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Strain engineering of electro-optic constants in ferroelectric

materials

Charles Paillard ', Sergei Prokhorenko' and Laurent Bellaiche'

Electro-optic effects allow control of the ow of light using electric fields, and are of utmost importance for today’s information and
communication technologies, such as TV displays and fiber optics. The search for large electro-optic constants in films is essential to
the miniaturization and increased efficiency of electro-optic devices. In this work, we demonstrate that strain-engineering in PbTiO5
films allows to selectively choose which electro-optic constant to improve. Unclamped electro-optic constants larger than 100 pm
V! are predicted, either by driving the softening of an optical phonon mode at a phase transition boundary under tensile strain, or
by generating the equivalent of a negative pressure via compressive strain to obtain large piezoelectric constants. In particular, a ry3
electro-optic coefficient twice as large as the one of the commonly used LiNbO3 electro-optic material is found here when growing

PbTiO; on the technologicallyimportant Si substrate.
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INTRODUCTION

The control of the propagation of light with electric fields is of
paramount importance in information and computing technolo-
gies. Those electro-optic (EO) effects are used in display
technologies,'? waveguide modulators,® or tunable microring
resonators,” and are key to the development and optimization of
optoelectronic devices>. Nowadays, technologies rely primarily on
a modulation of the refractive index of a material which depends
either linearly® (linear EO or Pockels effect) or quadratically
(quadratic EO/Kerr effect’®) on the applied electric field. There is
thus a growing demand to find EO materials with EO constants
superseding the standard 32.2 pm V" in LiNbO3.? Our calculations
show that the proximity of phase transitions or the use of an
original negative-like pressure effect'® may lead to EO constants
larger than 100 pm V™" in ferroelectric films.

Interestingly, it appears that the EO constants are reduced by
one order of magnitude, when BaTiOz is deposited in thin
films'"">—which may be due to extrinsic effects. To improve the
efficiency and miniaturization of EO devices, it is therefore
important to discover and understand general mechanisms that
can intrinsically enhance (rather than suppress) the EO constants
in films. This work focuses on the EO properties of strained lead
titanate. PbTiO5 is a classical ferroelectric that is a member of a
wide range of materials (such as Pb,_,La,Zr,_,Ti,O3 or PLZT)
which are known to exhibit large piezoelectric constants and have
been under scrutiny to get large EO constants.'*'* Using accurate
ab initio techniques,”'> we explore a wide range of epitaxial strain
conditions and identify general mechanisms resulting in large EO
effects in ferroelectric PbTiO5 films.

After describing the structure of PbTiO3 under strain, we discuss
below the clamped EO constants and link their large values under
tensile strain with lattice instabilities at phase boundaries. Finally,
we investigate the unclamped EO constants and further explain
the origins of their large magnitude for some particular

compressive strains—including the one induced by the techno-
logically important Si substrate.

RESULTS
PbTiO3 under strain

Using the ABINIT code,'® we calculated the relaxed structures of
PbTiOs; under strain using a 20-atom supercell (see Fig. 1b) to
accommodate the monoclinic and orthorhombic phases existing
under tensile strain.'” The supercell is rotated by 71/4 radians with
respect to the Cartesian axes a,, a,, and as (see Supplementary
Material). As depicted in Fig. 1b, the Cartesian axes exactly
coincide with the pseudocubic axes of the 5-atom unit cell of the
P4mm ground state of bulk PbTiO;. We shall refer to those
Cartesian axes as the “lab axes”. All tensor quantities are expressed
in this basis. The in-plane lattice vectors of the supercell are kept
fixed and their length imposed to generate a bi-axial strain, and
the third vector is allowed to relax.

As observed in Fig. 1a, the energy of the tetragonal P4mm
phase, with polarization along the tetragonal axis [001] in the
pseudocubic axes, is the lowest under compressive strain and up
to tensile strain of 0.8%—consistent with the fact that P4Amm is the
ground state of bulk PbTiOs. Beyond, and up to =1.3% tensile
strain, a monoclinic Cm phase bridges the tetragonal phase with
an orthorhombic Ic2m phase at larger tensile strain, in qualitative
agreement with ref. ' and the phenomenological work of ref. '%,
This orthorhombic phase has a polarization along a (110)
pseudocubic direction.

