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Ionic to neutral conversion induced by resonant excitation of molecular vibrations coupled
to intermolecular charge transfer
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In organic molecular compounds, intramolecular vibration is sometimes coupled with intermolecular charge
transfer (CT). In such materials, vibrational excitation by a midinfrared (MIR) pulse causes collective inter-
molecular CTs that can be a route to an electronic-state conversion. Here, we report that an ionic-to-neutral
(IN) conversion in tetrathiafulvalene-p-chloranil (TTF-CA) can be driven by a strong vibrational excitation
induced by an MIR pulse. Using MIR-pump subcycle-reflectivity-probe and second-harmonic-generation-probe
measurements, we discuss the coherent electron and lattice dynamics during and after the IN conversion, which
are distinct from the dynamics of the photoinduced transition by electronic excitation alone.

DOLI: 10.1103/PhysRevResearch.3..042028

A solid irradiated with a femtosecond laser pulse some-
times shows a drastic change in its electronic or crystal
structure, which is called a photoinduced phase transition
(PIPT) [1]. In most PIPTs, the excitation of an interband
transition by a visible or near-infrared (NIR) pulse gener-
ates photocarriers, which give rise to a phase transition via
cooperative electron-electron and electron-lattice interactions.
Recent developments in femtosecond laser techniques enable
us to generate tunable far-IR and mid-IR (MIR) pulses with
frequencies of 0.5-100 THz. Such a pulse can excite not only
an electronic transition but also a phonon and magnon. Reso-
nant excitation of specific electronic transition or fundamental
mode is attracting attention as a way to drive PIPTs. Examples
include the control of magnetization or spin state via the exci-
tation of magnons, electro-magnons, and phonons in magnetic
materials [2-6]; the control of superconductivity via phonon
[7-9] or electronic excitations [10]; the control of intersite
orbital overlap in correlated oxides [11]; and higher-order
phonon generation and polarization control via the phonon
excitation in dielectrics [12-16].

Here, we focus on the resonant excitation of intramolecular
vibrations in organic charge transfer (CT) compounds with
an intense MIR pulse. Previous studies reported that such a
vibrational excitation in bis(ethylenedithio)tetrathiafulvalene
(ET)-based CT compounds modified an electronic state
via a modulation of an onsite Coulomb repulsion of
ET [9,17,18], while an electronic-state conversion has not
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been achieved. In CT compounds, intramolecular vibra-
tions are sometimes coupled with intermolecular CTs via
electron intramolecular vibration (EMV) coupling [19,20].
Therefore, the strong excitation of an intramolecular vi-
bration could effectively induce intermolecular CTs, which
could be a route to an electronic-state conversion. In
this Letter, we report that an ionic-to-neutral (IN) conver-
sion can be induced in tetrathiafulvalene-p-chloranil (TTF-
CA) by exciting intramolecular vibrations using a carrier-
envelope-phase (CEP)-stable MIR pulse. With the results of
MIR-pump subcycle-reflectivity-probe and second-harmonic-
generation (SHG)-probe measurements, we discuss the elec-
tron and lattice dynamics involved in this phonon-driven IN
conversion.

In TTF-CA, donor (D) molecules of TTF and acceptor (A)
molecules of CA [Fig. 1(a)] arrange alternately along the a
axis, forming a quasi-one-dimensional (1D) electronic state
[21-23]. This electronic state is characterized by the degree
of CT from A to D molecules p [21]. At room temperature,
TTF-CA is a van der Waals neutral crystal with px ~ 0.3
[Fig. 1(b)]. It undergoes an neutral-to-ionic transition (NIT)
at 7. = 81 K, below which it is an ionic crystal with p; ~
0.6 [Fig. 1(c)] [22,24]. The NIT mechanism is explained as
follows. With decrease in temperature, the intermolecular dis-
tance along the 1D molecular stacks decreases. This enhances
the energy gain by long-range Coulomb attractive interactions
between D and A molecules, which overcomes the ioniza-
tion energy of DA pairs. In I phase, D and A molecules are
dimerized because of the spin-Peierls mechanism. The order
parameter of this NIT is the dimerization [25]. The important
feature of the NIT is that a ferroelectric polarization appears in
I phase, which originates from collective intermolecular CTs
(6p ~ 0.2) at NIT [the curved arrows in Fig. 1(c)] [26-28].
Thus, TTF-CA is an electronic-type ferroelectric. Since the
electronic component of the polarization is opposite to the
direction of the ionic one, and the former is much larger
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FIG. 1. (a) Molecular structures of tetrathiafulvalene (TTF) and
chloranil (CA). (b) and (¢) One-dimensional (1D) molecular stacks
in neutral and ionic phases. P is the ferroelectric polarization. (d)
Polarized reflectivity spectra of TTF-CA at 77 K (ionic phase) and
90 K (neutral phase). The red line shows a spectrum of pump pulses.
The blue (green) line shows a spectrum of probe pulses used in the
reflectivity [second harmonic generation (SHG)] measurement. (e) A
schematic of an electron intramolecular vibration (EMYV) coupling.
The red arrows show electron transfers synchronized with the a,
mode oscillation of CA. (f) A schematic of the midinfrared (MIR)-
pump visible-probe measurement.

