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We have studied excitation energy dependence of the conversion yield of two-photon-mediated phase tran-
sition in organic radical 1,3,5-trithia-2,4,6-triazapentalenyl (TTTA) crystal. Even under photoexcitation far
below the lowest charge-transfer absorption edge, the photoinduced phase transition takes place from diamag-
netic low-temperature phase to paramagnetic high-temperature phase with threshold excitation density. By
comparing the excitation energy dependence of the conversion yield with the two-photon absorption spectrum,

we found that the conversion is resonantly enhanced by two-photon absorption process. Because of the strong
three-dimensional interaction between the excited states of TTTA molecules, the homogeneous two-photon
excitation can induce the phase transition with high efficiency.
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Photoinduced (PI) phase transition (PIPT) has been one of
the major subjects of recent researches in solid-state physics
because it involves nonlinear dynamics associated with the
cooperative interaction between excited states, nonequilib-
rium nature, and possibility to induce a new phase which is
impossible to access via the thermal phase transition.! Vari-
ous organic materials such as spin-crossover complexes,”*
organic ionic crystals,® and organic polymer crystals® are
found to show the PIPT, and the extensive studies of these
materials including ultrafast time-resolved measurements re-
veal the important features such as existence of incubation
time and threshold density to drive the PIPT.!:* However, as
far as we know, all of the PIPT studies has been performed
using one-photon process, which causes inhomogeneity due
to finite penetration depth of the excitation light; diffusion of
the excited states and excess heat generated by the excitation
light obscure real features of the PIPT dynamics.’ Further-
more, the inhomogeneous stress caused by the difference of
the unit-cell volume between ground states and excited states
might also affect the transition. In order to elucidate the PIPT
dynamics without such inhomogeneities, exploration of new
materials that show the PIPT by two-photon absorption pro-
cess is highly desired, where we can reasonably assume that
the excitation is homogeneous.

Strongly correlated organic radical 1,3,5-trithia-2,4,6-
triazapentalenyl (TTTA) crystal is one of the promising can-
didates for such studies. TTTA molecule consists of eight
atoms: three sulfur, three nitrogen, and two carbon atoms. In
Fig. 1, we show the chemical formula and the crystal struc-
ture of two phases in TTTA crystal. TTTA has a large mag-
netic bistability around room temperature,” and shows the
PIPT from a diamagnetic low-temperature (LT) to paramag-
netic high-temperature (HT) phase inside the hysteresis
loop.8? The HT phase is a Mott insulator due to the strong
correlation between the unpaired electrons in TTTA mol-
ecules, and these unpaired electrons form dimers to become
diamagnetic LT phase.!® Both phases have larger band gaps
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of about 1.7 eV than many of the other materials showing
PIPT (typically 0.6 V). Therefore, as far as we know, TTTA
is a unique and suitable material for the study of two-photon-
induced phase transition, where the diffusion effects and ex-
citation inhomogeneity can be neglected and efficient PIPT
can be expected.

In this work, we measure the photoinduced Raman spec-
tra under various excitation conditions and demonstrate that
the conversion yield of the PIPT in TTTA is resonantly en-
hanced by the two-photon absorption. The resonant behavior
is examined by the comparison with the excitation spectrum
of two-photon luminescence intensity from self-trapped ex-
citons (STEs).!! Because the two-photon absorption process
can dramatically reduce the thermal diffusion, stress from the
spatial inhomogeneity, and so on, it offers clear and useful
insight into the dynamics of PIPT. In addition, since the two-
photon process can excite the whole volume of the crystal,
the conversion yield and its efficiency of the phase transition
might become much larger than that of the one-photon
excitation.!?
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FIG. 1. (Color online) (a) Chemical formula of TTTA molecule
and the crystal structure of the TTTA crystals in (b) HT phase and
(c) LT phase.
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FIG. 2. (Color online) Raman spectra and pictures of the grown
crystals in HT paramagnetic phase, LT diamagnetic phase, and PI
phase excited at 1.17 eV with 3.6 X 10'3 photons/cm? at room tem-
perature. Dotted lines indicate characteristic peaks of the LT phase
whose intensities decrease in the HT and PI phases. A small circle
in the picture of PI phase corresponds to the excitation spot.

