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Finite-temperature properties of epitaxial films made of Ba(Zr, Ti)O; relaxor ferroelectrics are
determined as a function of misfit strain, via the use of a first-principles-based effective Hamiltonian.
These films are macroscopically paraelectric at any temperature, for any strain ranging between ~ —3%
and =~ +3%. However, original temperature-versus-misfit strain phase diagrams are obtained for the Burns
temperature (7) and for the critical temperatures (7, , and T,,p) at which the out-of-plane and in-plane
dielectric response peak, respectively, which allow the identification of three different regions. These
latter differ from their evolution of T}, T,,., and/or T,,p with strain, which are the fingerprints of a
remarkable strain-induced microscopic change: each of these regions is associated with its own character-
istic behavior of polar nanoregions at low temperature, such as strain-induced rotation or strain-driven
elongation of their dipoles or even increase in the average size of the polar nanoregions when the strength
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of the strain grows.
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The need for miniaturized devices and the interest inher-
ent to nanoscience have resulted in a vast amount of work
devoted to epitaxial ferroelectric films in the last 20 years
(see, e.g., Refs. [1-3] and references therein). In particular,
the misfit strain arising from the difference in lattice con-
stants between the material the film is made of and the
substrate on top of which the film is grown has proven to be
an effective tool to enhance properties and to generate
novel phenomena. For instance, this strain can induce large
piezoelectric, dielectric, and magnetoelectric responses in
ferroelectric films [4-6], yield ferroelectric phases that are
absent in a ferroelectric bulk [7-9], or even lead to the
appearance of ferroelectricity in films made of systems that
are paraelectric (or incipient ferroelectrics) in their bulk
forms [10-14].

On the other hand, the influence of misfit strain on
properties of an important and intriguing class of ferro-
electrics is surprisingly still scarcely documented [15] and
thus poorly known. This class is made of the so-called
relaxor ferroelectrics, which are macroscopically paraelec-
tric compounds that exhibit a frequency-dependent and
broad dielectric response [16] and which have been inten-
sively studied in their bulk forms for more than 60 years
(see, e.g., Refs. [16-48] and references therein). This
paucity of knowledge in films made of ferroelectric relax-
ors implies that many fundamental questions that are also
pertinent to the development of novel technologies in
different fields [49-51] remain unanswered. An example
of such a question is the evolution of critical temperatures
of relaxors (e.g., the Burns temperature [17] or the tem-
perature at which the dielectric response is maximum)
within a wide range of strains covering the compressive
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and tensile regimes. How the so-called polar nanoregions
(PNRs), whose existence has often been advocated to be
the microscopic origin of relaxor behaviors, respond to a
misfit strain is also an open question. For instance, do the
local electric dipoles inside the PNRs rotate when the
misfit strain is varied around its zero, bulk value, as similar
to the macroscopic polarization in classical ferroelectrics
[7-9]? Do these PNRs become larger when the misfit strain
adopts large values?

The goal of this Letter is to resolve all these issues by
investigating epitaxial films made of Ba(Zr, Ti)O; (BZT)
from first principles. Such solid solution was chosen
because it is a known relaxor in its bulk form [52-60],
and because PNRs were recently predicted to occur in BZT
bulk [61]. As we will see, the present study allows us to
reveal, and understand, how macroscopic and nanoscale
properties depend on the misfit strain in epitaxial BZT
films. In particular, it shows the existence of three different
strain regimes, each having its own characteristic strain-
induced evolution of dielectric and microscopic quantities.

