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We investigate the ultrafast lattice dynamics in BaFe,As, via time-resolved x-ray diffraction measurements
using an x-ray free-electron laser at SPring-8 Angstrom Compact free-electron LAser (SACLA). The profile
of the Bragg peaks substantially changes after strong photoexcitation, where the ¢ axis length of the lattice
initially contracts, followed by expansion. These ultrafast lattice contractions and expansions significantly
depend on the pump fluence, and it is suggested that a strong normal stress is applied along the ¢ axis. To
obtain a phenomenological understanding of the observed lattice dynamics, we performed calculations based on
a two-temperature model and an ultrafast thermoelasticity model. Our results showed that a steep gradient of the
electron temperature induced by photoexcitation generates a blast force, which acts as a strong normal stress.
We propose that a temporal stress can be applied by a strong optical pump, and this scheme can be another route

for the application of uniaxial stress to superconductors.

DOLI: 10.1103/PhysRevResearch.3.033222

I. INTRODUCTION

Ultrafast optical pulses have been intensively employed in
condensed matter physics to induce numerous exotic states
that can never appear under equilibrium [1]. Understanding
how the degrees of freedom of charge, lattice, and spin evolve
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by interacting with each other is the central element for ma-
nipulating a material of interest and to eventually develop
next-generation devices such as ultrafast quantum memory
or highly efficient optical switching. One of the topical and
interesting routes is to temporally engineer the lattice struc-
ture, by which photo-induced insulating [2], charge density
waves [3,4], and superconducting states [5,6] have been re-
ported. The underling mechanisms depend on combinations
of materials and profiles of the used optical pulses. For ex-
ample, photo-induced superconductivities were reported to
be achieved by resonantly exciting an infrared active phonon
mode, which is then transferred to a Raman active phonon
mode that is responsible for superconductivity through non-
linear intermode coupling [7]. Another example is found in
displacive excited coherent phonons, which are generated be-
cause of the instant change in the minimum position of a
free-energy curve in the lattice coordinates, where the initial
excitation of the electron system alters the lattice coordinates
via electron-phonon couplings [8]. Thus, ultrafast lattice de-
sign can be realized by various methods, and various schemes
are desired to realize wider and more flexible functionalities.

Regarding quantum materials, iron-based superconductors
provide particularly interesting playgrounds not only for their

Published by the American Physical Society
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yet unsettled superconducting mechanisms [9-14] but also
for exploring exotic electronic properties, such as electronic
nematicity [15-17] or crossover from the Bardeen-Cooper-
Schrieffer (BCS) regime to the Bose-Einstein condensation
regime [ 18-21]. These intriguing electronic properties emerge
through an interplay among the degrees of freedom of charge,
spin, and lattice. Therefore, modifications of a pure crystal,
such as intercalation of a spacer layer [22] or growth of
a single layer [23], can significantly increase the supercon-
ducting transition temperature (7). Especially for BaFe,As;,
controlling the lattice profile by isovalent substitution [24]
or physical pressure [25] substantially alters the electronic
properties, resulting in the emergence of superconductivity.
In this respect, photoexcitation has a strong advantage over
other techniques for ion-based superconductors because it
can instantaneously change the physical properties without
contact or fabrication. One of the most spectacular phe-
nomena is photo-induced superconductivity, which has also
been suggested to be realized in iron-based superconduc-
tors measured by time- and angle-resolved photoemission
spectroscopy (TARPES) [26,27]. In these studies, the lattice
modulation was found to play an important role for realizing
superconducting-like states, which strongly motivated us to
directly observe the lattice dynamics.

