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Energy Crisis
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Thermoelectric materials, a “magic” device
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Flexible thermoelectric self-powered system
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Thermoelectricity

e Thermoelectric effect:

temperature difference < electric potential

e ZT: Figure-of-merit

5 nanoblock Hybrid crystal
S°o
LT = T

Ky + ...

* Good thermoelectric material
— large o as a crystal
— large S as a semiconductor
— small x as a glass

’ Low thermal conductivity




Lattice thermal conductivity and phonon
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Phonon: the quantum of a vibrational or sound wave.
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Phonons: Quasi-particle

A longitudinal Wave
Energy transfer

I
i

A transverse wave

Energy transfer
H

https://en.wikipedia.org/wiki/Phonon



Possible mechanisms suppressing x;,,,

K, (4) =5 Con(E, (a)) V2 (0) 7,(a)

where C, is heat capacity, v; is group velocity, and t; is phonon life time.

— Liquid crystal,
— Nanostructure;

— Alloy disorder;

— Vacan cies; http://thermoelectrics.matsci.northwestern.edu/

— Strong anharmonic effect;
— Rattling structures ;

— Point defect. Neutron scattering is a good tool
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What is neutron scattering all about?

© detector

20

diffraction

inelastic scattering

Elastic Neutron Scattering:

hw=E -E, Q=k -k,

ho=0 N A =<
|kz' - |kf ‘
Q = 2leln9 Qdetector
- Static lattice Inelastic Neutron Scattering:
* Arrangement of spins
____________ 20 ho +#0
excitation k + |k ‘
ing in which exchange of energy and h()):;—z(k[z'kfz) | I| f
momentum between the incident neutron and m 2 2 2
e e s okk Q7 =k, +k, —2kk, cos20

» Energy and momentum of magnetic
excitation — Spin waves

» Energy and momentum of lattice
excitation — Phonons
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Elastic Neutron Scattering

e | attice static structure
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— Harmonic model
at high temperature, <u?>~ 3k,T
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Bragg’s Law
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The repeating unit of a crystal.




Inelastic Neutron Scattering
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Fig. PbTe phonon dispersion S(Q, E) at 300K.
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Inelastic Neutron Scattering

K (@) =3 (B, (@) €5(d) 7,(a)
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Phonon intensities
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Neutron Scattering’s Moment in the Limelight

The Nobel Prize
in Physics 1994

Brockhouse made use

of inelastic scattering i.c. of
neutrons, which change both direction and
energy when they collide with atoms. They
then start or cancel atomic oscillations in
crystals and record movements in liquids
and melts. Neutrons can ako interact with

Neutrons show
where atoms are

(T, Neutrons show
o

Shull made use of elastic
scattering i.c. of neutrons which
change direction without losing energy when
they collide with atoms

Because of the wave nature of neutrons,

a diffraction pattern can be recorded which When the neutrons
esearch reactor D SPIN Waves i magnets.
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Producing neutrons

Fission
Nuclear reactor

J neutron
fission
@ product

neutron ) — $ » J neutron
target ﬁ fission
nucleus product

J neutron

Moderators - Cold-Thermal

Spallation
Particle accelerator

Enevqc!i/

|proton o neutrons

Moderators - Cold-Epithermal
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Inelastic Neutron Scattering (TAX)

e Heavy duty for large
sample environment

e CCR
o He cryostats
o SC magnets

s
Reactor On Single-crystal monochromator
Single crystal
Collimator Colimalor nthe: B, analyzer

second arm)
Collimator (on the i
first arm)

Sample

(single crystal) Counter




Inelastic Neutron Scattering (TOF)

Spallation neutron source Pharos — Lujan Center

velocity
selector

detector banks

Distance

» Hardware inflexible
o Effective for powders

» Complicated Q,E-scans a
challenge for single-xtals

Detector

Sample

Fermi chopper

Time
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Dynamical (time) scales

Shorter length scales —
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General workflow of thermoelectric materials

Database Reference

Element structure

Machine

Learning
O =
harging-Seebeck ©

T,

Algorithm

-

- XGBoost

»< LightGBM
1 TensorFlow
O PyTorch

Cooling -Peltier



Rock-Salt System (2 atoms in a unit cell)

e Rock-Salt

Ferroelectricity
— PbTe (fake)

— SnTe (T. < 300 K)
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PbTe experimental results and models

e The TO mode is very soft at the
zone center

e A strong coupling between the : 7/
TO mode with volume '

e Lattice distorted on warming

¢ Incipient ferroelectric material

@ 8 O O 3 <Pb

e A kind of local structural dipole
is described o o {)ﬂ s @ @ Te

A
E.S. Bozin, et al., Science (2010); Burkhard, etal..@— @@ @ &4_ @
J. Opt. Soc. Am (1977); W. Cochran, Proc. R. Soc.
Lond. A (1966)
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Phonon anharmonicity in PbTe

. e Two excitations @ zone

.-'f* center

m e An avoided crossing
24 between LA and TO

-3k

E (may)

r ]

“Water Fall” effect

L ]

.