than the latter, the dimerization is not a driving force of the
ferroelectric transition [26,29,30].

Figure 1(d) shows the polarized reflectivity (R) spectra of
TTF-CA in I phase (77 K), measured with the electric field of
the light (E) parallel (//) and perpendicular (L) to the a axis.
The structure ~0.6 eV for E//a is the CT band between D
and A molecules. The sharp structures < 0.2 eV are ascribed
to totally symmetric (a,) modes of intramolecular vibrations
activated by dimerization [24,31,32]. The band ~2.3 eV for
Ela is assigned to the intramolecular transition from the
highest-occupied molecular orbital (MO) to the singly occu-
pied MO in TTF cations [the blue arrows in Fig. 1(e)] [33,34].
This band shifts to a lower energy and increases in intensity
as p increases [33-36], so it is a good probe for NIT.

The MIR-pump visible-probe experiment is illustrated
in Fig. 1(f). A CEP-stable MIR pulse is obtained using a
previously reported method [37]. The typical electric field
waveform Epyr(¢) is shown with a red line in Fig. 2(a).
Its Fourier power spectrum is shown with the red lines in
Figs. 1(d) and 2(c). In Fig. 2(c), we also show the ¢, spectrum
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FIG. 2. (a) Time evolution of AR(t)/R of the visible probe
pulse (the blue line) at 50 K by the midinfrared (MIR) electric
field pulse (the red line). (b) High-frequency oscillatory component
ARosc(t)/R (open circles). The red line shows a fitting curve con-
sisting of oscillations A and B presented in the lower part. (c) The
spectra of the MIR pulse and &, for E//a (77 K). (d) Schematic
of a,v; mode of CA. (e) Fourier power spectrum of AR(¢)/R (blue
circles) and those obtained from the analysis of ARosc(?)/R.

along the a axis. The MIR pulse excites three vibrational
modes ~900 cm™'. The peak at 940 cm™' was assigned to the
a,v3 mode of CA, which is mainly composed of the in-phase
combination of four C-Cl stretching vibrations [Fig. 2(d)]
[32]. This a; mode is IR inactive in an isolated molecule. As
illustrated in Fig. 1(e), the a, mode can modulate the MO
energy via EMV coupling to induce a partial CT in a DA
dimer A p. In N phase with inversion symmetry, this mode
is still IR inactive, while in I phase with dimerization, the
mode becomes IR active. Two peaks at 925 and 885 cm™' are
assigned to the modes of CA and TTF, respectively, which
are activated by similar EMV couplings [32]. The visible-
probe pulse is generated by a noncollinear optical parametric
amplifier [38,39]. Its temporal width (10.5 fs) is much shorter
than the period of the MIR electric field, ~35 fs, which allows
subcycle measurement. The central energy of this pulse is 2.05
eV [the blue line in Fig. 1(d)]. The R value for this pulse
(E La) decreases as p decreases and therefore can be used to
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FIG. 3. (a) Emr(?) and ARpsc(?)/R shown in Figs. 2(a) and 2(b).
The orange and blue lines show the envelope of ARpsc(#)/R and its
square F (t), respectively. (b) Alsug(?)/Isuc (the black line) and the
fitting curve (the red broken line). Two oscillatory components are
shown in the lower part.

probe INT. For the MIR-pump SHG-probe measurements, an
incident probe pulse (E //a) with photon energy of 1.3 eV and
temporal width of ~25 fs was used. The long temporal width
does not allow subcycle measurements, so the change in the
SHG intensity Isyg averaged within each pulse was detected.
The experimental details are reported in Supplemental Mate-
rial S1 [40].

