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Giant photoinduced lattice distortion in oxygen vacancy ordered SrCoO2.5 thin films
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Despite the progress in understanding the formation and migration of oxygen vacancies in strongly correlated
complex oxides, few studies focused on the dynamic behaviors of the oxygen vacancies under the transient
and nonequilibrium states. Here we report a series of multitimescale ultrafast x-ray diffraction experiments
using picosecond synchrotron and femtosecond table-top x-ray sources to monitor the structural dynamics in
oxygen-vacancy-ordered SrCoO2.5 thin films excited by photons. A giant photoinduced structure distortion in
the c-axis direction (with strain �c/c > 1%) was observed, higher than any previously reported data in the other
transition metal oxide films. The femtosecond x-ray diffraction reveals the formation and propagation of the
coherent acoustic phonons, indicating an instantaneous and a much larger photoinduced stress within the first
100 ps. Density functional theory reproduced the photostrictive responses and the strong dependence on
excitation wavelength as observed in the experiments. The combined experimental and theoretic results
demonstrate that the photoexcitation of the bonding to antibonding states via charge transfer is the dominant
mechanism in the SrCoO2.5 thin films, distinct from the depolarization effect by photoinduced carriers in the
other perovskite oxides.
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I. INTRODUCTION

Multivalent transition-metal oxides possess intriguing
physical properties and potential in energy applications [1,2].
Among them Co-based perovskite SrCoO3−x are the most
promising candidates for solar thermochemical energy storage
application. With the variation of the oxygen stoichiometry,
the physical properties of SrCoO3−x can be reversible trans-
ferred between two topotactic phases, ferromagnetic metal
perovskite SrCoO3 and antiferromagnetic insulator brown-
millerite SrCoO2.5 (BM-SCO). In particular, the long-range
ordering of the oxygen vacancies and rich polyhedral con-
figurations make BM-SCO very interesting for fundamental
research and promising for applications of the enhancement
of the efficacy of electrocatalysts and the development of solid
oxide fuel cells [3–7]. The ordered oxygen vacancies in BM-
SCO result in the supertetragonality of the Co-O tetrahedron
layer, which suppresses the tilting of Co-O octahedron layer,
like the ferroelectrics of BaTiO3 and PbTiO3, where the tilting
of octahedron is usually suppressed due to the competition
with polarization [8]. Although the physical properties of
BM-SCO as a function of strain [9,10], pressure [11], external
field [12,13], and heating [4,6] have been widely investigated,
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its dynamic behavior under transient photoexcitation has not
been reported.

Here we present the ultrafast x-ray diffraction (UXRD)
measurements of the BM-SCO thin films with both picosec-
ond and femtosecond temporal resolutions, in combination
with first-principles calculations. The UXRD technique has
been proven to be a powerful tool in interrogating tran-
sient phenomena upon photoexcitation in materials including
Sr2IrO4 [14], PbTiO3 [15], and BiFeO3 [16,17]. In our ex-
periments, the structural dynamics as a result of excitation at
different photon energies was monitored. A giant out-of-plane
strain (�c/c > 1%) was observed, which is much larger at
3.1-eV photon energy than that at 1.55-eV photon energy.
This strong excitation photon energy dependence is also
reproduced by density functional theory (DFT) simulation
assuming the lattice distortion arise from the charge transfer
(CT) induced by the photon excitation.

II. EXPERIMENTAL RESULTS

A. Static characterizations

Figure 1(a) shows the brownmillerite structure of BM-
SCO with alternating Co-O octahedral and tetrahedral layers
stacked along the [001] direction and ordered oxygen vacancy
channels arranged in the a-b plane. The BM-SCO films were
grown on the (001) LaAlO3 (LAO) substrates by pulsed laser
deposition technique, deposited at 700 °C using an excimer
XeCl laser (1.5 J/cm2, 308 nm, 2 Hz) under the oxygen
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FIG. 1. (a) The crystal structure of BM-SCO, with internal elec-
tric field due to the charged-layer structure, where the superscripts
T and O represent the Co atom in a tetrahedral and octahedral cell,
respectively. (b) The XRD θ -2θ pattern of a 46-nm-thick BM-SCO
thin film on a LAO substrate. (c) Optical absorption of the BM-SCO
film with two characterized peaks at 1.4 eV (α) and 2.8 eV (β), the
pump photon energies used in this work are labeled with arrows.

