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Recently there has been growing interest in the dynamical properties of
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various materials after short optical pulse excitation. Time-resolved spectroscopy can
be related to frequency domain studies, such as light scattering, using the temporal
and spectral Fourier-transform relation of electric fields. However, except for the
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simple systems, these two methods are not equivalent, but provide complementary
information. If one is interested in the time evolution of a system, time-resolved
studies give more direct and detailed information; the shorter the pulses, the more
detailed the information. Within the last decade, short pulse technology has made
rapid progress and now pulses as short as 6 fs, which contain only three optical
cycles, are generated [!].
In the nanosecond regime, or longer, time-resolved measurements can be

carried out using electronic instruments, while, in the pico- or femtosecond region,
ordinary electronics, except for such as streak cameras, lack the required resolution
and a special high resolution technique, i.e., a correlation technique, is utilized to
obtain a time resolution limited only by pulse duration. In this technique, two light
pulses are used typically. The change in a system induced by the first pulse is probed
by the second delayed pulse and time is measured by the delay between the two
pulses. Therefore, the observations are based on nonlinear optical phenomena. And
also, because short pulses have extremely high peak powers, advances in short-pulse
technology have contributed to the development of nonlinear optics.

vi

By using short light pulses, various types of spectroscopic techniques have
been invented and applied to numbers of studies of dynamical events in physics,
chemistry, and biology [2]. A part of the studies is material research aimed at the
development of functional optical devices utilizing nonlinear optical phenomena for the
control of light. Required properties of materials for such applications are large optical
nonlinearity, fast response, thermal and chemical stability, and processibility. While
inorganic semiconductors have been investigated extensively, organic materials
possessing conjugated n-electron systems have also been studied widely and known

vanadyl phthalocyanine was studied here, the result should give some general
prospects for similar systems.
This dissertation is organized as follows. In Chapter 2, the femto second laser
system, I have constructed, is described. In Chapter 3, a simple general theory of
typical time-resolved measurements is given. The studies of excited-state dynamics
in vanadyl phthalocyanines in several morphological forms are discussed in Chapter 4.
Chapter 5 contains conclusions based on the present studies and the future prospects
of this research.

to have large optical nonlinearities and ultrafast responses [3] in addition to their
great advantage in processibility. Among them, phthalocyanines have good thermal
and chemical stability as well and proper chemical modification makes them soluble in
some of the organic solvents, which is an important advantage in processing. The
compounds show differences in their optical and electronic properties depending on the
morphology, i.e., the structure of stacking of the molecules, as well as the central
metal. Their nonlinear optical properties were also found to have such dependence
and now studies of their excited-state dynamics attract interest.
My thesis work has been carried out to clarify the dynamical properties of their
excited states using a newly constructed femtosecond laser system. The present
study was specifically focused on the morphology dependence, systematic studies of
which have not been performed yet, by fixing the central metal for oxovanadium. It is
expected to elucidate the relation between the dynamics and the origin of the excited
electronic states as well as the mechanism of their relaxation. The relaxation kinetics
were found to have strong morphology dependence, which is considered to be due to
the differences in interactions between molecules. It is an interesting fact that
molecular systems consisting of the same molecule can show markedly different
transient opticaJ response because of the molecular arrangement. Although only
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second harmonic of a mode-locked Nd:glass laser [7]. In 1972, 0.7-ps pulses were

CIIAJ>TER 2
FEMTOSECOND LASER SYSTEM

generated by compressing picosecond mode-locked pulses of a Nd:glass laser by
multiple transits through a saturable absorber-amplifier system (8]. And it was in

Techniques for femtosecond pulse generation have made rapid progress in the
past ten years [4] and nowadays a variety of femtosecond lasers are commercially
available. However, their operation and maintenance are still not simple or easy.
Furthermore, since different systems have different characteristics, it is very
important to know the features of our own system in order to operate it optimally.
This chapter describes construction and characterization of a laser system for
femtosecond spectroscopy, which consists of a colliding-pulse mode-locked ring dye
laser, a high-repetition-rate amplifier pumped by a copper vapor laser, and systems
for time-resolved measurements including pump-probe and degenerate four-wave
mixing techniques. Characterization of femtosecond continuum pulses is also
described. Before these descriptions, a brief history and an introduction to the
essential techniques of ultrashort pulse generation are given. In the last section,
possible improvements of the present system are proposed.

I 974 that the frrst subpicosecond pulses as short as 0.5 ps were generated directly
from a laser cavity by the passive mode-locking technique [9]. After this report,
ultrashort pulse generation using dye lasers developed because of the advantage of
broad gain spectra of dyes.
The epochal event occurred in 1981 , when optical pulses shorter than 100 fs
were generated by the colliding-pulse mode-locking (CPM) technique [10]. This
marked the beginning of the femtosecond era. During these researches it was found
that the group-velocity dispersion (GVD) inside the laser cavity plays an important
role in short pulse generation [11-13], because the 100-fs pulses, which have
bandwidths as broad as 10 nm, easily broaden temporally by passing through
dispersive media such as optical elements. These optical elements usually have
positive GVD in the visible region, i.e., red component propagates faster than blue
component. For example, after passing through a 1-mm thick si licate glass plate,
Fourier-transform (Fr) limited 10-fs pulses with center wavelength of 620 nm double

2.1. Introduction to ultrashort light pulses
The research of the ultrashort optical pulses is one of the streams of laser
technology aimed at the achievement of the extremes. Since the frrst picosecondpulse generation by passive mode locking of a Q-switched ruby laser was reported in
1965 [5], the technique to produce ultrashort laser pulses has made rapid progress.
The frrst subpicosecond pulses were generated in 1968 by compressing chirped
picosecond output pulses of a mode-locked Nd:glass laser down to 0.4 ps by a pair of
gratings [6]. A stimulated Raman oscillator was applied to generate 0.3-ps pulses at

in duration, while FT limited I-ps pulses change their duration only by J0-6 %.
Several known or new optical configurations were exploited to produce variable
negative GVD [14-18] by the use of gratings, prisms, or interferometers. Introduction
of such configurations of optical elements into the dye laser cavity has made the
output pulse duration much shorter. The CPM ring dye laser containing a four-prism
sequence for GVD compensation has been shown to be able to generate pulses as
short as 27 fs by balancing the intracavity GVD, self-phase modulation (SPM),
saturable absorption, and saturable gain [19,20]. This type of dispersion-

the Stokes lim; of benzene, in 1971, by pumping it with picosecond pulses of the
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compensated CPM ring dye laser is one of the most reliable femtosecond lasers in the

intensities of the order of 10 16 W/cm2 have been reported [37J . Amplifiers producing

sense of pulse duration and stability.

relatively low output power but high repetition rates have been achieved with pumping

With the prism-pair configuration, GVD, i.e., the second-order phase

sources of copper vapor lasers [38-41], excimer lasers [42-44] , Nd:YAG or Nd:YLF

distortion, can be compensated for, but the third-order phase distortion remains and

regenerative amplifiers [45J, a cavity-dumped, Q-switched, mode-locked, cw pumped

plays a pulse broadening role in the cavity [21]. More recently a new attempt has

Nd:Y AG laser [46], and a cavity-dumped, Q-switched, cw pumped Nd:Y AG laser

been made to compensate also for the third-order distortion with contribution of a

[47]. These light sources produce repetition rates ranging from 100Hz to 10kHz. By

prism sequence and a chirp-compensation cavity mirrors which have a well controlled

using the amplified pulses, femtosecond continuum can also be generated [48], which

stacking of dielectric layer coating (22-24]. With this technique pulses as short as

extends the usable wavelength region from less than 400 nm to more than I J.lm, and

22 fs have been produced [25], which are the shortest ever pulses generated directly

also provides an ideal broad spectral probe for femtosecond spectroscopy.
Techniques of pulse compression have also made progress along with the

from a laser cavity.
The intracavity-dispersion-control element, i.e., one- or two-pair prism

development of short-pulse dye lasers and amplifiers [49-53]. And now, pulses as

sequence, has been used in other types of lasers. Pulses as short as 29 fs have also

short as 6 fs can be generated by compensating for both the second- and the third-

been generated from a linear dye laser cavity, which is hybridly mode-locked by

order phase distortion of self-phase modulated pulses from an optical fiber by

synchronous pumping from a cw mode-locked Nd:Y AG laser and a saturable absorber

appropriate combination of grating pairs and prism pairs [I].

