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ABSTRACT

Organic molecular crystals have a variety of low frequency vibrational modes composed of intra- and inter-molecular oscillations.
They are mixed intricately in the terahertz (THz) region. We are interested in the controllability of the vibrational energy distri-
bution among such THz vibrational modes based on the femtosecond double-pulse excitation scheme. Single crystalline rubrene
is prepared by physical vapor transport. The optical response of vibrational modes in the electric ground state of rubrene is
detected by the ultrafast pump-probe reflectivity measurement at 90 K. Three oscillation modes at 3.20, 3.67, and 4.18 THz are
detected, and we demonstrate selective enhancement and depletion of each mode by properly tuning the double-pulse delay.
The amplitude of the selected vibrational mode is modulated between 0.149 and 1.87, where 1.0 corresponds to the amplitude
excited with a single pump pulse. The double-pulse delay dependence of the observed vibrational amplitude is simulated based
on the classical driven harmonic oscillator model, and the results reasonably reproduce our experimental signals. Such selec-
tive manipulation of the vibrational amplitude can be a potential tool to investigate the vibronic and electron-phonon couplings
which plays an important role for the charge transport characteristics and various optoelectronic properties in organic molecular

crystals.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5068732

I. INTRODUCTION

Coherent control is a technique to manipulate the prop-
erties of a quantum system using the interference of wave-
functions.'> The superposed wavefunctions excited by the
time-delayed double pulses show amplitude modulations as
we scan the double-pulse delay. We can observe the construc-
tive or destructive overlap of the wavefunctions depending on
the double-pulse delay corresponding to the integer or half-
integer times the oscillation period of the wave packet motion.
Such a kind of coherent control scheme is called wave packet
interferometry and has been applied for various kinds of quan-
tum systems, including electronic and vibrational states of gas
phase atoms and molecules,®” ro-vibrational states in molec-
ular crystals,®'9 and excitonic states in semiconductor quan-
tum dots.""'2 In our previous study, we have manipulated
the amplitude of the anti-Stokes scattering signal from the

vibrational coherent state of solid para-H, which is a famous
quantum solid known to have extraordinary long vibrational
coherence lifetime.2'° By superposing vibrational coherent
state excited by a pair of time-delayed Raman excitation
pulses, we could observe the anti-Stokes radiation whose
intensity modulates between O and 4 as a function of the
double-pulse delay where the signal intensity is normalized to
the one pumped by a single excitation pulse.

Another important quantum state which can be con-
trolled in a bulk crystal is the collective motion of optical
phonon modes. When the phonon modes are excited impul-
sively by an ultrashort laser pulse whose temporal width
is shorter than the period of phonon oscillation, we can
excite collective oscillation of atoms or molecules. Such
motion is called coherent optical phonons'® and have been
observed for a variety of solid materials such as bismuth,
GaAs, diamonds, and a variety of other semiconductors.'“-2*
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Coherent phonons have been intensively studied since the
phonon motion reflects the ultrafast deformation of the lattice
structure. Various generation mechanisms of the coherent
phonons have been discussed'“'>25 based on the conditions
of the excitation laser wavelength, the band structure, and
the polarizability of materials. Among them, most popular
mechanisms are the displacive excitation of coherent phonons
(DECP) and impulsive stimulated Raman scattering (ISRS). For
the group of polar semiconductors, transient depletion field
screening is also considered as the driving force of coherent
phonons.?® The amplitude control of the coherent phonons
has been demonstrated for a crystal of inorganic materials
such as bismuth,'81921 YBCO,?? and diamond?’ using the
double-pulse excitation scheme. Assuming the situation that
the double pulses are not temporally overlapped with each
other, it is reported that the amplitude of the phonon mode
is modulated from zero to two as the double-pulse delay is
tuned to be half-integer to integer times the phonon oscilla-
tion period, where the amplitude is normalized with that of the
single pulse excitation.'® When this technique is applied for a
system in which several phonon modes are excited simulta-
neously, the amplitude distribution can be manipulated since
each phonon mode has a different oscillation period.?? This
technique is further developed by utilizing a series of pulse
trains and demonstrated as the selective excitation of phonon
modes.?®

