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1 Abstract

Thermoelectric materials have attracted much interest in recent years
for their ability to convert a thermal gradient into an electric current,
thereby acting as an electric power generator. Full and half Heusler
compounds have attracted special interest in the growing field of ther-
moelectricity for several members with a high thermoelectric perfor-
mance. One Heusler compound in particular Feo VAl was under in-
vestigation for its high power Factor PF' and its high thermoelectric
figure of merit Z7'. [1]

Recently the element doped thin film FeoVisW2Al broke the world
record for the highest thermoelectric figure of merit, Z7T" of roughly 5
ever recorded. [2]

With the drastic change in climate due to the rise of greenhouse gases
in the atmosphere, environmentally friendly energy technologies are
becoming more important than ever. Thermoelectric materials offer a
low cost green energy solution for harvesting and recovering heat and
converting it into electricity. This is especially important to recycle
wasted heat in a variety of industries. [3]

Engineering new materials with a high thermoelectric figure of merit
Z'T is therefore an important goal in combating climate change. Inves-
tigating the microscopic electronic behavior aids the understanding of
the thermoelectric figure of merit Z7T" and thereby might lead to new
discoveries of improving it.

In this project thesis the dielectric response of the thermoelectric ma-
terials Feo VAL and Fea Vi sW( 2 Al were investigated with the usage of
Fourier-transformed infrared (FTIR) spectroscopy. This led to a bet-
ter understanding of the different contribution to to the thermoelectric
figure of merit ZT.
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2 THEORETICAL BACKGROUND

2 Theoretical background

2.1 Thermoelectric performance

Knowing the maximum efficiency 7,4, of a thermoelectric material as
an upper bound of its performance aids in identifying the underlying
processes in the material. It can be derived by looking at the thermo-
electric effects in a thermoelectric generator and counting the amount
of power which is introduced to the system Q;n and the amount of
power which comes out P, ., of the system.

n= P?,out (21>

Qin
A thermoelectric generator consists of a p-type and an n-type rod
connected by a metallic bridge. This intermetallic bridge has a tem-
perature of Ty. The p-type rod has a positive Seebeck coefficient while
the n-type rod has a negative one. Both ends of the rods are joined

together by a resistor Ry, which has a colder temperature T < T},
illustrated in in Figure 1.

Qin
Th

R. T

Pe,out

Figure 1: Schematic drawing of a thermoelement.
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2 THEORETICAL BACKGROUND

The Seebeck effect is commonly used to convert heat into electricity
and its coefficient is defined by the quotient of the measured voltage
AV over the applied temperature difference AT, seen in Equation 2.2.
The opposite conversion is achieved through the Peltier effect, which
converts electricity into heat. The Peltier coefficient II is defined as
the amount of the generated heat flux ) over the applied current I
and is related to the Seebeck coefficient, as is written in Equation 2.3.

AV
1= ? = ST (2.3)

The overall efficiency of the thermoelement is given by the ratio be-
tween the input heat rate Qm and the electrical power P, at the
resistor R;. While the electrical power dissipated in the resistor Rj,
is given by 2R, the input heat rate ();, consists of Peltier heat-
ing, conductive heat transfer and joule heating. The heat rate due
to the Peltier effect follows directly from Equation 2.3. Fourier’s law
describes the rate of heat transfer through the rods and is given by

Q = RAT, (2.4)
where x is the thermal conductivity. Finally, the amount of joule
heating in the thermoelement follows from Ohm’s law, where half of
it passes to the cold junction and the rest to the hot one.

The total efficiency of the thermoelement is given by

Pe,out IQRL
n=-——= e (2.5)
where S = |S,| 4+ |S,| is the added Seebeck coefficient, r = r, +r, is
the resistance of the rods and x = k,, + K, is the thermal conductivity

of the rods.

Using Equation 2.2 together with Ohm’s law the current I can be

written as [ = gLAﬁ. Inserting this into the efficiency 7 leads to

AT Gt D)

- rrm+l AT 1 7
T 1+ 52 Ty 2Ty m+1

(2.6)

U]

with m = Ry /r. The efficiency depends only on the temperature of
the cold and hot junction, the ratio Z = 5 and the quantity m.

