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Photoinduced phase transition (PIPT) involves substantial changes in both electronic and crystallographic
structures caused by electron excitations. Because PIPT is ultrafast and exhibits inhomogeneous behavior,
its fundamental processes, in particular, how the ultrafast dynamics of photoexcited electrons trigger lattice
deformation and the timescales involved, remain poorly understood. In this study, phase transition and its spatial
separation in organic charge-transfer complexes was investigated using photoemission electron microscopy with
femtosecond pulsed laser excitation. First, the thermally induced phase transition was confirmed by imaging
the morphology change and also by observing the change of spectral shape around the Fermi level. Second,
the escape time of photoexcited electrons or the heat generated by the laser pulses is estimated by observing
the morphology change depending on the laser repetition rate. Finally, the dynamics of the photoexcited
electrons and the subsequent morphology change are directly visualized. The results show that an anisotropic
morphology change is initiated following the accumulation of electrons in unoccupied states over approximately

a picosecond.

DOI: 10.1103/22k3-7nym

I. INTRODUCTION

In strongly correlated electron-lattice systems exhibiting
Mott, Peierls, or charge-ordering transitions, the electronic
properties can be changed significantly by external stimuli,
leading to phase and/or crystallographic transitions. When
such changes are induced by photoabsorption, the phe-
nomenon is known as photoinduced phase transition (PIPT)
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[1]. PIPT is an attractive phenomena because of its drastic
change of materials properties in an ultrafast timescale on the
order of femtoseconds to picoseconds, and can be used for
future applications such as ultrafast photoswitching devices
[2,3], ultrafast memory devices [4], actuators, and sensors
[5,6]. Although many studies have been conducted to un-
ravel the mechanism of PIPT, how the photoexcited electrons
trigger PIPT remains inadequately understood. This is primar-
ily because photoelectron emission experiments are generally
not feasible for insulators (see Fig. S1 of the Supplemental
Material [7]). Also, the timescale of these dynamics remains
unknown.

To clarify the PIPT phenomenon, ultrafast imaging tech-
niques have been developed and applied to inorganic materi-
als. Using dark-field transmission electron microscopy, Danz
et al. imaged the structural transitions in a 1T-TaS; film [8],
and using x-ray free electron lasers, Johnson et al. imaged
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phase transitions in a VO, film via coherent diffraction com-
bined with absorption spectra [9]. Also, the coexistence of the
metal and insulator phases in VO, on an ultrafast timescale
has been captured using time-resolved near-field microscopy,
which is sensitive to conducting electrons [10]. On the other
hand, there have been no reports of imaging PIPT in organic
materials despite their drastic crystallographic change (e.g.,
Refs. [5,6]), largely because of their low light-absorption
damage threshold and inherent softness, which makes them
susceptible to fragmentation upon substantial crystallographic
changes.

In this study, we performed femtosecond photoemis-
sion electron microscopy (fs-PEEM) experiments [11,12]
to investigate PIPT in an organic single crystal of
(EDO-TTF),PF¢, which exhibits strong electron-lattice and
electron-electron correlations; in this compound, EDO-TTF
(ethylene-dioxytetrathiafulvalene) is the electron donor, while
PFg is the acceptor. This organic single crystal undergoes first-
order metal-to-insulator transition driven by multi-instability
that involves mainly charge ordering, accompanied by a sig-
nificant volume change due to the molecular deformation
of EDO-TTF and unit-cell doubling at near room tempera-
ture (7.~ 279K) [13,14]. Using fs-PEEM, the dynamics of
photoexcited electrons and the subsequent PIPT, including
spatial phase separation and morphology change, were im-
aged with temporal and spatial resolutions of 100 fs and
100 nm, respectively. The underlying mechanism was ex-
plained by our ab initio simulations. After photoabsorption,
the photoexcited electrons relax into upper unoccupied states
(i.e., the o antibonding band that shapes the framework of the
molecule) within 1.3 ps via electron-phonon thermalization.
This accumulation of excited electrons induces an increase
in the internal energy, and the C=C bonds that connect the
sulfur rings at the middle of the EDO-TTF molecule are
stretched. This imbalance of the interatomic forces causes a
local structural transformation, such as flattening and trans-
lational motion of EDO-TTF and rotation of PFg, as also
observed previously [15]. This results in the band structure
turning into the metallic phase and a change in the volume.
Subsequently, the system enters a diffusive heating mode,
which lasts for longer than 20 ps.