In this paper, we apply the double-pulse excitation
scheme to the organic single crystal of rubrene to demon-
strate the selective excitation and amplitude control of the
THz vibrational modes in the electronic ground state. The
rubrene has the highest carrier mobility in organic semicon-
ductors and has been applied to various organic devices. The
carrier dynamics of rubrene has been studied both electrically
and optically.??>? The spectroscopic information on the THz
vibrational modes in the rubrene crystal has been reported
by several groups. In the frequency domain, the polarized
Raman spectrum and the temperature dependence of the
Raman transition have been reported.>>>* The assignments
of the THz vibrational modes in the ground electronic state
have been reported based on the ab initio calculations.>33>
The ultrafast dynamics of energy relaxation in the electronic
excited state has been studied mostly related to the interest
on the singlet fission process which is related to the vibronic
dynamics on the S; potential surface.*236 Unlike simple inor-
ganic semiconductors and semimetals, the rubrene crystal
has a rich spectrum of THz vibrational modes which are the
complicated mixture of intra- and inter-molecular vibrational
motions. The double-pulse excitation technique is important
as a tool to selectively enhance or deplete a THz vibrational
mode. Since the modulation of the vibrational amplitude cor-
responds to the specific modulation of the intra- and inter-
molecular motions in the crystal, such a technique can serve
as a powerful tool to study the mode-specific vibronic or
electron-phonon couplings which may play an important role
in the electronic devices.*”*1 One such example has been
recently demonstrated by Kim et al. for the lead-halide hybrid
perovskites.>” They have performed the THz-pump visible-
probe experiment and showed that one typical vibrational
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mode is strongly coupled to the electronic transitions around
the bandgap.

In this paper, we focus on the THz vibrational motions
in the electronic ground state using the pump laser pho-
ton energy lower than the HOMO-LUMO bandgap. If we
utilize laser pulses which is resonant with the electronic
absorption, both the DECP and ISRS processes will con-
tribute simultaneously and coherent vibrations are generated
both in the electronic excited and ground states. To dis-
tinguish the vibrational motions in the ground and excited
states, it is important to know the ultrafast vibrational dynam-
ics in the electronic ground state as a starting point. This
paper is organized as follows: Sec. II describes the exper-
imental details, Sec. Il gives the results of the experi-
ments, and Sec. IV gives the discussion on the experimental
results based on the theoretical model. Conclusions are given
in Sec. V.

Il. EXPERIMENTS
A. Sample preparation

The rubrene crystal has an orthorhombic structure with
four rubrene molecules in a unit cell,*? as shown in Fig. 1(a).
Single-crystalline rubrene is prepared by a horizontal physi-
cal vapor transport (PVT) method. In our experiment, crystal
growth is performed as follows: first, 40 mg of rubrene pow-
der (Sigma-Aldrich, sublimed grade) is placed inside a glass
growth tube. The growth tube is purged with nitrogen gas at
atmospheric pressure and flowed at a rate of 10 ml/min. The
temperature of the glass tube around the source rubrene pow-
der is tuned to keep around 280 °C. The sublimated rubrene
molecules are crystalized on the cold wall of the glass tube
at the downstream of the flow. As reported in the previ-
ous paper,** we have obtained re-crystalized rubrene with
different morphologies including needle-like, platelet, and
other forms of crystals. The platelet crystal is picked up and
evaluated by X-ray structural analysis (Rigaku VariMax RAPID
RA-Micro7HFM). The orientation of the platelet surface is

FIG. 1. (a) Crystal structure of rubrene. (b) Molecular packing in the ab-plane. (c)
A micrograph of a platelet single crystalline rubrene which is prepared by the PVT
method.
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identified as (001) with the lattice parameter of a = 7.174,
b = 14.267, and ¢ = 26.878 A so that the platelet surface is
the ab-plane. The typical ab-plane dimensions are 2 mm X
5 mm. The thickness of the crystal is 10-35 um. No crack
or defect is observed in the microscopic image, as shown in
Fig. 1(c). The crystal is placed on a glass plate with a grease,
and the glass plate is mounted on a cold copper plate fixed in
a liquid nitrogen optical cryostat to be used in the following
measurement.

