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Spatially resolved steady-state negative capacitance
Ajay K. Yadav1,12, Kayla X. Nguyen2,12, Zijian Hong3,12, Pablo García-Fernández4,12, Pablo Aguado-Puente5,  
Christopher t. Nelson6,7, Sujit Das7, Bhagawati Prasad7, Daewoong Kwon1, Suraj Cheema7, Asif I. Khan1,11, Chenming Hu1,  
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Negative capacitance is a newly discovered state of ferroelectric 
materials that holds promise for electronics applications by 
exploiting a region of thermodynamic space that is normally not 
accessible1–14. Although existing reports of negative capacitance 
substantiate the importance of this phenomenon, they have 
focused on its macroscale manifestation. These manifestations 
demonstrate possible uses of steady-state negative capacitance—
for example, enhancing the capacitance of a ferroelectric–dielectric 
heterostructure4,7,14 or improving the subthreshold swing of a 
transistor8–12. Yet they constitute only indirect measurements of 
the local state of negative capacitance in which the ferroelectric 
resides. Spatial mapping of this phenomenon would help its 
understanding at a microscopic scale and also help to achieve 
optimal design of devices with potential technological applications. 
Here we demonstrate a direct measurement of steady-state negative 
capacitance in a ferroelectric–dielectric heterostructure. We use 
electron microscopy complemented by phase-field and first-
principles-based (second-principles) simulations in SrTiO3/PbTiO3 
superlattices to directly determine, with atomic resolution, the 
local regions in the ferroelectric material where a state of negative 
capacitance is stabilized. Simultaneous vector mapping of atomic 
displacements (related to a complex pattern in the polarization 
field), in conjunction with reconstruction of the local electric 
field, identify the negative capacitance regions as those with higher 
energy density and larger polarizability: the domain walls where the 
polarization is suppressed.

When a material transitions to a ferroelectric phase, it develops a 
stable polarization state that is doubly degenerate1 (Fig. 1a), corre-
sponding to positions of minima (A and B in Fig. 1a) in its free- 
energy (G) landscape1. At these stable states, the curvature of the free 
energy is positive, that is, ∂2G/∂D2 > 0, indicating positive permittivity 
(ε ∝ (∂2G/∂D2)−1), where D is the electric displacement field. These 
equilibrium states are separated by a region where the curvature is neg-
ative (∂2G/∂D2 < 0), defining a region of negative permittivity (high-
lighted as the region between H and K in2 Fig. 1a, b). It is possible to 
stabilize the ferroelectric in this negative permittivity region by adding, 
to its double-well structure, the parabolic energy landscape of a normal 
dielectric (Fig. 1b). Accessing such ‘forbidden’ regions of the thermo-
dynamic landscape of ferroic materials at equilibrium remains a chal-
lenge in condensed matter physics. In addition to providing key insights 
into fundamental physics, such a steady-state negative capacitance has 
implications for lowering the energy consumption in conventional elec-
tronics (the ‘Boltzmann tyranny’2,5). However, the exploration of neg-
ative capacitance has been constrained by the thermodynamic 
requirement that, in a physical system, the capacitance is always  
positive—which has meant that the emergence of negative capacitance 
could be probed only indirectly, through an observation of capacitance 
enhancement4,7,14. To probe the state of negative capacitance directly, 

the polarization and electric fields internal to the material need to be 
measured locally. In addition, the ‘double-well’ concept described above 
is only representative of a single-domain scenario. So it is important to 
examine how this will change in presence of more than one domain14,15. 
Here we use SrTiO3/PbTiO3 superlattices as a model system that breaks 
into vortex-like domains16–18, as discussed in detail below. We find that 
local regions of negative capacitance emerge at the domain walls, where 
the polarization is suppressed. In addition, we find that these walls are 
also the regions where the energy density is larger than that in the bulk 
of the domains where the polarization is not suppressed. From this var-
iation of the energy densities, we infer negative curvature (∂2G/∂D2 < 0)  
within the domain walls, in close resemblance to the ‘double well’ 
model. This is shown schematically in Fig. 1c.

We use superlattices of SrTiO3/PbTiO3 as our model ferroelectric–
dielectric heterostructure system in which a state of negative capaci-
tance is expected to be stabilized at equilibrium. In such superlattices, 
vortex-like topologies16,17 are observed as the dominant polarization 
pattern when the periodicity is optimal18,19 (see also supplementary 
information of ref. 20). The defining characteristic of these topologies 
is the gradual suppression of polarization near the centre of the vortex.  
Occurrence of such vortex structures in a displacive ferroelectric such 
as PbTiO3 enables us to perform detailed measurements of the local 

