefore to the heat capéty but not in a direct
manner to the thermal conductivity.

SFrom reference [12]
6From reference [14]
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|
40 |— total
|  |— La
— Pt
20 |— Ge

-10

Energy (eV)

Figure 2.5.: density of states calculation of the Reference materladPt,Ge,, taken from
[17]. p Ge states are the dominating contribution at the Fermi level

2.2.4. Ge based skutterudites

" The two superconducting, metallic compoundsBaPt,Ge;, and LaPt,Ge;» consist on
a framework of Ge and Pt, electronically stabilized by La/Ba cations. Looking &ig.
2.5 for LaPt,Ge, it can be observed that further electrons are needed to shift the frai
energy towards the gap in the electronic density of states (DOS). F@8aPt,;Ge;, Fig.
2.6 shows the density of states (taken from [15]).  Zintl phases consisf anions
and cations, that donate their electrons to the electronegative anionsThe bonding
model is a mixture of ionic and covalent contributions. Classical Zintl phagatso called
polar intermetallics) are valence balanced and semiconductors. An egbarfor this is
the prototype of the skutterudites CoAs;. Zintl chemistry can be used to predict the
electrical properties of the compounds through valence electron count. Atreasing
valence imbalance leads from semi conducting to metallic behavior; farrendetails see
also reference [12]. ComparingaPt;Ge;, with semi conductingCoAs; the structure has
12 electrons less from using As instead of Ge, 4 electrons more from using Ptead
of Co and three extra electrons from the ®ller Atom La. This very simple coresition
predicts that LaPt,Ge;, shows p-type metallic behavior and that adding to this structure
in some way 5 electrons leads to a semiconductor. FbaPt;Ge;, this was done by
substituting Ge by ShLaPt;Ge;» «Sb, x =0,1,2,3,4,5,6,7. It can be seen later that this
predictions is in quite good agreement with the experimental results.

"From reference [15], [12], [16] and [17]

10



2.2. Optimization and selection of thermoelectric materials

16
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>
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16L2) | -- Dps/apt
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E-E_ [eV]
Figure 2.6.: density of states calculation of the Reference mater&Pt,Ge;, taken from
[15]. The upper ®gure shows a relativistic calculation while the lower ®gure

shows a non relativistic one. p Ge states are the dominating contribution at
the Fermi level

11



2. Theoretical aspects

2.3. Transport phenomena

2.3.1. Boltzmann equation

8 In order to describe a gas of N equal particles a probability distributiam€tion f(+; K; t)
for one particle is used. f(+; K;t)d3rd3k is the number of particles in the phase space
volume d3rd3k. For metallic materials heat and charge transport is mainly perforohéy
electrons. So in this casé(+;K;t), the equilibrium probability distribution function is the
Fermi-Dirac equation.

fo(E(K)) = ! (2.12)

1+exp 50—

Transport means having a non equilibrium state. In order to get theoBzmann transport
equation we have to consider forces that give electrons a reason to méve ; E; B) and
developing over the time dt.

f(r+ &dt; R+ Rdt;t + dt) f(¥K;t)=0 (2.13)

Without scattering processes we get Eqn. 2.13, called LiouvilleAs equation. Tljaation

says that, the distribution function stays constant while following a patim the phase
space in time and is valid for conservative systems. The number of p&esdn the phase
space volumed®rd3k is equal to the number of particles i(r + vt)d 3(k + (F =~)dt).

@
@t+ Rr +# . f(£K1)=0 (2.14)

Development in a Taylor series and considering only ®rst order terms ldadsqn. 2.14.
@ @f

=+ R +& . f(HKRT)= at
coll

o (2.15)

Now considering besides the external forces also scattering preess the equation ends
up in Egn. 2.15. Particles are scattered into or out of the phase space vokilements
d3rd3k, d3(r + vdt)d 3(k + (F =~)dt).

@f
@t

@f

at o (2.16)

e
o f - E+v B r ., f+

8From references [18], [19], [20] and [21]

12



2.3. Transport phenomena

Using% =F=¢ E+y B and g = ¥ leads to Egn. 2.16, the Boltzmann equation.
The ®rst term of the right side of Eqn. 2.16 stands for di usion and the secons the
result of external forces. In stationary casg = 0 this two terms have to be balanced by
the scattering term. Generally, this scattering term is described Wwithe probability of
a particle changing from a quantum state k to kPy.xo / h k% Hjki. The relaxation time
approach 2.17 for the scattering terms is based on the idea that the érence between
the static distribution f, and f decays exponentially with the relaxation time.

e _T T (2.17)
@t coll
For the case of stationary force% in Eqn. 2.16 is neglected.
oo oy f4 SEr  f (2.18)
Considering a temperature gradient in the Fermi Dirac distribution:
1
fok)) fo(Rif)= — = (2.19)
SXPrarm L
For small dierences from equilibrium statev(R)r f(K;¥) = »R)r fo(K;¥) and

E(K)r f(K;+) = E(K)r fo(K;¥), see [22], and the relations 2.20, 2.21 and 2.22 we get a
simpli®ed Boltzmann equation, Egn. 2.23.

@ _ @b

r kf0: @r K — 6"“‘0’(1() (220)
r «fo(K; ¥) = %‘II - (2.21)
@b _ @4
f f @
0=  eE+ (_I_—)r T ‘VR@B (2.23)

For small di erences from the equilibrium statg(R) = f( K) fo(K) the linearized Boltz-
mann equation, Eqn. 2.23 is derived, in order to have an expressiof(Ky¥, only depending
on ®rst order termsfy(K). The transport integrals are derived for the case B=0, starting
with Eqgn. 2.18.
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2. Theoretical aspects

2.3.2. Transport integrals

9 The simpli®cation of the Boltzmann equation ®nally is an expressiorf(&r+) depending
on ®rst order deviations ofj.

f(K;¥) = fo(K) eE (_I_—)r e T vk% (2.24)
The de®nition of heat the current from a microscopic point of view is the sum of the
energy( ) transported with the velocity¥ over all particles.
Z
— \% . 3
q= 73 ( (R #)d K (2.25)

Similarly, the electrical current can be de®ned as the sum of the electharge trans-
ported from all particles. 7

I= exf (K £)dk (2.26)

43
Combining Eqn. 2.25 and 2.26 with 2.24 gives the microscopic expressions for reeat
electrical current.

Z
_ Ve @6 3 V 2 @6
6= ;3 vy () @ Ed3k 15T vy () @ " Tk (2.27)
Z Z
__Vve @b 3 Ve @b
F=— %% @ Ed3k 15T 4 ( ) @ ' Tk (2.28)

In order to simplify and ®nd the connection to the macroscopic equationsrisport
integrals are de®ned with:

Z
V @
Kn= 25 %% ( )" @5 d*k (2.29)
what ends in two short equations folg and7.

1
q= eK.E ?Kzr T (2.30)

. e
7= KoE _I—_Klr T (2.31)

Using border conditions macroscopic transport quantities (electricasistivity, thermal
conductivity, thermopower) are derived.

9From references [23], [13], [24], [22] and [21]
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2.3. Transport phenomena

2.3.3. Electrical resistivity

10 is de®ned as inverse proportionality factor of current density and ®elesgth E.
is tensor in non-isotropic media. Assuming the typical border conditions foeasuring:
E60;r ,T=0;B=0, and using Egn. 2.31 leads to the current density:

T=eK,E= 'E (2.32)

1= &Ko (2.33)

Solving the transport integralky, assuming an isotropic medium and free electrons (see
reference [25], page 102,103) Eqgn. 2.34 is achieved. This equation looks very simdar t
the semi- classical Drude model, with(Eg), indicating that only the electrons on the
Fermi surface participate in conduction anth the e ective mass instead of the electron
mass. @ ()

= m—n
Searching a model for the temperature dependence of the resisyivitis important consi-
dering the di erent causes of resistivity. The strongest impact on resity at high tem-
perature in metals is the electron- phonon scattering. Other sourcesrive from lattice
imperfections or impurities and are here considered as temperaturéejpendent. Other
scattering terms might come from electron electron scattering (for lokemperatures)
or magnetic moments. The very important Matthiessen rule assumelsat scattering
processes are independent and so the inverse relaxation times caadoked.

