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PbTiO3 /SrRuO3 superlattices deposited on SrTiO3 substrates are studied using a combination of x-ray diffraction, piezoresponse force microscopy, scanning transmission electron microscopy, transport measurements,
and impedance spectroscopy. The superlattices are found to have two inequivalent interfaces resulting from
differences in the growth modes for PbTiO3 and SrRuO3 . X-ray diffraction measurements show that, despite
being sandwiched between metallic SrRuO3 layers, the ferroelectric layers possess dense nanoscale domains.
The observed domain sizes are comparable to those found in ferroelectric-dielectric systems, and they are
attributed to the depolarizing field caused by the finite screening length of the SrRuO3 -PbTiO3 interface. The
macroscopic capacitance of the ultrathin PbTiO3 layers was measured, and its temperature dependence was
found to be consistent with permittivity enhancement due to domain wall motion.
DOI: 10.1103/PhysRevMaterials.4.094415

I. INTRODUCTION

Over the past decade, ferroelectric-dielectric superlattices
have emerged as a model system for investigating nanoscale
ferroelectricity and novel polarization textures. In these artificially layered materials, ordered nanoscale domains form
within the ultrathin ferroelectric layers to minimize the depolarization field energy associated with the unscreened
polarization [1–3]. Motivated by theoretical predictions of
complex polarization structures, unusual switching behavior, and high-frequency dynamics [4–9], the properties of
nanodomains in ferroelectric superlattices have been widely
investigated using laboratory and synchrotron x-ray diffraction as a function of applied field, temperature, and optical
excitation [3,10–21]. Direct imaging of the domains using
scanning probe techniques is challenging due to their small
sizes and buried nature, and it has been mainly restricted to
ferroelectric-dielectric bilayers and trilayers, or superlattices
with larger domains [22–24]. Recently, however, the complex
polarization textures have been directly observed using transmission electron microscopy, revealing ordered flux-closure
domains [25–27], as well as vortexlike and bubblelike structures with gradually curling polarization components and a
macroscopic chirality observed by resonant x-ray diffraction [28–31].
Such multidomain superlattices also exhibit unusual dielectric properties, dominated by the highly responsive
domain walls. Nanoscale displacements of the densely packed
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domain walls lead to large enhancements in the overall dielectric susceptibility of the superlattices [3,11]. Importantly,
within the ferroelectric layers, the domain wall response can
locally overscreen the applied field, amplifying the potential drop across the adjacent dielectric layers and giving rise
to so-called negative capacitance (NC) behavior [17,32–34].
If a ferroelectric is incorporated as a gate dielectric within
a field effect transistor (FET), this behavior should lead to
enhancement of the surface potential at the semiconductor interface and reduction of the power consumption of the device,
motivating tremendous interest in NC-FETs [35]. However,
the presence of free carriers in the semiconductor modifies
the electrostatic boundary conditions and may affect the domain structure in the ferroelectric. It is therefore important
to understand nanoscale domain formation in ultrathin ferroelectrics in the presence of carriers. Here we report on
the growth and structural characterization of ferroelectricmetal PbTiO3 /SrRuO3 superlattices, and we investigate the
appearance of nanoscale domains in the presence of metallic
screening and their contribution to the dielectric response.
Unlike ferroelectric-dielectric superlattices, metalferroelectric superlattices are comparatively less well
explored [36–40], with most of the attention focused on the
properties of the metal rather than the ferroelectric [41–43].
Domain formation in PbTiO3 /SrRuO3 superlattices has
been reported by Callori et al. [44]; however, in this case the
one-unit-cell-thick SrRuO3 layers were found to be insulating.
On the other hand, ultrathin metal-ferroelectric-metal
capacitors have been widely investigated, both theoretically
and experimentally, and domain formation has frequently
been invoked to explain the loss of stability of the
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monodomain state as the ferroelectric thickness is reduced.
The appearance of domains is caused by the imperfect
screening of the spontaneous polarization due to the
finite intrinsic screening length at the metal-ferroelectric
interface, and it is expected even for structurally perfect
interfaces [5,45,46]. However, experimentally, the presence
of domains was usually inferred indirectly from studies
of polarization dynamics [47], film tetragonality [48],
macroscopic piezoresponse [49,50], or second-harmonic generation [51]. Recently, depolarization-induced polarization
arrangements [52] and periodic flux-closure structures [27]
have been observed directly in electroded PbTiO3 films using
transmission electron microscopy (TEM), but a systematic
study of these domains, their scaling with ferroelectric
thickness, and their effect on the macroscopic properties is
still lacking.
In this work, we focus on the formation of 180◦ ferroelectric domains in PbTiO3 /SrRuO3 superlattices deposited on
SrTiO3 substrates. Scanning TEM measurements show that
the superlattices have two inequivalent interfaces resulting
from the different growth modes of PbTiO3 and SrRuO3 . We
demonstrate that the ultrathin SrRuO3 layers remain metallic and that domains nevertheless appear within the PbTiO3
layers. Using x-ray diffraction, we investigate the scaling
of domain size with PbTiO3 layer thickness, and we find
that the domain sizes are comparable to those in their counterpart ferroelectric-dielectric systems. Piezoresponse force
microscopy measurements show that the domain structure
in the PbTiO3 layers adopts a bubblelike configuration with
sizes comparable to those determined from x-ray diffraction
measurements. Finally, electrical measurements of the dielectric response reveal a temperature dependence consistent with
permittivity enhancement due to domain wall motion.
II. EXPERIMENT

