Opis zjawisk transportu elektronow
w materii skondensowanej

konwersja termoelektryczna



Pierwsza kwantowa teoria elektronow w metalach
(model Drude-Sommerfeld) - przypomnienie

1838 Michael Faraday obserwuje przeptyw pradu przez rozrzedzone powietrze,
pomiedzy anodg 1 katoda wytwarza s;?(luk swietlny oprocz okolicy katody (tzw.
ciemnia Faradaya) odkrycie promieni katodowych

1897 Joseph John Thomson odkrywa elektron w podobnym eksperymencie, ale z
Erzyloionym poprzecznym polem E, ktorym mozna kierowa¢ wigzke ,,promieni
atodowych”; wyznacza e/m.

1900 Paul Drude formutuje pierwszg elektronowg teori¢ metali

1927 Arnold Sommerfeld uzywa statystyki Fermiego-Diraca do modelu Drudego
1 proponuje pierwsza kwantowg teori¢ ruchu elektronow w metalach dajac
poczatek tzw. modelow1 Drudego-Sommerfelda elektrondw swobodnych.
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Wspotczynnik Halla wybranych pierwiastkow w stabych i Srednich polach B.

METAL VALENCE — 1/Rynec

| B} 1 0.8

Na 1 1.2

K 1 11 <= dobra
Rb 1 1.0 zgodnosc
Cs 1 0.9

Cu 1 1.5 P—

Ag | 1.3

Au 1 1.5

Be 2 —-0.2

M 2 —0.4

Ing 3 o3 &= niezgodnos¢
Al 3 —0.3

a These are roughly the limiting values assumed by Ry as the
field becomes very large (of order 10* G), and the temperature
very low, in carefully prepared specimens. The dala are quoted
in the form ng/n, where ng is the density for which the Drude
form (1.21) agrees with the measured Rying = — 1/Rec.
Evidently the alkali metals obey the Drude result reasonably
well, the noble metals (Cu, Ag, Au) less well, and the remaining
entries, not at all.




Eksperymentalne wartosci przewodnosci cieplnych i liczb Lorenza dla wybranych meta

2713 K 373 K
ELEMENT K Kk/ocT K k/oT
(watt/cm-K)  (watt-ohm/K?)  (watt/cm-K)  (watt-ohm/K?)
L1 0.71 222 x 1078 0.73 243 x 1078
Na 1.38 2.12
K 1.0 2.23
Rb 0.6 2.42
Cu 3.85 2.20 3.82 2.29
Ag 4.18 2.31 4.17 2.38
Au 3.1 2.32 3.1 2.36
Be 2.3 2.36 1.7 242
Mg 1.5 2.14 1.5 2.25
Nb 0.52 290 0.54 2.78
ke 0.80 2.61 0.73 2.88
7Zn 1.13 2.28 1.1 2.30
Cd 1.0 2.49 1.0
Al 2.38 2.14 2.30 2.19
" In 0.88 2.58 0.80 2.60
11 0.5 2.75 0.45 2.75
Sn 0.64 2.48 0.60 2.54
Pb 0.38 2.64 0.35 2.53
Bi 0.09 3.53 0.08 3.35
Sb 0.18 2.57 0.17 2.69

Source: G. W. C. Kaye and T. H. Laby, Table of Physical and Chemical Constants, Longmans
Green, London, 1966




Pomiar doswiadczalny ciepta wtasciwego w metalicznym potasie
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Wspolczynniki elektronowe dla ciepta wtasciwego (pomiar/teoria)