(2.34)

1 X1

(2.35)

Bloch- Gr neisen- model

The Bloch-Grlneisen equation is an equation that describes the electron-golon scat-
tering and the resulting resistivity. Its a variation type calculation of l@st order based
on a spherical free electron band structure and a spherical Deby@mon spectrum of a
single longitudinal branch.

Z _
T o z°dz

(TY= o+t C b (2.36)

0 (expz 1)1 exp 2)

10From references [22], [25] and [26]

15



2. Theoretical aspects

For high temperatures T >> ) the Bloch- Greneisen term is proportional to the
temperature. For low temperatures ,, / T>.

2.3.4. Thermal conductivity

1 The macroscopic law of heat conduction, the Fourier law, states that the tinrate
of heat transfer through a material is proportional to the negative teperature gradient.

= reT (2.37)

measuring border conditionsf=0;r T 6 0;B =0 used in Egn. 2.31 gives an expression
for the electric ®eld:

K1

E = reT 2.

eTKy " (2.38)
Now combining with Egn. 2.30
a K1 1 1 K2
g= eKlFKor T ?Kzr i T K, Ko reT reT (2.39)
1 K?

= = Kp -t 2.40
T Koo (2.40)

In order to ®nd a model that describes the temperature dependenaf the thermal
conductivity we consider the thermal conductivity as a sum of the electronic contribu-
tion ¢ and the lattice contribution ;. The electronic contribution is, like the resistivity,
in uenced by interactions of the electrons with static imperfections andtaractions with
phonons. For metals this ¢ is connected with the resistivity with the Wiedemann Franz
law.
el = ﬂ (2.41)

The Lorenz number.g is 2245 10 8W =KZ2. The phonon contribution can be described
by the Callaway model, explained in detail in reference [27]. The Callaway glagses

Debye phonon distribution and is approximated with, = %@% andx = ~=kgT by:
3 z ?D 4
= Ko ko Tps T oXE g (2.42)
2 vg -~ o (e 1)

1From references [22], [27] and [21]
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2.3. Transport phenomena

This model uses Matthissen rule and sums over the relaxation times of dewet scattering

events.

1 1 1 1
o+ + =4

U D B el ph

El (2.43)
C

The considered scattering mechanism are: Umklapp processgsdefect scattering p,
boundary scattering g and electron- phonon scatteringe ph, see reference [21].

R N
U
1
— 1 x*T*
D (2.44)

1
— /| const
B

1

el ph

[ Tx:

2.3.5. Thermopower

2 The thermopower (thermoelectric power, Seebeck esect) of a matetiiégs the induced
thermoelectric voltage in response to a temperature dieerence acragmt material.

E=Sr,T (2.45)

The measurement border conditions are, like for thermal conductivity,= O;r T 6
0;B =0, so we use Egn. 2.38 and compare with the de®nition of the Seebeck coe cient

_  Ki _
T T KOr £1 = Sr T (2.46)
Ky
= 2.47
eTKp ( )

2.3.6. ZT ®gure of merit

13 In order to compare the thermoelectric properties of new materials it is portant to
have a value that compares the e ciency in therms of material propeets, not of impacts
like the temperature diserence, size of the device or the resistivity oféhuser. This value
is the dimensionless quantity ZT. It is de®ned in Eqn. 2.8. The connection betwe&l

2From reference [22]
3From reference [28]
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2. Theoretical aspects

and eeciency is (approximated by neglecting the losses of Joule heating)

q
T, Ton 1+%(T1 To) 1

T]_ - Z To
1+5(M To)+ 2

(2.48)

W=
Q
I

The left part is the de®nition of the esciency with W, the provided electric pwer divided
by used thermal energy Q provided by the heat source. The right padnsists of the
Carnot esciency multiplied by a a part that includes Z, the material spci®c properties.

2.3.7. Charge carrier density - Hall esect

4 The Hall e ect can be used to measure the charge carrier density. i§his done by
using a magnetic ®eld, and an electric ®eldE, , applied perpendicular. Due to the
Lorentz force there will also be a current in a right angle to the dace of magnetic- and
electric ®eld vector. For only one type of charge carrier (electrons or Ig)l¢he charge
carrier concentration can be determined as follows:

e
E.= SEB 2.49
y m X z ( )
Usingj= " E< Ry is de®ned as
E 1
Ry= 2= — 2.50
"= i B, s (2.50)

With E, the resulting ®eld due to Lorenz forceRy the hall constant and n the charge
carrier density.

2.4. Heat capacity

15 The speci®c heat capacity is the amount of heat required to increase teeperature
of a speci®ed amount of solid by one Kelvin. The amount of solid can be speci®ed by
weight or mol. Heat can be stored by electrons, by lattice vibrations, éiby all particles
and quasi particles one can think of. Assuming this contributions as indegent we start
with Egn. 2.51:
C(T)= Ca+ Cy+ Chiag + Chuc (2.51)

From reference [24]
15From references [6] and [18]

18



2.4. Heat capacity

With the speci®c heat expressed in state variables

_ . @S _@u

“=T @1, @wm (2.52)
__ @S _ @H

=T &7 . @Tn (2.53)

and the internal energy de®ned as the integral over the spectrahsity of the internal
energy, depending of the energy, the density of states at this energyD( ) and the
occupation distribution functionf( ).
X Z
U= (ks)f ( (ks);T) = D ()f()d (2.54)

ks

2.4.1. Electronic contribution

% The speci®c heat for free electrons is proportional to T, see Eqn.2.55. A quatiite
understanding can be gained by the following assumptions: Not all elens N can absorb
thermal energy, only the ones in the region of. The size of this region increases with
temperature because the Fermi function smears out with increasitgmperature and
therefore there are free possible states in a broader energy regibattcan participate.
So the amount of electrons that give contribution to the heat capacity ihie TT—F th part of
all N electrons. Each one of these electrons has a thermal energkgf, so the internal
energy is proportional toU / %kBT and the speci®c heat t@C = % / 2NkBTT—F. A
proper derivation, see reference [24] gives 2.55.

T

Co = T (2.55)

1
D(p)KET = 5 ’NKkg

Wl =

2.4.2. Contribution of the lattice

17 Using Eqn. 2.54, the expression for the internal energy of phonons, surdnoeer all

polarisations p: x Z

~
U= ——D(!)d! (2.56)
o PP 1

®From reference [24]
"From references [25] and [29]
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2. Theoretical aspects

With Eqn. 2.52 we get an expression for the speci®c heat:
2
Z ~! ~!
X —=  eXpi—=
C:V;Iatt = kB D(! ) aal kBTZd! (2.57)
p expor 1

Now we still need a model foD(! ).

Einstein model

The Einstein model uses a phonon density of states according to:
D(!)=N (! 1y (2.58)

with Eqn. 2.57 the speci®c heat ends up in

2
N expl
kg T kg T
Cvijat =3kgN : | ’ > (2.59)
exp+ 1

Debye model

In this model the phonon density of states increases liké until the the so called Debye-
frequency and is zero above this Debye frequency. Similay_ to the Felenel, the cut-o
is chosen such that the total number of states is 3N3N = (;D D()d!.

3VIZ ON!?2

D(!)= > 2@ - 3 (2.60)
Eqgn. 2.60 assumes a linear dispersions relation with c, the speed of soundtia@®olume

L®=V. The integral runs from! =0 to! =!p.