1Department of Electrical Engineering and Computer Sciences, University of California, Berkeley, CA, USA. 2Department of Chemistry and Chemical Biology, Cornell University, Ithaca, NY, USA. 
3Department of Materials Science and Engineering, Pennsylvania State University, State College, PA, USA. 4Departamento de Ciencias de la Tierra y Física de la Materia Condensada, Universidad 
de Cantabria, Cantabria Campus Internacional, Santander, Spain. 5Atomistic Simulation Centre, Queen’s University Belfast, Belfast, UK. 6National Center for Electron Microscopy, Lawrence 
Berkeley Laboratory, Berkeley, CA, USA. 7Department of Materials Science and Engineering, University of California, Berkeley, CA, USA. 8Materials Research and Technology Department, 
Luxembourg Institute of Science and Technology, Esch/Alzette, Luxembourg. 9School of Applied and Engineering Physics, Cornell University, Ithaca, NY, USA. 10Kavli Institute at Cornell for 
Nanoscale Science, Cornell University, Ithaca, NY, USA. 11Present address: School of Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta, GA, USA. 12These authors 
contributed equally: Ajay K. Yadav, Kayla X. Nguyen, Zijian Hong, Pablo García-Fernández. *e-mail: sayeef@berkeley.edu

a b

c

G

D < 0

A

H

B

K
G

FE

FE+DE

DE

 < 0 D

G

X

P

X ∂2G
∂Dz

< 0
2

Fig. 1 | Steady-state negative capacitance. a, Free energy landscape for a 
ferroelectric (FE) material. G, free energy; D, displacement. b, Free energy 
landscape for a ferroelectric–dielectric (FE–DE) heterostructure. A and B 
are the minimum energy points in a single ferroelectric. H and K define 
the boundary of the region where the permittivity ε is negative. c, Spatially 
resolved energy density in a multi-domain system (bottom) juxtaposed 
with the variation in polarization P (top). The domain walls where the 
polarization is suppressed have greater energy density than the bulk 
domain.
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configuration of the polarization using scanning transmission electron 
microscopy (STEM) techniques21–23 (see also supplementary informa-
tion of ref. 22). For a (SrTiO3)12/(PbTiO3)12 superlattice, polar atomic 
displacement vectors (PPD), when extracted from atomic-resolution 
STEM images18,23,24, reveal stabilization of a well-defined array of  
clockwise and anticlockwise rotating polarization patterns (Fig. 2a). 
The spatial variation of the polarization along the horizontal and ver-
tical axes are shown in Fig. 2b, c. The suppression of polarization near 
the vortex core becomes more apparent when a two-dimensional (2D) 
map of the magnitude (|PPD|) is plotted (Fig. 2d), corresponding to the 
polarization region detailed in Fig. 2a. In these regions of suppressed 
polarization, we expect the material to be in a relatively high energy 
state, which suggests that these vortex cores should exhibit negative 
permittivity.

To test this hypothesis, we used STEM in conjunction with the newly 
developed electron microscopy pixel array detector (EMPAD)23, which 
records the full momentum distribution at every scan position, provid-
ing sufficient information to simultaneously measure the polar order 
and electric field. Here, convergent beam electron diffraction (CBED) 
mapping of the probability current flow (⟨ ⟩p ) of conjugate disks of 
superlattice material, oriented (200)/(200) and (020)/(020), quantita-
tively measures the polarization field (Fig. 3a) in a (SrTiO3)12/
(PbTiO3)12 superlattice (described in detail in Methods section 
‘EMPAD’). The polarization field reproduces the same vortex structures 
(Fig. 3a) as those obtained by an independent, Z-contrast, high- 

resolution STEM (HRSTEM) technique (Fig. 2a). To reconstruct the 
macroscale electric field (Fig. 3b), we note that the average electric field 
E(r0) is equal to the average field over the volume of the crystal cell Vc 
that contains the lattice point r0:

∫=E r
V

e r V( ) 1 ( )d (1)0
c

where e(r) is a microscale field defined to be the nuclear field of 
the atom and dV is the volume over which the polarity is measured 
(see Methods section ‘EMPAD’ for details).

Our technique is most robust away from the interfaces, because it is 
least affected by offsets there. Therefore, we focus on the line A–B in 
Fig. 2a, which goes roughly through the middle of the ferroelectric 
layer. Also, along this line the x components of the polarization and 
electric field are negligible and so we can simply look at the z compo-
nents. Figure 3c shows the experimentally measured z component of 
the polarization (Pz) and electric field (Ez) along this line. The magni-
tude of the measured polarization was calibrated using the spontaneous 
polarization of PbTiO3

