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We report phonon renormalization induced by an external electric field E in ferroelectric poly
(vinylidene fluoride–trifluoroethylene) [P(VDF-TrFE)] nanofibers through measuring the E-dependent
thermal conductivity. Our experimental results are in excellent agreement with the theoretical ones derived
from the lattice dynamics. The renormalization is attributed to the anharmonicity that modifies the phonon
spectrum when the atoms are pulled away from their equilibrium positions by the electric field. Our finding
provides an efficient way to manipulate the thermal conductivity by tuning external fields in ferroelectric
materials.
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I. INTRODUCTION

The conventional phonon theory, which considers the
anharmonicity as a perturbation, explains very well the
behavior of thermal conductivity in crystals at low temper-
ature. However, when the material is subject to an intensive
external electric or magnetic field, or stress, or high tem-
perature, the atoms deviate far away from their original
equilibrium positions and consequently induce a strong
anharmonicity that significantly modifies the phonon spec-
trum, and the perturbation theory is no longer valid. For
example, at high temperature, thermal conductivities of
some crystals are not inversely proportional to tempera-
ture, which is mainly attributed to large thermal motion of
atoms at high temperature [1,2].

To incorporate the effect of anharmonicity into the con-
ventional phonon transport theory, people usually renor-
malize the vibrational modes [3,4]. These renormalized
vibrational modes are called phonon renormalization,
which is more obvious in materials containing “rattlers,” as
those “rattlers” have much larger displacements than other
atoms [5]. Another example to illustrate phonon renor-
malization is exposure of the materials to a stress, since
stress could directly change the lattice structure of crys-
tals and thus alter the elastic constants [6,7], leading to
a change in thermal conductivity. Indeed, tuning thermal
conductivity via stress has been widely adopted due to its
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general applicability to materials, ranging from nanostruc-
tures [8–11], insulating solids [12], silicon nanowires [13],
and semiconductor nanofilms [14], to organic polymers
[7,15]. However, manipulating the thermal conductivity
by changing temperature and stress is not easy for prac-
tical applications. People turn to other options such as
applying electric or magnetic fields [16,17]. Electric-field-
induced thermal switching has been studied in inorganic
ferroelectric materials such as PbTiO3 [18], PbZr0.3Ti0.7O3
[19], and BiFeO3 [20,21]. The variation of thermal con-
ductivities under an electric field is mainly attributed to the
electric-field-induced change of phonon-phonon scattering
and domain wall densities.

Compared with inorganic materials, the change in ther-
mal conductivity of organic materials under an electric
field is rarely studied. Since the molecule chains of poly-
mers are flexible and bendable, their thermal conductivity
could be more sensitive to external field and easier to
observe [15]. In the case of ferroelectric polymers with
large polarizability, the dipole motion driven by the elec-
tric field is very likely to induce phonon renormalization.
Among ferroelectric polymers, poly(vinylidene fluoride)
(PVDF) and its copolymers are good prototypes for their
outstanding piezoelectric [22] and ferroelectric properties
[23,24].

In this work, we report an experimental observation
of a tunable phonon renormalization in poly(vinylidene
fluoride–trifluoroethylene) [P(VDF-TrFE)] nanofibers by
measuring the electric-field-dependent thermal conductiv-
ity. The samples are fabricated by the electrospinning
method and the thermal conductivity is then measured by
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the thermal bridge method. We find that the measured
electric field dependence of thermal conductivity, due to
phonon renormalization, matches well with the analyti-
cally derived formula that considers the piezoelectric effect
and the anharmonicity corresponding to thermal expan-
sion. This finding provides an alternative way to manip-
ulate the thermal conductivity in ferroelectric materials.

II. THEORETICAL MODEL

Figure 1 illustrates the concept of phonon renormal-
ization induced by an electric field. As an example, a
one-dimensional (1D) diatomic chain with one positive
charge and one negative charge in each unit cell is shown
in Fig. 1(a). The lattice constant is a and the separation
between two atoms in each unit cell is b. The Taylor
expansion of the potential energy can be written as

� = �(0) + 1
2

∑
iν,i′ν′

�
(2)

iν,i′ν′(Xiν − X0
iν)(Xi′ν′ − X0

i′ν′)

+ 1
6
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i′′ν′′) + . . . , (1)

where Xiν = Ri + Rν denotes the coordinate of the atom
(i, ν) referring to the vth atom in ith unit cell, Ri is the

position vector of the ith unit cell, and Rν is the location
of the vth atom with respect to Ri. �(0) is a constant, while
�(n) is the nth-order derivative of the potential energy eval-
uated in the equilibrium configuration of atoms X0

iν . The
potential of the positive atom near its equilibrium posi-
tion is denoted by the solid curve in the lower graph of
Fig. 1(a), and the harmonic term is specified in by the
dashed curve. The force constants are determined by the
harmonic term. It is convenient to qualitatively describe
the quasi-1D molecular chain of P(VDF-TrFE) with the 1D
diatomic chain model by treating CH2 and CF2 clusters as
positively charged and negatively charged, respectively, as
shown in Fig. 1(c).