2

Z ~! ~!
ON “'o g7 EXPigT

Cviat = 55 ? "1 2d! (2.61)

"b 0 expr 1
Later Cy is used, normed per mol, so the equation we use for ®tting and extragtihe
Debye temperature is the following:

Z
T 3% x4ex
Cviat = 9RN —D . W (2.62)
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2.5. Thermal expansion

with n the number of atoms per formula unit andR = kg Na, R gas constant,kg Boltz-
mann constant andN, the Avogadro constant. For low temperatures  is substituted

with 1 and we get the famousT* Debye law, with 22 = -

12 4 T 3
Cviat = = Rn — = T3 (2.63)

while for high temperatures we end up in the classical law from Dulongtiiee Cy = 3R.
The Debye Model only cares about the acoustic branches (linear dispersioelation
approximation) where all three branches are replaced by one intedmée. For lattices
with a base of more than one atom there are three acoustic and 3p-3 opti@abches. A
model for D(! ) is then:

g2 R3 !
D()=N T3+ (¢ (&) (2.64)

D i=1

2.5. Thermal expansion

8 Thermal expansion is described by the relative length change of the plcoming
from the change of particle displacement with the temperature.

i, hxir,

=I(To) = =T

(2.65)

Thermal expansion is a phenomenon that can be described with the help miamonic
contributions to the internal energy of phonons. The potential, before deribed with a
quadratic term of the particle displacement (harmonic oscillator) is nownded by ax®

and x* term. Physically, the ®rst term should describe the asymmetry of régive forces
between the ions and the second term describes a weakening of the pboé& for large
Amplitudes.

2.5.1. Model debye einstein approach

19 Eqgn. 2.66 is the potential energy (including anharmonic terms) with resg to the

particle displacement x.

3

Ux)=cx* gx* fx* (2.66)

8From references [30], [24], [31] and [32]
19From references [31] and [24]
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2. Theoretical aspects

In order to calculate the average lattice displacement depending @miperature, we use
the Boltzmann distribution:

Rl
U (x)
i, = Ry P (2.67)
. exp Y

Solving this equation, neglecting terms highdr® Eqn. 2.68 is gained, withG = %’2—2 §—§
andF = 3 15¢%f 32
16 4 c® ct

hxiT:%(kBT)[l G(ksT) F(ksT)?] (2.68)

For some reason the thermal enerd§g T is now expressed with the internal energy of the
lattice (including Debye and Einstein modes). Furthermore B part is added in order
to consider the in uence of free electrons.

39

i, = yr G2 F?3 (2.69)

with  the internal energy of the phonons:

( )
S L T P s P 3 K
- p ® D 0 expr 1 p exp T 1

(2.70)

2.5.2. Greneisen-parameter

20 Thermodynamic assumptions lead to the Gr neisen- parameter. The coeient of
thermal expansion is de®ned as the degree of expansion divided by thegein tem-
perature. Using the de®nition of the bulk moduluB = V % +» we obtain in
dependence of the pressure.

1 @V 1 @P 1 @l
= == == = = - — 2.71
v @T, 3B @T, | @T, ( )
Now we express the pressure in terms of the internal energy:
@U
oV . (2.72)

20From reference [32]
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2.5. Thermal expansion

The internal energy in Eqn. 2.54 can now be used to expressin terms of
energy/frequency. Considering Egn. 2.5Z7, is also expressed by the internal energy.
Eqn. 2.73 and 2.74 shall point out the similarity of these two measurable values

_1X e, @,

- ﬁ . @V! ks@-lt (! kS1T) (2'73)
X =

cv=" 2T @79

ks
Using the Bose Einstein distributioti(! s; T) = exp—lksl and considering each mode Kk,

s separately, the Grueneisen- parameter is microscopic de®ned as

i@l(s _ @In(! ks))

= = 2.75
“% Toev  @nv) 27
and connected with the macroscopic world by Eqn. 2.76 and 2.77.
P
— ES ks CV ks (2.76)
ks CV ks
Cv
= 2.77
5 (2.77)
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3. Experimental design

Two sample seriesl(aPt,Ge;, xSb, x=0,1, 2, 3,4,5,5.1, 6, 7andBaPt ) IryGep,
x =1, 2, 3, 4) were produced and analyzed with respect to physical and heal pro-
perties.

3.1. Sample preparation

Samples with a mass of 1-1.5 g were prepared by arc melting of the pure eleta in argon
atmosphere and annealing afterwards. The loose of weight of La and Ba wasrected
by using 2 weight % more La/Ba. The standard annealing temperatureass 800 C for
10 days, but there were also made experiments at 780and 900C in order to improve
the solubility. Samples were sealed in quarz tubes for annealing andhghed afterwards
in water. As the LaPt,Ge;, «Sh, series samples were very brittle, one ball milled and
hot pressed sample was produced with the nominal compositicaiPt,GegShy. This was
done by three arc melted samples ball milled in a Vario Planetenm hle, Ruisette 4
(ball milling in argon athmosphere). Inside a glovebox the nanosized powdas ®lled
into a cylinder with a diameter of 10mm. A hot press HP W 200/250-2200-200-KS
(FCT Systeme GmbH) was used for hot pressing samples for 30min at 700For more
details see reference [33].

3.2. Structure analysis

L All samples were analyzed, in as cast condition as well as annealed, by X-osydpr
dilraction at room temperature using pulverized samples. Using monochroticaCuK 1
radiation ( = 0.154051 nm) and a Huber Guinier detection system imaging plate it is a
powerful tool to identify phases. Using pure silicon as internal stand@attice parameter
5.43095 A at RT) lattice parameters were calculated by least squares approstion

1From reference [30]
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3.3. Heat capacity

of elected peaks. Rietveld re®nement of the crystal structures wasde for all the
samples, using the program FullProf. All dense and not too brittle sampless (cast
condition/annealed) were embedded, polished and viewed in the electronroscope.
Energy dispersive X-ray analysis (EDX) was used to identify the phaseseoled in the
backscattered electrons (BSE) scanning picture. Combination of the EDXeasurement
and X-ray is used to identify the phases.

3.3. Heat capacity

2 Heat capacity was measured using a quasi adiabatic step heatinghtéque. The device
used is typical for the quasi adiabatic Nernst technique and desed in [35]. The used
samples had a weight 00:8 1:2 g and were measured from 2.6 to 300 K.

3.4. Thermal expansion

A miniature capacitance dilatometer was used to measure the thednexpansion. This
equipment is very well described in [36]. It is important to perform th@easurement
with a dense, plane sample.

3.5. Magnetic properties

Magnetic measurements were carried out by a SQUID-magnetomet&ryogenics Ma-
gnetometer S603) in a temperature range from 2-300 K. The sample masseseavabout

20 mg; shape does not matter, thats why it was a good technique to gain lagst some
information of the brittle samples. The measurements were performgda dc ®eld. Field
cooling and zero ®eld cooling method were used. Field cooling means that the ®eld is
applied above the transition temperature and while cooling down magnetiaatmeasu-
rement is done. Zero ®eld measurement is done by cooling down the samplieoutta
®eld, then apply a ®eld and measure while warming up.

2From references [34] and [35]
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3. Experimental design

3.6. Resistivity

The samples analyzed were bar- shaped, with a length of 7-9 mm, and a sediaross
section with a width of 1:3 mm. Low temperature measurements (4-300 K) were perfor-
med with a home-made standard four-terminal AC and DC measuring tedjue, using
four gold needles to perform the contact with the sample. The whole asselmis inser-
ted in a He4 bath. For further details see [23]. Measurements from roaiemperature
upwards were done by an ULVAC RIKO ZEM-3 equipment, which simultanslyualso
measures the Seebeck coe cient. More detailed description on this inginent can be
found in [30].