23 0 L]
[1,1.L] {rlu)

White lines are calculated dispersions
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Interaction between TO and LA

. — O. Delaire, JM et al., Nat. Mater. (2011)
e Two coupled damped harmonic

oscillators

w2 A

80 02 04 06 08 1.0
T A el X

10, A=9meV?

i N~ —
where the coupling is described by A ° /_5
39/ \
E |
w 4f ~

BG 02 04 06 08 10
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Phonon-phonon interactions in PbTe

e The LA and LO peaks are observed
— interaction between LA, LO,
and TO branches

LA (g = 0.5)+TO (q = 0)¢=>LO (q = 0.5)

15 20 25 30 3%

[0,0,L] (rlu)

al I I I I . *izq_

L. : G [T oo

— broad scattering intensity SV 1.
on the LA in the avoid crossing Tz 5
region - 1%

- 0.4

90

O. Delaire, JM et al., Nat. Mater. (2011) I

Energy l:l"ﬂl'.‘\-'r:' \omumversi(y



Anharmonic lattice dynamics

e Anharmonic Lattice Dynamics

apf apy
Fiog =—1Ilq Z(b ujﬁ__ijuk UjpUi,y

Jk.By
where &% and ¥, are harmomc and anharmonic interatomic force constants

The anomaly of LA is obtained

| | | |
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Phonon anharmonicity in PbTe

e The avoiding is more strongly
at T = 600K than at 300 K

e The intensities of the “Water
Fall” effect shift

White lines are calculated dispersions

O. Delaire, JM et al., Nat. Mater. (2011)




Anharmonic lattice dynamics

e Anharmonic Lattice Dynamics

_ aff affy
Fiog=—Iiq E,(I) ”Jﬁ__ E:\puk WjipUk,y
fl Jk Py .
where &% and ¥, are harmonic and anharmonic interatomic force constants

The intensities of Water Fall effect
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O. Delaire, JM et al., Nat. Mater. (2011); T. Shiga, et al., PRB (2012)%.



Summary-PbTe

e Phonon exhibit anomalies related to ferroelectric
instability and anharmonicity

e Low lattice thermal conductivity results from the
scattering of LA phonons by TO mode

e Our model doesn’t need to involve the Pb-Te dipolar

Keep the rocksalt structure, but replace the ferroelectric
property?

O. Delaire, JM et al., Nat. Mater. (2011); T. Shiga, et al., PRB (2012)




Ferroelectricity

e SnTe
— Rock-salt type 3
— Ferroelectricity

T, =42K

0 = =
0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5

FIG. Data for PbTe and SnTe at 50 and 300 K
e Anharmonic self energy qu — qu 4 j]“qj

){ijj(Q) - ’F(QQ)P
24;T4;(2)

{Q° — 0p; — 204, A4;(Q)}* + 40 T3, (Q)

X

where @gq; is dispersion frequency, Q = E/f is neutron energy transfer,
F(Q.Q) is structure factor.




Ferroelectricity

e SnTe 2.50F L I5ll.l-|lcl T |; ':-—
— Rock-salt type 2.0 i
— Ferroelectricity 13

T, =~ 42K 10
£ osh

e The TO phonon separating S ool T
at zone center disappeared }i 2.0

= 1.5
1.0
* Anharmonicselfenergy X, = A, + il'y; Z; 0N\ A/
e Nesting effect (three-phonon scattering) N {m;} =10

FIG. Phonon data for PbTe and SnTe.

D(Q) = {Q* — w” — 20A(Q) }*




AgSbTe,

e Simple structure: NaCl-type with mixed Ag/Sb site
e High figure-of-merit : ZT ~1.2 at 720K

e Low, temperature-independent thermal conductivity
10 —

O,
o,

i OO0
I|"‘A\A\“‘Ag![‘leAZ-A-A

K (W/mK)

R S D. Morelli, et al., PRL (2008) ;
100 200 300 400
Temperature (K) 36



Why k., is low and temperature-independent?

e Intrinsically low Kijatt

— Phonon is strongly anharmonic

— Limit minimum value

1 (mean free path,

K. = 3 C Vil :3.034=a/2)

eSecondary scattering mechanism

— Force constant variations (Ag-Te vs Sb-Te)

— Nano-precipitates (Ag,Te)

Lin-Hui Ye, et al., PRB (2008); D. Morelli, et. al., PRL (2008); J. Sugar, et.
al., J. of All. and Comp. (2009); D. Medlin, et. al., Scrip. Mater. (2010)




Phonon Density-of-States

e Phonon DOSs are temperature dependent:

0.50 — T T T
ARCS 2.5<Q<4.2 (A") | AgSbTe, Agy.sSb, ,Te,,
|
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Mean square displacement

e The mean square thermal
displacement, (u?)