[26]. Attempts to take advantage of both synchronous pumping and CPM have also

In the early stage of the development of the ultrashort-pulse lasers, the

been made with an anti-resonant ring laser cavity [27] and pulses shorter than 100 fs

available wavelength was limited to a red region around 600 nm. The lasers had poor

are routinely obtained [28-32]. One of the advantages of synchronous pumping

tunability because only the combination of rhodamine 590 and DODCI as gain and

compared with passive mode locking is that the output can be actively stabilized with

saturable absorber dyes gave stable pulses shorter than I 00 fs. Therefore, extensive

a feedback system by monitoring the intensity or spectrum of the output and adjusting

efforts have been made to develop lasers in other wavelength regions. Several

the cavity length [30,31,33,34]. Further, it not only produces pulses with relatively

techniques have been exploited. One method is to operate dye lasers with other dye

high output power but also simplifies synchronization with other systems, such as

combinations [54-58). Second is wavelength conversion by harmonic generation

amplifiers.

[59-62] and successive amplification [63-66], difference frequency mixing [67,68] or

Because the pulses generated from dye lasers have pulse energies of the order

seeded optical parametric amplification based on it [69], optical parametric oscillation

of 0.1 nJ, various techniques for optical pulse amplification have also been developed

[70,71], stimulated electronic Raman scattering [72], and so on. Third is to amplify a

[35]. High-power but low-repetition-rate amplifiers are based on a Q-switched

selected spectral component of continuum pulses by a second amplifier [44,73,74] or

Nd:YAG laser· for excitation [36] and recently millijoule pulses focusable to

by optical parametric amplification [75]. Fourth is to excite another dye with intense
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femtosecond pulses by a configuration of traveling-wave amplifier [76-78]. And

locked laser can be used as an excitation light source. This technique is called

recently, new gain media other than dyes have been developed. Among such

"synchronous pumping," which is also a type of active mode locking. On the other

materials, titanium doped sapphire (Ti:Al 20:;) [79] has an extremely broad gain region

hand, the passively mode-locked lasers include a saturable absorber in the cavity

in the near infrared and has already proved itself as a useful material for short pulse

[83-86]. This acts as a passive loss modulator. The low intensity parts of the light

generation. Much work has been devoted to femtosecond pulse generation with this

are absorbed, while the high intensity parts are transmitted because the material's

crystal and a novel mechanism of mode locking has been discovered [80,81]. By these

absorption gets saturated. Both techniques can be used together, which is called

various techniques, femtosecond pulses are now obtainable over a wide spectral range

"hybrid mode locking," as in the case of a synchronously pumped dye laser containing

from the ultraviolet to the infrared.

a saturable absorber. More recently a new type of technique, "additive-pulse mode

Using femtosecond pulses, experiments with femtosecond time resolution can

locking" or "coupled-cavity mode locking," was invented [87,88]. Mode-locking

be carried out. However, because ordinary electronic instruments cannot resolve the

technique is still making progress now. A current topic in this area is the Kerr-lens

short optical pulses, correlation techniques are utilized. The method often adopted is

mode-locking mechanism in Ti:sapphire lasers, which corresponds to passive phase

to divide one short pulse into two, pass each pulse through different optical delay lines

modulation [80,81].

to the same spot on a sample material. By varying the path length of one of the optical

Colliding-pulse mode locking (CPM)[lO], which helped initiate the ultrashort

delay lines, the time delay between the two pulses can be controlled. Because light

pulse technology, is one of the passive mode-locking techniques. The two

propagates 3J.lm in 10 fs in air, high time resolution can be achieved easily by the

counterpropagating pulses collide at a saturable absorber which is thinner than the

mechanical technique of micron-resolution spatial positioning.

spatial pulse length. The two pulses interfere in the saturable absorber and form a
transient grating which enhances the pulse shortening effect because of the higher
amplitude of the electric field at grating peaks than that of a single pulse having the

2.2. Mode locking
As described in the preceding section, mode locking technique is essential in

same pulse energy as the sum of the two pulses, and/or the backward diffraction of a

short pulse generation [82]. It locks the phase relation among the longitudinal modes

part of the pulse from the transient grating [83,89]. Because of this pulse shortening

of the laser cavity and produces coherence in the frequency domain by modulating the

enhancement, pulses shorter than 100 fs are easily obtained. Moreover, the colliding

loss, gain, or phase inside the cavity synchronously with the round trip time. Mode

pulses form a mechanism to stabilize the laser oscillation. Such effects in the CPM

locking is either done actively or passively. Active mode-locking utilizes an active

were confirmed in the anti-resonant ring dye laser [28]. That is why the CPM

modulator such as acousto-optic (A/0) and electro-optic (E/0) devices, which

technique is often utilized for femtosecond-pulse generation and also why it was

modulate the cavity loss or phase at the frequency corresponding exactly to a half of

chosen for our system.

the round trip ·time of light in the cavity. In the case of dye lasers, an actively mode-

8
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1l1e pulse shortening mechanism in this type of passively mode-locked dye
lasers is the balance of the absorption saturation, the gain saturation, self-phase
modulation (SPM), and group velocity dispersion (GVD) [20]. Among these factors

from Ar Ion Laser

the latter two effects are significantly important for the generation of pulses shorter
than I 00 fs. SPM happens in a saturable absorber jet or in a gain jet, where the laser

Four-Prism Sequence

beam is tightly focused, and is controlled by changing the spot size in the jets or the
pump power of the excitation laser source. GVD is caused in each optical element,
which the laser beam passes through or is reflected by. By introducing prism pairs to
the cavity the total amount of dispersion can be controlled by adjusting the position of
one of the prisms to change the pass length of the beam inside the glass. Proper
balancing of SPM and GVD can yield soliton-like pulse shaping and result in
ultrashort pulses.

2.3. Colliding-pulse mode-locked ring dye laser
In the present system, a colliding-pulse mode-locked (CPM) ring dye laser is

utilized as a source of femtosecond pulse trains, which was pumped by a cw Ar-ion
laser (Model 171-09 or Model 2030, Spectra Physics) operated at 514.5 nm [20]. The
schematic of our dye laser is shown in Fig. 2-1. The specifications of the optical
elements are listed in Table 2-1 . The dye-laser cavity consists of seven mirrors , a
four-prism sequence for balancing the dispersion in the cavity, a gain-dye jet

MI-7 : Dielectric coated high-reflectance mirrors
: Output coupler
: Saturable Absorber
SA

oc

(rhodamine 6G I ethylene glycol, ca. 2x I0-3 mol/f), and a saturable-absorber-dye jet
(DODCI I ethylene glycol, ca. I.Sx I0-3 moVl). At this condition the threshold power of
the pump laser for dye laser operation was between 2 and 3 W. A focusing concave
mirror for the pump laser (M7) is separated from the cavity mirror (Ml) so that extra
dispersion is not introduced in the cavity. The cavity length is ca. 3 m, which

Figure 2-1

Cavity configuration of colliding-pulse
mode-locked (CPM) ring dye laser

corresponds to a repetition rate of 100 MHz, and the gain jet and the saturable-

II
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"A lnm

Reflectivity

r lmm

Diameter Thickness Comment
absorber jet are separated by about a quarter of the cavity length in order to obtain

M1

620

HR@ 0°

15 mm

100

10mm

Virgo

(D-shape)

almost the same gain for both counter-propagating pulses.
The output pulses were characterized by several ways. The pulse train was

M2

620

HR@0°

100

15 mm

lOmm

Virgo

detected by a PIN photodiode (S2840, Hamamatsu) and observed by an oscilloscope

M3

620

HR@Oo

50

15 mm

11 mm

Virgo

(Model 246SB, Tektronix). The spectrum of the output was observed by a

M4

620

HR@0°

50

15 mm

11 mm

Virgo

spectrometer with a multichannel photodiode array (USP-500, Unisoku), which can

M5

620

HR@ 45°

00

1"

114"