We already note that the c/a ratio of the tetragonal phase
shows a sharp increase at large compressive strain n~ —2.5% in
Fig. 1c, which is reminiscent of the anomalous enhancement of
tetragonality found in PbTiO; under negative pressure.'® As a
result of this effect, the piezoelectric constant ds; exhibits a large
increase up to 80p CN™' within the tetragonal phase, as also
displayed in Fig. 1d.
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Fig. 1 a Energy of the tetragonal, monoclinic, and orthorhombic
phases with respect to strain. b Sketch of the 5-atom unit cell and
the Cartesian axes a;, a,, and as, as well as the 20-atom supercell
and its axes b,, b,, and bs. ¢ c/a ratio in the tetragonal, monoclinic,
and orthorhombic supercell. d Calculated piezoelectric constant ds;
in the three considered phases. Data indicated in blue circles, green
triangles, and red squares correspond to tetragonal, monoclinic, and
orthorhombic phases, respectively, in (a, ¢, d)

Clamped EO constants

The linear EO constants ry describe the first-order dependence of
the inverse of the optical dielectric constant ¢; (approximated by
the electronic dielectric constant) when a static or low-frequency
electric field E is applied,

3
71),]: ZrijkEk- (1M

The clamped EO constants ’,k can be decomposed into (i) a
purely electronic term whlch depends on the second-order
dielectric susceptibility ; k , and (ii) a phonon-induced change of
the optical dielectric susceptlblllty which can be expressed in
terms of the Raman susceptibility a and polarlty pl" of a
transverse optical (TO) mode of frequency Wy, 1o1°

ai'py

nnz\/_z ’

with n; being a principal refractive index and Vj is the cell volume.
All quantities of Eq. (2) can be calculated by density functional
perturbation theory (DFPT).'

We give the clamped EO constants for the different phases in
Fig. 2, expressed in the Cartesian basis a;, a, and as—which
corresponds to the pseudocubic axes in the PAmm phase. We
note, using the Voigt notation for the first two indices, that only
the components r4; =rs;, 33, and ry3 =r,3 are nonzero in the
PAmm phase, each of which are denoted by blue circle in Fig.
2a-c, respectively. For the bulk clamped EO constants (corre-
sponding to zero strain), we obtain rs; =40.0pmV ', r33 = 8.0 pm
V™', and r;3=10.7pmV ", consistent with the values in ref. °,
which were computed using the experimental structure. At the

n o —8rr (2)
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Fig. 2 Evolution of the clamped EO constants with strain . Symbols
indicate the EO constant under consideration (e.g., circles for rs; in
(@) while the color indicate the phase, that is tetragonal (blue),
monoclinic (green), or orthorombic (red)

boundary between the P4Amm and Cm phases (n=0.8%), the
average fs; = 23551 s =122.9 pm V™', that is three times as large
as the bulk value! r33 and ry3 are also moderately increased with
respect to their corresponding bulk values, by 32% and 7%,
respectively, near this boundary.

In the orthorhombic phase Ic2m, in the lab axes, the only
nonzero components of the EO tensor are ry; = ray, 1y =ra, 31 =
I3y, Iy3=rs3, and reg; =rsy and are depicted in Fig. 2 too. ry3
strongly diverges when approaching the phase transition toward
the Cm phase. Right before the boundary, a value of r;3=
—100 pm V™" is predicted at a strain of 1.6%, while at n = 1.3%, the
Cm phase is slightly more favorable energetically, and the EO
constant r4; drops in magnitude to —24 pm V™', By comparison, in
the metastable orthorhombic phase at this latter strain, rs3 is as
large as —351pmV". The in-plane EO constants r; and ry,
which are associated with directions having nonzero components
of the polarization, are rather large at such strain too. They are
=—23pmV ', which is about the magnitude of the room-
ter'?g%ature value of LiNbOs in the polar-axis direction (=30 pm
Vo).