In addition to photo-induced superconductivity, photoex-
cited phenomena in iron-based superconductors have been
intensively studied. The key mechanism is the connection of
the electronic and magnetic properties to lattice modulations.
In photoexcited FeSe, significant energy shifts of the bands
due to the coherent phonons have been reported by TARPES
and by time-resolved x-ray diffraction (TRXRD) [28,29]. In
photoexcited BaFe,As,;, the temporal periodic formation of
spin density waves [30] or chemical potential control [31]
synchronized with lattice modulations after photoexcitation
have been reported. Thus, direct observations of the lattice
dynamics triggered by ultrafast photoexcitation is in high
demand to better understand and further explore unknown
photo-induced phenomena. Previously, coherent phonons [32]
and orthorhombic distortion [33] were reported in BaFe,As;
by TRXRD. In this work, we are interested in the change
of lattice constants and induced stress after strong excitation.
For this purpose, x-ray free-electron laser (XFEL) is a very
powerful tool because it can provide short pulsed photon flux
sources to achieve a time resolution better than the picosecond
order [29,34-36].

Here, we studied the ultrafast lattice dynamics of
BaFe;As, by TRXRD measurements using XFEL at
the SPring-8 Angstrom Compact free-electron LAser
(SACLA) [37]. We measured the time-dependent diffractions
for (00/) and observed the lattice contraction in the direction
of the ¢ axis immediately after photoexcitation followed by
expansion. These ultrafast lattice contractions and expansions
caused by normal stress along the ¢ axis direction significantly
depend on the pump fluence. To investigate the mechanisms
underlying these dynamics, we performed calculations
based on the combined simple models, which comprise a
two-temperature model and an ultrafast thermoelasticity
model. The initial lattice contraction is due to a strong blast
force, which is triggered by the prominent distribution of the
electron temperature along the depth direction, whereas the

MPCCD
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BaFe,As,

FIG. 1. Schematic diagram of the TRXRD measurements for
BaFe,;As,. An infrared (IR) pulse was used for the pump, and a hard
x-ray pulse (9.35 keV) obtained from a free-electron laser (FEL),
SACLA, was used as a probe to obtain the lattice diffractions from a
crystal lattice in a time-resolved manner. A two-dimensional detector
MPCCD was used to capture a diffraction image. The sample was
deposited on a MgO substrate, and the thickness was 250 nm.

lattice expansion is explained by the energy transfer of the
electron to the lattice systems. Furthermore, we showed that a
significant distribution of normal stress along the direction of
the ¢ axis can be temporarily achieved, in which the normal
stress is significantly enhanced near the surface. Although
similar phenomena to our finding may be observed for other
materials [38], we demonstrate the applicability of ultrafast
optical stress on an iron-based superconductor which has
a potential to show an enhanced superconductivity under
physical pressure. Our results suggest that photoexcitation
can be used as an alternative way to apply normal stress
on an ultrafast time scale without using static conventional
methods.

II. METHOD

Figure 1 shows an illustration of our experimental setup
for the TRXRD measurements. TRXRD measurements were
implemented as a pump-probe-type experiment, where in-
frared pulses were used for the pump, whereas hard x-ray
pulses of XFEL were used for the probe. All experiments
were performed at SACLA BL3. Infrared pump pulses were
obtained from the chirped pulse amplification Ti:sapphire
laser system with a center wavelength of 800 nm and a time
duration of less than 27 fs. For probe pulses, we used XFEL
in SACLA BL3, where the time duration is less than 10 fs,
and the center photon energy is 9.35 keV [39,40]. Owing to
the timing jitter of the XFEL, we typically achieved a time
resolution of a few hundred femtoseconds in the pump-probe
measurements, which can be improved by ~30 fs after timing
corrections are performed using the arrival-timing monitor
technique [41-43]. The available photon flux is on the order
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FIG. 2. (a)-(d) TRXRD image around the (008) Bragg peak. The vertical angle is measured with respect to the incoming x-ray beams.
The delay time between the pump and the probe, At, is indicated in each image. The pump fluence used was 16.7 mJ/cm?. The horizontal
whited-dashed lines correspond to the peak position at At = —50 ps. The vertical dashed-white line at Fig. 2(b) intersects the highest point of
the peak. (e)—(g) Difference images were obtained by subtracting the average image before the arrival of the pump. The red and blue colors

indicate an increase and decrease, respectively.

of 10'! per pulse, which enables us to obtain better signal-
to-noise ratio compared with the regular synchrotron with
using a slicing technique. For the detector, we used a multiport
charge-coupled device (MPCCD) to capture Bragg diffraction
peaks in two-dimensional images [44]. The lattice distance,
dnki, between successive crystallographic planes (hkl), is re-
lated to the diffraction angle 6y, by