TTTA crystals were grown by the method previously
reported.”!® The grown crystals were in HT phase with the
typical size of 1X0.3X0.1 mm?>. The LT phase can be ob-
tained by the cooling of the crystals to 77 K by liquid nitro-
gen. TTTA crystals were excited by the laser light from an
optical parametric oscillator (OPO) pumped with an Nd
doped yttrium aluminum garnet (YAG) laser. The output
photon energy of the laser ranges from 0.56 to 1.38 eV with
the pulse duration and the repetition rate of 5 ns and 10 Hz.
After each one-pulse excitation on the LT phase crystal at a
given photon density, we measured the Raman spectra by the
Fourier-Raman spectrometer with a cw-Nd:YAG laser (1.17
eV).” Because the excitation intensity of the cw-YAG laser is
weak enough and the wavelength is much longer than the
lowest absorption edge of both the HT and LT phases, we
can measure the photoinduced Raman signals from a bulk of
the sample. In addition, we estimated the two-photon absorp-
tion spectrum from the two-photon luminescence intensity
excited by the OPO laser system with sufficiently low power
which makes no PIPT. The luminescence intensity was mea-
sured by a single grating spectrometer with a charge-coupled
device (CCD) detector cooled at 223 K. The wavelengths
and sensitivities are corrected by the Hg emission line and
the standard blackbody light source. All the experiments
were performed in room temperature.

Figure 2 shows Raman spectra and pictures of TTTA crys-
tals in HT paramagnetic, LT diamagnetic, and PI phases. The
Raman spectrum in the PI phase is obtained under single-
shot excitation on LT phase crystal with E.,,=1.17 eV whose
energy is much below the lowest charge-transfer absorption
edge (1.4 eV). Comparing the Raman spectrum of HT phase
with that of LT phase, we can see that some Raman peaks
(for example, 515, 670, and 780 cm™) split into two peaks
and another peak (850 cm™') appears in LT phase, which are
related to the zone-boundary folding due to the doubled unit
cell and the dimerization of the neighboring TTTA mol-
ecules.

It is important that the PI phase has the different Raman
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FIG. 3. Excitation photon density dependence of the conversion
yield estimated from the Raman spectra under the excitation at vari-
ous excitation energies with the polarization (a) perpendicular and
(b) parallel to the stacking axis of TTTA crystals at room tempera-
ture. Dotted lines are the guide for the eyes. Note that the lowest
absorption edge of TTTA crystals in LT phase is around 1.4 eV.
Since the two-photon absorption coefficient of TTTA is unknown,
the horizontal axis is in the unit of photon density per unit area of
the crystal surface, not per unit volume as in the Ref. 9.

features from LT phase even via the excitation in the trans-
parent region. In addition, the color of the excited spot
changes to purple which indicates the transition to HT phase.
This PI phase is stable for at least several days at room
temperature. To estimate the conversion yield of this transi-
tion, we decompose the Raman spectrum of the PI phase into
a sum of the spectra of HT and LT phases.” In Fig. 3, we
show the estimated conversion yield from the LT to the HT
phase as a function of the excitation photon density. The
plotted data are obtained under the excitation of the laser
light (0.56, 0.62, 0.69, 0.86, 1.17, and 1.38 eV) with the
parallel (E;) and perpendicular (E,) polarizations to the
stacking direction of TTTA molecules. For a comparison, the
conversion yields by the one-photon process (2.33 eV) are
also shown.'?

