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Tunable Artificial Relaxor Behavior in [BaTiO3],,/[BaZrO;], Superlattices
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[BaTiOs],,/[BaZrO;], (m, n =4-12) superlattices are used to demonstrate the fabrication and
deterministic control of an artificial relaxor. X-ray diffraction and atomic-resolution imaging studies
confirm the production of high-quality heterostructures. With decreasing BaTiOj5 layer thickness, dielectric
measurements reveal systematically lower dielectric-maximum temperatures, while hysteresis loops and
third-harmonic nonlinearity studies suggest a transition from ferroelectriclike to relaxorlike behavior driven
by tuning the random-field strength. This system provides a novel platform for studying the size effect and
interaction length scale of the nanoscale-polar structures in relaxors.

DOI: 10.1103/PhysRevLett.130.266801

Relaxor ferroelectrics [1] such as (1 —x)PbMg; 3
Nb, /305 — (x)PbTiO; and BaZr,Ti;_,O3 draw consider-
able attention due to their complex physics and use in
applications [2,3]. Relaxors are the disordered cousins of
long-range-ordered ferroelectrics and possess nanoscale-
polar structures instead of ferroelectric domains [4,5].
The existence of chemical disorder in relaxors [6], and
hence electric and/or elastic random fields, is understood to
be important in producing frustration of long-range polar
order and generating their characteristic properties [7,8]. In
turn, manipulating chemical order is one of
the primary ways to manipulate the polar order of relaxors.
For example, it has been demonstrated that annealing
PbSc,,Ta; ;03 facilitates the growth of chemically
ordered regions which leads to a transition from rela-
xorlike to ferroelectriclike behavior [9], while annealing
Pbln, ,Nb, ;05 leads to a transition to an antiferroelectric
phase [10]. Such studies support the connection between
chemical order and polar order in relaxors, but several
questions remain. Are the nanoscale-polar structures con-
fined in the chemically ordered regions? How does the size
of and spacing between the chemically ordered regions
affect the collective response of the nanoscale-polar struc-
tures? In conventional relaxors, answering these questions
is challenging due to the random size and spatial distribu-
tion of the chemically ordered regions, which calls for new
approaches to exert deterministic control over the chemical
order of relaxors.

Approaches to finely control chemical order are now
available via modern film-growth techniques that allow
for the fabrication of unit-cell precise superlattices [11].
Bearing this in mind, researchers have attempted to produce
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artificial relaxors such as chemically ordered versions of
PbMg, ;;Nb, 305 (by alternating the growth of [PbNbO;]*
and [PbMg, ;Nb; 30;]~ layers along the [111]) [12] but
this proved challenging because of the inherent chemical
instability of the [PbMg, 3Nb;,305]™ layers. In this spirit,
we consider artificial relaxors based on BaZr,Ti;_,O4
where alternating the growth of the ferroelectric BaTiO;
(with large polarization and long-range order) and dielec-
tric BaZrO; (with small, unordered polarization and
short-range order) [13—15] should enable spatial confine-
ment of the nanoscale-polar structures in the BaTiO;
layers and tuning of the spacing in between by the
BaZrO; layers. Earlier studies of [BaTiOs],,/[BaZrOs],
superlattices [16,17] revealed the ability to tune the nature
of properties and strain and suggest the potential to produce
relaxorlike behavior, but details of that potential evolution
remain to be fully developed. Ultimately, this system
should provide a novel platform for exploring spatial-
confinement effects on the nanoscale-polar structures, as
well as tuning the coupling between the neighboring layers
of nanoscale-polar structures.

Here, we investigate BaZr, sTiy 505 solid-solution films
and [BaTiOs],,/[BaZrOs], superlattice heterostructures
(including both symmetric [m/n =4/4,8/8,12/12 unit
cells] and asymmetric [m/n =4/4,8/4,12/4 unit cells]
series). Heterostructures with a total thickness of 65 nm
were grown via pulsed-laser deposition with in situ
reflection high-energy electron diffraction (RHEED) (see
Supplemental Material for details [18]). All heterostructures
were grown either directly on (LaAlOj3), 5(Sr,AlTaOg), 4
(LSAT) (001) substrates (for in-plane studies) or on
35-nm-Lag ;Sr 3sMnO5-buffered LSAT (001) substrates

© 2023 American Physical Society
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superlattice. Right side: mapping of the B-to-A-site cation intensity ratio.