Virgo

display a spectrum at about 20Hz, or by a photomultiplier tube (PMT) through a

or 620

HR@ 45°

00

30mm

5 mm

Sigma

monochromator (MC-10, Ritsu) with a stepper-motor-driven rotatable grating. Its

M6

620

HR@ 45°

00

1"

114"

Virgo

autocorrelation trace was obtained by a background-free autocorrelator, which is

M7

514.5

HR@0°

100

15 mm

10mm

Virgo

illustrated in Fig. 2-2, by measuring the second-harmonic intensity generated by the

oc

630

98.5%@ 0°

(D-shape)
00

contribution of two delayed pulses in a 100-J.lm thick potassium dihydrogen phosphate

I"

114"

Virgo

(KDP) crystal. The autocorrelator has two scanning modes. A fast-scan mode
utilizes a retroreflector mounted on a loud speaker, which modulates the optical delay

Brewster prisms

Quartz

at the frequency of the electric pulses applied to the loud speaker (ca. 50 Hz). By
triggering an oscilloscope synchronously with the delay modulation, the

Gain jet

autocorrelation trace can be monitored in real time, which is convenient in the flne

-300 JJm thick

Rhodamine 6G I EG

- 2

x

JQ-3 moUl

Saturable absorber jet
-50 1Jm thick

adjustment of the dye laser cavity. However, since the displacement of the
retroreflector mounted on the loud speaker is not linear to the applied voltage, it does

DODCI I EG

- 1.5

x

JQ-3 moUL

not display an accurate autocorrelation trace. Therefore, a slow-scan mode was used
for accurate measurements, in which the time delay was controlled by a translation

"A: Center wavelength of mirror coating

stage driven by a stepper motor with 3.3-fs resolution. Since, once the dye laser was

r : Radius of curvature of concave mirrors

properly aligned, reproducible pulses were obtained daily, optimization of the cavity
alignment was usually done by monitoring the output pulses diffracted onto a screen

Table 2-1 Specifications of optical elements used in the
colliding-pulse mode-locked (CPM) ring dye laser

12

and adjusting the position of one of the prisms to maximize the spectral width. The
fluctuation of the output intensity was at most 3 %.

!3

Variable Optical Delay
Characteristics of the output pulses are dependent on the stack of coating
layers of the cavity mirrors. The property was confirmed by using two types of mirrors
forMS purchased from two different companies, Virgo Optics and Sigma-Koki. Both
mirrors are specified for the same incidence angle, polarization, center wavelength,

Loud Speaker

and reflectivity. With a mirror purchased from Virgo Optics (MS-1) , pulses as short
as 34 fs were obtained. An autocorrelation trace of the typical output pulses is shown
in Fig. 2-3. It could be fitted well by assuming a hyperbolic-secant-squared shape for
the pulse-intensity profile. The spectrum has a peak around 630 nm. The average
output power was ca. 10 mW for each output beam. On the other hand, the pulse
duration obtained from the cavity containing a mirror from Sigma-Koki (MS-2) as the
mirror MS was longer than the former case. The marked difference appeared in the
spectrum, as shown in Fig. 2-4; it has a peak at a shorter wavelength and is sharply
cut-off at the longer wavelength side. The average output power was a little higher
than the former case and was between 15 and 20 mW. Similar spectrum was
observed when the dye laser cavity was constructed with six mirrors by replacing the
pair of 45° mirror, MS and M6, with a high reflectance mirror at normal incidence

I
I

purchased from Virgo Optics. In this case the spectrum of the output was also sharply

I
I

I

Aperture

I
I

:

Second harmonics

'
[:]

cut-off at longer wavelength side and the duration of stable pulses was longer than
50 fs.
Although the cavity containing the mirror MS-1 produced the shortest pulse,
double pulsing took place frequently in this configuration. This is explained as follows
by using a scheme shown in Fig. 2-5. Because the gain jet and the saturable absorber
jet are separated by about a quarter of the perimeter of the cavity, two
coun terpropagating pu lses starting from the saturable absorber jet at time zero arrive

PMT: Photomultiplier Tube

at the gain jet at time lr.~./4 and 3rr. 1/4, respectively, where lr.t. is the round trip time
of light along ihe cavity. When the pumpi ng rate is high enough to recover the gain

Figure 2-2

Autocorrelator
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tp : FWHM of intensity profile for hyperbolic-secant squared pulses

Figure 2-4 Spectra of the shortest pulses
of the CPM dye laser output

Figure 2-3 Background-free SHG autocorrelation
of CPM ring dye laser pulses
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650

within

pulse generation. Thus, two similar pulses separated by

!fccw

actual use for spectroscopic measurements, it should be prevented. It turned out
empirically that the double pulsing could be prevented by pumping the dye laser
constructed with the mirror M5-2 at the power less than ca. 200 mW above threshold.

..

Time

Therefore, this cav ity configuration was normally used at the expense of the pulse
duration of the dye-laser output. As described in the following section , the pulse
duration of the amplified pulses is rather insensitive to that of the dye-laser output.

Single pulsing

Because the amount of dispersion affects the pulse shaping process, the

A

A
~

A
~

characteristics of the outpu t pulses depend on the position of the prisms, i.e., the total
path length of the beam inside the prisms, I. This dependence was also examined.

~

The second-order phase distortion <!>" (=

Gain

A-." -

'~-'

Double pulsing

ccw
cw
Gain

come out from the

larger number of pulses in a period. Since this multiple pulsing is an obstacle in the

Round trip time

cw

1,_1/4

laser into each output direction. In the same manner, a higher pumping rate produces

Saturable
Absorber

ccw

another pair of counter propagating pulses is generated and undergoes

gain at time r,_ 1/2 and fr.~.o which are the middle of the gain minima for single pair of

Gain

CW~

r,_ 1/4,

__1.,l_ 11 ". l

- 2JTc2

~~2 ) is related to the path length I by
(2-1)

'

where cis the velocity of light, f.. is the wavelength of the pulse, and n" is the second-

AA

AA
AA

AA
AA

A

AA

'VVVVVVVVVVVVV

order derivative of refractive index with respect to wavelength at f... The coefficient of
r.h.s. of the above equation is about 51, 69, and 299 (fs)2/mm for SiO"' BK7, and SF!!,
respectively, at 620 nm. The dependence of spectra on the intracavity dispersion is
shown in Fig. 2-6. As the total pass length inside the prisms I increased, the
spectrum became broader and its peak shifted

longer wavelength. But after certain

length lr> the spectrum showed a sharp peak. When I was shorter than lr> i.e., more

Figure 2-5 Schematics of single and double pulsing
of CPM ring laser
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to

19

negative di spersion , the dye laser showed stable mode locking, whereas at longer
cases, i.e. , less negative dispersion , it would not be mode-locked. The pulse duration
was the shortest at the critical point 10 and increased as I decreased.
The autocorrelation trace at I- 10 = 0 J.l m (¢" - ¢ "0 = 0( fs ):!) fitted well to that

Intracavity
Quartz Length

of hyperbolic-secant squared pulse as shown in Fig. 2-3. But at shorter I the trace
could not be fitted by that pulse shape. For example, an autocorrelation trace at 110

= -230 J.l m W'- ¢"0 = -12(fs) :!)

is shown in Fig. 2-7. In order to explain this

trace, the following asymmetric pulse shape,

0
(2-2)

0

::s

eli

'-'

.£
c:
....c:

0

was assumed. This pulse has a rising rate of 2a:! and a decaying rate of 2a 1• The

Vl

-

l 0 -60J.Jm

Cl)

0

above equation can also be expressed as

l(t)

= [ exp[Bl]·sech(A!)

]2 ,

(2-3)

where A= (a:!+ a 1) I 2 and B = (a 2 - aJ I 2. When B = 0, i.e. , a 1 = a:o it is reduced to
ordinary hyperbolic-secant squared pulse shape. For this pulse shape, the intensity

l 0-360 J.lffi

autocorrelation function is calculated to be as follows [901:

OL---::;._-'---~--'----'
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Figure 2-6 Dependence of dye laser spectra
on intracavity dispersion
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x.

