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The generation and propagation of photoexcited elastic waves in crystalline Ge,Sb,Tes were analyzed by
picosecond time-resolved x-ray diffraction using a femtosecond-laser pump and an x-ray free-electron laser
probe technique. The crystalline lattice anisotropically expanded initially in approximately 20 ps after the
excitation. This was followed by a periodic oscillation of the lattice strain. The elastic stiffness along the cubic
(111) direction had significantly softened during the initial expansion, and the strain magnitude was the largest
in the (100) and (110) directions. This indicates that femtosecond-laser excitation creates a shallower interlayer
potential between the Te and Ge-Sb layers and eventually leads to softening of the elastic stiffness along the
cubic (111) direction. Furthermore, this softened state increases the system’s sensitivity to an external stress
field. This residual internal stress in a thin film enhances the selective formation of a particular type of variant
during the symmetry change from cubic to rhombohedra. This causes the subsequent anisotropic expansion.
These phenomena are quite interesting and align with the ultrafast amorphization of this material.
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The early 1970s featured the demonstration of light-
induced rapid crystallization of amorphous semiconductor
films. In the beginning of the 1970s, Yamada et al. [1] pio-
neered the development of ultrafast phase-change materials—
GeSbTe intermetallic alloys. The pseudobinary system of
GeTe-Sb,Te; (GST) thin films, has led to the subsequent
development of consumer electronic products such as DVDs
and Blu-ray disks, creating a new generation of phase-change
optical disks. The reversible phase change between a crys-
talline and an amorphous phase in this system was achieved
through the irradiation of nanosecond laser pulses [2—6]. This
was accompanied by a drastic change in their optical reflec-
tivity. This phase-change process generally proceeds via ther-
mal melting. However, reflectivity has also been reported to
change at the subpicosecond scale by femtosecond-laser exci-
tation, indicating the possibility of an athermal phase-change
process from the crystalline to the amorphous phase [7]. A
picosecond-scale amorphization without undergoing a liquid
phase has also been suggested via ab initio calculation and
x-ray absorption spectroscopy [8]. It is essential to understand
such an ultrafast phase change to develop faster nonvolatile
memory devices. However, there is still an ongoing debate on
the mechanisms of the phase change.

Recently, time-resolved x-ray diffraction (TRXRD) with
x-ray free-electron laser (XFEL) demonstrated that a clear
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image of a rattling motion of the Ge atoms in the Te sublat-
tice was due to femtosecond-laser irradiation in GeTe-based
phase-change materials [9]. The rattling motion was associ-
ated with loss of resonant bonding [10,11] and ultimately, with
amorphization, provided that the fluence of the pump laser
was sufficiently large. Similar initial atomic displacements
of Ge atoms after femtosecond-laser excitation have also
been reported in a single-crystal film using TRXRD [12] and
time-resolved electron diffraction [13,14]. Such initial atomic
displacement is triggered by a change in the interatomic
potential by photoexcitation, which should also reflect the
change in elastic properties. Thus, the elastic properties in
the transient state following laser excitation are expected to
provide insight into the phase-change mechanism triggered by
the femtosecond-laser excitation.

Elastic stiffness is usually measured by acoustic and scat-
tering techniques, which use frequency domain. The ultra-
sonic pulse-echo method [15] and electromagnetic acoustic
resonance [16] are typically used to evaluate the elastic con-
stants, in which the resonant frequencies of a shaped sample
are measured. On the other hand, the x-ray or neutron in-
elastic scattering measurements provide a dispersion relation
of phonons, with which the elastic constants are also deter-
mined in the long-wavelength limit. These frequency-domain
approaches are very useful for the evaluation of the static
state. However, they are hardly applicable to transient-state
measurements such as ultrafast phase changes. Predicting the
elastic properties of an excited transient state using ab initio
calculations, such as density-functional theory, remains an on-
going challenge because of the inherent difficulty in treating
the excited state. Time-domain measurement is an alternative
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FIG. 1. Time-dependent x-ray powder diffraction patterns for (a) 111, (b) 200, and (c) 220 acquired from the thin-film Ge,Sb,Tes sample
after the femtosecond-laser irradiation. (d) Time-dependent strain of the thin-film sample after the femtosecond-laser irradiation. Solid lines
indicate the best-fit curves using a step function with oscillation and exponential decays as described in Eq. (1). The inset is a schematic
of the thin-film sample. (¢) Normalized strain of the thin-film sample at + = O ps (upper panel) and its first derivative (lower panel). Line
segments indicate the time region where the slopes were evaluated. (f) Time-dependent strain of the nanodot sample after the femtosecond-laser
irradiation. The insets are a schematic and scanning electron microscopy image of the nanodot sample. In (d), (e), and (f), the orange square,
green circle, and blue triangle correspond to the (111), (200), and (220) planes, respectively.