As is guided by the dotted lines in this figure, the conver-
sion yield increases above a certain threshold excitation den-
sity. This kind of threshold behavior is one of the character-
istics of the PIPT and suggests existence of the cooperative
interaction between the excited states. We can also see that
the threshold photon densities under 1.17, 0.86, and 0.69 eV
excitations are about 2 orders of magnitude larger than that
under 2.33 eV excitation, and the conversion yield ranges
from 0.4 to unity when the excitation light is in the transpar-
ent energy region. In addition, the steepness of the dotted
lines in Fig. 3 under 1.17, 0.86, and 0.69 eV excitations is
much larger than that under 2.33 eV, namely, the one-photon
excitation. Therefore, nonlinear optical process, such as two-
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FIG. 4. (Color online) Excitation photon energy dependence of
the two-photon absorption coefficient estimated from the two-
photon luminescence intensity (B, and from the threshold exci-
tation density of the PIPT as mentioned in the text (By,). The dotted
lines are the one-photon absorption spectra of TTTA crystals in the
LT phase.

photon absorption process, should induce the PIPT under
1.17, 0.86, and 0.69 eV excitations. Under the 1.38 eV exci-
tation (open circles), the conversion yield and the steepness
of the threshold behavior are the same as those under the
one-photon process (2.33 eV), suggesting that the excitation
might be in one-photon regime since the energy is close to
the lower tail of the lowest charge-transfer absorption. On
the other hand, the 0.56 and 0.62 eV excitations cannot in-
duce the phase transition even at high photon density, where
the energy of two photons is far below the lowest absorption
band. Since the 0.69 eV excitation is close to the lowest edge
of the two-photon resonance, the conversion yield may not
reach to unity but is limited to around 0.4.

To confirm that the phase transition is really induced by
the two-photon absorption process, we compare the energy
dependence of the conversion yield with the two-photon ab-
sorption spectrum of the LT phase. Assuming that the thresh-
old nucleus density ng, to drive the PIPT is independent of
the excitation energy E,, and that the phase transition occurs
due to two-photon absorption process, the threshold excita-
tion photon density /,(E.,) might be related to ny, as

Ny & IBth(Eex)Itzh(Eex) . ( 1 )

Here, By, (E.,) is the conversion yield efficiency as a function
of the excitation photon energy, which should be propor-
tional to the two-photon absorption coefficient. On the other
hand, the two-photon absorption coefficient B),mi(Eex) can be
estimated from the two-photon luminescence intensity
Lumi(E<x) when the excitation intensity is small enough to
ensure that the higher-order nonlinear processes can be
neglected.'? The two-photon absorption coefficient is propor-
tional to the two-photon luminescence intensity,

lglumi(Eex) o Ilumi(Eex) . (2)

In Fig. 4, we plot the two-photon absorption coefficient
Brumi(Eex) estimated from the two-photon luminescence in-
tensity under the low-power excitation condition and the
conversion efficiency By (E.,) estimated from the threshold
excitation photon density of the PIPT as a function of exci-
tation energy E.,. As seen in this figure, By(E,,) is in quite
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good agreement with the two-photon absorption spectrum
Biumi(Eex), strongly suggesting that the PIPT under the exci-
tation below the charge-transfer absorption edge of LT phase
is mainly due to the two-photon absorption process. In addi-
tion, no PIPT takes place under the excitation below 0.65 eV,
whose energy is below the two-photon resonance. The good
coincidence of Biymi(Eex) and By (Eey) also indicates that the
STEs play important roles for PIPT.! This is an observation
of the PIPT induced by the two-photon absorption process.

Now, let us consider the difference of PIPT behaviors
between the two-photon and the one-photon processes. The
main difference originates from the difference of the penetra-
tion depth of the excitation light. The estimated penetration
depth of the excitation light for one-photon process is on the
order of few nanometers to few hundred nanometers for the
photon energy from 1.4 to 4 eV,'* which is at least 3 orders
of magnitude smaller than the thickness of the crystal. How-
ever, the PIPT under one-photon process still occurs having
about 10%-20% conversion yield (2.33 eV excitation; see
Fig. 3) of the LT phase crystal, probably because of the
excited-state diffusion or the heat conduction from the sur-
face into interior regions. Therefore, it is very difficult to
extract the real characteristics of the PIPT beyond these am-
biguities under the one-photon process.