pressure of 10 Pa. After deposition, the films were in situ
annealed for 30 min and then cooled down slowly to room
temperature. Figure 1(b) shows the XRD θ -2θ scan pattern of
the film at 8-keV photon energy, indicating the high quality of
the sample. Besides the ordinary (004) and (008) reflections
close to the substrate peaks, there also exist characteristic
Bragg peaks of (002), (006), and (0010) reflections, originat-
ing from the altered Co-O octahedral and tetrahedral layers.
The big lattice mismatch (2.98%) between the substrate (c =
3.792 Å) and the film (c = 3.905 Å), introduces an in-plane
compressive strain into the BM-SCO film. The film thickness
we chosen is 46 nm, just above the critical point of 40 nm,
where the in-plane strain is completely released [10].

The optical absorption spectrum of the sample was ob-
tained from the transmittance measurements basing on a
spectrophotometer (Agilent Cary 7000), as shown in Fig. 1(c).
Two characteristic peaks marked as α and β, represent the
d-d transition between octahedral Co 3d states and the p-d
transition between O 2p and mostly octahedral Co 3d states,
respectively [3]. The direct band gap (∼2.18 eV) and Mott
gap (∼0.32 eV) of the BM-SCO film can also be derived from
the optical absorption data by plotting α(ω)1/2 and making the
tangent lines near the α and β peaks [3,13]. The penetration
depths ζ at different excitation photon energies are measured
to be 29 nm (3.1 eV) and 100 nm (1.55 eV).

B. Synchrotron based UXRD experiment

The UXRD measurements were first performed on the
BM-SCO film at 7-ID-C beamline of Advance Photon Source
with picosecond time resolution. The film thickness d =
46 nm was precisely derived from the oscillations of the x-ray
reflectivity. The 50-femtosecond (fs) laser pulses from the
Ti-sapphire laser system (Coherent Legend) at a repetition
rate of 1 kHz were used to illuminate the sample at an
incident angle of 45° and an elliptical footprint of 970 μm
× 400 μm full width half maximum (FWHM). The optical
excitations were provided by the fundamental output of the

FIG. 2. (a) Diffraction intensity distribution upon the excitation
of 3.1-eV laser pulses with incident fluence of 1.55 mJ/cm2. (b) θ -2θ

scans of the BM-SCO (008) reflection before and after excitation.
(c) The extracted angular shift of (008) peak and the corresponding
strain as a function of time at different pump fluence and photon
energies, one of which is empirically fitted to a biexponential decay
function. (d) Photoinduced strain at τ = 150 ps as a function of
incident fluence upon excitation of 3.1- and 1.55-eV laser pulses,
together with a linear fit to the data.

laser system (1.55 eV) and its frequency doubling output
(3.1 eV). The monochromatic x-ray beam (�E/E ∼ 0.01%)
at a photon energy of 11 keV was focused into a 50-μm
FWHM spot center in the optical illuminated area. The probed
x-ray bunches synchronized to the pump laser pulses were
then gated out by an area Detector (Pilatus 100k, Detectris).

The angular intensity distribution of the BM-SCO (008)
reflection was measured after the laser excitation (3.1 eV,
1.55 mJ/cm2) as a function of time, as shown in Fig. 2(a).
The angular shift to the smaller Bragg angle at τ = 150 ps, as
shown in Fig. 2(b), corresponds to an out-of-plane expansion
of �c/c = 0.4%. Unlike the giant change of the diffraction
angle, the width of the diffraction peak remains unchanged
after photoexcitation, indicating a homogeneous spatial strain
profile at the given temporal scale. Figure 2(c) also gives the
photoinduced strains at various pump photon energies and
incident fluence. The angular shift excited by 3.1-eV pump
pulses is much bigger than that by the 1.55-eV case. Taking
the two 1 mJ/cm2 cases into consideration, e.g., the maximum
angular shift for the 3.1-eV case is about 6 times larger than
that for the 1.55-eV case. The angular dynamics was fitted to
a biexponential decay function, indicating a fast time constant
of 0.45 ns and a slow time constant of 4.3 ns, as shown in
Fig. 2(c). A linear fluence dependence of the angular shift
at τ = 150 ps on the incident fluence was observed for both
photon energies [as shown in Fig. 2(d)], showing a maximum
strain of ∼1% for the 3.1 eV case. For fluence higher than
4 mJ/cm2, the strain starts to saturate, along with apparent
sample degradation.