Here, the first-principles-based effective Hamiltonian
approach that has been developed in Ref. [61] is used
to study epitaxial (001) BZT thin films having 50% of Ti
and Zr compositions. These films are modeled by 12 X
12 X 12 supercells that are periodic along the x, y, and z
axes (which lie along the pseudocubic], [010], and [001]
directions, respectively). We make use of an effective-
Hamiltonian expansion for their internal energy,
E({u;}, {o;}, {vi}, ny). u; is the local soft mode in unit
cell i, which is directly proportional to the local electric
dipole moment in that cell. It is centered on the B sites
(Zr or Ti) and represents the collective motion of Ba,
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Zr/Ti, and oxygen atoms inside this cell. {o;} character-
izes the atomic arrangement, that is o;= +1 or —1 cor-
responds to the presence of a Zr or Ti atom located at the
lattice site j, respectively, [62]. In the present study,
the distribution of the Zr and Ti ions on the B sites of the
supercell is chosen randomly and kept frozen, in order to
simulate properties of disordered BZT compounds. Here,
these properties are averaged (with the same weight) over
20 different realizations of such disordered supercells. The
v;’s are Ba-centered dimensionless local displacements
that are related to the inhomogeneous strain inside each
cell [63]. ny is the homogeneous strain tensor [63], and is
relevant to mechanical boundary conditions. As a matter of
fact, epitaxial (001) films are associated with the freezing
of some components of iy, namely (in Voigt notation)
NH6 = 0 and Na1 = MH2 = Mg with Nmf being the
value forcing the film to adopt the in-plane lattice constant
of the substrate [7,8,64]. The zero of misfit strain is chosen
to correspond to the predicted lattice parameter of
Ba(ZrysTip5)O5 bulk at 130 K, that is 7.686 Bohr. Note
that, as typically done in phenomenological or first-
principle studies (see, e.g., Refs. [7,8]), only the strain
experienced by the film is mimicked here. In other words,
the effect of the film thickness on properties is not consid-
ered, since we use supercells that are periodic along any
Cartesian direction. All the parameters entering the ana-
lytical expression of Ej, are determined by performing
first-principle calculations [65-67] on relatively small cells
(namely, less than 20 atoms). Note that it was numerically
found that the parameters quantifying the difference in
ferroelectric strength between BaZrO; and BaTiOj; (that
is the difference between the harmonic coefficient being in
front of the square of the polarization in a Landau-type
phenomenology [68]) are crucial to explain relaxor behav-
ior in BZT [61]. This is consistent with the fact that pure
BaZrO; bulk is paraelectric [69], while pure BaTiO5; bulk
is ferroelectric. The E;, internal energy is then used inside
Monte Carlo calculations having a relative large number of
sweeps (namely, up to one million) to assure convergency
of the results.

The misfit strain is allowed to vary between = —3% and
=~ +3%. For each elected 7,,,, the system is progressively
cooled down, starting from a high temperature of 2000 K.
Figure 1 shows the diagonal components of the dielectric
susceptibility tensor (y,.,, where @ = x, y, or z) as a
function of temperature for four different misfit strains: a
large compressive strain of —3.1% [panel (a)], a smaller
compressive strain of —1.1% [panel (b)], a relatively small
tensile strain of +0.8% [panel (c)], and a large tensile
strain of +2.8% [panel (d)]. Note that y,, is computed
by using the correlation function y,, = (NZ*)?/VeksT)
[uyugy) —uy,Xu,y] where (u,u,) denotes the statistical
average of the square of the &« component of the supercell
average of the local mode vectors, and (u,,) is the statisti-
cal average of that component. N is the number of the sites
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FIG. 1 (color online). Temperature dependency of the diagonal
elements of the dielectric susceptibility, x,. (With & = x, y, or
7), of epitaxial films of Ba(Zr 5Ti( s)O3, for four different misfit
strains. Panels (a), (b), (¢), and (d) correspond to 7,,, = —3.1%,
—1.1%, +0.8%, and +2.8%, respectively. The squares, circles,
and triangles represent the numerical data for y,,, xyy, and y
respectively, while solid lines are guides for the eyes.

poal

in the supercell, V is its volume, kg is the Boltzmann
constant, and g, is the permittivity of the vacuum. T is
the temperature and Z* is the effective charge associated
with the local mode [63].

Figure 1(a) indicates that, for large compressive strain,
only x,. adopts a peak at a critical temperature, to be
denoted as T, ;, while x,, and y,, are equal to each other
and relatively small for any temperature. The reverse situ-
ation holds for large tensile strain: the in-plane y,, and y,,
susceptibilities possess a significant maximum at a finite
critical temperature, to be referred to as T, jp, while the x_,
out-of-plane susceptibility is small and slightly increases
when decreasing the temperature [see Fig. 1(d)]. For inter-
mediate values of the strains [cf. Figs. 1(b) and 1(c)], both
the in-plane and out-of-plane susceptibilities have a peak,
with the corresponding 7,,, being larger (respectively,
smaller) than T, ;p when the strain is compressive (respec-
tively, tensile). The dielectric data of Fig. 1 thus already
reveal a strong influence of the misfit strain on properties
of films made of relaxors. What is also important to know
is that all the epitaxial BZT films are found to be macro-
scopically paraelectric and cubic down to 0 K (i.e., the
spontaneous polarization remains negligible down to the
lowest temperatures), despite the existence of dielectric
peak(s) for any investigated misfit strain. Such a feature
is a well-known signature of ferroelectric relaxors [16]. We
also found (not shown here) that the average magnitude of
the Ti dipoles possesses a minimum at another (higher)
critical temperature, to be denoted by 7, for any misfit
strain. We identify Tb as the so-called Burns temperature
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FIG. 2 (color online). Dependency of the critical temperatures
on misfit strain, in epitaxial BZT films (as averaged over 20
different realizations of disorder). The open circles, triangles,
and squares are numerical data for T, T,,p, and T, ., respec-
tively, while solid lines are guides for the eyes. The vertical
dashed lines delimit the regions I, II, and III indicated in the text.
The error bars on the numerical data are estimated to be around
50 K. The T, temperatures associated with a single atomic
configuration (which is chosen among the studied 20 realizations
of disorder), is also shown by filled circles and a dashed line, to
emphasize the effect of atomic distribution on physical proper-
ties of BZT systems and the need to average over different
configurations to model complex disordered material.