approach for evaluating elastic properties and/or the phonons
of the sample. This approach was realized by pump-probe
measurements, due to the emergence of an ultrashort pulse
x-ray source such as the XFEL. For example, Hayashi et al.
[17,18] reported that an acoustic pulse echo in a thick film of a
single-crystal semiconductor can be probed by TRXRD using
triple-crystal diffractometry to evaluate the strain component.
Furthermore, Trigo et al. [19] reported that the dispersion
relation of phonons can be evaluated from the time evolution
of the x-ray diffuse scattering after the femtosecond-laser ex-
citation. Thus, the time-domain measurement at the reciprocal
point, i.e., Bragg reflection, corresponds to the observation
of the phonons in the long-wavelength limit, i.e., the elastic
wave. Ultrafast TRXRD is therefore capable of monitoring
elastic stiffness of a material under photoexcitation in a certain
direction through the selection of the measured diffraction
indices [20].

In the present study, we conducted a pump-probe TRXRD
measurement in the reversible regime on polycrystalline GST
thin films to determine the elastic properties of the mate-
rial following femtosecond-laser irradiation. An X-ray pow-
der diffraction process enabled the simultaneous acquisition
of 111, 200, and 220 diffractions, allowing discussion on
the anisotropy of the elastic properties. The observed strain

oscillation was analyzed on the basis of a classical wave-
propagation description. The transient lattice deformation as-
sociated with a symmetry change from cubic to rhombohedral
was also discussed in light of the effect of stress bias on thin
films. This was done by comparing with the phase-change
material deposited on a nanodot substrate, in which the in-
plane stress is relatively low.

The thin-film [Fig. 1(d) inset] and nanodot samples
[Fig. 1(f) inset] were prepared by radio frequency magnetron
sputtering and subsequent heat treatment (refer to the Sup-
plemental Material [21] for details of sample preparation and
measurement). The nanodot sample was prepared to reveal
the effect of the sample morphology on the ultrafast lattice
deformation in the present study. Note that the nanodot sample
itself had been originally developed to increase recording
density by suppressing the thermal diffusion and utilizing
the plasmonic electric field [22]. The pump-probe TRXRD
measurement was performed at the BL3 beamline of SACLA
[23] in reflection geometry, in which the lattice spacing
change of the material perpendicular to the sample surface
was observed by XRD. This is in contrast to our previous
study with transmission geometry [9], in which the scattering
vector was nearly parallel to the sample surface. The three
XRD peaks of 111, 200, and 220 from the thin-film sample
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TABLE 1. Experimentally determined parameters for the re-
sponse to the femtosecond-laser excitation in the thin-film sample
and the direction dependence of the longitudinal elastic constant.
Those under the static state were obtained using XRD and ab initio
calculations [24]. The crystal density (o = 6300 kg m~*) was used to
determine the elastic constants.

State [111] [220] [200]
€exp (%) 1.02(5) 0.74(11) 0.586(9)
€osc (%) 0.4(11)  0.27(5) 0.25(5)
. Texp (X 10%ps) 1.8(4) 2.4(2) 2.6(2)
zi‘ztl‘l)g ’:;;e)d Towe (PS) 14(11)  1422)  13.1(2)
) Tose (ps) 24(13)  20.3(5) 19.3(6)
Cunnn) (GPa) 31(4) 43(2) 48(3)
Cukn/Crop  0.65(8)  0.90(7) 1
Photoexcited
. . Cii1/Cro0p 0.50(4)  0.98(7) 1
(initial expansion)
Static [24] Cunn (GPa) 29(4) 32(4) 41(6)
(experimental) C[hkl]/C[ZOO] 07(13) 08(14) 1
Static [24] Cunnn) (GPa) 41(3) 45(3) 58(4)
(calculation) C[hkl] /C[zoo] 070(7) 078(7) 1

initially shifted to a lower angle, accompanied by a decrease
in peak intensities immediately after the laser excitation until
~18 ps. Subsequently, the peaks showed an oscillation in
the scattering angles [Figs. 1(a)-1(c)]. This intensity drop
immediately after the near-infrared (NIR) —laser excitation
reflects the displacement of the atomic position from the
static state. We had previously found that the off-centered
rattling motion of the Ge and Sb atoms in the Te sublattice
and its accompanying increase in the Debye-Waller factor
consistently explained the orientational dependence of the
observed intensity changes in terms of change in the structure
factor of this material [9]. As such, this study focused on
the drastic peak shifts from ~4 to 18 ps and the subsequent
oscillations that were observed.

