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First-principles calculations are performed to investigate the elasto-optic properties of four
different structural phases in (001) epitaxial PbTiO; films under tensile strain: a tetragonal (7)
phase and an orthorhombic (O) phase, which are the ground states for small and large strain,
respectively, and two low-symmetry, monoclinic phases of Cm and Pm symmetries that have low
total energy in the intermediate strain range. It is found that the refractive indices of the 7 and O
phases respond differently to epitaxial strain, evidenced by a change of sign of their effective
elasto-optic coefficients, and as a result of presently-discovered correlations between refractive
index, axial ratio and magnitude of the ferroelectric polarization. The difference in refractive
indices between 7 and O and the existence of such correlations naturally lead to large
elasto-optic coefficients in the Cm and Pm states in the intermediate strain range, because Cm
structurally bridges the 7" and O phases (via polarization rotation and a rapid change of its axial
ratio) and Pm adopts a similar axial ratio and polarization magnitude to Cm. The present results
therefore broaden the palette of functionalities of ferroelectric materials, and suggest new routes
to generate systems with unprecedentedly large elasto-optic conversion.
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Ferroelectric materials have been known for several decades to exhibit large piezoelectric and
dielectric responses [1, 2]. Some of their other cross-coupling properties have also received
considerable attention, resulting in new perspectives of using ferroelectrics in photovoltaic
applications [3] and the discovery of, e.g., strong electro-optic effects [4-6], giant photo-induced
strain [7], and coupling between optical fields and ferroelectric order [8, 9]. One particular
conversion between properties of different nature, which, to the best of our knowledge has only
been studied in a few ferroelectrics (or perovskites), is the effect of strain on the refractive index
[10, 11], which is described by the so-called elasto-optic coefficients [12, 13]. It is thus timely to
ascertain whether some ferroelectrics can also exhibit large elasto-optic coefficients, an endeavor
which would open up new possibilities towards applications aimed at controlling optical fields
and mechano-optical transduction [13]. In particular, in view of the strong responses of their
polarization to strain or applied electric field, it is appropriate to wonder if (and why)
low-symmetry ferroelectric phases can generate large conversion between elastic and optical
properties. Such low-symmetry phases have recently been discovered in ferroelectrics, when
varying composition in some solid solutions or strain in epitaxial films, and these variations are
accompanied by a rotation of the polarization [14-25].

Motivated to resolve this significant fundamental and technological issue, we have investigated
the elasto-optic properties of epitaxial films of the prototypic ferroelectric material PbTiO;
(PTO), through first-principles methods. An important reason for the choice of this particular
system is that depending on the amount of misfit (tensile) strain they experience, these films can
form (high-symmetry) tetragonal and orthorhombic states, but also low-symmetry, intermediate
monoclinic phases [14, 26-38]. As we describe in the following, surprises are in store for this
PTO system: the monoclinic phases are predicted to possess one of the largest elasto-optic
coefficients ever reported. Specifically, these coefficients are found to be about two times greater
than those of lithium niobate (LiNbO3), and about 30%-60% larger than that of quartz (Si0,), the
current materials of choice for the control of optical fields by acoustic effects. More detailed
analysis of our computations elucidates the precise origins of this large elasto-optic transduction
in PTO films. The present work thus demonstrates that, and explains why, strained ferroelectrics
should be seriously considered for the design of efficient acousto-optic devices. It should also
motivate further experimental work in the domain of materials optimization for application in
such devices.

Here, density-functional calculations within the local density approximation (LDA) are
performed, using the Vienna ab-initio simulation package (VAsP) [39]. In order to mimic epitaxial
(001) PbTiOs films, a periodic 20-atom supercell is chosen with the following lattice vectors:

a=apx+y), b=ap(—x+y), c=ap[d x+ & y+ (5, +2)z)], where ap is the

in-plane lattice constant of the substrate, and x, y and z are unit vectors along the pseudo-cubic