2dhkl sin Qhkl = I’L)x, (1)

where n is a positive integer and A is the probed wavelength
of the x-ray. From the Bragg condition in Eq. (1), we can
obtain the relationship between the pump-induced changes in
the lattice distance Adjy; and the diffraction angle A6y, as

Adpg _ AOu
dhii tan Oy

@

In the case of (hkl) = (00!), we can obtain the length change
along the ¢ axis as Ad/d = Adyo;/dooi, where we define the
length of the unit cell along the ¢ axis as d. When the lattice
constant changes, unless the incident angle with respect to
the sample is correspondingly changed, Eq. (1) cannot hold,
and the diffraction peak should not be observed. However,
we could successfully observe the temporal change of the
diffraction peak. This should mean that Eq. (1) holds without
change of the incident angle for some reason.

Samples of BaFe,As, were deposited on a MgO substrate
by pulsed laser deposition [45]. The sample thickness was
250 nm. All measurements in this work were performed at
room temperature. The lattice parameters in the tetragonal
phase for BaFe,As; are a = 3.9625 A, ¢ =13.0168 A [46].

III. RESULTS

Figures 2(a)-2(d) show the TRXRD results for the (008)
Bragg peaks at the indicated pump-probe delays (At), where
the pump fluence is 16.7 mJ/cm?. The vertical angle is mea-
sured with respect to the incoming x-ray beams. As a result,
the change of measured peak denoted as A# in Fig. 1 is related
to the change of the diffraction angle A8y by AG = 2A0,.
To further clarify the pump-induced change, we also show
the difference spectra in Figs. 2(e)-2(g), in which we have
subtracted each spectrum by the reference spectrum averaged
before the arrival of the pump. After strong pump excitation,
the peak is broadened toward the lower vertical angle first (Az
= 30 ps), followed by broadening to both sides and shifting to
the lower side (Ar = 60 ps). At a relatively large delay time of
At = 150 ps, the peak becomes slightly narrower but remains
broadened toward the lower vertical angle. The change of peak
position is more clearly seen in raw data of Figs. 2(a)-2(d), in
which the horizontal white-dashed lines indicate the peak po-
sition before the arrival of pump. On the other hand, the peak
position is not clearly traced in difference images because
they are also influenced by the reduction of peak intensity
or broadening of the peak profile. These dynamics reflect the
significant lattice compressions and expansions along the ¢
axis in the ultrafast time scale, which is described below in
more detail.

To quantitatively evaluate the lattice dynamics along the ¢
axis, we examined the vertical profile intersecting the highest
point of the peak, shown as the white-dashed line in Fig. 2(b).
The red markers in Fig. 3(a) indicate the vertical profile of
the (008) Bragg peak at At = 30 ps. Note that the peak is
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FIG. 3. (a) The profile along the white-dashed line in
Fig. 2(b) for the diffraction image of the (008) Bragg peak at At
= 30 ps. Fitting was performed using a split pseudo-Voigt function
expressed by Eq. (3). (b), (c) Dynamics of the ¢ axis length and the
fitting parameters of w;, and w; corresponding to the peak widths at
the higher and lower angle sides, respectively. All of them are shown
as ratio of change.

asymmetric between lower and higher vertical angles with
respect to the highest point of the peak. To extract the center
angle of the peak, which is defined as the highest point of
the asymmetric peak, and the half-width at the half maximum
(HWHM) at the lower and higher angles, we fit the data by the
split pseudo-Voigt function [47], which is given as follows:

2

I=I0+A|©0 -6 - h
o |: ( 0)<7Ih(9_00)2+w2

_ 2
+ (1 — ) exp (—1n<2><9 wf") ))

2
+ O(6 — 9)(771

Wi
(6 — 60)* + w}

0 —0\>
+(1—m)eXp<—ln(2)< w,O) ))} 3)

where Iy and A correspond to the background level and peak
amplitude, respectively, and 1;(1 — »;) and n,(1 — n,) are the
weights of the Lorentzian (Gaussian) functions at the lower
and higher angles, respectively, with values of 0 < n;, n, < 1.
It should be mentioned that by using this function we can

obtain the center angles and widths at both the lower and
the higher angles even if the Bragg peak profiles appearing in
this work become asymmetrically distorted and substantially
change with delay time. We have also set the widths at the
lower and higher angles given by w; and wj, respectively, as
HWHMs irrespective of the values of »; and 7y, which also
change with delay time. The fitting result is shown by the blue
solid line in Fig. 3(a).