PbTiO3 /SrRuO3 superlattices were deposited on (001)oriented SrTiO3 substrates using off-axis radiofrequency
magnetron sputtering. The PbTiO3 layers were grown in a
0.18 Torr atmosphere with an oxygen:argon ratio of 20:28;
the corresponding parameters for SrRuO3 are 0.1 Torr and
3:60. During growth, the substrate was kept at a constant
temperature of 550 °C, as measured by a thermocouple inside
the heating block. Although this temperature is suboptimal for
the growth of SrRuO3 , it was chosen to minimize Pb loss and
optimize the electrical properties of the PbTiO3 . In the following, the notation used to label the superlattices is ( u.c.)N ,
where  is the superlattice wavelength/period in unit cells
(u.c.) (the total number of unit cells in each repeating unit)
and N is the number of repetitions. The individual PbTiO3 and
SrRuO3 thicknesses are then determined using a combination
of x-ray diffraction and transmission electron microscopy, as
will be discussed later in the paper.
Several series of PbTiO3 /SrRuO3 superlattices were investigated, each with a fixed SrRuO3 layer thickness and
varying thicknesses of PbTiO3 . Structural characterization
of the superlattices was conducted using a Rigaku Smartlab
x-ray diffractometer with a rotating anode. Atomic force microscopy (AFM) was used to characterize the surfaces of the
superlattices, using a Bruker Dimension 3100 and Dimension

Icon microscopes. Piezoresponse force microscopy (PFM)
measurements were performed using a Bruker Dimension
Icon microscope. Low-temperature resistivity measurements
were performed in a Janis CCS-150 closed-cycle helium cryostat between 8 and 300 K. A 1 μA current was supplied
using a Keithley 2636B SourceMeter, and a Keithley 2000
Multimeter was used to measure the voltage in four-point
geometry with the four corners of the sample contacted using
silver paste. Sheet resistance values were calculated using the
van der Pauw formula with the resistance values for the two
orthogonal configurations obtained during separate cooling
and heating runs. The reproducibility of the measurements
was confirmed by repeating them multiple times.
Scanning transmission electron microscopy (STEM) measurements were performed on a lamella prepared by focused
ion beam milling, using a FEI Helios 660 dual beam. The
measurements were conducted using a FEI Titan3 G2 60-300
microscope, operating at 300 kV in STEM mode.
For macroscopic capacitance measurements, circular pads
with diameters of 50, 100, and 200 μm were patterned using
UV photolithography, and the samples were partially etched
using Ar-ion milling. The remaining unetched SrRuO3 layers
were used as a bottom contact accessed from the side of the
sample using silver paste, whereas the top SrRuO3 layers were
contacted using an indium wire pressed onto the surface of the
circular SrRuO3 pads. Capacitance measurements as a function of frequency were conducted using an Agilent E4980A
precision LCR meter over a frequency range from 100 Hz to
2 MHz, using an excitation voltage of 10 mV.