When an electric field is adiabatically applied to the 1D
diatomic chain as shown in Fig. 1(b), atoms are pulled
away from their original equilibrium positions to new ones,
X̃

0
iν . The positive charge and the negative charge in each

unit cell move in opposite directions. Consequently, the
lattice constant changes from a to a′ and the separation
between two atoms in each unit cell changes from b to b′.
The renormalized potential energy with respect to the new
equilibrium positions is
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0
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(d)

FIG. 1. Schematic of the phonon renormalization in the case of an external electric field. (a) When there is no electric field, the
diatomic chain is in equilibrium, with atoms locating at their equilibrium positions. The lattice constant is a and the separation between
two atoms in each unit cell is b. The potential energy of atoms with positive charge is plotted by the black solid line, and a harmonic
approximation is plotted by the blue dashed line. (b) After applying the external electric field, the atoms in the diatomic chain will be
displaced from the original equilibrium positions. The lattice constant changes to a′ and the separation between two atoms in each unit
cell becomes b′. The harmonic approximation of the potential at the new equilibrium position will be different from the original one
due to the anharmonicity. (c) Typical molecular chain structure of PVDF or similar polymers. (d) In the case of molecular chains, the
variations of chain structure contain the change in bond angle and bond length.
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where �̃(0) is the reference energy in the presence of the
electric field. It would be significantly changed by the
change of equilibrium positions of atoms in comparison
with �(0). We believe that such a change does not affect
the phonon renormalization because the relative distance
between atoms is the key parameter rather than the ref-
erence energy. �̃

(2)

iν,i′ν′ = (∂2�̃/∂Xiν∂Xi′ν′)|0 denotes the
modified force constants. These can be calculated by com-
paring Eqs. (1) and (2), and the nearest neighboring terms
are listed as follows:

�̃
(2)
i+,i+ = �

(2)
i+,i+ + 1

2

[
�

(3)
i+,i+,i+ − �

(3)

i+,i+,(i+1)−

− �
(3)
i−,i+,i+

]
(b′ − b) + �

(3)

i+,i+,(i+1)−(a′ − a),

(3a)

�̃
(2)
i−,i+ = �

(2)
i−,i+ + 1

2

[
�

(3)

(i−1)+,i−,i+ + �
(3)
i−,i+,i+

− �
(3)

i−,i+,(i+1)− − �
(3)
i−,i−,i+

]
(b′ − b)

+
[
�

(3)

i−,i+,(i+1)− − �
(3)

(i−1)+,i−,i+
]
(a′ − a),

(3b)

�̃
(2)

i+,(i+1)− = �
(2)

i+,(i+1)−+ 1
2

[
�

(3)

i+,i+,(i+1)−+�
(3)

i+,(i+1)−,(i+1)+

− �
(3)

i+,(i+1)−,(i+1)− − �
(3)

i−,i+,(i+1)−
]
(b′ − b)

+
[
�

(3)

i+,(i+1)−,(i+1)− + �
(3)

i+,(i+1)−,(i+1)+
]

× (a′ − a), (3c)

�̃
(2)
i−,i− = �

(2)
i−,i− + 1

2

[
−�

(3)
i−,i−,i− + �

(3)

(i−1)+,i−,i−

+ �
(3)
i−,i−,i+

]
(b′ − b) − �

(3)

(i−1)+,i−,i−(a′ − a).