C. Laboratory-based UXRD experiment

To provide insight into the buildup of the strain right
after photoexcitation, we performed the sub-ps UXRD
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FIG. 3. (a) Photoinduced Bragg peak shift (black circle dots) and
width change (blue squares) of the (008) reflection of the BM-SCO
film from −5 to 40 ps obtained by fs-UXRD measurements, as well
as the transient optical reflectivity change (green solid line) by use of
dual-color spectroscopy. The red solid lines represent the simulated
strains basing on the analytical photon propagation model. (b) The
multiscale photoinduced strain by merging the fs and ps UXRD data
after fluence calibration. The red solid line is the exponential fit to
the SR data.

measurements on the same sample using a laser plasma x-ray
source (PXS). PXS provides 50-fs pump laser pulses and
∼250-fs probe x-ray pulses at a repetition rate of 1 kHz.
The temporal resolution of the UXRD setup was experi-
mentally demonstrated by the x-ray reflectivity oscillation
measurement of the well-studied SrRuO3/SrTiO3 superlattice
[18]. By use of the Montel multilayer optics, only the Cu
Kα characteristic line emission (E = 8.047 keV, �E/E ∼
0.25%) was selected and focused into a 300-μm (FWHM)
footprint, overfilled by a 1-mm FWHM UV illuminated area
on the sample. The laser beam is incident to the film surface
at an angle of 40°. Unlike the θ -2θ scan configuration used at
SR-based UXRD experiment, we measured the Bragg peak
shift of the (008) reflection in the convergent mode [19],
within the convergent angle of 0.29°. The all optical pump-
probe spectroscopy was also obtained basing on the parasitic
mode of PXS setup, where the pump and probe pulses are 400-
and 800-nm laser pulses.

The photoinduced Bragg peak shift and width change upon
3.1-eV excitation were measured as a function of time at the
absorbed fluence of 0.67 mJ/cm2. Unlike the synchrotron-
based measurements, significant peak width change was also
observed along with the emergence of angular shift, indicating
the inhomogeneous strain profile at the early time, as shown
in Fig. 3(a). The lattice dynamics within the first few tens of
ps can be interpreted as due to the propagation of the coher-
ent acoustic phonons resulted from a transient photoexcited
stress. The out-of-plane expansion rises to its maximum at
τ0 = 11.5 ± 1 ps and returns to a quasiequilibrium state at
τ1 = 22.5 ± 1 ps, then is superimposed by a much slower

ns scale relaxation process, as shown in Fig. 3(b). τ0 and τ1

correspond to the time that the strain front travels once and
twice across the film, respectively, with a velocity of υ =
d/(τ1 − τ0) = 4.2 ± 0.3 km/s, where d refers to the thickness
of the thin film. The slight difference (∼0.5 ps) between τ0 =
11.5 ps and τ1 − τ0 = 11 ps implies an ultrafast electron-
phonon coupling time in this system, in line with our dual-
color pump-probe measurement, which was fitted to an bi-
exponential decay function with two time constants of 0.7
and 10.6 ps, as shown in Fig. 3(a). The fast decay of 0.7 ps
represents the relaxation time of photoinduced carriers to the
acoustic phonons via electron-phonon coupling.

We also simulated the photoinduced strain by use of an
analytical phonon propagation model, as shown is Fig. 3(a).
The detail of the phonon propagation model can be found
in Ref. [20]. The sound velocity υ = 4.2 km/s, penetration
depths ζ = 29 nm, sample thickness d = 46 nm and a con-
voluted 250-fs Gaussian x-ray pulse are used to fit the ex-
perimental data. The derived elastic constant C33 = ρ ∗ υ2 ≈
92 GPa using υ = 4.2 km/s and ρ = 5.2 g/cm3 agrees well
with the reported value of 106.1 ± 9.8 GPa [11]. The peak
shifts of the fs data collapse into the synchrotron data when
scaled by their fluence differences, as shown in Fig. 3(b). We
also notice that the maximum photoinduced strain of the PXS
fs-data is about 1.4 times larger than that of SR ps-data, due
to the better temporal resolution of PXS.

