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THIN FILMS

Giant polarization in super-tetragonal
thin films through interphase strain

Linxing Zhang', Jun Chen™?*, Longlong Fan', Oswaldo Diéguez>, Jiangli Cao*,
Zhao Pan', Yilin Wang', Jinguo Wang’, Moon Kim®, Shiging Deng®, Jiaou Wang’,
Huanhua Wang’, Jinxia Deng’, Ranbo Yu', James F. Scott®, Xianran Xing"?*

Strain engineering has emerged as a powerful tool to enhance the performance of known
functional materials. Here we demonstrate a general and practical method to obtain super-
tetragonality and giant polarization using interphase strain. We use this method to create
an out-of-plane-to—-in-plane lattice parameter ratio of 1.238 in epitaxial composite thin
films of tetragonal lead titanate (PbTiO3), compared to 1.065 in bulk. These thin films with
super-tetragonal structure possess a giant remanent polarization, 236.3 microcoulombs
per square centimeter, which is almost twice the value of known ferroelectrics. The super-
tetragonal phase is stable up to 725°C, compared to the bulk transition temperature of
490°C. The interphase-strain approach could enhance the physical properties of other

functional materials.

ontrolling strain can enhance the proper-

ties of multifunctional materials, such as

magnetoresistance, superconductivity, fer-

roelectricity, and antiferromagnetism (7-4).

Among strained ferroelectrics (5-8), perov-
skite oxides with giant tetragonality (c/a) have a
large value of polarization and a high Curie tem-
perature (7¢) as a consequence of their large
dipolar moment (4, 9-12). However, these com-
pounds are rare and generally require extreme
synthesis conditions. One example of such an
approach is applying high compressive pressure
with diamond anvil cells (11, 12), such as for
PbVO; and BiCoOj3. Another approach, based
on using a particular biaxial strain imposed by
lattice-mismatched substrates on films, has been
successfully applied in many cases (Z, 10, 13, 14).
It is also possible to use isotropic strain to af-
fect the structure and properties of materials
(11, 12, 15-18). In particular, it has been shown
that isotropic tensile strain (negative pressure)
theoretically increases tetragonality and polar-
ization of perovskite oxides, such as BaTiO; and
PbTiO; (fig. S1) (15). Experimentally, negative
pressure in PbTiO3 nanowires was achieved by
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taking advantage of the phase transformation-
induced stress, resulting in enhanced physical
properties (17, 18). However, engineering such
high negative pressure in experiments is challeng-
ing; a simpler practical approach is therefore
desired, especially for epitaxial films.

Here we investigate such a concept, termed
“interphase strain.” To introduce a large strain,
two materials with similar crystal structures, but
different lattice parameters, are grown in a single
epitaxial composite such that, on the boundaries
between them, their lattice parameters are
matched. This is different from the conventional
composite, in which different phases have their
own lattice parameters. In this way, an isotropic
tensile or compression strain can be introduced
into the material that originally had the smaller
or larger lattice parameters, respectively; we call
this interphase strain. Here the concept of inter-
phase strain has been implemented to induce a
negative pressure in PbTiO3 epitaxial composite
ferroelectric thin films via PbO. This results in
the enhancement of the polarization and out-of-
plane-to-in-plane lattice parameter (c/a) ratio
and the highest stable temperature (T.p1e) Of the
super-tetragonal phase in the PbTiO; film.

The epitaxial composite films were grown on
SrTiO; (STO) substrates by using a simple radio-
frequency magnetron sputtering. The atomic dep-
osition rate can be controlled by the oxygen ratio
of the deposition environment, as discussed below.
The samples of PbTiO; composite films were pre-
pared without oxygen and with 9% oxygen, refer-
enced as PT (I) and PT (II), respectively. If either
of the PT (I) or PT (II) samples is annealed above
725°C, then a new atomic structure is obtained,
classified as PT (III). Figure 1A highlights a small
region (17° to 24°) of the general x-ray diffraction
(XRD) patterns, demonstrating the apparent change
in the c lattice parameters of PT (I), PT (II), and
PT (II0). In these and the results of high-resolution
XRD patterns covering a large angle region (15° to
75°) (fig. S2A), only diffraction peaks from the
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directions of (100) STO substrate and (001) films
can be observed. This suggests that all films are
epitaxial growth. Additional phi scans of both
(101) and (103) planes of PT (I), which were mea-
sured along the corresponding lattice plane of the
substrate, feature a four-axis symmetric structure,
confirming an in-plane epitaxial relationship with
the substrate (Fig. 1C).

