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Transient negative capacitance (NC), as an available dynamic charge effect achieved in resistor-ferroelectric capacitor (R-FEC)
circuits, has triggered a series of theoretical and experimental works focusing on its physical mechanism and device appli-
cation. Here, we analytically derived the effects of different mechanical conditions on the transient NC behaviors in the R-FEC
circuit based on the phenomenological model. It shows that the ferroelectric capacitor can exhibit either NC (i.e., “single NC”
and “double NC”) or positive capacitance, depending on the mechanical condition and temperature. Further numerical
calculations show that the voltage drop caused by NC can be effectively controlled by temperature, applied stress, or strain.
The relationship between NC voltage drop and system configurations including external resistance, dynamical coefficient of
polarization, and input voltage are presented, showing diverse strategies to manipulate the NC effect. These results provide
theoretical guidelines for rational design and efficient control of NC-related electronic devices.
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1. Introduction

With the rapid development of transistor technology and
integration process, the size of microprocessors has been
continuously decreasing to achieve high integration and
maintain Moore’s law [1,2]. Under such a development
trend, the integrated circuit is facing increasing challenges
due to the fundamental limit of power dissipation of a
transistor known as Boltzmann tyranny [3,4]. In the past
decade, ferroelectric negative capacitance (NC) has received
intensive attention as a potential strategy to overcome the
fundamental Boltzmann limit [5-18]. With a ferroelectric
layer integrated into the field-effect transistor (FET) to form
an NC FET, one can amplify the surface potential in the

vicinity of the channel and realize a small sub-threshold
swing (SS) (< 60 mV/dec) to reduce the device’s power
consumption [5].
One can notice two types of NC effects of ferroelectric

capacitors [19-37]. One is the steady-state NC that is usually
observed in ferroelectric-dielectric heterostructures [16,19].
The key for the occurring of steady-state NC is that the
dielectric layer’s energy contribution drives the hetero-
structure to maintain a non-polar state in which the local
stiffness of the ferroelectric layer is negative [38]. The
second type of NC effect is the transient NC that is usually
observed in resistor-ferroelectric capacitor (R-FEC) circuits
[14,20]. Manifested itself with a decrease (increasing) of
voltage across the ferroelectric capacitor while charging
(discharging), the transient NC originates from the mis-
match between the screening charge accumulating rate and
the polarization switching rate in the ferroelectric capacitor
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[21]. Compared with the steady-state NC effect, the tran-
sient NC would only appear and cause a voltage amplifi-
cation during transient polarization switching [38], and its
instability and hysteretic feature are considered as draw-
backs in developing energy-efficient electronic devices.
Despite this, the transient NC effect holds promise in the
design of novel electronic devices and is a useful probe to
explore the fundamental physics of ferroelectricity, hence it
has recently received extensive technological and scientific
interest. To maximize its possibilities, clear physical and
theoretical descriptions on the ferroelectric transient NC
effect are necessary. While it is well known that the free
energy landscape of ferroelectric is sensitive to mechanical
conditions, at present how the ferroelectric transient NC
effect would be affected by the mechanical conditions re-
mains unclear.
In this work, we investigate the effects of different me-

chanical conditions on the transient NC behaviors in the R-
FEC circuit based on phenomenological model to present
the universal relationship between different NC behaviors
and the free energy landscape of different mechanical
loadings. The temperature-stress and temperature-strain
phase diagrams are analytically derived to show the me-
chanical manipulation of ferroelectric transient NC effect.
The ferroelectric capacitor is found to exhibit either NC
(including “single NC” and “double NC”) or positive ca-
pacitance, due to the different free energy landscapes of the
ferroelectric capacitor modulated by the mechanical condi-
tion and temperature. Based on Kirchhoff’s law and the
time-dependent Ginzburg-Landau (TDGL) equation, we
calculate the voltage drop caused by NC effect as a function
of temperature, applied stress, applied strain, external re-
sistance, dynamical coefficient of polarization, and input
voltage. Our study clearly indicates the potential of me-
chanically controlling the transient NC behaviors in the R-
FEC circuit.