The strains along the (111), (200), and (220) directions
were evaluated by comparing the lattice spacing with and
without the NIR-laser excitation for both the thin-film and the
nanodot sample [Figs. 1(d)-1(f)]. Distinct oscillations were
observed in every direction for the thin-film sample, whereas
such oscillations were hardly observed in the nanodot sample
at the present signal-to-noise ratio [Fig. 1(f)]. The oscillation
observed in the thin-film sample involves the initial expansion
induced by the femtosecond-laser stimulation (€cxp), inertia
term (i.e., the strain amplitude) of the oscillation (€4 ), tWO
relaxation times for the oscillation (7.), thermal dissipation
(Texp)» and period of the oscillation (7). Thus, we fit Eq. (1)
to the photoinduced strain data (Table I):

t .
€ = {Eexp exXp <_ T ) + €osc Sll’l[27‘[ (t + tO)/nsc]
exp

X exp (— Tt‘ )}G(I), (1)

where ¢ is the time and 6(¢) is a smooth step function de-
scribed as erf (wexpt ) + 1.

The oscillation period of the 200 diffraction in the thin-
film sample was evaluated to 19.3(6) ps. This is in good
agreement with L/v;, = 16 ps, where L is the thickness of
the thin-film sample, i.e., 40 nm, and vy, is the longitudinal
sound velocity along the [200] direction, i.e., 2551ms~!,
calculated from an elastic constant of 41 GPa [24] and a
density of 6300 kg m~3. The numerical simulation using the
classical wave equation also reproduced the experimentally
observed strain oscillation qualitatively [21]. Thus, there is
evidence that this observed oscillation corresponds to the
elastic wave propagating in the thin film along the thickness
direction. Notably, a longitudinal wave was predominantly
observed in the present XRD because the scattering vector
was perpendicular to the sample surface. In contrast, distinct
oscillations were barely visible in the nanodot sample at the
present signal-to-noise ratio [Fig. 1(f)]. The lattice expansion
following photoexcitation indicates that the photoexcitation
also yields an accompanying elastic wave in the nanodot
sample. However, the elastic waves are considered to have
been generated at the top of the pillar and from the side surface
of the pillar, eventually scattering in the relatively complicated
morphology of the nanodot. This yielded the damped strain
oscillation when XRD observes the averaged strain in the
material. The speed of the initial expansion in the thin-film
sample depended on the crystalline orientation [Fig. 1(e)];
the lattice expansion of [111] was slower than those of the
other directions. Notably, the expansion magnitudes of the
thin-film sample were also dependent on the crystalline ori-
entation. This anisotropic expansion indicates the symmetry
change from the cubic to the rhombohedral structure by laser
excitation. Such anisotropic expansion was not observed in
the nanodot sample [Fig. 2(f)].

The dynamics of the photoinduced strain in the thin-film
sample were further modeled by one-dimensional wave prop-
agation along the thickness direction with a fixed end at one
end to evaluate stiffness under photoexcitation [21]. Based on
the solution of the wave equation in the present condition,
the velocity of the initial expansion was related to the elastic
constants from Supplemental Material Eq. S2 [21] as follows:

C
(€)/(eo) = LK1 1

, 2)
where (€) is the derivative of (€), i.e., d(€)/dt; (€) is the
averaged strain over the whole depth of the thin-film sample
observed by XRD; () is the averaged strain in the initial
state; Cyuyp 1S the longitudinal elastic constant of the [hkl]
direction; t is the time immediately after the lattice expansion;
and y is the constant coefficient independent of Cy; and 7.
The elastic constants were also calculated from the substan-
tially observed oscillation period, T, in the strain observed in

I'RXRD as
Ch = (3)
(k] 1 2 2n—1 ’