[100], [010] and [001] directions, respectively. For any given ap, the & , 62 and 8

variables are relaxed, in addition to the atomic positions, to minimize the total energy within 107
eV and the Hellman-Feynman forces on each atom within 0.001 eV/A. An energy cutoff of 600
eV and the projected augmented wave method are used [40]. A 5X5X3 and an 8 X8X6
Monkhorst-Park k-point mesh is employed for structural relaxation and calculation of optical
properties, respectively. The polarization, P, is evaluated from the product of the atomic
displacements with the Born effective charges (note that we also computed the polarization from
the Berry phase method [41] and found values around 10% larger). Using this approach, we have
found and systematically studied four states. The first is a tetragonal phase (7) in the P4mm
space group which has its polarization lying along the pseudo-cubic [001] axis. The second state
is an orthorhombic (O) phase adopting the /ma2 space group, characterized by a polarization
oriented along the a-axis with slight oxygen octahedra tilting of about 1° about the same in-plane
direction. The third state is a monoclinic Cm phase, which can be considered a structural bridge
between the 7 and O phases since its polarization can lie along any pseudo-cubic [uuv] direction
— that is, between the pseudo-cubic [001] and [110] directions within the (-110) plane. Finally,
the fourth state is also of monoclinic symmetry; however, its space group is Pm and its electrical
polarization is rather oriented along pseudo-cubic [u0v] directions. All four investigated phases
have previously been observed and/or predicted in epitaxial PTO films [14, 28-31, 42], and
low-symmetry monoclinic Cm and Pm states have also been reported in Pb(Zr,Ti)Os [19, 43]
Pb(Mg;/3Nb,/3)O3—PbTiO; [20] and Pb(Sci,2Nb;»)05-PbTiO5 [21, 22] solid solutions within
certain Ti compositional ranges.

The imaginary part of the dielectric tensor is obtained via
" _ 4ne? _, 1 «
SaB (03)_ T hmqao ? Zc,v,k 2 (Dks(eck'evk'h(*)) X< uck+eaq Iuvk >< uck+e3q |uvk >, (1)

where the indices ¢ and v refer to conduction and valence band states, respectively, u is the
cell-periodic part of the Bloch orbitals at the k-point k, e, and eg are unit vectors along the a
and [ Cartesian direction, respectively [44], and the “*’* symbol denotes the complex conjugate.

The real part of the dielectric tensor 8'(1[3 is then extracted through the Kramers-Kronig
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transformation gg(@)=1+—P |~ =57—

dw', where P denotes the principal value. We point out

also that the dielectric function thus determined takes into account local field effects in the
random-phase-approximation. We obtain the extinction coefficient, &, and refractive index, n,
from

éaﬁ = €&B+i£é"ﬁ=(naﬁ + lkaﬁ)z (2)

In the following, we concentrate on energies hw' smaller than the electronic band gap



(experimentally known to be 3.4 eV in bulk PTO [45, 46]), which implies that, as consistent with

the formula above, 8(’1’6 (w) vanishes and the refractive index is thus simply equal to the square

root of g,5(®) (information about g,(w) for energies above the band gap is provided in the

Supplemental Material). Our first-principles computations of the refractive index of PTO within
its band gap are found to be rather accurate. This is demonstrated by the prediction of an average
refractive index, (ny; + n,, + n33)/3, equal to 2.81 for an energy about 40% smaller than the
band gap, which compares well with the experimentally-measured value of 2.67 at a wavelength
of 633 nm [47].

We then compute the elasto-optic coefficient, p;;, via
1
A(ﬁ)i = 2j Pij Njs )

where 7; are components of the strain tensor (in Voigt notation) and A (%)_is the resulting
L

strain-induced change in the inverse of the square of the refractive index [48-50]. More precisely,

we only consider here the ‘1’ and ‘2’ components of the strain tensor (with the “1°, ‘2’ and ‘3’

axes being along the pseudo-cubic [100], [010] and [001] directions, respectively) in this formula,

with n; = n,, to reflect epitaxial growth of the film. The resulting effective elasto-optic

coefficients are thus obtained from the following relations: = (P11 + P12) N>

1
n%(n1) B %
1 1 1
30 i) n(0)
Cm phases of epitaxial PTO films, n,=n>=n,, which is known as the ordinary refractive index and
n3=ne which is termed the extraordinary refractive index. On the other hand, for the Pm phase of
epitaxial PTO films, the x- and y-directions are not equivalent by symmetry (due to the
polarization direction), and therefore n; and n, differ, implying that the effective (p;; + p12) is
different from the effective (p,; + p,2) in that state. We highlight here that our first-principles
methods can predict elasto-optic coefficients rather accurately: additional computations performed
for bulk LiNbO; (using the hexagonal setting) yield a p;,=0.17 for a photon energy being roughly
half-way within its band gap. This value is in very good agreement with the corresponding

experimental value of 0.18 [12].