Prior to the time-resolved experiments, the thermally in-
duced phase transition was visualized using PEEM to confirm
that the morphology change is a good indicator of the phase
transition. Furthermore, we have clarified that the phase tran-
sition can also be induced by accumulation of photoexcited
electrons by imaging the dependency of the volume change
on the laser repetition rate.

II. THERMALLY INDUCED PHASE TRANSITION

Figure 1 shows the phase transition process during cooling
of the (EDO-TTF),PFg single-crystal specimen. The exci-
tation source was a Hg discharge lamp (hv = 4.9eV), and
the specimen temperature was decreased gradually from 269
to 265 K over 300 s, with the PEEM images stored every
1 s (see Movie S1 in the Supplemental Material [7] for an
associated movie). Characterized by volume change or crack-
ing, the structural transition was observed at ca. 267 K, and
Figs. 1(a)-1(e) show representative images taken during the

transition; the relevant temperatures are shown at the top left
of each image. The transition temperature observed in this
experiment is lower than that reported in Refs. [13,14]. This
may be due to the following reasons. First, the temperature
sensor was not directly attached to the specimen, but rather
to a metal holder. Specifically, irradiation by a Hg discharge
lamp increased the temperature at the specimen surface, which
could not be monitored. Additionally, the effect of supercool-
ing should be considered; the lower cooling rate may have
caused the phase transition to occur at a lower temperature
(see Fig. S2 of the Supplemental Material [7]). At 266.96 K,
the specimen started to crack inhomogeneously, and the phase
transition was completed within a range of 0.1 K. Figure 1(f)
shows the change of photoelectron emission (PE) intensity in
the red and green rectangles marked in the PEEM images. The
PE intensity decreases when the cracking happens, indicating
the switch from the metallic phase to the insulator phase. The
sudden jump in PE intensity around 267 K could be due to PE
from the edges of the flakes, which is not related to the phase
transition.

Conversely, during the heating process, the phase transition
occurs at a higher temperature and over a broader tempera-
ture range (see Movie S2 in the Supplemental Material [7],
which was taken with an exposure time of 0.5 s for each
PEEM image and with the temperature increment set at ca.
0.04 K). Figure 2 shows representative PEEM images and the
change in the PE intensity. As the temperature increases, the
transition begins at ca. 282 K in discrete segments and ends
at ca. 290 K. Interestingly, the cracks nearly disappear and
become almost invisible at a spatial resolution of 100 nm.
The surface morphology closely resembles that one in the
image before cooling [Fig. 1(a)]. This morphology change is a
good indicator of the phase transition. A similar behavior but
strain-induced morphology change is observed in a VO, film
deposited on a TiO, substrate [16].

Phase transition is assessed by the anisotropic morphol-
ogy change. This organic crystal was grown in a barlike
shape with the stacking direction of EDO-TTF molecules on
the long side of the crystal (b axis) [17], and the cracking
cleaves across the EDO-TTF stacking column, i.e., in the
a—c plane. Figures 3(a)-3(c) are the PEEM images taken
from movie2_inc.mp4 at different specimen temperatures of
288.06, 289.38, and 289.86 K, respectively. For each image,
the PE intensity profiles along the line A-B (parallel to b axis)
and the line C-D (perpendicular to b axis) drawn in the PEEM
images are shown in Figs. 3(d) and 3(e) in the corresponding
colors. The black arrow in Fig. 3(d) indicates the position
of the crack indicated by the black arrow in Fig. 3(a); this
crack is brighter in Figs. 3(a) and 3(b) but darker in Fig. 3(c).
Referencing this crack, the length along the b axis shrinks with
increasing temperature. The movements of the cracks on both
sides of the flake are indicated by the red, green, and blue
arrows in Fig. 3(d). These two cracks are indicated with the
white arrows in Fig. 3(b). While the groove is open in the
low-temperature (LT) phase in Fig. 3(a), leading to a dark
contrast at the flake edges that corresponds to around 2 um
on the horizontal axis of Fig. 3(b), the groove is closed in
Figs. 3(b) and 3(c), exhibiting a bright contrast instead. The
width of the flake, left-hand side of the black arrow, shrinks
from ca. 6.6 to 6.3 um from Figs. 3(a) to 3(b), which is as
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FIG. 1. Phase transition during cooling. PEEM images were acquired with an exposure time of 1 s while cooling the (EDO-TTF),PF¢
single crystal from 269 to 265 K (see Movie S1 in the Supplemental Material [7] for an associated movie). The excitation source was a Hg
discharge lamp (hv = 4.9¢eV), and the white bar corresponds to a length of 10 um. During cooling, the crystal cracked at ca. 267 K because
of the volume change, whereupon the phase transition occurred. Panels (a)—(e) show representative PEEM images during the transition, and
panel (f) shows the temperature dependence of the average PE intensity in two regions indicated by the red and green boxes deduced from the