25. The polarization changes from full-length-up 
to full-length-down through regions of suppressed polarization includ-
ing zero. This allows us to extract Ez, which in this case is the internal 
field (Eint) because there is no externally applied bias, as a function of 
Pz. We note that the extraction of this functional dependence is an 
approximation (a local relation is assumed). However, this 
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Fig. 2 | Identifying the regions of negative 
permittivity. a, Overlay of the polarization 
vector map (indicated by the cyan vectors) on 
a cross-sectional HAADF-STEM image of a 
PbTiO3 layer embedded within a (SrTiO3)12/
(PbTiO3)12 superlattice. b, Variation in the 
x and z components of polarization (Px and 
Pz, respectively) along a horizontal line (A–B, 
see a) passing through the cores of the vortices. 
c, Line profiles showing the variation in Px and 
Pz along two vertical lines (C–D and E–F; see 
a) passing through the cores of the vortices. 
d, A 2D colour map showing the variation in 
the magnitude of polar displacements (for the 
same sub-region shown in a) with an overlay of 
the polarization vector map (indicated by black 
vectors).
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Fig. 3 | Measurement of local electric field 
and polarization field using EMPAD-
STEM. a, Polarization vector map from a 
sub-region of a PbTiO3 layer embedded 
within a (SrTiO3)12/(PbTiO3)12 superlattice 
as measured using STEM (details in Methods, 
Extended Data Figs. 1 and 2). b, Local electric 
field in a PbTiO3 layer (corresponding to the 
same region shown in a) as measured using 
TEM. c, Variation in the z components of local 
polarization (Pz; red hexagons) and electric 
field (Ez; blue circles) along a horizontal line 
(indicated by the horizontal lines in  
a and b) that passes through the core of the 
vortices. d, Local energy density estimated 
from the variation in Pz and Ez along the 
same line. Regions around the core (arrowed) 
have negative curvature (∂2G/∂D2 < 0). See 
details in Methods sections ‘Estimation of 
the free energy (G)’ and ‘Estimation of the 
permittivity’.
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approximation is well justified by the fact that if we look into individual 
vortices, the Ez versus Pz dependence remains similar within the exper-
imental resolution. We next find the displacement from = +εD E Pz z z0  
and the free energy from ∫≈G E Ddz z (see Methods section ‘Estimation 
of the free energy (G)’ and Extended Data Fig. 7a, b for details). This 
estimated G as a function of Dz shows a clear negative curvature  
∂2G/∂D2 < 0 near the regions where Dz is small. Therefore, the spatial 
mapping of the polarization and the electric field shows local regions 
of the ferroelectric stabilized in a state where ∂2G/∂D2 is estimated to 
be negative. We can further correlate the values of Dz according to its 
occurrence along the x direction. This gives a mapping of the local 
energy densities along the x direction, as shown in Fig. 3d. The shape 
and amplitude of the energy density function look very similar from 
core to core. On the basis of this analysis, we expect that local regions 
of negative permittivity will appear in the regions at and near the core. 
Currently EMPAD measurements cannot be done in the presence of 
an externally applied field. Nonetheless, considering the fact that, in a 
capacitor measurement, the externally applied bias would be very small, 
it is possible to estimate permittivity near the core, assuming this exter-
nal bias to be a small perturbation. Extended Data Fig. 8 shows permit-
tivity estimated in this manner, and we indeed find negative permittivity 
around the core (see Methods section ‘Estimation of the permittivity’ 
for details). These estimations from the experimental measurement are 
validated by both phase-field and first-principles-based (which we term 
‘second-principles’) calculations where it is possible to apply a field and 
directly calculate the response function. As shown in Fig. 4b, d, the 
permittivity is found to be negative in the regions near the core. 
Furthermore, a full 2D mapping of the local energy densities from second- 
principles calculations, shown in Extended Data Fig. 6, demonstrates 
that this negative permittivity appears at the regions of higher energy 
density, exactly as it is estimated from the experiment in Fig. 3d. Finally, 
for a self-consistent check, we measured the macroscale capacitance of 
these superlattices. Compared to the capacitance of the constituent 
SrTiO3, the superlattice shows an enhancement of 3.7 times in capaci-
tance, a hallmark of stabilization of the ferroelectric layer at a state of 
negative capacitance (see Methods section ‘Macroscale capacitance 
measurement’ and Extended Data Fig. 9). Within this voltage range 
(−1 V to +1 V), we did not see any hysteresis.

The details of the calculations performed using phase-field and second- 
principles methods are provided in Methods sections ‘Phase-field  
simulations’, ‘Second-principles calculations’ and ‘Estimation of the free 
energy (G)’. Extended Data Fig. 3 shows detailed polarization and elec-
tric field vector-maps from the phase-field calculations. In accordance 
with Fig. 3, in Fig. 4a we plot Pz and Ez along a line that goes through the 
cores of the vortices. The behaviour of both Pz and Ez strongly resem-
bles the experimental data in Fig. 3c. A similar conclusion is arrived 
at from the second-principles ab initio calculations in Fig. 4c, d where 

polarization and electric field vectors along the core were plotted from 
the full 2D map of the polarization and electric field vectors.

The change in polarization always aligns with the external field—that 
is, ∂P/∂Eexternal or the conventional susceptibility is always positive, 
even locally. This is shown in Extended Data Fig. 5b. The local suscepti-
bility is always positive even in the regions where the permittivity itself 
is negative. Regions of negative permittivity arise where the suscepti-
bility becomes very large, that is, where the material becomes highly 
polarizable. This is also discussed in Methods section ‘Estimation of 
the permittivity’, where we show that the permittivity estimated from 
the experimental data becomes negative only when the polarizability 
is very high.

An important aspect of our work is the simultaneous mapping 
of both the polarity18 and the electric field23 inside the polarization 
vortices. This is what makes it possible to estimate the local energy 
density and therefore the local permittivity. Mapping out the local 
polarization26–29 alone would not be enough to probe local permit-
tivity. Vortices allow domain walls to form, and domain walls allow 
polarization to be suppressed—and it is in regions of suppressed polar-
ization that negative capacitance emerges. Thus vortices lead to the 
emergence of negative capacitance. A key insight that can be gained 
from this work is that, in a multi-domain system, the negative capac-
itance emerges in the domain walls14, and it should be possible to 
control its strength by engineering the energetics of the system that 
increase or decrease the size of the domain wall. In this vein, the super-
lattice structure that we used is one example; but bilayer, trilayer or 
any other combination of ferroelectric–dielectric is equally applicable. 
A recent theoretical study30 has shown how negative capacitance may 
be stabilized in the nanodomains in a ferroelectric thin film. In the 
same context, systems with mixed Bloch–Néel domain walls31 could be  
relevant. Further work should also investigate improper ferroelectrics32  
where polarization is not the order parameter.