The typical epitaxial PbTiO5 films [PT (III)]
reveal the normal c lattice parameter of ~4.08 A
that is established in the literature (19). By con-
trast, the primitive PT (II) and PT (I) grown on
the same STO substrate exhibit strong reflections
at anomalous values corresponding to the ¢ lattice
parameters of ~4.408 and ~4.840 A, respectively.
Subsequent synchrotron-based x-ray reciprocal
space mappings (RSMs) about the (103) plane of
the films and substrates (Fig. 1B) verify that the a
lattice parameter is well matched between the
substrates and the films, but the ¢ lattice param-
eters of the films are very different from that of
the bulk. The position of the c lattice parameter
of bulk PbTiO3, which is similar to that of the
normal coherently strained PbTiO3 thin films
[PT (III)], is indicated by the dashed line for
comparison. Notably, increases in the c lattice
parameter by 16.5 and 6.1%, as compared to the
bulk value (20), are observed in PT (I) and PT
(II), respectively. Furthermore, both ¢ and c/a
increase with increasing thickness of PT (I) or PT
(IT) (Fig. 1, D and E, and table S1), which indicates
that the growth strain is weakly controlled by the
substrate, as discussed in table S1.

PbTiO; has a tetragonal perovskite structure
with lattice parameters @ = 3.899 A, ¢ = 4.154 A,
and c¢/a = 1.065 (Fig. 2A) (20). The precursor PbO,
which is used to prepare PbTiOs, has a similar
tetragonal structure, although derived from the
fluorite structure, but with a large c/a ratio (a =
3.9729 A, ¢ = 5.0217 A, and c¢/a = 1.264) (Fig. 2B)
(21). The perovskite-like periodic configuration can
be identified in the plate-like PbO, as indicated
by the red rectangle in Fig. 2B. The similarity in
structure between the PbTiO; and PbO config-
urations offers the potential for realizing the
heteroepitaxial growth with interphase strain.
Experimentally, to obtain such self-assembled
heteroepitaxial composite films of the stretched
PbTiO; with the compressed PbO, the atomic dep-
osition rate was controlled effectively for their
different growth Kkinetics. The Pb-rich composi-
tion determined by chemical analysis (inductively
coupled plasma optical emission spectrometry) is
uniform throughout the films detected by Auger
electron spectroscopy with depth analysis (Fig.
2C), except for the higher Pb concentration on
the surface. This verifies the homogeneous and
randomly alternate growth of PbTiO3; and PbO
in both PT (I) and PT (II) (fig. S3). The dashed
circles in Fig. 2D highlight different lattice
configurations and contrast them with their
surroundings. The fast Fourier transform (FFT)
pattern taken from a typical example of the
regions marked by the dashed circles features a
tetragonal structure but with an extinction of
(100) plane. It reveals that these regions are PbO
(Fig. 2F). However, the other surrounding regions
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provide a typical FFT pattern for the super-
tetragonal PbTiOs structure (Fig. 2E). The results
indicate that the metastable PbO is randomly
distributed in PbTiOs. The direct evidence for the
heteroepitaxial structure between PbTiO; and
PbO in the present PT (I) is provided by the
spherical aberration-corrected high-angle annu-
lar dark-field (HAADF) Z-contrast scanning trans-
mission electron microscope (STEM) image
(Fig. 2G). The bright, light gray, and dark gray
contrast spots correspond to Pb (Z = 82, where Z
is the atomic number), Sr (Z = 38), and Ti (Z = 22)
columns, respectively, owing to the Z>-dependent
contrast (6, 22). The intensity profile along the red
dashed line in Fig. 2H reveals a transition from Ti
of PbTiO5 to Pb of PbO, indicating a good lattice
matching at the PbTiOs/PbO interface (Fig. 21).
Both PbTiO3 and PbO in PT (I) have the same
¢ lattice parameter (4.840 A) (Figs. 1 and 2G).
Hence, in the present PT (I) epitaxial thin films,
PbO suffers a small out-of-plane compression
strain of 3.6%, whereas a giant tensile strain
(16.5%) exists in PbTiO4 (Fig. 1B). The defect
dipoles generated in such special environments
usually cannot produce such giant strains (16).