T 1 Table2 Experimental and free electron values of electronic heat
Li Be capacity constant ¥ of metals
é?ig gégﬂ (From compilations kindly furnished by N, Phillips and N. Pearlman. The
518 | 034 | thermal effective mass is defined by Eq. (38).
Na Mg
1.38 | 1.3 Observed y in mJ mol-' K=,
1.054 | 0882 Calcutated frée eléctron y Thifnd mot K ™ 7
1.26 1.3 my/m = (observed y)/(free electron v).
# |I—
K Ca Sc Ti v Cr Mn(y)] Fe Co Ni Cu Zn
208 |29 | 107 §335 | 026 | 140 1020 298 | 473 7.2 | 0695064 | 0509 0.19
1,668 | 17511 1 b 1 | 5505 | 6.753 | 1025 )
126 |1 19 J-_ L 138 | 085 |058
T < e l Jemrm i S A : -
Rb Sr Y Zr Nb | Mo | Te Ru Rh Pd Ag Cd In Sn ) | Sb
241 | 36 10.2 | 280 | 7.79 | 20 _ 3.3 4.9 942 0646 10688162 178 |J0O.11
1.911 | 1.790 = il 0645 10.948 | 1.233 | 1410 ]
1.26 | 20 l 1.00 §0.73 1.37 1.26
Cs Ba La Hf Ta W Re Os Ir Pt Au Heg(a)] T Ph Bi
320 127 |10 J216 |59 |13 J23 J24 |31 |68 Jor2e]179 |147 0,008
2,238 11,937 | { i | " | ueaz f o852 | 128 I 1 shg
143 |14 1.14 1.88 | 1.14 }1.97
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Investigations of electronic states near the Fermi surface E(k)=E;

e,

USA Enrico | ji)
33 Fermi  CL

5th Euroschool in Materials Science, Ljubljana, 24-29 May, 2010




Electron motion in solids (semi-classical)

Group velocity of electrons In general v-vector is NOT parallel to k—
1 8E(k vector (e?.g. ellips.oid), but i‘F 1S
V= Z—(;() =% 5 I(< | =V E k|=v(k) perpendicular to 1soenergetic surface E(K)
Kk . (k) B2 k? v(k) parallel to k only if Fermi surface is spherical
V= — o —
m 2m

Acceleration of electrons o /
dk dviy _10°Elk]dk _ 1 0°Elk] \\ 2 é J
F=h— = - = F |
dt = a, dt 7 Okok dt #? 0kok ) -

1 &°E In general, tensor of effective mass 1s
~ 2 0k.0 k. independent on electron velocity

a=(m)'F  where (m,)"'

OE|k| ., O°E
E How to measure ? )
n(Ep)oc 7K (my) oc@kiﬁkj
DOS near E=E; can be detected in Effective masses can be detected in
specific heat and magnetic susceptibility dH-vA or transport measurements
measurements
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Ohm, 1826
Electrical current n Electrical field
) E
Peltier, 1834
Seebeck, 1821
d al
Temperature gradient
Heat current Fourier, 1822 P g
S=IIT (Kelvin-Onsager) L=L,/T

K/O =L, T (Wiedemann-Franz, L, Lorentz number) K = -L;
Volta (1800), Ampere (1820) , Faraday (1831), Gauss (1832), ...
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Thermoelectric properties - AcH
search for optimum

Improvement of figure of merit

/N

Geometry of the
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Carnot limit

COOLING ELEMENTS
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POWER GENERATORS
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Physical properties of the system Y = (1+ZT)"

2 2
_9S O S 1
K L KL

/T

lculated
L=

Lorentz factor

Thermal conductivity
(phonons /electrons)



i [ LeeLer || E "
| |L=L.]|-vr| Seebeck effect (1821)
Electric field E=SVT [ Temperature gradient
a
thermopower B
K _ | -1 |
| S=Le'ly 1770 Tallin
Cuivre 1854 Berlin

Aiguille aimantée

Vivid personality of the Romaticism
Froid - N

Bismuth Antimoine temperature gradient causes changes of
magnetic field of Earth !!,

C'ourant électrigue A Oersted’s experiments (1820) ,,blind”
Source de chaleur . .
scientists.