From the fitting results, we can obtain the time-dependent
6o, wy, and w;. We can also deduce the ¢ axis length change
as Ad/d from the time-dependent 6, using the relationship
in Eq. (2). Each parameter is plotted in Figs. 3(b) and 3(c)
as a function of the delay time. Because the hard x-ray pulse
probes the entire depth from the surface, the obtained values
of Ad/d, wy, and w; are averaged along the ¢ axis. Thus, from
the obtained values of wj, and w;, we can gain insights into the
inhomogeneity in the lattice spacing along the c axis. A larger
wy,; corresponds to a more inhomogeneous lattice spacing
distributed to smaller/larger d values. From Fig. 3(b), Ad/d
shows an interesting behavior; e.g., Ad/d first decreases at
At ~ 30 ps and then increases at At ~ 60 ps, followed by
strong damping to Ad/d ~ 0. These dynamics show that after
photoexcitation, the lattice contracts along the ¢ axis first and
then expands. By observing the dynamic behaviors of the peak
widths Awy,/wj, and Aw;/w; in Fig. 3(c), w; first increases,
followed by an increase in wy,. This behavior is most likely
the result of the shift to higher angles followed by the shift to
lower angles of the center position gy by comparing the delay
times at which the Aw;,/wy, and Aw;/w; reach the maximum
values. More specifically, the situation at At ~ 30 ps seems to
be corresponding to the lattice profile where the contraction
only occurs near the surface, while the lattice spacings apart
from the surface do not substantially change. After 100 ps, w;
remains high, which suggests that the distribution of the lattice
spacing becomes more inhomogeneous for larger d values.

Focusing on the behavior of Ad/d, we performed pump-
fluence-dependent measurements for multiple Bragg peaks.
Figure 4 shows a summary of the changes in the lattice
spacing Ad/d for the contraction at At ~ 30 ps and the
expansion at At ~ 60 ps. The full results for the fluence-
dependent Ad/d results are shown in Supplemental Figure
S1 [48]. Notably, the contraction and expansion occur at a
similar delay time regardless of the pump fluence or Bragg
peaks. As can be clearly seen, with increasing pump fluence,
both contraction and expansion become more pronounced. We
can further deduce the normal stress along the c axis, oger,
induced by lattice deformation, Ad/d, using the following
relationship:

E Ad 4
Odef = d s ( )
where E = 73 GPa is the Young modulus [49].

Regarding the photo-induced superconductivity, the previ-
ous report employs the infrared pulses of a few mJ/cm? [50]
while our work reached 10 — 30 mJ /cm?. In terms of the heat-
ing effect, the higher pump fluence is an obstacle to achieving
the photo-induced order. However, strong pulse excitation is
necessary to observe the change of Bragg peak because the
penetration depth for x-ray is larger than the sample thickness,
and the observed peak is averaged along the depth direction.
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FIG. 4. A summary of the ¢ axis length contraction (Ar ~ 30 ps)
and expansion (At ~ 60 ps) for multiple Bragg peaks as a function
of the pump fluence. The normal stress along the ¢ axis is obtained
from Ad/d using the relationship in Eq. (4).

For the time scale, the reported photo-induced superconduc-
tivities in cuprates are achieved within a few ps [50,51] while
our observation is on the order of 10-100 ps. However, the
long lifetime of iron-based superconductors of Fe(Te;_,Se,)
after photoexcitation was reported [27,52] owing to the indi-
rect semimetalic band structure which is a common profile in
iron-based superconductors. Thus, this material system may
be favorable for photo-induced change in the relatively longer
time scale.