[17]. Note that the 7, temperature in BZT bulk was
recently determined to be associated with the formation
of small Ti-rich clusters inside which the dipoles are
parallel to each other [61].

Figure 2 displays the dependence of T, ,, T, 1p, and T},
as a function of 7,,;. The predicted Burns temperature is
close to =~ 450 K and only weakly depends on misfit strain
when this latter ranges between =~ —1.5% and = +1%.
Such findings are consistent with the measured Burns
temperature =~ 450 K in Ba(Zr(5Tiy5)O03 bulks [53]. On
the other hand, Figure 2 also shows that 7, significantly
increases with the magnitude of the (compressive or ten-
sile) strain, once this latter surpasses =~ 1.5% in magnitude.
For instance, the Burns temperature is as big as 1050 K for
a tensile strain of around +2.8%. We will provide an
explanation for the dependence of 7 with strain later on.
For now, let us turn our attention to the temperature-versus-
misfit strain diagram arising from the dependence of
T,, . and T, p with 7,,¢. The phase diagram allows us to
identify three different regions: region I that corresponds
to compressive strains having a magnitude larger than
=~ 1.5%, and for which there is no T}, 1p (i.€., the in-plane
dielectric constant does not exhibit any peak down to 0 K)
while T, . significantly grows with the strength of the
strain; region III that occurs for tensile strain being larger
than ~ 1%, and for which it is 7, , that does not exist while
itis T, p that increases when the strain is increased; and,
finally, region II that ranges between 7, = =~ — 1.5% and
Nmr = =+ 1%, and for which both 7,,p and T, are

finite with T, , decreasing with strain while 7, p grows
with 7,,¢. Strikingly, the overall shape of the phase dia-
gram depicting T,,, and T,,p as a function of 7, is
remarkably similar to that of the temperature-versus-strain
diagram of many “‘classical” ferroelectrics such as BaTiO5
or Pb(Zr, Ti)O3, once replacing regions I, II, and III by the
so-called “c,” “r,” and “aa” phases [8,9,48,70,71].
However, an important distinction between the phase dia-
gram of Fig. 2 and these latter temperature-versus-strain
diagrams is that we did not find any macroscopic polariza-
tion in regions I, II, and III (unlike the cases of the “¢,”
“r,” and “aa” phases that are all ferroelectric and for
which the polarization is along [001], [uuv], and [110]
pseudo-cubic directions, respectively).

Such distinction strongly hints that some microscopic,
short-range (rather than long-range) phenomenon is re-
sponsible for the evolution of 7', . and T, ;p with 7,,¢. In
order to find such a phenomenon, Fig. 3 displays the local
dipole configurations in some (y, z) or (x, z) planes for
three different strains, each associated with a specific
region among regions I, IT and III, at 10 K. For instance,
Fig. 3(a) reports this configuration for a compressive
Nmr = —3.1% and reveals that Ti clusters that have
dipoles mostly oriented along either the out-of-plane
[001] or [001] pseudo-cubic direction exist inside the
BZT film in region I. As indicated by Fig. 3(c) that corre-
sponds to a tensile strain of +2.8%, these clusters still exist
in region III, but their corresponding dipoles are now lying
along the in-plane pseudocubic [110], [110], [110], or
[110] directions. Interestingly, in region II [cf. Fig. 3(b)
for 1,,; = 0.2%], the dipoles align along the eight possible
{uuv) directions inside Ti-rich clusters. We also numeri-
cally found (not shown here) that the magnitude of u is
larger (respectively, smaller) than that of v if the epitaxial
strain is tensile (respectively, compressive). In other words,
the misfit strain induces a rotation of the electric dipoles
inside the Ti-rich polar nanoregions (PNRs) of BZT films
while the Zr-rich matrix remains paraelectric. Such rota-
tion arises from the local coupling between strain and
dipoles [7-9,48,63,64,72-74] but only inside the PNRs.
Note that the PNRs (that are delimited by means of solid
lines) in Fig. 3 were numerically found by Bayesian meth-
ods [75,76], as in Ref. [77].