Explanation thermomagnetism - ,,magnetic”

polarisation of metals and alloys due to the difference
of temperature !!
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Heat current

Peltier effect (1834) g{”‘

q=11]

Electrical density current

: - — -1
Peltier coefficient 1= LTELEE
“Reverse” process to Seebeck effect

-,

1785 Ham
1845 Paris
Thomson effect (1834)
T, Material X 1 Heat generation in the presence of electrical
= == . ' T/dx
M Material Y @0. current j and temperature gradient d
A —>B . |
Q= o +/- n jdT/dx
l : Joule  Thomson
T, 9 g T
T -
== w=T dS/dT
ITT=S (Thomson)

Ler=Ly/ T



Nernst-(Ettingshausen) effect (1886) ( -

=" =
- 4 =

Thermo-magneto-electric effect IN|= Sl [ A ] '

“Reverse” process to Nernst effect = Ettingshausen effect 1864 Wabrzezno

1941 Niwica

Phenomenon observed when a sample
conducting electrical current is subjected to
a magnetic field B and a temperature
gradient dT/dx perpendicular to each other.

Courant| éle ctrigje E ., 1s the y-component of the electric field

that results from the magnetic field's z-

component B, and the temperature
U iyt iyt it 1 |l gradient d7/dx.

magnetic field B N ~ O in metals

Source de chaleur

N large in semiconductors, superconductors, heavy-fermions,
Dirac electrons in Bi, graphen, Landau levels cross Fermi level



Il _ LegLpr || E ) .
q] LELH] _vr| Fourier relation (1822)
Heat current q=-KVT| Temperature gradient

Thermal conductivity K = L L 2L - L[

1768 Auxerre
Heat _ Heat } Heat 1830 Paris
conducted generated accumulated
(balance) in system in system
Heat Flow

Vq = q,,,- du/dt
du/dt =p ¢ dT/dt

T, = T+AT I V(-k V T)+ aT/ ot =q,,,
z V2T+ (pc/k) oT/ot =0
o
i:w ,:20 180 240 350 o qgen:O
in differential form: Q(z) = -k dl Heat conduction equation

dz



— {LEELET] E_.

LgLp [|-V T Ohm IGW (1826)

.

Electrical density current  |j= gEg | Electric field

Electrical conductivity O=L=neu=net/m 1789 Erlangen
1854 Munchen

Ohm's study inspired by works of Fourier and Seebeck
Metallic wire in cyllinder

*Declination of magnetic needle
proportional to electric current I

* Seebeck thermocouple — a
source of electrical potential V

Resistance = R Area= A

V/I = R = constant

when R=const. !!

Length =L

s R A
Resistivity p = T

,,The Galvanic Circuit Investigated Mathematically” (1827)



Boltzmann equation

Electron system described by K
distribution function " in the (r, k) space. 4 .3 f ( ,r,t) Fermi-Dirac function
o in equilibrium state
Electron density current  J ('”,t>:—3 f v, f(knt)dk

. df _ dk of [of
L= o + —_— | —
Transport equation o Vk [—v Vrf Py ( at)coll
. . of _ o
Stationary condition o time-independent forces

Describes e-e scatterings/collisions ,
probability of exit outside the dkdr volume

8_f) __f_fo
ot COll_ A

of

ot

Collision integral

coll

Relaxation time approximation



Onsager coefficients

1-electron Boltzmann eq. in the presence of fields :
E,B& VT
]L

o -
v, TT—T+—(E+ v, X B) - qg__1-
. ) ok
After linearisation

—

. - VT i
f =]‘U—(qE - (e M)) : Av where A,=m Mean-free path

Electric current density

j:;E (]ka;\- :(j(f&,‘ (T(B) }L[})E+(jdg 5(8)(8 M)ﬂ)(_ _T)

k o q L, T

Heat density current

- | . . VT
.fQ= ;E (8 — WU = (j de—o(e)(e - M)ﬂ) j=L, E+ le(— 7)
'8
l J VT 0 VT
+(J\d£‘_n,ﬂ'( )(8-}4’,)“ﬂ)(——)’ .(‘ —L2|E+ ng(— T
q o T , _.