III. RESULTS
A. Structural characterization

In the absence of in situ growth monitoring, fabrication of
superlattices with desired periodicities is challenging. When
the deposition rates of the two components are constant
throughout the growth process, desired layer thicknesses can
be obtained by a careful pre-calibration of the growth rate
for each material. However, initial characterization of the
PbTiO3 /SrRuO3 superlattices revealed that the growth rate
of SrRuO3 is not constant, with the first few SrRuO3 monolayers growing significantly slower than the subsequent ones,
making it challenging to obtain the desired SrRuO3 thickness
based purely on growth time. We have therefore deposited
four series of superlattices, each with fixed SrRuO3 deposition
time per layer and varying deposition times for the PbTiO3
layers.
The results of x-ray diffraction measurements on samples
from two such series are shown in Fig. 1. The presence
of intense superlattice reflections and finite-size oscillations
indicates that the samples have well-defined superlattice
periodicities and total thickness. From the most intense superlattice peaks, the average pseudocubic lattice parameter can be
determined, allowing the superlattice period  to be expressed
in terms of the total number of unit cells (PbTiO3 + SrRuO3 )
per period. This total number of unit cells per period is plotted
as a function of PbTiO3 deposition time in Fig. 2.
The data for different PbTiO3 growth times (tPTO ) show
a linear trend, indicating that for tPTO  25 min, the PbTiO3
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FIG. 2. Total number of unit cells in each superlattice period, ,
plotted as a function of PbTiO3 layer growth time for all the series
of PbTiO3 /SrRuO3 superlattices presented in this study. Solid lines
are linear fits, with slopes equal to 0.215, 0.208, 0.22, and 0.201
min/u.c., respectively. The maximum error in the linear fits is 0.01
min/u.c. Dashed lines show one possible growth path for PbTiO3 ,
for t  25 min. The inset is a schematic of the superlattice structure,
defining the characteristic period .

The superlattice with a period of 11 u.c. exhibits a particulary
rough surface with ∼20 nm high features. This roughness
is also reflected in the less well-defined superlattice peaks
for the corresponding sample in Fig. 1(b). By comparison,

FIG. 1. θ -2θ scans of two series of PbTiO3 /SrRuO3 superlattices
around the (001) peak of SrTiO3 . The superlattice series are fabricated by fixing the growth time of SrRuO3 and varying the thickness
of the PbTiO3 layers. The notation used in the legend of the figure
corresponds to ( u.c.)N , with  the total number of unit cells in each
superlattice period, and N the number of superlattice repetitions.
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growth rate is constant. A linear fit yields approximately the
same slope (PbTiO3 growth rate) for all four superlattice
series. Since for each series the total SrRuO3 layer growth
time tSRO is the same, if the initial PbTiO3 growth rate in
the interval 0 < tPTO < 25 min were the same, then the t = 0
intercept of the straight line fit would directly correspond to
the SrRuO3 layer thickness. However, as we discuss later, this
would give an erroneous result, as the initial growth rate for
PbTiO3 is lower. This is illustrated by the dashed lines in
Fig. 2, which show schematically one possible growth path
for the initial period 0 < tPTO < 25 min, where no data points
are available.
Despite the well-defined diffraction peaks and finite-size
oscillations, the surface topography of the samples depends
strongly on the thickness of the PbTiO3 layer, becoming
smoother for thicker PbTiO3 layers. This is shown in Fig. 3
for different superlattices with the same SrRuO3 growth time.
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FIG. 3. Surface topography measured by AFM for
PbTiO3 /SrRuO3 superlattices in Series II, showing that the
surface of the superlattices becomes smoother as the superlattice
period (and therefore the PbTiO3 layer thickness) is increased. The
average roughness values are (a) 3.70 nm, (b) 0.38 nm, (c) 0.32 nm,
and (d) 0.20 nm. The height of the features in (a) is ∼20 nm.
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FIG. 4. STEM characterization of a ( = 20 u.c.)12
PbTiO3 /SrRuO3 superlattice. (a) HAADF image showing the
asymmetry between two types of interface. (b) Histograms of the
number of PbTiO3 unit cells in the sample measured at every (100)
plane for each individual layer in image (a) (top) and for the whole
sample across multiple images (bottom). The average PbTiO3 layer
thickness is 11.0 ± 1.5 u.c. (c) High-magnification HAADF image
and corresponding EDX map of a region that shows intermixing.