PEEM images.

large as ca. 5%. On the other hand, neither expansion nor
shrinkage was observed along the cracks (a axis), according
to the intensity profiles along line C-D. The relatively large
volume change compared with the lattice constant changes
observed in Refs. [13,15] may arise from the higher transition
temperature compared to the slow temperature increase. The
phase transition took place at 290 K, which is approximately
10 K higher than the one reported in Refs. [13,14]. Further-
more, the inhomogeneity of transition temperature through
the surface, and perhaps also in the depth direction, can be
one reason of this inconsistency. Shrinkage by the transition
of one part of the surface may widen cracks on another part
where the transition does not occur yet. This behavior is
actually observed in Movie S2 of the Supplemental Material
[7]. The thermal hysteresis based on Figs. 1 and 2 is shown
in Fig. S2 of the Supplemental Material; this resembles the
hysteresis examined with the static magnetic susceptibility
reported in Refs. [13,14]. Notably, this thermal hysteresis is
repeatable.

III. ELECTRONIC STRUCTURES
OF THE LT AND HT PHASES

Figures 1 and 2 show that the PE intensity changes during
the transition, and below we explore the origin of this behavior
both experimentally and theoretically.

To elucidate the energy dispersion around the Fermi level,
PEEM images were acquired while sweeping the photon en-
ergy from 4.0 to 4.8 eV in steps of approximately 8 meV (see
the Appendices A and B for details). Figure 4(a) shows spectra
(PEEM intensity versus photon energy) measured at different
specimen temperatures: 180, 258, and 300 K. In the LT phase
at 180 K (green plot) and 258 K (red plot), the spectra are
similar, both exhibiting a PE threshold of ca. 4.7 eV extrapo-
lated from the linear region. In contrast, the spectrum for the
high-temperature (HT) phase shows a different PE threshold
at ca. 4.4 eV determined by linear fitting. This ca. 0.3 eV is
consistent with the shift of the charge-transfer band observed
in the infrared absorption spectra in Ref. [18]. The larger PE
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FIG. 2. Phase transition during heating. PEEM images were acquired with an exposure time of 0.5 s while heating the (EDO-TTF),PF¢
single crystal from 280 to 292 K (see Movie S2 in the Supplemental Material [7] for an associated movie). The excitation source was a Hg
discharge lamp (hv = 4.9eV), and the white bar corresponds to a length of 10 um. Panels (a)—(g) show representative PEEM images taken
during the transition, and panel (h) shows the temperature dependence of the average PE intensity in the red and green boxes deduced from the

PEEM images.

intensity in the HT phase shown in Figs. 1 and 2 could be due
to this additional PE from the tail part of the blue spectrum in
Fig. 4(a).

Next, we sought to reproduce the spectra by means of
first-principles calculations. The atomic configurations in the
LT and HT phases [Figs. 4(c) and 4(e)] were obtained from
density functional theory (DFT) calculations with the gener-
alized gradient approximation (GGA) using experimentally
determined lattice vectors [13], and the results were suffi-
ciently close to the experimental observations. Using these
configurations, the band dispersions and the DOS were calcu-
lated as shown in Fig. 4(b) for the LT phase and in Fig. 4(d) for
the HT phase. The optimized atomic positions in the LT phase
reproduce the charge density wave (CDW) electronic states
in the GGA-PBE (Perdew-Burke-Ernzerhof) simulations. In
the metallic band structure of the HT phase, the ¢; band
crosses the Fermi energy, and a finite DOS at the Fermi energy
contributes to tail states in the spectrum in Fig. 4(a). On the
other hand, in the LT phase, EDO-TTF molecules are bent
and @; in the HT phase splits into ¢; and ¢,. This results

