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charge

spin

Charge: monopole Electric “dipole”
àelectric dipole current

Spin: dipole

Electronics, spintronics, and “ferronics”

Electronics Spintronics

Can we construct a new electronics 
making use of the electric dipole current? 

electron

Electric dipole

Charge current
= monopole current

Spin current
= dipole current
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Background (1)
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Background (2)
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Sci. Adv. 9, eadd7194 (2023)

Phonon Ferron
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Wooten et al., 
Sci. Adv. 9, eadd7194 (2023)

Specific heat: 𝐶~3𝑁 (Dulong-Petit @ high temp.)
Thermal conductivity: 𝜅 = !

"
𝐶𝑣#𝜏 ∝ 𝑣#

Assume E-dependence comes solely from 𝑣, then
𝜅′
𝜅 = 2

𝑣′
𝑣

(E dependence, not due to the decreasing domain walls)

E-dependent 𝜅 means
“phonon+dipole = ferron”!! 

Pb(Zr, Ti)O3



Motivation & Purpose

6

In the case of the displacement-type ferroelectrics,  
distinction between “phonon” and “ferron” is elusive. 

We would like to pursue the possibility of defining the 
polarization current purely electronically, by considering a 
model of electronic ferroelectricity.  

The system discussed so far is a ferroelectricity
of ion-displacement type. 

Phonon Ferron
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Electronic ferroelectricity



We use much simpler 
model.
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Excitonic insulator model of ferroelectricity



Phys. Rev. B 54, 17452 (1996)Our Model
See also Batyev & Borisyuk, 
JETP Lett. 32, 395 (1980)

From Alexandrov et al., 
PRL 114, 177202 (2015), 
with minor modification.

𝑉! = 𝑖𝑉 sin𝑝" + sin𝑝# + sin𝑝$
[see also Sandu, PRB 72, (2005)] 

𝜀! = 𝜖%&' +
𝑊
6 3− cos𝑝" − cos𝑝# − cos𝑝$

d-electron density f-electron density

Possible application: 
SmB6, Sm3Se4,, etc
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Density of states

𝜀! = 𝜖"#$ + (
𝑊
6
) 3 − cos 𝑝% − cos 𝑝& − cos 𝑝'

Possible application: 
SmB6, Sm3Se4,, etc

d-band

f-band

𝐸𝑛
𝑒𝑟
𝑔𝑦

𝑝

Δ( = −
1
𝑁
;
!

𝑓!
)𝑑!*(

𝐸 !
𝜖 %

&'

d-electron
density

f-electron
density

Density of states 
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Green’s function

𝐺!

𝐺"

𝐺#

𝐺$
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Effective (bosonic) action by functional integral

≡ 𝐵"
# ≡ 𝐵"

New action

Integrating out electrons à Effective action

Insert the identity of unity

Introduce new momentum q by 
𝑘 = 𝑝 − 𝑝( − 𝑞

Shift transformation

𝑝 → 𝑝 + 𝑞Action

Δ( = −
1
𝑁
;

!
𝑓!
)𝑑!*(



14

Quadratic term of the effective action



Quartic term of the effective action
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Mean-field approximation & Gaussian fluctuations

phase mode amplitude mode

∝ 𝑇 − 𝑇$



Numerical evaluation of the model
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50 x 50 x 50 cubic lattice
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Density of states

𝜖%&'

𝜀! = 𝜖"#$ + (
𝑊
6
) 3 − cos 𝑝% − cos 𝑝& − cos 𝑝'

𝐸!

W: d-band width
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Evaluation of the GL coefficients

W: d-band width
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f-band position: 
varied

d-band position: 
fixed

Phase diagram

𝜉! = 𝜉"! + 𝜉!! +𝜉#!

𝜉! > 0 à spatially 
uniform phase

𝜖%&' = 0.1,

𝑉
𝑊 = 0.1,

𝑈
𝑊 = 1.0

W: d-band width

𝐸!
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Collective modes (Gaussian action)

phase mode amplitude mode

𝑇%

𝜖"#$ = 0.1,

𝑉
𝑊
= 0.1,

𝑈
𝑊
= 1.0

𝐸+
W
= −0.2
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Collective modes (2)

phase mode amplitude mode

phase mode
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Electric polarization
Scalar potential

Action (free energy)  linear in E

In the momentum space, …

The polarization dynamics is 
described by the amplitude mode

𝑃'( = 𝑃)' + 𝛿𝑃'(



Polarization dynamics

So far, we have constructed the quantum action
for the exitonic insulator model of electronic ferroelectricity.

Below, we consider the polarization dynamics by mapping 
the quantum action to time-dependent Ginzburg-Landau eq.
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Time-dependent GL eq. for amplitude mode

Polarization diffusion eq.

C. Dominicis, Lett. Nuovo Cimento 12 (1975)

Recall 

𝜔" = 0 component only

In the magnetic case, see
Fulde & Luther, PR 175, 337 (1968); 
J. Hertz, PRB 14, 1165 (1976), 

See also A. Millis, PRL 88, 217204 (2002).

In the long-wavelength limit, the damping 
should be a diffusive form. 
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Polarization current

Polarization current

The polarization diffusion eq. can be transformed into 
the continuity eq. 

Continuity eq. (in real space)

This polarization current is defined in terms of the 
electronic ferroelectricity order parameter Δ

Polarization diffusion equation



Summary
• We have discussed the possibility of defining the 

polarization current purely electronically, by 
considering a model of electronic ferroelectricity. 

• We indeed found a polarization current that is defined 
solely in terms of electronic ferroelectricity order 
parameter. 

• The “ferron” thermal conductivity is shown to exhibit a 
cusp at Tc．
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Thank you very much for your attention!