(for out-of-plane studies). Given that both BaTiO; (a =
3.99 A, ¢ =4.03 A) and BaZrO; (a = 4.19 A) have con-
siderably larger lattice parameters than LSAT (a = 3.87 A),
we anticipated complete strain relaxation. RHEED patterns
during growth suggest a layer-by-layer growth mode
with the possible existence of two-level or multilevel
stepped surfaces [19] (Supplemental Material, Fig. S1
[18]). Following growth, x-ray diffraction #-26 line scans
[Fig. 1(a)] confirm epitaxial growth and reveal clear super-
lattice peaks for all heterostructures (see Supplemental
Material for details [18]). The solid solution exhibits a
single peak close to the expected lattice parameter (a =
4.10 A). For the symmetric superlattice series (m/n = 4/4,
8/8,12/12), the SL(0) peaks vary little in position, sug-
gesting minimal changes in the out-of-plane lattice param-
eter. For the asymmetric series (m/n =4/4,8/4,12/4),
however, the SL(0) peak position shifts to higher angles as m
increases, which matches the expectation that the average
out-of-plane lattice parameter decreases as the fraction of
BaTiO; increases. X-ray reciprocal space mapping studies
[Fig. 1(b)] (see also Supplemental Material, Fig. S2 [18])
confirm that the heterostructures are relaxed from the
substrate (as expected) and, further, reveal no splitting of
the superlattice peaks, indicating that the BaTiO; and
BaZrO; layers have established an equilibrium strain state
with one another (but not the substrate) wherein the BaTiO3
is under tensile strain and the BaZrOj5 is under compressive
strain (+2.2% and —2.1%, respectively, for the symmetric
superlattices).

Further structural characterization was performed to
reveal the nanoscale chemical order. Cross-sectional scan-
ning transmission electron microscopy images were
acquired (see Supplemental Material for details [18]) for
the m/n = 4/4 and 12/12 superlattices. Atomic-resolution
high-angle annular dark-field (HAADF) images [left,
Fig. 1(c)] (see also Supplemental Material, Fig. S3 [18])

reveal alternating brighter (BaZrO;) and darker (BaTiO;)
layers; consistent with the expected Z-contrast difference
between the zirconium and titanium B-site cations. To
extract information about the strain in each layer, in-plane
and out-of-plane atomic distances were extracted from the
HAADF images (Supplemental Material, Fig. S4 [18]).
While the in-plane atomic distance is identical across all the
layers (e.g., 4.10 A for the m/n = 12/12 superlattices), the
out-of-plane atomic distance oscillates between the BaTiO;
and BaZrOs layers (4.07 and 4.26 A, respectively, for the
m/n = 12/12 superlattices). This confirms that the stack-
ing layers are strained to each other but relaxed from the
substrate. In addition, to probe the distribution of Ti*t
and Zr** cations, maps of B-to-A-site intensity ratio [right,
Fig. 1(c)] were extracted and reveal well-defined titanium-
and zirconium-rich layers with relatively low levels of
interdiffusion. This point is confirmed by energy-dispersive
x-ray spectroscopy which shows relatively sharp interfaces
between layers (Supplemental Material, Fig. S5 [18]). All
told, while a small degree of interdiffusion occurs at the
interface (as is typical [26]), the superlattices are intact and
of good quality. These results demonstrate chemical-order
control, and beg the question of how this artificially
designed chemical order shapes the collective response
of the nanoscale-polar structures?

Aiming to study the macroscopic effects of the micro-
scopic chemical order, dielectric permittivity was measured
as a function of frequency and temperature along both
the out-of-plane [001] and in-plane [100] [Fig. 2] (see
Supplemental Material for details [18]). The out-of-plane
dielectric response in the superlattices is strongly sup-
pressed compared to that in the solid solution, which can be
(naively) understood based on a capacitors-in-series model.
The BaZrO; layers (which have small dielectric constant
g, ~ 35 [13]) are in series with the BaTiO; layers (which
have higher values [27]), which limits the overall dielectric
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response. The opposite is observed for the in-plane dielec-
tric response where the BaZrO; and BaTiO; layers are
effectively in a parallel configuration and the BaTiO; layers
contribute significantly to the total response. Furthermore,
the trend of higher dielectric responses in superlattices with
higher BaTiOj; fractions (m/n = 8/4 and 12/4) and similar
response in superlattices with identical average composi-
tion (m/n = 4/4,8/8, and 12/12) again confirms that the
major contribution comes from the BaTiOj; layers. Another
trend is that the superlattices with thinner BaTiO; layers
exhibit lower dielectric-maximum temperature 7,,. For
example, the m/n = 8/8 and 12/12 superlattices exhibit
T,,(10 kHz) > 573 K which is reduced to 433 K for the
m/n = 4/4 superlattices. All superlattices, however, have
T,, higher than the Curie temperature of BaTiO; single
crystals (393 K [27]). This can be explained by a combi-
nation of strain and size effects. The tensile strain in the
BaTiO; layer is expected to enhance the transition temper-
ature (the calculated transition temperature for BaTiO5 with
+2% strain is ~800 K [28,29]), while the finite thickness
of the layers (4-12 unit cells) plus the existence of
interfaces with nonpolar layers likely act to destabilize
the polar phase. Especially, in the superlattice with the
smallest periodicity (m/n = 4/4), the strong confinement
of the polar layers and the high density of interfaces result
in the lowest T',,. These observations strongly suggest that
the artificially designed chemical order produces signifi-
cant effects in the dielectric response.

