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 Tuning Susceptibility via Misfi t Strain in Relaxed 
Morphotropic Phase Boundary PbZr 1–x Ti x O 3  Epitaxial 
Thin Films 

   J. C.    Agar     ,        R. V.    K. Mangalam     ,        A. R.    Damodaran     ,        G.    Velarde     ,        J.    Karthik     ,        M. B.    Okatan     ,    
    Z. H.    Chen     ,        S.    Jesse     ,        N.    Balke     ,        S. V.    Kalinin     ,       and        L. W.    Martin*   

DOI: 10.1002/admi.201400098

  1.     Introduction 

 Ferroelectric materials have coupled mechanical, electrical, 
and thermal responses making them ideal for a wide variety of 

 Epitaxial strain is a powerful tool to manipulate the properties of ferroelec-
tric materials. But despite extensive work in this regard, few studies have 
explored the effect of epitaxial strain on PbZr 0.52 Ti 0.48 O 3 . Here we explore how 
epitaxial strain impacts the structure and properties of 75 nm thick fi lms of 
the morphotropic phase boundary composition. Single-phase, fully epitaxial 
fi lms are found to possess “relaxed” or nearly “relaxed” structures despite 
growth on a range of substrates. Subsequent studies of the dielectric and 
ferroelectric properties reveal fi lms with low leakage currents facilitating the 
measurement of low-loss hysteresis loops down to measurement frequencies 
of 30 mHz and dielectric response at background dc bias fi elds as large as 
850 kV/cm. Despite a seeming insensitivity of the crystal structure to the epi-
taxial strain, the polarization and switching characteristics are found to vary 
with substrate. The elastic constraint from the substrate produces residual 
strains that dramatically alter the electric-fi eld response including quenching 
domain wall contributions to the dielectric permittivity and suppressing fi eld-
induced structural reorientation. These results demonstrate that substrate 
mediated epitaxial strain of PbZr 0.52 Ti 0.48 O 3  is more complex than in conven-
tional ferroelectrics with discretely defi ned phases, yet can have a marked 
effect on the material and its responses. 

  J. C. Agar, Dr. R. V. K. Mangalam, A. R. Damodaran, 
G. Velarde, Dr. J. Karthik, Dr. Z. H. Chen, 
Prof. L. W. Martin 
 Department of Materials Science and Engineering 
and Materials Research Laboratory 
 University of Illinois 
Urbana-Champaign 
  Urbana  ,   IL    61801, USA, 
E-mail: lwmartin@illinois.edu    
 Prof. L. W. Martin 
 Department of Materials Science and Engineering 
 University of California 
Berkeley,    Berkeley  ,   CA    94720, USA    
 Dr. M. B. Okatan, Dr. S. Jesse, Dr. N. Balke, Dr. S. V. Kalinin 
 Center for Nanophase Materials Science 
 Oak Ridge National Laboratory 
  Oak Ridge  ,   TN, USA       

applications. [ 1–4 ]  The PbZr 1−x Ti x O 3  (PZT) 
family of ferroelectrics, for instance, pos-
sess large dielectric and piezoelectric 
responses, large polarization, low coercive 
fi elds, and high Curie temperatures. [ 5 ]  The 
response of PZT can be tuned by applying 
chemical pressure (by varying Zr/Ti ratios) 
creating a competition between tetragonal 
(Ti-rich) and rhombohedral (Zr-rich) 
phases. [ 6 ]  Between these phases exists a 
nearly temperature-independent boundary 
called the morphotropic phase boundary 
(MPB) (occurring at x = 0.48, henceforth 
referred to as MPB PZT). [ 7 ]  Near this 
boundary, application of external stimuli 
can induce structural transitions giving 
rise to enhanced dielectric and piezoelec-
tric susceptibility [ 7–9 ]  which some have 
suggested arises as a result of a rotation 
of the polarization between variants. [ 10–12 ]  
Regardless, of the mechanism responsible 
for these effects, near-MPB compositions 
of PZT are commonly used in a variety of 
applications. [ 13–15 ]  