in an opening of the gap at the Fermi energy, causing the
tail to disappear in the spectrum. In this phase, among the
low-energy bands, only the ¢; band is unoccupied, while the
©2, @3, and @4 bands are fully occupied. According to our
simulation and Fig. 3 in Ref. [19], electrons in the ¢4 and ¢3
bands contribute to dimerization at LT. While in the ¢, band,
electrons having larger amplitudes in the bent molecules than
the flat molecules contribute to form the charge order. In the
DFT simulation, however, due to low reproducibility of the
short-range correlation effects, the charge order is only par-
tially reproduced. Above ¢, there is an energy splitting on the
order of 1 eV below the next excited state represented by ;.
This band is a o antibonding band. When the electrons occupy
this band, molecular deformation occurs. Three-dimensional
maps of charge distributions (wave function profiles) for v,
1, ¥2, ¢3, and @4 are provided in Fig. S3 of the Supplemental
Material [7] to visualize contributions to molecular bonding.
Another dominant crystallographic change from the LT to HT
phase is the rotation of PFg molecules, which is a result of the
volume change as shown in Figs. 4(c) and 4(e).
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FIG. 3. (a)-(c) PEEM images acquired at sample temperature of 288.06, 289.38, and 289.86 K, respectively; the scale bar in panel
(c) applies to all panels. (d) Intensity profiles along A-B in panel (a) to estimate the flake size. The black arrrow at 9 um corresponds to
the crack marked by the black arrow in panel (a). The flakes are ca. 6.6 um wide in panel (a), shrinking to 6.3 um in panel (c), a shrinkage of
ca. 5%. (e) Intensity profiles along C-D in panel (a). No expansion or shrinkage was observed parallel to the crack.

IV. LIFETIME OF THE PHOTOEXCITED STATES

The crystallographic and electronic structures can also be
modulated by photoirradiation. Figure 5(a) is a PEEM image
obtained using a Hg lamp in the LT phase at 271 K, and as
can be seen, the specimen was broken into micrometer-scale
flakes. Upon laser irradiation with the parameters of 200 fs
width, 1028 nm wavelength, 20 kHz repetition rate, and the
fluence of 5 mJ/cm?, the cracks are shrunk corresponding to
the transition to the HT phase [Fig. 5(b)]. Compared with the
temperature-dependent experiments reported in Figs. 1 and 2,
the incomplete gap annihilation suggests the partial residue of
LT phase especially in the underlying layers beyond the light
penetration depth. The pumping wavelength corresponds to
the charge-transfer gap observed in the optical spectra from
Ref. [18]. Movie S3 in the Supplemental Material [7] was
taken while the laser was switched on and off repeatedly,
with an exposure time of 0.5 s per image. The pulse-to-pulse
interval of 50 us was too short to evacuate the photogenerated
electrons, and this caused the specimen to remain in the HT
phase while laser is on (see below).

To investigate PIPT, we captured PEEM images by a
Hg discharge lamp during laser-pulse irradiation using the
same laser source as that for Fig. 5(b) (pulse width: 200 fs;
wavelength: 1028 nm, fluence: 5mJ/cm?) but varying the

laser-pulse repetition rate in order to estimate the escape time
of the photoexcited electrons and/or the heat. The repetition
rate was adjusted from 20 kHz (which is sufficiently high for
photogenerated electrons to accumulate) down to 0.05 kHz
with the fluence kept constant. Subsequently, the laser shutter
was closed at file number 230 and reopened at file number
260 at a rate of 10 kHz. The correspondence between file
numbers and the repetition rate can be seen from Fig. 5(i).
Figures 5(c)-5(h) show six PEEM images with the file number
and the repetition rate from Movie S4 in the Supplemental
Material [7]; as can be seen, by reducing the repetition rate
from 20 kHz [Fig. 5(c)] to 0.1 kHz [Fig. 5(g)], the cracks
widened. Figure 5(i) shows the repetition-rate-dependent PE
intensity in the five regions marked in the PEEM images. With
decreasing repetition rate, the PE intensity decreased because
less electrons were accumulated, and this behavior is particu-
larly evident in region 5 (black rectangle). Also, the decrement
of the PE intensity is observed when the phase transition from
the HT to the LT phase occurs in the regions 2 and 4. In the
area around region 2 (green box), the specimen cracked when
the repetition rate was changed from 0.2 to 0.1 kHz (at file
number 190), and also the PE intensity decreased because of
changes in the electronic structure, as observed in Figs. 1 and
2. Similarly, in region 4, the PE intensity decreased when
the repetition rate was changed from 1 to 0.5 kHz. These
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FIG. 4. (a) Spectra at 180, 258, and 300 K obtained by acquiring PEEM images while sweeping the photon energy from 4 to 4.8 eV in
steps of approximately 8 meV; the PE threshold changed from 4.7 eV in the LT phase to 4.4 eV in the HT phase. (c), (¢) Atomic configurations
in the LT and HT phases obtained from calculations based on density functional theory with the generalized gradient approximation using
experimentally determined lattice vectors, respectively [13]; the unit cell contains four EDO-TTF molecules in panel (c) and two in panel (e).
(b), (d) Band dispersions and density of states (DOS) in (b) LT and (d) HT phases as simulated by first-principles calculations.

observations confirm that electron accumulation induces the
phase transition, indicating that the transition can be con-
trolled not only by temperature but also by photoirradiation.
In this region, the morphology change was evaluated as shown
in Fig. S4 of the Supplemental Material [7]. Changing the
repetition rate from 0.2 to 0.1 kHz meant fewer accumu-
lated electrons; therefore, when switching to the LT phase,
the specimen expanded along the b axis, consistent with the
thermally induced transition. The lifetime of photoinduced
metallic phase varied from 1 to 5 ms (at most, 10 ms) across
the different regions, and the transition was not homogeneous
across the sample surface.

