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as 8.6% larger than bulk versions (well beyond the expected 
2.8% expansion of the  c  axis for a coherently strained BaTiO 3  
fi lm grown on SrRuO 3 /SrTiO 3  (001) substrates). [ 9 ]  A number of 
potential explanations were posited for these observations and, 
as early as 1983, researchers were suggesting that the observed 
distortions could not be explained by classic epitaxial strain 
alone. Instead, researchers hypothesized that an anisotropic dis-
tribution of point defects (namely interstitial atoms and vacan-
cies) could be responsible for the added distortion. [ 7 ]  In turn, 
a potential connection between the growth process and the 
observed lattice expansion has been proposed [ 7,10,11 ]  and some 
have evoked the concept of “negative pressure” induced effects 
(i.e., large tetragonal strains and anomalous volume expansion 
under negative hydrostatic pressures) [ 12 ]  to potentially explain 
the observations. [ 10 ]  In turn, these anomalous lattice expansions 
are associated with interesting changes in the physical proper-
ties including enhancement of the ferroelectric transition tem-
perature [ 7,11,13 ]  and voltage-shifted ferroelectric hysteresis loops 
where the voltage shift scales linearly with thickness. [ 8,13,14 ]  
Despite this range of interesting work, no clear explanation for 
the effects has been developed, but it is generally considered 
that defects could play some role in the manifestation of these 
effects. 

 The study of defects in these complex materials is not new, 
but to really control these materials requires an intimate knowl-
edge of the nature of defects that can occur. [ 15 ]  While defects in 
ferroelectrics could potentially degrade the properties (i.e., wors-
ening leakage and promoting aging) [ 16 ]  and can also impact the 
structure, phase transitions, and polar ordering, [ 17,18 ]  various 
defect-engineering strategies have been developed to alleviate 
such effects and have been widely used to control lifetimes of 
ferroelectric capacitors in switching-based applications as well 
as for tailoring the mobility of domain walls for piezoelectric 
applications. [ 16,19–21 ]  Recent investigations have highlighted 
some unexpected benefi ts of specifi c defect-types, for instance, 
charged point defect complexes (so-called defect dipoles) have 
been utilized to achieve new functionalities including large 
reversible strains, [ 22 ]  multistate memory effects, [ 23 ]  and colossal 
dielectric responses. [ 24 ]  In this work, we highlight how, when 
combined with thin-fi lm epitaxy, the presence of such defect 
dipoles can give rise to enhanced ferroelectric ordering in 
materials and can explain many of the effects in BaTiO 3  noted 
above. By directly coupling the electrical and elastic dipoles of 
the defect complexes with the polarization and epitaxial strain 
state of the fi lm, respectively, we can align the defects thereby 
inducing an additional anisotropic lattice deformation. Such a 
coupling of the elastic dipole of the defects with stress has been 
demonstrated before, [ 25–27 ]  but here we develop a new paradigm 
in strain control of ferroelectric materials whereby we leverage 

  Signifi cant advances in the growth and characterization of 
ferroelectric thin fi lms have highlighted the role of substrate 
induced strain in enhancing ferroelectric properties. [ 1 ]  This 
includes the observation of an enhanced ferroelectric transi-
tion temperature ( T C  ) in BaTiO 3 , [ 2,3 ]  room-temperature fer-
roelectricity in SrTiO 3 , [ 4 ]  and stabilization of highly-distorted 
polymorphs of BiFeO 3 . [ 5 ]  Despite considerable excitement over 
the potential of thin-fi lm strain to control materials, it is fun-
damentally limited in a number of ways: 1) the magnitude of 
the strain that can be applied before the onset of relaxation is 
relatively small (generally <1% lattice mismatch), 2) the thick-
ness of a coherently strained fi lm must be maintained below a 
critical thickness for strain relaxation which often renders such 
strain-engineered fi lms unsuitable for applications that require 
high voltages, and 3) there is a lack of continuous tunability 
arising from the limited number of substrates and the need to 
switch between them to change the strain state. In turn, these 
factors put rather stringent limits on our ability to manipulate 
the properties and enhance performance on demand in these 
materials. Despite these limitations, much work has illustrated 
the potential of epitaxial constraints in manipulating ferroelec-
tric materials. 