B. Optical setup for transient
reflectivity measurement

We have performed the femtosecond (fs) pump-probe
measurement to detect the transient reflectivity change AR
induced by the coherent vibrational excitation. The light
source is a mode-locked Ti:sapphire oscillator (Coherent MIRA
F-900), providing typically 1.5 W output power with 830 nm
central wavelength and the repetition rate of 76 MHz. The
temporal full width at half maximum (FWHM) was evaluated
with a homemade intensity auto-correlator to be ~110 fs.
The fs output pulse is split into pump and probe pulses
with 4:1 ratio. The pump pulse is further split into two
pulses through the Michelson-type interferometer to gener-
ate coaxially aligned time-delayed double pulses. A closed-
loop piezo-stage (PI P-621.1CL) is installed in one arm of the
interferometer so that we can adjust the relative delay At
with sub-femtosecond resolution. The output from the inter-
ferometer is focused onto the sample by a plano-convex lens
(f = 200). For probing the reflectivity change, we have applied
the balanced detection technique to enhance the sensitiv-
ity. The probe pulse is split by another beam-splitter, and
one part is monitored by using a Si diode photodetector
(PD1) as a reference. The remaining part goes through a fast
scan unit (APE Scandelay 15) and is focused onto the tar-
get sample by a plano-convex lens (f = 120). The polarization
of both the pump and probe pulses is set parallel to the b-
axis of the rubrene crystal. We did not perform anisotropic
reflectivity measurement such as electro-optic sampling so
that the main contributions for our coherent vibrational sig-
nal are expected to be from symmetric A; modes. The fast
scan unit can sweep the pump-probe delay 7p, over ~15 ps
at a repetition rate of 20 Hz. The reflected probe pulse is
detected by another Si diode photodetector (PD2). The inten-
sity at each photodetector is adjusted with a variable den-
sity filter so that the differential signal from PD1 and PD2
is balanced when the pump pulse does not shine the sam-
ple. The differential signal is bandpass-filtered between 3 and
300 kHz, and then amplified with a current amplifier (SRS
SR-570) with 200 nA/V gain factor. The impulsive electronic
response which arises when the pump and probe pulses are
temporally overlapped with each other and the slowly decay-
ing non-oscillatory response are removed through this pro-
cess. The temperature of the rubrene crystal is set at 90 K
during the measurement. The input laser fluence of the sin-
gle pump pulse and the probe pulse is ~2.2 and ~0.91 uJ /cm?,
respectively. The detected signal is averaged for 512 acquisi-
tions on the oscilloscope to give single scan data, and such
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scans are further averaged over 30 times on the desktop
personal computer.

I1l. RESULTS

A. Single pulse measurement

Figure 2(a) shows the signal of coherent vibrations in a
single-crystalline rubrene excited by a single pump pulse. The
time-dependent change of reflectivity AR/R is plotted as a
function of pump-probe delay. The slowly modulating base-
line is fitted with a 7th order polynomial function and sub-
tracted for further analysis. The sharp peak around 7,,~0 ps is
due to the remaining instantaneous electronic response. The
inset of Fig. 2(a) shows the oscillatory part of the reflectivity
change from 7 = 0.3 to 6.0 ps after subtracting the slowly
varying background signal. To prepare these data, the orig-
inal data are interpolated to evenly spaced data which are
necessary for the following Fourier-transform analysis. Here-
after, we will discuss on this oscillatory part of the observed
signal. The complex beating structure indicates the contri-
bution of several vibrational modes. The Fourier-transform
of the inset of Fig. 2(a) is plotted in Fig. 2(b). The pump
photon energy of 1.49 eV is much smaller than the HOMO-
LUMO bandgap energy of 2.32 eV4* so that direct excitation
of the electronic excited state is not taken into account. In
the rubrene crystal, the two photon absorption of around
1.49 eV photon is also reported.“> Under current experimen-
tal conditions, however, such a two photon absorption pro-
cess is negligibly small so that we can safely assume that the
coherent vibrations are generated in the electronic ground
state by the ISRS scheme. In this case, only the Raman active
modes are expected to be detected. Comparing with the for-
mer Raman scattering measurement,®>> we can identify three
peaks at ~3.20, 3.67, and 4.18 THz, which we call vy, v2, and
v3 modes, respectively. Their oscillation periods are calculated
to be ~312, 272, and 239 fs, which are hereafter defined as Ty,
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FIG. 2. (a) Observed coherent vibrational signal in rubrene excited by a single
pump pulse. The inset is the enlarged oscillatory part of the signal which is inter-
polated to be evenly spaced after subtraction of the slowly varying baseline. (b)
Fourier-transformed spectrum of the THz vibrations calculated from the data in the
inset of (a). The black dashed line is the fitted curve based on the three mode
model given in Eq. (1).
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FIG. 3. (a) Observed coherent vibrational signals in rubrene excited by the double pulses. Plots with A7 = 312, 271, and 238 fs correspond to the constructive timings of v+,
vy, and v3 vibrational modes, respectively. Plots with Az = 467, 406, and 357 fs correspond to the destructive timings of the same vibrational modes. (b) Fourier-transformed
spectra of the THz vibrational signals given in (a). The black dashed lines are the fitted curves based on the three mode model given in Eq. (1). In (a) and (b), the traces
other than the single pulse excitation are vertically shifted for clarity. (c) Fringe-resolved interferometric autocorrelation of the excitation double pulses. The influence of the