Investigations with HAADF-STEM (c/a = 1.224;)
(Fig. 2) underpin the giant c¢/a ratio of PbTiO5 in
PT (I) (¢/a = 1.226-1.238, table S1), as determined
from both macroscopic XRD and synchrotron-
based RSMs about the (103) plane (Fig. 1). This
c/a value is much larger than that of bulk (1.065)
or in any other previously reported results for
PbTiO3 (17). It is comparable to the ¢/a value of
the super-tetragonal phases that appear in the
biaxial-strained BiFeOj films (1.232) and in those
perovskite-type compounds synthesized by high-
pressure and high-temperature methods, such as
PbVO; (1.229), and BiCoO3 (1.267) (10-12).

Intriguingly, the c/a ratio can be adjusted by
controlling the oxygen ratio during the growth of
thin films. For example, the sample PT (II) was
prepared with 9% oxygen, which features not
only a smaller ¢/a (1.142) but also a lower Pb con-
centration than that of PT (I) (Fig. 1, table S2, and
figs. S3 and S4). Therefore, the oxygen ratio affects
the Pb atomic deposition rate of the PbTiO3 epi-
taxial composite thin films. To grow the present
super-tetragonal films, an atmosphere with defi-
cient oxygen is required for fast PbO nucleation.
The volume fractions of PbTiO; are 100, 80, and
45.3% for the PT (III), PT (II), and PT (I) thin
films, respectively. The amount of PbO in the
present films determines the ¢/a ratio, which
further reveals the role of PbO in interphase
strain. Unlike studies that introduce biaxial strain,
the present method of interphase strain has little
dependence on substrates. Super-tetragonal films
such as PT (I) can also be successfully obtained on
other lattice-mismatched substrates, such as in-
expensive LaAlO; or sapphire, indicating that the
super-tetragonality is not caused by substrate
biaxial strain stemming from either Poisson
or electrostriction effects (see detailed discussion
in table S1 and figs. S5 and S6).

To further characterize the interface between
PbTiO; and PbO, we carried out first-principles
calculations. To model this system of PT (I), the

Zhang et al., Science 361, 494-497 (2018)

volume fraction of PbTiO; was set as 50%, which
is comparable to that of 45.3% in PT (I). Hence,
we used a number of infinitely extended layers of
PbTiO3 matched to an equal number of infinitely
extended layers of PbO for four possible sets of
planes: (100), (110), (101), and (001). For the (100)
case, we did this for groups that included 3, 5,
and 7 layers containing Pb; for the (110) and (101)
cases, 6 and 10 layers (Fig. 3A); and for the (001)
case, 3 and 5 layers. In all cases, the atomic con-
figurations were fully relaxed until the forces
between atoms were below 0.01 eV/A and the
stresses on the cell were below 0.01 GPa. As
depicted in Fig. 3B, the calculations of c¢/a ratio,
lattice parameters, and displacement of the Ti
atom (8z;) with respect to the center of the cage
of surrounding Pb atoms converged well with
increasing numbers of layers. For the (100), (110),
and (101) interfaces, the c¢/a ratio is around 1.22,
in excellent agreement with the experimental
result for PT (I); even for the (001) interface, c¢/a
is almost 1.2.