The blue line in Fig. 2(a) shows the time evolution of
reflectivity changes AR(z)/R in TTF-CA (50 K) by an MIR
pulse with Eyqr//a. The maximum electric field amplitude
Ewmax is 4.0 MV /cm. Here, R(t) is modulated rapidly within
a period of ~35 fs. In Fig. 2(e), we show the Fourier power
spectra of AR(t)/R (blue circles). In the high-frequency re-
gion, the spectrum features two peaks, which correspond to
those of the &, spectrum, although the doublet ~930 cm™ is
not resolved. We also performed the fitting analyses of the
high-frequency oscillatory component ARpgsc(?)/R [the open
circles in Fig. 2(b)] (Supplementary Material S2 [40]). By
assuming two damped oscillators A and B, ARpsc(?)/R is
well reproduced, as shown by the red line in Fig. 2(b). The
time profile and Fourier power spectrum of each oscillation
are shown in Figs. 2(b) and 2(e), respectively. The frequency
is 939 cm™! (883 cm™') for oscillation A (B). These oscilla-
tions are ascribed to the modulation of p, £Ap, by a, mode
vibrations. Notably, oscillation A originates from the a, mode
of CA, while the modulations of p in TTF are detected as
reflectivity changes. This is unambiguous evidence of col-
lective intermolecular CT via EMV coupling. The Fourier
power spectrum in the low-frequency region shows a peak
~100 cm™', although its frequency cannot be determined be-
cause of the coarse spectral resolution.

As seen in Fig. 2(a), AR(t)/R for t > 0.2 ps is negative
on average, which shows a decrease in the averaged p that is
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FIG. 4. (a) Magnitudes of —AR(1.5ps)/R and

—Alsug (1.5 ps)/Isyc reflecting the ionic-to-neutral (IN) conversion
efficiency and amplitudes of the high-frequency oscillation as a
function of Epax. (b) Schematic of IN conversion dynamics induced
by the midinfrared (MIR) pulse.

reminiscent of INT. To investigate this phenomenon, we per-
formed MIR-pump SHG-probe measurements at 50 K. Since
SHG occurs only in I phase, the decrease in SHG intensity
Ispg can serve as a measure of the efficiency of INT [43].
In Fig. 3(b), we show the change in Isyg, Alsuc(?)/Isuc,
by the same MIR pulse as that used for measuring AR(¢)/R
in Fig. 2(a). Here, Isyc shows a stepwise decrease up to
~0.15 ps, a subsequent gradual decrease up to 1.5 ps, and a
slow oscillation, which is also shown in AR(¢)/R [Fig. 2(a)].
From the magnitude of —Alsyg(¢)/Isuc at 3 ps, ~20%, the
decrease of the original polarization P, AP/P, is estimated
to be ~10% [29,44]. This decrease suggests that ~10% of
the ionic state is converted to the neutral state. The time
characteristics of Alsyg(¢)/Isug Wwill be discussed later.

To clarify the IN conversion mechanism, we investi-
gated how the magnitudes of AR(¢)/R and Alsyg(t)/Isuc
signals excepting the oscillatory components, AR(¢)/R and
Alsyg(t)/Isug, depend on the maximum electric field Eyax.
Figure 4(a) plots these values at 1.5 ps, —AR(1.5 ps)/R and
—Alsug (1.5 ps)/Isuc, as a function of Eyax together with the
relative amplitude of the high-frequency oscillations, Apsc.
The latter is obtained by taking the square root of the inte-
gral of the Fourier power spectrum (blue circles) in the left
panel of Fig. 2(e). Here, Apsc is proportional to Eypax, While
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AR(1.5 ps)/R and Alsyg(1.5 ps)/Isug are proportional to the
square of Eyax, at least for Eyax < 3 MV/cm. This means
that the efficiency of IN conversion is proportional to the
square of the intramolecular vibration amplitude.