temporal overlap of the double pulses at |A7| > 200 fs is negligibly small.

Ty, and T3, respectively. It is known that THz intra- and inter-
molecular vibrational motions are mixed up intricately in the
rubrene crystal.334¢ According to the previous ab initio cal-
culations, these peaks are assigned mainly to the intramolec-
ular vibrational motions. The mixing ratio of the intermolec-
ular phonon motion in vy, v, and v3 modes is estimated to
be 5.9%, 14.6%, and 1.5%, respectively.>®> Based on the tem-
perature dependent Raman spectrum, a crystal temperature
lower than 70 K would be necessary to observe the princi-
pally intermolecular phonon modes.** In Fig. 2(b), there is a
low frequency peak around 0.5 THz whose oscillation period
corresponds to 2 ps. We cannot find any corresponding Raman
peak in the preceding research.>*3* We will discuss on this
peak in Sec. [II B. The Fourier-transformed THz spectrum of
the coherent vibrational signal can be fitted using a model

function
3 Ry
g(V) = Y() + Z Ai exp(—(v 5“/1 ) ), (1)
i=1

1

where Y is the baseline offset and we have included the three
vibrational modes with their frequency v;, amplitude A;, and
linewidth ¢6; {i = 1, 2, or 3}, respectively. The fitted result is

plotted in Fig. 2(b) with a black broken line. The discrepancy
is rather small so that it is assured that the current three-
mode model reasonably reproduces the observed oscillatory
signals.

B. Double-pulse measurement

We have applied the double-pulse excitation scheme to
demonstrate the manipulation of the vibrational amplitude
distribution among the v;-v3 modes identified in the sin-
gle pulse measurement. The delay Ar is tuned to 1.0 and
1.5 times the oscillation period of each vibrational mode,
Ty, T2, and T3, respectively. Figure 3(a) shows the observed
transient reflectivity change after subtracting the baseline,
as we have done in the single pulse experiment. Due to the
huge non-resonant electronic response which appears around
7pr~0 and ~A7, we have shown only the oscillatory part after
the second pump pulse in Fig. 3(a). In the data shown in
Fig. 3(a), the delay At is tuned to be ~1.0T; (312 fs), 1.5T; (467 fs),
1.0T, (271 fs), 1.5T, (406 fs), 1.0T5 (238 fs), and 1.5T5 (357 fs). The
fringe-resolved interferometric autocorrelation of the dou-
ble pulses shown in Fig. 3(c) assures that the double pulses

TABLE 1. Amplitude multiplication factor for each vibrational mode derived from the Fourier-transformed THz spectrum at

various intervals of the double pulses.

V1 V3
Period Amplitude Period Amplitude Period Amplitude
Single pulse 1.00 Single pulse 1.00 Single pulse 1.00
10Ty 1.87 1.0T, 1.84 1.0T; 1.84
15Ty 0.171 1.5T, 0.149 15T 0.251
2.0Ty 178
25T, 0.0966
3.0T, 1.59
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are not temporally overlapped even at the shortest delay of
AT~1.0T;.