 In spite of extensive work in this arena, there are a number 
of observations over the years that do not follow our funda-
mental understanding of thin-fi lm strain. In BaTiO 3 -based 
fi lms, for instance, as early as the 1980s and 1990s researchers 
were reporting anomalously large lattice expansions in 
fi lms, [ 6–9 ]  especially those grown by highly-energetic growth 
processes such as sputtering, pulsed-laser deposition, etc., that 
were not commensurate with the pervasive understanding 
of epitaxially constrained BaTiO 3 . For instance, rf sputtered 
BaTiO 3  fi lms were found to exhibit lattice parameters as much 
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parameter of the material to enhance performance. We demon-
strate that in BaTiO 3  fi lms, known to possess a strong coupling 
between strain and polarization, [ 28 ]  that deterministically con-
trolling the electric- and elastic-dipole moments of engineered 
defect complexes allows us to systematically enhance the  T C   
to >800 °C without degradation of the polarization or leakage 
properties. This work highlights the potential of the combina-
tion of strain- and defect-engineering as a new route to control 
material properties. 

 130–170 nm BaTiO 3 /40 nm SrRuO 3  thin-fi lm heterostruc-
tures were grown on DyScO 3  (110), GdScO 3  (110), and NdScO 3  
(110) single crystal substrates (corresponding to lattice mis-
matches with the pseudocubic lattice parameter of BaTiO 3  of 
−1.7%, −0.99%, and 0.08%, respectively) via pulsed-laser deposi-
tion (PLD) (see Experimental Section). The PLD process is com-
plex and care must be taken to control the stoichiometry and 
defect structures in the resulting fi lms. [ 29–31 ]  The BaTiO 3  fi lms 
were grown at laser fl uences ranging from 1.5–2.7 J/cm 2  (details 
of laser fl uence determination are provided in the Supporting 
Information). X-ray diffraction (XRD) studies reveal that all fi lms 
are epitaxial and single phase (data for fi lms grown on GdScO 3  
substrates are provided,  Figure    1  a, and additional data is pro-
vided in the Supporting Information, Figure S1). Subsequent 
off-axis X-ray reciprocal space mapping (RSM) studies about the 
103- and 332-diffraction conditions for the fi lms and substrate, 
respectively, show that although the in-plane lattice parameters 
of the fi lms are matched to that of the substrate, the out-of-plane 
lattice parameter of the BaTiO 3  increases as the laser fl uence 
increases (Figure  1 b–f, expected peak locations for bulk (B) and 
coherently strained (S) BaTiO 3  are indicated for comparison). 
From both Poisson and electrostriction effects an increase in the 
 c- axis lattice parameter by 1.7% as compared to bulk is expected, 

but in all fi lms studied here an additional expansion of the out-
of-plane lattice parameter of 0.6–4.1% is observed.  

