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We formulate a scattering theory of polarization and heat transport through a ballistic ferroelectric point
contact. We predict a polarization current under either an electric field or a temperature difference that
depends strongly on the direction of the ferroelectric order and can be detected by its magnetic stray field
and associated thermovoltage and Peltier effect.

DOI: 10.1103/PhysRevLett.128.047601

Orifices such as Maxwell-Sharvin point contacts [1,2],
microstructured and nanostructured constrictions such as
semiconductor quantum point contacts [3,4] and atomic-
scale break junctions [5], etc., are important instruments to
study transport properties in condensed matter physics on
small length scales. The quantization of transport of
electrons [6,7], light [8], super- [9,10], and spin [11,12]
currents as well as photonic [13,14], electronic [15–17],
and phononic [18–20] heat currents are some of the
important breakthroughs in this field. To the best of our
knowledge, the transport through constrictions formed by
ferroelectrics has never been addressed, neither theoreti-
cally nor experimentally.
Ferroelectricity refers to the electrically switchable macro-

scopic order of electric dipoles or persistent polarization that
forms spontaneously below a Curie temperature [21] with
some analogies with magnetism [22]. In so-called displacive
ferroelectrics, the phase transition is accompanied by a
symmetry-breaking structural phase transition: ferroelectric-
ity is then caused by short-range elastic forces, while
magnetism is caused by the short-range exchange interac-
tion. The dipolar interaction is much larger in ferroelectrics
than in ferromagnets and causes important secondary effects.
The elementary excitations of the magnetic order, i.e., spin

waves or magnons, can transport energy, linear, and spin
angular momentum. In high-quality magnetic insulators,
coherently excited magnons with long wavelengths travel
ballistically over large distances [23]. Thermal magnons, on
the other hand, propagate diffusely under a gradient of
temperature, magnetic field, or chemical potential [24],
causing the spin Seebeck [25] and Peltier effects [26,27].
Here, we address the question of whether analogous trans-
port processes exist in ferroelectrics. Previously we proposed
diffuse polarization transport in ferroelectric capacitors [28].
In this Letter, we formulate ballistic transport through

constrictions of a displacive ferroelectric by the scattering

theory of transport [19,29,30]. In contrast to the findings for
diffuse systems [28], we predict a polarization current that
generates observable stray magnetic fields as well as a dc
polarization Peltier effect within the relaxation time of the
reservoirs. Hereafter, “dc” refers to the transport regime
within this timescale [31].
We consider a monolithic ferroelectric sample in which a

narrow wire adiabatically connects two reservoirs with
perpendicular ferroelectric order at temperatures suffi-
ciently below the phase transition. The two reservoirs
are at thermal equilibrium but at possibly different temper-
ature T1 and T2. Top and bottom gates allow application of
different electric fields E1 and E2 as sketched in Fig. 1(a).

FIG. 1. (a) Polarization transport between two ferroelectric
reservoirs (R1 and R2) connected by a ferroelectric lead (left
panel). The polarization current induces a magnetic field (right
panel). In accordance with the polarization current direction as in
(a), there are an electric field applied on the R1 along the direction
of ferroelectric order and a temperature difference (ΔT > 0) on
the R2. (b) The ferroelectric lead is divided by the scattering
region into two parts of lead 1 and 2 that are in adiabatic contact
with the R1 and R2, respectively.
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We focus on steady-state transport, which requires suffi-
ciently large reservoirs. In linear response, currents and
forces are related by a matrix of transport coefficients [28]

�−Jp
Jq

�
¼ G

�
1 S

Π K=G

�� ΔE
−ΔT

�
; ð1Þ

where the Jp and Jq are the polarization and heat currents
flowing from reservoir 1 to 2, while ΔE ¼ E2 − E1 and
ΔT ¼ T2 − T1 are the electric field and temperature
differences between the two reservoirs, respectively. G is
the polarization conductance, S (Π) the polarization
Seebeck (Peltier) coefficient with Kelvin-Onsager relation
Π ¼ ST, andK the thermal conductance. We now derive all
transport coefficients by the scattering theory of transport.
Phonon model.—A phonon mode in a wire along the

x axis with wave number k reads

unkσðl; sÞ ¼
1ffiffiffiffiffiffiffiffiffiffi
NMs

p enkσðsÞφnðρlÞeikxl−iωnkστ; ð2Þ

where unkσðl; sÞ is the displacement of the s-th ion in
the l-th ferroelectric unit cell, with the ionic mass ofMs, N
the number of unit cells. Here, ωnkσ is the phonon
frequency dispersion, enkσðsÞ the polarization vector of
phonon with polarization index σ ¼ 1;…; 3m, where m is
the number of ions in each ferroelectric unit cell, with
band index n and ρl the transverse coordinate. The
orthogonality relations are