 Beyond chemical pressure, epitaxial 
thin-fi lm strain has been extensively utilized to alter the 
response of ferroelectrics. [ 16 ]  For instance, much work has 
been done on Ti-rich PZT variants and, in general, the lattice 
mismatch with the substrate acts via the Poisson relationship 
to exert a net change to the lattice structure that can induce 
changes in the magnitude of the spontaneous polarization, the 
transition temperature, and much more. [ 17–19 ]  At a critical point, 
however, the material accommodates the growing strain energy 
by forming additional domain variants of the same phase but 
with a different orientation. [ 20,21 ]  Considerably less work, how-
ever, has focused on using epitaxial strain to manipulate MPB 
PZT and, considering the relatively fl at energy landscape near 
the MPB which eliminates the discrete nature of structural vari-
ants, the effects of such strain on the evolution of the structure 
and properties are expected to be less intuitive. [ 8,22,23 ]  What little 
work that does exist in this regard, focuses on the structural 
evolution of relatively thick fi lms (>200 nm) [ 24–26 ]  with minimal 
emphasis on how the structure infl uences the properties. 

 Here we explore how epitaxial strain impacts the evolution 
of crystal and ferroelectric domain structure and the dielectric 
and ferroelectric properties of thin fi lms of MPB PZT. 75 nm 
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thick, single-phase, fully epitaxial fi lms of MPB PZT have been 
grown on a range of substrates that exhibit varying amounts of 
compressive lattice mismatch. Despite a broad range of strain 
conditions, X-ray diffraction studies show that all fi lms possess 
“relaxed” or partially “relaxed” structures. Despite not exhib-
iting coherent epitaxial strain throughout the thickness of the 
fi lm, the residual strain found in the MPB PZT fi lms is found 
to greatly impact the evolution of properties in the material. 
Subsequent studies of the electronic, dielectric, and ferroelec-
tric properties reveal fi lms with low leakage currents capable of 
low-loss hysteresis loops down to measurement frequencies of 
30 mHz and measurement of dielectric response at background 
dc bias fi elds as large as 850 kV/cm. Despite a practical insensi-
tivity of the crystal structure to the lattice mismatch and strain, 
the saturation polarization and switching characteristics are 
found to vary systematically with the underlying substrate. Both 
local-probes and macroscopic capacitor-based studies suggest 
that the elastic boundary conditions from the various substrates 
produce residual strain which varies inversely with lattice mis-
match and can dramatically alter the electric-fi eld response. In 
particular, the elastic constraints can quench domain wall contri-
butions to the dielectric permittivity and suppress fi eld-induced 
structural reorientation along the fi eld direction. Overall, these 
results demonstrate that epitaxial strain control of MPB PZT is 
more complex than in conventional ferroelectrics with discretely 
defi ned phases, but control of the lattice mismatch can have a 
marked effect on the material and its responses.  

  2.     Results and Discussion 

 75 nm PbZr 0.52 Ti 0.48 O 3 /25 nm SrRuO 3 /SrTiO 3  (001) 
( a  = 3.905 Å), DyScO 3  (110) (pseudocubic  a pc   = 3.944 Å), and 
NdScO 3  (110) (pseudocubic  a pc   = 4.013 Å) heterostructures 
were grown via pulsed-laser deposition (PLD) (see Experi-
mental Section). The compressive lattice mismatch between the 
tetragonal- (rhombohedral-) versions of MPB PZT and SrTiO 3 , 
DyScO 3 , and NdScO 3  are 3.58% (4.05%), 2.62% (3.10%), and 
0.91% (1.40%), respectively. Atomic force microscopy (AFM) 
images reveal smooth, atomically terraced surfaces with root-
mean-square surface roughness of <0.5 nm ( Figure    1  a). 
Domain structures were probed using vertical band-excitation 
piezoresponse force microscopy (BE-PFM) (see Experimental 
Section) and a typical BE-PFM amplitude image for all hetero-
structures is displayed (Figure  1 b–d). [ 27 ]  There are very few pub-
lished PFM images of the domain structure of epitaxial MPB 

PZT and the application of BE-PFM imaging provides poten-
tially the best opportunity to image this fi ne-scale and highly-
susceptible domain structure. From our imaging, all fi lms 
exhibit similar mosaic domain structures with features on the 
order of 25–200 nm and it is possible that we are not able to 
resolve smaller-scale nanodomains that have been observed 
in transmission electron microscopy studies. [ 28,29 ]  In turn, 
although the BE-PFM images provide some indication of dis-
order and the nature of the domain structure at a length scale 
>20 nm, it does not provide an exact visual representation of 
the differences between the fi lms. We also note that there was 
no observed phase contrast in these images, consistent with 
fi lms that are fully downward poled due to the presence of the 
bottom electrode.  