 Subsequent study of fi lm stoichiometry using X-ray photo-
electron spectroscopy (XPS) and Rutherford backscattering 
spectrometry (RBS) (see Experimental Section) reveals that all 
fi lms possess nominally stoichiometric cation ratios within the 
limits of experimental error (+/−1%) (Supporting Information, 
Figure S2). This observation is consistent with prior studies 
of BaTiO 3 , [ 31 ]  but does not explain the observed increase of 
the out-of-plane lattice parameter. Oxygen post-annealing of 
the fi lms results in no change in the lattice parameters, elimi-
nating chemical expansion from isolated oxygen vacancies 
as the mechanism for the lattice expansion. Taken together, 
these results suggest that the lattice expansion observed with 
increasing laser fl uence arises not from cation or anion compo-
sitional deviations, but from defects associated with the varying 
energetics of the growth process. [ 32,33 ]  Such effects have been 
observed previously in the PLD growth of SrRuO 3  [ 34 ]  where 
expansions as large as 3.8% were observed. Despite reporting 
a direct connection between the expanded lattice constants 
and the energetic bombardment during deposition, the exact 
mechanism responsible for the lattice constant extension was 
not well understood. It was hypothesized that collision-induced 
displacement of cations into nonequilibrium lattice locations, 
implantation of the various ionic species during growth, resput-
tering of the fi lm, and/or composition differences resulting 
from relative cation distributions in the laser plume, which 
are also pressure and fl uence dependent, could be responsible. 
These observations highlight the incredible ability of complex 
oxide perovskites to accommodate and sustain large densities of 
point defects as both individuals and clusters, that in turn, are 
responsible for such dramatic changes in the lattice parameter 
of these materials from the ideal, bulk structure. [ 35–38 ]  
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 Figure 1.    (a) θ-2θ X-ray diffraction studies of BaTiO 3 /SrRuO 3 /GdScO 3  (110) heterostructures where the BaTiO 3  fi lm was grown at a laser fl uence of 
(from bottom-to-top) 1.5, 1.8, 2.1, 2.5, and 2.7 J/cm 2 . Corresponding off-axis reciprocal space mapping studies about the 103- and 332-diffraction condi-
tions of the fi lms and substrate for BaTiO 3  fi lms grown at a laser fl uence of (b) 1.5 J/cm 2 , (c) 1.8 J/cm 2 , (d) 2.1 J/cm 2 , (e) 2.5 J/cm 2 , and (f) 2.7 J/cm 2 . 
Despite all fi lms possessing the same in-plane lattice parameters, the out-of-plane lattice parameter is observed to increase with increasing laser fl uence.
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 To gain further insight into the nature of these growth-
induced defects and their impact on ferroelectricity, detailed 
ferroelectric characterization was completed (see Experimental 
Section). Ferroelectric hysteresis loops were obtained from 
0.001–10 kHz using symmetric SrRuO 3  capacitor structures [ 39 ]  
which suppress extrinsic metal-ferroelectric interface related 
effects including imprint, asymmetric leakage, and lossy die-
lectric responses. [ 40 ]  Accordingly, the leakage characteristics 
( Figure    2  a) for fi lms grown at 1.5, 1.8, and 2.7 J/cm 2  on GdScO 3  
(110) substrates reveal symmetric, low-current response. Of 
particular interest is the fact that the leakage in fi lms grown 
at high fl uences (1.8 and 2.7 J/cm 2 ) is one-to-two orders-of-
magnitude lower than for the fi lms grown at lower laser fl u-
ence (1.5 J/cm 2 ) suggesting that the growth induced defects 
that give rise to increased cell volume do not also give rise to 
increased leakage. Characteristic ferroelectric hysteresis loops 
measured at 1 kHz (Figure  2 b) reveal two distinct behaviors: 
1) horizontally centered, but pinched loops for fi lms grown 
at 1.5 J/cm 2  (blue data, Figure  2 b) and 2) horizontally-shifted, 
unpinched loops that exhibit shifts that scale with the laser 
fl uence (1.8 and 2.7 J/cm 2 , red and green data, respectively, 

Figure  2 b). Both of these features are signatures of the pres-
ence of defect dipoles that are aligned out-of-the-plane of the 
fi lms. [ 41,42 ]  Additional insight is gained by exploring the fre-
quency dependent evolution of the hysteresis loops, here 
shown for fi lms grown at 1.5 and 1.8 J/cm 2  (Figure  2 c and 
d, respectively). Films grown at low laser fl uence (1.5 J/cm 2 ) 
exhibit loops that are horizontally centered across all frequen-
cies studied, but exhibit pinching when probed at frequencies 
<5 kHz. Films grown at higher laser fl uences show no loop 
pinching across the range of frequencies studied, but become 
increasingly off-centered as the measurement frequency is 
increased. These results are consistent with previous studies 
of Pb 0.98 Ba 0.02 (Mg 1/3 Nb 2/3 )O 3 -PbTiO 3  where thin fi lms grown 
under high-bombardment conditions possessed large internal 
electric fi elds giving rise to only a single stable state of reme-
nant polarization that could not be switched. [ 43 ]   