In summary, we report the observation of steady-state arrays of neg-
ative capacitance in epitaxial superlattices composed of ferroelectric 
PbTiO3 and non-ferroelectric SrTiO3. The polarization in the PbTiO3 
layer accommodates the competition between elastic and electrostatic 
energies by forming arrays of clockwise and anticlockwise vortex-like 
structures. The core of such vortices displays regions of suppressed 
polarization and larger energy densities where the total change in 
the internal field dominates over the change in the external field33, 
making the curvature ∂2G/∂D2 negative. The fact that two different 
theoretical models can reproduce the experimental observation indi-
cates that such stabilization in the ‘forbidden’ region of the thermo-
dynamic landscape should be amenable to predictive material design. 
Last, we note that the superlattice forms a periodic array of negative 
and positive capacitance states, pointing to the possibility of new types 
of metamaterial.
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Fig. 4 | Local permittivity calculated using 
second-principles and phase-field simulations. 
Phase-field simulations and second-principles 
simulations were performed for a (SrTiO3)n/
(PbTiO3)n superlattice to obtain local 
polarization and electric field distributions 
within ferroelectric and dielectric layers of the 
superlattice structure. Polarization patterns from 
both second-principles (n = 10) and phase-field 
simulations (n = 12) show the presence of vortex 
topologies. a, The variation in Pz (red hexagons) 
and Ez (blue circles) predicted from phase-
field simulations (along a horizontal line that 
passes through the core of the vortices). For 
details, see Methods and Extended Data Fig. 3. 
b, Corresponding variation in the z component 
of local permittivity extracted from local Pz 
and Ez predicted from phase-field simulations 
(see Methods). d, e, As a, b, but using second-
principles calculations.
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MEthods
Synthesis. A pulsed laser deposition (PLD) method was used to synthesize thin 
films of superlattice structures of strontium titanate (SrTiO3) and lead titanate 
(PbTiO3) on a single crystalline substrate (DyScO3(001)pc). The PLD growth 
technique was employed in combination with the reflection high energy elec-
tron diffraction (RHEED) technique to monitor the growth of oxides in situ, and 
achieve desired thickness of respective layers in the superlattice structure. The 
growth conditions for different oxides were optimized independently to achieve a 
persistent layer-by-layer (Frank-van de Merwe) growth mode up to a film thick-
ness of 100 nm or more. To achieve the layer-by-layer growth mode of SrTiO3, 
growth temperature was set to 630 °C with an oxygen pressure of 100 mtorr and 
a laser fluence of 1.5 J cm−2 on the stoichiometric SrTiO3 target18. For the dep-
osition of stoichiometric PbTiO3 film, we used a 20% lead-excess target, that is, 
Pb1.2TiO3, to achieve both layer-by-layer growth mode and stoichiometric transfer 
of PbTiO3 onto the substrate18. This was achieved at a growth temperature of  
630 °C, an oxygen pressure of 100 mtorr and a laser fluence of 1.5 J cm−2 (ref. 1). 
At these optimized growth conditions, RHEED was used as an in situ technique to 
monitor the growth of superlattice structures along the [100]pc in-plane direction 
of the [001]pc-oriented DyScO3 substrate1. All superlattice structures (SrTiO3)n/
(PbTiO3)n were grown on a 5 nm SrRuO3-buffered DyScO3(001)pc substrate. The 
growth conditions of the SrRuO3 buffer layer were optimized as a set temperature 
of 700 °C, an oxygen pressure of 50 mtorr, and a laser fluence of 1.5 J cm−1 (refs 2,18).  
All oxide films were deposited at a laser output frequency of 10 Hz. After depo-
sition, films were cooled down to room temperature at an oxygen pressure of 50 
torr to ensure full oxidation of oxide films.
EMPAD. All superlattice films were characterization by various ex situ characteri-
zation techniques, such as laboratory-based X-ray diffraction, synchrotron-based 
X-ray diffraction, atomic-resolution scanning transmission electron microscopy, 
and so on, which are discussed in our previous work18,20. For this study, we perform 
diffraction imaging in scanning transmission electron microscopy (STEM) mode 
using a 200 keV uncorrected FEI Tecnai F20 and an electron microscopy pixel 
array detector (EMPAD)23. Here, the EMPAD acquires the full convergent beam 
electron diffraction (CBED) pattern at each scan position such that our total data 
set is four-dimensional: x, y, kx and ky, where x and y are the scan dimensions and 
kx and ky are the dimensions of our CBED pattern.

To reconstruct the macroscale electric and polarization fields from our speci-
men, we realized that the average electric field E(r0) (ref. 34) is equal to the average 
field over the volume of the crystal cell Vc that contains the lattice point r0; see 
equation (1). Therefore, instead of having an atomic-sized probe as in traditional 
STEM imaging, we need a bigger probe so that we can average over the unit cell. 
Here, we are no longer restricted to be in a small field of view where every atom 
must be resolved to be counted.

To perform the experiment, we prefer a 3 mrad semi-convergence angle  
to produce a 7 Å beam (Extended Data Fig. 1a) such that we can get the macroscale 
electric and polarization fields. From these, the electric field can be extracted with 
the (000) spot (Extended Data Fig. 1c) by calculating the probability current  
flow (⟨ ⟩p ):

⟨ ⟩ ∫ ∫ ∫ψ ψ ψ= = | | =∗^ ^ ^p p p p pp p p p I p( ) ( )d ( ) d d2

where ψ is the exit wavefunction after scattering. Probability current flow ⟨ ⟩p  can 
then be related back to Erhenfest’s theorem and the Lorentz force law by

⟨ ⟩ ⟨ ⟩ ⟨ ⟩= = + ×
p p E v B
t

H qd
d

[ , ]

such that the electric field can be extracted from the shift in the first moment of 
the probability current flow.