The Cm phase structurally bridges the P4Amm and orthorhombic
phases, which has an effect on EO coefficients. In particular, the
diverging rs; and r43 EO constants smoothly vanish from each side
of the PAmm-Cm and Cm-Ic2m transition, respectively; the
diagonal EO constants r33 and —rq; are enhanced in the Cm state,
reaching values beyond 30 pmV~". Similarly, there is a strong
increase of the —rg; constant in the middle of the stability window
of the Cm phase (see Fig. 2d)

Enhanced EO effect by lattice instabilities

To understand the origin of the strong divergence of the EO
constants at phase boundaries in Fig. 2, we performed a DFPT
calculation of the phonon spectrum at the I point of our supercell
in the tetragonal phase. Because we use a 20-atom supercell, we
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Fig. 3 a Evolution of phonon frequencies at I'" in the 20-atom supercell in the PAmm phase; the true I phonons of the 5-atom unit cell are
presented with solid line and circles, while phonons corresponding to the M, Z, and A points in the 5-atom unit cell are plotted as

semitransparent lines. The optical mode contributing to the EO constants r33 and ry3 are denoted as Aﬁz), Af), and A§4), while the modes E2,
E® E® and E® contribute to rs;. b Mode decomposition of the EO constant ry3. Red lines correspond to modes of A; symmetry, while the
black line depicts the electronic contribution. ¢ Mode decomposition of the EO constant rs3. Red lines correspond to modes of A; symmetry,
while the black line displays the electronic contribution. d Mode decomposition of the EO constant r4, = rs;. Blue lines correspond to modes

of E symmetry, while the black line shows the electronic contribution

also actually obtain phonons from the Z=(0, 0, 1/2), M= (1/2,1/2,
0) and A=(1/2, 1/2, 1/2) points in the first Brillouin zone, whose
frequency evolution with strain are plotted as semitransparent
lines in Fig. 3a. Those points cannot couple with long-wavelength
light, and thus do not contribute to the linear EO effect. In
addition, the frequency evolution of the TO phonon modes at I
are plotted as solid lines in Fig. 3a, according to the relevant
symmetry of each mode. The lattice vibrations at the I' point are
made of four modes transforming as the irreducible representa-
tion A;, one mode of symmetry By and five doubly degenerate
modes of symmetry E.°' Because a mode must be Raman active
and infrared (IR) active to contribute to the EO effect (see Eq. (2)),
and given the symmetry of the Raman tensor and the IR selection
rules in the PAmm, only the modes of symmetry A, (red modes in
Fig. 3a) should contribute to rs3 and ry3, which is indeed seen in
Fig. 3b, c. Similarly, the E modes (blue modes) contributes only to
I'sy = r4; (see Fig. 3d), while the mode B, does not contribute to EO
constants.

Interestingly, we observe in Fig. 3d that most of the divergence
of rs; is carried by a single optical E mode, denoted as £, This
mode is the E mode that softens under tensile strain and whose
frequency becomes imaginary at n=1.2% in Fig. 3a, as consistent
with the w,? dependency of a phonon contribution to the EO
constant of Eqg. (2). The divergence observed in the tetragonal
phase of PbTiO; most likely explains the giant value of r4,
observed in tetragonal BaTiO; bulk at room temperature,”? as the
proximity of the transition to an orthorhombic phase causes an E
mode to soften.”® In BaTiO; bulk, this softening is temperature
driven, while in PbTiOs films it is strain-driven but similarly results
in the divergence of rs; =rs;. We note that the temperature
softening in BaTiO3 most likely allows to keep large effective EO
constants in thin-film form?* (=150 pmV~"), and thus a clever
phase transition engineering using both strain and temperature
may result in giant EO constants.

One can also note a small softening of the A; modes near the
PAmm-to-Cm transition, causing ry3 and rs3 to increase, albeit not
in the same proportions as rs;. In the orthorhombic phase, the
large value of ry3 depicted in Fig. 2a is also the consequence of a
single mode that softens near n=1.2% (see Supplementary
Material).