 Such ferroelectric switching behavior (i.e., the presence 
of pinched/shifted hysteresis loops) and the observed lattice 
expansion substantiate the presence of growth-induced defect 
dipoles that increase in concentration with laser fl uence. A 
defect dipole is a generic term referring to any defect-complex 
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 Figure 2.    (a) Leakage current as a function of applied electric fi eld for BaTiO 3 /SrRuO 3 /GdScO 3  (110) heterostructures grown at laser fl uences of 1.5, 1.8, 
and 2.7 J/cm 2 . (b) Ferroelectric hysteresis loops for the same heterostructures measured at 1 kHz revealing increasing shifts along the voltage axis with 
increasing laser fl uence. Frequency-dependent polarization hysteresis loops for heterostructures with BaTiO 3  grown at (c) 1.5 J/cm 2  and (d) 1.8 J/cm 2 . 
Films grown at lower fl uences show horizontally centered, but pinched loops while those grown at higher fl uence reveal shifted, but unpinched loops.
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in a lattice couple or interact in such a manner to produce a neg-
ative energy of association. In ferroelectrics, this typically refers 
to a complex of some acceptor defect and an oxygen vacancy or 
a donor defect and a cation vacancy. [ 16,27 ]  While the exact nature 
of the acceptor (or donor) defect can vary, they are likely formed 
in the fi lms in this study due to the energetic bombardment 
from the growth process, and are therefore predominantly 
from intrinsic point defects such as cation and anion vacancies 
(and potentially interstitials or anti-site defects). It should also 
be noted that the formation of such defect dipoles is also likely 
related to the observed reduction in leakage currents as they 
compensate for oxygen vacancies or serve as trap states for free 
carriers in the fi lm. 

 In turn, the expansion of the out-of-plane lattice parameter 
and the shift in the hysteresis loop are thought to be related to 
the elastic- and electric-dipole moments of the defect dipoles, 
respectively. [ 27 ]  The effect of the latter is well characterized in the 
literature as the coupling between the electric-dipole moment 
and the spontaneous polarization of the ferroelectric is known 
to break the degeneracy of the up/down polarization states 
(i.e., giving rise to local built-in fi elds that pin the ferroelectric 
polarization and result in shifted and pinched loops). Shifted 
loops are expected when all of the defect dipoles are aligned 
and pinched loops when there is a mixture of up- and down-
oriented defect dipoles. Likewise, the lattice distortion associ-
ated with the elastic-dipole depends on the orientation of the 
defect dipole and the net lattice deformation is proportional to 
the number of dipoles aligned in any direction. [ 25,27 ]  It is known 
that external stresses can also break the degeneracy between 
symmetrically equivalent orientations of the elastic dipoles. [ 25,26 ]  
The BaTiO 3  fi lms exhibit large expansion in the out-of-plane 
lattice parameter, while the in-plane lattice parameters remain 
constrained to that of the underlying GdScO 3   substrate, sug-
gesting that the strain fi eld from the (compressive) epitaxial 
strain can produce similar out-of-plane alignment of the defect 
dipoles. The idea that stress (or strain) can drive the align-
ment of defect dipoles has been around for some time [ 27 ]  and 
ultimately the electric and the elastic dipole energies can have 
different signs which can lead to complex alignment geome-
tries. From our direct measurements of defect-dipoled-induced 

lattice deformation and built-in internal fi elds, it is possible to 
estimate the realtive magnitude of the elastic and electric ener-
gies, respectively (see Supporting Information). The elastic 
energy associated with alignment of the defect dipoles is found 
to be at least an order of magnitude larger than that from elec-
trical alignment alone. This suggests that both the orientation 
and stability of the defect-dipole alignment are impacted not 
just by the electric coupling, but by a strong elastic coupling. 
Such observations are consistent with work that showed align-
ment of paramagnetic Na + -O −  dipoles in BaTiO 3  crystals under 
the application of a uniaxial mechanical stress. [ 44 ]  

 To further probe this idea, samples were grown at a laser fl u-
ence of 1.8 J/cm 2  on a range of different substrates including 
DyScO 3  (110), GdScO 3  (110), and NdScO 3  (110). Consistent 
with the fi lms described above, all fi lms are coherently strained 
to the various substrates and as one moves from fi lms grown 
on NdScO 3  to GdScO 3  to DyScO 3  the out-of-plane lattice 
parameter of the BaTiO 3  increases as is expected based on the 
changing strain condition (Supporting Information, Figure S3). 
Subsequent hysteresis loop measurements ( Figure    3  a and b, 
measured at 1 Hz and 10 kHz, respectively) reveal that fi lms 
grown on substrates that provide a compressive strain (i.e., 
DyScO 3  and GdScO 3 ) exhibit large horizontal shifts of the 
hysteresis loops indicating built-in fi elds arising from aligned 
defect dipoles while fi lms grown on substrates that provide a 
small tensile strain (i.e., NdScO 3 ) reveal negligible built-in 
fi elds suggesting that the defect dipoles are not preferentially 
aligned in the out-of-plane direction. Again, this data suggests 
that the epitaxial strain plays a crucial role in directing the out-
of-plane alignment of the defect dipoles and the observation of 
built-in fi elds. As the elastic boundary conditions are changed 
from compressive to tensile in nature, we see clear trends (i.e., 
increasing shifts of the hysteresis loop with increasing com-
pressive strain) that suggest that epitaxial strain, not just polar-
ization, are key to understanding the alignment of the defect 
dipoles.  