[A

sinh(2Br)
-coth(AT) - cosh(2Br)]
28
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(2-4a)

.2:'

a)

'(/j

c

= 3 cosech2(AT)

~
.£

3 sinh(2AT) - 6AT
- ;B

2

(_')

= - 4 si-nh3(AT)

(sech)

I

[AT·coth(AT)- 1] ; B = 0
A

(2-4b)

(2-4c)

= ±-2

(f)

u

(!)

.t:::!

This function yielded a good fit to the trace at the absolute value of the ratio a/a 2 = 15

ro

E

as shown in Fig. 2-7b. This behavior can be explained qualitatively in connection with

0

z

0

the asymmetric spectrum as follows. Because of the gain saturation, the trailing edge
of the pulse decays more rapidly than the rise of the leading edge. Since the generated

>.
......
'(/j
c
(!)
......

the red component at the trailing edge of the pulse is suppressed and hence the sharp

(_')

cut-off of the spectrum at the long wavelength side. However, this asymmetry in the

pulse is down-chirped because of the introduction of negative dispersion in the cavity,

.£
I

(f)

temporal profile seems to be quite large. On the other hand, a symmetric function

u

(!)

~

which has much sharper peak than that of a hyperbolic-secant-squared shape should

E

have an autocorrelation function similar to Fig. 2-7b. As such a function , the following

co

~

0

z

function is known from the theory of passive mode locking [84]:

0
-400

-200

0
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400

Delay /fs
0

: Data

I( )
t

__
1_-_a:___

= cosh2 u- a

a·t

= u- a·tanh u ( 0::;

a < 1) .

(2-5)

: Fitting curve
The asymptotic shape of this function is as follows:

a) Hyperbolic-secant squared pulse shape ; a /a = 1 in Eq. (2-2).
1 2
b) Asymmetric pulse shape

; a/a

2

= 15 in Eq. (2-2).

Figure 2-7 Fitting of autocorrelation trace of the dye laser output
at intracavity quartz length !0 - 230 J.lm
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I(r) -

1
2
1 + (l _ a) 3 (ar)

(2-6a)

, r- 0

and
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sources are commonly used [35-47], which are characterized by their repetition rates

l(t) - 4(1 - a) exp[- 2a] exp[- 2al

r I]

( - 00

•

(2-6b)

and amplified pulse energy. Generally speaking, the lower the repetition rate, the
higher the output pulse energy. Among them , a copper vapor laser (CVL)

When a= 0, this function is reduced to a hyperbolic-secant squared pulse shape. As

(MLT/30/SP, Metalaser) was adopted in the present system [38-41,92 -94]. This

the parameter a increases, the pulse shape becomes sharper. The data in Fig. 2-7

pump laser operates at a high repetition rate, ca. I 0 kHz , and produces

could also be fitted well by the autocorrelation function of this pulse shape with

compromisingly high gain of amplification. In order to minimize the focusing spot size

a- 0.6. From the above consideration, when negative dispersion is introduced, the

of the laser beam, its cavity was made to be in an unstable-resonator configuration.

pulse is expected to be chirped and have an asymmetric temporal shape because of

With the amplifier configuration depicted in Fig. 2-8, so-called a multipass amplifier

the marked asymmetry in its spectrum. But slight sharpening of the pulse shape

[38,40], 2-J.JJ pulses were obtained, which could be focused to provide about one order

should also exist as observed in the autocorrelation trace largely deviated from that of

of magnitude higher intensity than the threshold of continuum generation.

a hyperbolic-secant squared shape. Recently, a sophisticated method was developed

In this amplifier, the incident dye laser pulses were focused by the first lens Ll

to characterize pulse shape and chirp by measuring its interferometric SHG

into a flow cell of gain dye solution (ca. 3xJ()-4 molf/ of rhodamine 640 perchlorate).

autocorrelation and interferogram [91]. This technique would be helpful in the

Several solvents were examined, as described later. The flow dye cell was 3-mm

analyses of such pulses.

thick and anti-reflection coated for broadband between 400 and 700 nm. The flow rate

The characteristics of the output also depended on the displacement of the
saturable absorber jet from the focal point of the concave-mirror pair, i.e., the degree
of SPM [20]. At the focal point, the peak wavelength was the shortest and the
spectrum was the narrowest. As the displacement increased up to a few hundred
micrometers, the spectrum became red shifted and broader and the pulse duration was
reduced. But, when the displacement was too large, the laser would not be mode-

of the dye solution was high enough to exchange the gain medium between each shot
of CVL pump. lt was ca. 14//min., which corresponds to (800 J.Jm)/(100 J.JS), whereas
the spot size of CVL was ca. 1 mm. The incidence angle of the pump beam to the flow
dye cell was relatively large, ca. 20°, to prevent lasing of the dye amplifier itself. The
dye laser beam was almost normally reflected back for the second pass by the mirror
located just behind the dye cell, focused into the dye cell again for the third pass by the
lens L2, and reflected back again in the same way for the fourth pass. Then, the pulse

locked.

was focused into a saturable absorber jet (malachite green I ethylene glycol, ca.

I x 10·3 moll/) to suppress the amplified spontaneous emission (ASE). After

2.4. High-repetition -rate amplifier
Because the output-pulse energy of the dye laser was between 0.1 and 0.2 nJ,
it was necessary to amplify these pulses to obtain intensity high enough for
spectroscopy, particularly, for the generation of white light continuum. Several pump

24

propagating through the dye cell for the last two passes, the beam was collimated and
passed through a four-prism sequence made of SF! I glass to recompress the pulse
broadened by the dispersion in several optical elements of the amplifier stage. In this

25

from CVL

from Dye laser

configuration, because mirrors M2 , M3, M4, and M5 forms a nearly closed cavity,
strong ASE was easily generated. In order to prevent this phenomenon the incidence
angle to the mirror M2 was set as large as possible and an aperture was placed
between M3 and M4. In addition, sometimes, a sharp-cut glass filter (R62, Toshiba)
was introduced between M3 and M4. Because the center wavelength of ASE was
about 605 nm, it could be removed efficiently by this filter from amplified pulses. which
were centered around 620 nm . By these means, the energy of ASE was suppressed

Four-prism
sequence

to less than 0.5 % of the total pulse energy.
The total gain of the amplifier was dependent on the solvent of the gain dye and
the incident pulse energy of the CYL pump. The dependence is shown in Table 2-2.
As solvents, water, methanol , and their mixture were used. The dye concentration
was ca. Jx 10-4 moll/ in all the cases. Ammonyx LO, an aqueous solution of N,Ndimethyldodecylamine-N-oxide, was added in order to prevent the dye compound from
forming aggregates in water. Otherwise, the excited state in the dye mol ecule is
quenched by a charge-transfer interaction in the dye aggregates [95]. In the case of
2-vol% aqueous solution of Ammonyx LO, the gain was relatively low probably
because of the low solubility of the dye. When methanol, which dissolves the dye
better than water, was used as the solvent, the gai n was higher. However, there

G
SA

Gain dye (Rhodamine 640) flow cell (3 mm)
Saturable absorber (Malachite Green) jet (500 j.Jm)
Ml-9
Enhanced aluminum coated mirrors
MlO,ll: Dielectric coated high-reflectance mirrors
Ll-6
Lenses (Ll: f300, L2: f250, L3: f40, lA: f40,

were a few problems. One was optical damage produced at the inner surface of the
flow cell. This damage was prevented by adding a few percent of the surface
surfactant, Ammonyx LO. The cause of this damage is not well understood, but,
presumably, it is because of adhesive interaction between the surface of the cell and

LS: f600, L6: f400)

A
Prisms

the dye molecules, which absorb high energy of the pump pulse. The second problem

Aperture
SFll

was a distortion of the spatial pattern of the amplified beam because the refractive
index of methanol is more sensitive to temperature than that of water. The last

Figure 2-8 Configuration of amplifier
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problem was rapid degradation of the dye solvent within 25 hours of operation. In

27

CVL Input Output LifeofDye
I hr.
/)JJ
/mJ

Solvent

order to overcome these problems. a solvent of a mixture of methanol and water (I :3
in volume fraction) containing 2-vol% Ammonyx LO was tested and it provided fairly
good efficiency and stability. On the other hand, Nickel era/. reported that they could

• H20
+ Ammonyx LO (2 vol%)