3.7. Seebeck coe cient

Below room temperature the thermopower was measured with a home- seadevice
which heats samples in AC mode. The tools main parts are two strain gaugleat
produces, because of the resistivity a very de®ned amount of heat, avalthermocouples
to measure the temperatures, as well as the voltage between thveotsides. The same
bar shaped samples from the resistivity measurements were usedrtler to have better
contacts with the thermocouple the sites where the contacts were goitg be ®xed with
silver conductive paste, has been sputtered with a layer of gold/palladium

3.8. Thermal conductivity

Thermal conductivity was measured for the one hot pressed sample taady state heat
“ow method in a ow cryostat. The sample used had a size of 1.6 x 1 x 8 mm. It
is thermally contacted on two sites (4.44 mm distance) with ®ne copper wireghich
are connected with thermocouples. A de®ned heat ow is provided by a strgauge
and a copper heat sink, that is connected to the helium ow heat exclgar. The
most challenging part of this measurement is to get a stable heat ow indhmoelectric
materials, which have a small thermal conductivity. The sample and itennections
are surrounded by three radiation shields. Still above 150K radiation lossegeh@ be
considered as an additional termr 3.
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3.9. Hall measurement

3.9. Hall measurement

Hall measurement was performed with a Physical Property Measuent System
(PPMS).

3.10. Errors

Generally the errors made are relativly small. A cursory error estiiatfor temperatures

below 20 K: 3% for the low temperature Seebeck measurement, 5% fdvet thermal

conductivity measurement, 1% for the low temperature resistivity rmsurement and less
than 1% for the heat capacity measurement.
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4. Results and analyses

4.1. Sample preparation and analyses

4.1.1. LaPt;Ge;, «Sb-system

Dieerent samples of the LaPt;Ge;, «Sh-system were produced, starting from a refe-
rence sample withoutSb until the end of the solubility. All samples were measured
with X-ray powder dieraction and analyzed in the electron microscope, makiegergy-
dispersive X-ray micro probe analysis of all diserent recognized phasesbl&aA.1 shows
a summary of this measurements. The X-ray powder dieraction patternzroved the
structure type LaFe4P1,, space grouplm3. The lattice parameter of the skutterudite
increases with the amount of solved Sb (®gure 4.6(b)). A linear ®t of this dadence
gives the equationy = 0:0558x + 86278 Fig. 4.1 shows a X-ray powder dieractogramm
of the reference sample and the sample wiih= 5:1Sbcontent. As the lattice parameter
is getting larger the peaks in Fig. 4.1 shift to the left. Furthermorehe relative height
of the peaks changes due to diserent electron densities of the subsatiéd atoms. The
end of the solubility was reached at about = 5:1 at 800 C, see Fig. 4.6(a), where
the ®lled circles are the lattice parameters and the un®lled circles are EHDX measured
Sb contents of the dieerent samples. The samples were partially veryitthe, see Fig.
A, so not all physical properties could be measured. Due to the annealmgcess quite
pure samples could be produced containing th@Pt,Ge;, ,Sh, skutterudite and small
impurities of Ge or LaPt,Ge,. In order to increase the solubility, annealing at a higher
Temperature (910 C) was tried, however without success. The Sb content solved was
about x =4:9. Fig. 4.5 shows a dieerential scanning calorimetry measurement, @yl
the melting point of the skutterudites around 942C. Fig. 4.4 shows the unit cell of the
sample with the nominal compositiohaPt,Ge;Shs, gained from the Rietveld re®nement
of the powder pattern, Fig. 4.2.
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4.1. Sample preparation and analyses

LaPtsGe:.

LaPt:GessSbhs1

10 30 50 70 90
2 theta

Figure 4.1..comparison of the powder diesractogramm of the Reference sample
LaPt,Ge;», and LaPt,Ge;.9Shs
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4. Results and analyses
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Figure 4.2.: Rietveld re®nement for the sample with nominal compositibaPt,;Ge;Shs
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Figure 4.3.: Rietveld re®nement for the sample with nominal compositibaPt,;Ge;,
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4.1. Sample preparation and analyses

Figure 4.4.: Unit cell the sample with nominal compositionaPt,Ge;Shs
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Figure 4.5.: DSC measurement for the sample with nominal compositibaPt,Ge;Sbs
to determine the melting point
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Figure 4.6.: Solubility of Sb in the skutteruditd_aPt,Ge;, «Sh,. The lattice parameter
increases with the amount of solved Sb.

4.1.2. Ball milled and hot pressed sample

One of the brittle samples (nom. comp.LaPt,GegShy) was prepared as ball milled and
hot pressed sample. Fig. A.7(a) shows the sample in as cast condition, A)7dfter
ball milling and hot pressing. It is nanostructured and Fig. A.1(g) showsat it is dense
and shiny. The density is8:4156gcm? (gained from measure the volume of the cylinder
and the weight), 8:6203gcm® (gained by Archimedes principle in water - pores partly
®lled with water) and9:4963gcm?® (calculated from the lattice parameter and molecular
weight).

4.1.3. BaPt(, y)lryGero-system

In chapter 2.2 several reasons are discussed why it there could beaathges in ther-
moelectric properties when substitutind®t with Ir in the skutterudite BaPt,Ge;, (for-
mally BaPty 4 IryGerp). A series of 4 samples was prepared with nominal compositions
BaPtsslrosGern, BaPtslr Gey,, BaPt,slri.sGe, and BaPt,lr,Ge,. The samples were
annealed for 10 days at 80@ and, as there was no solubility measured, later 10 days
with 700 C. All samples were analyzed with powder x-ray di raction and with EDX ana-
lysis in the electron microscope after arc melting and after every heatatment. Fig.
B.1 to B show pictures of these samples. In as cast condition as well &gm@aboth heat
treatments there are more than one phase in the material. Table Bt@ B.4 include a
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Figure 4.7.: Rietveld Re®nement for the sample nom. comBaPtsslrosGe,. Sugges-
tion is that the other phase (marked peaks) ar8alr,Pt, Ge; with a still
unknown structure type

list of all identi®ed phases and the calculated lattice parameters from X-@ata. The
as cast samples comprise an eutectic system, containi@g=PtGe,, that vanishes after
annealing. The big, white, long crystals have the chemical compositiBalryPt, ,,Ge;
with an up to date undetermined crystal structure. Fig. 4.7 showsRietveld re®nement
for the sample with nominal compositioBaPtsslrosGe;,. The main phase (matrix phase
in Fig. B.1 to B) is the skutterudite BaPt,Ge;, with no signi®cant Ir dissolved. The
circled peaks in Fig. 4.7 do not ®t to any of the phases with known cryssatucture
listed B.1 to B.4. So this peaks should be the result of thBalr,Pt, ,)Ge; crystals.
Within the series of samples thér amount was increased. This further Ir is found in
the increasing amount oflrGe, and in the Balr,Pt, ,Ge; crystals, where the solved
content of Ir increases with the added amount of Ir, see Fig. 4.8(a). The solved Ir in
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Figure 4.8.: Solubility of Ir in the two main phases.

the skutterudite is small, within measurement accuracy zero, for alletent heat treat-
ments see Fig. 4.8(b). Concluding, it can be noted that no measurable anmt of Ir
can be solved in this skutterudite, neither at 800nor at 700 C. A new compound was
found: BalryPt, ,Ge;, which does solve Ir. This compound will be subject to further
investigations, in order to determine its crystal structure.