P
l φnðρlÞφn0 ðρlÞ�eiðk−k0Þxl ¼

Nδnn0δkk0 and
P

s enkσðsÞ · ½enkσ0 ðsÞ�� ¼ δσσ0 .
A phonon unkσ originating in the left reservoir (R1) with

positive group velocity vnkσ ¼ ∂ωnkσ=∂k > 0 can be elas-
tically reflected or transmitted by the constriction, as
illustrated in Fig. 1(b), and the amplitude in both leads
then reads

uð1Þnkσ ¼
8<
:

unkσ þ
P
n0;σ0

un0−k0σ0rn0σ0nσ

P
n0;σ0

un0k0σ0 tn0σ0nσ
in
lead 1;

lead 2;
ð3Þ

where rn0σ0nσ is the reflection amplitude from mode nσ to
n0σ0 in lead 1, while tn0σ0nσ is the transmission amplitude
from mode nσ in lead 1 to n0σ0 in lead 2 and ωnkσ ¼ ωn0k0σ0

for the elastic scattering. Analogously, assuming that the
junction is symmetric, an incoming phonon unkσ from the
right reservoir (R2) generates the following amplitudes in
both leads

uð2Þn−kσ ¼
(P

n0;σ0 un0−k0σ0tn0σ0nσ
un−kσ þ

P
n0;σ0 un0k0σ0rn0σ0nσ

in
lead 1;

lead 2:
ð4Þ

The total displacement field operator in the leads can then
be written as [19]

ûðl; sÞ ¼
X

n;σ;k>0

ffiffiffiffiffiffiffiffiffiffiffiffi
ℏ

2ωnkσ

s
½âð1Þnkσu

ð1Þ
nkσðl; sÞ

þ âð2Þn−kσu
ð2Þ
n−kσðl; sÞ� þ H:c:; ð5Þ

where âð1Þnkσ (âð2Þn−kσ) represents the creation operator of
phonons originating in R1 (R2) and H.c. denotes the
Hermitian conjugate of the previous term.
We adopt the standard rigid-ion approximation for

displacive ferroelectrics [32,33] with polarization fluctua-
tions around the ground state,

ΔP̂l ¼
X
s

Qsûðl; sÞ; ð6Þ

whereQs is the ionic charge of the s-th ion in the ferroelectric
unit cell with index l and

P
s Qs ¼ 0. The polarization

projection along the ferroelectric order in the l-th unit cell

P̂l ¼ ðP0 þ ΔP̂k
l Þ cosΔθ̂l, where ΔP̂k

l is the oscillation of the
polarization modulus relative toP0 ¼ jP0j in the ground state
and Δθ̂l a small angle of rotation. We now make the ferron

approximation that the fluctuations in ΔP̂k
l and Δθ̂l are

uncorrelated, which is justified when the longitudinal elastic
constant of the dipole is sufficiently larger than the transverse
one and excellent for the order-disorder type of ferroelectrics
with stable molecular dipoles [34]. To leading order in small
Cartesian transverse and longitudinal fluctuations, i.e.,

ΔP̂⊥
l ¼ ΔP̂l − ðΔP̂l · P0ÞP0=P2

0 and ΔP̂k
l ¼ ΔP̂l · P0=P0,

P̂l ¼ P0

�
1 −

ðΔP̂⊥
l Þ2

2P2
0

�
þ ΔP̂k

l þO½ðΔP̂⊥
l Þ2;ΔP̂k

l �: ð7Þ

The first term captures the reduced polarization projection
along the ferroelectric order by the transverse fluctuations and

we disregard ΔP̂k
l and higher-order terms.

