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Intermolecular vibrations relevant to optically and thermally induced magnetic phase
transitions between low temperature (LT) diamagnetic and high temperature (HT)
paramagnetic phases in a strongly correlated organic radical
1,3 ,5-trithia-2 4 ,6-triazapentalenyl (TTTA) crystal have been investigated using
broadband terahertz (THz) time-domain spectroscopy. Two absorption bands with
different polarizations were clearly observed at 1.3 and 4.0 THz in the LT phase, whilst
absent in the HT phase. The temperature dependence of the THz absorption peak
exhibits hysteretic behavior around room temperature, indicating that the observed THz
absorption bands are related to the magnetic phase transition in TTTA. Considering the
symmetry of the crystal using group theoretical analysis, the observed absorption bands
are attributed to intermolecular vibrations with A, symmetry. We found that the
absorption band at 4.0 THz disappeared upon irradiation by a laser pulse with a photon
density greater than 3.0 x 10" photons/cm’. These results show that probing the
intermolecular THz vibrations is indispensable for revealing the photoinduced phase

transition from the LT diamagnetic to HT paramagnetic phase.
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I. Introduction

The photoinduced phase transition (PIPT) and its related macroscopic properties
have attracted much interest with regards to both fundamental physics research and the
potential for future applications, such as optical switching devices. This is because the
PIPT involves nonlinear and non-equilibrium processes resulting from cooperative
interactions between excited states. "™ According to the theoretical framework for PIPT
dynamics, the cooperative interactions induced by photoexcitation stimulate the
formation of a domain accompanied by local lattice distortions; a precursor of the PIPT.
The domain subsequently multiplies in size by an avalanche effect, leading to a
macroscopic phase transition. ' Ultrafast measurements are therefore indispensable
when it comes to understanding the whole PIPT mechanism by revealing the
electron-phonon dynamics, and have been extensively applied to various kinds of
materials showing PIPTs, for example organic ionic crystals. ' By performing
ultrafast pump-probe spectroscopy, the low frequency lattice vibrations related to the
PIPT—which are assigned as Raman active modes—generally manifest as oscillatory
components in the reflectivity and absorbance change spectra. In contrast to the Raman
active modes, little is known about the complementary infrared (IR) active modes that
are also relevant to the PIPT. The recent development of terahertz time-domain
spectroscopy (THz-TDS) has enabled the investigation of IR active modes. '*'”

The strongly correlated organic radical, 1,3,5-trithia-2 4 ,6-triazapentalenyl (TTTA),
is a promising candidate for the study of PIPT dynamics. TTTA has a very simple
molecular structure consisting of only eight atoms: three sulfur, three nitrogen, and two
carbon atoms. Its crystal exhibits a metastable magnetic state around room temperature
(RT), as evidenced by the significant hysteresis between the low temperature (LT)
diamagnetic phase and the high temperature (HT) paramagnetic phase. ' Owing to
the simple molecular structure and interesting magnetic properties, the electronic
density of states of the TTTA crystal has also been modeled. It was found that the HT
phase is a Mott insulator consisting of a one-dimensional stack of evenly spaced
molecules due to strong correlation between unpaired electrons in the TTTA molecules,
whilst the LT phase is a Peierls insulator that forms dimers. >***" Therefore, probing the
intermolecular vibrations between TTTA molecules relevant to the stacking direction is
straightforward and crucial for revealing the PIPT mechanism.>” The properties of the