 So far we have demonstrated that compressive epitaxial 
strain can drive an out-of-plane alignment of growth-induced 
defect dipoles that manifest structurally as large expansions in 
the  c -axis lattice parameter of the fi lms. Such deformations sig-
nify the presence of large internal-stresses in the out-of-plane 
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 Figure 3.    Polarization electric fi eld hysteresis loops for BaTiO 3 /SrRuO 3  heterostructures grown at a laser fl uence of 1.8 J/cm 2  on substrates producing 
a compressive (SrTiO 3  and GdScO 3 ) and tensile (NdScO 3 ) epitaxial strain as measured at (a) 1 Hz and (b) 10 kHz. A change in the sign of the strain 
results in a change in the nature of the loops with compressive strains driving shifted loops and tensile strains resulting in no shifts.
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direction that arise from the elastic interactions between the 
aligned defect-structures and the host lattice. It has been shown 
that the presence of lattice strains can dramatically impact 
the magnitude and temperature-dependence of the polar state 
in BaTiO 3 . [ 28,45 ]  In fact, researchers have shown that epitaxial 
strain alone can increase the  T C   of BaTiO 3 /GdScO 3  (110) het-
erostructures from 130 °C to 400 °C. [ 2 ]  To explore the added 
effect of the out-of-plane lattice strains from the aligned defect 
dipoles on the  T C   of BaTiO 3  fi lms, we conducted temperature-
dependent XRD studies of BaTiO 3 /SrRuO 3 /GdScO 3  (110) het-
erostructures grown at laser fl uences of 1.5, 1.8, and 2.1 J/cm 2  
( Figure    4  a). The temperature-dependent evolution of the out-of-
plane lattice parameter reveals two regimes of thermal expan-
sion over the temperature range from 25–900 °C separated by 
a kink that is characteristic of a phase transition. RSM studies 
were completed at various temperatures throughout these 
studies and, in all cases, the fi lms were found to remain coher-
ently strained to the substrate [characteristic data for fi lms 

grown at 1.8 J/cm 2  are provided for studies at 25 °C (Figure  4 b) 
and 750 °C (Figure  4 c)]. Subsequently, from the evolution of 
the out-of-plane lattice parameter, the presence of phase tran-
sitions at ∼500 °C, ∼650 °C, and ∼800 °C for fi lms grown at 
laser fl uences of 1.5, 1.8, and 2.1 J/cm 2 , respectively, are sug-
gested. We also note that the excess lattice deformation (beyond 
that resulting from epitaxial strain) associated with the defect 
dipoles is observed to persist to even above the phase transition 
temperature which is further proof that the defect dipoles are 
coupled strongly to the epitaxial strain state of the fi lms.  