A giant ¢/a ratio is normally associated with
a large polarization in perovskite oxides. The
polarization hysteresis loops feature a remanent
polarization (P,) of PT (I) as large as 236.3 uC/cm?®
(Fig. 4A and fig. S7). Intriguingly, the present
polarization of PT (I) is higher than for other
ferroelectrics (Fig. 4B) (10, 23-25). For example,
it is 1.8 times as large as that of the tetragonal-

like BiFeO; epitaxial thin films (130 uC/ cm?) and
3.4 times as large as that of the strained BaTiO3
thin films (70 pC/cmZ) (10, 25). 1t is also much
larger than the calculated values for the sponta-
neous polarization of Pb- or Bi-based perovskites
with large ¢/a ratios, such as PbVO, (179 uC/cm?)
and BiCoOj; (152 uC/cm2) (26). The nature of the
giant polarization can also be directly revealed by
the large 62y, as displayed in fig. S6 (17, 27). In PT
(I), the STEM result for the dg; value is 0.474 A,
almost three times as large as that for bulk
PbTiO; (0.162 A) (28), which directly reveals the
crystal-lattice origin of the giant spontaneous
polarization. Furthermore, the dz1; value of first-
principles calculations is comparable to the one
found experimentally (Fig. 3B). Hence, there is
likely a strong electrostatic interaction at the phase
boundary of the ferroelectric-paraelectric inter-
faces between PbTiO5; and PbO (29), resulting in
the strong polarization. In the PT (II) thin films,
a relatively large P, (129.6 uC/cm?) was also ob-
served (fig. S8). P. and c/a are correlated linearly
(inset of Fig. 4A). The local stability of the ferro-
electric switching supported by piezoelectric
measurements of piezoresponse force microscopy
still needs to be further confirmed (figs. S8
and S9).

PbO contributes little to the polarization (figs.
S10 to S13), the PT (I) thin films show negligible
leakage current (fig. S14), and the giant polarization
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Fig. 1. Crystal structure characterization of epitaxial composite films. (A) Out-of-plane XRD of
(001) peaks of PT (I), PT (lI), and PT (lll) epitaxial thin films on (100) STO substrates. a.u., arbitrary units.
(B) Synchrotron-based (103) x-ray RSM study of PT (I), PT (II), and PT (lll) epitaxial thin films about
the STO (103) diffraction condition. L, crystal index of (00I); H, crystal index of (h00). (C) The phi
scans of both (101) and (103) planes of PT (1), demonstrating a four-axis symmetric structure. ¢, the
angle at which the sample rotates around its normal line. (D and E) The lattice parameters of c and c/a
of (D) PT (I) and (E) PT (ll) as a function of film thickness. The data are tabulated in table S1.
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Fig. 2. Atomic-resolution microstructure of epitaxial composite films.
(A) Crystalline structure of PbTiOs. (B) Crystalline structure of PbO. The
red rectangle indicates the perovskite-like periodic configuration.

(C) Atomic-concentration depth analysis by Auger electron spectroscopy
of the PT () thin films. Sub., substrate. (D) High-resolution transmission
electron microscopy image along the a axis of the PT (l) thin films. The
inset displays a low-magnification cross-sectional image. The regions
indicated by the yellow dashed circles represent PbO. (E) The FFT pattern
taken from the regions surrounding the yellow dashed circles of (D),
featuring the PbTiO3 structure. The yellow arrow indicates the (100) plane

of PbTiOs. (F) The FFT pattern taken from a typical example of the regions
marked by yellow dashed circles of (D), featuring the PbO structure. The
yellow arrow indicates the extinction of the (100) plane of PbO. (G) HAADF-
STEM image of the heteroepitaxial interface between PbTiO3 and PbO, as
viewed along the a axis of the PT (I) thin film. The purple dashed line shows
the approximate interface of PbTiOs/PbO. The detailed discussion of the
interface between film and substrate is in fig. S6. (H) Enlarged view of the
region enclosed by the white rectangle in (G), verifying that PbTiO3 and PbO
have the same lattice parameters. (I) Intensity profile along the red dashed
line in (H), directly revealing the transition from Ti to Pb. a.u., arbitrary units.