PIPT were previously studied by photoinduced electron spin resonance (ESR) and
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Raman scattering. > Recently, the dynamics of the conversion from the self-trapped
exciton (STE) state with local lattice distortions to the macroscopic photoinduced HT
phase was investigated by photoluminescence (PL) and Raman scattering. *>” Under
the two-photon absorption for the charge transfer (CT) exciton band, the PIPT from the
LT to the HT phase via the STE state could be achieved. The PL due to the STE state in
the LT phase first showed a red-shift and a decrease in the intensity with increasing
photon density, finally reaching a critical photon density of 3.0x10'® photons/cm?, after
which the PIPT occurs. Subsequently, the Raman intensity in the HT phase increases
with a slightly higher threshold photon density of 6.0x10'" photons/cm®. *” These
experiments show that the STE really acts as a trigger for the PIPT, and that the PIPT
from the LT to HT phase eventually completes via the STE states. However, the
observed photoinduced Raman modes in the HT phase are located in the frequency
region of 150-3000 cm™ and are thereby assigned to the intramolecular vibrations of the
TTTA molecule. The low frequency intermolecular vibrations that directly influence the
PIPT through dimerization of the TTTA molecules, on the other hand, are still not well
understood.

In the present work, we investigate intermolecular vibrations in TTTA single
crystals using broadband THz-TDS. We identified two THz absorption bands in the LT
phase at 1.3 and 4.0 THz that are not present in the HT phase; the two absorption bands
had different polarizations. The IR active and inactive intermolecular vibrations in the
LT and HT phases, respectively, are then revealed by group theory. The absorption
band at 4.0 THz disappears above a threshold photoexcitation, indicating that the PIPT
from the diamagnetic LT state to the paramagnetic HT state takes place. These results
demonstrate that broadband THz-TDS is a powerful spectroscopic tool in the search for

intermolecular vibrational modes relevant to the PIPT.

I1. Experimental

The TTTA crystals discussed here were grown by the sublimation technique,
further details of which were reported elsewhere.”?® As-grown crystals were prepared
in the HT state with typical dimensions of 1.0 x 0.5 x 0.1 mm’. In order to measure the
polarized transmittance spectra in the THz frequency region, as-grown TTTA crystals
with a thickness of less than 0.1 mm were chosen. Two of these HT phase crystals were

mounted onto two of four holes located on a copper plate sample holder with the b-axis
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aligned either longitudinally or vertically with respect to the horizontal direction of the
sample holder, as shown in Fig. 1(a). The other two holes were used to measure
polarized reference THz waves. Since TTTA crystals are volatile, the sample holder
was sandwiched by two additional thin copper plates and sealed with Si windows. LT
phase crystals were obtained by cooling the HT phase crystals for several hours in a
temperature-controlled cryostat at liquid nitrogen temperature.

Figure 1(b) shows the experimental setup for our broadband THz-TDS. In our
measurements we used a mode-locked Ti:sapphire laser as the light source, with a pulse
duration of 20 fs; repetition rate of 78 MHz; central wavelength of 800 nm; and an
average power of 400 mW. The laser output was divided into two beams: one main part
was used as a pump pulse to generate a THz wave that was focused onto a
photoconductive antenna with a 400 um gap; the other beam was used as a probe pulse
and was focused onto a dipole-type photoconductive antenna (GaAs) with a 5 um gap in
order to detect the THz wave. A bias voltage of 250 V was applied to the generation
antenna to enhance the intensity of the terahertz wave and the optical setup was purged
with nitrogen gas to reduce water vapor. To avoid phonon absorption by the GaAs
antennas, both the generation and detection antennas were used in the reflective
configuration. Further details of this experiment are reported elsewhere.**”

When performing photoconversion from the LT to HT phase, we used an optical
parametric oscillator (OPO) coupled with a 5 ns pulse Nd:YAG laser (the excitation
light source). The output photon energy was 0.85 eV (1.45 um), which gave an effective
photoinduced conversion from the LT to the HT phase via a two-photon absorption for
the CT exciton band located at 1.7 eV. The two-photon absorption process can
dramatically reduce sample heating, thermal diffusion and stress coming from the
spatial excitation inhomogeneity, and therefore, it offers clear information on PIPT .***”
After each one-shot excitation on the LT phase crystal for a given excitation photon

density, the THz absorption spectra was measured using broadband THz-TDS.