(3d)

Considering only the nearest neighboring terms of the
third-order derivatives, the force constant in Eq. (3) can
be rewritten as
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The variation of force constants shown in
Eq. (4) will change the sound velocity from vs = a√

β1β2/(β1 + β2)(M+ + M−) to

v′
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a′

a

×
√

1− β2
2δ1−β2

1δ2

2β1β2(β1+β2)
(b′−b)− β1δ2

β2(β1+β2)
(a′−a),

(5)

with accuracy to the first order of the variation of �
(2)

iν,i′ν′ .
The variation of a and b induced by the electric field can
be estimated from the piezoelectric effect and dielectric
properties [25]:

a′ − a
a

= d33E, b′ − b = −
(

�

M̄

) 1
2 b12

b11
E, (6)

where d33 is the piezoelectric coefficient, b11 = −ω2
0, and

b12 = [ε(0) − ε(∞)]1/2ε
1/2
0 ω0. � is the volume per unit

cell, M̄ = M+M−/(M+ + M−) is the reduced mass, ω0 is
the frequency of the transverse optic mode, ε0 is the per-
mittivity of free space, ε(0) is the static dielectric constant,
and ε(∞) the high-frequency dielectric constant. It is obvi-
ous that both a′ − a and b′ − b are linearly dependent on
E. One can easily find that v′

s ≈ vs(1 + d33E)
√

1 + γ E,
where γ can be determined from Eq. (5). A simplified
symmetric case of δ = (δ1/β

2
1 ) − (δ2/β

2
2 ) = 0 leads to a

limiting form of γ that shows that

γs = lim
δ→0

γ = −v2
s

kB
(M− + M+)α1d33, (7)

where α1 = kB
2a

(
δ1
β2

1
+ δ2

β2
2

)
is the thermal expansion coef-

ficient and kB is the Boltzmann coefficient. If we ignore
the changes in scattering strength and specific heat, the
thermal conductivity of the polymer is proportional to its
sound velocity [7]. Then the electric field dependence of
thermal conductivity due to phonon renormalization is κ ∝
(1 + d33E)

√
1 + γ E. We point out that γ should be of the

same order as γs. The difference between them is attributed
to the detailed molecular chain conformation in real poly-
mer as illustrated in Fig. 1(d). The reason is that there are
many other effects that have not been considered in our
model: (1) bond angle variation; (2) chain orientation; (3)
crystallinity; (4) phase transition of the polymer [there are
two phases of P(VDF-TrFE)]; and (5) bond length vari-
ation [17,26]. We notice that (v2

s /kB)(M− + M+)α1 � 1
is usually satisfied in ferroelectric polymers, and then
the thermal conductivity of ferroelectric polymer under
electric field is

κ ≈ κ0
√

1 + γ E, (8)
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where κ0 is the thermal conductivity in the absence of an
electric field.

III. EXPERIMENTAL DETAILS

We test our phonon renormalization theory by study-
ing the electric field dependence of thermal conduc-
tivity of P(VDF-TrFE) nanofibers. For this material γs
is estimated to be 3.5 nm V−1 by using d33 = −55 ×
10−3 nm V−1 [27], α1 = 6.6 × 10−4 K−1 [27], M− +
M+ = 2.31 × 10−25 kg [28] and vs = 2400 m s−1 [29].
Conventional PVDF is mainly composed of nonpolar
gauche isomers (α-phase), which leads to week ferro-
electricity [30]. The ferroelectricity of P(VDF-TrFE) can
be enhanced by introducing more β-phase from larger
polymerization ratio of trifluoroethylene (TrFE). In this
experiment, we prepare P(VDF-TrFE) nanofibers of
70/30 molar ratios and implemented definite post-
treatments. Figure 2(a) shows X-ray diffraction spectra
of P(VDF-TrFE) powders and electrospinning nanofibers.
The presence of a dominant peak at 2θ = 20°, which corre-
sponds to the β-phase [30], confirms that both powders and

(b)

(a)

FIG. 2. (a) X-ray diffraction results of P(VDF-TrFE) 70/30
powders and nanofibers. The marked β-phase is generally con-
sidered as the ferroelectric phase. (b) SEM image of the single
P(VDF-TrFE) nanofiber suspended on the device for thermal
conductivity measurement. The scale bar is 10 µm. Insert: the
enlarged SEM image of the same P(VDF-TrFE) nanofiber. The
scale bar is 500 nm.

