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Ultrafast dynamics of charge and molecular degrees of freedom in a photoinduced neutral-ionic transition
of an organic solid, tetrathiafulvalene- p-chloranil, were directly detected for the first time by transient
reflectivity measurements using 15 fs laser pulses. The results reveal that ionic domains are photogenerated
in the neutral lattice via collective charge-transfer processes within 20 fs, and subsequently molecular
deformations and bendings occur, giving rise to large changes in the molecular ionicity and charge
redistributions in molecules, respectively. We show that such couplings between charge and molecular
degrees of freedom play important roles in photoinduced transitions of organic molecular compounds.
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Photo control of an electronic phase in solids, which is
called photoinduced phase transition (PIPT), is attracting
much attention [1]. A key strategy for the realization of an
ultrafast PIPT is to irradiate a material located near a
boundary between two phases having different electronic
structures with a femtosecond (fs) laser pulse. Organic
molecular compounds are good target materials, since
some compounds include strong instabilities originating
from both electron correlations and couplings between
charge and molecular or lattice degrees of freedom, and
show characteristic phase transitions by lowering tempera-
ture and/or applying pressure. A photoexcitation can
stimulate such instabilities and ultrafast PIPTs are ex-
pected to be driven.

A typical example of PIPTs in organic molecular com-
pounds is a photoinduced neutral-to-ionic(N/) transition
observed in tetrathiafulvalene (TTF)-p-chloranil (CA)
[2-4]. By lowering temperature, TTF-CA shows the NI
transition at 81 K [5], which is accompanied by the
changes of molecular ionicity and the changes of struc-
tures, intramolecular (IM) deformations as well as lattice
displacements [6]. In the photoinduced N/ transition, how-
ever, dynamics of charge and molecular degrees of free-
dom were not detected due to the lack of the time
resolution in the previous studies. In this study, by the
pump-probe (PP) measurements using 15 fs laser pulses,
we have detected ultrafast charge and IM deformation
dynamics for the first time.

TTF—CA is a molecular (DA) compound, which con-
sists of alternately stacked 7r-electron donor D (TTF) and
acceptor A (CA) molecules [Fig. 1(a)] [7]. In DA com-
pounds, there are two phases, a neutral (N) phase and an
ionic (/) phase. An I phase is stabilized when the long-
range Coulomb attractive energy for a DA pair in / mo-
lecular stacks overcomes its ionization energy [7]. Because
of the overlap of 7 orbitals between D and A, the degree
of the charge-transfer (CT) p from D to A is not equal to
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Oor 1. In TTF-CA, p ~ 0.3 in the N phase and ~0.7 in the
I phase [8]. In the / phase, the DA molecules are dimerized
due to the spin-Peierls mechanism [6]. The NI transition
can also be driven by photoirradiation [3,4]. The transfer
energy fpa(~0.2 eV) and the frequencies of the IM vibra-
tion modes (~ 300-1500 cm™!) correspond to time scales
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FIG. 1 (color online). (a) Molecular structures of TTF-CA.
(b) Reflectivity (R) spectra in the N phase (Ry) and I phase
(R;) and a differential R spectrum [(R; — Ry)/Ry]. Spectral
profiles of pump and probe pulses are also shown. (c) Time
characteristic of photoinduced R changes (AR/R). Gray shades
show a cross-correlation profile of pump and probe pulse. Solid
lines in the inset are simulated time characteristics.
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of ~20 fs and ~100 — 20 fs, respectively [9—11]. There-
fore, to detect the charge and molecular dynamics, the
duration of the laser pulse should be less than 20 fs. In
the present study, we performed PP measurements using
15 fs laser pulses.

