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Enabling the light control of complex systems on ultrashort timescales gives rise to rich physics with promising
applications. Although crucial, the quantitative determination of both the longitudinal and the shear photoinduced
strains still remains challenging. Here, by scrutinizing asymmetric Bragg peaks pairs (£401) in BiFeOs using
picosecond time-resolved x-ray diffraction experiments, we simultaneously determine the longitudinal and shear
strains. Importantly, we reveal a difference in the dynamical response of the longitudinal strain with respect to
the shear one due to an interplay of quasilongitudinal and quasitransverse acoustic modes, well reproduced by
our model. Finally, we show that the relative amplitude of those strains can be explained only if both thermal
and nonthermal processes contribute to the acoustic phonon photogeneration process.

DOI: 10.1103/PhysRevB.102.220303

Longitudinal strain in matter is represented by a compres-
sional field with a diagonal tensor in the principal coordinate
system. On the contrary, the shear strain tensor has only
off-diagonal terms associated with a zero volume change.
Specifically, it is the curl part (rotational motion) of the atomic
displacement which propagates at the shear velocity in matter
[1], i.e., shear acoustic phonons carry angular momentum.
In the context of ultrafast science in condensed matter, this
specific symmetry of atomic displacements has several im-
pacts: for instance, the light-induced picosecond shear pulse
can be used to probe ultrafast friction in soft matter [2,3]
or induce ultrafast rotation of light polarization [4-7]. It has
been also shown that during an ultrafast light-induced demag-
netization process the shear acoustic phonons can exchange
angular momentum with spins through the Einstein—de Haas
effect [8,9] or sometimes called the Richardson effect [10,11].
Beyond these two examples, generating shear motion with
light has received a great deal of attention in general, and
several demonstrations of this phenomenon have been re-
ported in different materials including multiferroic oxides,
such as BiFeO3; (BFO) [12-14], piezoelectric semiconductors
GaN [15], GaAs [4], metals [4,5,16,17], or spin-crossover
compounds [18] for citing a few. Despite this active and
continuous effort, the underlying physics of the light-induced
shear strain generation remains unclear since the quantita-
tive measurement of the shear strain amplitude is lacking.
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X-ray or electron-diffraction methods appear as natural ex-
perimental tools to quantify the light-induced strain. However
time-resolved x-ray [9,19-29] or electron- [30-32] diffraction
experiments have mostly been applied to extract the longi-
tudinal strain. A few attempts at a quantitative evaluation of
the light-induced shear strain amplitude have been recently
reported in a crystalline organic thin film by time-resolved
x-ray diffraction but with 100 ps of resolution only [33]. Time-
resolved electron diffraction has also been used to reveal shear
waves generated either by light pulses in layers of VTe, [32]
or by acoustic mode conversion in a graphite membrane [31].

In this Rapid Communication we apply picosecond time-
resolved x-ray diffraction and measure the transient evolution
of the asymmetric Bragg reflection pairs (£401) to quanti-
tatively determine the photoinduced shear and longitudinal
strains in a BFO single crystal. We evidence different tempo-
ral behaviors between the two strains indicating that the BFO
unit cell starts to expand during the first tens of picoseconds
after the arrival of the light pulse and only then undergoes a
shear deformation. This peculiar dynamic is well reproduced
by our modeling based on strain wave propagation theory.
Moreover, quantitative information on the strain amplitudes
sheds new light on the photoinduced generation process and
indicates that both thermal and nonthermal processes are at
play. Beyond the BFO case, our Rapid Communication shows
that this approach is very versatile and can be employed to ac-
cess the in-plane atomic displacements in any kind of structure
where an in-plane symmetry breaking is present or initiated by
an external stimulus including light pulses.

©2020 American Physical Society
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FIG. 1. (a) Three-dimensional view of the BFO pseudocubic unit
cell with displacement vector associated with the longitudinal and
shear photoinduced strains (orange and green arrows). The black ar-
row is the BiFeO; ferroelectric polarization pointing along the [111],
direction. (b) Side view of the BiFeO; pseudocubic unit cell before
and after the laser excitation showing the in-plane and out-of-plane
motions. (c) Transient optical reflectivity signal of the BFO single
crystal measured with 400-nm pump and 800-nm probe beams. The
red line shows the acoustic phonon signal once the base line has
been subtracted. The inset shows the fast Fourier transform with the
quasilongitudinal and quasitransverse acoustic phonon modes.