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

Unclamped EO constants

In many cases, unclamped (or stress free) EO constants r;j’k rather
than the clamped (strain free) ones r,;’k are more relevant to
technologies. Those two sets of EO constants are related by the
elasto-optic constants pj, and the piezoelectric constants d,-jk,25

ri?k = r;j]k + ; PimnAmnk- 3)

In the case of a (001)-oriented film, we are not dealing with fully
unclamped EO constants, but rather only partially unclamped in
the third direction, i.e., r}}™22?%"; in other words, the material is
free to deform its out—of'—plane length (stress free along the third
direction, hence the o3 superscript) and angles (hence the o4 and
05 superscripts), but the lengths and angle of the in-plane lattice
vector are fixed (hence the superscripts ny, N, and ng). Only a
handful of elasto-optic constants (namely, pis, pis, and pis) and
piezoelectric constants (i.e., dzi di, and ds,) are thus needed.
Their calculation is given in the Supplementary Material, and the
partially unclamped EO constants are shown in Fig. 4.

The contribution of the elasto-optic and piezoelectric effects do
not affect significantly the rs; or ry3 unclamped EO constants in
the PAmm and Ic2m phases, respectively, since the elasto-optic
constant pss and p44, Which couple to the diverging piezoelectric
constants ds; and dys, are small (see Supplementary Material). On
the other hand, the p33 and ps; elasto-optic constants in the
PAmm phase are rather strong (see Supplementary Material), and
the large increase of the ds; piezoelectric constant at n = —2.5%
(see Fig. 1d) induces a plateau in r33 and a local maximum in ry3 at
24.1pmV~". More interestingly, owing to the phase-transition
induced divergence of ds3 in the monoclinic phase, the
unclamped EO constant rs3 reaches as high as 124 pm V™', which
is roughly four times its clamped value and represent a four time
increase with respect to the zero strain value of the unclamped EO
constant in the tetragonal phase (for which r3; approximate
equals to 30.5pmV ).

DISCUSSION

Two different paths to design large EO constants in ferroelectric
PbTiO; films are demonstrated here. Firstly, the strain-induced
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Fig. 4 Partially unclamped EO constants for a thin-film geometry.
The symbol represents the EO constant under consideration (e.g.,
circle for rs; in @) while the color represents the phase (namely, blue
for PAmm, green for Cm and red for Ic2m)

softening of a TO mode under tensile strain generates large
contribution to the relevant EO constants. In this specific case, at
the PAmm-Cm phase transition, the destabilization of an E mode
of the PAmm phase leads to an extremely large response of the rs;
constant; similarly, at the Ic2m-Cm phase boundary, r4s is large,
while it vanishes in the PAmm phase. Such a mechanism has also
been demonstrated for temperature-driven mode softening,
typically in the tetragonal phase of BaTiOs bulk. In both PbTiO3
films and BaTiO3 bulk, the large increase of the clamped rs; near
the tetragonal-orthorhombic phase transition can be traced back
to the divergence of the dielectric constant.?*?” The unclamped
rs; in BaTiO3 bulk also receives a significant contribution from the
combined elasto-optic and piezoelectric effect.?® On the other
hand, in tetragonal PbTiO; film close to the PAmm-Cm transition,
the elasto-optic constant pss is too small, and despite the
divergence of ds; driven by the soft mode, the unclamped rs;
EO constant is not significantly further affected. The difference
between unclamped and clamped EO constant is mainly
mechanical (low-frequency) in nature through the piezoelectric
effect. In PTO, that difference is small near the P4mm-Cm
transition for the in-plane EO constants. Hence, PTO becomes
particularly interesting, as a broad range of frequencies for the
applied external electric field can be used without significantly
affecting the EO constants in this strain region.