4.2. Heat capacity

The temperature dependent speci®c heat was measured for 6 saspiéh di erent
amount of Sb. Fig. 4.9(a) shows the results of these measurements inenperature
range from 0-15 K. The samples with nominal compositidraPt,Ge;,, LaPt,;Gey1.75Shy 25
and LaPt,Ge;1.5Shy.s exhibit a jump inCp(T), indicating bulk superconductivity. Using
Eqgn. 2.55 and 2.63 the heat capacity can be accounted % = N+ nT2using just
the normal state part. Table 4.3 shows the results of these ®ts, alspcomparison to the
reference taken from [17]. and can be determined more accurately by suppressing
superconductivity applying a magnetic ®eld and using data only very clasedro for
®tting. Furthermore, for the superconducting samples the areaaie and below the ®t
(S= CTF’dT) should be equal, to get S =0 at T = 0, ful®lling th&™ law of thermodyna-
mics. So with this method one gets too low Sommerfeld values. Fig. 4.9(b) steonly
the superconducting samples with an entropy balanced ®t. For both ldraf ®ts, table
4.3 evidences the very clear tendency of the Sommerfeld parametdiaf is proportional
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4.2. Heat capacity

Table 4.1.: LaPt,Ge, «Sh, series with x= 0, 0.25, 0.5, 4, 5, Sommerfeld parameter

3
= 1 2D( )k}, from the Debye approximation = 2"nkg - and the

Debye temperature 5 = = 194

| Sbcont. x| [J=molK?] ¥ [J=molK*] 3| F[K]®| [J=molK?]*| [J=molK“]*| E[K]¥|

ot 0.05312 0.00378 206.1 0.0758 0.00346 212.2
0.25 0.0357 0.00347 212.2 0.0584 0.00327 216.1
0.5 0.0231 0.00315 219.0 0.0458 0.00275 229.1

4 0.0127 0.00146 282.9 - - -

5 0.0128 0.00146 282.9 - - -

! data copied from [17]

2 compared to [17] smaller value (0.0798=molK?]) because could be determined more accurate with a
magnetic ®eld suppressing superconductivity

3 using normal state data for the ®t

4 entropy balanced ®t

to the density (?f ' states at the Fermi level) decreasing with the amounof substituted
Sb. As p/ % the increase of the Debye temperature with the increased amount of
added Sb has to be explained by a stronger spring constant. Knowihg tmelting point
(which we assume to be taeiame as foLdPt,Ge;Sh; 944 C = 1217 K) one can use
the Lindemann rule p = Tﬁmg% (from reference [34]) to estimate how the Debye
temperature changes with the Sb content. Considering the volume (oled from X-Ray
data, the mass and the melting point) the evolution of the Debye tempdtae is not

explained.

4.2.1. Phonon density of states

The phonon part of the speci®c heat is given by Egn. 2.57. The phonon density ofesta
can now be considered with di erent models and parameters can beraxted for these
models from the speci®c heat. Table 4.2 shows the parameters calcudatath di erent

models for the two di erent sampled.aPt,;Ge;, «Sh, with x=0.5and 5. Fig. 4.2.1 shows
the two measurements, ®tted with the Debye Einstein Model, using diet numbers
of Einstein functions. For the ®tting process the user de®ned functione?section C.1
were employed. In Fig. 4.10(a), it can be seen that the simple Debye mbideby far not

sulcient to describe the curve. Fig. 4.4 shows the unit cell of the skterudites used.
It consists of 34 atoms, so there are three acoustic branches and 99 ogkibranches.
Using the Debye model only the acoustic branches are considered. UEimgtein modes
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Figure 4.9.:LaPt,Ge;, «Sh, series with x= 0, 0.25, 0.5, 3, 4, 5 values. Values for x =0

taken from reference [17].CT—P = N+ nT2 ®tfor low temperatures

36



4.2. Heat capacity

Table 4.2.: LaPt,Ge, «Sh, series with x= 0.5, 5 values of p ®tting the data from 3
to 100 K with a simple Debye model considering also di erent amounts of
di erent Einstein modes. Fitting models used, see appendix C.1

| model |Sbcont. x| o | P | e | e | e |Pl|p2|p3]
Debye 05 266.1| 1

Einstl. Debye ' 74.2 | 25| 220.2

Einst2. Debye 112.6 19| 289.9 | 143.1 10| 6

Einst3. Debye 104.4129|281.1|159.3|115.7|16| 3 | 6
Debye 280.7| 1

Einstl. Debye 5 77.3 | 28| 222.1

Einst2. Debye 129.5| 16 | 275.7 | 140.9 9 | 4

Einst3. Debye 1348 | 27| 2742|1740 1116 |17 | 2 | 6

to describe the optical modes, the Debye temperature decreasesghly by a factore o}

with 3 p the number of branches; compare to reference [6]. In table 4.2 it is abte that
the Debye Einstein model results in 3 Einstein modes with a weight of 17:3:6 whish
somehow comparable to the weight of the amount of the di erent atoms in threference
skutterudite LaPt,;Ge;, Ge:La:Pt = 12:1:4. Assuming that the ®rst Einstein mode comes
from the Ge atoms, the second from the lanthanum atoms and the third oneim the
platinum atoms, the Einstein frequencies should be higher for the lighbats and lower
for the heavy atoms. The molar masses of Ge, La and Pt are 73, 139 and 195 whbee
Einstein frequencies are: 281, 159 and 116 for the ®rst sample (with lower Sbteah
(x=0.5)) and 274, 174 and 112 for the second sample (x=5). So the success oisth
considerations is by, making an assumption that all the branches comingnf atoms
with the same weight have similar frequencies one can determine whiclsteiim mode is
connected to which atom. For these assumptions the reference compios was used,
including the true composition of the samples isaPt;Ge;, 4Sh, with x= 0.5, 5. The
Einstein frequency of the Ge atoms is for the ®rst sample 281 and for themat 274
which might be due to the further substituted heavier Sb atoms. Lookjrat table 4.2
one can observe the averaged Einstein modes splitting up more and mai@ch can be
done theoretical until 99 di erent modes. The second Einstein mode, that assumed
to come from the lanthanum atoms is assumed to rattle in the cage. The ga size is
increasing with the amount of antimony atoms, see Fig. 4.6(b). This is consiéérto
cause a lower binding and higher frequency, and therefore higheergy absorption, of
the rattling lanthanum atoms. The Einstein frequency of the lanthanumams ( g») is
bigger for a higher amount of antimony, see table 4.2.
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Figure 4.10.: Debye Einstein model ®t of the two sampléaPt,Ge;, «Sb, with x= 0.5,
5, using 0, 1, 2 and 3 di erent Einstein frequencies. Fitting models used,
see appendix C.1
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Figure 4.11.: determination ofT ¢ and % out of the heat capacity measurements

4.2.2. Superconductivity

In Fig. 4.9(a) it can be seen, that three of the measured samples awgerconducting at
low temperatures, Fig. 4.9(b) also illustrates an entropy balanced ®t these supercon-
ducting samples, gaining (electronic contribution at low temperatures) and (phonon
contribution at low temperatures), listed in 4.3. The superconducting jumgets less
sharp with increasing antimony amount because of the increased stuwal disorder from
the substituted atoms. T decreases rapidly, according to BCS theory, due to a lower
density of states at the Fermi level. BCS theory predicts a relativemp of the speci®c
heat at T¢ of 1.43, see Eqn. 2.7. Table 4.3 contains the values dfc and <& with

Tc
Tc

Cn which were gained from Fig. 4.2.2; these are close to the BCS theory value
of 1.43 and get smaller with increasing antimony amount, which would indicatevaaker
coupling of the Cooper pairs. Now again using BCS theory to gain the enegpp o
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Figure 4.12.: ,=kg T¢c determined by ®tting Eqn. 2.6 for the samples with nominal com-
position LaPt,;Ge;, (Cp=T data taken from [17]) andLaPt;Ge;;.75Shy.25.
Ces gained by subtracting the phonon part

and (=kgTc, see Egn. 2.6. (=kgT¢ BCS theory is 1.76. Fig. 4.12 shows a ®t of
Eqn. 2.6 and results in values slightly higher than BCS theory predictge table 4.3.
The electronic speci®c heat is gained by subtracting the phonon speci®¢ (dse®ned by

in table 4.3). This higher values would indicate a higher coupling which is in costra
to the values of ch_ The energy gap, established by the Cooper pairs, is decreasing
from the reference samplé.aPt,Ge;, with 1.33 meV (15.5 K) to 1.08 meV (12.6 K) for
the sampleLaPt,Ge;;.75Shy25. Eqn. 2.3 shows the exponential connection between this
energy gap and the electronic density of states at the Fermi lev®l (Er)). Using this

equation a smaller gap means a smallBi(Er), so N(Eg) decreases with increasing Sb

content.