2. Thermodynamic framework

To theoretically study the ferroelectric transient NC effect
and its controllability by mechanical conditions, we model
an R-FEC circuit consisting of an external resistance R, a
ferroelectric capacitor CFE, and a voltage source with input
voltage Vin, as shown schematically in Fig. 1. In this circuit,
the current is governed by Kirchhoff’s law:

RA Q
t V V= , (1)free

in FE

where A is the sectional area of the capacitor, Q
t
free is the

displacement current density,Qfree is the free charge density,

and VFE is the voltage across the ferroelectric capacitor CFE.
To clearly demonstrate the variation of the free energy
landscape and its effects on NC behaviors under different
mechanical conditions, we choose the uniaxial ferroelectric
model for simplification, which means the polarization has
only one component and should cross the energy barrier of
zero-polarization while switching. The free energy land-
scape of the ferroelectric capacitor is described by a sixth-
order Landau-type polynomial,

F T T P P P E P= 1
2 ( ) + 1

4 + 1
6 , (2)C0

2 4 6
FE

where P is the spontaneous polarization, E is the electric field,
0, and are the Landau coefficients, and TC is the Curie
temperature. The evolution of spontaneous polarization obeys
the TDGL equation, as the following form [39-43]:

P
t

F
P= , (3)

where is the dynamical coefficient, and t is the time. The
electrostatic equation of the screening charge of the capa-
citor is written as [39,44-46]

Q E P= + , (4)free b FE

where b is the background dielectric constant and EFE is the
electric field across the capacitor.
Chang et al. [21] theoretically demonstrated that the

physical origin of the transient NC in R-FEC circuit is the
mismatch between the screening charge accumulating rate
and the polarization switching rate, which can be written as

V
t

t Q
t

P
t= , (5)FE FE

b
free

where tFE is the thickness of the capacitor. When
Q

t
P
t<free is satisfied, NC effect appears. When the po-

larization switching rate is not too large, the transient NC
effect region of an R-FEC circuit can be considered a direct
mapping of the negative curvature in the free energy profile
under equilibrium (i.e., without the electric field) [21].
Based on this model, we further consider a first-order fer-
roelectric capacitor, which means the Landau coefficients
are satisfying > 0 and < 0. As the temperature decreases
from high above Curie temperature to far below Curie
temperature, the free energy landscape of the ferroelectric
evolves from single well, to triple well, and finally to double
well. This results in none, two, and one INC region(s),
corresponding to none, double NC effect, and single NC
effect as shown in Fig. 1b. Since there have been several
works proving that mechanical conditions can significantly
change the properties of the ferroelectrics like transition
temperatures and even the order of phase transition [23,47-
50], in the following sections we explore how the me-
chanical conditions would affect the transient NC effects.
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3. Mechanical manipulation of transient NC
effect

3.1 Multiple NC behaviors regulated by applied stress

Based on the first law of thermodynamics and to consider
the coupling between polarization and stress, the capacitor’s
free energy should be replaced by the Gibbs free energy,
following

G T T P P P QP

s E P

= 1
2 ( ) + 1

4 + 1
6

1
2 , (6)

C0
2 4 6 2

2
FE

where is stress, s is the elastic compliance coefficient, and
Q is the electrostrictive coefficient. Considering the equili-
brium condition, the electric field EFE is set to zero. By
combining the coefficients of the second-order term, we
can obtain the modified transition temperature
T T Q= + 2 /C C 0. Assuming > 0 and > 00 , here we
discuss the modulation effects of applied stress and tem-
perature on the INC regions or NC behaviors in two dif-
ferent situations: > 0 or < 0.
For the case < 0, the ferroelectric phase transition is of

first-order feature, and the second-order partial derivative of
the Gibbs free energy gives the curvature of the free energy
curve, following

G
P T T Q P P= ( ) 2 + 3 + 5 . (7)C
2

2 0
2 4

One can solve the equation G P/ = 02 2 and derive three
different situations in which the system may have
different INC regions and exhibit various NC behaviors, as
shown in Fig. 2a. For the condition and T satisfying

( ) ( )T Q T< 2 / + 0.45 / + C0
2

0 and ( )Q T T2 / + <C0 ,
the ferroelectric capacitor would exhibit a double NC during
the polarization switching process. For and T satisfying

( )T Q T2 / + C0 , the system would have only one INC
region and exhibit a single NC effect. Moreover, if

( ) ( )T Q T2 / + 0.45 / + C0
2

0 , the system would not
show NC effect.