Thus, stiffness was evaluated at two time regions, i.e., the
initial expansion and the subsequent strain oscillation, and
its time evolution following femtosecond-laser excitation was
discussed. For the initial expansion, we evaluated Cjy;) imme-
diately after the femtosecond-laser excitation from the slope
of the normalized initial strain rate as described in Eq. (2).
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FIG. 2. (a) Structure of rocksalt Ge,Sb,Tes. The yellow and purple balls correspond to Te and a mixture of Ge, Sb, and vacancies,
respectively. The blue, green, and red arrows indicate the [100] and [110] ([110]) and [111]) directions, respectively. (b) Schematics of the
interatomic potential before (left) and after (right) the femtosecond-laser excitation. (c) Two different response modes to the femtosecond-laser
excitation in the phase-change material. The stress bias or strain constraint within the plane of the thin film forces the excited material to form
a single variant structure (right pink rhombus), whereas the lattice expands isotropically without any stress bias (left blue square).

On the other hand, we evaluated the stiffness in the following
time region from the substantially observed T using Eq. (3),
in which n values need to be determined by comparing the
oscillation period experimentally obtained with that estimated
from similar compounds.

The T value for the (111) direction was 24 ps (Table I),
whereas the Cjjyq; value of 29 GPa measured under a static
condition [24] yielded T values of 75, 25, and 15 ps for
the first, second, and third harmonics, respectively. Thus, the
predominant oscillation observed in the present measurement
was the second harmonics, and n = 2 was used in Eq. (3)
for the calculations of the other directions. The fundamental
wave, n = 1, and the higher harmonics, n > 3, were barely
observed because the period (72 ps) was much longer than
the decay time of the oscillation (14 ps) and because of the
small contributions from the higher harmonics, respectively.
The elastic constants at each orientation were calculated from
the oscillation periods determined by fitting the data, the
sample density of 6300kgm™, and the sample thickness
of 40 nm, where the SiO, cover layer was ignored in the
calculation because it was much thinner and lighter than the
GST film. Notably, the wave-propagation simulation based
on the determined elastic constants was consistent with the
experimental observation of the oscillation periods, which
validates the present discussion and the analyses [21]. Since
the grain size of GST in the film sample was evaluated to be
~30 nm from XRD while the thickness of the deposited film
was 40 nm, there should be a 10-nm-thick “interface layer”
of the polycrystalline GST in all orientations observed in the
present study. The sound velocity of the interface layer would
affect the observed oscillation period and the corresponding

elastic constants due to its different stiffness. Nevertheless,
the determined elastic constants for each orientation in this
study ranged between those obtained from XRD and ab
initio calculation of the static state (Table I) [24]. The ratio
of the elastic constants, Cyuk1/Cia001, Was also calculated to
compare the direction dependence of the stiffness (Table I,
oscillation). The ratio along the [111] and [110] directions was
slightly smaller and larger than those of the reported values
(Table 1, static), respectively, indicating a slight softening
along the [111] direction by photoexcitation. Note that the
ratios of the elastic constants are their upper limits as ratios
are always overestimated due to the interface layer with the
different stiffness [21]. Interestingly, the elastic constants at
each direction observed under the photoexcitation apparently
did not hold the relation under the cubic symmetry: Cjj11) =
(4C[110] - C[IOO])/3- The C[lll] of 31 GPa observed in this
study was much smaller than that estimated from the other
directions under the cubic symmetry, i.e., 41.3 GPa. This in-
dicates the significant softening along the [111] direction and
symmetry change as the precursor phenomena of the phase
change. The tendency along the [111] direction softening was
more significant immediately after photoexcitation, as per
the expansion speed with Eq. (2). The ratio along the [111]
direction significantly decreased and that along the [110]
direction slightly increased to that of [100] (Table I, initial
expansion). This indicates that the relative softening along the
[111] direction was due to the laser excitation compared to
that along the other directions.

The crystal structure of GST is a cubic rocksalt structure
and is also understood as a layered structure of Te and Ge
layers. The Ge layers consist of Sb and vacancy in addition to
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Ge, along the [111] direction [Fig. 2(a)]. The [111] and [100]
directions are exactly and partially along the stacking direc-
tion of the layer structure, respectively. These elastic prop-
erties would therefore be more sensitive to the interatomic
potential between Te and Ge/Sb than the other direction. In
contrast, the [100] direction is an in-layer direction, reflecting
the potential between the same or similar elements, i.e., Te-
Te and Ge/Sb/vacancy—Ge/Sb/vacancy. Thus, the significant
softening along the [111] direction after laser excitation can be
attributed to the change in the interatomic potential between
Ge(Sb) and Te because the stiffness reflects on the curvature
of the potential.

