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Negative capacitance is a new state of ferroelectric materials that promises to revolutionize modern
day electronics by exploiting a region of thermodynamic space that is normally not accessible!.
While existing reports of negative capacitance clearly substantiate the importance of this
phenomenon, they have been focused on its macroscopic manifestation. These macroscopic
manifestations demonstrate the implication of steady state negative capacitance, e.g. by enhancing
the capacitance of a ferroelectric-dielectric heterostructure*’'* or by improving the subthreshold
swing of a transistor®!2. Yet, they constitute only indirect measurements of the local state of
negative capacitance at which the ferroelectric resides. A spatial mapping of this phenomenon is
thus critical for a microscopic understanding, and for the optimal design of devices with potential
technological applications. Here we demonstrate a direct measurement of the steady state negative
capacitance in a ferroelectric-dielectric heterostructure. We use electron microscopy
complemented with phase-field and second-principles simulations in SrTiOs;/PbTiO; (STO/PTO)
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 with a complex pattern of vortices in the polarization field), in
conjunction with reconstruction of the local electric field identify the negative capacitance region
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 which is
doubly degenerate' (Fig. 1a), corresponding to positions of minima (‘A’ and ‘B’ in Fig. 1a) in its
free energy landscape, G'. At these stable states, the curvature of the free energy is positive, i.e.
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aTi > 0, indicating positive permittivity (¢ & [ZT(;] ~1), where D is the electric displacement field.
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These equilibrium states are separated by a region where the curvature is negative (67 < 0),

defining a region of negative permittivity (highlighted as the region between H-K in Fig. 1a,b>. It
is possible to stabilize the ferroelectric in this negative permittivity region, by adding the parabolic
energy landscape of a normal dielectric (Fig. 1b) to the double-well structure of the ferroelectric.
Accessing such “forbidden” regions of the thermodynamic landscape of ferroic materials at
equilibrium remains a grand challenge in condensed matter physics. In addition to providing key
insights into fascinating fundamental physics, such a steady state negative capacitance has
profound implications for lowering the energy consumption in conventional electronics, i.e., the
Boltzmann Tyranny?°. However, the exploration of negative capacitance has been constrained by
the thermodynamic requirement that, in a physical system, the capacitance is always positive —
which meant the emergence of negative capacitance could only be probed indirectly, through an
observation of capacitance enhancement*’'4. In order to directly probe the state of negative
capacitance, one would need to measure the polarization and electric fields internal to the material
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 domains!+!> .
Here, we use STO/PTO superlattices as a model system that breaks into vortex like domains ''3,
Remarkably, we find the emergence of local regions of negative capacitance 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
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not suppressed, from which one can infer a negative curvature of (67 < 0), in close resemblance

to the ‘double well’ model. This is shown schematically in Fig. 1(c).
We use the superlattices of SrTiO;/PbTiO; as our model Ferroelectric-Dielectric

heterostructure system where a state of negative capacitance is expected to be stabilized in the



equilibrium. In such superlattices vortex-like topologies'é!® are observed as the dominant
polarization pattern when the periodicity is optimal'®?'. The defining characteristic of these
topologies is the gradual suppression of polarization near the center of the vortex. Occurrence of
such vortex structures in a displacive ferroelectric such as PbTiO; enables us to perform detailed
measurements of the local configuration of the polarization using Scanning Transmission Electron
Microscopy (STEM) techniques®*?*. For a (SrTiOs),,/(PbTiOs);, superlattice, polar atomic
displacement vectors (Ppp) When extracted from atomic-resolution STEM images!??*> reveal
stabilization of a well-defined array of clockwise and anti-clockwise rotating polarization patterns
(Fig. 2a). The spatial variation of the polarization along the horizontal and vertical axes is shown
in Fig. 2b,c. The suppression of polarization near the vortex core becomes more apparent when a
2D map of the magnitude (IPppl) 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 utilized STEM in conjunction with the newly developed
electron microscopy pixel array detector (EMPAD)?** which records the full momentum
distribution at every scan position, providing 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, (200)/(-200) and (020)/(0-20), quantitatively
measures the polarization field (Fig. 3a) in a 12 x 12 SrTiOs/PbTiO; superlattice** (described in
detail in Supplementary section B). The polarization field reproduces the same vortex structures
(Fig. 3a) as the ones obtained by an independent, Z-contrast, HRSTEM technique (Fig. 2a). To

reconstruct the macroscopic electric field (Fig. 3b), we note that the average electric field, E(ry)*®



is equal to the average field over the volume of the crystal cell ‘V,’ that contains the lattice point

To-
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, where ‘e(r)’ is microscopic field defined to be the nuclear field of the atom, and ‘dV’ is the
volume over which the polarity is measured (see supplementary section B for details).