When a long-range electric field is observed, the electron field signal shifts the 
entire CBED pattern. We specifically choose the (000) spot to reconstruct the 
electric field (Extended Data Fig. 1c) because there are no polarity effects for this 
beam. In addition, we observed that our specimen is relatively flat and thickness 
effects do not dominate our signal. To extract polarity, probability current flow 
(⟨ ⟩p ) measurements are made for conjugate disk pairs (200)/(200) and (020)/ 
(020) to calculate the x and z component of polarity, respectively (Extended Data 
Fig. 1c, d). Here, Friedel’s rule tells us that conjugated disk pairs should have the 
same intensities by symmetry; however, if an effect such as polarity, tilt or thickness 
persists, an asymmetry in intensities will occur between our conjugated disk pairs. 
Here again, we show tilt and thickness effects do not dominate our signal. Thus, 
we can extract the polarity field, Px and Pz (Extended Data Fig. 2c, d), which essen-
tially stems from the presence of a spatially varying polarization field within the 
sample.
Phase-field simulations. Phase-field simulations are conducted to investigate  
stabilization of negative capacitance in clockwise–anticlockwise vortex structures. 

More specifically, we have performed phase-field simulations to understand the 
polarization distribution and calculate the small-field local dielectric constants for 
n × n PbTiO3/SrTiO3 superlattices on a (110) oriented DyScO3 substrate (where 
n represents the number of unit cells of respective materials, that is, PbTiO3 or 
SrTiO3). The spontaneous polarization vector (P) is chosen as the order parameter, 
which is obtained by minimizing the total free energy:

∂
∂

= −
δ
δ

=
P
t

L F
P

i( 1, 2, 3)i

i

The total free energy (F) is composed of bulk Landau chemical, elastic, electric and 
polarization gradient energies:

∫= + + +F f f f f V( )dbulk elastic electric gradient

The procedures used to obtain the free-energy densities are described in detail 
in previous reports18,19,35,36. A 3D mesh of 200 × 200 × 250 grids is used, with each 
grid representing 0.4 nm. Periodic boundary conditions are applied on the in-plane 
dimensions, while the superposition method is used in the thickness direction37. 
The elastic boundary condition is applied where the out-of-plane stress at the top 
surface of the film is zero while the displacement at the bottom of the substrate 
sufficiently far away from the substrate/film interface is set as zero. A short-circuit 
electric boundary condition is set where the electric potential is zero on the bottom 
electrode and the applied electric potential is at the top of the film. Random noise is 
used as the initial nuclei with a small magnitude (<0.0005 C m−2), and then relaxed 
to equilibrium. In order to calculate the local dielectric constant, we perturb the 
structure using small capacitor bias (0.01 V) from the film top. The local dielectric 
constant can be calculated by the change in local electric displacement (D) divided 
by the change in local electric field (E):

=
Δ
Δ

= =ε
ε

D
E

i j( 1, 2, 3; 1, 2, 3)ij
i

j0

= + εD P k Ei i ij j0

where ε0 and kij are the permittivity of vacuum and background dielectric con-
stants38–40, respectively. The isotropic background dielectric constants19 are set as 
k11 = k22 = k33 = 40. The local electric field (E) is obtained by solving Poisson’s 
equation:

φ∂
∂ ∂

=
∂
∂ε

k
x x

P
xij

i j

i

i

2

0

φ
=

∂
∂

E
xi

i

Extended Data Fig. 3 shows the calculated polarization and electric field vector 
maps. Also shown is the line cut that was used to plot Pz and Ez in Fig. 4a, c. 
Note that the vortex structures are repeated in the x direction. Reading from 
left to right, the polarization changes from up to down in a clockwise vortex 
along the line. On the other hand, the polarization changes from down to up in 
the anticlockwise vortex. In Fig. 4a, c, we plot the polarization variation corre-
sponding to the experimentally observed vortex structure as shown in Fig. 3a. 
The same thing was done for the second-principles calculation, as discussed in 
the next section.
Second-principles calculations. For the second-principles simulations, we use 
the methods implemented in the SCALE-UP code41,42, and the model for PbTiO3/
SrTiO3 superlattices originally introduced in ref. 14 and slightly revised in ref. 43. 
In classical electrodynamics44, the dielectric tensor of a medium is defined as the 
tensor of rank two that relates, to linear order, the electric displacement field D and 
the averaged macroscale electric field E within the material.

If we consider the whole PbTiO3/SrTiO3 superlattice as a continuum medium, 
forgetting for a while all its details at the atomic level, we can define the total dielectric  
tensor of the system as

=αβ
α

β

ε
ε

D
E

1 d
d

tot

0
int

where α and β refer to Cartesian directions in the system and ε0 is the vacuum 
permittivity. From this definition, we see that the accessible physical quantity 
that can be experimentally measured is the change in the electric displace-
ment, that is, the response of the medium, with respect to the applied electric 
field.