Transport functions i
With applied E and VT (B=0)

Transport function o(e) = Q—E 000 g) —
Vo

Applying additional magnetic field B (Hall effect)

Mean free path of electrons \R o, - ‘;T<U L X B. J )ALA
r- ok

Electrical current density j= lVE G0 fr = (f dsog( S)Q) E=o(B)E
- %

Magnetic transport function ople) = %2 Jki-'{ké(sk —g)



Transport coefficients W

Electrical conductivity

Thermopower

Thermal conductivity

Hall coefficient

Hall concentration

Lorenz factor

AGH

when VT =0

o=Ly,

when j=0

T \, o L”
ng=-——=uouln)n
HY
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lfg Kinetic theory of Ziman

o(T) =¢*3 | dE N(E) v¥(E) t (E,T) [ -6f(E)/JE ]

Electrical conductivity

S(T) =e(3To)"' | dE N(E) v¥(E) E t (E,T) [ -6f(E) / OE ] =

(3e¢To)!' | dE o(E,T) E [-0f(E) / GE ]

Thermopower (Seebeck coefficient)

N(E) = 2n)* | 8(E(k)-E) dk
DOS (density of states)

Thermal conductivity
K/O =L, T, Ly=const K= -L

Wiedemann-Franz law, L, Lorentz number

Relaxation time in transport Boltzman equation




Disordered alloys: p - Coherent Potential Approximation (CPA):
OWOB®) 00000
AAOBBM) . Q00099 - .udition
DOORD )ik QOO0
@@ — ..... e TA+cpTB=TCP.
OO0 00000

In multi-atomic systems more 'p ] .
imagination needed !

CPA crystal - restored periodicity price: complex potential

CPA much better than virtual crystal approx. V.,

ol

Present KKR-CPA code allows for treatment of more than 2 atoms on disordered
site, but within muffin-tin potential (problem with CPA condition), CPA is also solved
self-consistently; imaginary part of E(k) related to electron life-time due to disorder !



Thermoelectric materials ZT=pS—,2<

ZF

(Pb,Sn)Te

Temperature (°C)

J. Snyder, JPL-NASA Skutterudites



Electronic structure peculiarities
Half-Heusler (VEC=18)

Semiconductors/semimetals ‘ '
(CoTiSb, NiTiSn, FeVSb, ...) d*’

9+4+5=18 wide variety !!

Skutterudites (VEC=96)
semiconductors/semimetals
(CoSb,, RhSb,, IrSb,, CoP; ...)

4x9+12x5=96

0; © o0 ~ “
Zintl phases (VEC=62) °© & Lo °
¢ =
semiconductors/semimetals ® ¢

©
© e ©
(Y,Cu,Sb,, Y,Au,Sb,, ...) . gL’:\//;'/.
3x4+3x10+4x5=62 o “,/,\ S




Densité d’état

/@ Concepts of ZT improvement lllWIJJ

AGH

V—\ Sharp DOS (heavy fermions, QC, low dimension).
Er

L
-

Energie  PGEC — ,phonon glass” + ,electron crystal” (Slack, ‘95)

o s

skutterudites

clathrates B. Lenoir, GDR-Thermo, Bordeaux (2008)



Enhancement of TE efficiency in PbTe T

S

(distortion of electronic DOS)

r? k& 1dn(E) 1dulE
T kB 1 dn(E) _I__f;;{ )
3 q n dE oo dE | o g

Mott’s formula for thermopower

g(E) B N T

15T

0.0 e S —
300 400 500 600 Y00 800
Temperature (K)

J. Heremans et al., Science 321 (2008) 544

Thermal cond. (W/mK) Seebeck coef. (uV/K) Resistivity (mL2 cm)

0 200 400 e00 800
Temperature (K)
26



Electron transport coefficients ,@"J]J,J,

oc. =27 Electrical conductivity
1 )
S =— T 2 (0) Seebeck coefficient (thermopower)
22 ) ) . .
Ke = T 270 Electronic thermal conductivity
< I = Re
L(T) = e (T) Wiedemman-Franz-Lorenz ol
o(T)T PF = §?
Onsager-related functions 25T
ZT =
fj Ke + K]
L) = /dé"’( dj;) (& —p)o(&) L(T,n)
PF(T,n)
Transport functions (in general tensors) ZT(T,n)