superlattices with periods above 14 u.c. display mean surface roughnesses below one unit cell, and sharper superlattice
peaks [Fig. 1(b)].
The observed surface roughening is likely to be related to the growth mode of SrRuO3 on PbTiO3 . Previous
studies on PbTiO3 /SrRuO3 superlattices deposited using
off-axis radiofrequency magnetron sputtering show that a
three-dimensional growth mode occurs for superlattices with
SrRuO3 layers thicker than one unit cell [53]. This growth
mode is most probably due to the lower temperatures used
to grow the SrRuO3 layers (550 °C instead of 650 °C), which
are required to preserve the quality of the PbTiO3 layers. The
AFM scans show that there is a minimum PbTiO3 layer thickness required to make the superlattice surface flat, presumably
corresponding to the amount of deposited PbTiO3 required
to compensate (level out) the roughness of the SrRuO3
layers.
To investigate the interface structure, we have performed
high-angle annular dark-field (HAADF) measurements on
a ( = 20 u.c.)12 superlattice from Series II, shown in
Fig. 4(a). The HAADF image shows that the PbTiO3
interfaces are asymmetric [54], consistent with previous observations in PbTiO3 /SrRuO3 superlattices with SrRuO3
thickness larger than one unit cell [53]. The top surface of
each PbTiO3 layer is very flat, forming a sharp interface with

SrRuO3 . By contrast, the bottom surface of each PbTiO3 layer
is rough, due to the roughness of the underlying SrRuO3
layers. This roughness gives rise to a thickness variation of
the PbTiO3 layers.
To quantify the thickness variation, we have determined
the local thicknesses of PbTiO3 at every lateral position
along each layer. To do so, we have counted the number
of Pb columns within each (100) atomic plane using both
HAADF images and energy dispersive x-ray spectroscopy
(EDX) images. The statistical distributions of thicknesses for
each individual layer in a single image, as well as across
multiple HAADF images, are summarized by the histograms
in Fig. 4. The extracted average PbTiO3 thickness for this
sample is 11.0 ± 1.5 unit cells.
Further information can be obtained by examining the
chemical compositions of the two types of interfaces using
EDX. Figure 4(c) shows a high-magnification HAADF image (left) and an EDX intensity map (right) with different
colors representing different atoms. While the sharp SrRuO3 on-PbTiO3 interface is characterized by an abrupt change
in cation composition from (Sr,Ru) to (Pb,Ti), the rougher
PbTiO3 -on-SrRuO3 interface contains an intermediate region where Sr and Ti signals are present without significant
Ru or Pb signals. The rougher interface therefore appears
to contain intermediate SrTiO3 -like regions approximately
2–3 u.c. thick, which can arise due to cation interdiffusion
(intermixing).
The STEM measurements therefore show that each period
of this superlattice consists of a continuous SrRuO3 layer that
is approximately 4 u.c. thick, a complex broad interface, and
a continuous PbTiO3 layer. The interface consists of rough
islandlike SrRuO3 and PbTiO3 layers, as well as intermixed
regions at their boundary. The PbTiO3 layer has a thickness
that depends on its deposition time, which is 11.0 ± 1.5 u.c.
in this case. Even though both x-ray diffraction and STEM
give identical values for the measured period of the superlattice (20 u.c.), the average thickness of the PbTiO3 layers
determined from STEM measurements is smaller than the
thickness estimated assuming that PbTiO3 has a linear growth
rate for all thicknesses. The initial growth rate of PbTiO3 for
tPTO < 25 min is therefore slower than that for tPTO > 25 min,
as illustrated schematically by the dashed line in Fig. 2. We
note that the initial growth phase of PbTiO3 is likely nonlinear,
yet this cannot be concluded from the available data.
The variation in the PbTiO3 growth rate is probably related
to the roughness of the SrRuO3 layer below and the interfacial intermixing. The STEM and AFM data suggest that the
PbTiO3 growth rate becomes constant when the roughness of
the SrRuO3 surface is leveled out by the first PbTiO3 layers.
If the PbTiO3 thickness is not large enough, then cumulative
roughness effects appear, as shown in Fig. 3(a).
The only difference between samples in the same series is
the total PbTiO3 layer growth time tPTO , and for all samples
investigated, tPTO varies only within the linear (constant
growth rate) regime. We can therefore use the PbTiO3
thickness obtained from STEM measurements for one of
the samples and the calculated growth rate to determine the
PbTiO3 thicknesses for all the other samples in the series. If
we further assume that the initial growth phase of the PbTiO3
also follows the same behavior for samples with slightly
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FIG. 6. (a) Reciprocal space map around the (1̄03) peak of
SrTiO3 for a ( = 37 u.c.)8 superlattice with estimated 26 u.c. of
PbTiO3 per repetition, showing domain satellites around the main
superlattice Bragg peak. (b) Intensity profiles along QZ at the QX
position of the main superlattice Bragg peaks (red) and the domain
peaks (blue). The dashed curves are Gaussian fits to the domain peak
profile. (c) Intensity profile along QX across a superlattice Bragg
peak and two domain satellite peaks.