1.4

• MeOH

0.5

> 500

1.5

obtain 50 JJJ pulses with water containing 30% Ammonyx LO as a dye solvent 140] ,
which contains the surface surfactant of higher fraction. With a solvent similar to this

2

-25

2

> 500

condition, gain as high as in the case of methanol was achieved without losing a long
lifetime of the dye. However, because the increase in the pump inten si ty leads to a
higher fraction of ASE and saturation of the gain, the ASE-free output-pulse energy is

MeOH/ H20

l/3(v/v)

0.8

+ Ammonyx LO (2 vol%)

limited to 2 JJJ so far 196].
In typical cases, the gain of each pass measured by the magnitude of the peak
signal of a PIN photodiode's output was about 20 for from the first to the third passes,

• H20
+ Ammonyx LO (20 vol%)

-------

and was about 6 for the fourth pass. This decrease in gain is due to saturation at this
stage. The total gain in energy after four passes was about 5,000 and the fraction of

-----

---1.8

• H20
+ Ammonyx LO (30 %)

> 500

2

0.6

50

*

ASE was about 20 %. By focusing the pulses into a saturable absorber jet, the pulse
energy was reduced by about a factor of 3 and ASE was suppressed to much less than

1 %. The gain in energy for the last two passes was 4-5 and 2-3 in the fifth and the

*

Reference [40]

sixth passes, respectively. Hence, the total energy gain was about 20,000. In order
to increase the gain more than the present one, it is necessary to achieve better
configuration to remove ASE generation . For the sake of suppression of the gain

Table 2-2 Dependence of amplified pulse energy
on dye solvents

saturation, dividing the amplifier into two parts, i.e. , a pre-amplifier with a smaller
focus spot of CVL pump and a power-amplifier with a larger spot size, would work
well [97,98].
Synchronization of CVL with the dye laser was achieved by the following way
as illustrated in Fig. 2-9. The dye laser pulse train was detected by a fast PIN
photodiode (S2840, Hamamatsu), of which rise time is shorter than 1 ns. Its output
electric signal .was transferred to a synchronization circuit. In this circuit the output of

28

29

Dye Laser
photodiode (-100 MHz) acts as a "CLOCK" of aD-flip-flop (74F74). An output
pulse train of a function generator (-I 0 kHz) was fed into the "DATA" terminal of the
chip, and then the output of the flip-flop (- 10 kHz), which is synchronized with the
rise of the PIN photodiode's signal, was used as a trigger pulse of CYL via a variable

Synchronizing

delay generator (DGS3S, Stanford Research Systems).

Circuit

10kHz

10kHz r - - - - - - ,
The main problem of the present amplifier system is the instability due to drift

Pul se
Generator

of lasing timing of CYL causing the change of the timing between the pump and the
dye laser pulses. In order to overcome this problem, we are now designing a feedback

Delay
Generator

circuit for CYL triggers, which monitors change in temporal delay between an electric
trigger pulse and aCYL pulse detected by a PIN photodiode and delays (or advances)
the trigger timing according to increase (or decrease) in the temporal separation
between the two reference pulses [99]. The circuit is designed to change the trigger
delay by SOps at each shot, i.e., SOO ns/1 s. Since the sudden drift in the lasing timing

Amplifier

CVL

causes the change in delay by a few nanoseconds and change in the trigger timing by
±SOps does not affect much the total gain of the amplifier, we expect that this circuit
would be a great help to the stabilization of the amplified pulses.

CVL : Copper vapor laser
PD : Photodiode

As described in the preceding section, characteristics of the dye laser output,
such as pulse durations and spectra, vary substantially when the amount of intracavity
dispersion controlled by the position of the internal prisms is changed. This change in

Synchronizing Circuit

..

the dye laser output also affects the properties of the amplified pulses. The

from PD

to CVL

dependence of the pulse durations and spectra of amplified pulses on the dye laser
output is discussed in the following. Figure 2-10 shows the dependence of spectral

.____Q_74_F7_4_c_:_,t ::
from Pulse Generator

peak and width of pulses both before and after amplification on intracavity dispersion
of the dye laser. The spectra of pulses before and after amplification are shown in
Fig. 2-11 for three different amounts of intracavity dispersion. This spectral
dependence might be because the peak of ASE of the amplifier lies around 60S nm and

Figure 2-9 Schematic of synchronization
of copper vapor laser with dye laser
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Relative Dispersion in the Dye Laser Cavity
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Figure 2-10 Dependence of laser spectra
on intracavity dispersion of dye laser

32

Figure 2-11 Spectra of pulses before and after amplification
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Relative Dispersion in the Dye Laser Cavity

the shorter-wavelength tail of the dye laser pulses is more efficiently amplified. When

0

0 ) I fs

-12

-18

-6

2

-24

-30

14

the intracavity dispersion gives the shortest dye laser pulse, the peak of the spectrum
is too far from the gain region of the amplifier and only the tail part is amplified. As the

(<!>" - <!>

N

:I:

10

negative dispersion increases, the peak of the dye-laser spectrum becomes shorter

E-

and makes a shoulder in the amplified spectrum resulting in a broader spectrum. But

>
<l

6

too large negative dispersion makes the peak of the dye-laser spectrum so close to

2

the spectral peak of the amplified pul ses that it reduces the spectral width.

280

The dependence of bandwidth, pulse duration , and their product on the

160

after amplification. Before amplification, bandwidth decreases as the negative

~

200

120

f-o

dispersion inside the cavity increases. Accompanying with the decrease in the

_......_
N

intracavity dispersion of the dye laser is su mmarized in Fig. 2- 12 for both before and

<l

80

120

..c:
u

<)

~

~
0.

bandwidth, pulse duration increases and the pulse shape becomes far from a
hyperbolic-secant squared one as shown in the preceding section. After amplification,
the pulse duration is determined by the balance of the chirp in the dye laser output and

40
40
1.0

0.6~

the positive dispersion of the optical elements in the amplifier. Further recompression

..c:
u

by a prism sequence can shorten the pulse. Although the bandwidth is broadest
around <1>"-<P "o

= -15 (fs)2, the pulse cannot be compressed

proportionally to the

<)

0.4

0.6
-

-

-

increase in the bandwidth and large bandwidth-pulse duration products result. By
considering the above behavior of the system, we normally operate the system at
<1>"-<l>"o

= -3

to -6 (fs)2, which corresponds to the prism position 50-100 11m extracted

from the position generating the shortest pulses of the dye laser. Figure 2-13 shows
an autocorrelation trace of the shortest amplified and recompressed pulses obtained

-

~

- - - - - -2
Transform Limit (sech )

0.2
0.2
0

-115

-230

-345

-460

-575

( 1-10 ) 1 J..lm
Relative Quartz Length in the Dye Laser Cavity

so far.
t;,. v : FWHM of power spectrum

t:.T : FWHM of autocorrelation trace

tp : FWHM of intensity profile for hyperbolic-secant squared pulses

Figure 2-12 Dependence of spectra~ width,
pulse duration, and therr product
on the intracavity dispersion of the dye laser
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2.5. White-light continuum pulses
By focusing the amplified pulses into an ethylene glycol jet, femtosecond
white-light continuum was obtained, extending from wavelength shorter than 400 nm

>.

to longer than 1000 nm as shown in Fig. 2-14. The mechanism of continuum

+--'

(/)

generation has been investigated for picosecond and femtosecond pulses

c
Q)

[48,100-104]. Spectral broadening can arise from self-phase modulation (SPM),

+--'

c

stimu lated Raman scattering, cross-phase modulation, four-photon parametric

71 fs

C)

I

generation, and so on. In femtosecond continuum generation SPM has been known to
be the most dominant mechanism 148].