£ =) [ s 09va19) @ v ()56 — £, (K)

SCTE2016, April 11-15, Zaragoza, Th. AK.2., Thermoelectrics



Boltzmann transport & KKR-CPA calculations ..
of complex energy bands and thermopower

-

Methodology . o A

e o {Eﬂ ) g (M

y -

free P2 ® -~ o

KKR-CPA with Cnmplex w o {EU — %5 —) slm]
spin Fermi orctanc, =3 <

olarization surface o T o a

- “ 5, (E) |- EE - sunﬂ

% (= S Falay

\""f Y tﬂl-b S s,m

DenSIty of L w /

Lstate + Fermi

energy " Chemical /
% potential ‘

oM

S .f
K. Kutorasinski, Ph.D. Thesis (2014)

Different approximations used
(1) T=const; (2) A=const; (3) u=const; (4) CPA (velocity + life-time);




DOS vs. transport function o(E)

T - Chaput, ... JT, PRB (2005)
agle) = T U;;L-‘gb\(Sk — &)

@5 BO0
® g 400
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200}
I:I 1 1 : 1 1
0.4 0.45 0.5 0.55 0.6 0.65

Energy(Ry)
Small substitution/doping 0.01-0.05 el. per Co,Sb,,  AE.=1-2 mRy



Energy(Ry)

Doped CoSb,: FS vs. Hall concentration (rigid band)
Chaput, ... JT, PRB (2005)

. 0.3
or Ny=1(1)
A)
g 01
.:%
§ 0
................. E_ Egd““
| C“I—O.E F
05f
| -0af 1 . 6 C)
04}
04 0.05 04 0.15 02 0.25
n, electron concentration per call of Co Sb,
P
duction bands
B) C)

/

E.=0.5191 Ry, n=0.01 E.=0.5570 Ry, n=0.01 E.=0.5585 Ry, n=0.06
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Doped CoSb,: electrical resistivity

Experiment (literature) FLAPW calculations
- TI0_1G04Sb12, T=1.04
4.0r La, .Co,8b,,, t=1.41
—i— Geo1Gc4Sb12,t=1.42
3.0F Nd. _ _Co Sb =161
o TI0_1G048b12 005 At 12
L&, ,sC0,50b,, =
[+] GECH GD4Sb12 G 00
Nd, 560,80, %1
o® 1.0
o 0.8
0.8
07K
0.6
1 1 1 1 1 1 1 1DD gDD
100 200 300 T{l{} 400 k0o 500 ¥00

Constant relaxation time (only one free parameter selected in order to gain the
best fits to experimental resistivity curves, includes also lattice contribution)
(t ~ 10-'*s), concentration of carriers taken from Hall measurements

(not from nominal composition !)
Chaput, ... JT, PRB (2005)
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Doped CoSb,: thermopower

Experiment (literature) FLAPW calculations

2001 3001
—_ Tl ,Co, Shb
— (R R Sl
TI0_1G048b12 La .. Co,Sb
La0050048b12 200F 003 "4 712
100k . — Ge_,Co,Sh
— Ce. . Co,5b o1 4 12
(R R i P Nd. . Co . Sb
Nd. _Co. Sb 100k Bo.05042P12
ele- e S — Ni__ Co . Sh
| o Ni,GCo, .S, oot Foee™s
0 ) . Fe. .. Go _Sb, [
[y Fe, 015%0aSba al G%CIJ:: o3
—_ GCoSb, N —
=
100+ = _100
=
93]
—200
—200 °
o? °
a -300F
3001
—A00r
—JDD 1 1 1 1 1 1 1 ] _EDD 1 1 1 1 1 1 1 ]
0 100 200 300 400 Eoo 600 700 go0 100 200 300 400 Loo 800 J00 800 a00
T{K} TiK)

Constant relaxation time — NOT important, since Seebeck coefficient
Does not depend on this parameter — Excellent test for theory !!

S(T) = e(3To)" | dE N(E) v¥(E) E ©(E,T) [-Of(E)/E ]
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