For the case > 0, the ferroelectric phase transition is of
second-order feature and the solution for double NC van-
ishes. For and T satisfying ( )T Q T2 / + C0 , the system
would exhibit a single NC effect, and for the condition

( )T Q T> 2 / + C0 , the system would not show NC effect, as
shown in Fig. 2b.
Moreover, the temperature evolution of G-P curves is

calculated for first-order ferroelectric under constant applied
stress, as shown in Fig. 2c. As we can see, when increasing
the temperature, the free energy landscape of a first-order
ferroelectric transforms from double-well to triple-well and
then to single-well, corresponding to single, double NC ef-
fect, and none NC effect in an R-FEC circuit.
The above derivation demonstrates that controlling the

ambient temperature and external stress of the ferroelectric
capacitor can effectively regulate the transient NC behaviors
of the R-FEC circuit. Based on the classic sixth-order
Landau potentials for conventional perovskite ferroelectrics
BaTiO3 (BTO) and PbTiO3 (PTO) [47], we use a numerical
method to simulate the NC effects in the R-FEC circuit, as
shown in Fig. 3 (stress-free condition). During the simula-
tion, an input voltage step varying from +3V to 3V is used
to switch the polarization in our simulations. As we can see
in Fig. 3, the voltage drop caused by the NC of both fer-
roelectric capacitors is nonlinearly modulated by tempera-
ture in stress-free condition and there is a sudden change in
voltage drop at the transition point from the single NC re-
gion to the double NC region. Comparing the results of BTO
and PTO, one can also see that the voltage drop caused by
the NC of the PTO capacitor is generally more significant
than that of the BTO capacitors. Moreover, the double NC
region of PTO capacitor has a wider temperature range than
that of BTO capacitor.
The temperature-stress phase diagrams showing various

NC behaviors of the R-FEC circuit are further calculated
based on the BTO and PTO Landau coefficients and shown
in Fig. 4. The three NC behaviors are marked by three colors
and the voltage drops caused by the NC are displayed
through contour lines. From Fig. 4, it shows that a higher
positive stress or a lower temperature will increase the
magnitude of the voltage drop. Comparing the results of the
BTO and PTO capacitors, one can also see that the NC
boundaries (i.e., that between the “single NC” and the
“double NC” region and that between the “no NC” region
and the “double NC” region) of the BTO capacitor is more
sensitive to the applied stress than those of the PTO capa-
citor, due to the larger value of Q2 / 0. Moreover, the tem-
perature range of double NC region of the BTO capacitor
decreases with the increase of the applied stress, due to the
temperature dependence of the fourth-order Landau para-
meter of the bulk BTO.

Figure 1 a Schematic of the model R-FEC circuit. b Schematic of various
voltage responses of the ferroelectric capacitor during switching in the R-
FEC circuit. “INC” is the abbreviation for intrinsic negative curvature.
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3.2 Multiple NC behaviors regulated by applied strain

Considering the ferroelectric is in strained, the electrical
Gibbs function G2 should be chosen as the system’s ther-
modynamic potential, which can be derived from the Le-
gendre transformation of the Gibbs free energy G, as

G G T T P P P QP

s E P

= + = 1
2 ( ) + 1

4 + 1
6

1
2 + , (8)

C2 0
2 4 6 2

2
FE

where is strain. Substituting G QP s= =2 into G2

and setting the electric field EFE to zero, the electrical Gibbs
function can be rewritten as

G T T P P P QP QP
s

s QP
s

QP
s

= 1
2 ( ) + 1

4 + 1
6

1
2 + . (9)

C2 0
2 4 6 2 2

2 2 2

Combining the coefficients of the second-order and
fourth-order terms, we have the following form of the
electrical Gibbs function:

( )G
T T Q

s P Q
s P P s= 2 + 4 + 2 + 1

6 + 2 . (10)C
2

0 2 2 4 6 2

Rewriting the second-order and fourth-order terms, we
have

( )G T T P P P s= 1
2 + 1

4 + 1
6 + 2 , (11)C2 0

2 4 6 2

with T T Q
s= + 2

C C 0
, Q s= + 2 /2 . From Eq. (11), one can

see that the strain modulates the transition temperature TC of
the ferroelectrics, and it can even change the order of phase
transition. Assuming the elastic compliance coefficient s to
be positive, the strain effect can increase from negative to
positive by Q s= + 2 /2 , leading to a change of phase
transition order from first-order type to second-order type.
The curvature of the electrical Gibbs function curve can be
derived from