 To verify that the structural transitions observed in the XRD 
studies correspond to the transition from a ferroelectric-to-
paraelectric state, we probed the temperature dependence of 
the dielectric and ferroelectric properties. To begin, we show 
data for the temperature-dependent evolution of spontanesous 
polarization for a fi lm grown at 1.8 J/cm 2  (Figure  4 d). Ferro-
electric hysteresis loops were obtained up to 500 °C and reveal 
a spontaneous polarization value of 27 µC/cm 2  (∼80% of the 
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 Figure 4.    (a) Temperature-dependence of out-of-plane  c -axis lattice parameter as measured from X-ray diffraction for BaTiO 3 /SrRuO 3 /GdScO 3  (110) 
heterostructures where the BaTiO 3  was grown at laser fl uences of 1.5 (black), 1.8 (red), and 2.1 (blue) J/cm 2 . Two distinct regimes, separated by a kink 
in the lattice parameter are observed. Corresponding X-ray reciprocal space mapping studies of the heterostructure grown at 1.8 J/cm 2  at (b) 25 °C 
and (c) 750 °C revealing that the fi lms remain coherently strained even at high temperatures. (d) Ferroelectric hysteresis loops, measured at 10 kHz, 
for the heterostructure grown at 1.8 J/cm 2  revealing the presence of strong polarization even at 500 °C. The inset shows a summary of the evolution 
of the polarization from 25–500 °C. (e) Dielectric permittivity of BaTiO 3  fi lms grown at laser fl uences of 1.5 (black), 1.8 (red), and 2.7 (green) J/cm 2  
measured as a function of temperature. The inset shows the inverse permittivity as a function of temperature a linear fi t of the high-temperature 
response to extract an estimate for the transition temperature.
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for a defect-free, coherently strained fi lm. [ 2 ]  This suggests 
that the stabilization of the ferroelectric state of BaTiO 3  from 
aligned defect dipoles can dramatically impact the properties. 
The temperature dependence of the ferroelectric polariza-
tion (inset, Figure  4 d) is provided to summarize the response 
from 25–500 °C. To further explore the mechanism for the 
enhancement of  T C  , we employed Ginzburg-Landau-Devon-
shire (GLD) models [ 46 ]  to predict the temperature evolution of 
the spontaneous polarization considering both the out-of-plane 
elastic strain arising from aligned defect-dipoles and the in-
plane biaxial epitaxial strain from the substrate (Supporting 
Information, Figure S6). The predicted temperature depend-
ence of the spontaneous polarization for the fi lm grown at 
1.8 J/cm 2  matches closely with the experimentally measured 
values (inset, Figure  4 d) and suggests a phase transition at  T C   
≈650 °C that coincides with the phase transition observed in 
the temperature-dependent XRD. Likewise, the predicted  T C   for 
fi lms grown at 1.5, 2.1, and 2.7 J/cm 2  are ≈515 °C, ≈810 °C, and 
1083 °C respectively; in excellent agreement with the tempera-
ture-dependent XRD (Figure  4 a) and strongly suggesting that 
the anomalies in the XRD studies correspond to ferroelectric-
to-paraelectric transitions. These observations also lead us to 
conclude that these enhancements in the  T C   can be attributed 
to the epitaxial strain-induced alignment of growth-induced 
defect dipoles that in turn produce anisotropic lattice deforma-
tions and enhanced strain states. 

 Further insight into the ferroelectric nature of these tran-
sitions is obtained from temperature-dependent dielectric 
measurements (Figure  4 e) for the fi lms grown at 1.5, 1.8, and 
2.7 J/cm 2 . Fits of the inverse dielectric response as a func-
tion of temperature (inset, Figure  4 e) for these fi lms suggest 
 T C   ≈475 °C, 650 °C, and 1000 °C for fi lms grown at 1.5, 1.8, 
and 2.7 J/cm 2 , respectively. These values are in excellent agree-
ment with the predictions from the GLD models which can be 
used to predict the  T C   for a given combination of epitaxial and 
defect dipole strain. Moreover, in the case of the fi lms grown at 
a fl uence of 1.5 J/cm 2 , we observe a sharp dielectric anomaly 
through the structural transition ∼475 °C (black data, Figure  4 e) 
confi rming the presence of a ferroelectric-to-paraelectric phase 
transition at this temperature. Additional details of the dielec-
tric permittivity and ferroelectric properties before and after 
temperature cycling are also provided (Supporting Information, 
Figures S4 and S5). 

 In summary, we have explored the coupling between epi-
taxial strain and defect dipoles that form due to the PLD growth 
process to controllably tune the  T C   of BaTiO 3  to over 800 °C. 
Purely epitaxial strain-based approaches for  T C   enhancement 
are limited by the magnitude of strain that can be applied, the 
thicknesses that can be achieved before fi lm relaxation, and 
a lack of strain tunability. In this work we show that epitaxial 
strain can be used to control the ordering of defect dipoles 
inducing additional out-of-plane strains and enabling con-
trolled enhancement of  T C   without the need to change sub-
strates. This is especially exciting since neither the polarization 
nor the leakage properties are diminished thereby enabling the 
measurement of well-defi ned ferroelectric hysteresis loops to 
at least 500 °C. It should be noted that even in bulk crystals, 
aging (a time dependent alignment of defect complexes in the 