HZL(O) = (p21 + pzz) N1, and = (p31 + p32) N Note that for the T, o and
2

Let us now define the strain, 77, as the relative difference between any chosen ajp and the
in-plane lattice constant that provides the lowest possible value of the total energy of the P4mm
state (this in-plane constant is numerically found here to be 3.87 A, in good agreement with the
measured a lattice parameter of 3.89 A of bulk PTO [51]). Figure 1 presents the total energy,
axial ratio (which is computed as (83 + 2)/2), and polarization of the four investigated phases
of PTO films under tensile epitaxial strain — that is, for positive 77. For small tensile strain up to
1%, the tetragonal T phase possesses the lowest energy and is therefore the ground state,



consistent with the fact that bulk PTO is known to adopt a P4mm state below ~760K [52]. The
axial ratio of this tetragonal phase decreases from 1.04 to 1.02, while its out-of-plane
polarization (P,) reduces from 0.87 C/m* to 0.80 C/m? as 7 increases from 0 to 0.75%. On the
other hand, in the strain window of 0.75% to 1.75%, the Cm phase first becomes a metastable
low-energy state (between 0.75% and 1%) and then the ground state, with the Pm state also
being close in energy. The almost energy-degenerate nature of these two phases implies that
either one of them can likely be stabilized in PTO films by, e.g., playing with epitaxial strain or
other effects (such as applying electric fields along specific directions and then removing them,
or varying the growth conditions or thickness of the film). In this latter strain range, the T phase
is metastable, and its axial ratio continues to decrease to about 1.004 while its z-polarization
shrinks to 0.73 C/m’. Interestingly, the axial ratio of the Cm phase crosses unity in this strain
range since it is equal to 1.022 when 7=0.75% and is about 0.988 for an epitaxial strain of 1.75%.
Meanwhile for the Cm phase, increasing 77 from 0.75% to 1.75% causes the in-plane polarization
P,y (the x- and y-components of polarization are equal in this monoclinic phase) to increase from
zero to 0.66 C/cm” and the out-of-plane polarization, P,, to concomitantly decrease from 0.75
C/cm’ to almost zero. In other words, the polarization of the Cm state continuously rotates from
the out-of-plane [001] direction towards the in-plane [110] direction in this intermediate strain
range. Finally, regarding the Pm monoclinic phase, Fig. 1b reveals that its axial ratio is
qualitatively — and even quantitatively — very similar to that of the Cm phase for strain values
between 0.75% to 1.75%, and Fig. 1d further indicates that its out-of-plane polarization rapidly
decreases with increasing tensile strain. On the other hand, its in-plane polarization has only an
x-component (P, always vanishes in Pm, unlike in Cm), resulting in the polarization of Pm
rotating from the pseudo-cubic [001] to [100] directions with increasing tensile strain. We point
out that it is known that the polarization of ferroelectric and multiferroic films can indeed rotate
towards in-plane directions when the film is subject to tensile strain (see, e.g., Refs. [23, 24, 27,
32, 36] and references therein). Figure la also shows that Pm has a slightly higher energy than
the 7 and Cm phases in the entire strain region extending from 0.75% to 1.75%, implying that
Pm is metastable rather than the true ground state here. Interestingly, both Pm and Cm phases
have been observed for PTO films grown on a DyScOj; substrate (corresponding to a biaxial
strain of 1.4%) [31], which demonstrates the accuracy and pertinence of the present simulations.
Figure 1 also indicates that the orthorhombic (O) phase becomes the ground phase when 77 is
larger than 1.75%, with an axial ratio smaller than 1 and an in-plane component of the
polarization increasing from 0.91 C/m” to 0.99 C/m” as the strain increases from 1.75% to 2.5%.