As previously mentioned, the obtained Ad/d is averaged
in the depth direction. The obtained normal stress along the ¢
axis is also averaged, and we cannot determine the distribution
of o along the depth direction. In addition, the observed
dynamics of the ¢ axis length change do not simply show
monotonic behavior, and the behavior is rather complicated;
e.g., it first contracts and then expands. These complex behav-
iors mask our understanding of what happens temporally and
spatially after photoexcitation.

IV. SIMULATIONS
A. Overall

To gain insights into the mechanism of the observed
lattice dynamics induced by photoexcitation, we performed
simulations based on the combined models, consisting of

TABLE 1. Parameters for the two-temperature model.

C, 760 T, (J/m3K) [67]
G 2.0 x 10° J/m°K) [67]
K, 1.6 x 1073 T, (W/mK) [68]

a two-temperature model and an ultrafast thermoelasticity
model. The pioneering work for the dynamics of strain and
stress can be found in 1980s [53]. Since then, the above
models have been particularly employed in the field of laser
processing of metals [54-63]. We applied the slightly modi-
fied models to BaFe,As; and compared the results with the
experimental results.

B. Two-temperature model

First, we calculated the depth and temporal distributions
of the electron (7,) and lattice (7;) temperatures by solving
two-temperature models [64—66] as functions of time (¢) and
depth (x), as shown below:

T, a (. OT,
<K—> -G —T)+ S0, (5

o ox

e

x

oT;

C— =G(T. -1, (6)
ot

where C, and C; are the specific heats of the electron and
lattice systems [67], K, is the electron thermal conductivity,
and G is the coupling constant between the electron and lattice
systems. Each value of the parameters is shown in Table I. K,
is estimated from the electrical conductivity along the ¢ axis
using the Wiedemann—Franz law, where we set the resistivity
along the c axis, p. (300 K), as 1500 ;€2 cm [68]. G is related
to the Eliashberg electron-phonon coupling function A (w?) as
G = 31 {(w?)/mky [64]. We set A{w?) as 30 meV?, which is
consistent with a previous report measured by time-resolved
ARPES [66]. S(x, t) is the depth and temporal profile of the
laser pulses used, which is written as follows:

In21—R \? x
S(x,t) =Joy — exp |:— ln(2)<—> — —], @)
T tpXg Iy Xd

where Jo = 16 mJ/cm? is the pump fluence, R = 0.5 is the
reflectivity for a pump wavelength of 800 nm [69],7, = 13.5fs
is the time duration of the pump laser corresponding to 27 fs in
full width at half maximum, and x,; = 30 nm is the penetration
depth for the pump wavelength [31,70].

It should be mentioned here that most of the previous
works for ultrafast dynamics in iron-based superconductors
perform two- or three-temperature models without consider-
ing the depth profiles. In this work, we performed it including
depth profile by solving a set of diffusion equations, by which
we can reach the understanding of observed lattice dynamics.
We should also mention the other degrees which play impor-
tant roles in an iron-based superconductor. One of them is
a nematic order in this system. However, our measurements
are performed at room temperature, which is much higher
than the nematic phase-transition temperature of ~170 K [16].
We have thus neglected this effect in the model. Regard-
ing the time scale of the simulation, some previous works
report the relatively shorter time of a few ps is needed to
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FIG. 5. (a), (b) Calculation results for the depth and temporal
distributions of the electron (7,) and lattice (7;) temperatures based
on the two-temperature model. (c) Spatial distributions of 7, and T;
at several fixed delay time points. The upper, middle, and lower plots
at the depth of 0 nm correspond to 5, 20, and 100 ps, respectively.
(d) Temporal distributions of 7, and 7; at several fixed depth points.
The upper, middle, and lower plots at the delay time of 10 ps corre-
spond to 4, 50, and 150 ps, respectively.

complete the thermalization between the electron and the
phonon systems after the pump fluence of ~1mJ/cm? [66].
In this work, however, we excite with higher pump fluence
than 10 mJ/cm?, and thermalization takes more than 5 ps at a
depth of 4 nm as confirmed in Fig. 5(d).

