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An ab initio procedure allowing the computation of the deformation of ferroelectric-based materials
under light is presented. This numerical scheme consists in structurally relaxing the system under the
constraint of a fixed n, concentration of electrons photoexcited into a specific conduction band edge state
from a chosen valence band state, via the use of a constrained density functional theory method. The
resulting change in lattice constant along a selected crystallographic direction is then calculated for a
reasonable estimate of n,. This method is applied to bulk multiferroic BiFeO; and predicts a photostriction
effect of the same order of magnitude than the ones recently observed. A strong dependence of
photostrictive response on both the reached conduction state and the crystallographic direction (along
which this effect is determined) is also revealed. Furthermore, analysis of the results demonstrates that the
photostriction mechanism mostly originates from the screening of the spontaneous polarization by the
photoexcited electrons in combination with the inverse piezoelectric effect.

DOI: 10.1103/PhysRevLett.116.247401

The coupling of ferroelectric or multiferroic materials
with light is currently attracting a lot of attention [1], as, e.g.,
demonstrated by the above-band-gap photovoltages found
in BiFeO5; (BFO) thin films [2], the search of low band gap
materials for photovoltaic applications [3], or the recent
development in the so-called hybrid perovskite solar
cells [4]. Beyond the photovoltaic effect, there is another
coupling between light and properties of ferroelectrics or
multiferroics that is of current interest, namely, the so-called
photostriction effect, a deformation of the material under
illumination [5]. The photostriction phenomenon opens new
perspectives for combining several functionalities in future
generations of remote switchable devices and is promising
for the realization of light-induced actuators [5]. It has been
recently observed in BFO under visible light [6,7]. A giant
shear strain generated by femtosecond laser pulses was also
reported [8,9], and time-resolved synchrotron diffraction
reported a shift of the Bragg peak on a picosecond time scale
in both bismuth ferrite [10] and lead titanate [11]. However,
the microscopic mechanism responsible for photostriction is
poorly understood [8,9]. Obviously, having accurate
numerical techniques able to tackle photostriction will allow
us to “shed some light” on this effect. However, to the best of
our knowledge, such numerical tools allowing a systematic
study of the photostriction phenomenon and its atomistic
origin are not available yet, despite recent attempts to use
Density Functional Theory (DFT) as a tool to fit x-ray
absorption spectra in pump-probe photostriction experi-
ments [12].

Here, we report the development of an ab initio pro-
cedure to compute photostriction from first principles. This
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procedure not only reproduces the order of magnitude
of the observed change of lattice constant in BFO [6], but
also reveals that photostriction mostly originates from
the combination of the screening of the polarization by
the electrons photoejected in the conduction band and the
inverse piezoelectric effect. It is also found that photo-
striction depends on the precise conduction state the
electron is excited into, and on the crystallographic
direction along which the effect is studied.

In order to realize the difficulty in mimicking photo-
striction, let us start by recalling that the Kohn-Sham (KS)
implementation of DFT [13] reformulates the many-body
problem of interacting electrons into many single-body
problems, and “only” guarantees that the model noninter-
acting KS Hamiltonian yields the same ground state
density and energy as the real interacting Hamiltonian.
Such a fact, therefore, leaves the description of unoccupied
states within traditional DFT an unanswered question, and
the determination of excitation energies remains the privi-
lege of rather costly techniques, such as time-dependent
DFT [14] or the GW approximation [15]. However, an
alternative formulation of DFT that treats ground and
excited states on the same footing has been proposed
[16]. In particular, Ref. [16] connected each eigenstate of a
real interacting Hamiltonian with the eigenstate of a model
noninteracting Hamiltonian through a generalized adiabatic
connection (GAC) scheme. The so-called ASCF method
[17] takes advantage of this GAC scheme, and assumes an
one-to-one correspondence between the excited states of a
single Kohn-Sham system and the real system [16]. This
ASCEF scheme has proved successful and computationally

© 2016 American Physical Society
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efficient in, e.g., describing resonance levels of molecules
adsorbed on metallic surfaces [18], or the ligand-field
splitting of Fe d-orbitals in Fe-phtalocyanine [19] or excited
impurity states of chromium in Al,O5 [20]. Technically,
by introducing constraint fields y;, the ASCF approach
forces the population of the Kohn-Sham eigenstate to be
close to a preselected value, via the minimization of the
functional [19]:

Eln(r)] :EDFT[n(r)]_I'Z/'liMi_Ni‘v (1)

where n(r) is the electronic density, Epgp[n(r)] is the usual
Kohn-Sham functional, n; is the occupation number of the
ith eigenstate to be constrained, and N; is the value of the
desired constrained occupation number.