Having described the stability regions and ferroelectric properties of the various phases, we now
turn to the investigation of elasto-optic effects in PTO films. To that end, Fig. 2a presents the
ordinary and extraordinary refractive indices, n, and n., respectively, of the 7, O and Cm phases
as a function of epitaxial strain, for an hw energy being 0.3 eV smaller than the computed band
gap of bulk PTO (note that this computed band gap is equal to 1.8 eV, which, as usual with the
LDA method, underestimates the experimental band gap of 3.4 eV [45, 46]). Figure 2a also
reports the in-plane n; and n; refractive indices of the Pm phase as well as the out-of-plane n3



index at this energy. One can see from Fig. 2a that n, is larger than n. for the T phase for the
range of strain explored here, while the reverse situation holds for the O phase. On the other
hand, the hierarchy between n, and . is found to be dependent on the strain range in the Cm
phase. As a result, and as depicted in Figure S3 of the Supplemental Material, the birefringence,
which is simply the difference between n. and n,, remarkably changes sign within the Cm phase.
In order to further understand these results, Fig. 2b displays the same data as in Fig. 2a but
plotted as a function of the axial ratio corresponding to each selected misfit strain and phase. The
data of Figure 2b reveal that the hierarchy between the magnitude of 7, and n. is strongly
correlated to the axial ratio for the 7, O and Cm phases: to a very good approximation, the
ordinary refractive index is larger (smaller) than the extraordinary one if the axial ratio is larger
(smaller) than unity for these three phases (note that a similar relation between indices of
refraction and axial ratio, and the resulting hierarchy between indices of refraction, are also
found for the Pm phase but when comparing the averaged in-plane index, (n;+n;)/2, with that of
the out-of-plane, n3). As a result, and as evidenced in Fig. 2a, n, and n. reverse their mutual
hierarchy for epitaxial strain close to 1.25% in the monoclinic Cm state.

It is important to realize that both the ordinary and extraordinary refractive indices respond very
differently to epitaxial strain in the 7 versus O phases: they linearly increase with strain in the
tetragonal state, while the converse is true in the orthorhombic phase. This difference in behavior
can be traced back to the polarization: as evidenced in Fig. 2¢, both n,and n. decrease with the
magnitude of the overall polarization in both the 7 and O phases, but this polarization decreases
with tensile strain in the 7 phase while it increases with 77 in the O phase, as demonstrated in Figs.
Ic and 1d (note that the Supplementary Materials provide additional information about the
relation between refractive indices and Cartesian components of polarization). Moreover, the
striking difference between the strain dependence of the refractive indices in the T versus O
phases, along with the fact that the monoclinic Cm state continuously structurally bridges the T
and O phases, result in the refractive indices of Cm adopting non-monotonic behaviors with
strain. In particular, for the Cm state for 7 close to 1.2%, n,is almost independent of strain while
neis much more sensitive to 77 than in the 7" and O phases. More precisely, this insensitivity of 7,
to strain for 77 near 1.2% in the Cm phase originates from the fact that the ordinary refractive
index of the 7 phase for, e.g., 7=1.0% is very similar to that of the O state for, e.g., 7=1.5% (see
Fig. 2a) and that Cm is the bridge between the 7 and O states in that strain range. Similarly, n. of
the Cm phase responds considerably to epitaxial strain near 1.2% because the extraordinary
refractive index of the T phase for, e.g., 7=0.75% is relatively much smaller (because of their
rather different axial ratio) than that of the O state for, e.g, 7=1.75%. Therefore, n. of Cm has to
change abruptly with strain in order to bridge these two limiting extraordinary refractive indices
(note that the Pm state exhibits n; and n3 refractive indices that are very similar to n, and #n. of
the Cm phase, respectively, as shown in Fig. 2a).