({)

The continuum is used as a probe in pump-probe measurements described in

TI
Q)

the following sec tion . In such measurements it is very important to know the temporal

N

structure of the continuum at the sample position. In order to measure this structure,

ro

E

l.-

0

cross-correlation measurements were carried out between the fundamental pulses at

0

z

620 nm and the continuum pulses by means of sum-frequency generation of them in a

-400

0

-200

200

400

nonlinear crystal, KDP. The schematic of the measurement is shown in Fig. 2-15.
The cross-correlation traces measured at several wavelengths of the continuum are

Delay /fs

shown in Fig. 2- 16. The spectral component at I 000 nm precedes that at 550 nm by
about 400 fs. This difference in time delay for different spectral component mainly
results from normal group velocity dispersion (GVD) in the optical elements such as a

0

:Data

lens and the conti nuum -generating medium, i.e., th e ethylene glycol jet, itself. The

: Fitting curve for hyperbolic-secant squared pulses shape
dT : FWHM of autocorrelation trace

relative time delays of the peak of cross-correlation traces are plotted in Fig. 2-17 as
a function of frequency. The fitting of these data including GVD effect explains this
behavior fairly well. However, the data deviate from this fitting curve around the

tp : FWHM of intensity profile for hyperbolic-secant squared pulses
wavelength of the fundamental pulses, 620 nm. Similar behavior has also been
reported more clearly in Ref. [48]. This deviation is expected to be due to the SPM

Figure 2-13 Background-free SHG autocorrelation
of amplified pulses
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process, which is dominant in femtosecond continuum generation. The mechanism of
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Figure 2-14 Spectrum of continuum

Figure 2-15 Schematic of cross-correlation measurement
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Figure 2-16 Cross-correlation traces
Figure 2-17 Relative delay of continuum
as a function of frequency
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the spectral broadening by SPM can be intuitively understood by considering

Pulse Intensity

I(t) - D. n(t)

instantaneous frequency shift as illu strated in Fig. 2-18 [!02] . When an intense
pulse passes through a transparent nonlinear medium, the pulse experiences change
in the refractive index of the medium , n21, where I is the intensity of the pulse an d n2
is the nonlinear refraction coefficient corresponding to the third-order nonlinear optical
susceptibility

x{3). If n2 is positive, which is the present case, during the rise of the

pulse, the leading part propagates faster than the trailing part and red shift of the

t

spectrum takes place. On the other hand, during the decay of the pulse, the leading
part propagates more slowly than the trailing part, resulting in the blue shift.
Therefore, the high frequency component of the SPM pulse originally delayed from the

Instantaneous Frequency Shift

lower frequency component by about the pulse duration. This interpretation is

D.w - -

qualitatively consistent with the observed data. However, the instantaneous

~t

D. n(t)

frequency approximation described above does not offer information about the
temporal profile of spectrally selected pulses at a fixed frequency . For this reason , the
calculation of the frequency dependence of the temporal profile of the SPM pulse was

Spectral
t

carried out as follows.
The evolution of SPM pulses in optical fibers is often described in terms of the

Width

nonlinear Schrodinger equation [50], which includes terms of GVD and SPM to take
into account the evolution of pulse shape during propagation. But, in the present case,
because the nonlinear medium is thin, a much simpler model can be adopted by
neglecting the propagation effect. That is, we calculate frequency dependence of
electric field of a pulse including chirp caused by SPM and filter out a portion of it
centered at a certain frequency. Then, by Fourier transformation of this filtered electric
field, a temporal profile of the pulse intensity at the selected frequency can be
obtained.

Figure 2-18 Instantaneous frequency shift model
of self-phase modulation

The electric field of the SPM pulse is written in time domain as follows:
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wherefiw) is a bell-shaped filtering function peaked at zero. Then the temporal

E(t)

= B_t)

exp[-i·cp(t)]

,

(2-7)

profile of the pulse intensity can be calculated as a function of the center frequency of
the spectral filter,

We:

where ii.r) is an envelope function and cp(r) represents a phase of the electric field.

(2-11)

The phase can be expressed as

<p(t)

= Wof -

<po - <p2·I(t) ,

In the following calculation a Gaussian pulse profile was assumed, i.e. ,

(2-8)

where 'Po= Wo·(/lc)·no, 'P2 = Wo·(/lc)·n 210, and i(r) is pulse intensity normalized to

E(t)

= exp[- 2(~/l ,

(2-12)

unity at its peak. Here w0 is the angular frequency of the center wavelength, I is the
interaction length, cis the velocity of light in vacuum, ~is the nonlinear refraction

and

coefficient, and 10 is the peak intensity of the incident pulse. The third term of the
r.h.s. of Eq. (2-8) represents the phase shift caused by SPM through intensity-

<p(t)

= Wof-

<po - <p2·exp[-

4C11t p2l ,

(2-13)

dependent refractive index change of the medium. The spectral dependence of this
electric field, E(w), is expressed by Fourier transformation of the field E(t):

where 1'!.! is a measure of pulse duration and is related to the full width at half
maximum (FWHM) of the intensity profile, tp, by

E(w) = J'[E(t)] .

(2-9)

The time dependence of the electric field with a central frequency w0 can be obtained

t,t = VTni ~ 0.833 .

(2-14)

by inverse Fourier transformation of spectrally filtered electric field in frequency
The spectral-filter function was also assumed to have a Gaussian profile, i.e. ,

domain as follows:

(2-1 0)

fiw) = exp[-

I w

gC0 w) 2J ,

(2-15)

Dependence of temporal intensity profi le on frequency shift
1.4
where bw is a measure of its spectral width. The maximum phase shift, <P2. was
assumed to be 2, which is reasonable in our experimental condition, where

..... r-..

n:J 0 was of

the order of I0 -'~ and the interaction length was about I mm.
Results of calculation are shown in Fig. 2-19 for the fi lter bandwidth,
bw -6.1 = I. It is clear that the peak of the intensity profile changes rapidly by about

0.71p around the center frequency v0 ± 0.5/lp. Although what was observed is not a
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pul se-i ntensity profi le of fi ltered contin uum itself but its cross-correlation with
fundamental pulse shape, a similar structure shou ld appear also in the cross-

-1.4

correlation data. By taking into account this effect the data could be fitted much better

-1.8

-{).6

-1.2

as shown in Fig. 2-20.

2.6. M easurement techn iq ues
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t/ tp
Relative Delay

1.2

1.8

Temporal peak (Q) and half maximum ()()

This section describes the experimental setups we have constructed for th e

I

research of ultrafast pheno mena. One is a system for degenerate four-wave mixing
measurements and the other is for pump-probe measurements. Detailed theoretical

-·

>.

treatments of these measure ments wi ll be described in the following chapter. The
present fe mtosecond laser source has been uti lized several oth er ways, such as Kerr
shutter measurements, optical -heterodyne-detected induced phase modulation
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nonlinearity can be measured.
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themselves in a sample, of wh ich nonlinearity generates a fourth pulse. By delaying
one of the incident pulses relative to the other two, the temporal evolution of the

~

.
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The principle of th is technique is that three incident pulses interact among
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0
0

111twd$/

(OHD-!PM) measurements [105], and interferometric measurements.

2.6.1. Degenerate four-wave mixing

./.-...___:___
.
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..,

Frequency Shift
Frequency filter width bw·l1t = I.
t p : FWHM of intensity profile of Gaussian pulse.

Figure 2-19 Calculation of frequency dependent temporal
distribution of self-phase modulated pulses
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A schematic of the system is shown in Fig. 2-21. The output beam from the
laser system is divided into three beams. They pass along three different optical
delay lines and are then focused onto a sample. The polarization and intensity of each

Wavelength /nm
1000 900 800 700
600

beam is controlled by a half-wave plate-polarizer combination. These sequential

500

300

three pulses generate a fourth pulse along a direction determined by the phasematching or momentum-conservation condition. The configurations of these beams for
so-called BOXCARS and phase conjugation are illustrated in Fig. 2-22. The first two

200

pulses (1.: 1 and 1.: 2) create a population and/or refractive-index grating in a sample and
the third pulse (1.: 3) probes the amplitude of the grating. The intensity of the generated
fourth pulse is detected as a function of the delay of one of the three beams. If we vary
the delay of the third pulse from the first two pulses, which are usually temporally
coincident, the population-relaxation time (T1) can be obtained. This time
corresponds to the response time of the real (optical Kerr effect) or imaginary part of
the third-order nonlinear optical susceptibility

x(3>. On the other hand, if we vary the

delay between the first two pulses, the dephasing time (T2 ) of the polarization
in duced in the sample by the frrst pulse can be measured. Simi lar experimental
configurations using two incident pulses, such as two-pulse self diffraction, a Kerr