FIG. 5. Sheet resistance per superlattice period as a function of
temperature for two series of PbTiO3 /SrRuO3 superlattices. Each
series in (a) and (b) has a fixed SrRuO3 growth time and varying
PbTiO3 thickness. The red arrow marks the approximate ferromagnetic transition temperature in SrRuO3 .

thicker or thinner SrRuO3 , then the PbTiO3 thicknesses for
samples in other series can also be determined.
B. Electrical properties of SrRuO3 layers

It is well known that ultrathin metallic oxides can undergo
a metal-to-insulator transition below a certain critical thickness [55]. It is therefore imperative to check whether the thin
SrRuO3 layers in our superlattices remain metallic.
Figure 5 shows the in-plane sheet resistance per superlattice period for two series of superlattices with a fixed
thickness of SrRuO3 and varying PbTiO3 thickness. For all
superlattices, the resistance of the SrRuO3 layers is observed
to decrease with decreasing temperature, confirming metallic behavior down to temperatures of 50–100 K. In most
samples, a change in gradient of the resistance-temperature
curve associated with the ferromagnetic transition in SrRuO3
can also be discerned around 120 K [marked by the red arrow in Fig. 5(a)] [56,57]. The calculated room-temperature
resistivity values for the SrRuO3 layers lie within a range

of 700–2200 μ cm (this wide range reflects primarily the
large uncertainty in the SrRuO3 layer thickness due to the
roughness, rather than intersample variation). These resistivity values are higher than those typical of thick SrRuO3
films, but they are similar to the values reported for highquality films of similar thickness [55]. At temperatures below
50–100 K we observe an upturn in the resistivity, consistent
with previous reports on ultrathin SrRuO3 [58].
Assuming a PbTiO3 polarization of order 75 μC/cm2 for a
film strained on SrTiO3 [59], full screening requires a charge
density of 4.7 × 1014 cm−2 . The typical carrier density in
SrRuO3 is around 4 × 1022 cm−3 [60], giving a carrier density
of approximately 16 × 1014 cm−2 per monolayer of SrRuO3 ,
more than three times the value required to screen the polarization. Therefore, even a single SrRuO3 monolayer should be
sufficient to screen the polarization of PbTiO3 .
C. Domain structure in the PbTiO3 layers

Figure 6(a) shows a reciprocal space map of a ( =
37 u.c.)8 superlattice with an estimated 26 u.c. of PbTiO3
around the (1̄03) peak of SrTiO3 . Clear signatures of ferroelectric domain formation are evident, manifested as a
set of broad in-plane satellites around the main superlattice
Bragg peak. This is consistent with a 180◦ domain structure,
as expected for compressively strained PbTiO3 on SrTiO3 ,
and in agreement with previous observations in PbTiO3 thin
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FIG. 7. Domain periods for PbTiO3 /SrRuO3 superlattices as a
function of estimated PbTiO3 layer thickness with both axes on the
logarithmic scale. Red squares, triangles, circles, and diamonds show
the domain periods for different series of superlattices, as described
in the main text. Vertical error bars are determined by the uncertainty
in the position of the Gaussian used to fit the domain satellites (see
the main text). Horizontal error bars for all samples are assumed to
be the same as the ( = 20 u.c.)12 superlattice characterized using
STEM (±1.5 u.c.). The solid line shows the scaling observed for
PbTiO3 /SrTiO3 superlattices fabricated using the same sample deposition system and PbTiO3 growth conditions.