© 2019 Springer Nature Limited. All rights reserved.
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We define the local dielectric constant as the variation in the global (averaged 
over the whole superlattice) macroscale displacement vector with respect to the 
local electric field

=αβ
α

β
ε

ε
x z D

E
( , ) 1 d

d (2)
0

where x and z refer to the coordinates of a given position in the material in real 
space and the derivative is taken with respect to local electric field at that point. 
We assume from here on that the whole system is homogeneous in the third 
Cartesian direction parallel to the axis of the vortices (y), so we drop it from the 
discussion. The local electric field E(x, z) is the sum of the external contributions 
plus all the possible internal fields generated by the non-trivial polarization field. 
In our simulations the global electric displacement is taken as a single control 
parameter. Assuming that we work with a capacitor under open-circuit boundary 
conditions45, and the surfaces of the superlattices are insulating, then the normal 
component of the electric displacement (along the z direction) is preserved at the 
vacuum/material interface46. Because in vacuum = εD Ez z0

ext, the normal compo-
nent of D can be monitored by the external electric field. Focusing on the diagonal 
component of the dielectric tensor along z, the physical meaning of equation (2) 
is more evident if we take its inverse:

= =
ε

ε
x z

E x z
D

E x z
E

1
( , )

d ( , )
d

d ( , )
d

(3)
zz

z

z

z

z
0 ext

This definition, which is the most suitable for computation of the local dielectric 
constant from second principles (see below), sets the inverse of the dielectric con-
stant to be a measurement of the change in the local electric field with the variation 
of the electrical boundary conditions (the external field).

The local electric field, the basic ingredient required in equation (3), can be 
easily computed from a finite difference derivative of the electrostatic potential, 
routinely available from a second-principles simulation42. The (x, z) plane in the 
simulation box of our SrTiO3/PbTiO3 superlattices is discretized in three staggered 
regular grids (Extended Data Fig. 4), whose points are indexed with two integer 
numbers (i, j). The discretization of the fundamental relation between the electric 
field and the electrostatic potential, E = −∇V, along the z direction reads

−Δ = −+zE V V (4)z
ij

ij ij1

where Δz is the distance between consecutive points of the grid, as shown in 
Extended Data Fig. 5.

To get the variation in the displacement field, as required by equation (3), we 
carry out second-principles simulations, assuming that the system is subject to 
two different external fields, that is, to two different electric displacements D(1) 
and D(2). We use equation (4) to trivially obtain

−Δ δ = δ − δ+z E V Vz
ij

ij ij1

where magnitudes such as δVij are defined as

δ = −V V Vij ij ij
(2) (1)

Using the definition of the inverse of the local dielectric constant, equation (3), 
we get

∑−Δ δ = δ − δ
α α

α +ε ε
z D V V1 1

(5)
z

ij ij ij
0

1

Taking the two situations to have vertical displacement vectors in opposite  
directions,

= −

= +
δ =

D u

D u
D u

D

D
D2

z

z

z

(1)
0

(2)
0

0

using equation (5) we obtain

= −
δ − δ

Δ
+

ε
ε

V V
D z

1
2zz

ij
ij ij

0
1

0

Extended Data Fig. 5a shows the inverse of the dielectric constant along z, −ε( )zz
ij 1, 

computed at every point in the (x, z) plane. The green dashed line in Extended 
Data Fig. 5a shows the line cut that is used to plot Fig. 4. The negative permittivity 
regions can be clearly seen in the centre of the vortices and also at the interface 
between the ferroelectric and dielectric. Finally, Extended Data Fig. 5b shows the 
susceptibility. The local susceptibility becomes very large in the cores where the 

permittivity is also negative. We observe that the regions with a negative dielectric 
constant are located: (i) at vortex cores (where the polarization vectors are sup-
pressed), and (ii) at the interfaces between the dielectric SrTiO3 and the ferroelec-
tric PbTiO3. Those are precisely also the regions where the higher susceptibility is 
observed. Further, the local polarizations at the interfaces, which in the absence of 
any external field tend to rotate in order to close the polarization flux, will suffer 
the largest changes to align with the applied field. Conversely, the centres of the 
domains are essentially rigid objects where only small changes of polarization 
(electric susceptibilities) are observed. Those are the regions that display large and 
positive values of the dielectric constant.

The transition between the local microscale values of the dielectric constant and 
the macroscale dielectric constant for the superlattice as a whole can be calculated 
by taking the derivative of the average of the internal electric field along z through-
out the whole superlattice ⟨ ⟩E  with respect the external electric field. Within our 
open-circuit electrostatic boundary conditions, ⟨ ⟩= /−ε E E( ) d dzz

tot 1 ext.
Finally, to calculate the local energy from second principles, we notice that in 

our expressions for the model potentials41 the energy is written as a function of 
arbitrary atomic distortions by means of a Taylor expansion around a suitable 
chosen reference configuration. In order to fulfil the acoustic sum rule, it is con-
venient to write all the energy contributions as linear combinations of products of 
displacement differences and/or strains to different orders.

We divide the energy of each of the terms in the linear expansion into atomic 
components using the following recipe: (i) we take a term in the sum and divide its 
total contribution by its order (the number of factors in the product), so we assign 
a given amount of energy to each factor. (ii) Then we divide each of these factor 
energies into atomic pieces following the rule that if the factor is a strain coordinate 
then we divide the contribution among all the atoms in the system, and if the factor 
is a difference of two atomic coordinates, then we divide that contribution equally 
between the two atoms participating in the difference.