 To gather additional insight into the differences, the sam-
ples were probed by X-ray diffraction. All heterostructures were 
revealed to be fully 00 l -oriented, single-phase fi lms with no 
evidence of secondary phases ( Figure    2  a). Subsequent asym-
metric X-Ray diffraction reciprocal space mapping (RSM) 
studies about the 103-diffraction condition of the MPB PZT 
(Figure  2 b–d) indicate that the MPB PZT fi lms possess con-
siderably broadened diffraction peaks (with smearing towards 
the cubic line) and, regardless of substrate, a nearly relaxed 
structure. We note that the broadened diffraction peaks makes 
accurate determination of the lattice parameter and phase dis-
tribution diffi cult and that the observed broadening is likely 
the consequence of a number of features. First, it is known 
that anomalous diffraction caused by coherent scattering from 
nanotwinned domains [ 30,31 ]  can result in broaden diffraction 
peaks. Second, the presence of inhomogeous strain in the fi lms 
could also give rise to broaden diffraction peaks. Close inspec-
tion reveals slight differences between the fi lms where as the 
misfi t strain decreases (i.e., moving from SrTiO 3  to NdScO 3 ) 
the diffraction peak is observed to broaden towards larger Q x -
values (commensurate with increased substrate coherency) 
while the Qy-values remain relatively unchanged between the 
fi lms. This subtle change in the diffraction peak shape sug-
gests that even though the fi lms are not perfectly, coherently 
strained, some level of residual strain from the lattice mis-
match is found to persist in the fi lms with the lowest lattice 
mismatch. This is a bit surprising, but potentially explained 
by the fact that large lattice mismatches can be readily accom-
modated by fi lm relaxation via structural variation, domain for-
mation, etc. in the fi lms on SrTiO 3  and DyScO 3  and only the 
fi lms on NdScO 3  exhibit a small amount of unrelaxed strain. 
In the latter case, the compressive lattice mismatch effectively 
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 Figure 1.    a) Atomic force microscopy topography image of a typical 75 nm PbZr 0.52 Ti 0.48 O 3 /25 nm SrRuO 3 /SrTiO 3  (001) heterostructure. Representa-
tive vertical band excitation piezoresponse force microscopy amplitude images of 75 nm PbZr 0.52 Ti 0.48 O 3 /25 nm SrRuO 3  heterostructures grown on 
b) SrTiO 3  (001), c) DyScO 3  (110), and d) NdScO 3  (110) substrates.
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drives the structure towards slightly increased tetragonality. 
These observations differ dramatically from similar studies of, 
for instance, PbZr 0.2 Ti 0.8 O 3  where changing the substrate (even 
in thicker fi lms) results in coherently strained out-of-plane ori-
ented  c  domains that are punctuated by varying densities of 
in-plane oriented  a  domains to accommodate the overall strain 
state. [ 32 ]  For MPB PZT, however, even in only 75 nm thick fi lms 
the presence of a number of structural degrees of freedom 
appears to result in rapid accommodation of the strain and the 
inability to apply epitaxial strains in the same regard. Thus, in 
the end, only fi lms with small lattice mismatches exhibit any 
strain effects, and all others are fully relaxed. Similar effects on 
the structure of MPB PZT fi lms have been observed in studies 

of microfabricated fi lms where the produc-
tion of micro-scale features can locally release 
the in-plane strain of the fi lm. [ 24 ]   

 Even though the structural and domain 
characterization suggests minimal differ-
ences between the heterostructures, subse-
quent studies of the electrical, dielectric, and 
ferroelectric properties reveal intriguing dif-
ferences. These studies were conducted at 
room temperature using circular capacitor 
structures (25–100 µm in diameter) with 
symmetric SrRuO 3  electrodes. [ 33 ]  Leakage 
measurements show highly symmetric 
response with low currents (implying min-
imal electrode induced imprint in the fi lms) 
( Figure    3  a) and comparison with similarly 
processed 150 nm PbZr 0.2 Ti 0.8 O 3  heterostruc-
tures reveal that the MPB PZT fi lms exhibit 
orders-of-magnitude lower leakage currents 
as expected. [ 34 ]  Overall, the high quality of 
these fi lms is evident and enables non-tradi-
tional studies of ultra-slow ferroelectric hys-
teresis loops and dielectric measurements at 
high bias fi elds.  