V. IMAGING ULTRAFAST PIPT

In this section, we show the results of imaging the phase
transition induced only by the dynamics of the photoex-
cited electrons rather than by a thermal process. The phase
transition in (EDO-TTF),PFg results in the volume change
associated with the crystallographic structure change (bend-
ing or flattening of EDO-TTF molecules). Although this is
a small crystallographic change, it has been measured by
x-ray crystal structure analysis (using x-ray diffraction) [13].
Electron diffraction experiments in the time-resolved mode
can observe the time-dependent charge-order melting process
on a femtosecond timescale, but the number of diffraction
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FIG. 5. Repetition rate dependence on phase transition: (a), (b) PEEM images obtained using a Hg discharge lamp with the pump laser on
or off (wavelength: 1028 nm; repetition rate: 20 kHz); (c)—(h) representative PEEM images from the movie made while the laser repetition rate
was changed from 20 to 0.05 kHz, after which the laser shutter was opened and closed with a repetition rate of 10 kHz (see Movie S4 in the
Supplemental Material [7]); and (i) variation of the PE intensity in the five rectangular regions in the PEEM images. The sample temperature

was 271 K.

data was not sufficient to capture small structural changes
[15]. Also, the inhomogeneous nature of PIPT impedes sig-
nal detection, hindering the observation of volume changes
essential for sensor and actuator applications. Therefore, we
conducted PEEM experiments with an optical pump-probe
scheme (time-resolved PEEM, TR-PEEM) to visualize the
dynamics of the photoexcited electrons and the subsequent
morphology change in real space.

Time-dependent PEEM images were acquired at a sample
temperature of 268 K and in the time domain from —2 to

4 ps in steps of 0.1 ps; the repetition rate was 2 kHz by
considering the results in Fig. 5 to have sufficient photoemis-
sion signal. While it is too short to suppress the accumulation
of excited electrons, the relaxation to the metallic state was
observed with this condition (see the last paragraph in this
section). Figures 6(a)-6(e) show five images acquired at var-
ious pump-probe delay times (At = —1.4, 0.1, 0.8, 1.5, and
4.0 ps); these images were divided by a PEEM image cap-
tured at Ar = —1.5 ps in order to emphasize the morphology
change. At Ar = 0.1 ps [Fig. 6(b)], a brighter region with a
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FIG. 6. Imaging of ultrafast PIPT in time-resolved PEEM experiments. The probe pulse had an energy of 4.55 eV, which was sufficient to
induce PE from the HT phase, as indicated by the black arrow in Fig. 4(a). The pump pulse had an energy of 1.2 eV, and its size is 80 um in
diameter, which is estimated as 20, where ¢ is the standard deviation obtained from a Gaussian fit to panel (b). The sample temperature was
268 K, being in the LT phase. The repetition rate was 2 kHz to ensure a sufficiently long pulse-to-pulse interval. At was swept from —2 to 4 ps
in steps of 0.1 ps. (a)-(e) PEEM images acquired at Ar = —1.4, 0.1, 0.8, 1.5, and 4.0 ps, divided by PEEM image acquired at At = —1.5 ps;
the scale bar in panel (a) applies to all panels from panel (b) to panel (e). (f) Variation of the PE intensity normalized to the unpumped PEEM
image as a function of At (red data points); the black curve is a numerical fit with the convolution of two exponential functions and a Gaussian
function with a full width at half maximum of 400 fs (corresponding to the convolution of the pump and probe pulses).