III. DISCUSSION

Compared with the previous UXRD studies on the transi-
tion metal oxides, a smaller fluence was needed to achieve
a comparable strain in the BM-SCO film, indicating much
higher photostrictive efficiency. Table I summarizes the maxi-
mal photostriction values for different compounds. Following
the work of Kundys [21], a photostrictive coefficient η =
d ∗ ε/F is introduced to evaluate the photostrictive efficiency
of different compounds at a fixed excitation photon energy,
where d , ε, and F are the film thickness, the absorbed laser
fluence, and the measured maximum of photoinduced strain,
respectively. Hence, there is no doubt that the BM-SCO film
has the largest maximal strain and the highest photostrictive
efficiency (not to mention that the BM-SCO data in Table I are
based on the ps-resolution synchrotron work), so the acoustic
phonon effect will contribute an additional 40% increase to
the current value.

Generally, the underlying physics of the photostriction
materials can be ascribed to the thermal elasticity, the pho-
toinduced electrostriction, the inverse piezoelectric effect,
and the deformation potential mechanism and so on [21,22].
The photostrictive effect in most ferroelectric thin films,
such as BiFeO3 and PbTiO3, is generally attributed to the
inverse piezoelectric effect modulated by the photoexcited
carriers [15–17]. Recently, giant photostrictions higher than
1% were also observed in SrRuO3 and SrIrO3 systems via
power-dependent Raman scattering and were determined to be
the strong nonequilibrium electron-phonon coupling [23,24].
However, due to the complexity of the coupling between
the structure and electronic states, the possible mechanisms
cannot be exhausted in one single work. For example, the
ultrafast photoinduced strain in the BiFeO3 thin film has also
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TABLE I. Comparison of photoinduced strain for different transition metal oxide films.

Film thickness Laser fluence Maximal Photostrictive
Compounds d (nm) F (mJ/cm2) strain ε(%) coefficient η Reference

BiFeO3 35 2 0.46 8 [16]
PbTiO3 20 1 0.25 5 [15]
Sr2IrO4 20 3 0.05 0.3 [14]
BM-SCO 46 3 1.1 17 –

been interpreted as a characteristic of a self-trapped charge
transfer exciton with a hole in the O-2p orbitals and an extra
electron in the Fe-3d orbitals [25]. Such a self-trapped charge
transfer exciton in oxides has been proposed as an inherent
material property of which the hopping is facilitated by the
lattice distortion, e.g., Sr2IrO4 thin film [14].

Regarding the giant photoinduced strain, as well as the
ultrafast dynamics of coherent acoustic phonons in BM-SCO,
we will discuss several potential origins in the following. Sev-
eral other effects, e.g., the excitionic effect, and the polaronic
effect are beyond the scope of this work but are of great
interest for further investigation.

A. Deformation potential by density
functional theory calculation

The electronic distribution of the sample will be modified
once the photoinduced carriers are introduced, inducing a
modification of the interatomic forces. The lattice will then
be deformed, emitting an acoustic phonon [22,26]. To reveal
the microscopic mechanism of the giant lattice response,
we simulated the photostriction effect of the photoexcited
electron-hole pairs using the �-self-consistent field (SCF)
method [27]. The method fixes the occupations of certain
states by taking some electrons from the valence band to
the conduction band and has been applied to the studies
of the photostriction effect in ferroelectric and multiferroic
structures recently [28,29].