On the other hand, these ambiguities can be neglected in
the two-photon regime since the energy of the excitation
light is in the transparent region and the excitation can be
regarded as uniform. Indeed, as shown in Fig. 4, the absorp-
tion coefficient from 0.56 to 1.3 eV is smaller than 1 cm™,
suggesting that the penetration depth in this energy region is
much larger than the crystal thickness of about 100 wm. In
the following, we try to estimate the real threshold density
per unit volume to drive the PIPT under the two-photon pro-
cess in order to compare it with that under the one-photon
process.

During the two-photon experiment, we measured the out-
put power of the excitation light transmitted through the
TTTA crystal. The ratio of the transmitted power to the inci-
dent power is almost constant, which is independent of the
excitation power. The actual absorption due to the two-
photon process estimated is at least less than 1% of the input
power under the experimental accuracy, which ensures the
homogeneous excitation condition. Therefore the threshold
photon density under two-photon process is about 10'® cm=
and is comparable to that under the one-photon process (2.33
eV) as shown in Fig. 3. Furthermore, the estimated excited
volume of the TTTA crystal under two-photon process (
~100 wm) is much larger than that under one-photon pro-
cess (~100 nm). This fact indicates that the real threshold
density of the excited states per unit volume to drive the
PIPT in two-photon regime must be much lower than that in
one-photon regime, implying that the two-photon-induced
phase transition is very efficient.

In the PIPT, cooperative interaction between the excited
states is important for driving the PIPT. As is schematically
shown in Fig. 5(a), the one-photon process can only excite
near the surface of the crystal. Then the interaction between
the excited states is limited in the surface region, namely,
two dimensions. The phase conversion in the depth origi-
nates from the thermal diffusion or the inhomogeneous
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FIG. 5. Schematic viewgraph of the cooperative interaction be-
tween the excited states that realizes PIPT. In (a) the one-photon
process, the interaction is limited in two dimensions at the surface.
The phase conversion inside the crystal is due to the thermal diffu-
sion or stress which masks the real PIPT behavior. In contrast, (b)
two-photon process offers optically induced three-dimensional in-
teraction as depicted by the solid circles.

stress, which masks the real PIPT behavior. On the other
hand, by using the two-photon process, the excitation is al-
most homogeneous and the cooperative interaction takes
place three dimensionally as shown in Fig. 5(b). Strong
three-dimensional interaction in TTTA is theoretically pre-
dicted as a large intermolecular transfer integral of N-S or
S-S bonding.'®!* Then the stabilization of the excited states
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under two-photon process should be much faster than that
under one-photon process, leading to the conversion yield
with high efficiency and sharp steepness as shown in Fig. 3.

In conclusion, the TTTA crystals undergo the PIPT even
under the excitation of the transparent region via the two-
photon absorption process. The estimated energy dependence
of the PIPT efficiency is consistent with the two-photon ab-
sorption spectrum estimated from the two-photon lumines-
cence due to STEs. The efficiency shows resonant enhance-
ment with the two-photon absorption edge, and the
conversion yield reaches to 0.9, which is much larger than
that under the one-photon absorption. Since the unpaired
electrons in TTTA crystals are strongly correlated, the coop-
erative interaction between the photoexcited states is ex-
tremely large to realize the PIPT with high efficiency. Be-
cause the two-photon absorption can be regarded as a
uniform excitation, the dynamics of the PIPT can easily be
studied without ambiguity due to inhomogeneity. Such stud-
ies, therefore, give clear and fruitful insights into the physi-
cal understanding of the PIPT.
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