When the polarization is conserved on the length scale of
the constriction, the operator for the coarse-grained polari-
zation density P̂l=Ω → p̂ðr; τÞ per unit cell with volume Ω
is related to the polarization current density |̂pðr; τÞ through

∂x|̂pðr; τÞ ¼ −∂τp̂ðr; τÞ; ð8Þ

where r≡ ðx; ρÞ and the operators are in the Heisenberg
picture. The partial Fourier transform p̂ðρ; q;ωÞ ¼R
dτ

R
dxp̂ðρ; x; τÞeiωτ−iqx leads to

|̂pðr; τÞ ¼
Z

dq
2π

Z
dω
2π

�
ω

q

�
p̂ðρ; q;ωÞe−iωτþiqx: ð9Þ

Substituting Eq. (7) and to leading order in the fluctuations
Eq. (6), the statistical average of the total polarization
current
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Jp ≡
Z

dρh|̂pðr; τÞi

¼ −
ℏ
2P0

X
n0;σ0

X
n;σ

Z
BZ

0

dk
2π

jF⊥
n0k0σ0 j2
ωn0k0σ0

vn0k0σ0 jtn0σ0nσj2

× ½hâ†nkσânkσið1Þ − hâ†n−kσân−kσið2Þ�; ð10Þ

whereBZ indicates theBrillouin zone boundary.HereF⊥
nkσ ¼

Fnkσ − ðFnkσ · P0ÞP0=P2
0 is the transverse component of

Fnkσ ¼
X
s

Qsffiffiffiffiffiffiffi
Ms

p enkσðsÞ ð11Þ

and h� � �iðiÞ is a thermal average in reservoir i:

hâ†nkσânkσiðiÞ ¼ Nðℏωnkσ − μðiÞnkσ; T
ðiÞÞ: ð12Þ

The parameters in the Planck distribution function
Nðℏω; TÞ≡ 1=½eℏω=kBT − 1� are the temperature TðiÞ and

effective chemical potential μðiÞnkσ ¼ ξnkσEðiÞ, whereEðiÞ is the
electric field of reservoir i and polarization

ξnkσ ¼ −
ℏ
2P0

jF⊥
nkσj2
ωnkσ

: ð13Þ

In the above calculations we adopted the conventional
assumption of an adiabatic connection between the reser-
voirs and the leads. The electric fields are applied on the
reservoirs where they affect the equilibrium phonon sta-
tistics. In linear response, transport is then only governed
by the differences in EðiÞ and TðiÞ in the reservoirs and the
transmission coefficients through the constriction. We
consider here two different configurations, viz., with
equilibrium polarization in the constriction normal to the
plane (parallel to those in the reservoirs) and along the wire.
They can in principle be switched by the electric fields of
local gates, but we assume here for simplicity that the field
in the constriction vanishes.
The energy or heat current reads

Jq¼
X
n0σ0

X
nσ

Z
BZ

0

dk
2π

ℏωn0k0σ0vn0k0σ0 jtn0σ0nσj2

× ½Nðℏωnkσ−μð1Þnkσ;T
ð1ÞÞ−Nðℏωnkσ−μð2Þnkσ;T

ð2ÞÞ�: ð14Þ

In the ballistic limit, tn0σ0nσ ¼ δnn0δσσ0

Jq ¼ −
X
nσ

Z
ωmax
nσ

ωmin
nσ

dω
2π

ℏω½Nðℏω − μð2Þnσ ðωÞ; Tð2ÞÞ

−Nðℏω − μð1Þnσ ðωÞ; Tð1ÞÞ�; ð15Þ

where ωmin
nσ and ωmax

nσ are the band edges of the nσ phonon
mode, which in the absence of an electric field or

ferroelectric order reduces to the conventional phonon
heat current expression [18,19]. We obtain the transport
coefficients in Eq. (1) by linearizing the distribution
functions:

G ¼ −
1

ℏ

X
nσ

Z
ωmax
nσ

ωmin
nσ

ξ2nσðωÞ
�∂N
∂ω

�
T

dω
2π

;

Π ¼ ST ¼ G−1
X
nσ

Z
ωmax
nσ

ωmin
nσ

ωξnσðωÞ
�∂N
∂ω

�
T

dω
2π

;