The DFT code Abinit (v8.6) [30] was employed to calcu-
late the lattice and electronic properties. Plane waves with the
energy cutoff of 30 Hartree are used as the basis set. The gen-
eralized gradient approximation–Perdew-Burke-Ernzerhof–
exchange-correlation density functional [31] and projector
augmented wave [32] potentials from the JTH dataset (v1.1)
[33] are used. A Hubbard-U correction [34] with U(Co) =
3.5 eV [3] is applied to reproduce the d-d and p-d transition
optical spectrum. An 8 × 8 × 3 nonshifted k-point grid is
used to integrate the Brillouin zone. The BM-SCO structure
has the Ima2 space group and G-type antiferromagnetic order.
The structures are relaxed until the residual forces are below
1 × 10−6 Ha/Bohr (5.14 × 10−5 eV/A). The occupations of
a pair of bands in valence and conduction bands were fixed
to 1-ne and ne, respectively, to mimic the electron-hole pairs
with density of ne. We consider the density in the dilute
limit to keep the band structure almost unchanged so that
it can be considered as a perturbation. All the band en-
ergy shift throughout the Brillouin zone are within 0.05 eV.
The densities of CT ranging from 0 to about 2 × 1020 cm−3

were considered. We did not choose any specific k point for
the electron transfer but fixed the occupation of two bands in

the whole Brillouin zone and then relaxed the structures with
the band occupations fixed.

We selected a few bands to represent the (I) O
2p, (II) Co 3d (at the valence band maximum), (III)
CoO 3d , and (IV) CoT 3d , with energies levels of about
−1.5 eV, −0.2 eV, 1.0 eV, and 1.5 eV relative to the Fermi
energy, respectively [Fig. 4(a)]. The II → III transfer corre-
sponds to the d-d transfer. Two kinds of p-d transfer: O 2p
to 3d in CoO (I → III) and CoT (I → IV) are considered,
respectively. The results in Fig. 4(b) show that there is a
distinct expansion of c axis with the p-d CT, whereas no
significant change is found with the d-d CT, which can
explain the strong experimental photon energy dependence
of photostriction shown in Fig. 2(d). Note that the �-SCF
method is a perturbation calculation and cannot be applicable
to much higher electron density (or laser fluence), but the
linear dependence of the lattice change on the concentration
of excited electrons in Fig. 4(b) is consistent with the fluence-
dependent results in Fig. 2(d), which attests the relevance of
our numerical and experimental results. The small compres-
sion at small d-d charge transfer in Fig. 4(b) is likely due to
the limitation in the computation precision.

FIG. 4. (a) The density of states projected on Co 3d and O 2p
orbitals. (b) The expansion of the c-axis lattice versus the density of
electron-hole pairs and the schematic transfers. (c) Schematic band
diagram of BM-SCO and three transitions.
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TABLE II. Bond lengths and bond angles. The unit of bond lengths is Å; unit of bond angle is degree. All the bond lengths are along the c
direction. The results were calculated with 2.2 × 1020 cm−3.

l (CoT -O) l (CoO-O) ∠(CoT - O-CoO) lT lO lT + lO

Pristine 1.8210 2.1684 154.186 4.3417 3.3978 7.7395
p-d (CoO) 1.8207 2.1696 154.126 4.3436 3.3970 7.7406
p-d (CoT ) 1.8237 2.1654 154.382 4.3413 3.4001 7.7414

The deformation can be seen as a response to the stress
induced change of band occupation, which can be estimated
by �c = −S33 ∗ �ne ∗ dEg

dη3 , where S33 is the elastic compli-
ance, �ne is the excited electron density, and dEg is the energy
gap between the initial and final excited electron state, η3 is
the strain [26,35]. In this approximation only the band energy
shift is considered whereas the change due to exchange-
correlation and dipole-dipole interaction are partially ne-

glected. The values of dEg,Co−Co

dη3
,

dEg, O−CoT

dη3
, and

dEg,O−CoO

dη3 are
2.2, −9.8, and −4.9 eV, respectively. The elastic compliance
S33 ≈ 10−2 GPa−1 is estimated from the C33 = 92 ∼ 106 GPa
(experimental data) [13]. The slopes of �c/�ne for three
CT cases estimated from the deformation potential are thus
−2.2(1.2), 9.8(11.1), and 4.9 (4.16), with the unit of 10−2

eV/GPa. The values in the brackets are the �−SCF results
derived from Fig. 4(b). It can be seen that the estimated
amplitude qualitatively agrees with the �-SCF results in the
O-CoT and O-CoO cases. It has the opposite sign in the Co-Co
case, which implies that the potential deformation effect is
due to other effects. In BiFeO3 and PbTiO3 structures, the
inverse piezoelectric effect plays an important part in the
photostriction [28,29]. While there is no piezoelectricity in
BM-SCO, the internal electric field could have a similar effect.
Electron transfer from CoT to CoO enhances the electric field
shown in Fig. 1(a), which could be the reason for the lattice
elongation. Also the electron-electron interaction could be
strong due to the Mottness.