 The ferroelectric properties of the various 
MPB PZT heterostructures were probed as a 
function of frequency between 0.03–20,000 Hz 
and underwent ferroelectric switching 
without signifi cant losses even at the lowest 
frequencies. Characteristic hysteresis loops 
for all heterostructures measured at 1 kHz 
are provided (Figure  3 b). All loops are well-
saturated, with  P S   ∼ 35–38 µC/cm 2  which 
increases (slightly) with decreasing lattice 
mismatch between fi lm and substrate – con-
sistent with the structural studies which sug-
gest a similar trend in increasing residual 
strain. A similar trend persists in the hori-
zontal offset of the hysteresis loops which 
increases from 6.5 kV/cm to 18.5 kV/cm 
for heterostructures grown on SrTiO 3  and 
NdScO 3  substrates, respectively, and is indic-
ative of strain gradients from the residual 
strain. [ 35–37 ]  

 Frequency-dependent ferroelectric hyster-
esis loop studies, spanning eight decades of 

frequency, were completed and representative data for hetero-
structures grown on SrTiO  3  substrates are provided (Figure  3 c) 
(see Supporting Information for data for all heterostructures, 
Figure S1). These studies reveal the presence of features which 
can potentially be related to a fi eld-induced structural transi-
tion. As the frequency of measurement was decreased there is 
evidence of a transition near ∼150 kV/cm resulting in a change 
in slope of the hysteresis loop (inset, Figure  3 c). This transition 
is not observed in the fi lms with increased residual strain (i.e., 
those on DyScO 3  to NdScO 3 ) where the strain acts to promote 
increased tetragonality. 

 The role of this residual strain can be visualized by probing 
the differences in switched area during local switching in 
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 Figure 2.    a) θ-2θ X-ray diffraction pattern about the 002-diffraction condition for 75 nm 
PbZr 0.52 Ti 0.48 O 3 /25 nm SrRuO 3  heterostructures grown on SrTiO 3  (001), DyScO 3  (110), and 
NdScO 3  (110) substrates (bottom-to-top of graph). Asymmetric reciprocal-space mapping 
studies about the 103- and 332-diffraction condition for heterostructures grown on b) SrTiO 3  
(001), c) DyScO 3  (110), and d) NdScO 3  (110) substrates. Substrate and fi lm peak location 
marked by the circular marker. The bulk (solid) and strained (open) PbZr 0.52 Ti 0.48 O 3  tetragonal 
peak is indicated with a diamond.
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the different heterostructures. 100 points, within a pre-poled 
region, were switched in a 10 × 10 array and at each point 
PFM phase loops indicated that the fi lm underwent ferro-
electric switching to saturation (see Experimental section and 
Supporting Information, Figure S2). Amplitude images from 
BE-PFM imaging following the switching studies on hetero-
structures grown on SrTiO 3  ( Figure    4  a) and NdScO 3  (Figure  4 b) 
reveal that the heterostructures grown on SrTiO 3  have a signifi -
cantly larger switched area keeping all other factors constant 
(i.e., switching waveform, PFM tip, contact set-point, etc.). 
There was no appreciable difference in the observed switched 
area for the heterostructures grown on DyScO 3  and NdScO 3  
(see Supporting Information, Figure S2). The switched area 
was extracted by counting the number of pixels which exhibit 
phase inversion from the pre-poled state (see Supporting Infor-
mation, Figure S2) and a histogram of this data confi rms the 
visual observations (Figure  4 c). The reduced switched area 
observed in fi lms with increased residual strain (i.e., DyScO 3  
to NdScO 3 ) could be the result of elastic constraints from the 
substrate that promote back switching following a switching 
pulse due to the built-in potential in the fi lm. In the end, the 
presence of an elastic constraint (in the form of a residual epi-
taxial strain) dramatically impacts the nature of switching and, 
in general, the electric-fi eld dependence of the fi lms.  

 The data thus far have illustrated how the elastic constraints 
from the residual epitaxial strain can impact the fi eld-induced 
structural evolution, in turn, impacting switching in the mate-
rial. Here we move on to probe the implica-
tions of the residual strain on the low-fi eld 
response – in particular the dielectric per-
mittivity with a special focus on how these 
elastic constraints impact domain wall con-
tributions. We have completed two measure-
ments: 1) Rayleigh studies with increasing ac 
excitation fi eld and 2) frequency-dependent 
permittivity measurements at increasing 
background dc bias to extract the domain 
wall contributions to the permittivity. For 
the Rayleigh studies we report both the die-
lectric permittivity ( Figure    5  a) and loss tan-
gent (Figure  5 b) as a function of increasing 
ac excitation bias. Reversible domain wall 
contributions are found to persist up to 