Once we have split the total energy into atomic pieces, we compute the energy 
contribution of each of the perovskite cells by adding the atomic energy contribu-
tions of the atoms in that cell. Finally, we add the electrostatic energy integrating 
the square of the electric field within a unit cell. The local energy density obtained 
following this scheme is plotted in Extended Data Fig. 6. The most important 
conclusions that can be drawn from this figure are: (i) within the PbTiO3 domains, 
the energy is much lower than in the reference centrosymmetric phase owing to 
the local ferroelectric distortions; (ii) the domain walls store energy, as represented 
by the paler colour with respect that observed at the middle of the domains; and 
(iii) within the dielectric SrTiO3 region the local energy is close to the reference 
energy, suggesting that once we are in the decoupled regime, SrTiO3 behaves like 
a separation barrier between the ferroelectric layers of the superlattice.

Extended Data Fig. 6 corresponds well with the intuitive double-well picture 
shown in Fig. 1 that shows that it is the higher energy regions that lead to negative 
permittivity while the lower energy wells have positive permittivity.
Estimation of the free energy (G). Experimentally measured Ez and Pz (as shown 
in Fig. 3c) allow us to plot Ez as a function of Pz, obtaining essentially the same 
result, within experimental resolution, as we move from one core to another. As 
mentioned in the main text, this is an approximation to the constitutive equation 
of our PbTiO3 layers, which are in a complex multidomain ferroelectric state; yet, 
as a working hypothesis, we assume this empirical result to contain relevant infor-
mation about the internal energy density and therefore the dielectric response45. 
We find the displacement Dz as

= +εD E Pz z z0

Extended Data Fig. 7a shows Ez as a function of Dz. From this relationship the free 
energy G can be estimated as

∫=G E Ddz z

Note that taking only z components suffices as the x component of the polariza-
tion is negligible along the line where Pz and Ez are plotted. Extended Data Fig. 7b 
shows G as a function of Dz, in which the regions where the curvature ∂2G/∂D2 
is negative are clear. We further correlate Dz to the corresponding local positions 
in the real space where they occur. Doing that allows us to estimate a local var-
iation of G, which is plotted in Fig. 3d. We find that the regions at and near the 
core correspond to higher energy densities and negative curvature (∂2G/∂D2 < 0).  
This corresponds very well with second-principles calculations, as shown in 
Extended Data Fig. 6.
Estimation of the permittivity. It is important to note that in stationary condi-
tions, a microscale dielectric susceptibility tensor that relates the local electric 
field at a given point and the induced local polarization at another point can be 
defined47. As described in Methods section ‘EMPAD’, during the EMPAD measure-
ments, an average is taken over the unit cell to measure the local electric field. As a 

© 2019 Springer Nature Limited. All rights reserved.
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result, as far as the measured field is concerned, short-range non-local interactions 
are averaged out and a local permittivity can be defined following

χ= +αβ αβε~ ~x z x z( , ) 1 ( , ) (6)

where the local susceptibility, χαβ
~ x z( , ), is computed as the derivative of the local 

polarization with respect to the local electric field. This is the most accessible 
estimation of the local dielectric constant from the experimental point of view 
within this work, since the local polarization and the local electric fields are meas-
ured directly and independently with the EMPAD microscope.

Starting from equation (6), and restricting ourselves to the diagonal component 
of the local dielectric constant along z, we write

= +ε
ε

~ x z P x z
E x z

( , ) 1 1 d ( , )
d ( , )

(7)zz
z

z0

To estimate permittivity we first confine our attention to the line A–B in Fig. 2a, 
which is the farthest from the interfaces. We first look into the quantity dEz, which 
is the change in the total field (that includes the external field and all internal fields) 
due to the application of a small external voltage (dEz = dEext + dEint). Because  
dP/dEext is always positive, a negative permittivity appears only when dEz < 0 even 
though dEext > 0. In other words, for negative capacitance we need

⟹

⟹

Δ = Δ + Δ <
Δ
Δ

< −

∂
∂

∂
∂

< −

E E E
E
E

E
P

P
E

0

1

1

(8)

z

z

z

ext int

int

ext

int

ext

As discussed in the previous section, the quantity ∂Eint/∂Pz can be estimated in 
our experiments by introducing an approximate constitutive relationship between 
local polarization and field. Note that the small change in the external field (which 
in this case is a constant field in the z direction) is not expected to lead to any 
abrupt change to the relation between Pz and Ez (ref. 45). Also, equation (8) is fully 
compatible with equation (3) used in the second-principles calculations taking 
into account that the derivative in equation (3) is with respect to the full internal 
field Ez.

In the region near the core we can also estimate the value of ∂Pz/∂Ez,ext = 
χε zz0 ,ext. This region is analogous to an isolated ferroelectric at elevated tempera-

ture where its polarization is suppressed substantially and χzz,ext is enhanced  
substantially. Numerous experiments have measured χzz ,ext PbTiO3 films close to 
the transition temperature, where polarization goes down to similar values as we 
see near the core. The values48–50 vary from 2,000 to 8,000, depending on thickness, 
method of synthesis, frequency of measurement, and so on. Nonetheless, over this 
entire range, the ratio on the left-hand side of the final equation in equation (8) 
has a value between −5 and −20, thus easily satisfying the condition. Therefore, 
the change in the total field is estimated to be negative (dEz < 0).