In the light of the DFT simulation and the estimation
based on the experimental data, it is the CT of O-CoT or
O-CoO via photoexcitation that plays essential parts to the
photostriction. Moreover, it is more likely that the formation
of the antibonding state of the O 2p and Co 3d (CoT ) via
photoexcitation leads to the expansion of the Co-O bonds.
The electrons occupying the antibonding state would reduce
the energy gain by forming the Co-O bonds, leading to the
bond expansion. Indeed, we found that with the electron
transferring to the CoO (CoT ) state, the CoO-O (CoT -O) bonds
expand, as shown in Table II.

B. Thermal contribution

Then we evaluate the contribution of thermal expansion
in BM-SCO via εu = βeff ∗ �T , where �T is the transient
lattice temperature change and βeff refers to the effective
thermal expansion coefficient of BM-SCO [36]. To exper-
imentally determine the effective thermal expansion coeffi-
cient of the BM-SCO thin film, we first measured the Bragg
peak shifts of (008) reflection at different temperatures from
25 °C to 650 °C. The measured equilibrium linear expan-
sion coefficient is β is 1.96 × 10−5 K−1 [37]. However, the

effective expansion coefficient for the UXRD experimental
case is valid only if it is corrected according to the Poisson
effect. In the temperature-dependent XRD measurements both
the BM-SCO film and the LAO substrate were heated, but
only the thin film will be heated by the laser excitation in
the UXRD case. In this one-dimensional situation, the film
can only expand in the out-of-plane direction because of the
clamp effect induced by the substrate. The in-plane expansion
of the film is prohibited and the concomitant out-of-plane
contraction due to the Poisson effect vanishes, leading to an
underestimated out-of-plane strain than the equilibrium case.
The actual ultrafast strain should be larger by a factor of
( 2c13

c33
βin + βout ) [36], where c13 and c33 are components of

the elastic strain tensors, βin and βout are the linear expansion
coefficients along the in- and out-of-plane directions. Hence,
a more realistic expansion coefficient is obtained to be 5.79 ×
10−5 K−1, almost 3 (2.95) times larger than the equilibrium
case. Here we assume βin ≈ βout = 1.96 × 10−5 K−1.

The lattice temperature changes �T could be obtained
via �T = �Q/CpρD, where �Q, Cp, ρ, and D refer to the
deposited energy, specific heat, density, and film thickness,
respectively. From the microscopic point of view, only the
excessive energy of the excitation photons (Ea-Eg) will be
transferred to the lattice through electron-phonon interaction
and increase the thermal phonons population, thus to induce a
temperature increase �T. The calculation does not account
for the interband relaxation process, since the nonradiative
recombination is not the dominated process [17,22,26], as
indicated by the linear dependence of the strain on the fluence
[Fig. 2(d)]. Therefore, only part of the absorbed energy,
(Ea − Eg)/Ea, will be converted into heat and the transient
temperature increase is calculated by use of �T = Fabs(Ea −
Eg)/CpρDEg, where Fabs is the absorbed laser fluence and
could be obtained from the incident fluence Fp by Fabs =
Fp(1 − R)[1 − exp(−αD/ cos θ ] [17]. With the parameters
given in Appendix A, the temperature jump is calculated to
be 26.7 K for the 1.55 mJ/cm2, 3.1 eV pump pulses. The
corresponding thermal expansion is estimated to be 0.154%,
which stands for 38% of the total photoinduced strain of
0.404% at 150 ps time delay. Overall, the thermal expansion
introduced by the photoexcitation does play an important part
in the photostriction effect, but is still insufficient to account
for the actual magnitude of the observed strain, especially at
sub-100 ps time scales.