Considering these results, we discuss the mechanism
of IN conversion induced by the MIR pulse. Here,
Alsyc(1.5 ps)/Isyc does not show a threshold behavior, in-
dicating that no electric-field-induced tunneling processes
are involved. As seen in Fig. 2(a), the resonant excitation
of intramolecular vibrations gives rise to the modulation
of p (£Ap). From the maximum (minimum) value of
ARpsc(t)/R, this modulation is estimated to be ~40.074
at Eyax = 4 MV /cm (Supplemental Material S3 [40]). This
is ~+40% of the change in p (6p ~ 0.2 [24]) at the
temperature-induced NIT. The modulation of p by the MIR
electric field causes the mixing of wave functions of ionic and
neutral states. In a simple dimer model, the wave function
of the ground state |Ygs) is expressed as follows when it is
modified by an EMV coupling [31]:

1 _
VAU ZPoar o). (1)
wCT

[Vas) o [n) +

Here, |11) and |y¥n) are the wave functions of the ionic ground
state and the neutral excited state, respectively. Also, wct
and @,, are the frequency of the CT transition and the in-
tramolecular vibration, respectively. Further, I, is a parameter
proportional to the EMV coupling constant. Then Q,, is a
normal coordinate of the intramolecular vibration. Equation
(1) shows that the neutral excited state is mixed with the ionic
ground state via intramolecular vibration. Using Eq. (1), we
obtain the expectation value of p, (¥gs|p|¥as), as follows:

(Yeslplves) = lei®) o1 + lea () pn
+cf )2 () (Y1) P YnN)
+ e ()5 @) (YUn Py, 2)

Here, [Ygs) = ci(®)[yn) + c2(D)l¥n), o1 = (Yilplyr), and
oN = (UN|P|¥nN). Taking the time average of Eq. (2), the
third and fourth terms disappear, and the average value
of p decreases ({(V¥gs|p|¥gs) < p1) via the second term
lc2(t)]? py. Equation (1) indicates ¢,(t) o< Q,,, which should
be proportional to Eymax. As a result, the decrease in the
average value of p is proportional to (Eyax)>. This is con-
sistent with the experimental result that —AR(1.5 ps)/R and
—Alsyg (1.5 ps)/Isyc are proportional to (Emax)? [Fig. 4(a)].
The amplitude of the charge modulation reaches the maxi-
mum at ¢ ~ 0.13 ps at which the energy given by the MIR
pulse is stored in this vibration. At this time (¢t ~ 0.13 ps), the
decrease in the SHG intensity |Alsyg(f)/Isug| ~ 0.1 already
reached 60% of its total decrease of |Alsyg(¢)/Isug| ~ 0.17.
Such a rapid decrease of the SHG intensity occurring be-
fore the oscillation decays indicates that the neutral-domain
formation is not caused by the heating of the system (see
Supplemental Material S4 for details [40]). Egs. (1) and (2)
predict the mixing of wave functions of neutral and ionic
states by the MIR electric field, while the experimental result
shows that the decrease in the average p persists at least up
to 3 ps. This suggests that the mixing of the neutral state
with the ionic state gives rise to the formation of stable

neutral domains [Fig. 4(b)]. According to previous NIR-pump
visible-reflectivity-probe studies, neutral domains composed
of ~10-20 DA pairs are indeed generated from a CT-excited
state in the ionic phase and have lifetimes > 100 ps [34].

We next analyze the time evolution of Alsyg(f)/Isuc
[Fig. 3(b)]. When an MIR pulse generates a high-frequency
oscillation of p and p approaches that of the neutral phase,
a neutral domain is generated, the probability of which is
expressed by F(¢). As discussed above, F'(¢) is proportional to
the square of the charge-modulation amplitude (A p)? induced
by the MIR electric field. Here, ARogsc(¢)/R is proportional to
Ap, so that F () should be proportional to the square of the
envelope profile of ARpsc(t)/R. Using the Hilbert transform,
we calculate the envelope profile of ARpgsc(t)/R [the orange
line in Fig. 3(a)] and obtain F () as shown by the blue line in
Fig. 3(a). The initial rapid decrease of Isyg at ~ 0.1 ps, re-
flecting the formation of neutral domains, can be expressed by
a step function convoluted with F(¢). Based on these discus-
sions, we analyze Alsyg(t)/Isuc using the following formula:

Al t o
Alsne () o</ F()g(t — 1)dr,
Isuc —0

o =fa+afi-ew(-1)]

+ ZZ: [Di exp (—%) cos (w;t + %’)] }9(l)- 3
i=1 '

Here, Alsug(t)/Isuc is expressed by the function g(¢) con-
voluted with F(t). Also, 8(t) =0 for t <0 and 6(¢t) =1
for t > 0. In g(¢), the first term C;0(¢) expresses the initial
neutral-domain formation. The second term shows the subse-
quent slow decrease of Alsyg(?)/Isuc with the characteristic
time t,. The third term expresses the coherent oscillations.
We take two damped oscillators into account. Using Eq. (3),
the time evolution of Alsyg(?)/Isug is well reproduced, as
shown by the broken line in Fig. 3(b). Mode 1 (2) has the
frequency w; ~ 56 cm™ (w; ~ 89 cm™), and its time evolu-
tion is expressed by —cos(w;t) [—sin(w,?)]. Those oscillatory
components are also shown in Fig. 3(b). From their frequen-
cies, both modes are attributable to lattice modes. The details
of the fitting analyses and the assignments of those oscillations
are reported in Supplemental Material S4 [40].

The minus-cosine-type oscillation with 56 cm™ was
observed in the reflectivity changes in the previous NIR-
pump visible-probe spectroscopy and attributed to the lattice
mode corresponding to the release of dimerization in pho-
togenerated neutral domains [34], which is generated by
the mechanism of displacive excitation of coherent phonon
(DECP) [45]. The observation of the same oscillation sup-
ports our interpretation that neutral domains are generated
by the MIR pulse excitation. This interpretation is not incon-
sistent with the fact that the similar mode corresponding to
the dimeric molecular displacements becomes Raman inactive
above T; [29] because the original neutral phase has the inver-
sion symmetry. On the other hand, the 89 cm™' oscillation is
of a minus sine type. Therefore, this oscillation cannot be at-
tributed to the DECP mechanism but should be ascribed to the
oscillation in the original ionic states. A possible mechanism
for the generation of this oscillation is a nonlinear coupling
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[12,46] of the IR-active intramolecular vibration (a, mode)
with the 89 cm™ mode.

The previous steady-state vibrational spectroscopy [47-49]
suggested that IR-active and Raman-active modes associated
with the dimerization are located at ~90 cm™! at 50 K and
show a softening with increase of temperature to 7; in the
ionic phase. This result is consistent with our interpretations
that the 89 cm™ oscillation we observed corresponds to the
dimerization modes in the ionic phase. For the details of our
interpretations, see Supplemental Material S4 [40].

It is important to investigate how TTF-CA responds to an
MIR pulse that is not resonant with the a, modes. In our
system, we cannot change the frequency of the CEP-stable
MIR pulses. Alternatively, using a conventional two-color
pump-probe system, we compared the reflectivity changes for
the intramolecular transition by MIR pulses that are and are
not resonant with a, modes. The results showed that the IN
conversion is less efficient with off-resonant excitation than it
is with resonant excitation (Supplemental Material S5 [40]).
This difference demonstrates that charge modulation within
each dimer mediated by EMV coupling is responsible for the
IN conversion.

In summary, we demonstrated that a resonant excitation
of intramolecular vibration effectively induces the IN conver-
sion in TTF-CA. The MIR-pump subcycle-reflectivity-probe

and SHG-probe measurements revealed that the large charge
modulations in DA dimers caused by EMV coupling induce
the quantum mixing of the neutral excited state with the
ionic ground state and result in the conversion to the neu-
tral state, which is accompanied by the coherent molecular
oscillation corresponding to the release of dimeric molecular
displacements within the neutral state. The same excitation
of intramolecular vibration gives rise to another coherent
molecular oscillation associated with the dimerization in
the original ionic state via the nonlinear coupling. The re-
sults presented here show that the resonant excitation of
intramolecular vibrations with EMV couplings is an effective
way to achieve efficient electronic-state controls in molecular
materials.
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