III. Results and discussion
A. Intermolecular vibrations in the THz frequency region

Figure 2(a) shows the reference THz waveform (inset) and its Fourier transform
(FT) on a logarithmic scale. The frequency components ranged widely from 0.1 to 12
THz but could still be detected in our THz-TDS setup. Figures 2(b) and 2(c) show the
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FTs of the spectra obtained for the HT and LT phase crystals at RT for E. and E,
polarizations. Here, E, and E, denote the polarizations of the THz electric field
perpendicular and parallel to the stacking axis of TTTA molecules, respectively.*** As
shown in Figs. 2(b) and 2(c), a strong THz absorption band appeared at 4.0 THz in the
E. spectra, whilst a weak THz absorption band lay at 1.3 THz in the E, spectra. Note
that no THz absorption band was observed in the HT phase for either polarization.
Because the observed THz absorption bands lie in the lower THz frequency region, they
might be attributed to the intermolecular vibrational modes in the TTTA crystal.

When performing temperature-dependent absorption and precise photolysis
measurements, we could not successfully detect the 1.3 THz band probably due to the
following reasons. First, the intensity of the 1.3 THz band was ~5 times weaker than
that of the 4.0 THz band. Second, the spot size (~300 wm) of the 1.3 THz electric field
coming from the diffraction limit is comparable with sizes of the sample width and the
sample holder. Because TTTA is highly volatile, the sample width became smaller
during the experiments in an air-evacuated cryostat. As a result, some part of the lower
THz field might directly pass thorough a gap of the sample holder, and thus, the
vibrational peak at 1.3 THz may not be sensitively detected. Therefore, we will now
focus on the 4.0 THz band observed in the E, spectra.

The FT of the E. spectra at different temperatures (on heating and cooling) is
shown in Figure 3(a). As the temperature was decreased (cooling), an absorption peak at
4.0 THz suddenly appeared below 230 K. As the temperature was increased (heating),
on the other hand, the absorption peak remained up to 310 K where it abruptly
decreased. The temperature dependence of this absorption peak on cooling (closed
squares) and heating (closed circles) is shown in Fig. 3(b). As a reference, the
corresponding ESR signal is also shown by broken and dotted curves for cooling and
heating, respectively.*” As shown in Fig. 3(b), the temperature dependence of the
absorption peak at 4.0 THz indicates a first-order phase transition with large hysteresis,
and is in quite good agreement with the measured ESR intensity. This indicates that the
observed THz absorption peak at 4.0 THz corresponds to an intermolecular vibrational

mode that is also relevant to the magnetic phase transition in TTTA.

B. Symmetry arguments of the observed vibrational modes

In order to elucidate the relationship between the observed THz absorption peaks



Journal of the Physical Society of Japan 83, 014713 (2014)
http://dx.doi.org/10.7566/JPS].83.014713

and the magnetic phase transition, we considered the origin of these modes based on the
symmetry of the crystal.’™ Focusing on the little group characterized by the wave
vector k=0 (which is equivalent to the space group itself), we analyzed the
intermolecular vibrational modes at the I"point in the first Brillouin zone. The HT phase
has four TTTA molecules per unit cell and belongs to the P2,/c space group [Fig. 4 (a)],
%1939 which has an inversion center, a twofold screw axis, and a glide plane
perpendicular to the screw axis. The translation is described by I=[ ¢+ Lt + [t. using
primitive translation vectors (I¢,|=a, It,|=b, |t.|=c) and the integers, [,, [,, .. We also define
the displacement, r, = (x,, y,, z,), in the Cartesian coordinate system for each TTTA

molecule center (n=1, 2, 3 and 4), as shown in the inset of Fig. 4 (a). The normal

intermolecular vibrations at the I"point are expressed by:

4
N @x, + By, +7,2,), (1)

where the coefficients a,, 3,, and y, indicate the motion of each molecule. Here, the
rotational motions of the molecules are ignored because it might not be the dominant
contribution to the transition dipole moment. Reduction of the representation matrices
obtained by symmetry actions on the displacements results in the classification of the
normal vibrational modes of the HT phase. For the HT phase, there are: three A, modes
- linear combinations of x,-x,+x;-x,, y,-y,+y;-y,, and z,+2,-z;-z,; three B, modes - linear
combinations of x,+x,-x3-x;, y,+V,-V5-Vs, and z,-2,+23-7,; two A, modes - linear
combinations of x,-x,-x;+x,, and y,-y,-y;+y,; and the B, mode z,-z,-z;+z,. In order to
confirm whether these vibrational modes are IR active or not, we consider the symmetry
properties of an electric moment as well. We found that it should be polarized toward
the z (Il b-axis) direction and xy-plane (ac-plane) under A, and B, symmetries,
respectively. As the vibrational modes of the A, and B, symmetries do not match the
polarized directions, no IR active mode is expected to appear in the HT phase. Indeed,
no IR absorption peaks were observed in the HT phase, as shown in Fig. 2, indicating
that the results from symmetry arguments explain the observed experimental results
well.

We will now consider the intermolecular vibrations of the LT phase in the same
manner. The LT phase also has four molecules per unit cell and belongs to the P1

18,19, 33)

space group [Fig. 4(b)], which only has an inversion center with respect to point

group actions. As with the HT phase, the normal vibrational modes are classified into:
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six A, modes - linear combinations of x,+x,-X3-Xy, X=X, +X3-Xy, Y1 +Y2-V3-Var Yi-Ya+tY3-Vas
2,+2,-23-24, and z,-2,+75-74; and three A, modes - linear combinations of x,-x,-x;+x,,
V1-Yo-Ys+Ys, and z,-z,-z;+2,. The electric moment in the LT phase is characterized by the
A, representation and will be polarized toward the x, y (Il b-axis), and z directions. As
the vibrational modes with A, symmetry do match suitable polarizations, these A, modes
are IR active and may appear in the LT phase at the THz frequency region. The three
optically allowed IR vibrations are shown in Figs. 5(a), 5(b), and 5(c), where the
molecular motions of the four TTTA molecules are illustrated by arrows. As shown in
Fig. 2, we observed two IR absorption bands in the THz frequency region: the 1.3 THz
band for E, spectra and the 4.0 THz band for E. spectra. The IR mode vibrating along
the stacking direction shown in Fig. 5(c) therefore corresponds to the observed 1.3 THz
band. The higher 4.0 THz band in the E. spectra originates from the IR vibrational
modes illustrated in Figs. 5(a) and 5(b). The single-peaked spectra suggest that these
two vibrations may possess almost the same frequency. Since lattice vibrations
concerned in phase transitions are normally soft, the lower frequency band might be
directly related to the dimerization of TTTA molecules. The observed IR active modes
are characteristic of the LT phase, and therefore, the observation of THz absorption

bands clearly distinguishes between the LT and HT phases.

C. The photoinduced LT diamagnetic to HT paramagnetic phase transition probed
by IR-active intermolecular vibrations

Finally, we shall demonstrate the photoinduced diamagnetic to paramagnetic
phase transition of TTTA single crystals probed by broadband THz-TDS. Figure 6(a)
shows the FT of the E. spectra for the LT (top) and HT (bottom) phases, and
intermediate stages obtained by single-shot laser photolysis of the LT phase with
different photon densities. In the LT phase, the absorption band relevant to the
intermolecular vibration was clearly observed at 4.0 THz. After a single-shot laser pulse
with photon densities greater than 3.0x10" photons/cm’, the absorption intensity
decreased and the FT of the E.spectrum approached that of the HT phase. Figure 6(b)
shows the change in the THz absorption intensity of the 4.0 THz band as a function of
excitation photon density. The conversion efficiency from the LT to the HT phase was
also estimated from complementary photoinduced Raman measurements and is shown

by circles on Fig. 6(b). *” The THz absorption intensity decreased with increasing
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excitation photon density above a threshold photon density of ~3.0x10'® photons/cm’.
Note that this threshold value is in good agreement with that of the PL. measurement.>”
This indicates that the observed intermolecular vibrations are directly responsible for
the PIPT in TTTA.