∼1.33 kV/cm and below this point the dielectric permittivity 
of all heterostructures is similar (611–640) and at the low end 
of previously published values for MPB PZT fi lms (values 
vary from 600–1300 depending on thickness, processing, and 
preferred orientation for polycrystalline fi lms) [ 9,38,39 ]  and are 
likely the result of the elastic constraint of the substrate which 
suppresses domain wall and structural contributions. [ 40–42 ]  
Corresponding frequency dependent studies of the dielec-
tric permittivity and loss tangent (using an excitation bias of 
1 kV/cm, within the reversible regime) have been completed 
(Figure  5 c,d). It is worth noting that the dielectric loss increases 
drastically upon increasing the measurement frequency above 
1–10 kHz; a feature not observed in thin fi lms of non-MPB 
PZT synthesized and probed in a similar fashion. We correlate 
this to the potential freezing out of sluggish domain wall con-
tributions or collective responses to the dielectric response in 
MPB PZT. [ 43,44 ]  The loss tangent is also found to increase in the 
frequency regime where the feature observed in the hysteresis 
loops, which we attribute to a possible structural phase transi-
tion near ∼150 kV/cm (Figure  3 c), is no longer observed in the 
measurments.  

 Returning now to focus on the ac fi eld dependent Rayleigh 
studies, within the Rayleigh regime (demarcated by the dashed 
lines, Figure  5 a) the ac fi eld dependence of the permittivity was 
fi tted to the Rayleigh law 0Er initε ε α= +  (r 2  > 0.98) where  ε r   is the 
permittivity,  E 0   is the amplitude of the electric fi eld, and  ε init   and 
 α  are the reversible and irreversible domain wall contributions 
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 Figure 3.    Electrical measurement of 75 nm PbZr 0.52 Ti 0.48 O 3  / 25 nm SrRuO 3  on various substrates. a) Current-voltage measurements (including, for 
comparison, 100 nm PbZr 0.2 Ti 0.8 O 3 /25 nm SrRuO 3 /GdScO 3  (110) heterostructure). b) Ferroelectric hysteresis loops measured at 1 kHz. c) Ferroelec-
tric hysteresis loops for a PbZr 0.52 Ti 0.48 O 3 /SrRuO 3 /SrTiO 3  (001) heterostructure taken at various frequencies. The inset shows the transition region 
observed in ferroelectric hysteresis loops at 30 mHz, indicated by the black arrow. All hysteresis loops are composed of a minimum of 150 data points.

 Figure 4.    Band excitation piezoresponse force microscopy amplitude images following single 
point band excitation piezoresponse force switching studies for 75 nm PbZr 0.52 Ti 0.48 O 3 /25 nm 
SrRuO 3  heterostructures grown on a) SrTiO 3  (001) and b) NdScO 3  (110) substrates. c) The 
average switched area extracted from the band excitation piezoresponse force phase image is 
represented in a histogram – indicating on average larger switched domains in heterostructurs 
on SrTiO 3  as compared to the heterostructures on DyScO 3  and NdScO 3  substrates.
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to the dielectric permittivity, respectively (Figure  5 e). [ 45,46 ]  Here 
we focus on the  α  values (29.9–33.4 cm/kV) which are an order 
of magnitude larger than values extracted from PbZr 0.2 Ti 0.8 O 3  
(1.4 cm/kV) and PbZr 0.8 Ti 0.2 O 3  (2.08 cm/kV) heterostructures 
prepared in a similar fashion, [ 37 ]  signifi cantly lower than those 
reported for bulk MPB samples, and comparable to values 
reported for polycrystalline MPB fi lms. [ 47,48 ]  Although the 
range observed for our heterostructures is somewhat narrow, 
the fi lms possessing the most residual strain (i.e., those grown 
on NdScO 3  substrates) are found to possess a reduced  α  value 
suggesting that the elastic constraints impact the domain wall 
contributions to response in these materials. 