Figures 5(a) and 5(b) show the calculation results of the
depth and temporal distributions of 7, and T7;, respectively. As
can be clearly seen, T, and 7; exhibit significantly different
behaviors. To understand these behaviors in more detail, we
show the depth and temporal distributions of 7, and 7; at sev-
eral fixed points of delay time and depth in Figs. 5(c) and 5(d),
respectively. From the depth profile shown in Fig. 5(c), T,
and 7; significantly increase near the surface, whereas they
do not noticeably increase in regions far from the surface. As
discussed later, the depth distribution of 7, generates a blast
force that triggers the initial lattice contractions. From the
temporal profile shown in Fig. 5(d), 7, immediately increases
at At ~ 0 ps, followed by a relatively slow decrease in 7,
and an increase in 7; occurring at At = 0-8 ps. After 8 ps, T,
and 7; reach the same value, and both gradually decrease to
300 K. Notably, T, and T; still remain around 1000 K near the
surface even at 100 ps, as shown in Fig 5(c). This behavior
is due to the relatively small value of the electron thermal

(a) Depth Direction (x)

t<0¢¢¢¢¢¢

v
r>0¢ 0 —O 0 Q O
- ~ J I\ ~ Y,
oU oU
oo >0 oo <0
10 20ISI 1 I 1 I 1 I 1
<P 50 ps (b)_

5ps-d 20ps e 1™
—E_ ] 1 ] 1 ] 1 ] , 110
0 50 100 150 200 250
Depth (nm)

FIG. 6. (a) Schematic diagram of the ultrafast thermoelastic-
ity model. The top configuration corresponds to the equilibrium
position, while the bottom one corresponds to the change after
photoexcitation. U denotes the displacement from the equilibrium
position. (b), (c) Calculation results of U and dU/dx with the ul-
trafast thermoelasticity model. The normal stress along the ¢ axis is
obtained from oU /dx using the relationship in Eq. (4).

conductivity used in the simulation, which is estimated by
assuming the Wiedemann—Franz law with a small electric
conductivity along the c¢ axis. We will briefly revisit this
counterintuitive issue later using different values for K,.

C. Ultrafast thermoelasticity model

Next, we discuss how the dynamical changes in the depth
and temporal distributions of 7, and 7; induce lattice dy-
namics. We performed calculations based on the ultrafast
thermoelasticity model [54,56,60]. Figure 6(a) schematically
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TABLE II. Parameters for the ultrafast thermoelasticity model.

0 6.48 x 10° (kg/m?) [71]
E 73 (GPa) [49]
a 2.5 x 1075 (K1) [72]

details the parameters used in the equations. They are ex-
pressed as follows:

U 90t 3, 5 U
= A (T -y — 8
P = TARE) vy, ®)
U
Ot = E _—Ol(Tl_TO) . (9)
0x

U is the displacement from the equilibrium position at 300 K,
p is the mass density [71], A is the blast force parameter,
and y is the phenomenological damping constant; oy is the
normal stress along the ¢ axis, where « is the thermal ex-
pansion coefficient [72]. Both the front and the back of the
crystal are allowed to move freely as the boundary condition.
Ty is the room temperature (300 K). As shown in Eq. (9), o
comprises two terms, where the first term is due to the lattice
deformation corresponding to Eq. (4) and the second term
denotes the thermal expansion. The reported value of each
parameter is shown in Table II. To obtain the best agreement
with the experimental results shown later, we set A = 600
J/m?*K?, and y = 5.0 x 10" kg/m’s; Ad/d corresponds to
dU/0x. The condition for expansion is dU/dx > 0, whereas
contraction occurs when dU /dx < 0, as shown in Fig. 6(a).
Figures 6(b) and 6(c) show the calculation results of the
depth distribution of U and oU /dx at several fixed delay time
points. As can be clearly seen, the c axis length first contracts
(0U/9x < 0) near the surface at At = 5-20 ps because of the
blast force, as previously reported for metallic crystals with a
thickness of several tens to hundreds of nanometers [61,62],
and then expands at At = 50-150 ps because of the distri-
bution of 7;. The elastic property is also seen in the initial
dynamics of dU/dx at At = 10-50 ps as the minimum posi-
tion propagates along the depth direction at the sound velocity

JVE/p =3.4nm/ps.