In order to describe both the ground and the excited states
of BiFeO; within the ASCF method we used the ABINIT code
[21] within the PAW framework [22], employing the Local
Spin Density Approximation+U (LSDA + U) functional,
with U = 3.87 eV [23]. Calculations were run on a 10-atom
antiferromagnetic rhombohedral cell of BFO, with no spin-
orbit coupling interaction being considered. A 10 x 10 x 10
k-point mesh is used here. Structural convergence (ground
and excited states) is achieved when the force on any atom is
less than 2.5 x 107 eV/ A, while self-consistency of the
electronic density is considered to be reached when the
difference of the force on each atom between two subsequent
self-consistent field iterations is smaller than 5x 108 eV /A.

The predicted relaxed R3c ground state of BFO has a
rhombohedral lattice constant of 5.535 A and a rhombohe-
dral angle of 59.68°, which is consistent with both the
values of 5.52 A and 59.84° found in previous LSDA + U
calculations (with U =4 eV) [24], and the experimental
data of 5.63 A and 59.3° [25]—especially, once recalling
the typical 1%—2% underestimation of the lattice constant
by LSDA. Regarding the study of excited states within
ASCEF, both the population of the highest occupied KS
eigenstates and the lowest unoccupied KS eigenstates are
forced manually, which accounts for using an almost
infinite constraint field in Eq. (1). Structural relaxation
within these fixed constraints are then performed.

Let us first concentrate on the computed band structure
of the R3¢ ground state of BFO, which is shown in Fig. 1.
The electronic band gap is equal to 2.05 eV, in agreement
with earlier computational work [24], but, as is well known
for DFT calculations, is an underestimate of the band gap of
2.67 eV measured in single crystals [26]. This band gap is
indirect, with the valence band maximum (VBM) lying in-
between the high symmetry B and Z points of the first
Brillouin zone, while the conduction band minimum
(CBM) occurs at the high symmetry Z point (see, e.g.,
Fig. 14 of Ref. [27] for a sketch of the first Brillouin zone).
As a result and as further indicated in Fig. 1, we consider
here three types of excitations: a first one denoted as direct
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FIG. 1. Computed band structure of BiFeOs in its R3¢ ground

state. Arrows show the “direct VBM” transition (dashed blue),
the “indirect VBM-CBM” transition (red), and the “direct CBM”
transition (dotted-dashed green). The zero of energy is chosen at
the VBM.

VBM and that leaves holes close to the VBM while
bringing electrons at the same k points in the conduction
band (see the dashed blue arrow in Fig. 1); the direct CBM,
which mimics the vertical transition that adds electrons at
or close to the CBM and leaves holes at the same points in
the valence band (dotted green arrow); and, finally, the
indirect VBM-CBM transition that results in holes at the
VBM and electrons at the CBM (red arrow). Note that
pump-probe experiments show that the typical electron-
phonon interaction, responsible for thermal relaxation of
the excited electrons to the CBM, is quickly achieved
within 1 ps [28], while recombination rates determined by
scanning probe photoinduced transient spectroscopy were
estimated to be 75 us and 1.5 ms in BFO [29]. Similar
arguments should hold for relaxation of the holes towards
the VBM. Hence, the most likely photon absorption
scenario is the indirect VBM-CBM transition. However,
for the sake of completeness, we also study in detail the
direct VBM and direct CBM optical transitions here.
Figure 2 shows different predicted properties in the R3¢
state of BFO as a function of the concentration of excited
electrons, n,, for these three transitions. Such concentration
is practically allowed here to vary from O (ground state) to
5 x 10% electrons per cm®—as we excite a maximum of 60
electrons within a 10 x 10 x 10 k-point mesh, which is
equivalent to excite 60 electrons ina volume of 10 x 10 x 10
unit cells due to periodic boundary conditions. Figures 2(a)
and 2(b) reveal that, for all studied transitions, the pseudo-
cubic lattice constant a . (i.e., along the pseudocubic (001)
directions), linearly shrinks with the excited electron con-
centration while the pseudocubic angle a,. adopts an
opposite behavior, and linearly increases towards the ideal
cubic value of 90° (note that such a linear trend of the lattice
constant has been observed in time-resolved XRD experi-
ments [30], which attests to the accuracy and relevance of
our numerical method). Interestingly, these changes for both
the pseudocubic lattice constant and angle are more
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FIG. 2. Dependence of various properties on the n, concen-
tration of electrons excited in the conduction band states for the
direct VBM (blue lines and data), the indirect VBM-CBM (red
lines and data), and the direct CBM cases (green line and data), as
predicted by the ASCF method. Panel (a) shows the relative
change in pseudocubic lattice constant. Panel (b) reports the
change in pseudocubic angle for the three transitions. Panel
(c) shows the relative change in lattice constant along the [110]
direction. Panel (d) shows the change of electrical polarization.
Lines in all the panels are linear fits of the data (indicated by
symbols). The open symbols and dashed lines in (a) display the
estimated change of lattice constant arising from the inverse
piezoelectric effect (see text).