direction of polarization) can give rise to enhanced  T C  , but the 
exact mechanism was not well understood nor is it known how 
to deterministically control the magnitude and nature of these 
effects. [ 47 ]  Additionally, in bulk materials the enhancement of 
 T C   has also been observed to be fl eeting or time-dependent, 
but our enhanced properties have been observed to be stable 
for > 6 months likely due to the added stabilizing power of 
the epitaxial constraints. Such a combined control of epitaxial 
strain and growth-induced defect-structures to control ferro-
electricity in materials opens up a new paradigm in strain con-
trol of properties. We note, however, that this is not the fi rst 
time that the growth process has been used to manipulate 
the density of defects in a material. In fact, in group IV semi-
conductors (e.g., Si x Ge 1−x ) it has been shown that ion-assisted 
deposition methods can produce defect complexes that can be 
used to modify the strain state of materials. [ 48 ]  Early work in 
this capacity even lead some researchers to suggest that “strain 
‘engineering’ by controlled ion beam defect injection may have 
interesting implications for lattice-mismatched heteroepitaxy” 
and may lead to the accommodation “of fi lm-substrate lattice 
mismatch in a novel manner.” [ 48 ]  Our work provides a new 
application of this concept to complex oxide ferroelectrics and 
represents an exciting discovery with implications for utiliza-
tion of these materials in high-temperature applications.  

  Experimental Section 
  BaTiO 3  Film Growth : Epitaxial 130–170 nm BaTiO 3 /40 nm SrRuO 3  

heterostructures were grown on DyScO 3  (110), GdScO 3  (110) and 
NdScO 3  (110) single-crystal substrates (Crystec, GmbH) via pulsed-laser 
deposition (PLD) using a KrF excimer laser (LPX 205, Coherent). The 
BaTiO 3  fi lms were grown in 20 mTorr of oxygen at 600 °C from a BaTiO 3  
ceramic target at a laser repetition rate of 2 Hz while the laser fl uence 
was varied between 1.5 and 2.7 J/cm 2 . The SrRuO 3  bottom electrode was 
grown in 100 mTorr of oxygen at 640 °C from a SrRuO 3  ceramic target at 
a laser repetition rate of 17 Hz and a laser fl uence of 1.5 J/cm 2 . In both 
cases, the targets were sanded, cleaned, and suffi ciently preablated to 
assure the target surface had reached steady state prior to growth. For 
all fi lms the growth took place in an on-axis geometry with a target-to-
substrate separation of 6.6 cm. Following the growths, the fi lms were 
cooled to room temperature at 5 °C/min. in a 760 Torr oxygen pressure. 

  Chemical Analysis : X-ray photoelectron spectroscopy (XPS) was 
performed using a Kratos Axis XPS with a monochromatic Al X-ray 
source with charge neutralization during collection via electron beam 
bombardment at an emission angle of 0° from the surface normal. 
Analysis focuses on the XPS spectra of the Ti 2 p  edges of BaTiO 3  
fi lms grown at various laser fl uences as well as the XPS spectra of a 
BaTiO 3  single crystal used to calibrate the composition. Composition 
was measured and calculated using the CasaXPS software. Rutherford 
backscattering spectrometry (RBS) was performed with an incident ion 
energy of 2000 keV, incident angle α = 22.5°, exit angle β = 52.5°, and a 
scattering angle θ = 150°. RBS studies were completed on BaTiO 3  fi lms 
grown on YAlO 3  (110) substrates using the same growth conditions 
(and grown concurrently) with the fi lms herein. This was done for ease 
of fi tting and to allow for the most accurate probe of the Ba and Ti peaks 
in the RBS spectra with minimal overlap from the substrate peaks. The 
fi ts reported here were completed using the built-in fi tting program in 
the RBS analysis software SIMNRA (simnra.com). 

  Dielectric and Ferroelectric Properties : The dielectric permittivity was 
extracted from the measured capacitance ( C ) using 0C

A
d

rε ε=  where 
 A  is the area of the capacitor and  d  is the thickness of the fi lm. Prior 
to measurement, the fi lms were poled with a negative bias and fi lms 
were measured at remanence. The dielectric permittivity as a function of 
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frequency was measured with an ac excitation voltage of 5–10 mV (rms) 
(corresponding to a fi eld of 0.3–0.6 kV/cm). Ferroelectric hysteresis 
loops were measured using a Radiant Multiferroics Tester as a function 
of frequency from 0.001 – 20 kHz.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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