Taking things one step further, to connect the dielectric
response to the nanoscale-polar structures, we examined
the in-plane temperature-dependent dielectric permittivity
of the m/n = 4/4 superlattices [Fig. 2(d)] and observed a
frequency dependence of T,,. This is a telltale feature of
relaxor behavior which is further confirmed by polariza-
tion-electric field hysteresis-loop measurements (see
Supplemental Material for details [18]). For all super-
lattices, the hysteresis loops measured along the out-of-
plane [001] appear to be nearly linear dielectriclike, while
the ones measured along the in-plane [100] show non-
linearity and hysteresis [Figs. 3(a)-3(f)], suggesting the
existence of in-plane aligned polar structures and consistent

with the tensile strain in the BaTiO; layers [29,30].
Noticeably, the thicker the BaTiO; layers, the more
ferroelectriclike the hysteresis loops (e.g., m/n = 12/12
[Fig. 3(b)] and 12/4 [Fig. 3(f)]) while those superlattices
with thinner BaTiO; layers exhibit slim, tilted hysteresis
loops suggesting relaxorlike behavior (e.g., m/n =4/4
[Fig. 3(d)]). These results hint at a crossover from ferroe-
lectriclike to relaxorlike behavior, but a more sensitive
approach is required to determine whether a superlattice is
truly ferroelectriclike or relaxorlike.

For this purpose, third-harmonic nonlinearity measure-
ments [20,31] were performed along the in-plane [100]
to distinguish between relaxorlike and ferroelectriclike
behavior [Figs. 3(g)-3(1)]. Note that, except for the solid
solution [Fig. 3(g)], nonlinearity measurements along the
out-of-plane [001] are trivial due to the linear-dielectric
nature along that direction. When an oscillating electric
field E = E,. cos(wt) is applied to a material, the response
has the general form of

R = Ry + R cos(wt + 0;) + R, cos(2wt + 6,)
+ Rycos(3wt +63) + - - -

with both linear and nonlinear terms [20]. The phase angle
in the third-harmonic term (6;) is especially important as
it carries information about the shape of the hysteresis
loops at small fields, from which the mechanism of
polarization switching can be inferred. Responses that
produce 6; = —180° originate from either reversible
domain-wall motion or nanoscale-polar-structure reorien-
tation, while responses that produce 0; = —90° originate
from irreversible domain-wall motion. With increasing E,,
65 should shift from —180° to —90° for ferroelectrics
(due to the onset of ferroelectric switching) [20,31], and
from —180° to 0° for relaxors (due to the saturation of
nanoscale-polar-structure contributions) [20,31,32]. At
small fields, the third-harmonic response from the substrate
is non-negligible, which gives 65~ 0° (Supplemental
Material, Fig. S6(c) [18]). Other than this small-field
behavior, the BaZr,sTiys0O; solid-solution films follow
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(a)—(f) Polarization-electric field hysteresis loops for the BaZrsTiysO; film and the [BaTiOs],,/[BaZrO;], superlattices.

The measurements were performed along the in-plane and the out-of-plane directions, at room temperature and 1 kHz frequency.
(g)—(1) Third-harmonic phase angle (85) for the solid-solution film and the superlattices. As the benchmark, both in-plane and out-of-
plane studies were conducted at 78 K for the solid solution, while in-plane studies at room temperature were conducted for the

superlattices. The measurements were performed at 10 kHz.

the expectation for relaxors, where 65 approaches 0° under
large electric fields [Fig. 3(g)]. A similar phase-angle shift
appears in the m/n = 4/4 superlattices, where the in-plane
05 exhibits a shift from —180° to —47° over the range of
0-35 kVem™! [Fig. 3(j)]; supporting evidence that these
superlattices have relaxorlike response. In contrast, for
all other superlattices, the phase angle saturates near —90°.
The in-plane 65 for the m/n = 12/12 superlattices, for
example, exhibits a shift from —180° to —92° over
0-35 kV cm™! [Fig. 3(h)]; consistent with what is expected
for a ferroelectric.