We first describe theoretically how the unit cell is distorted
in the presence of longitudinal and shear strains. Knowing
that the rhombohedral distortion in bulk BFO is weak (equiv-
alent rhombohedral angle 2 89.5° and pseudocubic parameter
ap ~ 3.96 A), we consider the pseudocubic representation
of the BFO lattice as depicted in Fig. 1(a) (see note 1 of
the Supplemental Material for the description of the dif-
ferent crystallographic frames [34]). At equilibrium (before
laser excitation), the interplanar distances of the (101), and
(—101), planes are nearly identical (djo; & d—_101). As the
laser pulse impinges on the (001). surface of BFO and due
to the existence of in-plane symmetry breaking caused by the
ferroelectric polar order, the laser-matter interaction leads to
the generation of shear motion [12—-14,35] in addition to the
longitudinal strain. Importantly, the shear strain is expected
to lead to an asymmetric change in the interplanar distances

d}y, and d*,,, with df,, > d*,, as displayed in Fig. 1(b).
This principle can be applied to all (£401) planes. Note that
the atomic displacements associated to the longitudinal and
shear strain are symbolized with orange and green arrows,
respectively, in Figs. 1(a) and 1(b). The relation between the
interplanar distance d},,, and the longitudinal »; and shear
ns strains is established in the Supplemental Material note 2
as [34]

e+ Ihlj—g)
— (M

dipo1 = dxnol (1 + e

Measuring both d,, and d*,, then allows disentangling
the photoinduced longitudinal and shear strains. They cast as

_— 1+ n? |:d;fm —dior | dZ — dh01i|
t 2 dpo1 d_po1 '
L+ Hh2[d, —d d* 01 — d-no1
ns = |: hO1 ho1— “_po1 :| )
V2|h| dnot d_po1

The experiments make use of a pump-probe scheme where
a femtosecond pulse with a photon energy of 3.1 eV, thus,
higher than the band-gap (E, ~ 2.6 eV), generates strain
pulses in a single BFO crystal oriented along the [001], direc-
tion [36]. The propagation of the strain pulses is then followed
in the crystal’s depth either by another femtosecond pulse with
a photon energy of 1.5 eV or by a synchronized hard x-ray
picosecond pulse. In the all-optical pump-probe experiment,
detection with a photon energy below the band gap allows de-
tecting the emitted coherent acoustic phonons over a long time
of propagation by means of Brillouin scattering. In Fig. 1(c),
the change in the probe’s reflectivity is plotted as a function
of the pump-probe delay. Once the slow relaxation signal is
subtracted, the coherent acoustic phonon contribution can be
isolated [red curve in Fig. 1(c)], and its spectrum extracted
with a fast Fourier transform [inset of Fig. 1(c)]. In the case of
BFO, the existence of the symmetry plane (110). being per-
pendicular to the irradiated surface restricts the light-induced
atomic motions within this (110). plane and, consequently,
suppresses the pure shear motion. It turns out that only quasi-
longitudinal (QLA) and quasitransverse (QTA) modes are
excited [12,13]. In the detection process, the QLA and QTA
modes are each split into two as shown in Fig. 1(c) due to
BFOQ’s optical birefringence as already discussed in a previous
report [35]. The corresponding sound velocities are Vpra =
4970 £ 30 ms™!' and Vpra = 3020 £30 ms™' as deduced
from the Brillouin frequency equation fp = 2nprobeV/Aprobe
where 7pope is the BFO ordinary or extraordinary refractive
index at the probing wavelength Aprope [37].

Regarding time-resolved x-ray diffraction experiments, the
measurements were performed at the SOLEIL Synchrotron on
the CRISTAL beamline in the low-o mode with hard x-ray
pulses of 7.155-keV energy and 12-ps duration [38]. The x-ray
grazing incidence geometry [1°, see Fig. 2(a)] was used to
match the optically excited and probed volumes. The effective
penetration depths of the 3.1-eV pump beam and of the x-ray
beam can be estimated to &, ~ 40 nm [37] and £x ~ 70 nm
[39], respectively. In this diffraction geometry, the Bragg an-
gle 6 is deduced from the relation cos(26) = cos(6) cos(y ).
The pump beam size on the sample was about twice as large
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FIG. 2. (a) Scheme of the time-resolved x-ray diffraction in the
grazing incidence geometry. (b) Reciprocal space imaging of the
(101). and (—101), Bragg diffraction peaks at equilibrium. The po-
sitions (y, 8) of the (101), and (—101), Bragg diffraction peaks are
(26.1874°, 26.0802°) and (26.0367°, 25.6879°), respectively, with a
camera resolution of 8.64 x 1073 °/pixel. (c) Differential reciprocal
space imaging of the (101). and (—101), Bragg diffraction peaks at

a time delay of 200 ps and at a fluence of 3 mJ cm™2.

