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Ferroelectricity
    τ PbTe (fake)
         
    τ SnTe (TC < 300 K)
          
    τ GeTe (TC > 300 K)
           Rhombohedral -> Cubic

Rock-Salt System  ̂ 2 atoms in a unit cell̃

ω Rock-Salt

Joule. 4, 
986 (2020) 2



ÅFerroelectric structure phase transition̕
ÅSymmetry reduction for better band degeneracy.

GeTe

Joule. 2, 976 (2018)
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DOS: GeTe

¸ Temperature - dependence 
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ÅDOSs of low -energy acoustic phonons are temperature -independent ̕
ÅThe signal @2.2THz is temperature -dependent.
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DOS: GeTe

¸ Temperature - dependence 
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ÅUnaffected TA, strong renormalized TO and LA from the anharmonicity 

(phase transition)̕
ÅSymmetry reduction for better band degeneracy, TO exists across the 

phase transition (first-order transition) 5



Summary - GeTe

ω ²ƛǘƘ ŘƻǇƛƴƎ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ
     τ TAs keep stable in the rhombohedral phase;

      τ Optical phonon effects; 
      τ Residence modes & LA folding at high-symmetry point.

ω 5ƻǇƛƴƎ- and temperature-dependence of time delay for GeTe-systems

ω ¢ƘŜ ƳŜŎƘŀƴƛǎƳ ƻŦ ǘƘŜ ƻǇǘƛŎŀƭ ǇƘƻƴƻƴǎΥ

    TO: ionic scattering vs dielectricity? 6



Prog. Solid State Chem. 39, 
1 (2011); J. Materiomics 2, 
104 (2016); Appl. Phys. 
Lett. 96, 152105 (2010); 
Adv. Funct. Mater. 18, 2880 
(2008)

Å0.1-0.5 eV band gap;

ÅSharp slope of the 

density of states near the 

Fermi level

Half-Heusler

ω Half-Heusler
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ZrNiSn Bulk properties

H.H. Xie, et. al, Sci. Rep. 4, 6888 (2014)

ÅBoth acoustic and 

optical phonons 

affect Hall 

mobility

ÅDoping affects 

thermal conductivity, 

not lattice thermal 

conductivity 
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Density-of-state: ZrNiSn1-xSbx

¸ Temperature-dependence 
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Density-of-state: ZrNiSn1-xSbx

¸ Composition-dependence 
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ЃLO-TO splittingЄ

Lyddane-Sachs-Teller (LST) relation

TO

LO

Dipole created by displacement of charges of long-
wavelength LO mode induce electric fieldЕ
Á TO mode, ╔Ṷ▲ᴼ╔ɇ▲
Á LO mode, ╔ɇ▲ ; and the polarized E-field adds 

additional restoring force.

Á Lyndane-Sachs-Teller relation: 
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Ren Q., et al., Nat. Comm. 11, 3142 (2020)

Long tail

LO-TO splitting
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Lyndane-Sachs-Teller (LST) relation: 
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Simplified LST relation:
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Polar optical phonon coupling̔
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Both associated with the polarized field.

‐

‐
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Polar optical No scattering

Screened polar scattering & enhanced acoustic phonon

Polar

Acoustic

Ren Q., et al., Nat. Commun. 11, 3142 (2020)

Polar optical phonon scattering
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Dominated by ionic 

impurities and 

grain boundary at 

low temperature.

Both ionic 

impurities and 

grain boundary can 

be well screened

Carrier scattering 

phase diagram

Screen effect and Carrier scattering
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mᶻd: DOS effective mass
       (mᶻd Ґ bv

3/2 mᶻb ) 
Nv: band degeneracy 
mᶻb: band effective mass

Aliovalent doping vs isoelectronic alloying

ü Larger mᶻb (>me) from 

the d-orbital 

conduction band and 

valence band 

ü Higher doping content 

for achieving nopt 

(1020ï1021 cmī3) 

ü Aliovalent doping is 

much more effective in 

the suppression of əL

Nature Physics, https://www.nature.com/articles/s41567-023-02188-z 14



FeNbSb ς lattice thermal conductivity

,,

üəL of Hf-/Zr-doped (aliovalent) and Ta-alloyed (isoelectronic) obvious reduction 