C. Screening of internal electric field

Another possibility is the modification of the internal elec-
tric field via the optical generation of CT in BM-SCO. Though
BM-SCO is nonferroelectric, there exists an electric field
pointing from (CoTO)+ layers to (CoO O2)− layers, due to
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the layered (CoT O)+−(SrO)−(CoO O2)− − (SrO) structure,
as shown in Fig. 1(a). The Sr2+ ions are attracted by the
(CoO O2)− layer, reducing the distance of Sr-Sr with CoO

(denoted as lO) and increasing the Sr-Sr distance with CoT

(denoted as lT ), resulting in an extremely large c/a in the
pristine BM-SCO film. The Sr-Sr distances along the c axis
are ideal to detect the change of the field. However, under this
scheme, the p-d (CoT ) CT will shrink the lattice along the c
direction, while p-d (CoO) CT will expand the lattice, incon-
sistent with our calculation where the p-d (CoT ) CT indicates
a much larger expansion than p-d (CoO) CT [Fig. 4(b) and
Table I]. Thus the photostriction in BM-SCO is not attributed
to the inverse piezoelectric effect.

D. High spin to intermediate spin crossover

We also calculated the structure of BM-SCO with high,
low, and intermediate spin state to see whether the spin
crossover effect can lead to a c-axis expansion. In the ground
state of the high spin state, the electronic configurations of
both the CoO and CoT ions are d5 ↑ d1 ↓; in the low spin
state, they become d3 ↑ d3 ↓. We found that the CoO ion has
an energy local minimum with d4 ↑ d2 ↓, whereas CoT will
stay high spin. The d-d charge transfer is from the occupied
minor spin channel to the unoccupied orbital in the same
spin channel. Since the major spin channel is fully occupied,
the spin crossover is not possible. Whereas the p-d transfer
would allow the spin crossover since the major spin channel is
hybridized with O 2p. A large c-axis elongation can be found
in the intermediate spin state due to the strong Jahn-Teller
effect of the state d4 ↑ d2 ↓ CoO (Appendix B).

However, we note that the characteristic oscillation fre-
quency of an ultrafast spin crossover system is generally on
the order of THz [24,37], inconsistent with our optical pump-
probe spectroscopy (which is only about 30 GHz). As a result,
the photoexcited spin crossover effect could be precluded for
the origin of giant photostriction.

IV. CONCLUSION

In summary, we combine the multitimescale UXRD ex-
periments and DFT computation to investigate the photoin-
duced strain in an oxygen-ordered SCO film. The giant lattice
distortion with a strong photon energy dependence has been
observed. This phenomenon is likely attributed to the pho-
toexcitation of bonding to antibonding state via CT, which

results in the bond expansion in the SCO unit cells. The
photoinduced thermal phonons can also contribute to the large
expansion. The integration of ps- and fs- UXRD measure-
ments, complemented by the recent application of �-SCF
calculations on simulating the photostriction effect, helps to
rejuvenate the photophysics research in functional materials.
The giant lattice distortion might be inherent for other oxides
with oxygen vacancies to induce large tetragonality. The ma-
nipulation of the supertetragonality via photoexcited carriers
may offer a promising route to tailoring the material properties
and functionalities such as piezoelectricity or electrostriction.
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APPENDIX A

The Appendix A summarizes the parameters of the BM-
SCO for the estimation of thermal contribution.

Incident laser fluence Fp 1.55 mJ/cm2

Reflectivity R (400 nm) 0.22 N.A.
Reflectivity R (800 nm) 0.1 N.A.
Film thickness D 46 Nm
Absorption coefficient α (400 nm) 0.034 nm−1

Absorption coefficient α (800 nm) 0.01 nm−1

Mott band gap Eg1 0.45 eV
Direct band gap Eg2 2.18 eV
Laser incident angle θ 45 degree
Density ρ 5.2 g/cm3

Thermal expansion coefficient β 5.79 × 10−5 K−1

Specific heat per unit mass c 0.5 J/(g ∗ K)

APPENDIX B

Lattice parameters of BM-SCO with various spin configurations.

Spin state a(Å) b(Å) c(Å) Volume (Å
3
) mCoT(μB) mCoO(μB)

High 5.3599 5.3599 15.9037 456.8856 2.86 2.91
Intermediate 5.3599 5.3599 15.9719 458.8451 2.87 2.24
Low 5.3599 5.3599 15.1620 435.5760 0.00 0.00
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