diameter of about 80 um appeared within the 130 um PEEM
field of view. This spatial profile corresponds to the shape
of the pump pulse (i.e., the distribution of excited electrons)
on the specimen surface. The red plots in Fig. 6(f) show the
evolution of PE intensity with A¢. The numerical fitting using
the convolution of a double-exponential function and a Gaus-
sian function with a full width at half maximum (FWHM)
of 0.4 ps yields time constants of 7; = 0.44 & 0.35 ps and
7y = 3.2 £ 3.6 ps (the black curve). The faster dynamics cor-
respond to the electron-lattice thermalization in the excited
states, which completes at ca. at 1.3 ps, indicated by the black
arrow in Fig. 6(f). Interestingly, the PEEM images start to
change after this electron accumulation. This could be due
to the change of surface potential induced by the change of
charge density distribution and interatomic energy discussed
in Sec. VI and also in Ref. [15]. The second time constant is

assumed to be long, on the order of 20-100 ps, as observed
in Refs. [15,18]. The plot in Fig. 6(f) lacks fitting accuracy
due to a low signal-to-noise ratio after thermalization. Indeed,
the chi-square value remains nearly unchanged even when
the second time constant is varied longer than 3.5 ps up to
100 ps. Movie S5 in the Supplemental Material [7] shows the
dynamics of morphology change together with the dynamics
of photoexcited electrons [Fig. 6(f)].

As shown in Fig. 5, the phase transition caused by elec-
tron accumulation varied from flake to flake, and the cracks
were not completely closed. Figure 7 highlights the ultrafast
volume change focusing on one region. Figures 7(a)-7(c)
show TR-PEEM images at At = 1.2, 1.5, and 1.8 ps, re-
spectively. Figures 7(d) and 7(e) show the intensity profiles
obtained from Figs. 7(a)-7(c) along lines A-B and C-D in
Fig. 7(a). The molecular stacking axis extends along the b axis
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FIG. 7. (a)~(c) TR-PEEM images at Ar = 1.2, 1.5, and 1.8 ps extracted from the experiment in Fig. 6 but without division by image at
—1.5 ps. (d), (e) PE intensity profiles along lines A-B and C-D extracted from panels (a)—(c). The lines are indicated in panel (a). The crack
indicated by the orange arrows in panels (a) and (b) appears as a dip in the PEEM intensity, as indicated by the orange arrow in panel (d).

ca. 1% (~50nm) in 1.2-1.5 ps. Such large morphology
changes induced by optical excitation have been reported in
Refs. [20-22], which generates broadband phonons and leads
to mechanical stress. Then, the structure relaxed slightly after
At = 1.5 ps, with no recognizable motion up to 4 ps in the
time window. This slower dynamics corresponds to the diffu-
sive heating, which is also the so-called transient intermediate
state in Refs. [15,18]. In this transient state, the large charge
fluctuations screen the intermolecular forces, and the electron
and lattice dynamics are locked. Note that the spatial resolu-
tion did not deteriorate during the time-resolved experiments,
indicating that the pump-pulse irradiation triggered the phase
transition in the flakes and the dynamics were reproduced by
each pump pulse.

Further experiments were performed with a lower pump
fluence (ca. one-third). The thermalization of the photoexcited
electrons was 400 fs, but the relaxed electrons did not cause
the system to enter the transient intermediate state. Therefore,
the decay with the longer timescale was not observed, nor was
any structural change (see Movie S6 in the Supplemental Ma-
terial [7]), and the energy accumulated by each single pump
pulse was insufficient for PIPT. In another experiment with a
higher repetition rate of 20 kHz and the same pulse fluence
as in the experiments in Fig. S5 of the Supplemental Material
[71, the electron dynamics with the fast and slow decays were
observed, but not structural dynamics (Figs. S5-S7 of the Sup-
plemental Material, but only a slight motion as marked with
the yellow ellipse in Fig. S7(f) of the Supplemental Material
[7]). The pulse-to-pulse interval was too short for the system
to relax, as examined in Fig. 5. These experiments confirmed
PIPT in this compound and the presence of a threshold fluence
between 1.7 and 5mJ/cm? at a wavelength of 1028 nm with
400 fs pulse width.

VI. SIMULATING PIPT

Here, we use first-principles calculations to explain the
mechanism for the huge and ultrafast volume change of
(EDO-TTF),PF¢s. The band structure and DOS of the LT
phase are shown in Fig. 4(b) and again in Fig. 8(a). In this
phase, ¢», @3, and ¢4 are filled with electrons, and the system
is stable. We now move one electron from ¢, to i ca. 1 eV
above the Fermi energy in order to demonstrate photoexcita-
tion [Fig. 8(c)], and then the system becomes unstable. ¢, is
the highest occupied molecular orbital (HOMO) contributing
to form the charge density wave, and v, is the o antibond-
ing bond, which shapes the framework of the molecule. To
obtain the charge distribution n(r) of excited electrons in a
unit cell, we used a Gamma-point-only simulation; by fix-
ing the electron occupation representing the charge-excited
state (i.e., an electron in | and a hole in ¢,), we evaluated
changes in n(r). As can be seen, there is no drastic change
in the band structure from Figs. 8(a) to Fig. 8(c). However,
the elements change regarding the electron contributions for
the interatomic forces, and the residual forces appear instan-
taneously after photoexcitation. Consequently, the molecules
store the internal energy, as indicated by the green arrows in
Fig. 8(d). The most dominant force is to stretch the C=C bond
connecting the sulfur rings at the middle of EDO-TTF. This
energy is dissipated in the molecule and induced molecular
motion such as flattening and sliding EDO-TTFs and rotating
PF¢, as observed in Ref. [15].