The Fourier-transform of each trace shown in Fig. 3(a)
is plotted in Fig. 3(b). When the delay At is tuned to ~1.0T;
and 1.5Tj, we can observe the enhancement and depletion of
the v; mode intensity, as shown in Fig. 3(b). Similarly, the v,
and v3 mode intensities are enhanced at Ar~1.0T, and 1.0T3
and depleted at Ar~1.5T, and 1.5T3, respectively. The Fourier-
transformed spectrum plotted in Fig. 3(b) for each trace is
fitted with Eq. (1) and overlapped in Fig. 3(b) with a dashed line.
We have used common parameters v; and &; of each vibra-
tional mode which are fixed to the average values derived
from the individual fitting process for all the measured data
shown in Fig. 3(b). The only exception is the value of v3 at
Ar~1.5T3, which seems to be poorly converged due to the low
signal intensity of the v3 mode at this timing. The Fourier-
transformed intensity of each vibrational mode is compared
with that of the single pulse excitation. As shown in Table I, we
have performed amplitude multiplication by ~1.85 at the con-
structive and by ~0.190 at the destructive timing for each of
the vibrational modes. This result indicates that highly selec-
tive amplitude manipulation can be realized by the simple
double-pulse excitation scheme. Concerning the peak around
0.5 THz, similar modulation of the amplitude at different Ar
is observed as shown in Fig. 3(b). Since the frequency of 0.5
THz corresponds to the oscillation period of 2 ps, we should
observe a monotonous decrease of the peak amplitude from
At = 238 to 467 fs if this peak is originated from molecular
vibration. From the data shown in Fig. 3(b), we cannot observe
such correlation. Thus we consider that this 0.5 THz peak may
be an artifact, for example, due to the systematic calibration
error of the fast scan unit.

Figures 4(a) and 4(b) show the coherent vibrational sig-
nals and their Fourier-transformed spectra with the delay Ar
tuned to ~1.0T; (312 fs), 1.5T; (467 fs), 2.0T; (623 fs), 2.5T)
(778 fs), and 3.0T; (934 fs). The dashed lines are the fitted

Wavenumber (cm™)

(a) (b)

0 50 100 150 200
Single pulse 0=
-5 _
— At=312fs (1.0Ty)| 3
¢~ -10+ < -4}
e VANV AN Ao gt = AT=467 fs (1.5T;)
x -15F D467 15 (15T 2 oo L
o S _g|AT=623fs 20Ty
x -20+ a=6281s 20Ty 2 O
< — -10-
m=778ts 25Ty L H[BTTE@ST) AL
V\Am {4 |aT0341s (3.0T|)’ \
Ll et R T P
1 2 3 4 5 6 0 1 2 3 4 5 6

Probe delay (ps) Frequency (THz)

FIG. 4. (a) Coherent vibrational signals and (b) their Fourier-transformed spectra
excited by various double-pulse delays from 1.0T to 3.0T4. The data shown at
the top in each panel are the reference signal taken with a single pump pulse. The
black dashed lines are the fitted curves based on the three mode model given in
Eq. (1). The traces other than the reference are vertically shifted for clarity.
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results of the Fourier-transformed spectra using Eq. (1) with
the same v; and §; parameters used for the analysis shown
in Fig. 3(b). The amplitudes of v; mode at Ar~2.0T; to 3.0Ty
are evaluated compared to the single pulse excitation, and the
results are listed in Table L.

IV. DISCUSSION

Concerning the mechanism of the coherent vibrational
excitation in our current experiment, we can safely assume
the ISRS mechanism since the photon energy of the laser
pulse is much less than the HOMO-LUMO bandgap energy of
rubrene. For the measurement of the oscillatory part of the
reflectivity change with parallel pump and probe pulses, the
relation between the atomic displacement due to the normal

mode of vibration and the reflectivity change AR/R is given
by19.47.48

AR AR aX
Z oy 50, )

where y and gi(t) are the diagonal part of the susceptibil-
ity tensor and atomic displacement of mode v;, respectively.
From this equation, we can assume that the reflectivity change
is proportional to the atomic displacement. The equation of
motion for gi(t) can be described by the driven harmonic
oscillator model given as'?

dgi Fi(t)

dZ
qlzldt witi= (3)

dt?

where v; is the damping factor, w; is the angular frequency, M;
is the effective mass, and Fj(t) is the external force applied by
the pump pulse for the vibrational mode v;. The external force
Fi(t) under the ISRS scheme is given as*®