Single crystals of TTF-CA were grown by the cosubli-
mation method [4]. In the PP measurements, the pump and
probe pulses were provided by two noncollinear optical
parametric amplifiers, both of which were excited with an
output of a Ti:sapphire regenerative amplifier (795 nm, a
duration of 130 fs, and a repetition of 1 kHz). The pulse
widths were 15 fs. The system response was determined by
the cross correlation between the pump and probe pulses
using a B-BaB,0, crystal. The excitation photon density
Xph 1 defined as the averaged photon density per pump
pulse absorbed within its absorption depth /,, (the inverse
of the absorption coefficient) and evaluated from x,, =
1,(1 —R,)(1—1/e)/l,, where, I,, and R, are the photon
density per unit area and the reflection loss of the pump
light, respectively.

In Fig. 1(b), we show the polarized reflectivity (R)
spectra, Ry in the N phase (90 K) and R; in the I phase
(77 K), together with the spectral profiles of the pump and
probe pulses (gray shades). The strong band at ~0.6 eV
polarized parallel (//) to the stacking axis a is due to the
CT band between the D and A molecules. The pump pulse
is set at the CT band. For a probe of the NI transition
dynamics, i.e., changes in p, we focus on the IM transition
band of TTF at ~2 eV polarized perpendicular (L) to a.
The energy position and intensity of the band depend
strongly on p [4]. In Fig. 1(b), we also show the differential
R spectrum (R; — Ry)/Ry, which exhibits a clear peak at
2.25 eV. By probing the photoinduced reflectivity changes
AR/R at 2.25 eV, the NI transition can be detected. The
gray shade in the inset of Fig. 1(c) shows a cross correla-
tion of a pump and a probe pulse. The temporal width
~20 fs corresponds to the time resolution.

The time characteristic of AR/R measured with x,
of 0.07 = 0.01 photons/DA at 90 K as a function of the
delay time 7, is shown in Fig. 1(c). The positive signal
indicates the photogeneration of an / state. By comparing
the magnitude of the signal to (R; — Ry)/Ry, we deduce
that an / state generated by one photon consists of ~10 DA
pairs and 70% of the N states are converted to the 7 states.
First, we discuss the rise time 7 of AR/R. The solid lines in
the inset of Fig. 1(c) show simulated time profiles for 7 = 0,
20, and 40 fs. A comparison of the experimental and simu-
lated time profiles reveals that the characteristic time for the
I-domain formation is = 20 fs. The time scale of the CT
processes deduced from 7, is ~20 fs. It is therefore rea-
sonable to consider that the primary / domain is formed via
purely electronic processes without structural changes.

After the initial increase of AR/R, oscillatory structures
are observed. By subtracting the baseline of the AR/R
change, we extracted the oscillatory profile ARpgc/R
[Fig. 2(a) (open circles)]. In Fig. 3(a) (left panel) we

show the Fourier transform of the oscillatory component,
in which five peaks are observed. The oscillatory compo-
nent and the Fourier transform can be well reproduced by
the sum of five damped oscillators,
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as shown by the solid lines in Figs. 2(a) and 3(a). A;, w;, ¢;,
and 7; are the amplitude, frequency, phase, and decay time
of the oscillation i, respectively. For the i = 1 mode with
w, = 53 cm™!, two decay times (0.19 ps and 5.25 ps) are
assumed. The parameter values are listed in Table I.
In Fig. 2(a), each oscillation is also shown by solid lines.
All the modes are cosine-type, suggesting a displacive-
excitation mechanism [12]. All the oscillations have cor-
responding Raman bands in the / phase [8,9] and so can be
attributed to photogenerated / domains.

The w; mode is related to the dimerizations induced by
the spin-Peierls mechanism [4], which increase the
Coulomb attractive energy in dimers and give rise to addi-
tional CT (Ap,) [Fig. 2(b)]. The other four modes are attri-
butable to the IM totally symmetric (a,) modes [Fig. 2(c)]
[10,11]. The modulation of p by such a, modes can be
explained by the electron-intramolecular vibration (EIMV)
coupling [13]: an / domain initially produced is stabilized
by not only dimerizations but also IM deformations. For
the a, modes of TTF, the IM deformations modulate the
molecular orbital energy, leading to the modulation of p
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FIG. 2 (color online). (a) Oscillatory component ARngc/R.
Solid lines show fitting functions. (b) Oscillations of p by dimeric
molecular displacements. (c) IM a, modes. (d) Oscillations of p
by IM a, modes.
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FIG. 3 (color online). (a) Left panel: Fourier transform of the
oscillatory component (circles) and the fitting function (solid
lines). Right panel: Wavelet transform of the oscillatory compo-
nent. Broken lines show peaks in Fourier spectra. (b) Time
dependence of oscillation frequencies of IM a, modes. Broken
and solid lines show time profiles calculated using Eq. (2) and