RT
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2 THEORETICAL BACKGROUND

The maximum efficiency is found by setting the derivative of n with
respect to m equal to zero and solving it for m. This leads to the
final equation for the maximum efficiency of a thermoelement, where

Ty = Letle [4-6]
Mopt = V1 + ZTy (2.7)

AT T+ 2Ty —1
tmes =y, T+ ZTy + 5¢

(2.8)

Note that the maximum efficiency of a thermoelectric material is de-
termined by the dimensionless thermoelectric figure of merit, which
can be written as

ST
-

with p as the resistivity of the material. The thermal conductivity con-

ZT , (2.9)

sists of the electronic part plus the phononic part, hence k = Kk, + Kpp,.

In order to maximize ZT', the Seebeck coefficient S must be maxi-
mized while p and s are minimized. However, the physical properties
are not independent of each other, which makes it difficult to engineer
a good thermoelectric material. The phononic thermal conductivity
kpn is the only quantity, which can be changed freely without influ-
encing the others. [7]

2.2 Modeling the dielectric response

To model the electronic behavior in the material two models were
combined to the so called Drude-Lorentz model. The Drude model
describes the response of a free electron gas in a metal to an applied
electric field. Here the electrons in the conduction band collide with
the atomic lattice, which determines the resistivity of the material.
This collision is described by the introduction of the plasma scattering
time 7, which is the average time for an electron between two collisions.
The dielectric function follows the Equation

E(Ld) = _wg _ﬁiga (210)
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2 THEORETICAL BACKGROUND

where w is the frequency and w, is the plasma frequency, a material
constant. The plasma frequency w, is the natural resonant frequency
of the plasma. For w < w, materials behave like metals while above
wp they become transparent.

A quantitative description for optically active phonons is given by
the Lorentz model. In this model a carrier is trapped in a harmonic
potential and can be excited through an applied electric field. The re-
laxation is described by a damping force. The corresponding dielectric
function can be written as

A€iw;
E(W) - Cd2 - LL)QJ—]'L"}/'CU7 (211)
J J

where Ag; describes the amplitude of the phonon, w; is the resonance
frequency of the phonon and ; is the damping of the phonon.

This leads to the following Equation for the Drude-Lorentz model

2

W A€;w;

(W) = €s0 — 2p,w—|—z 5 2] .
o Wi — W — 1w

, (2.12)

which describes multiple phonons. The constant €., takes the response
of the tightly bound core electrons into account. To calculate the
reflectivity R(w) the following Equation

_[1=vew)
R(w)_‘l—l—\/@

(2.13)

is applied.
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3 METHOD

3 Method

3.1 Experimental setup

The measurements were carried out with a Bruker VERTEX 80v, a
Fourier-transform infrared (FTIR) spectrometer, which can be seen
in Figure 2. It consists of a vacuum chamber (evacuated to roughly
2 hPa), a light source, a beamsplitter, a polarizer and a detector.
The spectrometer operates under a vacuum to reduce the parasitic
absorption of HoO molecules in the air.

Samipll \paitment

Figure 2: Picture of Bruker VERTEX 80v

In order to measure the broadband response of the sample, different
light sources, beamsplitters, polarizers and detectors must be used.
This is due to the fact that the different optical elements are opti-
mized to work in different optical domains. An overview of the utilized
settings can be seen in Table 1.

setting | spectral range [cm™!] source beamsplitter |  detector
NIR 6000 - 15000 [cm™!] | tungsten lamp Caky silicon diode
MIR 600 - 6000 [cm™] glowbar KBr MCT
FIR 50 - 600 [cm™!] mercury lamp | Mylar 6 um | bolometer

Table 1: Settings used to measure the broadband response of the samples.
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3 METHOD

Figure 3 illustrates the beam path of the spectrometer. The elec-
tronics were controlled with the software OPUS from Bruker, which
also carried out the Fourier transformation of the recorded interfero-
grams. With OPUS the different light sources, beamsplitters (BMS),
apertures (APT) and other parameters could be selected and set.

VERTEX 80 beam path

Interferometer ]

|1
Electronics 4 V %
[ s b
] - 4 OPF,
(= =]

\\
\
1
l/‘-:\ll
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—1 1
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Il | @MIR
Detect 3 e
c:r:pa:l;nent ‘ Sources
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| D1 | I:’ D2 | * . ] |
= S C. ] i X | ours
. [.  Sample Position 1 Y
N ST L 4
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\/ | outs
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Figure 3: The beam path of Bruker VERTEX 80v from [8].

The mercury lamp, acting as a FIR source was the only source mounted
outside of the spectrometer and the radiation was directed into the
spectrometer through input IN 1. The bolometer detector was also
mounted outside the vacuum chamber and received its signal from
output OUT 2 after the radiation passed through the sample posi-
tion. Switching the samples, polarizers and detectors was carried out
by hand.