1

i

where g(w) is the DOS, M is the atomic
mass, and

Ew,T)=hwn(w,T)+1/2]

wmaz (), T)

-
3,

(u?) = glw)dw ,

An

A temperature independent scattering mechanism exists

JM et al., Nat. Nano. (2013)

0.12

'. -o- Neutron diffraction
- -o- From DOS at T
| — From DOS at 40K

0.04f

0.00
700

Harmonic

Partially- anharmohic

Anharmonic + static displacement
‘Ef



Phonon dispersions

(oo

0]

JM et al., Nat. Nano. (2013)
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o Phonons are broad

e Only the TA modes are complete/most complete



Mean-free-path

e Mean-free-path
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e Phonon dicgnrrinn linawidih and . ~lan~T1 7 (0] gt 300K.
B
B 90 I|| || T 1.5
6- I| II|
. ; } ¢t %
%’ 4 % 60 - , II\ —— / @001 Vj(Q)=dwj(Q)/ dk,(Q)
_E, g | % e [10]
W2l t W\ e | FWHM=2r(q)=ht(q)
5 = \
ol 7 L 10.0
0.( .6 0.8 1.0
Limi
0
0.0




Lattice thermal conductivity in zone

e Total lattice thermal conductivity
K= dS‘?Z C,.(E;(a) vi(a) 7;(a)

TABLE.LA and TA modes along different directions over the
whole Brillouin zone at 300K.

Phonon Branches v, (m/s) kr (W/(m K))
TA
000 (T = X) 1407 £ 7 0.21
(0] (T = K) 1,302 £ 8 0.52 - 0.28 W/(m K)
T S1IL) 1,716 £ 22 0.11 ]
LA (q < 0.25 rlu )
00( (T = X) 3.073 * 33 0.15 )
CC0 (T = K) 2.824 £ 55 0.32 - 0.18 W/(mK)
T =1 2,637 + 33 0.06 )

e Two TAs suggest that x,, is around 0.56 W/(m K), which is
close to ~80% of measured k., ~ 0.7 W/(m K)




Tem-independent TA

JM et al., PRB (2014)

Phonon-phonOn Umklapp TA phonon dispersion and linewidth along [1 1 0]

scattering and [0.0 1]
— ———————1.5
6f l i l l l ] $ |
1 - . . S _ » f {1.0Z
Ty o Iexp(fp/mI) g4 ¢ i | 3
I.I.IS 21 TA along [110] } 1A along [110] 10.5 =
" -e- 10K -e- 100K x -e- 10K -e- 100K
where n and m were constants on 0f B _'.*-' it {2-0
the order of 1, and 6, is the Debye i i i i1 3 -
temperature. s 4 : ] | i : % 102
v . g i 3
é 2 TAal [001] § i a 2
£ along i TA along [001] 10.5 ~—
& -e- 10K -e- 100K 1 .
T 300k 1 11 oo 10K e ;gg';
0 | 0.0

0.0 02 04 06 08 100002 04 06 08 1.0
q (rlu)

e TA is temperature-independent below 300K




Anisotropy lattice thermal conductivity
JM et al., Nat. Nano. (2013)

Phonon Branches vy (m/s) kr (W/(m K))
TA

00 (T = X 1407 £ 7 0.21
CCO(I' = K) 1,302 £+ & 0.52

¢l (I'= L) 1,746 4+ 22 0.11 p. _

LA (g £ 0.251lu ) .
00¢] (I' = X) 3,073 &£ 33 0.15 B
CCO (I' = K) 2,824 £ 55 0.32
¢l (I' = L) 2,687 £ 33 0.06

DOS:

A temperature independent scattering mechanism
exists

Single-crystal:

Phonons are really broad




Why k., is anisotropic ?

PER & L ey

e Long range ordered structures of SRS FaVeligy o

AgSbTe,: P4/mmm, F-3dm S e Y S
(lowest energy), and R-3m. Mg T I Tt Te

SV v

e Short range ordered superlattice Ecs in AgTe - SbTe

n)

o 140
(AgTe and SbTe ) 5 120 20
: : s 199 110
— ordered short-period superlattices 3 11
along [111] 5 a0
@ I
(5 0.2 04 06 08 1

SbTe concentration

S. V. Barabash, et. al., PRB (2010); K. Hoang, et. al., PRL(2007)




Diffuse scattering
— JM et al., PRB (2014)

5r ‘ 0
T=10K
-1<E<1 meV B4 {35 35 .1-5}
“ E -. . .
L. = 0.2
= = g
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£ T 10K |
-5 = 0,00 . . e
1.0 1.2 14 16 1.8 2.0
-32 0 5 4 6' -6 [n:n:L]
0,0,U] (rlu)

e Strong diffuse scattering feature along [11 1] and
peaking at zone boundary;




Nano-structure(TEM)

e The rippled nanostructure with a period of ~5nm

* Superlattice ordering in along g(111)Fm3m and additional ordering
in the ab-plane. (@)

¢(111) Stacking faults

T o

S
Lz Snm

g e 24
JM et al., Nat. Nano. (2013); JM et al., PRB (2014)
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Summary- AgSbTe,

e The anharmonicity 1s not dominant in the system

— K4 contributes a lot to K, ;

— Phonon-phonon interaction 1s not
dominant in TA;

* Phonon scattering mechanism 1s
temperature independent

kK (WmTK™

 Self organized nano-domain

JM et al., Nat. Nano. (2013); JM et al., PRB (2014)
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