The excitation of the internal energy was observed ex-
perimentally by means of time-resolved measurements of
vibrational spectra. According to Matsubara et al., the charge-
ordering transition happens within 40 fs [23]; the subsequent
energy relaxation excites the inter- and intramolecular vibra-
tional modes within 100 fs to 1 ps, and this results in the
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FIG. 8. Simulating PIPT by means of first-principles calculations: (a) band structure of the LT phase [same as Fig. 4(b), but only two EDO-
TTF molecules are shown]; (c), (d) band structures just after photoexcitation and recombination, respectively; and (b), (d), (f) crystallographic
structures [the green arrows in panel (d) indicate generated interatomic force vectors].

broadening of the vibrational spectra [24]. This appeared as
the internal energy in our calculations, and this internal energy
may initiate the volume change, i.e., PIPT.

The above suggests modification of the crystallographic
structure in the excited state. Therefore, it was possible
to determine the optimized atomic arrangement with the
electron-hole pair, and the relaxed structure shown in Fig. 8(f)
was obtained from calculations with the excited electron
configuration. The internal energy induces molecular defor-
mations. One of them is flattening the EDO-TTF molecules,
which works as the dominant mechanism to induce the metal-
lic band structure [Fig. 8(e)]. After the instantaneous volume

change, the electron-hole pair recombines, and the system
relaxes energetically to the transient intermediate state.

The validity of this picture is confirmed by calculations
that take into account corrections for intermolecular van der
Waals forces in addition to the volume changes, the so-called
wannirization. We used GGA-PBE with the DFT-D3 correc-
tions [25,26]. Structural relaxation calculations for the excited
state with doubled CDW period confirm that metallization
occurs with volume reduction, which generates lattice distor-
tion, even when the excited electron density is halved. The
results of the wannierization are shown in Fig. S8 of the
Supplemental Material [7].
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Wannierized ¢; and ¢, bands of the LT phase [Fig. S8(b)
of the Supplemental Material [7]] suggest a mechanism of
the deformation of EDO-TTF molecules caused by the CDW
formation. The Wannier orbital of this isolated ¢ band indi-
cates an intermolecular antibonding character [Fig. S9(a) of
the Supplemental Material [7]]. The orbital is well localized
in a bent bimolecular pair [Fig. S9(b) of the Supplemental
Material [7]]. In the CDW phase that occurs at 3/4 filling,
local molecular distortion happens inside the crystal as a re-
sult of electron occupation of the intermolecular antibonding
orbitals. In other words, in the LT-CDW phase, when two
neutral molecules form a pair, the 7 bond between them
weakens, and the five-membered ring in one of molecules
becomes repulsive relative to another neighboring ring of the
other molecule. As a result, by exciting the electron in the
¢» band and leaving the Wannier orbital empty, the molecule
regains its flatness, resulting in a metallization accompanied
by a volume reduction.

VII. CONCLUSIONS

In the study reported here, we explored phase transitions
in the organic charge-transfer complex (EDO-TTF),PFg. The
transitions induced by temperature variation and photoirra-
diation were verified via PEEM, enabling the visualization
of morphological changes such as cracking, as well as the
differences in spectral shapes and PE intensity between the
LT and HT phases. Moreover, we observed pure PIPT by
capturing the dynamics of the photoexcited electrons and the
subsequent volume change with resolutions of 100 fs and
100 nm. We observed that photoexcited electrons relaxed to
unoccupied states within 1.3 ps, and first-principles calcula-
tions showed that the accumulated excited electrons generate
internal energy and force imbalances that cause a transition
in the electronic states accompanied by a volume change,
thereby initiating PIPT.
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APPENDIX A: SUMMARY OF FEMTOSECOND
PHOTOELECTRON EMISSION MICROSCOPY

Figure 9 shows schematically the optics that were used in
the fs-PEEM equipment. A femtosecond laser system (Pharos