K ¼
X
nσ

Z
ωmax
nσ

ωmin
nσ

ℏω

�∂N
∂T

�
ω

dω
2π

; ð16Þ

which (for simple ferroelectrics) are positive since
∂Nðω; TÞ=∂ω < 0.
Diatomic ferroelectric chain.—For concreteness, we

model transport properties at temperatures sufficiently
below the ordering transition by a one-dimensional dimer
chain, with two ions of opposite charges �Q and same
mass M in the unit cell, as sketched in Fig. 2 for the
polarization perpendicular and parallel to the chain. The
ground state permanent electric dipole in each unit cell is
P0 ¼ Qδ, where δ is the symmetry-breaking deformation
and Q the ionic charge. For strongly anisotropic systems
this model holds by multiplying the results with the number
of parallel wires.
In the perpendicular configuration, only two optical

phonons with polarization vector transverse to the
ferroelectric order carry an average polarization of
ξkσ ¼ −ðℏQ2Þ=ðMP0ωkσÞ. Using the results from the
Supplemental Material [35]

G ¼ 2ξ2P
h

Z ffiffi
6

p
ϵ0ffiffi

2
p

ϵ0

dϵ
ϵ20e

ϵ

ϵ2ðeϵ − 1Þ2 ;

¼ ξ2P
h

8<
:

e−
ffiffi
2

p
ϵ0 − 1

3
e−

ffiffi
6

p
ϵ0�

1

3
ffiffi
2

p − 1

9
ffiffi
6

p
�

kBT
ℏω0

for
kBT ≪ ℏω0;

kBT ≫ ℏω0;
ð17Þ

Π ¼
�
2ξ2P
hG

�
Cδ2

P0

Z ffiffi
6

p
ϵ0ffiffi

2
p

ϵ0

dϵ
eϵ

ðeϵ − 1Þ2

¼ Cδ2

P0

(
2
18
13
ð4 − ffiffiffi

3
p Þ for

kBT ≪ ℏω0;

kBT ≫ ℏω0;
ð18Þ

K ≈
k2BT
h

�Z
2ϵ0

0

dϵ
3ϵ2eϵ

ðeϵ − 1Þ2 þ
Z ffiffi

6
p

ϵ0ffiffi
2

p
ϵ0

dϵ
2ϵ2eϵ

ðeϵ − 1Þ2
�

¼
(

π2k2BT
h

ð3þ ffiffiffi
6

p
−

ffiffiffi
2

p Þ kBω0

π

for
kBT ≪ ℏω0;

kBT ≫ ℏω0;
ð19Þ
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where ω0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
C=M

p
is the characteristic frequency

of lattice vibration with C the shear force constant,
ξP ¼ ℏω0P0=ðCδ2Þ is a quantum polarization, analogous
to the Bohr magneton for magnetization with −ξPE=ℏ
equivalent to the Rabi frequency, ϵ0 ¼ ℏω0=kBT and
ð0; 2ϵ0Þ and ð ffiffiffi

2
p

ϵ0;
ffiffiffi
6

p
ω0Þ are the band edges in unit of

kBT for three acoustic and two transverse optical phonon
modes, respectively [35]. The ratio between the elastic
energy and electric dipole Cδ2=P0 also governs transport in
the diffuse model [28]. In Fig. 2(c), we plot the polarization
conductance and Peltier coefficient as a function of temper-
ature (see Fig. S2 in Supplemental Material [35] for the heat
conductance). Since the polarization transport is contrib-
uted by gapped optical phonons, G is exponentially small
when kBT ≪ ℏω0. In contrast to K ¼ π2k2BT=h, the well-
known quantum of phononic heat conductance [18–20], the
polarization Peltier quantum Π ¼ Cδ2=P0 is not universal,
but depends on the material parameters.
Aligning the polarization with the wire axis drastically

changes the polarization transport that is then carried by
both transverse acoustic and optical phonon modes.
According to the Supplemental Material [35]

ξkσ ¼ −
ℏωkσP0

4Cδ2
; ð20Þ

where σ ¼ TA, TO denotes the transverse acoustic and
optical phonons, respectively, and Eq. (16) reduces to

K ¼ k2BT
h

Z
2ϵ0

0

dϵ
3ϵ2eϵ

ðeϵ − 1Þ2 ¼
(

π2k2BT
h

3kBω0

π

for
kBT ≪ ℏω0;

kBT ≫ ℏω0;