 The Rayleigh studies are further supported by applied 
background dc electric fi eld studies (see Experimental Sec-
tion) which can suppress the extrinsic (domain wall) contri-
butions allowing for a quantitative measure of the intrinsic 
response. [ 49 ]  This is achieved by fi tting the frequency depend-
ence (from 1–100 kHz) of the permittivity at each applied back-
ground dc electric fi eld (from 0 to −850 kV/cm) to the equa-
tion log fiε ε α= −  and extracting the fi eld-dependence of the 
intercept ( ε i  ) and slope ( α ). Using this approach, the fi eld at 
which extrinsic contributions are suppressed and the zero-fi eld 
intrinsic permittivity of a material can be extracted. Such back-
ground dc electric fi eld measurements have been applied to the 
various MPB PZT heterostructures as well as similarly prepared 
100 nm PbZr 0.2 Ti 0.8 O 3  and PbZr 0.8 Ti 0.2 O 3  heterostructures. 
A typical dataset from such studies is provided for the case 
of a MPB PZT heterostructure grown on SrTiO 3  ( Figure    6  a) 
(see Supporting Information for data for all heterostructures, 
Figure S3). The permittivity and slope of the frequency 
response decrease as the background dc bias fi eld increases as 
a result of freezing out the extrinsic contributions to response 

at high fi elds. [ 50,51 ]  We then plot the fi eld-dependence of the 
intercept ( ε i  ) as a function of the background dc electric fi eld 
for all heterostructure variants (Figure  6 b-f). These plots show 
two regimes, a low-fi eld regime (where the response consists of 
both intrinsic and extrinsic contributions, shown in green) and 
a high-fi eld regime (where the response is thought to be refl ec-
tive of only the intrinsic response, shown in purple). The slope 
and intercepts of linear fi ts in the low-fi eld regime correspond 
to the extrinsic tunability ( α e  , which describes how the applied 
dc electric fi eld suppresses the extrinsic response) and the zero-
fi eld permittivity ( ε e  ), respectively. The slope and intercepts of 
linear fi ts in the high-fi eld regime correspond to the intrinsic 
tunability ( α i  , which describes how the external dc electric fi eld 
suppresses the intrinsic response) and the zero-fi eld intrinsic 
permittivity ( ε i  ), respectively.  

 In the low-fi eld regime the MPB PZT fi lms have nearly 
identical  ε e   (625–700) which are considerably larger than those 
for PbZr 0.2 Ti 0.8 O 3  (272) and somewhat larger than that for 
PbZr 0.8 Ti 0.2 O 3  (549). Furthermore, the  α e   values of the MPB 
PZT heterostructures are similar indicating that the fi eld-
dependence of the extrinsic contributions are comparable 
(−2.65 to −3.06 cm/kV) and similar to that for PbZr 0.8 Ti 0.2 O 3  
(−3.04 cm/kV), but much larger than that for PbZr 0.2 Ti 0.8 O 3  
(−0.36 cm/kV). Upon application of higher fi elds, we again see 
a difference between the MPB PZT (and PbZr 0.8 Ti 0.2 O 3 ) hetero-
structures which undergo the transition to the high-fi eld regime 
(where extrinsic contributions are quenched) at fi elds of mag-
nitude 100–200 kV/cm and the PbZr 0.2 Ti 0.8 O 3  heterostructures 
which do not transition until fi elds of magnitude 400 kV/cm. 
Finally, in the high-fi eld regime, MPB PZT and PbZr 0.8 Ti 0.2 O 3  
heterostructures exhibit comparable  α i   (−0.07 to −0.11 cm/kV) 
and  ε i   (163–179) while the PbZr 0.2 Ti 0.8 O 3  heterostructures have 

Adv. Mater. Interfaces 2014, 1, 1400098

 Figure 5.    a) Dielectric permittivity and b) loss tangent for all heterostructure variants displayed as a function of ac excitation bias represented as fi eld. 
Frequency dependence of the c) dielectric permittivity and d) loss tangent for all heterostructure variants. e) Fits to the Rayleigh regime (marked by 
the black dashed lines and red linear fi ts in a) reveal values of for  ε init   and α.
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reduced  α i   (−0.03 cm/kV) and  ε i   (126) (consistent with prior 
reports). [ 49,52 ]  