G
P T T Q

s
Q
s P P= ( ) 2 + 3 + 6 + 5 . (12)C

2
2

2 0

2 2 4

According to Eq. (12), for the case that < 0, if and T

satisfy [ ]T Q s T2 /( ) + C0 , the system would exhibit
a single NC effect. For condition that

[ ]T Q s T> 2 /( ) + andC0 ( ) ( )s sQ Q s9 + 36 + 36 / 202 2 2 4
0

2

[ ]Q s T T+ 2 /( ) + >C0 , the system would exhibit double NC

Figure 2 Temperature-stress phase diagram depicting various transient NC effects. a The case < 0. b The case > 0. c The temperature evolution of G-P
curves for first-order ferroelectric under constant applied stress.
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effect during polarization switching. When the system satisfies

( ) ( )s sQ Q s9 + 36 + 36 / 202 2 2 4
0

2 [ ]Q s T T+ 2 /( ) + C0 ,

there are no NC effects during polarization switching. The
temperature-strain phase diagram is shown in Fig. 5a.
For the case that > 0, the change of temperature and

applied strain would only induce the transformation between
“single NC” state and “no NC” state of the system. For

condition satisfying [ ]T Q s T2 /( ) + C0 , the system would

exhibit a single NC effect, and for [ ]T Q s T> 2 /( ) + C0 ,

there will be no NC effects, as shown in Fig. 5b.
The temperature evolution of G2-P curves is also calcu-

lated for first-order ferroelectric under constant applied
strain, as shown in Fig. 5c.
To numerically consider the effects of temperature and

applied strain on the NC behavior and voltage drop of the

ferroelectric capacitor during polarization switching, we
further use the Landau coefficients of BTO and PTO to
calculate the temperature-strain phase diagram with con-
tours of voltage drop, as shown in Fig. 6. Here in the
simulation, biaxial strains are applied along x and y di-

rections, given by G =
x y( )

. The expression of the

electrical Gibbs function and the simulation parameters
can be found in Appendix. Comparing the temperature-
strain phase diagrams shown in Fig. 6 and the tempera-
ture-stress phase diagram shown in Fig. 4, one can see
that the applied strain significantly depresses the double
NC region of both the BTO and PTO capacitors. More-
over, the specific Landau potential of PTO results in an
order change of phase transition from first-order to sec-
ond-order due to the clamped effect of the applied strain,

Figure 3 NC behaviors of the R-FEC circuit with a stress-free ferro-
electric capacitor. a Voltage drop-temperature relation curve calculated with
BTO’s Landau coefficients. b Voltage drop-temperature relation curve
calculated with PTO’s Landau coefficients.

Figure 4 Calculated temperature-stress phase diagram of various NC
behaviors in the R-FEC circuit using the perovskite ferroelectrics’ coeffi-
cients. a Phase diagram calculated by BTO’s coefficients. b Phase diagram
calculated by PTO’s coefficients.
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leading to the vanishing of double NC region. From
Fig. 6, it can be also seen that alower negative strain or a
lower temperature would increase the magnitude of the
voltage drop.

4. Additional influencing factors

The above results have proven that temperature, stress, and
strain can effectively control the NC behaviors of R-FEC

Figure 5 Temperature-strain phase diagram containing various transient NC effects. a The case < 0. b The case > 0. c The temperature evolution of
G2-P curves under constant applied strain.

Figure 6 Calculated temperature-strain phase diagram of various NC behaviors in the R-FEC circuit using the perovskite ferroelectrics’ coefficients.
a Phase diagram calculated by BTO’s coefficients. b Phase diagram calculated by PTO’s coefficients.
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circuit. To further explore the factors that affect the NC
behaviors of R-FEC circuit, we adopt different values of
external resistance R or dynamical coefficient γ to calculate
the voltage drop during polarization switching, as shown in
Fig. 7. As we can see, the external resistance and dynamical
coefficient can significantly affect the voltage drop during
transient NC progress. A larger resistance or a smaller dy-
namical coefficient can nonlinearly increase the magnitude
of the voltage drop. Moreover, both the external resistance
and dynamical coefficient can manipulate the relaxation
time of the polarization switching. An R-FEC circuit with
larger external resistance or larger dynamical coefficient
would significantly increase the polarization switching time.
To find out the relationship between the voltage drop of