Since the spectra for the near-infrared (NIR), the mid-infrared (MIR)
and the far-infrared (FIR) regions are measured with different opti-
cal setups, each spectral band must be combined to give the overall
broadband response.
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3 METHOD

3.1.1 Michelson interferometer

In the spectrometer the radiation is emitted from the source, it then
travels through the aperture before reaching the Michelson interfer-
ometer. The basic Michelson interferometer consists of a light source,
a beamsplitter and two mirrors, which can be seen in Figure 4. A
beamsplitter divides the beam into two paths and a moving mirror in
one path creates a path difference & between them. This then creates
constructive and destructive interference in the intensity of the beam,
which is then diverted onto the sample surface. The reflected signal
from the sample surface is then picked up by the detector and recorded
as an interferogram.

If both mirrors are equidistant from the light source, then the two
beams are in phase with each other and interfere constructively. Con-
structive interference occurs if the path difference is a multiple integer
of the wavelength 6 = nA. Moving the mirror at constant velocity
gives a sinusoidal intensity at the detector. For a monochromatic light
source the interferogram 7(9) is given by Equation 3.1. Extending this
to a continuous light source yields Equation 3.2 for the intensity of the
interferogram 7(9). This describes the Fourier transformation of the
intensity of the source I(v), hence the name Fourier-transform spec-
trometer. Therefore the intensity spectrum () can be calculated
through a Fourier transformation of the recorded interferogram 7(9),
which can be seen in Equation 3.3. [9, 10]

1(8) = I(17)cos(271%0) (3.1)
1(6) = [ I(9)cos(2rv6)dv (3.2)
I(7) = [~ I(8)cos(2m00)ds (3.3)

Figure 4: The basics of an Michelson interferometer [11].
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3 METHOD

3.2 Reflectivity measurements at room temperature

In order to calculate the absolute reflectivity of a sample R(v), a gold
mirror is commonly used as a reference. The obtained intensity of the
sample is given by Equation 3.4, here R,(v) is the reflectivity of the
sample and Iy(v) is the intensity of the source. For the intensity of the
reference Equation 3.5 holds true, since the reference is chosen to have
a reflectivity R,.(v) of unity. Through the division of the spectrum of
the sample with the spectrum of the gold mirror the reflectivity of the
sample R(v) is obtained, seen in Equation 3.6.

I(v) = Rs(v)Io(v) :
I,(v) = R.(v)Iy(v) = Iy(v) (3.5)

R(v) = m —R.() (3.6)

To illustrate this process, the intensity spectra of the sample Feo Vi sWi 2 Al
in the NIR region can be seen in Figure 5.

—-— In_tensity in_the NIR d_omain

_Fez\fn_awu_zﬂl

=—Ag

0.1
El
9
0.05|
0 L L 1 1 1 L L ]
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
f[cm'1] «10*

Figure 5: The intensity spectrum of the sample FesVggW oAl and the gold mirror
in the NIR region.

Applying Equation 3.6 onto the measured intensities gives the corre-
sponding reflectivity spectrum of the sample Fes Vi sWg oAl in the NIR
region, seen in Figure 6.
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3 METHOD

Réflectivity of Fezvu.pwu,zm in. the NIR QOmain

0.69

0.68;
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0.65/
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flem™ x10*

Figure 6: The corresponding reflectivity spectrum of the sample FesVosWg oAl in
the NIR region.

Example of deviations betvyreen measurement

1000 1500 2000 2500 3000 3500 4000
flem™]

Figure 7: Illustration of the deviations between measurements of Fe, VAl in the MIR
region.

Deviations in the intensity spectrum occurred between single measure-
ments of the sample and the reference, when they were swapped out
due to unavoidable modulations in the optical alignment. The corre-
sponding deviations in the reflectivity spectrum of the sample can be
seen in Figure 7. In order to get repeatable measurements, multiple
measurements were recorded and then averaged.

In between those measurements, the sample and reference were swapped
out. Taking the sample or reference out of the holder and reinserting
them, causes a small deviation in the beam path of the optical system.
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3 METHOD

This leads to the observed deviations in the recorded spectra. There-
fore multiple measurements had been recorded and then averaged to
give a repeatable spectrum of the sample. This averaged reflectivity
of the sample Fe; VAl in the NIR domain can be seen in Figure 8.