R = 5( 55 o @

Within this model, we obtain the vibrational amplitude which
is proportional to the intensity of the electric field. Assuming
that the first pump pulse arrives at t = 0, the Gaussian-shaped
electric field envelope of the double pulses is written as

E(t):l;Eo[ 41n2(:)2+e4ln2(‘;$’)2:|’ )

where 7, is the FWHM of the electric field of the single pulse,

Eo is the amplitude of the electric field, and b is the unit vector
parallel to the b-axis. The parameter Eg is determined so that
the vibrational amplitude immediately after the pump pulse is
scaled to unity. Equation (5) is valid when the double pulses
are not temporally overlapped with each other. In the follow-
ing analysis, 7, is taken to be 156 fs, which corresponds to
the experimentally observed intensity FWHM of 110 fs. Using
Egs. (3)-(5), we can simulate the coherent vibrational signal
excited by the double pulses. For simplicity, we focus on the
behavior of the specific vibrational mode, v;, in the follow-
ing analysis. Examples of the reflectivity change simulated at
At = 2.0Ty and 1.5T; are plotted in Figs. 5(a) and 5(b), respec-
tively. Here we use the vibrational frequency w;/27 = 3.20
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atomic displacement for v4 mode, and
the blue curve is the intensity profile of
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vibrational modes derived from the inten-
sity spectrum shown in Fig. 4(b). (Blue
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THz and the damping factor y; = 4.46 which are derived from
the fitting parameters of Eq. (I) used for Fig. 3(b). Figure 5(c)
shows the simulated v; mode amplitude at different double-
pulse delays At together with the experimental results listed
in Table 1. The abscissa is the multiplication factor n defined
as At = nTj. The vibrational amplitude is defined in the same
manner, as given in Figs. 5(a) and 5(b). When the double pulses
are no longer temporally overlapped, the cancellation and
enhancement of the amplitude occur periodically as At comes
near the half-integer or integer times T;. Such amplitude mod-
ulation between O and 2 has been reported in the previous
experiment for inorganic crystals.'®2?7 The slow decrease of
the contrast at longer time scale is simply due to the decay
of the vibrational amplitude prepared by the first pump pulse.
Here we have shown only the simulation result for v; mode,
but it can be applied straightforwardly for other modes.

We have demonstrated the high-contrast vibrational
mode annihilation in Fig. 3(b). In the above experiments, the
selective excitation of a single vibrational mode is not achieved
since the timing of the maximum amplitude enhancement of
one mode is not exactly the timing of depletion for other
modes. If we tune the delay Ar to a longer value, more flex-
ible manipulation of the vibrational population distribution is
possible. For example, the delay Ar of 2.99 ps corresponds to
9.58T1, 11.03T,, and 12.56T3. Thus we can selectively excite v,
mode and almost deplete v; and v3 modes, if we tune At to this
timing. It is also possible to enhance the mode selectivity if we
utilize a pulse train with equal intervals which is tuned to an
integer multiple of the T; period, as demonstrated by Weiner
et al.?® The different THz spectra shown in Fig. 3(b) repre-
sent that we can design the structure of the heat bath com-
posed of THz intra- and inter-molecular vibrational modes.
In the future experiment, the vibronic and electron-phonon
couplings will be investigated under the designed population
distribution among the intra- and inter-molecular vibrations,
tuning the pump photon energy resonant to the electronic
transitions.

V. CONCLUSION

In conclusion, we have demonstrated the selective ampli-
fication of coherent THz vibrational motion in a single
crystalline rubrene by using the time-delayed double-pulse

| n
10 1.0
Double-pulse delay in units of T4

estimated from the maximum amplitude

1 L 1 n 1
20 30 40 after the second pulse irradiation.

excitation scheme. By tuning the double-pulse delay to inte-
ger or half-integer times the specific vibrational period, we
can enhance or deplete the amplitude of the vibrational mode
between ~1.87 and ~0.149 times compared to the single pulse
excitation. The results are well reproduced by a simulation
based on the driven harmonic oscillator model. This tech-
nique will help us to prepare a simplified testbed to study
the vibronic and electron-phonon couplings where one spe-
cific vibrational mode is efficiently coupled with the electron
dynamics in complex organic crystals.
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