phenomenon has been observed in many sam-
ples (fig. S7). The slanted “lozenge-shaped” hys-
teresis loop would imply incomplete saturation
(fig. S7E). The optimization of the loops is not
just a matter of increased voltage; for such a large
polarization, the switching can be current limited
by the rise time of the switching pulse, as first
determined for lead zirconate titanate (30), and
the switching frequency should also be optimized.
Some hysteresis loops exhibited several discrete
steps (fig. S18), suggesting that the slanted loop
in Fig. 4A is related to the continuous multilevel
switching in these composites of ferroelectric
PbTiO; and dielectric PbO. Similar multistep po-
larization processes can arise from the switching
of superdomain blocks and were first observed in
Pb(Zr( 5 Tipg)03 (PZT) (31). The switching effect
is related to the ferroelastic-ferroelectric coupling.
The observation of a multistep polarization pro-
cess and the stable shape of the hysteresis loop,
as a function of temperature or frequency, lend
evidence to support that the present thin film is
intrinsically ferroelectric (see detailed discussions
in the supplementary text and figs. S15 to S18).
Temperature-dependent XRD was performed
to determine the super-tetragonal phase stability
of the present films. As depicted in Fig. 4C, the
Tstanie Of the super-tetragonal phase of PT (I) is
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up to 725°C, compared with the 7 (490°C) of
bulk PbTiO; (20). PT (I) exhibits the highest
temperature for ferroelectric phase in all reported
PbTiO; studies. According to the Landau-Ginzburg-
Devonshire theory or Abrahams-Kurtz-Jamieson
relationship for perovskite oxides (17, 27), if the
super-tetragonal structure of PT(I) was more
stable against temperature, the ferroelectric-to-
paraelectric phase transition (~1000°C) would be
even higher. The cyclic curves reveal a stable
super-tetragonal structure for PT (I) if temper-
atures are increased to 650°C (fig. S19B). In the
tetragonal phase, the ¢ lattice parameter of PT (I)
features a positive thermal expansion similar to
that of PbO, which indicates that PbO determines
the thermal expansion of PbTiO; (table S3). How-
ever, at temperatures higher than 725°C, an ir-
reversible structural collapse occurs because of
the PbO extraction and volatility (table S2), in
which the ¢ lattice parameter collapses from the
large value of 4.92 A in the PT (I) to the normal
value of 3.98 A in the PT (III). At the same time,
the excess PbO is isolated from the lattice of
PbTiO; as a second phase (fig. S20). A huge vol-
ume contraction (19%) occurs at the structure-
collapse temperature in PT (I).

To further elucidate the mechanism of the
giant polarization in PT (I), we have studied its
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electronic hybridization using x-ray absorption
spectroscopy (XAS) (fig. S21). On the basis of
crystal-field theory, the fivefold-degenerated 3d
level splits into doublet e, and triplet tog levels
in the octahedral symmetry (32) (fig. S21A). The
weakened splitting of e; in PT (I) with enhanced
¢/a indicates larger Ti** distortion (off-center
displacement) (fig. S21C). The linear relation
between the energy difference between the peaks
in the L; e, level (AE) and ¢/a is similar to that
between dzr; and c/a, resulting in the linear re-
lation between polarization and ¢/a shown in the
inset of Fig. 4A. This further verifies the giant
polarization of PT (I). Furthermore, both the
decrease in the energy difference between the two
main peaks of the Ls or L, edges and the lower
intensity of Ly tog Or Ly t5, indicate the enhanced
ionic distortion and the existence of Ti** ions in
the PT (I) thin films. This is in good agreement
with the O K-edge XAS and XPS (figs. S22 and
S23). The existence of Ti®* ions would cause
additional imperfections in the crystal with in-
creasing distortions and also enhance the polar-
ization (fig. S23).

We conclude by emphasizing the complete
internal consistency of the data presented here:
the large saturation and remanent polarizations,
the STEM- and XAS-measured displacement of
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Fig. 4. Properties of the PT (lI) epitaxial composite films. (A) Polarization
versus electric field hysteresis loop of the PT (I) thin films with a
thickness of 129 nm grown on 0.7 weight % Nb-doped STO with Pt

top electrode. The inset depicts the remanent polarization as a function
of c/a. The arrows indicate the counterclockwise direction of testing
time in the hysteresis loop. (B) Comparison of polarization of the present

the Ti atom, and the high T.p1e Of the super-
tetragonal phase. We also stress some advan-
tages of the present method, which could create
a distinct pathway for material design: (i) The
interphase strain can provide not only isotropic
tensile strain but also isotropic compressive
strain, (ii) the level of strain can be modulated
by adjusting the composition (fig. S24), and (iii)
the generation of strain in thin films can be in-
dependent from the choice of substrates.
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