as the x-ray probe beam size and the pump beam fluence
was set to either 1.5 or 3 mJ em™2. The (£h01). Bragg peaks
were recorded as the function of the pump-probe delay with
gateable detector XPAD3.2 [40]. The sample was rotated by
180° to switch between (h01). and (—hO1). Bragg diffrac-
tion peaks after a complete pump-probe delay scan. Few
scans were recorded for each set of experimental parameters,
namely, £/ and the pump fluence. Figure 2(b) shows typical
images of the (101). and (—101). Bragg peaks before laser
excitation. Those are split, which indicates the presence of a
secondary small ferroelectric-ferroelastic domain in the BFO
single crystal. After laser excitation, the (101). and (—101),
peaks evolve as depicted in Fig. 2(c) for a pump-probe delay
of 200 ps. The two-dimensional center-of-mass [y (¢), §(¢)]
was calculated for each pump-probe delay, which allowed
us to extract the time dependence of the relative interplanar
distance Ad(t)/d after laser excitation (see Supplemental Ma-
terial note 3 [34]).

The results for (101)., (=101)., (201)., and (—201),. lat-
tice planes are displayed in Figs. 3(a) and 3(b) for the first 300
ps. As expected, one can clearly observe nonequivalent Ad/d
photoinduced dynamics for the (k01). and (—hO01). lattice
planes after time-delay zero. The transient longitudinal and
shear strains were derived by using Eq. (2). The results are
displayed in Fig. 3(c) and show a plateaulike response after
roughly 100 ps for both strains with a maximum amplitude
of N &~ 9 x 10~* and PP ~ 1.5 x 107* (& /p™x ~ 6).
Strikingly, one can clearly observe a time delay between the
onsets of the longitudinal and shear strains (within the blue-
shaded area) in Fig. 3(c). The maximum of the longitudinal
strain is reached at around 40 ps whereas that of the shear
strain is only reached after around 50-70 ps. We also note a
possible negative shear strain in the first 20 ps, but it is difficult
to conclude at the moment due to the error bars. Neverthe-
less, it is clear that the necessary time for the longitudinal
and shear strains to reach the maximum positive amplitude
is different: An asynchronous behavior exists and has never
been observed before as previous works were restricted only
to the photoinduced longitudinal strain [24,26,27]. Changing
the laser pump fluence to 1.5 mJ cm ™ gives the same general
temporal behavior but with half the amplitude, thus, confirm-
ing the linear response of the system to the laser excitation
(not shown).

The experimental data were analyzed by modeling the
laser-induced strain propagation in the BFO single crystal.
We considered only the lattice dynamics (waves propagation)
and the pump (optical) and probe (x-ray) pulses penetra-
tion depths as parameters. We recall that as the trigonal
axis is not aligned with the propagation axis of the acoustic
modes x3, the generated QLA and QTA modes have com-
ponents both in plane, along the [110]. direction, and out
of plane, along the [001]. direction [see Fig. 3(d)]. There-
fore, we can write the total shear and longitudinal strains
as

ns(t, x3) = H?TAf(f,x& Vora) + n?“f(t,x3, Vora),
ne(t,x3) = HLQTAf(l,xL Vora) + ULQLAf(I,xa Vora), (3)

where nSQTA (nSQLA) and nf“ (nLQLA) are the in-plane and out-

of-plane components of the QTA (QLA) mode propagating
at the velocity Vora (Vora) and f(t, x3, Vora,ora) is the func-
tion describing the space and time dependence of the strain
associated with the QTA or the QLA modes in the framework
developed by Thomsen and co-workers [41] (Supplemen-
tal Material note 4 [34]). The vector components #jgrs =
(—1,4.8), Tigra = (4.8, 1), and their associated velocities
(Vora = 4710 and Vpry = 2480 ms~!) were calculated by
using the rotated elastic stiffness tensor in the Christoffel
framework (see Supplemental Material note 4 [34]) with the
elastic constants measured and calculated from the work of
Borissenko et al. [42] and Shang et al. [43], respectively (see
Supplemental Material note 4 [34]). To simulate the transient
lattice distortion, we assume the kinematic approximation of
x-ray diffraction to be valid. In the kinematic approxima-
tion of diffraction theory, the measured strains are average
strains weighted by the transmission factor of x rays along the
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FIG. 3. (a) Time dependence of the relative variation of the in-
terplanar distance for the (101), and (—101), planes. (b) Same as
(a) but for the (201). and (—201),. planes. (c) Comparison of the
experimentally determined photoinduced longitudinal (1.)(t) and
shear strains (ns)(¢) calculated from Eq. (2) (symbols) with the
ones (lines) deduced from Egs. (3) and (4) based on the theory
of acoustic waves propagation and x-ray scattering. The horizontal
dashed lines represent the estimated maximum strain coming from
the laser-induced heating effect [thermoelastic effect (TE), see the
text]. (d) Sketch of the time-dependent shape of the unit cell (from
a cubic to a trapezoidal form) related to the spatial separation of the
in-plane and out-of-plane strain components of the QLA and QTA
modes.
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L(x3) refers to the length traveled by the x-ray beam within the
BFO sample when diffracted at the depth x3. Its expression,
which depends not only on x3, but also on the diffraction
angles, is derived in the Supplemental Material note 5 [34].
The attenuation length of x rays A = 4.22 um accounts for
absorption due to the photoelectric effect.