D. Depth integration

For comparison with the experimental results, we em-
ployed integrals along the depth direction for the calculation
results. We assume that the Bragg peak signal at depth x
has a Gaussian profile, the center of which is located at
dU (x)/0x with a width of Aw; Aw was experimentally de-
termined to be 2.2 x 1073 by taking the HWHM position
of the Bragg peak signal before the arrival of the pump as
Aw = AdHWHM/d = sin 90/ sin QHWHM — 1, where QHWHM is
the angle at the HWHM of the Bragg peak. Consequently,
the integral along the depth direction can be calculated as a
function of the distribution (w) as follows:

x=250nm w— U@\ ?
I(w) =/ W (x)exp (— ln(2)<—a)‘) )dx,
x=0 Aw

(10)
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FIG. 7. (a) Calculation results of the (00/) Bragg peak as a func-
tion of time. (b) Line profiles for several points of delay time of the
(007) Bragg peak. (c), (d) Calculation results for Ad/d and Aw/w.

where W (x) is the weight function. Because the penetration
depth of the x-ray probe pulse is much larger than the film
thickness of 250 nm, the weight function is assumed to be
independent of x, W (x) = const.

Figure 7(a) shows the time-dependent calculation results
of the (00/) Bragg peak as a color plot, and Fig. 7(b) shows
the line profile for several delay time points. At At = 50 ps,
the peak shifts to a lower value of w, followed by an opposite
shift to the higher value of w at At = 150 ps. By tracking
the peak value and width, we can observe the dynamical
behavior of Ad/d and Aw/w, as shown in Figs. 7(c) and 7(d).
To make a comparison with the experimental results more
clearly, we define Awy;/w in Fig. 7(d) as the width of the
higher and lower angle values, respectively, which are oppo-
site to the distribution of d. Although we cannot reproduce
the experimental data perfectly in the simple models used
in this work, the simulation results can capture the over-
all trends well. For example, Ad/d first shows a decrease
followed by an increase, which captures the experimental
behavior shown in Fig. 3(b). Notably, Aw;, and Aw; exhibit
a rapid increase at around 30-50 ps and then relax, as was
observed in the experiment. These results confirm that the
initial decrease in Ad/d is due to the blast force, whereas
the later expansion is due to thermal expansion after energy
transfer from the electron to the lattice systems. The residual
broadening, which is especially apparent in Aw; for a larger
delay time, reflects the inhomogeneous depth distribution
of T;.
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E. Follow-up

All parameters listed in Tables I and II are the values
reported at room temperature. However, it is not assured that
these values can be used in the nonequilibrium states, espe-
cially under the condition in which the electron temperature
is much higher than the lattice temperature. Among the pa-
rameters used in this work, the most uncertain point is the
assumption of the Wiedemann—Franz law for the electron
thermal conductivity, K,. Figure 5 shows both T, and 7; are
still in the range of 1000 K near the surface at 100 ps,
which is not a trivial situation. To determine how the value
of K, affects the depth and temporal behavior of 7,, T;, and
lattice dynamics, we performed the same simulation using
a constant value of K, = 50 W/mK. Calculation results are
shown in Supplemental Figs. S2-S4 [48]. We set A = 1000
J/m3K?, and y = 5.0 x 10" kg/m3s to obtain the best
agreement with the experiment. Note that the overall trend
can still be reproduced using K, = 50 W/mK. It is also worth
comparing the calculated lattice temperature with the melting
point of BaFe,As,, which was reported to be 1443 K [73].
In case of the maximum pump fluence of 25mlJ/cm? in
this work, the calculated lattice temperature near the sur-
face at 10 ps would reach above the melting temperature as
shown in Supplemental Figure S5 [48]. However, no laser
abrasion was confirmed in our experiment. This discrepancy
might be ascribed to the nonequilibrium condition, where
the lattice temperature only temporarily surpasses the melting
temperature.