In general, both the hysteresis loops and the third-
harmonic nonlinearity point at a difference between the
m/n = 4/4 superlattices and the others. As the BaTiOs-
layer thickness is reduced, the in-plane response appears to
be more relaxorlike. Two mechanisms may contribute to the
frustration of long-range polar order inside the BaTiO;
layers. First, the long-range polar order is broken (or
weakened) at the interface layers between BaTiO; and
BaZrO;, and the diminished polarization of these layers
couples with the local polarization of the inner BaTiOj
layers. The coupling disrupts the long-range polar order in
the inner layers, meaning that each layer experiences a
slightly different polar order which, when added together,
replicates the physics and phenomena of a relaxor material
and the polar nanostructures therein. Second, thermal
fluctuations drive the local polarization to deviate from
the average polarization, which is greatly exacerbated in
ultrathin layers of BaTiO5 [33]. Such fluctuations destabilize
the long-range polar order and produce fluctuating nano-
scale-polar structures. Both effects are likely to be further
enhanced as the thickness of the polar layers is reduced.

In the following, the combined effect of the mechanisms
is studied by evaluating the effective random fields in the
heterostructure. Conceptually, as the polar-layer thickness
is reduced, the random fields are strengthened which
eventually destabilizes the long-range order, begging the
question of at which point the random fields dominate.
Aiming at quantitative understanding of the evolution of
random-field strength, the third-harmonic nonlinearity
data are fitted to the spherical random-bond-random-field
(SRBRF) model, which can explain the nonlinear response
of relaxors [21,34]. This model is derived based on an
analogy between relaxors and spin glasses, where each

. . -
nanoscale-polar structure is abstracted as a pseudospin S;
subject to random interactions between nearest neighbors
and random fields. The Hamiltonian is written as

1
%Z—z;fﬁ?x“?j—zﬁz’)'g—gz:a'ﬁ’

where J;; denotes the interaction strength between pseu-
— —

dospins §; and §;, which follows a normal distribution

N(Jy,J?) with mean J, and standard deviation J, h;

denotes the random-field effect on pseudospin §; which
follows a normal distribution N (0, A) with zero mean and

standard deviation v/A, and g is a factor proportional to the
average dipole moment of each nanoscale-polar structure.
The solution to this model [21]

P =p(1—q)(JoP + gE),
q=p1-q?*Pq+4)+P

266801-4
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FIG. 4. Quantitative analysis based on the spherical-random-bond-random-field (SRBRF) model. (a) A diagram of calculating the
third-harmonic response (X3) from the model. First the P(E) relation will be solved, then P(7) will be simulated under a cosine-wave
electric field E(t), and finally X5 will be extracted via Fourier transform. (b) X5 measured as function of temperature, under 5 kV cm™!,
10 kHz oscillating field. The peak position of X35 is extracted as J. (c¢) X3 measured as function of field amplitude, at room temperature
and 10 kHz frequency. The best parameters are extracted as g and A. (d) Extracted parameters for all the superlattice geometries.

describes the polarization (P) evolution with electric
field (E) with four parameters J,, J, g, and A. The
third-harmonic response can be predicted as well given
the P(E) relationship [Fig. 4(a)].

Here, the in-plane third-harmonic response was mea-
sured for all superlattices, at different temperatures 7 and
ac-field amplitudes E,.. Specifically, the in-phase compo-
nent of the third-harmonic response X3 = R;cosf; was
analyzed, because only this component contributes to the
characteristic —180° or 0° responses in relaxors. The out-of-
phase component Y; = R3sinf; was found to be negli-
gible in the range of study (07 kV cm™!, see Supplemental
Material, Fig. S8 [18]). First, we utilize the knowledge that
the third-harmonic response peaks at T = J/kp [35] and
convert the peak position of X3(7T) to the parameter J
[Fig. 4(b)] (also see Supplemental Material, Fig. S9 [18]).
Next, we assume J, = 0.8/, and fit the X;3(E,.) data to
extract the parameters ¢ and A [Fig. 4(c)] (also see
Supplemental Material, Fig. S10 [18]). It was found that
in both the symmetric- and the asymmetric-superlattice
series, smaller BaTiO5 layer thickness results in signifi-
cantly lower J and higher A [Fig. 4(d)] which suggests
weakened interactions between the nanoscale-polar struc-
tures and strengthened random fields. The significant
change of random-field strength between the m = 8 and
the m = 4 superlattices coincides with the transition from
ferroelectriclike to relaxorlike behavior and suggests that
the random-field strength underlies the observed size effect
and drives the ferroelectric-to-relaxor transition.

Altogether, artificial relaxors based on [BaTiO;),,/
[BaZrOs],, superlattices allow for the deterministic control
of the chemical order via separate tuning of the thickness
and spacing of the polar layers. Hysteresis-loop and third-
harmonic measurements indicate a transition from ferroe-
lectriclike to relaxorlike behavior between m = 8 and
m = 4. Quantitative analysis of the third-harmonic non-
linearity reveals a significant increase of random-field
strength at the crossover, which likely explains the mecha-
nism of the transition. These findings suggest that the
nature of polar order can be arbitrarily designed in these

artificial relaxors, providing a novel platform for studying
the complex physics in relaxors.
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