Under intense photoexcitation, STE states accompanied by local lattice
distortions are generated in the LT phase. Subsequently, an excited domain is formed
(that multiplies in size) as a precursor for the PIPT. Our present results show that the
THz absorption band relevant to the LT phase simultaneously disappears at this stage.
Eventually, the PIPT from the LT to the HT phase completes and the Raman modes that

characterize the HT phase emerge with slightly higher threshold excitation densities.

IV. Conclusion

In conclusion, we have investigated the intermolecular vibrational modes relevant
to the photoinduced magnetic phase transition in strongly correlated organic TTTA
crystals using broadband THz-TDS. Two THz absorption bands were observed at 1.3
and 4.0 THz in the LT phase that were not present in the HT phase. The lower
frequency absorption band in the LT phase originates from the intermolecular vibration
along the dimerization of TTTA molecules, while the higher frequency band comes
from the intermolecular vibration perpendicular to the stacking axis. We found that the
intermolecular mode at 4.0 THz disappears upon irradiation with an intense light pulse
(that exhibited a threshold intensity of 3.0x10" photons/cm?), indicating a photoinduced
phase transition from the LT diamagnetic to the HT paramagnetic phase. These results
suggest that the study of intermolecular vibrational modes using broadband THz-TDS is

indispensable for revealing the phase transitions.
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Figure Captions

Figure 1 (color online)

(a) Schematic of the sample holder. Two pieces of thin TTTA crystals with HT phase
were mounted onto a copper (Cu) plate. The b-axis of the HT phase was aligned
(vertically and horizontally) against the side of the sample holder. Two holes not used
to mount the samples were made available for measuring polarized reference THz
waves. The sample holder was then sandwiched between two thin Cu plates and sealed
with Si windows then mounted onto a cold finger. (b) The experimental setup for
broadband THz time-domain spectroscopy. To reduce water vapor, the setup was
purged by nitrogen gas. Other components of this setup were the HV (high-voltage
source); I/V Amp (current amplifier); V/V Amp (voltage amplifier); and PC (personal

computer).

Figure 2 (color online)

(a) Fourier transform (FT) of the reference THz waveform on a logarithmic scale; the
original THz waveform is shown in the inset. (b) & (c) FT of the THz waveforms for
the HT and LT phase crystals at room temperature with E. polarization and E),

polarization, respectively.

Figure 3 (color online)

(a) Transmitted THz spectra (Eru/E,) for E. polarization at different temperatures
whilst cooling and heating. The shaded areas indicate a temperature-dependent
absorption band at 4.0 THz. (b) Temperature dependence of the transmittance intensity
of the 4.0 THz band upon cooling (solid squares) and heating (solid circles). The
temperature dependence of the electron spin resonance (ESR) signals (from Ref. 23) is

also shown.
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Figure 4 (color online)

(a) Schematic of the HT phase unit cell where a, b, and ¢ indicate the lattice constants.
The TTTA molecules highlighted by light (1 and 3) and dark (2 and 4) gray ovals are
located at -b/4 and +b/4, respectively. The tilt of each TTTA molecule is represented by
the double-circle and crossed symbols on the carbon atoms whose directions are out of
and into the paper, respectively. TTTA molecules are aligned along the b-axis. (b)
Schematic of the LT phase unit cell. In the LT phase, TTTA molecules are dimerized
perpendicular to the b-axis. The displacements for each TTTA molecule center, r, = (x,,

Y,» Z,) (Where n=1,2, 3 and 4), in the HT and LT phases are also shown.

Figure 5 (color online)
The three bases of the possible intermolecular IR modes in the LT phase characterized
by (a) x,-x,-x;3+x,, (b) ¥,-¥,-y5+y,, and (¢) z,-2,-z3+z, vibrations. The molecular motions

of the four TTTA molecules in the unit cell are illustrated by arrows.

Figure 6 (color online)

(a) THz transmitted spectra (E4/E,;) for E. polarization after single-shot photolysis
with different excitation photon densities. (b) Absorption intensity of the 4.0 THz band
and photoinduced Raman intensity (from Ref. 27) as a function of excitation photon

density.
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