4.3. Magnetic properties

Figure 4.13 illustrates the temperature dependent magnetic low ®eld (13) suscep-
tibility of the three superconducting samples.T. is, as already measured in section
4.2.2, strongly decreasing with increasing amount of antimony. The onsets fbe three
samples are, as shown in Fig. 4.3, are 7.9 K, 6.8 K and 4.8 K determined wilie
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4.3. Magnetic properties

Table 4.3.: LaPt,Ge;, «Shy series with x=0, 0.25, 0.5 are superconducting; valuesTf,

Sommerfeld parameter = % ’D( g)k3, ?—C"and CTg’ determined from Fig.
4.2.2, o=kgTcand g determined using BCS theory‘:TLi = 8:5exp( %
Sb cont. x‘ Te [K] ‘ - ‘ ‘ &2 ‘ o=k Tc ‘ o [meV] ‘
0t 8.27 | 0.115| 0.0758| 1.52 1.87 1.33
0.25 6.46 | 0.083 | 0.0584 | 1.42 1.95 1.08
0.5 5.20 | 0.051 | 0.0458| 1.11 - -

! data copied from [17]

lowest ®eld of the zero ®eld cooling measurements. With increasing ®elds thisdvier
state is reached at lower temperatures; for the sampleaPt,Ge;;.5Shys its outside the
measured temperature range. In theory the susceptibility of the the Meissner state
is -1. Looking at ®gure 4.13 the reference samplaPt,Ge;, is reaching the Meissner
state within the measured temperature range (is not increasing any more). As it is
measured as a mass susceptibility in CGS units it has to be multiplieddbyand by the
density. For this sample only the density calculated out of the lattice @amneter and the
composition of the compound is available and gives a value of §2m?*. Furthermore
a demagnetization factor has to be considered; considering the demetggation factor
of a sphere H; = gHa) the susceptibility at 2.7 K of the reference sampleaPt;Ge;»
in zero ®eld cooling, low ®eld measurement is -1.0. So the rough assumptions, made
especially for sample shape and density, seem not too bad. The susbdjtes, gained
from ®eld cooling measurements, also called Meissner ux expulsion measemgnare
(below T¢) a factor 10 lower, than the ZFC measurement. This big di erence isnown
to be caused by strong pinning e ects. This result, as well as the timegendent sus-
ceptibilities are very similar to the results of Gumeniuk et. al. [17]. Figurel8.presents
the dependence of the magnetization on the applied ®eld at 3 K. Inside theiddner
state this dependence is linear. At higher magnetic ®elds the lineardyedr changes into
a nonlinear one. The value of the magnetic ®eld where this nonlinear behawantss
which means that there is not any longer full ux expulsion, but magnetic l®starts to
enter the sample, is calledd.; and is at about 160, 100 and 50 G (Oe) fot.aPt,Ge;o,
LaPt,Ge;1.75Shy.o5 and LaPt,Gey1.5Shy:s.
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Figure 4.13.: Temperature dependent magnetic susceptibility for tlileree superconduc-
ting samplesLaPt,Ge;,, LaPt;Ge;1.75Shy.o5 and LaPt,Ge;15Shys in CGS
units for zero ®eld cooling and ®eld cooling, measured with a ®eld of 100
G.
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43



4. Results and analyses

o}
© g o 8
e LaPtGe,,
4 © LaPt4Ge11.75Sb0‘75
v LaPt,Ge,, Sh,. .
1 1 1 1 1 [ ]
000 001 002 003 004 0.05 o0.06

HoH (T)

Figure 4.15.: Magnetization in dependence of the applied ®eld at 3K

4.4. Thermal expansion

The temperature dependent thermal expansion was measured usihg hot pressed
sample (which was the only sample being dense and compact enough) whh rominal
composition LaPt,GegShy. Fig. 4.4 shows the thermal expansion coe cient (4.16(b))
and the change in length per unit of the original length. The data above 2BCare assu-
med to have some error in the measurement because the thermagbansion coe cient
is supposed to increase. Using the data until 200 K three ®ts are madging a Debye
and a Debye Einstein model for the internal energy in Egn. 2.69 (Fig. 4.1H(@aThe
Debye Temperature observed is in fair agreement to the values gdiradove from heat
capacity measurements (280 K). As there is a quadratic and a cubicrtein Egn. 2.69
the dependence of the Debye/Einstein temperatures is quite hiddeihus it is possible
to observe even quite dilerent results.

4.4.1. Greneisen- parameter

Fig. 4.17 shows the temperature dependent Gr'neisen parameteajrged by dividing the
thermal expansion coe cient by Cp and multiplying by the bulk modulu$, see Eqgn.
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Figure 4.16.: thermal expansion coe cient and thermal expansionl% with a ®t after
Mukherjee [31] using dilerent models for the internal energy

2.77. The bulk modulus is supposed to be a constant value of the orded6DGPg which

is a common assumption for metallic samples. is around 2 and strongly increasing near
zero. This happens because (see 4.17 inset)increases close to zero, whil€p keeps
on decreasing. The increasing values ofclose to zero are assumed being measurement
errors because is supposed to end up with zero at zero K.

4.5. Thermoelectric properties

4.5.1. Resistivity

With most of the samples a resistivity measurement could be done, althowggime of the
samples were quite brittle and contained holes, see appendix A. In otdemeasure the
speci®c electrical resistance the cross section to length ratio has ®® deetermined and
multiplied with the measured resistance. This ratio can of course strondlg in uenced
by the bubbles, holes and cracks. Considering that these do not chanigiring the mea-
surement this in uence is some constant value. An indicator for the qugliof a sample
is the residual resistance ratio (the ratio between the resistivity @om temperature and
the resistivity just above the transition temperature 3gox= o, See table 4.4). Compared
to Schnelle [17] where 3 is 6 cm and RRR is 33 forLaPt;Ge;, the present sample
quality has to be assumed to be worse. Fig. 4.18 shows the temperatadependent re-
sistance of all samples measured from 4 to 800 K. Fig. 4.19 presents in mdegail the
superconducting jump in resistivity. Table 4.4 contains th€c values, measured at half
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Figure 4.17.: Greneisen-Parameter of the sample with nominal composition
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Figure 4.19.: temperature dependent resistivity measurement of theiperconducting
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samplesLaPt;Ge;, «Sh, with x= 0, 0.25, 0.5

height of the jump. The resistivity for the reference sample in the seqgonducting state
is very high. As already observed from heat capacity measuremeee(§ig. 4.9(b)) the
transition to superconductivity is getting less sharp with increasing aomt of antimony
due to structural disorder. The measurement of the referencersple LaPt;Ge;, in Fig.

4.9(b) is shifted because of an error of the measuring bridge.