To gain more information about the microscopic structure
of BZT films, Figs. 4(a) and 4(b) display the dependence of
two other quantities as a function of the misfit strain at 10 K.
One quantity, shown in Fig. 4(a), is the average cluster size
[78] that is defined as (s) = (N2,)/{Nr;), where Ny; is the
number of Ti sites belonging to a PNR, and where “(- - -)”
denotes the average over all the PNRs that are present in
the supercell. Note that, practically, single-ion clusters are
included in the computation of {s) while the so-called (infi-
nite) percolating cluster is excluded [79]. The second quantity
is indicated in Fig. 4(b), and is related to the averaged magni-
tude of the local dipoles centered on Ti and Zr sites,
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FIG. 3 (color online). Snapshots of the dipolar configurations
in some planes for three different misfit strains, at 10 K. Panel
(a) corresponds to a given (y, z) plane and 7,,; = —3.1% (region
I). Panel (b) also shows this (y, z) plane but for a strain of 0.2%
(region II). Finally, Panel (c) is for a specific (x, y) plane and for
a tensile strain of +2.8% (region III). Blue colors and red colors
indicate that the corresponding local modes are centered on Ti
and Zr ions, respectively.

respectively. Figure 4, altogether with Fig. 3, are very infor-
mative to understand what is happening inside the BZT films
as the misfit strain varies. As a matter of fact, Fig. 4 indicates
that the average cluster size, as well as the magnitude of the
local Ti and Zr dipoles, are basically unaffected by 7,/ in
region II. As a result, the predominant effect in this region,
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FIG. 4 (color online).  Average cluster size (panel a) and
average magnitude of the local modes centered on Ti and Zr
ions (panel b) as a function of the misfit strain in epitaxial BZT
films, at 10 K—as averaged over 20 different realizations of
disorder. The vertical dashed lines delimit the regions I, II, and
IIT indicated in the text. The average cluster size associated with
a single atomic configuration is also displayed in panel a, by
means of filled squares.

that is associated with relatively small magnitude of the strain,
is the rotation of the dipoles inside Ti clusters as the strain
varies. This “simple” rotation and, in particular, the strain
insensitivity of {s) and of the average dipoles’ magnitude also
explains why the Burns temperature is basically independent
of 7, in region II (since the Burns temperature can be
considered as the temperature at which PNRs begin to form
[61], and since this formation should occur at larger tempera-
ture if the polar nanoregions are bigger and have larger dipoles
at small temperature). On the other hand, region III is char-
acterized by a significant increase of the average size
of clusters (from =3 for n,,, = +0.8% to =8 for 7,,, =
+2.8%) and an enhancement of the Ti dipoles along the (110)
directions as the tensile strain increases. The morphology of
the PNRs is therefore strongly modified by the strain.
Figures 4(a) and 4(b) also indicate that the average cluster
size also increases with the strength of the strain in the
(compressive) region I, and that the Ti dipoles elongate
more along the [001] or [001] directions in the PNRs as the
magnitude of 7, grows in this region. Note that the rate of
the growth of the PNRs (as calculated by computing (s)/ 1,,,)
is rather considerable, namely around 250 and —450 for
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regions III and I, respectively, while the concomitant strain-
induced change in the average magnitude of the Ti-centered
dipoles is less significant in percentage [see Fig. 4(b)].
Interestingly, Fig. 4(b) further shows that the Zr dipoles also
(slightly) increase with the strength of the misfit strain in
regions I and I1I, therefore revealing that the matrix separating
different PNRs begins to be polarized.

Let us also mention the role of atomic distribution on
properties of BZT films. For that, Figs. 2 and 4(a) further
show T, and (s) for a single random configuration (that is
chosen among the 20 used realizations of disorder). One can
clearly see that these T, and (s) can differ from those resulting
from the average over the twenty different realizations of
randomness, especially for a large magnitude of strain!
Such a fact emphasizes the need to use several configurations
when mimicking properties of disordered BZT systems. It can
be understood by realizing that PNRs are Ti-rich regions, and
that using different random configurations to assign the Ti
locations automatically leads to different PNRs morphologies
(and different interactions between them via the Zr-rich para-
electric matrix). Note also that the chemically ordered regions
of Pb(Sc( sNby 5)O; (that were recently proposed to explain
relaxor behavior in this system [80]) bear resemblance with
our PNRs in BZT, in the sense that both of them do not possess
random electric field. However, one difference between the
two materials is that, outside these regions, BZT still does
not possess any significant random electric fields while
Pb(Sc( 5Nby 5)O53 does. This is because the matrix is formed
by isovalent Zr and Ti ions in BZT while it is formed by
heterovalent Sc and Nb ions (that are disordered in the matrix)
in Pb(SCO.5NbO.5)O3.

We hope that our study enhances the current fundamen-
tal knowledge of relaxor ferroelectrics and nanoscience.
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