The above analysis also shows that ∣ ∣ ∣ ∣Δ Δ�E Eint ext  near the core. Thus, at 
and around the core region, we can estimate the permittivity from equation (7) as 
shown in Extended Data Fig. 8. The regions near the core are found to show neg-
ative permittivity. This corresponds very well with the phase-field and second- 
principles calculations as shown in Fig. 4b, d. Such a good correspondence suggests 
that the approximations on which we base our empirical analysis capture correctly 
the essential features of the system’s response. Further theoretical investigations 

will be required to investigate the applicability of such approximations in a generic 
manner.
Macroscale capacitance measurement. Macroscale demonstration of stabilization 
in the negative capacitance state manifests itself in the enhancement of capacitance 
of the superlattice compared to its constituent dielectric (SrTiO3) capacitance4. 
Extended Data Fig. 9 shows the measurement of permittivity (εSL) of the superla-
ttice sample (100 nm thick) with respect to the permittivity (εSTO) of its constituent 
dielectric SrTiO3 (STO; combined thickness adding all the layers is 50 nm). If the 
superlattice has to have a larger capacitance than the constituent SrTiO3 capaci-
tance (CSL > CSTO), then > /ε ε t t( )SL STO SL STO , which leads to

>ε ε2SL STO

The factor of 2 results from the fact that the number of cycles used for PbTiO3 and 
SrTiO3 in the superlattice is the same. In Extended Data Fig. 9, this threshold of 
ε2 STO is shown with a dashed line. The permittivity of the superlattice is 3.7 times 

larger than this threshold, clearly showing capacitance enhancement and therefore 
the stabilization of PbTiO3 in a state of negative capacitance.

Data availability
All data supporting the findings of this study are available within the paper.
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Extended Data Fig. 1 | Electron spectrometry of the superlattice. 
a, Schematic of the electron microscopy pixel array detector (EMPAD) 
placed in the diffraction plane to record the full angular scattering 

distribution from an electron beam focused onto a sample. b, ADF image 
of the (PbTiO3)12/(SrTiO3)12 superlattice along the [010]pc zone axis.  
c, d, CBED pattern from the PbTiO3 layer (c) and from the SrTiO3 layer (d).
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Extended Data Fig. 2 | Electric field and polarization field extracted 
from TEM measurements. Left column, x and z components of the 
electric field, Ex (top) and Ez (bottom); right column, x and z components 
of the polarization field, Px (top) and Pz (bottom). Ex,z and Px,z are 
extracted from the 4D STEM measurements of a PbTiO3 multilayer in 

Extended Data Fig. 1, as discussed in Methods section ‘EMPAD’. The 
electric field is determined from the center-of-mass shift of the central 
disk (red disk in Extended Data Fig. 1). The polarization is determined 
from the center of mass of the Friedel pairs (orange in Extended Data  
Fig. 1). Field of view, 12 nm.
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Extended Data Fig. 3 | Vector maps of the electric field and polarization 
field calculated from phase-field simulations. Top, polarization field; 
bottom, electric field.
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Extended Data Fig. 4 | Illustration of the grids used to obtain the 
local dielectric constant. The electrostatic potential is computed at the 
points of a regular real space grid (blue dots). Then the local electric field 
components along x and z are computed from finite-difference derivatives 
at the points of two extra staggered regular grids (green and red points).
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Extended Data Fig. 5 | Second-principles calculations of the 
2D distribution of the inverse of the dielectric constant and the 
susceptibility. a, The inverse of the dielectric constant is colour-coded 

(key at right); b, the susceptibility is colour coded (key at right). Both a 
and b are overlaid by the polarization vectors, and the green dashed line in 
both panels shows the line cut used to produce Fig. 4.
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Extended Data Fig. 6 | Second-principles calculation of the local 
energy density map overlaid with polarization vectors. Note that within 
the PbTiO3 layer (the top where the polarization vectors can be seen 
more clearly), the core region has a higher energy than the other regions 
(see colour key at right, in atomic units, a.u.). The core regions are also 
where the local permittivity is negative. The local energy in the SrTiO3 
layer (mostly red) is quite uniform and is equal to the reference energy. 
Note that the energies shown here are the differences with respect to the 
reference structure that corresponds to the cubic centrosymmetric phase.
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(a) (b)

Extended Data Fig. 7 | Determination of normalized G. a, Plot of Ez versus Dz determined from looking at experimentally measured, varying 
polarization across a vortex and plotting the corresponding electric field (see Fig. 3c). b, Normalized G estimated from a using ∫=G E Ddz z.
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X
Extended Data Fig. 8 | Estimation of local permittivity. Top, z 
components of polarization (Pz) and of electric field (Ez), plotted against 
X (position along the lattice). Bottom, permittivity estimated as described 
in Methods. Permittivity is negative in the regions around the core.
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Extended Data Fig. 9 | Experimentally measured dielectric constant 
as a function of voltage. In red, data are shown for a 100 nm (SrTiO3)12/
(PbTiO3)12 superlattice where the existence of vortex states was confirmed. 
In blue, for comparison, the permittivity (dielectric constant) of a 50 nm 
SrTiO3 sample is plotted (note that the combined thickness of SrTiO3 in 
the superlattice is also 50 nm). The black dashed line shows the threshold 
that needs to be surpassed for capacitance enhancement caused by a 
stabilized negative capacitance in the PbTiO3 layer. An enhancement in 
permittivity of almost 3.7 times is observed compared to this threshold.
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