Bad metals/semiconductors - two band model

Fig. 2.5 shows the density of states oLaPt;Ge;, and LaPt,Ge;Shs, the starting and
endpoint of the sample series. It can be seen that with further suitstion of Sb the Fermi
energy moves towards the band gap, because of the extra electroovided by antimony.
So LaPt,Gey, is expected to be metallic and.aPt;Ge;Sbs to be a semiconductor. As
obvious in Fig. 4.18LaPt;Ge;Sbs shows still a metallic behavior, but the resistivity
increases signi®cantly and at high temperature the slope of the tengtere dependent
resistivity is not linear any more (as expected for a metal with the Blo€br neisen law,
Fig. 4.20 shows the deviation from a simple metallic behavior.
can be observed, that the higher the Sb content, the stronger theuwature of the

see Egn. 2.36).
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4.5. Thermoelectric properties

Table 4.4.: LaPt,Ge, «Sh, series with x= 0, 0.25, 0.5, 4, 5, 5.1, resistance values just
above T¢, at room temperature and the ratio 3g0= o; critical temperature

Tc

| Sbcont. x| o[ cm] | s00[ cm] | 300= 0 | Tc |

0 37.7 238.5 6 7.7
0.25 29.4 124.4 4 5.6
0.5 39.8 137.4 4 4.3

4 202.3 287.3 1 -

5 267.8 470.0 2 -

5.1 377.5 598.0 2 -

temperature dependent resistivity. The two band model tries to ehoy the in uence of
the semi- conducting behavior by scaling the temperature depentessistivity with the
temperature dependent number of free charge carriers (compéaoereference [34]). The
number of electrons / holes is de®ned by

Zl
n(T)=  N(E)f (E;T)dE (4.1)
Z e,
ne(T) = N(E)1 f(E;T))dE (4.2)

1
Fig. 4.21, taken from [21], shows a simpli®ed density of states (using a twadanodel)

of a poor metallic p-type conductor. According to Fig. 4.21 N(E) is de®ned asofnpare
to reference [23]): 8

% N E<O
N O<E<E;
N(E) = (4.3)
% 0 E;<E<E,
"N E>E,
f (E;T) is the Fermi-Dirac distribution:
f(E;T)= ! (4.4)
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Figure 4.20.: temperature dependent resistivity measurement
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parameters
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4.5. Thermoelectric properties

Table 4.5.: LaPt,Ge;, Sb, series with x= 4, 5, 5.1; results of the two-band-®t
| Sbcont. x| o[ cm] |R[ ecm =K] | p [K] | E1[K] | Eg[K] | keN [K ]| no |

5.1 378.9 117.2 151 |6 10°| 4528 0.003 0.7
5 267.9 84.2 118 0.02 1272 0.0005 | 1.0
4 202.7 66.0 197 102 806 0.001 3.0

The equations for the number of holes/electrons can be solved for this simmlase
(E2 = E1 + Ey); all energies in K:

. L
no(T)= Nkg Eg Tin = S-*L (4.5)
2+ 41
no(T) = NkgIn(2)T (4.6)
q_ -
n(T) = ny(T)np(T) + No (4.7)

With this charge carrier density the resistivity can now be scaledy, is the resistivity
caused from electron-phonon interactions and described by the Bloch-Giigen equation,
Eqgn. 2.36.

_ No( o+ ph)

n(T)

Table 4.5 shows the results of the two band ®t. The energy g&j can be compared
with the energy gap from the DOS calculations, see Fig. 2.5, which is aboub(V
or 6000K. This is in the same of order magnitude than the energy gaps ®ttedhwthe
2-band model. It has to be considered that, the farer away the energgp from the
Fermi level, the smaller is the in uence of the energy gap size to the ®t ¢hase of the

(4.8)

distribution function, that gets small aboveEg very fast). The Fermi level is shifted with
increasing Sb content more and more towards the energy gap edgegE; in table 4.5.

The Debye temperatures are of the same order of magnitude, but not anvery good
consensus with the data gained from heat capacity measurements 4.3.

Metallic/superconducting samples - Woodard and Cody model

For the superconducting samplesaPt,;Ge;, Sh, with x= 0, 0.25, 0.5 neither the Bloch-
Gr neisen nor the 2-Band model describes the temperature dependegsistivity in a
satisfying way. The Woodard and Cody model is an empirical model that is dider

51



4. Results and analyses
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Figure 4.22.: temperature dependent electrical resistivity of the sptasLaPt;Ge;, 4Shy
with x= 0, 0.25, 0.5; Woodard and Cody ®t

Table 4.6.: LaPt,Ge, «Sh series with x= 0, 0.25, 0.5; results of Woodard and Cody ®t
| Sbcont. x| o[ ecm] | 1[ em=K] | 2[ cm] | To [K] |

0 37.1 0.22 204.3 1141
0.25 28.7 0.12 90.7 120.4
0.5 39.4 0.13 91.0 125.5

many superconducting materials.
= ot 1T+ zeX[X TO:T) (49)

Woodard and Cody expects the anomalous resistivity to be caused by wraig, not

by a changing number of charge carriers (from reference [37]). Sceth might be some
connection between the electron phonon interaction that causes the riwation of Cooper
pairs at very low temperatures, and the electron phonon interactiorahcauses the strong
curvature of the temperature dependent resistivity (from refemee [6]). Fig. 4.22 shows
the ®ts and table 4.6 a summary of the ®tting parameters.
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4.5. Thermoelectric properties
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Figure 4.23.: Seebeck measurement

45.2. Seebeck coeecient

Fig. 4.23 shows results of the Seebeck measurements performed. Toe cients are

positive, which assumes mainly hole conduction. As expected, S increasils the

decreasing of free electrons at the Fermi level, see Egn. 2.11. Eqn. 2.11 omdygsiders
free electrons. Electron phonon interactions can cause a so called phonaagdrThis
means that electrons a more likely scattered by phonons in the directidretelectrons
are already moving because of the temperature gradient. This might thee reason for
the negative Seebeck coe cient at low temperatures of the referee sample with the
nominal compositionLaPt,Ge;,. Phonon drag occurs below 16 K.

4.5.3. Thermal conductivity and ®gure of merit

Thermal conductivity was measured for the.aPt,GegSh, ball milled and hot pressed
sample. Fig. 4.24 shows the result of this measurement as well as foe ®t, that
consists of three parts: ¢, calculated from the resistivity measurement by Wiedemann
Franz law (see Eqn. 2.10), ,» modeled by the Callaway model 2.42 and the radiation
losses T3. The parameters of the Callaway ®t (considering also radiation losses) are
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4. Results and analyses

Table 4.7.: Fit Parameters of the thermal conductivity with a Callaway ®tonsidering
radiation losses, of the ball milled and hot pressed sampkPt,GegShy

#A0 scattering process paramete[%s] 5991
#A1 Umklapp process parametefr=] 85
#A2 boundaries scattering paramete[r%] 4:1 109
#A3 | phonon- electron scattering paramete[K—ls] 14 1@
#A4 Debye Temperature p [K] 263
#A5 | parameter for correction of radiation losses 1:7 10 ’

10
— |, Wiedemann Franz /A
gl Radiation loss aur
______ |, Callaway /
rd
——— [ ph+| o N
7
6 F ———- sumall e

| (W/mK)

Figure 4.24.: thermal conductivity of the hot pressed sample with a nominadmposi-
tion of LaPt,GesShy. ¢ electronic part, calculated from the resistivity
measurement, ., ®tted with the Callaway model, radiation losses.
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4.6. Hall measurement
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Figure 4.25.: ZT of the hot pressed sample with a nominal composition b&Pt,GegShy

summarized in table 4.7. The thermal conductivity is with around 10 W/mK at RT
lower than for typical metals, like Silver with 430 W/mK at RT but still highetthan with
most good thermoelectric materials ( 1 W/mK).