The curves in Fig. 3(c) correspond to the calculated strains
by using Eq. (4) and are in good agreement with the experi-
mental data (squares and circles) by adjusting 7jpr4 and 7jgra
amplitudes in order to constrain the vectors orthogonality.
Our model reproduces this asynchronous effect that originates
from the opposite sign of the in-plane components of the QLA
and QTA modes [7jgr4 (x}) and 7jgra (x5)] which leads to a near
cancellation of the total shear strain at early times (20 ps).
As the acoustic modes have different velocities, this effect
fades away as the acoustic modes separate in space at longer
times as sketched in Fig. 3(d). The rising times are also very
well reproduced by our model underlining the minimal effect
of the carrier or heat diffusion for such timescales. Our model
does not predict at the moment a possible negative shear strain
during the first 20 ps as experimentally revealed [Fig. 3(c)].

We now discuss the physics underlying the femtosecond
generation of the longitudinal and the shear waves in BFO.
In absorbing and piezoelectric materials, the photoinduced
strains can be initiated by thermal (TE) or nonthermal [in-
verse piezoelectric effect (PE) and deformation potential]
mechanisms [16,17,41]. For our experimental conditions,
we estimate the mean temperature elevation and the mean
photoexcited carriers density in the probed region to be
(AT) ~ 13K and (N) ~ 4 x 10% cm™3 for a laser fluence
of 3 mJ cm~2 (see Supplemental Material notes 6 and 7 [34]).
We neglect carriers and heat diffusion and restrict our assess-
ments to the pump-probe volume, which is constrained by the
light and x-ray penetration depths. By taking into account
the anisotropic thermal expansion coefficient [44], one can
extract the corresponding amplitude of the longitudinal strain

niE & 2.4 x 107 and shear strain 71 ~ 1.5 x 107* for the
thermoelastlc mechanism (see Supplemental Material note 6
[34]). Although the estimated shear strain amplitude from the
TE is close to the experimental one, the estimated longitudinal
one is ~4 times smaller [see the dashed lines in Fig. 3(c)].
This strongly suggests that there is a non-negligible contribu-
tion from the nonthermal processes to the total photoinduced
longitudinal strain. It is difficult to estimate the deformation
potential mechanism because there is a lack of documented
experimental values for the electron-hole longitudinal and
shear acoustic phonons deformation potential constants in the
literature. Nevertheless, an isotropic electron-hole acoustic
phonon deformation potential constant can be derived from
high-pressure measurements [45] (see Supplemental Material
note 6 [34]) and it leads to an average contraction of the BFO’s
lattice, similar to first-principles calculation results [46], in
contradiction with our experimental observations. As for the

(nL.s)(t) =
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inverse piezoelectric effect, the transient internal depolarizing
field due to the photoexcited carriers remains difficult to esti-
mate. However, using the tabulated piezoelectric coefficients
[47-49], one can estimate the ratio of the longitudinal and
shear strains, which does not depend on the internal depolar-
izing field (see Supplemental Material note 6 [34]). It reads
ntE/mEE < 1 indicating that the inverse piezoelectric effect
cannot solely drive the transient strains as well as be ruled out
from the total photoinduced strains.

In conclusion, we have determined quantitatively and si-
multaneously the photoinduced longitudinal and shear strains
at the picosecond timescale in a BFO single crystal. We
evidenced that the BFO’s unit cell initially starts to expand
during the first tens of picoseconds after the arrival of the
light pulse and then later, after around 20 ps, undergoes a
shear deformation. Our theoretical modeling reproduces the
experimental results and brings into prominence the interplay
of the propagating quasilongitudinal and the quasitransverse
acoustic modes on the measured strains in the unit cell. We
also underline that the experimental photoinduced strains am-

plitude has to be explained by a contribution of both thermal
and nonthermal mechanisms. Finally, our results demon-
strate the strong potential of time-resolved x-ray diffraction
for extracting the temporal evolution of both in-plane and
out-of-plane lattice deformations, paving the way to explore
any kind of materials where in-plane symmetry breaking
can be modulated by an ultrashort light pulse or any other
stimulus.
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