Averaged reflectivity of FBZVAI in the MIR domain

0.68/
0.66
0.64
0.62

0.6 1 L] 1 L L ]
1000 1500 2000 2500 3000 3500 4000

flem™]

Figure 8: The corresponding averaged reflectivity spectrum of the sample Fe, VAT in
the MIR region.

Finally the individual spectra of each optical domain were combined
into the broadband spectra, displayed in Figure 9. Additionally, the
optical response of both materials were checked for anisotropy. This
was achieved by recording the reflectivity using polarized light with
different angles, which can be seen in Figure 10.

B_roadba_nd _rgﬂectivity_

09r

08|

0.7

0.6 i I —— " n i " i " i a1 4 i " " L 4 PR
102 103 10*

flem™

Figure 9: Broadband reflectivity of the two samples.
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4 ANALYSIS

It can be noted that the deviations in the reflectivity with different
polarization angles is in the order of 5%, indicating a mostly isotropic
material. The observed anisotropy might be a result of the inhomoge-
neous surface of the samples.

Reflectivity of Fe ,V_ _W__Al in the NIR domain

208 02

0.58' | | : | | |
0.9 1 1.1 1.2 1:3 1.4 1.5
f [cm'1] x10*
Figure 10: Reflectivity in the FIR region of the sample FeoVysWi oAl at different
polarization angles.

4 Analysis

The measured broadband reflectivity of FeoVAI and FeoVygWi oAl
show two distinct phonons at roughly 240 cm™! and 366 cm ™!, seen
in Figure 9. For the V/W substituted material (FeoVysWg2Al), the
phonons seem to be screened and have a broader half-width compared
to the nonsubstituted material. All in all the V/W substituted mate-
rial exhibits a higher reflectivity in general. Comparing the broadband
reflectivity of Feo VAL with the literature shows a relative good agree-
ment between them, which can be seen in Figure 11.

To analyze the broadband response quantitatively a Drude-Lorentz
model was utilized, following the Equation 4.1.

2

W A€;w;

(W) =€o— 55+ 55
ol Wi — w* — 1w

(4.1)
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4 ANALYSIS

The reflectivity data was fitted with a Drude term and 2 to 3 Lorentz
oscillators following the Equation

1— Je(w)|’
L+ y/e(w)

for the reflectivity. The corresponding fitting Parameters can be seen
in Table 2.

R(w) = (4.2)

Reflectivity of Fez\fAI compared to Literature
—Measured Data at RT
—Okamura, Hidekazu, et al. at 295K]|

0.9
0.85]
0.8
0.75+-
0.7
0.65

0.6
107

107! 10°
Photon Energy [eV]

Figure 11: Spectrum of FeoVAI compared to Okamura, Hidekazu, et al. "Pseudogap
formation in the intermetallic compounds (Fe;_,V,)3Al”. Physical review letters
84.16 (2000).

Fitting parameter | Fe; VAL 2 Oscillator | Feo, VWAL 2 Oscillator | Feo VAL 3 Oscillator | Fea VWAL 3 Oscillator
Aey 34.14 36.35 30.49 33.22
Aey 4.995 6.228 4.56 4.65
Aes - - 86.51 155.7
[ 104.7 99.26 1 1

7 [cm] 0.001826 0.0003 0.0035 0.00086
w; [em™? 240.7 242.4 236.1 241.8
wy [em™!] 366.1 364.7 363.1 365.5
ws [em™!] - - 2510 39060
wp [em ™! 5246 20430 3778 12330
7 Jem™Y 14.17 17.97 14.17 17.97
¥2 [em™1] 18.51 32.78 18.51 32.78
73 [em™] - - 4531 3.264 - 10°

April 29, 2021

Table 2: Fitting parameter from the model.
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4 ANALYSIS

Comparing the two materials with this model, it can be seen, that
FesVsWi oAl exhibits a stronger phonon damping v and a slightly
higher phonon amplitude Ae. Additionally the plasma frequency w,
is increased while the Drude scattering time 7 is decreased. Since the
phonon damping in FeoVogWy oAl is increased, the thermal phonon
conductivity kp, of the material should be decreased compared to
Feos VAL A decrease in the Drude scattering time 7 means, that the
conductivity o is also increased and by that the resistivity p decreased.
Both of those effects should also increase the thermoelectric figure of
merit ZT—S T'. The decreased resistivity p and thermal conductiv-
ity kpy for the V/W substituted material under 300 K was recently
shown. [12]