Egs. (3) and (4), respectively. (c) Bending modes.

via the partial CT Ap; between TTF and CA [Fig. 2(d)].
Such deformations give rise to coherent oscillations of
molecular structures and p. Similar modulations of p are
induced by the a, modes of CA. Note that oscillations of p
are detected in the IM transition of TTF. The modulation of
p in TTF by the vibrations in CA is a clear evidence for the
CT process driven by the EIMV coupling.

To obtain quantitative information about the coherent
oscillations, we performed wavelet analyses on the oscil-
latory component and obtained time-dependent Fourier
spectra [right panel of Fig. 3(a)] [14]. The frequencies

TABLE L

of some IM oscillations change with time. Their time
dependences are plotted in Fig. 3(b). The frequency of
CA vs is almost unchanged, while those of TTF v¢, TTF
vs, and CA vy are periodically modulated with w; =
53 ecm™! and shift to lower frequencies over time.
Modulations of the frequencies are attributable to the
modulations of p induced by the dimeric molecular oscil-
lations, while the frequency shifts make us expect the
charge redistributions in molecules due to changes of
molecular orbitals after the initial /-domain formation.
If the charge redistributions are purely electronic pro-
cesses, they occur with a time scale (~ 2 fs) of overlap
integrals (~ 2 eV) between neighboring atomic 7 orbitals.
The time constants of the frequency shifts are, however,
slow (~ 0.3 ps), suggesting that some structural changes
might influence the frequency shifts. A plausible scenario
is that dimeric molecular displacements give rise to addi-
tional IM deformations through vibration couplings, more
stabilizing [ states and inducing charge redistributions.
Possible candidates for the deformations are bending
modes, since both TTF and CA are almost planar in the
N phase and bent in the / phase [6]. A comparison of the
molecular structures in the N and / phases as well as
theoretical calculations [10,11] revealed the plausible
bending modes of TTF (b5,v;y) and CA (b3, v3) shown
in Fig. 3(c), which we label j = a and f3, respectively. The
frequencies wp; of these bending modes are wg, =
58 cm™! and wpp = 65 cm ™.

Next, we analyzed the time dependence of the oscilla-
tion frequencies using the following formula:

w;(t) = wci() + [0ci(0) — wci(0)] exp(— th)

-, exp(— TL) cos(w it + P )
1
Here, w;() is the frequency in the I phase (15 K) [9],
and w;(0) is the frequency in a planar molecule with
p=0.7, evaluated from the frequencies in neutral (p =0)
and fully ionic (p = 1) planar molecules [9]. 7, is set to be
5.25 ps. 7¢; is the time constant for the frequency shift.
Q; and ¢; denote the amplitude and phase of the
frequency modulations. The experimental time character-
istics are well reproduced by this formula [broken lines
in Fig. 3(b)] with three fitting parameters, 7;, {);, and
@c;- The parameter values are listed in Table I. A notable
feature is the variation of phases ¢.; in the periodic

Parameters for the analyses of coherent oscillations.

i o;[em™'] Assignment A; (X 10%) 7 [ps] ¢, [deg] wci(0) [em™!] @g(0) [em™'] 7¢; [ps] Q; [em™!] ¢ [deg]
1 53 Lattice 33(0.5) 019525 -3 — — - - -
2 320 CA agvs 0.9 1.52 —18 316.5 335.5 - - -
3 438 TTF a,ve 1.7 0.34 —13 434.5 492.5 0.34 3.1 91
4 740 TTF a,vs 0.2 1.25 0 732.5 758 0.3 5.0 -8
5 957 CA a,v3 1.1 0.65 —26 943 1022 0.37 26 98
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frequency modulations: ¢4 for TTF v is almost equal
to zero, similarly to the dimeric lattice mode with
w; = 53 cm™ !, while for TTF v¢ and for CA v5, the phase
shifts (¢c5 = 98° and @3 = 91°) from the lattice mode
are large [see the vertical arrow in Fig. 3(b)].