The ®gure of merit (ZT) is calculated using electrical conductivity, thernrhaonductivity
and Seebeck coe cient for the ball milled and hot pressed samplaPt,GegSh, according
to Eqn. 2.8. Fig. 4.25 shows the temperature dependent result. The ZT & 10 3
at 300K, which is quite small. ZT values of 1 are considered good. Still it has to
be considered that this sample was not the one with the best expectdetmoelectric
properties, this would be the sample with the nominal compositidraPt,Ges.oShs; at
the end of the solubility of Sb.

4.6. Hall measurement

Figure 4.26 shows the charge carrier density calculated from a Hall m@@ment. The
measurements have quite di'lerent qualitiesLaPt;GegShy has a higher charge carrier
density thanLaPt,Ge;Sbs (at 300 K 9 10 and9 10%9), for both holes are the main
charge carriers. This is in accordance to the Seebeck measuremsersee Fig. 4.23

55



4. Results and analyses
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Figure 4.26.: charge carrier concentration calculated from Hall measorent for the
samples hot pressetlaPt,Ge;Sh, and LaPt,Ge;Sbs

assuming similar e ective masses. Using Eqn. 2.11 the temperature degent e ective

mass can be calculated using the data from Seebeck measurement Big@3 and charge
carrier density Fig. 4.26. Fig 4.27 presents the result.
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4.6. Hall measurement
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Figure 4.27.:esective mass, calculated from charge carrier concentration and ®aek
measurement for the samples: hot presse@dPt,GegShy and LaPt,Ge;Sbs
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5. Conclusion

It was possible to produce a sample series of germanium based skutiées with a
composition ofLaPt,;Ge;, «Sh,. The solubility of antimony in theLaPt,Ge;, compound
terminates atx =5 0:1. The solubility could not be increased by using another annealing
temperature. The melting point forLaPt,Ge;Sh; is 942 C.

Previous assumptions concerning Zintl phase chemistry and density tates calcula-
tions announced p-type conducting samples. The Fermi level laiPt,Gey, is below a
energy gap of about 0.5 eV, see Fig. 2.5. Using antimony atoms instead of garmum
atoms the additional electrons shift the Fermi level towards the emggrgap. Temperature
dependent resistivity measurements were ®tted with the so calledahth model which is
a model for temperature dependent resistivity of materials with a ferlevel near a band
gap. Fig. 4.20 and table 4.5 show the results of these ®ts which con®rm thevpus
assumptions of the Fermi level moving towards the band gap with suhgtng antimony
for germanium. The gap is not entirely reached because of the end of gaubility.

Seebeck e ect increases from 3 V=K for x = 0 to 43 V=K for x = 5 at room
temperature because of the decreasing charge carrier densigg$ig. 4.23). For charge
carrier density gained from Hall measurement, see Fig. 4.26.

The reference sampld.aPt,Ge;; as well as the two samples with antimony content
x = 0:25 and x = 0:5 are superconducting. All three superconducting samples match
the BCS theory according to heat capacity measurements, see Fgl2. The transition
temperatures decrease strongly for increasing antimony content = 0;T. = 8:27,
x=0:25T.,=6:46andx = 0:5; T, = 5:20. The superconducting samples are type Il
superconductors with a strong pinning e ect, see susceptibility measment Fig. 4.3.

For the hot pressed and ball milled sample with the nominal compositicePt,Ge;Shy
thermal conductivity could be measured and therefore a ZT value denined. The ZT
value is less thar2 10 2 at room temperature which is quite low. Still one has to
consider that this sample is not the optimal sample, considering chargeriga density
and Seebeck e ect.

Lattice properties were studied employing temperature dependdrgat capacity and
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thermal expansion measurement. Temperature dependent heapacity as well as ther-
mal expansion are described with models using the internal energyictvhincludes the
phonon density of states. Combinations of Debye and Einstein models for thieopon

density of states were used to describe the temperature dependemeasurements, see
Fig. 4.2.1.
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A. Appendix - pictures -tables
LaPtGeShb
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Table A.1.: EDX and X-ray phase analysis data of the sample selieft,Ge;, «Shy
nom. composition phase lattice parameter EDX (at%)
' La Pt Ge Sb
| as cast |
LaPt,Gep» LaPt,Gep» 8.6320 5.7 23.6 70.8 0.0
LaPt,Ge;1Sb LaPt,Ge;1Sb 8.6996 6.2 22.1 63.3 8.45
LaPt,Ge;oSh, LaPt,Ge;oSh, 8.7588 6.1 23.4 56.7 13.9
LaPt,GeyShs LaPt,GeyShs 8.7988 6.0 23.7 52.7 17.7
LaPt,GeSh, LaPt,GesSh, 8.8430 5.8 23.3 483 225
LaPt,Ge;Sh; LaPt,Ge;Shs 8.8943 5.6 23.3 429 28.2
LaPt,GesShy LaPt,Ge;Sbs 8.8936 5.7 23.4 427 28.2
LaPt,GesSh, LaPt,Ge;Shs 8.8982 5.9 232 427 28.2
LaPt,Ge;Sh; LaPt,Ge;Sh; 8.9041 5.7 234 41.7 29.2
LaPt,Ge;Sh; LaPt,Ge;Sh; 8.9007 5.6 234 425 28.6
LaPt4Ge11;758tb;25 LaPt4Ge]_1;75Stb;25 8.6529 6.2 235 683 2.0
LaPt4Ge]_158tb5 LaPt4Ge1158tb5 8.6729 6.1 23.7 669 34
\ 800 C 10d \
LaPt,Gep» LaPt,Gep» 8.6254 6.4 234 70.2 0.0
LaPt,Ge;1Sb LaPt,Ge;1Sb 8.6888 - - - -
LaPt,Ge;oSh, LaPt,Ge;oSh, 8.7586 - - - -
LaPt,GeyShs LaPt,GeyShs 8.7998 6.2 234 526 17.9
LaPt,GeSh, LaPt,GegSh, 8.8529 - - - -
LaPt,Ge;Shy LaPt,Ge;Shy 8.9075 5.7 23.3 418 29.1
LaPt,Ge;Shy LaPt,Ge;Shy 8.9092 6.4 23.6 41.0 29.0
LaPt,GesSh, LaPt,Ge;Sbs 8.9092 5.7 234 42.3 28.6
LaPt,Ge;Sh; LaPt,Ge;Shs 8.9084 5.8 23.3 41.1 299
LaPt,Ge;Sh; LaPt,Ge;Sh; 8.9089 5.6 235 409 299
LaPt4Gell;75Stb;25 LaPt4Gell;75Slib;25 8.6412 6.1 234 69.1 1.5
LaPt4G61158b)5 Lapt4Ge]_158tb5 8.6589 6.0 23.7 67.2 3.0
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A. Appendix - pictures -tables LaPtGeSb

(b) LaPt 4Ge11:75Sho:25 (C) LaPt,Ge;1:5Shy:5 (d) LaPt,Ge;1Shy

(e) LaPt4GeioSh, (f) LaPt4;GeySbs  (g) LaPt;GegShy (h) LaPt;Ge;Shs
(hot pressed)

i
- & $
e Al

Figure A.1.: images of the sample seridsaPt;Ge;, «Sh, after annealing for 10 days
at 800 C. Some of the samples are very brittle, even to brittle to cut and
measure properties like resistivity, ...

wniversitat o ; 4 2 wniversitat
wien " me 144 wien

(a) as cast condition (b) annealed 800C

Figure A.2.: SE/BSE images of the reference sample with the nominal compasit
LaPt,Ge;» with di erent heat treatment
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(a) as cast condition (b) annealed 800C

Figure A.3.: BSE images of the sample with the nominal compositibaPt,Ge;1.75Shy. o5
with di erent heat treatment

(a) as cast condition (b) annealed 800C

Figure A.4.: BSE images of the sample with the nominal composititvaPt,Ge;1.5Shy:s
with di erent heat treatment
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