ü Phononïphonon scattering: 10 to 30meV 

ü Electronïphonon scattering: below 10meV 

ü Vital role in decelerating the group velocity rather than the relaxation time
15



FeNbSb ς DOS

ü Softening of the optical phonons in Hf/Zr-doping, not Ta-alloying

ü Suppression in v for the optical phonons of Hf/Zr-doping, not Ta-alloying 16



FeNbSb-Phonon softening

ü  30ï45meV: LOïTO splitting

ü High-energy optical phonon drops and LOïTO splitting collapses

ü For Hf-doped NbïFe bond, the positive values near the Nb ions 17



FeNbSb-Phonon avoid crossing

ü Avoid crossing: the significant drop in acoustic branches

ü Less in Zr-doped, large in Hf-/Ta-doped
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Å There exist LO-TO splitting and polar optical phonon scatterings, in 

ZrNiSn.

Å Proper electron concentration could lead to a breakdown of the LO-

TO splitting, screen the polar optical, ionized impurity and grain 

boundary scatterings.

ÅCarrier scattering phase diagram was established.

Ren Q., et al. Establishing the carrier scattering phase diagram for ZrNiSn-based 

half-Heusler thermoelectric materials. Nat. Commun. 11, 3142 (2020)̕

Han S., et al. Strong phonon softening and avoided crossing in aliovalence-doped 

heavy-band thermoelectric. Nat. Phys. 19, 1649 (2023)

Summary ς Half heusler
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Zintl-phase (1-1-1)

Sb

Sr

Ag/Cu

Phys. Rev. B 85, 035202(2012); Chem. Mater. 32, 6983 (2020); Sci. Adv. 7,

eabd6162 (2021); ACS Appl. Energy Mater. 6, 3970 (2023)

ü Good electronic conductivity;

ü Low thermal conductivity;
20



Heat Capacity

ü  The Debye + three Einstein modes are applied;
ü  Boson-like hump is observed;

ü  Compareto Cu, 
       ---- The optical phonon in Ag/Zn shift towards lower energy;
       ---- E2 drops lot for Ag.
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Zintl-phase diffraction on Cu/Ag/Zn

ü From Cu to Zn, the distance between 
Sr-layers decreases;

ü In the ab-plane, Sb and Cu/Ag/Zn 
form a right hexagon;

ü From Cu to Zn, the bond length of Cu/Ag/Zn-Sb and Cu/Ag/Zn-Sr varies. 22



Doping and temperature effect

From Cu to Zn,
ü Sr is regular, Sb is and Zn 

are more along c-axis;
ü Values of Ag/Cu smaller 

than Zn
T-dependence,
ü Ag/Zn to Cu, expand in ὥὦ 

and contract along ὧ;
ü Different thermal 

expansion rates
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Inelastic neutron scattering on phonons

ü Ag/Cu: three sharp phonon bands;  Zn: two bands;
ü Sound velocity: Cu > Ag > Zn;

ü Ag-related phonon modes (10 meV) softening; Zn-related softening/ broadening24



Charge density differences

SrCuSb & SrAgSb
ü Covalent bonds between 

Cu(Ag) and Sb in [Cu(Ag)Sb] 
locally shared charges at the 
midpoint of Cu(Ag)-Sb;

ü Separated charge 
distribution between 
[Cu(Ag)Sb] and Sr along 
interlayer

Sr2ZnSb2
ü Covalently and locally shared charges move from Zn to Sb 
   --- electronegativity discrepancy Ą more ionic bond 
   --- bond broken in [(vacancy)Sb] sublayer 
ü Polyatomic-central-shared charges disappeared;
ü the charge around the Sr non-trivial changes
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Sb

Sr/Eu

Ag/Cu

Summary - Zintl

.

ω Sr2ZnSb2, 
--- Unlike rattling for some phonons
--- Aliovalent Zn2+ for Cu+/Ag+ induced vacancies to 
weaken the inter- and intralayer bonding
--- All atoms easily shaken by thermal fluctuation
--- Strong anharmonicity

ω SrCuSb & SrAgSb 
--- Regular heavy ions of Cu-Ag

ω Vacancies is more complex. 
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