500
Frequency ffHz

300

400

600

shutter, and also the pump-probe, are the special cases of the three-incident-pulse
configuration, in which one of the two incident pulses contributes twice to the
nonlinear process.
Detection was performed by using a lock-in amplifier. Two of the three

•

Data

incident beams were blocked at different frequencies by a chopper and their sum

Calculated dependence including
both GVD and SPM

freq uency was used as a reference of the phase sensitive detection. A small portion of
the laser output was split off and detected by a photodiode whose output signal
passed through a low-pass filter with a time constant of the lock-in amplifier, and was

Figure 2-20 Fitting of chirp in continuum
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used to monitor laser-in tensity fl uctuation.
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a) Folded BOXCARS Configuration
Variable Delay Lines

b) Phase-Conjugation Configuration
Nonlinear
material
to Lock-in Amplifier

PD : Photodetector

Figure 2-21 Schematic of a degenerate four-wave mixing system
with three incidence pulses
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Figure 2-22

Beam configurations of
degenerate four-wave mixing

51

Variable Delay

2.6.2. Pump-probe measurement
This method measures the changes in the absorbance of a sample induced by a
pump pulse by detecting a transmitted probe intensity both with and without the
perturbing pump beam. From the temporal evolution of bleaching signals, i.e.,

Shutter

increase in transmittance, or induced excited-state absorption signals, the dynamics
of the excited states, metastable states, and intermediates can be studied to obtain a
model of these processes. This is important and fundamental information about optical
properties of materials.

A schematic of the system, which utilizes a spectrometer with a multichannel
SP

detector array to measure the continuum probe spectrum, is shown in Fig. 2-23. The
amplified pulses were divided into two beams by a beam splitter. One of the beams

Continuum Probe
MCPD

was used as a pump and focused onto the sample after passing through a variable
optical delay line. A half-wave plate- polarizer combination was used to vary
polarization and intensity of this beam. The other beam was focused into an ethylene
glycol jet to generate continuum pulses, which were then used as a broadband probe.
For detection of transmittance changes in the spectra, a multichannel
spectrometer (USP-500, Unisoku) and a shutter (VS14S2Tl, Vincent Associates)
were used to take probe-pulse spectra with and without pump excitation alternatively
at ca. 5Hz [106]. For measurements of the transient transmittance change at a fixed
probe wavelength, a differential lock-in detection technique was utilized, as shown in
Fig. 2-24. ln this method, the pump beam was chopped at 1-2kHz to generate a

EG

: Ethylene glycol jet

SP

: Spectrometer

MCPD

: Multichannel photodiode array

reference frequency. A portion of the probe was split off before the sample, spectrally
filtered, and then compared with probe light of the same wavelength which had passed
through the sample. A small portion of the excitation beam was split off and its
average power was monitored to discriminate signals. The chirp in the probe

Figure 2-23 Schematic of a pump-probe system
using a multichannel photodetector

continuum was measured by cross-correlation traces obtained by the sum-frequency
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Variable Delay
generation of the pump and probe, as described in the preceding section, and

~ ..-... _:__Laser intensity monitor
~ ~-- -

subsequently removed from the data in a data processing procedure.

2.7. Further improvements
1l1e femtosecond laser system described in the preceding sections can be
improved and made more flexible. This section points out some possible further
improvements.
Presently, the pulse energy of amplified pulses is 1 to

which is lower than

the value of tens of microjoules reported by other groups [40,78]. As described in

MC

Probe

2~-JJ,

PMT

Section 2.4., one possible reason is the efficient amplified spontaneous emission
(ASE) because of the configuration of the amplifier, especially the nearly closed cavity
formation by four mirrors, M2-M5 in Fig. 2-8. This problem will be solved by
changing the alignment to such a config uration without quasi-cavity formation .

Reference

Another possible reason is the saturation of the gain at the latter stages. One simple
way to obtain higher gain is to increase the gain dye concentration [96]. However, for

MC

the fu ndamental improvement, it is preferable to use two gain media, one for a preamplifier with tightly focused beams and the other for a power amplifier with larger
spot size to prevent gain saturation [97,98]. Either of these methods will improve the
total gain of the amplifier.

MC

Monochromator

PMT

Photomultiplier tube

PD

Photodiode

EG

Ethylene glycol jet

Differential
Amplifier

A second way, in which the system can be improved, is by increasing the
stability of the amplified pul ses. The main problems are now the trigger jitter and
timing drift of the thyratron of CVL. As described in Section 2.4., we are now

to Lock-in Amplifier

designin g a feedback ci rcui t whi ch stabilizes the temporal delay between electric
trigger pulses and CVL output pulses [99]. This circuit should provide short and long

Figure 2-24 Schematic of a pump-probe system
for single wavelength measurements
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term stabilities not only of the intensity but also of the spectrum.

55

Third, the detection scheme can be improved. In single wavelength
experiments, phase-sensitive detection with a lock-in amplifier is used in the present
system. However, in experiments using amplified pulses, the repetition rate of

The implementation of all of these improvements is a long-term goal, which
will make the present femtosecond laser system a much more reliable and flexible
system.

10kHz is low enough for each pulse to be detected individually with a photodiode and
a commercially available fast analog-to-digital (AID) converter. This shot-by-shot
detection technique provides fine data discrimination , and will result in higher
sensitivity and signal-to-noise (SIN) ratio.
Fourth, the amplified-pulse duration, ca. 50 fs, can be reduced by pulse
compression techniques [1], thus permitting higher time resolution. Short pulses
provide a broader continuum spectrum with smaller chirp. This makes. pump-probe
data more accurate and reliable.
Last, laser tunability is needed for the studies of various systems with
different transition photon energy. A second amplifier to amplify a selected
wavelength region of continuum pulses is under construction [44,73,74]. The CVL
output is divided into two pump beams, one of which is used for the first amplifier and
the other for the second continuum amplifier after an optical delay line for the CVL
pulse to coincide with the output pulse of the first amplifier. The output pulses of the
first amplifier are recompressed by a four-prism sequence and focused into an
ethylene glycol jet to generate continuum pulses. The preferred spectral component of
the continuum is picked out by an interference filter with a spectral width of ca. 10 nm,
and fed into the second amplifier. So far, a single-pass gain of ca. 10 has been
achieved at 750 nm with LDS 751 as a gain dye and 5-W CVL pump power. We
expect that this system, along with suitable dyes, will provide tunability ranging from
550 to 800 nm. A much simpler alternative method can be used if we have a high
enough output from the first amplifier. This scheme utilizes a travelling-wave
amplifier amuigement [76-78].
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(3-3)

CHAPTER 3
THEORY OF MEASUREMENTS

_

In measurements using ultrashort light pulses, the observations are based on

H' = -~ E(r,r) =

( 0 H 1'2 )
H-1. O
=- E(r,r)

(

0
)..1

)..1 )

O

(3-4)

,

1

nonlinear optical processes. This chapter outlines a perturbation theory used to
describe such light-matter interactions.

and (BiJBrl,eJax is a phenomenological function which takes relaxation effects into
account. Here His a Hamiltonian of the whole system,

flo is a Hamiltonian

isolated two-level system with energy separation 1i0,

H' represents

3.1. Third-order nonlinear polarization

of the

the interaction

What is measured in ultrafast spectroscopies can be described, in the lowestbetween the electric field and the two-level system which has a transition dipole
order approximation, by the third-order nonlinear optical processes .. We outline the

moment ll between II> and 12>, and E(r,t) is total incident electric field. The above

theory for these processes in a two-level system for simplicity. In a two-level
equation leads to the following set of equations:
system interacting with electric fields, the third-order nonlinear polarization arises as
the lowest-order nonlinear polarization, which emits radiation or modulates another

(3-5a)

electric field. This phenomenon can be treated by perturbative solution of density
matrix equations.