Our technique is the most robust away from the interfaces as it is the least affected by
offsets there. Therefore, we focus on the line A-B in Fig. 2a which goes through the middle of the
ferroelectric layer. Also, along this line the x component of the polarization and electric field is
negligible and thus we can simply look at the z components. Fig. 3c shows the experimentally
measured, z-component of the polarization (P,) and electric field (E,) along this line. The
magnitude of the measured polarization was calibrated using the spontaneous polarization of
PTO®. Notice how the polarization changes from full-length up to full-length down through
regions of suppressed polarization including zero. This then allows us to relate the E,, which in
this case is really the internal field (E;,,) (as there is no externally applied bias), as a function of P..
We note here that the extraction of this functional dependence is an approximation (a local relation
is assumed). However, this approximation is well justified by the fact that if we look into individual
vortices, the E, vs P, dependence remains similar within the experimental resolution. We next find
the displacement from D, = €y E, + P, and the free energy G from G =~ [ E,dD, (see

supplementary section E and Fig. S7a.b for details). This estimated G as a function of D, shows a
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clear negative curvature aTi < 0 near the regions where D, is small. Therefore, the spatial mapping

of the polarization and the electric field shows local regions of the ferroelectric stabilized in a state

%G . . . . .
where opz 18 estimated to be negative. We can further correlate the values of D, 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. Note how the shape and amplitude of the energy density function
looks very similar from core to core. Based on this analysis, we would expect that local regions of
negative permittivity will appear in the regions at and near the core. We cannot do a direct
measurement of this fact as EMPAD measurements cannot be done in presence of externally
applied field currently. 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 external bias to be a small perturbation. Fig. S8 shows permittivity estimated in this
manner and indeed, we find negative permittivity around the core (See Supplementary section F
for details). These estimations from the experimental measurement are validated by both phase-
field and 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 two dimensional mapping of the local energy densities calculated
from second principles, shown in Supplementary Fig S6, 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 have measured the macroscopic
capacitance of these superlattices. Indeed, compared to the capacitance of the constituent STO, the
superlattice shows a 3.7X enhancement in the capacitance, a hall mark of stabilization of the

ferroelectric layer at the state of negative capacitance (see Supplementary section G and Fig. S9).

The details of the calculations performed using phase-field and second-principles methods
have been provided in Supplementary sections C, D and E respectively. Extended Data Fig. S3

shows detailed polarization and electric field vector-maps from the phase field calculations. In



accordance with Fig. 3, in Fig. 4a, we have plotted the z components of polarization (P,) and
electric field (E,) along a line that goes through the cores of the vortices. The behavior of both ‘P,’

b

and ‘E,’ strongly resembles 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.

It is important to note that the change in polarization always aligns with the external field,i.e., the
0P /O0E yterna; OF the conventional susceptibility is always positive, even locally. This is shown
in Fig. S5b. Note how the local susceptibility is always positive even in the regions where the
permittivity itself is negative. In fact regions of negative permittivity arise where the susceptibility
becomes very large, i.e., where the material becomes highly polarizable. This is also discussed in

the Supplementary section F, where we show that the estimation of permittivity 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 polarity!'® and the electric
field** inside the polarization vortices. This is what makes it possible to estimate the local energy
density and therefore the local permittivity. Only mapping out the local polarization®**-* would not
be enough to probe local permittivity. It is also important to note that the vortices lead to a full
rotation of the polarization from up to down within just 4 nm (see Fig. 2a and 3c). As a result the
volume of the domain wall, where the polarization is suppressed, for vortices is significantly
enhanced compared to conventional 180° domains. Thus vortices are highly conducive to negative
capacitance. Nonetheless, vortices are not necessary to observe negative capacitance. A key insight

that can be gained from this work is that, in a multi-domain system, the negative capacitance ensues



from the domain walls'* and it should be possible to control its strength by engineering the
energetics of the system that increases/decreases the size of the domain wall. In this vein the
superlattice structure that we used is an example but bi-layer, tri-layer or any combination of
ferroelectric-dielectric heterostructure is equally applicable. A recent theoretical study** has shown
how negative capacitance may be stabilized in the nano domains in a ferroelectric thin film. In the
same context, systems with mixed Bloch-Néel domain walls*> could be relevant. Further work

should also investigate improper ferroelectrics®® where polarization is not the order parameter.