Although the purpose of the simulation in this work is
not to perfectly or quantitatively reproduce the experimen-
tal observation but to capture the underlying mechanism
of initial contractions followed by expansions, it is worth
mentioning other effects that are not considered in the cal-
culations in this work. It is apparent that the presence of
a heat bath would result in a more efficient energy re-
duction from both the electron and the lattice systems.
In the calculation, we consider a closed system compris-
ing electrons and lattice systems. Another aspect is the
boundary condition. As mentioned in Sec. II, the Method
section, the sample was deposited on a MgO substrate;
therefore, the effects of the substrate and interface can-
not be ignored in the experiment. However, our calculation
treats the sample in a free standing condition. More rig-
orous computations [59,60] might be necessary to perform
to understand the time scale or dynamical behaviors of
the peak widths, which we did not discuss much in this
work. However, our model can successfully capture our
central findings, i.e., the initial contraction followed by
the expansions in BaFe;As;, which show the enhance-
ment of superconductivity under physical pressure. To this
end, our model is more cost effective for computing than
the previous work [59] and allows us to obtain detailed
information.

V. DISCUSSION

The immediate increase in the electron temperature and its
distribution along the depth direction generate a strong blast
force, which results in lattice contraction near the surface.

After transferring the energy from the electron to the lattice
systems, the gradient in the distribution of 7; along the depth
direction leads to the opposite normal stress that drives the
lattice to expansion. The most interesting aspect is the normal
stress instantaneously generated after photoexcitation at At ~
50 ps, as shown in Fig. 7(c), which was observed experi-
mentally at At ~ 30 ps, as shown in Figs. 3(b) and 4. By
raising only the electron temperature, which can be realized
in a nonequilibrium process, a blast force is generated to
produce uniaxial stress that is especially enhanced near the
surface. Thus, our work demonstrates that photoexcitation can
temporally induce strong uniaxial stress on an ultrafast time
scale.

Regarding superconductivity, high pressure is a very im-
portant tool for enhancing superconductivity, which has been
widely demonstrated in numerous superconducting materials,
including nonconventional [74] and high-temperature super-
conductors [75]. Based on the investigation of the roles
of the lattice and electrons under high pressure, we can
gain important knowledge for designing materials exhibit-
ing higher T;.. Recently, it was shown that superconductivity
can be achieved in lanthanum superhydrides above 260 K
at 180-200 GPa [76], which is in the vicinity of room
temperature. More recently, room-temperature (287 K) su-
perconductivity has also been reported in a carbonaceous
sulfur hydride at 267 GPa [77]. Dramatic enhancement of
superconductivity has also been demonstrated in iron-based
superconductors [25,78,79]. Ultrafast manipulation of high
stress in confined spaces can be an alternative route to design
exotic electronic and lattice structures that cannot be achieved
under static conditions and might be applied to enhance
superconductivity.

Although all reports achieved these results under hy-
drostatic pressure, note that uniaxial stress or anisotropic
strain can also considerably control the physical properties
of strongly correlated materials. For high-7, cuprate super-
conductors, by applying a uniaxial stress, a higher transition
temperature can be induced, and the sensitivity is found to be
highly anisotropic [80,81]. For iron-based superconductors,
anisotropic strain is used to tune the structural and nematic
transition temperatures, which has revealed the importance
of nematic fluctuation for the emergence of superconductiv-
ity [82,83]. In addition to the high-7, superconductivity, a
model unconventional superconductor, Sr,RuQO,4, was found
to exhibit a significantly sensitive response for the rise of
T. to the application of the uniaxial strain [84,85]. In this
respect, our work presents a new platform for studying the
uniaxial strain effect that can be achieved on an ultrafast time
scale. The combined ultrafast measurements using TARPES
for superconducting gap in addition to TRXRD measurements
will enable us to further elucidate the dynamical physical
properties.

VI. CONCLUSION

In summary, we investigated the photoexcited lattice dy-
namics in BaFe;As, by TRXRD using XFEL at SACLA. We
observed a significant lattice contraction which occurred at an
ultrafast time scale of At ~ 30 ps because of a blast force.
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Our findings can pave the way for the external stimuli to
investigate superconducting materials.
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