pronounced for the direct CBM and indirect VBM-CBM
cases than for the direct VBM transition, therefore, pointing
out the importance of exciting electrons into the CBM to
generate larger structural modifications with respect to the
ground state.

Moreover, the behavior of ap,. and a, reported in
Figs. 2(a) and 2(b), in fact, allows us to compute the
dependence of the lattice constant along any direction as
a function of n,. For example, Fig. 2(c) indicates that the
lattice expands along the pseudocubic [110] direction, which
originates from the fast increase of the pseudocubic angle in
Fig. 2(b) relative to the shrinking of the lattice constant
shown in Fig. 2(a). In order to have more information about
this directional dependency, Table I reports the relative

TABLE 1. Relative change in lattice constant along different

crystallographic directions for a concentration of excited elec-

trons of 5 x 10'® electrons per cm?>.

Aa/a (x1074%) [100] [t10] [110] [111]  [111]
Indirect VBM-CBM ~ -33  +46 —112 +19 -242
Direct VBM -05 +1.7 =27 +09 -6.1

Direct CBM =37 474 -—147 437 =327

change of lattice constant along different crystallographic
directions, for concentration of excited electrons of
5 x 10'® electrons/cm? (such latter concentration is chosen
in between the experimentally estimated value of
5x 10" ecm™ in BFO nanowires [31] and the largest
estimate of 5 x 10' cm™ in Ref. [9]). Table I reveals that,
for any of the three considered transitions, the lattice
constant for directions being close to the polarization
direction (such as pseudocubic [111] or [110]) shorten upon
increasing the concentration of excited electrons. On the
other hand, directions having a large angle with P (such as
[110] or [111]) exhibit a lattice constant that increases with
n,. Our calculations, therefore, indicate that it is crucial to
precisely report the crystallographic direction when meas-
uring the light-induced change in lattice constant. Regarding
the magnitude of our predicted photostriction effect, our
results for the direct VBM, indirect VBM-CBM, and direct
CBM cases provide a relative change in lattice constant of
+1.7x107*%, +4.6x107%, and +7.4 x 10~*%, respec-
tively, for the pseudocubic [110] direction (when choosing
n, = 5 x 10" electrons per cm?). These predictions are in
rather good agreement with the expansion under illumina-
tion of 4+15 x 107*% measured in Ref. [6] along a second-
nearest neighbor direction—especially when recalling that
n, is not precisely known but rather estimated to be in
between 5 x 10'7 and 5 x 10" cm™3.

Let us now try to determine the microscopic mechanism
responsible for the photostrictive effects. For that, Fig. 2(d)
and Fig. 3(a) report the electrical polarization (as estimated
from the product of Born effective charges of BFO ground
state [24] and ionic displacements) [32] and the volume V
of the primitive cell, as functions of n, for all studied
transitions. These two figures reveal that increasing the
concentration of excited electrons quasilinearly reduces
both polarization and volume, as qualitatively similar to the
effect that hydrostatic pressure is known to have on the
magnitude of P and on V [36,37]. One can therefore
contemplate the idea that n, plays the role of a pressure of
electronic origin, induced by the transition of electrons
from valence to conduction states [38]. However, the DFT
data of Ref. [36] for BFO under hydrostatic pressure gives a
linear variation of the relative volume as a function of the
relative polarization of about 0.41 while Fig. 3(b) shows
that this slope is about 0.03, 0.12, and 0.13 for the direct
VBM, indirect VBM-CBM, and direct CBM cases. In other
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FIG. 3. Dependencies of the relative volume (with respect to the
ground state) as a function of the excited electron concentration
(a), and as a function of the relative change in polarization (b).
Data are shown by means of symbols and lines are linear fits of
such data. The blue squares, red circles, and green triangles
represent the direct VBM, indirect VBM-CBM, and direct CBM
cases, respectively.

words, this slope inherent to photostriction is about 13.7
times, 3.4 times and 3.2 times smaller for the direct VBM,
indirect VBM-CBM, and direct CBM transitions, respec-
tively, than the one associated with hydrostatic pressure.
Such differences rule out the idea that photostriction is a
sole electronic pressure induced effect.