In summary, we report the observation of steady state arrays of negative capacitance in epitaxial
superlattices comprised of ferroelectric PTO and non-ferroelectric STO. The polarization in the
PTO layer accommodates the competition between elastic and electrostatic energies by forming
arrays of clockwise and counter-clockwise vortex-like structures. The core of such vortices

displays regions of suppressed polarization and larger energy densities where the total change in

2

the internal field dominates over the change in the external field*’, making the curvature ZT(;

negative. The fact that two different theoretical models can reproduce the experimental observation
indicates that such stabilization in the ‘forbidden’ region of the thermodynamic landscape should
be amenable to predictive material design. One further remarkable observation is the fact that the
superlattice forms a periodic array of negative and positive capacitance states, pointing to the

intriguing possibility of new types of metamaterials.
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Figures Legends

Figure 1 | Steady State of Negative Capacitance: Free energy landscape for a ferroelectric
material is shown in a. Free energy landscape for a ferroelectric/dielectric heterostructure is shown
in b. Energy density in a multi-domain system juxtaposed with the variation of polarization
is shown in ¢. The domain walls where the polarization is suppressed have more energy

density than the bulk domain.

Figure 2 | Identifying the regions of negative permittivity. Overlay of polarization vector map
(indicated by the cyan vectors) on a cross sectional HAADF STEM image of a PTO layer
embedded within a (SrTiO;);,/(PbTiO;);, superlattice is shown in a. Variation in x- and z-
components of polarization (Px and Pz respectively) along a horizontal line (A-B) passing through
the core of vortices is shown in b. Line profiles showing the variation in x- and z-components of
polarization (Px and Pz respectively) along two vertical lines C-D and E-F passing through the
core of the vortices is shown in ¢. Two-dimensional color map showing the variation in magnitude
of polar displacements (for the same sub-region shown in Fig. 2a) with an overlay of polarization

vector map (indicated by black vectors) is shown in d.



Figure 3 | Measurement of local electric field and polarization field using EMPAD-STEM.
Polarization vector map from a sub-region of PTO layer embedded with a (SrTiO;);,/(PbTiO;);,
superlattice as measured using STEM (details in Methods, Extended Data Fig. 1 and 2) is shown
in a. Local electric field in a PTO layer (corresponding to the same region shown in Fig. 3a) as
measured using TEM is shown b. Variation in z-components of local polarization (Pz) and electric
field (Ez) along a horizontal line (indicated by green dotted line in Fig. 3a and b) which passes
through the core of vortices is shown in ¢. Local energy density estimated from the variation of
(Pz) and electric field (Ez) along the same line. Regions around the core show a negative curvature

%G
dD?

(== < 0). See details in Supplementary section (E and F).

Figure 4 | Local dielectric constant calculated using second principles and phase field
simulations. Phase field simulations and second principles were performed for a
(SrTi0,),/(PbTi0s5), superlattice to obtain local polarization and electric field distributions within
ferroelectric and dielectric layers of the superlattice structure. Polarization pattern from both
second principles (n=10) and phase field simulations (n=12) show the presence of vortex
topologies. The variation in z-components of local polarization, P, (denoted by diamond) and
electric field, E, (denoted by circle) predicted from phase field simulations (along a horizontal line
which passes through the core of the vortices) is shown in a (see Methods and Extended Data Fig.
3). Corresponding variation in z-component of local dielectric constant (€,,) extracted from local
P and E, predicted from phase-field simulations is shown in b (see Methods). Similarly, a variation
in z-components of local polarization and electric field (P, and E,), and extracted dielectric constant

(€,,) using second principles calculations is shown in ¢ and d respectively.
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(o) Second Principles

Phase Field Simulations
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