 There are a number of features worth highlighting from 
this analysis. Overall the MPB PZT and PbZr 0.8 Ti 0.2 O 3  het-
erostructures show markedly different response from the 
PbZr 0.2 Ti 0.8 O 3  heterostructures which can be understood in 
the context of their domain structures and elastic coupling 
with the substrate. First,  ε i   increases as we move to composi-
tions possessing more Zr. This can be readily understood by 
the fact that as the Zr-content increases the excitation fi eld is 
applied increasingly along non-polar directions exciting addi-
tional intrinsic contributions to the permittivity. Second,  α i   
values are the largest in the MPB PZT heterostructures, inter-
mediate for the PbZr 0.8 Ti 0.2 O 3 , and smallest for PbZr 0.2 Ti 0.8 O 3  
suggesting that the intrinsic instabilities of the MPB PZT pro-
vide for additional tunability. Third,  ε e   is larger for both the 
MPB PZT and PbZr 0.8 Ti 0.2 O 3  than for PbZr 0.2 Ti 0.8 O 3  likely 
due to the higher density of domain walls which gives rise 
to a greatly enhanced extrinsic contribution to the permit-
tivity. Finally, the  α e   values for MPB PZT and PbZr 0.8 Ti 0.2 O 3  
are similar and nearly an order of magnitude larger than that 
of PbZr 0.2 Ti 0.8 O 3  which is likely the result of a combination of 
effects including the adaptability of the domain structure and 
the elastic interactions within the fi lm and between the fi lm 
and substrate. In these measurements we pole the sample and 
then measure with increasing fi elds applied along that same 
direction which quenches or minimizes domain wall contribu-
tions from ferroelectric (i.e., 180°) domain walls and limits the 
response to ferroelastic (i.e., non-180°) domain walls. The large 
 α e   for the MPB PZT heterostructures results from the adaptive 
nature of the structure and the nearly fl at energy landscape in 

this material which allows for large susceptibility. Additionally, 
because of this adaptability the system can readily adjust the 
volume surrounding an excited area to accommodate the addi-
tional strain energy that forms, thereby reducing the clamping 
effect of the fi lm and substrate (as evidenced by the insensi-
tivity of the material to the changing lattice mismatch from the 
substrates). On the other hand, in PbZr 0.2 Ti 0.8 O 3 , the domain 
structure that forms (i.e.,  c/a/c/a ) is the result of the elastic 
boundary conditions of the substrate and thus it is extraordi-
narily diffi cult to adjust the domain structure as the domains 
are strongly coupled to the total strain state of the fi lm. In 
turn, not only does this reduce the extrinsic tunability, but it 
also increases the critical fi eld required to suppress the stiff-
ened domain wall contributions. 

 The fi nal feature to highlight is found in the MPB PZT 
heterostructures grown on SrTiO 3  substrates. A regime of 
enhanced susceptibility (occurring between 100–200 kV/cm) 
is observed (red area, Figure  5 d) in which there is a change in 
the slope of the extrinsic tunability. This regime matches the 
location of the feature observed in the ferroelectric hysteresis 
loops (Figure  3 c). Within this region of enhanced suscepti-
bility  α e   ∼ 850 and  ε e   ∼ −3.7 cm/kV, which are both consid-
erably larger than observed in all other low-fi eld regimes for 
all samples. It is possible that this enhanced response arises 
in the MPB PZT samples possessing the least residual strain 
as a result of the a fi eld induced structural transformation 
towards the applied electric fi eld direction. Such a structural 
transition could potentially be suppressed in heterostruc-
tures grown on substrates with smaller lattice mismatch that 
possess larger amounts of residual strain (i.e., DyScO 3  to 
NdScO 3 ).  

Adv. Mater. Interfaces 2014, 1, 1400098

 Figure 6.    a) Typical dielectric permittivity as a function of frequency measured at increasing background fi elds for a 75 nm 
PbZr 0.52 Ti 0.48 O 3 /25 nm SrRuO 3 /SrTiO 3  (001) heterostructure. Extracted zero frequency permittivity as a function of increasing background fi elds for b) PbZr 0.2 Ti 0.8 O 3 , 
c) PbZr 0.8 Ti 0.2 O 3 , and PbZr 0.52 Ti 0.48 O 3  heterostructures grown on (d) SrTiO 3  (001), e) DyScO 3  (110), and f) GdScO 3  (110) substrates. Regions where 
linear fi ts were computed are represented by the purple, red, and green dashed lines for the intrinsic, intermediate, and extrinsic regimes, respectively.
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  3.     Conclusions 