The high e, can be decreased and set to one with the inclusion of
a third Lorentz oscillator. This is due to complicated electronic tran-
sitions in the region beginning at 1000 cm™!. In Figure 12 the 2 and 3
oscillators fit is illustrated together with the measured data. Includ-
ing interband transitions in the model improves the fit in the higher
frequency region but neglects the dip near 1000 cm~!. This shows the
weakness of the currently applied model with 2 or 3 Lorentz oscilla-
tors. Therefore the model needs to be improved for these emerging
interband transitions. [13, 14]

[— Fe,VAL 2 Oscillators|
0.957¢ —FeZVAL 3 Oscillators||
._..FeZVAL Data

0.9

0.85

0.75

0.7

0.65]

102 103 10*

fmmq]

Figure 12: Fitted model of Fes VAl with 2 and 3 Lorentz oscillators.
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4 ANALYSIS

The complex dielectric function €(w) follows directly from this model,
which can be seen in Figure 13 and Figure 14. The two observed
phonons are clearly visible in the dielectric function. Additional the
Kramers-Kronig transformed dielectric function is also included, which
was directly calculated from the reflectivity data.
agreement with the 3 oscillator model and also shows the onset of the

interband absorption in the imaginary dielectric function.

500 T T T i .

It is in a good

_,FeZVAI 2 Oscillators

400 ¢ —Fe,VAI 3 Oscillators y
—FeZVWAI 2 Oscillators
300 .
—FeZVWAI 3 Oscillators
200 | —F92VAI KK transformed
= | —Fe2VWAI KK transformed
@ 100¢ JEE e S S i)
w I
0
-100 i /
-200 ‘
-300 ' ' ' ' '
0 100 200 300 400 500 600 700 800 900
flem™

Figure 13: The real part of the dielectric function.

o |
g [ _FBQVAI 2 Oscillators
o= |
|—Fe_VAI 3 Oscillators
10"} ?
—Fe2VWAI 2 Oscillators
I —FeQVWAI 3 Oscillators
0L
107¢ —Fe, VAL KK transformed
I FeZVWAL KK transformed
Al el
10
10" 10

flem™]

103

Figure 14: The imaginary part of the dielectric function.
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4 ANALYSIS

4 x10° .
_FeEVAI 2 Oscillators |
35- —Fe,VAI 3 Oscillators £y
3 _FeZVWAI 2 Oscillators l
—FeZVAI 3 Oscillators
- 2.5 —Fe,VAI KK transformed
E 5 Fe,VWAI KK transformed

1072 107" 10°
Photon Energy [eV]

Figure 15: Optical conductivity o,y plotted for both materials.

From this the optical conductivity was calculated, which can be seen
in Figure 15. It also displays the two observed phonons and it can
be seen, that the optical conductivity o, is higher for FeaVgWy2Al,
which was expected. Comparing the optical conductivity of FesVAI
to the literature, reinforces the idea of using a third Lorentz oscillator

for the interband transitions peaking at 1.1 eV. [13]

&
Tt )

Fe,VAI)

Ny
~4

I S R S S T
+ + LI S i bt o

0.01 + 4 .:{::0:-1 f t :.:::.1
Photon Energy (eV)

Figure 16: Optical conductivity of Fe; VAl from Okamura, Hidekazu, et al. "Pseu-
dogap formation in the intermetallic compounds (Fe;_Vy)3Al”. Physical review

letters 84.16 (2000).
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5 FINAL REMARKS AND OUTLOOK

Improving the model could be done by optimizing the fit for the inter-
band transitions. Alternatively the Kramers-Kronig transformed data
could be analyzed for further investigations.

5 Final remarks and outlook

The analysis of the optical response suggests that both the Drude scat-
tering time 7 and the thermal phonon conductivity &, are decreased
in the V/W substituted material FeoVysWg2Al. The decrease in the
Drude scattering time 7 decreases the resistivity p, which can be seen
in the increased optical conductivity o,,. This suggests an increased
thermoelectric figure of merit 27T = *%T for Feo Vo sWo oAl

The model needs to be improved for the higher frequency interband
transitions in order to extract the closest fitting dielectric function out
of it. This could be achieved by adding additional Lorentz oscillators
or going beyond the Drude-Lorentz model.

To characterize the behavior of the thermoelectric transport for these
materials the optical response as a function of the W doping should
be probed further. The obtained resistivities p, and phononic ther-
mal conductivities kyp, , could give a better understanding of how the
V/W substitution influences these properties. This might lead to a
new theoretical understanding of these materials and in turn to new
ways to engineer more efficient thermoelectric materials in the future.
Furthermore probing these properties at low temperature should also
be considered for future investigations.
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