films [61] and PbTiO3 -based multilayers [11,12]. The observation of these domains implies that despite the presence of
metallic layers with sufficient density of carriers, the ferroelectric polarization is not fully screened.
The intensity profiles of the domain satellite peaks along
QZ and QX [Figs. 6(b) and 6(c), respectively] show that the
satellites are broad in both directions in reciprocal space,
indicating a small out-of-plane and in-plane coherence length.
The domain satellites are fitted by Gaussian functions to determine their peak positions, widths, and the corresponding
fitting uncertainties. From the positions of the domain satellites, the periodicity of the domain structure is found to be
approximately 14 nm. Using the Scherrer equation, the out-ofplane coherence length ξz ≈ 10 nm is obtained from the full
width at half-maximum (FWHM), and it is comparable to the
PbTiO3 layer thickness within each repetition (11 nm), indicating that the domain structures of adjacent PbTiO3 layers are
decoupled.
Figure 7 illustrates how the domain periodicity depends
on the PbTiO3 layer thickness for multiple samples, and
compares it with the corresponding Landau-Lifshitz-Kittel
scaling observed in PbTiO3 /SrTiO3 superlattices fabricated
with the same thin film deposition system, using the same
PbTiO3 ceramic targets and growth parameters (scaling exponent equal to 0.5) [62,63]. We note that the vertical error bars
in the domain periods in Fig. 7 correspond to uncertainties
obtained from fitting the satellite peak positions, and they do

not accurately capture the uncertainties due to local variations in domain sizes [64]. We find that the domains in our
systems have similar sizes and scaling with thickness as in
ferroelectric-dielectric PbTiO3 /SrTiO3 superlattices, implying a comparable degree of screening in both systems. Thus,
despite the metallic nature of the SrRuO3 layers, the screening
of the polarization remains incomplete.
One reason for this incomplete screening may be the rough
PbTiO3 -SrRuO3 interface, where the intermixed SrTiO3 -like
layer can induce a large depolarizing field [22], while the
roughness of the interface itself can lead to inhomogeneous
screening. However, if the SrTiO3 -like layer were the main
contribution and the abrupt PbTiO3 -SrRuO3 interface were
perfectly screened, we would expect our domain sizes to be
significantly larger than those found in PbTiO3 /SrTiO3 superlattices with two such PbTiO3 -SrTiO3 interfaces [65,66].
Instead, the observed domain sizes are similar to those
in PbTiO3 /SrTiO3 superlattices, implying that screening
from the sharp PbTiO3 -SrRuO3 interface is not sufficient
either. This is consistent with previous observations in ultrathin SrRuO3 /BaTiO3 /SrRuO3 capacitors [50], as well as
first-principles calculations [5,45], which predict that even
structurally perfect PbTiO3 -SrRuO3 interfaces have a finite
intrinsic screening length that promotes domain formation.

D. Piezoresponse force microscopy

To image the domain structure directly, we have fabricated
a ( = 37 u.c.)8 superlattice with an estimated 26 u.c. of
PbTiO3 in which the starting layer is SrRuO3 and the topmost
layer is PbTiO3 . Although the electrostatic boundary conditions for this topmost PbTiO3 layer with an exposed surface
are not the same as for the inner layers that are sandwiched between two SrRuO3 layers, we can nevertheless extract useful
information about domain formation in the superlattices.
The results of the PFM characterization are summarized
in Fig. 8. The PFM amplitude and phase images [Figs. 8(a)
and 8(b), respectively] reveal bubblelike domains, delineated
by clear minima in the amplitude, and 180◦ change of phase
across the domain walls. Similar bubble domains were previously reported in PbTiO3 /SrTiO3 and PbZr 0.2 Ti0.8 O3 /SrTiO3
heterostructures on SrTiO3 substrates [22,28]. We note that
the topography of the sample, shown in Fig. 8(c), has a roughness of less than one unit cell.
Figure 8(d) shows the radially averaged autocorrelation
function of the PFM amplitude image. The first minimum
and the first maximum of the autocorrelation function can be
used to determine the average feature size and the spacing
between features in Fig. 8(b), respectively [67]. The average
size of the individual bubbles can also be directly measured
from the PFM amplitude image, and it is found to be approximately 13 nm. The domain period of this superlattice,
determined using XRD, is 16 nm. These two sizes are marked
with a red dashed line and a green dotted line, respectively,
in Fig. 8(d), showing good agreement with the average feature size and spacing determined from the autocorrelation
function.
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FIG. 8. Piezoresponse force microscopy (a) amplitude and
(b) phase of a ( = 37 u.c.)8 superlattice with an estimated 26
unit cells of PbTiO3 per period, in which the last grown layer is
a PbTiO3 layer. The scans show a 180◦ ferroelectric bubblelike
domain structure with average bubble size equal to 13 nm. (c) Largerarea topography scan, with average roughness equal to 0.22 nm.
(d) Normalized radially averaged autocorrelation function of the
PFM amplitude image in (b), with the red dashed line showing the average bubble size (13 nm) and the green dotted line showing the
domain period measured using XRD (16 nm). The two lines coincide
with the first minimum and maximum in the autocorrelation function,
respectively.
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E. Dielectric properties of PbTiO3 layers