In the static state, Ge(Sb) atoms form six bonds with Te to
produce the Ge(Sb)Teg octahedron in the rocksalt structure.
The electron deficiency of Ge required to form the complete
six covalent bonds yields two types of bonds: three strong
bonds and three weak bonds. Consequently, Ge atoms are
slightly displaced toward one of the eight equivalent (111) di-
rections from the center of the octahedron. In contrast to GeTe
in which the Ge-displacement direction is ordered in a crystal,
Ge atoms in GST randomly occupy one of the eight equivalent
stable sites, and eventually are slightly off-centered in the
octahedron [25,26]. It has been reported that femtosecond-
laser excitation induces a significant displacement of Ge from
the stable site and, eventually, a rattling motion when the
Debye-Waller factor is increased [Fig. 2(b)] [9]. This obser-
vation also implies that femtosecond-laser excitation makes
the interatomic potential shallower to ease the atomic motion
on the bottom of the potential. Such potential change is also
expected to decrease the curvature of the bottom of the po-
tential, which is the stiffness along the [111] direction. Thus,
the present result is consistent with the previously reported
results of rattling motion and provides a macroscopic aspect
of the initial atomic motion induced by the femtosecond-laser
excitation. Based on the oscillation analysis of the stimulated
strain, this softening immediately relaxes after the initial
expansion within ~15 ps by transferring the energy from the
electron system to the lattice system.

The anisotropic expansion experimentally observed in the
thin-film sample [Fig. 1(d)] suggests that one type of (111)
variant dominates the others. However, it is naturally ex-
pected that eight equivalent (111) directions in a rocksalt GST
(variants) may equivalently expand in a photoexcited GST
lattice and eventually keep the cubic symmetry as seen in the
nanodot sample [Fig. 1(f)]. The XRD with a change in the
angle, x, between the scattering vector and the surface normal
of the thin-film sample indicates that the thin-film sample
has in-plane tensile strain within the film [21]. Furthermore,
similar anisotropic expansion was observed as the thermal
strain in the thin-film sample at the elevated temperature.
Here, the mismatch of the thermal expansion coefficients of a
Si substrate and GST caused biaxial compressive stress. Thus,
the present symmetry change from cubic to rhombohedral
is understood to be from the strain/stress bias as seen in

other systems [Fig. 2(c)]. The phase transformation proceeds
so that the system appropriately adjusts to the external field
[27,28]. The present anisotropic expansion itself is not a
peculiar characteristic of the laser excitation. However, the
magnitude of the anisotropy was significantly enhanced by the
femtosecond-laser excitation so that the thermal expansion is
hardly achieved, which could be a precursory phenomenon of
the ultrafast phase change in this material.

In summary, the transient change in the elastic stiffness of a
crystalline GST film immediately after femtosecond-laser ex-
citation was measured by TRXRD with an XFEL. Anisotropic
expansion followed by strain oscillation was observed in
cubic 111, 200, and 220 diffractions of the thin-film sample.
The elastic constants determined from the oscillation period
were in good agreement with those measured under the static
state. The orientation dependence of the initial expansion
velocity indicates a significant softening along the [111] direc-
tion immediately after the femtosecond-laser excitation, i.e.,
t < ~15 ps. This could be attributed to the nonthermal in-
teratomic potential change triggered by the femtosecond-
laser excitation, eventually leading to the reported initial
displacement and rattling motion of the Ge atoms. This soft-
ening rapidly relaxed during the period of the first elastic
wave propagation, and it lingered in the subsequent oscil-
lation with a smaller magnitude. On the other hand, the
anisotropic expansion indicates the symmetry change from
cubic to thombohedral, whereas the isotropic expansion was
expected because of the cubic symmetry. The strain/stress
bias due to the constraint from the substrate enhances the
growth of a certain variant of the rhombohedral crystal that
most efficiently relaxes the strain in the excited state. This
significant softening could be the initial stage of the ultrafast
structural change from the crystalline to the amorphous phase.
Subsequent variant-selected rhombohedral deformation could
affect the resultant phase-change behavior. The present time-
domain measurement enables monitoring the transient state
of the elastic properties, which can also be used as a powerful
tool for understanding other ultrafast phase transformations.
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