On the other hand, at the Cm-Ic2m phase boundary, large out-
of-plane EO constants (r;3 124 pm V') can be engineered due to
the strain-induced divergence of the piezoelectric constant dss.
The latter comes from the flattening of the energy landscape to
allow for polarization rotation from the [001] pseudo-cubic
direction to [110] pseudo-cubic direction'®?°. We thus show that
strain, through the exploration of phases with different symme-
tries, allows tuning of the EO constants within a single material.

On the other hand, the anomalous behaviors of unclamped rs3
and rq3 of PbTiOs films obtained under the compressive strain n

npj Computational Materials (2019) 6

close to —2.5% are much more intriguing. They do not come from
any phonon mode, nor from the electronic contribution, as no
large clamped EO constant is observed around that strain (see Fig.
3b, c). Rather, they come from the strong peak in the piezoelectric
constant ds3 seen in Fig. 1d and thus represent an original way to
change EO constants, that is by using electromechanical effects
only. The extremely large enhancement of the piezoelectric
constant at —2.5% compressive strain is associated with the
strong increase in tetragonality c/a observed in Fig. 1c. The latter is
reminiscent of the behavior of PbTiO; under negative pressure.'®
Note that increase of the piezoelectric constants under negative
pressure has been confirmed experimentally in PbTiO3 nanowires
recently.? The origin of this piezoelectric enhancement was
attributed to the proximity of a first-order phase transition in the
energy landscape.'® It gives another route to design large EO
constants in ferroelectric oxide thin films by mimicking “negative
pressure” effects with strain, and can potentially be achieved in
PbTiO; films grown on the common LaAlO; substrate, that should
provide a strain close to —2.9%.

Overall, PbTiO; (and related compounds) in film forms thus
represent an interesting alternative to LiNbOsz for obtaining
various large EO components, since one can selectively improve
different EO constants by working either with tensile or
compressive strain. In addition, we note that, at room tempera-
ture, the strain of epitaxially grown (001)-PbTiOs films on silicon
(which will constitute an essential step toward the realization of
miniaturized integrated EO devices), should be close to —1.6%,
assuming a 45° epitaxy.>®*' At such strain, Fig. 4c reveals that the
unclamped EO constant ry5 is =23.4 pm V"', which is already more
than twice as much as that of the standard EO material, LiNbO5!

There are still technical issues that remain to be addressed from
an experimental point of view. First of all, growth of perovskite
oxides on Si is not straightforward, and often one resorts to the
use of buffer layers such as SrTiOs, that can partially relax the
strain, in the case of BaTiOs/Si for instance.'’ Other parameters,
such as defects, or thermal expansion mismatch may relax part of
the strain induced by the sole lattice mismatch (as considered in
this work). Domain engineering, understanding the impact of the
inhomogeneity of strain, applied electric fields, and dielectric
losses near phase transitions are also necessary steps towards the
design of efficient EO devices.

The two paths mentioned in this discussion section, as well as
their elucidated mechanisms, can nonetheless serve as guiding
principles to experimentally or computationally (via, e.g., machine
learning techniques) discover various materials exhibiting large EO
responses.

METHODS

We used the ABINIT'® plane-wave code with norm-conserved pseudo-
potentials containing 14, 12, and 6 valence electrons for Pb, Ti, and O,
respectively. We employed the nonspin-polarized local density approxima-
tion and a 50Ha plane-wave cut-off. The structural relaxation was
performed with a 4x4x3 k-mesh in the 20-atom supercell, and is
achieved when the force on any ion is smaller than 5x 107> Ha Bohr™".
The electronic density was considered converged when forces between
two self-consistent fields iterations are smaller than 10 ®Ha Bohr~'. DFPT
calculations of the EO constants are based on the linear variation of the
electronic dielectric tensor when the system is perturbed by a low-
frequency/static applied electric field.”'® As such, the calculated EO
constants are dispersionless, and are valid in the limit when the
wavelength of the incoming light is much larger than the absorption
edge. The bandgap of lead titanate being around 3.4-3.9 eV,>>* this holds
for most visible and Infrared wavelengths. For DFPT calculations of the EO
constants, the same plane-wave cut-off was used, but the k-mesh was
densified to 7 x 7 x 5.
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