ð21Þ

G ¼ ξ2P
8h

Z
2ϵ0

0

dϵ
ϵ2eϵ

ϵ20ðeϵ − 1Þ2 ¼
2

3

KT
Π2

; ð22Þ

Π ¼ 4Cδ2

P0

: ð23Þ

Here, Π is constant and the conductance G vanishes
quadratically with temperature since polarization transport
by the transverse acoustic phonons is massless at low
energies. The figure of merit of thermal polarization
transport turns out to be constant as well:

ZT ≡GΠ2

KT
¼ 2

3
: ð24Þ

Detection of polarization current.—In the steady state
the polarization current from the high-field to the low field
region is accompanied by a heat current. We assume in the
derivations above that the reservoirs are such large that on
the time scale of the transport process the bias is constant.
Finite reservoirs react parametrically to these currents on a
larger time scale. The Peltier effect can be observed by an
increased temperature in the high-field regime and cooling
of the low-field terminal, while the “battery” becomes
depleted. When the two reservoirs are not electrically

FIG. 2. Diatomic ferroelectric chains with spontaneous polarization (a) perpendicular and (b) parallel to the chain axis, respectively.
The polarization conductance (G) and Peltier coefficient (Π) as a function of temperature for the perpendicular (c) and parallel
(d) configurations, where TA and TO in (d) represent the contributions from the transverse acoustic and optical phonons, respectively.
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biased but subject to a temperature difference, a heat
current flows, accompanied by a Seebeck polarization
current. Both currents contribute to an increase (decrease)
of the polarization on the hot (cold) side that charges the
capacitors by both pyroelectric and Seebeck effects, i.e.,
generates thermovoltages in both reservoirs. With the
model parameters above we can compute the time depend-
ence for given sample geometries parametrically.
The dc transport of electric polarization is accompanied

by dc stray magnetic fields and, vice versa, an applied
magnetic field can affect the polarization current. When
flowing along the xwith polarization along z as in Fig. 1(a),
the magnetic flux density at a position r ¼ ð0; y; zÞ follows
from the Lorentz transformation

Bp ¼ μ0Jp
2πρ2

ð0; cos 2ϕ; sin 2ϕÞ; ð25Þ

where Jp is the polarization current, ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
the

probing distance, cosϕ ¼ y=ρ and sinϕ ¼ z=ρ. For N0

uncoupled parallel chains Jp ¼ N0G½ΔEþ ΠðΔT=TÞ�,
where G and Π are the polarization conductance and
Peltier coefficient for the single chain, respectively. In
the perpendicular polarization configuration at T ¼ 300 K,
with C ¼ 25 J=m2, ω0 ¼ 10 THz, δ ¼ 0.03 nm,
P0 ¼ 2 × 10−29 Cm, which are close to those of conven-
tional ferroelectrics of BaTiO3 [36,37], we arrive at
G ¼ 9.74 × 10−28 m2=Ω, Π ¼ 3.52 × 109 V=m. The
induced magnetic field for N0 ¼ 1 at a distance ρ ¼
10 nm is Bp ≈ 200 pT for either ΔE ¼ 108 V=m or
ΔT ¼ 10 K, which can be detected by single diamond-
NV center magnetometry enhanced by spin-to-charge NV
readout protocols [38]. The stray magnetic fields generated
by the polarization current in thicker wires and tuned by the
sample geometry may become large enough to be detect-
able by conventional sensors. References [39,40] predicted
that circularly polarized optical phonons induce finite
magnetic moments, which was subsequently confirmed
[41]. The magnetic field generated by polarization current
can be viewed as another form of multiferroicity.
Conclusions.—We derive expressions for the steady state

polarization and heat transport through a ferroelectric
constriction driven by temperature and electric field
differences. We find drastic effects of rotating the polari-
zation direction, such as an algebraic vs exponential
suppression of the polarization current. The results can
be extended to include, e.g., the effects of ferroelectric
domain walls. The polarization current can be detected
indirectly via the polarization Peltier effect and a thermo-
voltage or, more directly, by the stray magnetic field that
accompanies the streaming dipoles. Our formulation for the
polarization transport is not limited to this simple chain
model but is accessible to first-principles calculations. The
thermally and electrically induced transport of electric
polarization opens alternative strategies for thermal

management using ferroelectric materials. Our predictions
require a persistent polarization which arises spontaneously
in ferroelectrics, but may also be induced by, e.g., strong
electric fields in paraelectric materials.
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