Let us thus investigate another possibility to explain
photostriction: the electrons excited in conduction band
states screen the polarization, which is thus reduced. This is
consistent with Fig. 2(d), indicating a decrease of polari-
zation when increasing n,. Note also that such screening
should naturally depend on the conduction state of the
excited electron, which is also consistent with Fig. 2(d)
showing that the polarization of the direct CBM is similar
to that of the indirect VBM-CBM, but differs from that of
the direct VBM transition. This latter reduction of the
polarization then generates a change in the lattice constant
via the inverse piezoelectric effect,

5’7ij = 9ijk5Pk, (2)

where 6n;; are the components of the induced strain tensor,
and OP; is the change of the kth component of the
polarization with respect to that of the ground state. g;
are elements of a third-rank tensor given by [42]

g=d x 7', (3)

where d”, the transposed piezoelectric tensor, relates the
change of strain to an applied electric field [43,44] and y is
the dielectric susceptibility.

In order to check such a scenario involving the inverse
piezoelectric effect, we use the values of the elements of both
d and € tensors computed in Ref. [45] at =200 °C, in order to

practically obtain the elements of the g tensor of Eq. (3).
These g; . coefficients are then multiplied by the change in
polarization given by our own data displayed in Fig. 2(d).
The resulting change of the pseudocubic lattice constant is
reported as open symbols in Fig. 2(a) as a function of n,, for
the three transitions—in addition to that arising from the
direct relaxation of the cell under the n, constraint within the
ASCF method (given in plain symbols). One can clearly see
that our proposed scenario involving the inverse piezo-
electric effect can account for the main part of the ASCF-
computed lattice constant change variation in the case of the
indirect VBM-CBM and direct CBM transitions, that is
about 79% and 69%, respectively. The remaining amount
may be due to a small contribution of the aforementioned
electronic pressure, or contributions from polarons. It
may also either arise from a slight underestimation of the
piezoelectric and/or dielectric coefficients given in Ref. [45]
for the ground state of BFO, or from the fact that these
coefficients, as well as the Born effective charges we used to
estimate the polarization, can also technically vary when free
carriers are present [7]. These latter effects may also explain
why the inverse piezoelectric scenario is estimated to yield a
change in lattice constant that is 3 times larger than what is
observed from the raw ASCF data for the direct VBM
transition, as further indicated by Fig. 2(a)—especially,
when realizing that the direct VBM transition, unlike the
indirect VBM-CBM and direct CBM cases, involves a
conduction state of much higher energy than the CBM
state. Moreover, we found, by carrying additional calcu-
lations at fixed positions of the oxygen atoms, that prevent-
ing the oxygen octahedral tilting from responding to a
change in exciting electron concentration reduces the photo-
induced effects by 25% [46]—therefore highlighting the
role of oxygen octahedra in BFO.

Early works interpreted the photostriction effect based
on free carriers traveling to surfaces to screen the internal
depolarizing fields [11,30], which is incompatible with
subpicosecond photostriction experiments [10]. In contrast,
the present work demonstrates that screening of the
polarization at the level of the unit cell can generate a
piezoelectric effect compatible with the observed change in
lattice constant, even in the absence of migration of the
photogenerated free carriers, thus resolving the aforemen-
tioned discrepancy. According to our results, photostriction
effects shall, therefore, be observed in perfect short-circuit
conditions, which is of great technological importance for
integration in all-optical control electronic devices.

In summary, we introduced an ab initio procedure, based
on the A SCF method, to tackle photostriction in ferro-
electrics. This procedure, applied to the case of the multi-
ferroic BiFeOs, results in changes of lattice constant that
have the same order of magnitude as those observed
experimentally. The most significant contribution to photo-
striction in BiFeO; is a combination of polarization screen-
ing and inverse piezoelectric effect. This work further
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opens a route towards designing highly photostrictive
materials, by providing several guidelines. In order to
enhance the photostriction phenomenon, one should look
for polar materials for which the polarization can efficiently
be screened by conduction electrons. We, therefore,
encourage the use of many classical transition metal
ABO; perovskites, such as BaTiO;3, for which the polari-
zation and the conduction band are strongly dependent on
the B site. Moreover, the analysis of our results strongly
suggests that high piezoelectric-constant materials are
recommended for large photostrictive effects. Solid solu-
tions near their morphotropic phase boundary [47] are,
therefore, promising in that regard, as consistent with the
experimental finding of a relatively large photostriction in
(Pb,La)(Zr, Ti)Os [48].
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