The conducting SrRuO3 layers allow the capacitance of
the PbTiO3 layers in the superlattices to be measured. The
frequency-dependent complex capacitance C ∗ (ω), defined in
terms of the measured complex impedance Z (ω) as C ∗ (ω) =
C  (ω) + iC  (ω) = 1/iωZ (ω), is shown in Fig. 9 for a ( =
30 u.c.)10 superlattice with estimated 17 u.c. of PbTiO3 at
different temperatures. The real part C  (ω) exhibits a series of plateaus and relaxations, which are accompanied
by the corresponding maxima in the dielectric loss C  (ω).
This Maxwell-Wagner-type behavior is characteristic of a series arrangement of leaky capacitors, and it has previously
been reported in ferroelectric-dielectric [68] and ferroelectricmetal [37] superlattices.
As the capacitance C of each ferroelectric layer is expected
to be the same, the different relaxations arise from differences in their resistances Ri , implying that leakage through
each PbTiO3 layer is likely to be due to localized conducting pathways rather than homogeneous conduction across the
entire layer. To extract the individual layer capacitances and
resistances, the data are fitted to an equivalent circuit model
consisting of parallel RC elements connected in series, with
an additional series resistance accounting for the contribution
of the contacts as shown in the inset of Fig. 9(b). The number
of series RC elements is determined independently using two

FIG. 9. Frequency dependence of the real (a) and imaginary
(b) parts of the complex capacitance for a ( = 30 u.c.)10 superlattice with estimated 17 unit cells of PbTiO3 per repetition. Open
circles correspond to the data, whereas solid lines represent the fits
to the equivalent circuit shown in (b), which consists of five parallel
RC elements connected in series and an additional series resistance
due to contacts and connections. A schematic of the measurement
setup is shown as an inset in (a).

methods. First, the depth of the etched regions of the superlattice is measured using AFM, allowing the number of etched
superlattice periods to be determined. The number of etched
periods is then cross-checked by fitting the data for a large
number of capacitor stacks on the same sample to models with
more and fewer RC elements. Only the model with the correct
number of elements gives a consistent value of C (within
approx. 10% variation) for all the capacitor stacks. For the
case of Fig. 9, five RC elements are required.
In general, the fits reproduce the experimental data well.
Nevertheless, some features of the data are not captured.
First, any information on the dispersion of the real part of
the capacitance is lost. Most real dielectric systems exhibit
a frequency-dependent permittivity, which is associated with
the dynamics of the excited physical process [69]. By assuming that all our circuit elements are ideal capacitors, this
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FIG. 10. Fitted values of the capacitance per unit area for PbTiO3
layers with estimated thickness equal to 8, 11, 17, and 26 u.c. as a
function of temperature. The horizontal line corresponds to the theoretically predicted interface contribution (from density functional
theory calculations at 0 K [46]).

frequency dependence is neglected. Using dispersive elements
(such as the constant phase element [70]) improves the fit;
however, it leads to an overparametrization of the model, and
the extracted fitting parameters become less reliable. Second,
any intrinsic dielectric loss information, which is associated
with the physical processes in our samples (e.g., freezing
of the domain walls [71]), is also lost because the loss is
dominated by the conductivity of the PbTiO3 layers. Finally,
we note that any inductive effect in the response of the system
due to the length of the measurement cables or the lowtemperature ferromagnetic phase of SrRuO3 is negligible and
is not required to fit the observed frequency response.
Using the fitting procedure above, the capacitance of individual PbTiO3 layers is obtained as a function of temperature
for superlattices with different PbTiO3 layer thicknesses and is
shown in Fig. 10. In the case of the superlattice with 26 u.c. of
PbTiO3 , the measured capacitor was highly insulating so there
was no need to fit the impedance spectra, and the 1 kHz values
were used. For superlattices with 11 u.c. of PbTiO3 , identical
behavior of the capacitance was obtained for two different
samples from different series, confirming its reproducibility
and the lack of dependence on the SrRuO3 layer thickness
(the extracted capacitances for the two samples were within
the errors associated with the fitting process, and within 2%
of each other). The error bars from the fits are also plotted
but are very small compared to the scatter and the size of the
markers. We note that, whenever possible, multiple capacitors
were measured for each sample to confirm the reproducibility
of the observed behavior.
For all samples, the capacitance is weakly temperaturedependent near room temperature but decreases sharply at
low temperatures. The concave shape of the curves is distinct from the convex behavior expected from the intrinsic
lattice (phonon) response, but it is qualitatively similar to
the behavior observed in a range of polydomain systems in-