NC and input voltage, we further calculate the transient NC
behaviors under different input voltages from 2 V to 5 V, as
shown in Fig. 8a. The relative polarization evolution curves

are shown in Fig. 8b. Among the four different input voltage
conditions in Fig. 8, the polarization under the lowest input
voltage condition (green line) does not complete switching
and hence exhibits no NC effect in the circuit. The other
three conditions with their input voltage larger than a critical
value finish polarization switching and gain a voltage drop
of −5.33 V. Hence, we can see that the magnitude of the
input voltage affects the polarization switching process of
the ferroelectric capacitor and there is a critical voltage
threshold above which the polarization can be completely
reversed. When the input voltage exceeds the critical value,
in other words, the polarization completes switching through
the INC region of the free energy curve, the voltage drop of
NC would not change with the enlarging input voltage. The
above calculations inspire us to design the intrinsic free
energy curve of the ferroelectric or the circuit’s configura-
tions to efficiently control the NC effect.

Figure 7 NC behaviors of the R-FEC circuit with different circuit configurations. a NC behaviors of the R-FEC circuit with different external resistance.
b Voltage drop-resistance relation curve. c NC behaviors of the R-FEC circuit with different dynamical coefficients. d Voltage drop-dynamical coefficient
relation curve.
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5. Conclusions

In conclusion, we have analytically derived the effects of
different mechanical conditions on the transient NC beha-
viors in the R-FEC circuit. It shows that with a first-order
ferroelectric capacitor in the R-FEC circuit, the temperature
and applied stress or strain can effectively manipulate the
NC behaviors, leading to transformation between “no NC”,
“single NC”, and “double NC” states. Based on the Landau
coefficients of perovskite ferroelectrics, the numerical cal-
culations show that lower temperature, larger applied stress,
or larger compressive strain can significantly increase the
voltage drop caused by the NC effect. Moreover, we reveal
the nonlinear control of the ferroelectric dynamical coeffi-
cient and external resistance on the voltage drop of transient
NC. These results provide theoretical guidelines for rational
design and efficient control of NC-related electronic de-
vices. The relationship between free energy landscape and
multiple transient NC effects inspires us to design the po-
larization switching process in the R-FEC circuits to gain
different NC effects. For example, by doping, using new-
type multi-well ferroelectric materials, and designing com-

pensated multi-domain switching processes, we can control
the height and number of barriers that polarization switching
needs to cross and gain different transient NC effects.
Moreover, the strategy of mechanically reducing the polar-
ization switching barrier enables high-speed digital elec-
tronic devices based on transient NC effects to operate at
low voltage and high frequency, and the mechanically ma-
nipulable double NC effect can be applied in waveform
modulators which convert rectangular pulses into wavy-
shaped pulses.

Appendix

In Sect. 3.2, we calculate the effect of strain on the NC
behaviors of the R-FEC circuit based on the specific Landau
coefficients of BTO and PTO. The electrical Gibbs function
of the ferroelectric capacitor has the form:

( )G
T T Q

s s P
Q

s s P

P s s E P

= 2
2

+ + 4 + +

+ + + ,

C
2

0 12
11 12

2 12
2

11 12
4

6 2

11 12 FE

where is the biaxial strain applied along x and y directions
that are perpendicular to the polarization.
Values of the parameters in the simulations are shown in

Table A1.
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电阻-铁电电容器电路中瞬态负电容效应的力学调控研究

何乾, 陈伟津, 罗鑫, 郑跃

摘要 瞬态负电容效应作为一种在电阻-铁电电容器电路中实现的可用动态电荷效应, 已受到科研人员的广泛关注. 近年来, 已有许多

研究者针对其物理机制与器件应用开展了一系列理论与实验研究. 本文通过解析推导研究了不同力学条件对电阻-铁电电容器电路中

的瞬态负电容效应的影响, 结果显示在不同的力学与温度条件下, 一级铁电体电容器可以发生不同的负电容效应（包括单负电容与双

负电容效应）以及不发生负电容效应. 数值模拟的结果表明, 较低的温度、较大的施加应力以及较大的压缩失配应变可以显著地增加

负电容的电压降. 此外, 负电容电压降与不同的电路配置如外电阻、极化动力学系数、输入电压的关系也被模拟计算所揭示, 展现出

了瞬态负电容效应的丰富可调控策略. 这些结果为实验上合理而高效地利用和设计负电容相关功能电子器件提供了理论参考.
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