 Overall this manuscript takes an in-depth look at how epitaxial 
strain in the form of lattice mismatch can impact the evolution 
of crystal and domain structure and ultimately the properties 
of MPB PZT. In general, this work highlights the complexity 
of strain evolution in the highly-adaptable MPB PZT material 
and how the innate fl at energy landscape can skirt classical 
assumptions of epitaxial thin-fi lm strain. In the end, high-
quality, single-phase fi lms of MPB PZT were shown to exhibit 
signifi cantly different fi eld induced dielectric permittivity when 
grown on various substrates despite the appearance of “relaxed” 
crystal structure. Local probes of switching in these hetero-
structures reveal distinct differences in the average switched 
area of the heterostructures depending on the lattice mismatch 
with the substrate and therefore the corresponding elastic 
boundary conditions. Subsequent dielectric and ferroelectric 
studies reveal transitions in ferroelectric switching at ultra-low 
frequencies and in the dielectric response at high dc fi elds that 
suggest that reduced residual strain promotes full adaptability 
of the structure under applied fi elds and, as a result, enhanced 
electric fi eld susceptibility. Overall, MPB PZT – and other sys-
tems with highly-adaptable structures – may not be beholden 
to the classic effects of epitaxial strain in the same manner as 
more conventional materials. Nonetheless, the role of strain or 
residual strains in materials possessing elastic order is some-
thing that must not be overlooked and can lead to non-intuitive 
observations.  

  4.     Experimental Section 
  Film Growth : 75 nm thick PbZr 0.52 Ti 0.48 O 3 /25 nm SrRuO   3 /SrTiO 3  

(001), DyScO 3  (110), and NdScO 3  (110) heterostructures were grown 
via pulsed-laser deposition in an on-axis geometry (target-to-substrate 
spacing of 6.3 cm). The SrRuO 3  was deposited from a stoichiometric 
target at 645 °C in a 100 mTorr pressure of oxygen at a laser fl uence 
of 1.2 J cm −2  at a laser frequency of 14 Hz. The PbZr 0.52 Ti 0.48 O 3  was 
deposited from a Pb 1.1 Zr 0.52 Ti 0.48 O 3  target at 625 °C in a 200 mTorr 
pressure of oxygen at a laser fl uence of 1.3 J cm −2  at a laser frequency of 
2 Hz. Following growth samples were cooled in 700 mTorr of oxygen at 
a rate of 5 °C/min. 

  Band Excitation Piezoresponse Force Microscopy (BE-PFM) and Switching 
Studies : BE-PFM was conducted on a modifi ed Asylum Research 
Cypher Atomic Force Microscope at Oak Ridge National Laboratory. 
Images were acquired using a chirp waveform of 1 V amplitude with a 
bandwidth of 60 kHz near the tip resonance frequency. At each point the 
band excitation signal was repeated 4 times as a means of averaging 
the response. Following measurement the cantilever response was fi tted 
to a simple harmonic oscillator (SHO) model at each point, allowing 
the extraction of amplitude, phase, cantilever resonance frequency, and 
quality factor. Studies of the switched area were completed in a 10 × 10 
grid within a 5 × 5 µm region in the center of a 6.5 × 6.5 µm region that 
was previously poled at 10 V. At each point ferroelectric switching was 
achieved twice using two 64-step, 9 V triangular waveforms. Following 
the BE-SS, BE-PFM images were taken where the vertical axis is the 
slow scan direction. The switched area was determined by counting 
the number of pixels with 180° phase inversion at each of the switched 
points using MATLAB image processing toolbox. 

  Dielectric and Ferroelectric Measurements : All electrical measurements 
were conducted in a dark, vibration and noise isolated chamber with the 
drive bias being applied to the top electrode. Dielectric permittivity was 
calculated from the capacitance (C) using 0C r A

d
ε ε=  where  A  is the area of 

the capacitor,  d  is the thickness of the fi lm, and  ε 0   is the permittivity of 
free space. Prior to dielectric measurement all samples were switched 
>50 times, left poled in the negative direction, and allowed to equilibrate 
for 2 minutes prior to measurement. All Rayleigh (ac excitation-
dependent) studies were conducted at 1 kHz and all frequency-
dependent studies were completed at an ac excitation amplitude of 
8 mV (rms). The background dc bias studies were all taken with negative 
applied dc bias and an ac excitation amplitude of 8 mV (rms). Prior to 
the background dc bias experiments, the capacitors were poled with a 
1 second −5 V pulse and allowed to equilibrate for 2 minutes. Similarly at 
each voltage step the capacitor was allowed to equilibrate for 30 seconds 
prior to measurement. Linear fi ts of the capacitance frequency curves at 
increasing dc bias was taken excluding regions where the dielectric loss 
exceeded 0.15.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.    
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