SP; Light Conversion Co. Ltd.) was used in this study. The
fundamental wavelength of the light was 1028 nm (hv =
1.2eV), the pulse width was 190 fs, and the repetition rate
was tunable from single shot to 500 kHz. The maximum
output power was 6 W, and for this study the laser system
was optimized to 6 W at 20 kHz, i.e., 300 uJ per pulse. The
repetition rate was tuned using an optical pulse picker with
the same pulse fluence at different repetition rates. The laser
pulses were guided to an optical parametric amplifier (OPA)
(Orpheus; Light Conversion Co. Ltd.), and the wavelength
was tunable from 2500 to 620 nm. The output power ranges
from 200 to 400 mW depending on wavelength. After the
OPA, four wave selectors were used to select idler light and
signal light (namely, polarization) and also the wavelength,
band two mirrors for the laser path back to the original axis.
Nonlinear crystals (8-BaB,O4) were then used to generate
the second and fourth harmonics. Finally, the wavelength was
tunable from 2500 to 210 nm, i.e., a photon energy of 0.5—
5.9 eV. In this study, UV laser pulses in the range of 4-4.8 eV
were used to induce photoelectron emission, and these pulses
were the probe pulses. Part of the energy that was not used for
the OPA was used as pump pulses to excite the electrons in the
specimen. The pump and probe pulses entered the ultrahigh-
vacuum chamber via one of its view ports and illuminated the
specimen; the timing of the pump and probe pulses for sample
illumination was controlled by using an optical delay stage for
the pump laser.

The PEEM equipment was supplied by FOCUS GmbH. An
air lock was used to allow the introduction of samples from
ambient air to ultrahigh vacuum, and a copper evaporator was
mounted in the air-lock chamber.

APPENDIX B: OBTAINING SPECTRA
USING FS-PEEM

In the fs-PEEM system, when the output wavelength is
sent via a remote command, the wavelength of the OPA is
tuned automatically in the range between 620 and 2500 nm,
and the wave selectors and mirrors mounted on linear stages
are positioned accordingly. One or two nonlinear crystals are
also selected depending on the polarization of signal and idler
pulses, and their angles are also adjusted. Additionally, fil-
ters and/or multilayer mirrors are inserted into the laser path
to annihilate the fundamental and/or second harmonic laser
beams. A neutral density filter was used to adjust the fluence,
and a three-axis stage was synchronized to adjust the probe
pulse position on the sample surface. Using this system, spec-
tra were obtained from PEEM images acquired by sweeping
the wavelength in a stepwise manner; at each step, the laser
power was calibrated using a power meter to normalize the
PE intensity. The energy resolution is defined by the energy
width of the probe pulse, which was ca. 30 meV (FWHM).

APPENDIX C: TIME-RESOLVED MODE

The dynamics of the photogenerated electrons was ob-
served by acquiring PEEM images with a stepwise sweep of
the delay time between the pump and probe pulses (Af). In
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FIG. 9. A schematic of the optics for the fs-PEEM system.

this study, the photon energy of the probe pulse was 4.55 eV,
which was just sufficient to induce PE from the HT metal
phase denoted by the black arrow in Fig. 4(a). The pump pulse
was 1.2 eV, and the fluence was 10mJ/cm?. Ar was swept
from —2 to 4 ps in steps of 0.1 ps, and at each step a PEEM
image was recorded with an exposure time of 10 s. PEEM
images without pump pulses were also recorded at each step in
order to eliminate background noise. The sample temperature
was 268 K so as to be in the LT phase. The experiments
were performed at repetition rates of 2 and 20 kHz, and the
results for 2 kHz are shown in Fig. 6. The dynamics of the
photoexcited electrons in Fig. 6(f) were obtained by averaging
the PE intensity. The time constants of 400 fs and 3.5 ps or
longer were extracted by numerical fitting using a convolution
of two exponential curves and a Gaussian function with an
FWHM of 400 fs.

APPENDIX D: FIRST-PRINCIPLES CALCULATIONS

DFT calculations were performed using the Quantum
espresso package [27,28], with a PBE exchange-correlation
functional [29] used with ultrasoft pseudopotentials [30] to
describe the electronic interaction. In this study, the lattice
vectors were fixed to those determined experimentally for the
LT or HT phase as required [13], and no further optimization
of the cell geometry was performed. A kinetic energy cutoff
of 45 Ry was used for the wave functions, and a2 x 2 x 2 k-
point grid was used for the structure optimization calculations,
with a total force tolerance of 0.0001 eV/A. To obtain the
DOS, a finer 12 x 12 x 12 k-point grid was used, along with
the self-consistent charge density given by eithera 2 x 2 x 2
k-point mesh simulation for the ground-state calculation or
a Gamma-point-only simulation for calculating the excited
electron configuration.
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