As revealed in Table I, the unusual strain-dependent behavior of n, and n. in the monoclinic
states has a strong influence on the elasto-optic properties near 7=1.2%: the Cm state has an



effective average %(plﬁplz) coefficient (associated with n,) that merely vanishes, while the

effective elasto-optic coefficient i(p31+p32) of Cm and Pm (related to n, in Cm and n;in Pm)
has twice the magnitude of that of the 7 phase and is four times larger than that of the O phase.
In fact, to the best of our knowledge, these %(p31+p32) parameters are the largest elasto-optic

coefficients found in any material. For instance, they are about twice as large as the elasto-optic
coefficient of lithium niobate, for which p3; = 0.18, and 30-60% bigger than that of quartz (p3,=

0.29) [12]. Most importantly, we find that these elevated values of %(p31+p32) in the Cm and

Pm phases of PTO films are predicted to occur for any epitaxial strain ranging between 1.0% and
1.5%, i.e. they are not only valid for the selected strain of 1.2% associated with Table I. This
suggests that epitaxial growth of PTO on e.g., a DyScOs substrate (corresponding to 7=1.4%),
should lead to large elasto-optic coefficients in such films. Note that the possibility of having
large elasto-optic couplings in ferroelectrics was previously proposed in Ref. [53], but for bulk
systems (namely, KNbO; and BaTiO;) and using a simple theoretical approach with parameters
determined from some measurements.

In summary, first-principle computations were performed to investigate structural and
elasto-optic properties of epitaxial PbTiO; films under tensile strain, for four different
crystallographic states. In particular, it was found that the tetragonal and orthorhombic states
have rather different values and strain-dependent behavior for their extraordinary refractive index,
a result of the fact that (1) the axial ratio of the T state is larger than 1 while it is smaller than
unity in the O state; and (2) that the refractive indices decrease linearly with the magnitude of the
polarization in both states — with the polarization magnitude increasing with epitaxial strain in
the O phase while it decreases in the 7 phase. An important consequence of the differences
between the n. of the tetragonal and orthorhombic states is that the low-symmetry Cm phase
possesses large elasto-optic coefficients over a particular strain range, arising from the fact that it
structurally bridges these 7 and O phases in that range. The other studied monoclinic state, the
Pm phase, also exhibits a large elasto-optic response, mostly because it exhibits an axial ratio and
polarization magnitude which both depend on strain in a very similar fashion to those of the Cm
state in the aforementioned strain range.

The present study therefore provides a new route towards the engineering of large elasto-optic
properties, namely to search for low-symmetry phases possessing a rapid evolution of their axial
ratio and Cartesian components of the polarization. Such a rapid evolution can occur in epitaxial
ferroelectric films upon variation of the magnitude of epitaxial strain [14, 15]. Other possibilities
also exist; for instance, playing with the composition in the so-called morphotropic phase
boundaries of certain solid solutions [16, 54] or with hydrostatic pressure [55-57]. We therefore
hope that the current Letter will lead to a deeper understanding of, and possibilities to optimize,



elasto-optic properties, and that the results will pave the way to the further application of
ferroelectrics in photonics and acousto-optic devices. It will also be interesting to determine in
future studies if (multi)domains configurations [58] can also yield a large elasto-optic coupling.
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Table captions:

Table I: Elasto-optic coefficients for the four studied phases of epitaxial (001) PTO films under
a tensile strain of 1.2%, for an hw energy being 0.3 eV below the computed band gap. The
number in parentheses corresponds to (p,1+ p22)/2 of the Pm phase, which, due to symmetry
and unlike in the 7, O and Cm phases, differs from (p;; + p12)/2. Note that p3; = p3, inthe T,

O and Cm states, therefore making pnzﬂ = p3; in these three phases.
Phase T o Pm Cm
(p11 + P12)/2 -0.10 0.20 -0.09 (-0.13) -0.04
(p31 + p32)/2 -0.22 0.10 -0.43 -0.35

Figure captions:

Figure 1 (color online). Total energy (a), axial ratio (b), x-component of the polarization, Py (c),
and out-of-plane component of the polarization, P, (d), of PTO films as a function of tensile
strain. Note that while the y-component of the polarization, Py, is equal to P, for the O and Cm
phases, it vanishes for the 7 and Pm phases.

Figure 2 (color online). Panel (a): Refractive index »n of ordinary (open symbols) and
extraordinary rays (filled symbols) for the 7 (squares), O (dots) and Cm (up triangles) phases as a
function of strain for an Aw energy being 0.3 eV below the computed band gap. In-plane and
out-of-plane refractive indices of the Pm phase (down triangles) are also shown. Panels (b) and
(c): as for Panel (a) but as a function of the axial ratio and magnitude of the polarization,
respectively.
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