cluding bulk potassium dihydrogen phosphate and triglycine
sulfate [71], CaTiO3 /SrTiO3 /BaTiO3 superlattices [72], and
ultrathin BaTiO3 films [50]. With the presence of domains
confirmed by x-ray diffraction, we attribute this response to
domain dynamics, which relax out at low temperature due to
domain wall pinning. It appears that the temperature at which
this relaxation occurs is lower for smaller PbTiO3 thicknesses,
but due to the broad nature of the relaxation and the absence
of useful loss information, it is difficult to quantify this thickness dependence and extract the thermal activation energies
characterizing this process.
Due to the large uncertainty in the individual PbTiO3 layer
thicknesses and the presence of the intermixed layer, which
contributes a series capacitance, we refrain from calculating
the dielectric constant of each layer. Nevertheless, it is still instructive to compare the measured capacitance to the expected
value of the interface capacitance for a PbTiO3 -SrRuO3 interface. First-principles calculations predict the latter to be
∼0.6 F/m2 [46], and the capacitance of two such interface
layers in series with each PbTiO3 layer is shown by the horizontal line in Fig. 10. Interestingly, there exists a temperature
regime for which the total measured capacitance is higher
than that of the overall interface capacitance, signifying that
the effective capacitance of the PbTiO3 layer is negative. This
seems counterintuitive, yet it is consistent with previous theoretical and experimental work, in which the local effective permittivity of the ferroelectric becomes negative due to domain
wall motion [17,32,50]. We note that this qualitative conclusion is unaffected by the presence of the intermixed layer, as
(i) the theoretically predicted SrRuO3 -SrTiO3 interface capacitance is similar to that of SrRuO3 -PbTiO3 [46], and (ii) any
intermixed layer contributes as another capacitance in series,
which only reduces (rather than increases) the overall interface capacitance and therefore broadens the temperature range
of the negative permittivity region deduced from the data.
However, the above conclusion is strongly dependent on
the assumed value for the interface capacitance. The observed
capacitance values could be explained without invoking ferroelectric negative capacitance if the interface capacitance
is at least a factor of 1.5 larger than the theoretically predicted value. Interface capacitances around 1 F/m2 have
been previously extracted for Ba0.7 Sr 0.3 TiO3 /SrRuO3 [73]
and SrTiO3 /SrRuO3 [17] interfaces. If the PbTiO3 /SrRuO3
interface has a similar capacitance, then the capacitance of the
PbTiO3 layers would be positive. Nevertheless, even in this
case, the corresponding effective permittivity of the PbTiO3
layers (of the order 1000–2000, depending on the PbTiO3
layer thickness) is still strongly enhanced due to domain wall
motion. For a more accurate estimate of the local PbTiO3
permittivity, a more detailed investigation of the interface
capacitance is needed.

IV. CONCLUSIONS

In summary, we have fabricated ferroelectric-metal
PbTiO3 /SrRuO3 superlattices with varying PbTiO3 and
SrRuO3 thicknesses on single-crystalline SrTiO3 substrates.
Scanning transmission electron microscopy measurements
have shown that the interfaces between the two materials are
asymmetric due to the different growth modes of PbTiO3
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and SrRuO3 . Using x-ray diffraction, ferroelectric domains
were observed with sizes comparable to those found in
PbTiO3 /SrTiO3 superlattices. Therefore, despite the metallic
nature of the ultrathin SrRuO3 layers, domains appear due to
the depolarizing field caused by the imperfect screening of
the polarization at the PbTiO3 /SrRuO3 interfaces. Piezoresponse force microscopy measurements show that the domain
structure in the topmost PbTiO3 layers adopts a bubblelike
configuration with sizes comparable to those determined from
x-ray diffraction measurements. The dielectric response of
individual PbTiO3 -SrRuO3 capacitors within the superlattice
stacks was measured for ultrathin PbTiO3 layers, revealing
a temperature-dependent capacitance enhancement expected
from the contribution of domain wall motion.

The datasets used in this publication are available from the
corresponding author on reasonable request.
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