nanofibers possess intrinsic ferroelectricity. Figure 2(b)
shows that a suspended P(VDF-TrFE) nanofiber formed
across the two suspended SiNx membranes by electro-
spinning technology. After electrospinning, the suspended
P(VDF-TrFE) nanofibers need to be annealed at 140 °C
in N2 to improve their crystallization [25]. The two SiNx
membranes are covered by platinum (Pt) coils, acting as
heater and temperature sensor for thermal conductivity
measurement. Two Pt/SiNx electrodes at the middle of
the whole microdevice are used to apply an electric field
along the axis of the nanofibers. To avoid the interac-
tion between a plurality of nanofibers, we chose a sus-
pended single nanofiber; note, however, that it is extremely
difficult for electrospinning to measure the polarization
tunable thermal conductivity. In order to observe the
change in thermal conductivity caused by the external
field, the whole suspended microdevice is placed in a
cryostat with high vacuum of the order of 1 × 10−5 Pa
to reduce the thermal convection. Since the change of
thermal conductivity of P(VDF-TrFE) nanofibers would
be much lower than the measurement sensitivity of the
traditional thermal bridge method [31,32], we adopt the
differential circuit configuration in our experiments due
to its advanced measurement sensitivity approaching to
10 pW K−1 [33,34].

Two samples are prepared such that the diameter and
length of sample 1 (sample 2) are 138 nm (511 nm) and
1.95 µm (1 µm), respectively. The ferroelectricity of the
polymer is sensitive to its postprocessing condition [35].
Therefore, we further treat sample 1 with three different
postprocessing methods (referred to as samples 1a, 1b,

FIG. 3. Electric field dependence of the thermal conductivity
at 300 K of samples under different annealing conditions. Solid
dots are measured data and lines are fitted by Eq. (8).
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TABLE I. The fitted γ and γ /γs of different P(VDF-TrFE) nanofibers.

γ (nm V−1) γ /γs

Sample Annealing condition κ0 (W m−1 K−1) Positive field Negative field Positive field Negative field

1a 140 °C; N2; 30 min furnace cooling 1.52 3.7 ± 0.5 3.7 ± 0.4 1.1 1.1
1b 67 °C; vacuum; bake 1.50 0.4 ± 0.2 0.35 ± 0.07 – –
1c 140 °C; N2; 2 h slow cooling 1.53 9.8 ± 1.2 10.9 ± 1.0 2.8 3.1
2 140 °C; N2; 30 min furnace cooling 1.10 7.9 ± 0.6 5.5 ± 0.7 2.3 1.5

and 1c) before each measurement. Sample 1a and sample
2 are annealed in nitrogen at 140 °C, followed by furnace
cooling; sample 1b is baked in a high-vacuum cryostat at
67 °C; sample 1c is annealed in nitrogen at 140 °C, fol-
lowed by a slow cooling (2 h), which is a recrystallization
process.

IV. RESULTS AND DISCUSSION

The measured thermal conductivity of all the samples
under positive and negative electric fields at T = 300 K
is shown in Fig. 3. It is shown that thermal conductivity
increases with the electric field. The electric field depen-
dence of measured thermal conductivity of samples 1a, 1c,
and 2 are in good agreement with Eq. (8). The fitted val-
ues of γ are listed in Table I. For sample 1a, γ equals
1.1 γs for both positive and negative fields. The fitted γ

of sample 1c, which is cooled slowly after annealing, is
2.8γs for positive field and 3.1 γs for negative field. The
larger γ corresponding to sample 1c originates from a
larger fraction of β-phases after the recrystallizing process,
which gives rise to a higher piezoelectricity. As for sample
2 with larger diameter, γ is 2.3γs for positive field and
1.5γs for negative field. There are two possible reasons
for the slight difference between different field directions:
(1) when changing the direction of voltage, the remnant
polarizability partially compensates the electric field pol-
ing effect; (2) when δ1/β

2
1 	= δ2/β

2
2 , γ changes when the

electric field changes direction according to Eq. (5). It is
interesting to note that the thermal conductivity of sam-
ple 1b does not change with the electric field. This result
is consistent with the morphology of the sample; it has
been reported that P(VDF-TrFE) transforms from trans
conformers (β-phase) to gauche isomers (α-phase) around
60 °C in a vacuum, and consequently the ferroelectricity
will be largely reduced [36]. Macroscopically, sample 1b
has an ignorable piezoelectric effect, thus γ is too small to
observe. From the above results, we find that the ferroelec-
tricity is essential to achieve the phonon renormalization.
Large crystallinity of ferroelectric phase and better chain
orientation are preferred.

V. CONCLUSION

In summary, we reveal that the electric field could
induce phonon renormalization in ferroelectric polymers.

The measured thermal conductivity of ferroelectric
P(VDF-TrFE) nanofibers exhibits a monotonic increasing
behavior under an electric field, which is in good agree-
ment with our analytical phonon renormalization model.
The tunable molecular chain structure under an elec-
tric field and reversible phase transition are a promising
prospect in the future application of polymer ferroelectrics.
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