To clarify the effects of the coupling between the di-
meric mode and the bending mode on the frequency
changes, we consider a classical oscillator in an external
oscillating force expressed as follows:

QBj + VBjQBj + w%}jQBj = Fg[1 —exp(—1t/7)

X cos(w;1)]. 3)

Osj> YBj» and wp; are the vibrational coordinate, damping
constant, and frequency of the bending mode j = « or 3,
respectively. Fpj, 71, and @, are the magnitude, the decay
time, and the frequency, respectively, of the external force
originating from the dimeric molecular displacements. We
assume that the photoinduced dimeric displacements ex-
pressed as Q[1 — exp(—t/7;) cos(w;?)] induce the bend-
ing Qp;(t) via Eq. (3). Q; shows the dimeric displacement
in an / domain and Fj; = Q;. We also assume that Qp; (1)
changes from Qp;(0) = 0 in the Franc-Condon / state to
Qpj(o0) # 0 in the lattice-relaxed I domain and causes a
frequency shift of an IM a, mode i from @ ¢;(0) to @ ¢;(o0)
through IM charge redistributions. In addition, the dimeri-
zation [—Q; exp(—1t/7;) cos(w;1)] itself modulates w ;(z)
through the modulation of p as discussed above. Now, we
can calculate the time dependence of the frequency w (1)
of an IM mode. Assuming that w;(?) is linearly dependent
on Qp;(1)/Qpj(), wc(1) is expressed as,

wei() = —Q,; exp(— T—tl) cos(w 1)
030 © Op;(1)
+ wCi(O)[l QBj(OO)] + o¢( )QB/'(OO). 4)

The first term shows the direct modulation of w¢;(f) due to
the modulation of p by the dimeric lattice mode, in which
the phase is fixed to zero. (); is the net amplitude of the
direct modulation and is different from (); (the actual
amplitude) in Eq. (2). The second and third terms represent
the frequency shifts and modulations by the bending.
Using Egs. (3) and (4), we performed fitting analyses on
the time profiles for CA a,v; and TTF a,vs. The former
shows the largest frequency shift and phase shift in the
periodic frequency modulation. The latter shows relatively
small frequency and phase shifts. The fitting parameters
are yg; and Q.. The experimental time characteristics were
reproduced well [solid lines in left panel of Fig. 3(b)].
The used parameters are y,) =0.018 ps and Q, =
—8.4 cm™! for TTF a,vs, and yz5 = 0.019 ps and Qs =
0 cm™! for CA a,v3. For CA a,vs, the direct frequency
modulation by the dimeric mode is negligible, and the
large frequency change (modulation and shift) and the
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FIG. 4 (color online). Photoinduced N/ transition dynamics.
large phase shift are attributable to the large frequency
difference [we5(0) — wes(0)] due to bending and the
large damping constant y Bil

Finally, we summarize the dynamics in the photoinduced
NI transition; see Fig. 4. Just after photoirradiation, an 7
domain is generated via purely electronic processes (i).
Subsequently, the I domain is stabilized by molecular
deformations (ii) and dimerizations (iii). Simultaneously,
changes and coherent oscillations in the degree of CT p
due to molecular deformations and dimerizations are gen-
erated. The dimerizations produce molecular bendings (iv),
which give rise to charge redistributions in molecules. As
reported here, in the PIPTs of molecular compounds,
changes in the charge and molecular degrees of freedom
occur in different time scales, and the system traces a
complex transition path. Using information from coherent
oscillations, however, it is possible to simulate complicated
charge and molecular dynamics.
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