(3-5b)

For a two-level system, whose ground and excited states are represented as

II> and 12>, respectively, the evolution of density operator, p, can be described by the
following Liouville equation:

c3p

i

- -

or = h [ p, H]

where p 0 <0l is an equilibrium value of Po= p 11 - p 22 , f is an inverse of the energy
relaxation time T 1, andy is an inverse of the phase relaxation time T2.

c3p

(3-1)

+ C0 ,)relax

The above sets of equations can be solved in a perturbative way under the
initial conditions, p 21 <0l= p~2 <0l= 0 and p <nl(-"") = 0 (n L 1), according to the
procedure p 0<0J -

where

p 21 0l -

p 0m

-

p 21 <3l when the incident light is one-photon

resonant with the transition of the system. We obtain for p21(3),

- (H11 H 12 )
H=
H21 Hn

;:,

_

=·-'() + H'

(3-2)

'

58

59

i

=2

Pz!(J)(r,t)

Po< 0 l (

I

n IJ ) 3

fJ

r,

where E)r) is an envelope function of the j-th electric field including a fixed phase

Lodr3 Lodlz [jrl E(rh) E(r,rz) E(r,rl)
factor depending on the time delay from the origin of tim e. In thi s case Eq. (3-6)

X

[exp[ - (y + iO)(r- r3)- r (r3- lz)- (y- iO)(lz- rl)]

+ exp[- (y + iO)(r- 13)- r (t 3 - r2)- (y + iO)(r2 - r 1)]]

consists of (2n)3/2 terms and their complex-conjugate term s with various wave
•

(3-6)

vectors and frequencies. Different experiments are carried out to selectively observe
a superposition of so me of these terms.

The complex representation of the third-order polarization pO~ r,r) is related to P::>J (3)

3.2. Degenerate four-wave mixing

as follows:

In the degenerate four-wave mix ing depicted in Fig. 3-1, the signal intensity in
00

P <3l(r,r)

= N J dO g(O)
0

IJ p 21 <3l(r,r,O) ,

(3-7)

incident electric field is expressed as

where N is a number density of the two levels and g(Q) is a distribution function of
the transition frequency

the direction of k4 = k3 + k:z- k 1 with frequency w is calculated as follows. The

n, which

E(r,r)

= { E1(r)

exp[ ik 1r - iwr ] + ~(r) exp[ ik 2r - iwr ]

+ ~(t) exp[ ik 3 r- iwr] } + c.c. ,

characterizes the inhomogeneous broadening of the

(3-9)

system.
This polarization gives rise to a new electric field, whose phase is retarded by

where

11!2 from the original polarization, according to the Maxwell's equations. The electric

exp[- iwT] ,

coupled field. For instance, degenerate four-wave mixing detection using a

E1(r) = E(t +T)
~(r) = E(t) ,

BOXCARS or phase-conjugation configuration corresponds to the former case, while

~(!)

exp[ iwT]

field generated by this polarization is observed as light intensity or as modulation of a

= E(r -7)

(3-1 Oa)

(3-lOb)
(3-lOc)

optical heterodyne detection in pump-probe or degenerate four-wave mixing
In the above equations, the delay of pulse 2 from pulse 1 is

measurements is the latter case.

T,

the delay of pulse 3 from

pulse 2 is T, and the envelope function of these pulses are the same,

When n pulses are present, the total electric field is expressed as

terms which satisfy the momentum requirement k 4 (= k3 + k2 n

E(r,t) =

,L { FJ\t) exp[ ikjr- iWJ'] + c.c. }

j=l

(3-8)

il,r).

Picking out

in Eq. (3-6), we

find that six terms contribute. By using the rotating-wave approximation , four terms
remain:
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q
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X

[

exp[- (y + i/:lw)(/ - /3) - f (/3 - 12) - (y- i/:lw)(12- II))
x

{B:h

-1) Ef._t2) F'(t 1 +T) + Ef._t3) Fl._r2 -1) £"(11 +T)}

+ exp[- (y + il:lw)(/- 13)- r (13- lz)- (y + il:lw)(12- tl)]

k4 = k3+(k2-kl)

x

~

{Eth

-1)

£"(1 2 +T) BJJ)

+

Fl._r3) £"(1 2 +T) Fl._r 1 -7)} ] ,

(3-11)

where Ll.w"' 0 - w is the detuning of incident laser frequency from the transition
frequency of the two-level system. The corresponding polarization
P ( 3 ~ r,t ; T,T ; k 4,w)

can be calculated by using Eq. (3-7), and the light intensity as a

function of the delays

T

and Tis given by

00

I
~

.,.I

T

/4 (T,7)

ex

J dtl P(3\r,t ; T,T; k4,w) I 2

(3 -1 2)

-00

T
This time-delay dependence of the intensity of the fourth beam is the signal trace in
degenerate four-wave mixing experiments.
As a simple but essential example, we consider 6-function inc ident pulses. In
this case, when T,

T

> 0,

00

pl..3>(r,r ; T,T; k 4,w)

Figure 3-1 Schematic of degenerate-four-wave mixing
for T1 and T2 measurements
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J dO. g(O.) exp[- fT- y(l- T + T)]

ex

0
x

exp[ - il:lw(r - T- T) ]
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8(r - 1) ,

(3-13)

where 8(!) is the Heaviside function, which is unity for 1 ~ 0 and zero for 1 < 0. If we

r-1)

assume a Gaussian distribution of the transition frequency centered at 0 0 with a

Thus, we can obtain the energy relaxation time T 1 (=

width of ~o. i.e.,

time T2 (= y-1) by varying the delay Tof the pulse 3 and the delay r of the pulse I,

and the phase relaxation

respectively.

1
0-0 0
g(O) = {IT ~Q exp[ - ( ~ )

The detailed theoretical treatment of T2 measurements was discussed in the

(3 -14)

2 ]

previous studies [107,108]. Here, we discuss T 1 measurements. For simplicity, it is
assumed that the phase relaxation time T2 is much shorter than the pulse duration.
the time-delay dependence of the signal intensity 14 is obtained by using Eqs. (3-12)-

By using Eqs. (3-11) and (3-7), we find that

(3-14) as follows:

t

/4(r,7)

ex

exp[- 2fT] exp[- 4yT] effc[-

~g (T- ~)]
v2

(~0)

p'.3)(r,t ; T,T; k4,w)

'

ex

I dt' exp[- f

(t- t')]

_oo

(3-15)
x

[E(r -7) Ect') E\t' +r) + E(r) Ect' -7) E"(t' +r)] ,

(3-19)

where erfc is the complementary error function:
for both homogeneous and inhomogeneous broadening cases. In T1 measurements
00

I du exp [-u

erfc [x]

2

delay Tis fixed and Tis varied. The observed light intensity / 4 is expressed as a

(3-16)

]

X

function of delay T by using Eq. (3-12):

(3-20)

When the transition spectrum of the system has an extremely large inhomogeneous
broadening, i.e., ~0-

oo,

Eq. (3-15) is reduced to
where

/4(T,7)

ex

exp[- 2fT] exp[- 4yr] .

(3-17)

00

D(T)

=

I dt

I

EJ..r-7)

1

2

1

Gr(f,T)

2
1

(3-21 a)

,

-00

For another extreme, when the transition of the system has no inhomogeneous
broadening, i.e. , ~0- 0, Eq. (3-15) yields

00

C1(7)

=

I dt Ect -7) E"(t) Gr(t,T) G/'(t- T,
-00

/4(r,7)

ex

exp[- 2fT] exp[- 2yr ] .
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(3-18)
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T

+ 7) ,

(3-21 b)

that the diffraction intensity /4 is higher. at positive delay T than at negative delay -r,

(3-21c)

when pulse 3 overlaps with pulse I , i.e., T- -r. We should be careful about the
contribution of such coherent artifacts in the discussion of the behavior around zero
delay.

and

Although three incident pulses were assumed in the above discussion, the
00

C3(7)

=

J dr I B._!) I

2

_oo

I Gr(l- T,

T

+ 7)

I2

(3-21 d)

other DFWM processes can be treated in the same way. For example, two-pulse
self-diffraction is a process, where k3 = k 2 and T= 0.
It has been shown that ultrashort T 1 or T:!. measurements with the above

Here Gr is the following function:

techniques can be performed by using not only short pulses but also temporally
incoherent light because these measurements are based on nonlinear optical

00

Gr(l

+XI> x2-

Xj)

=f

du exp[-

phenomena [109-113].

r u] B._r- u + XJ) E\t- u + x2)

0

(3-22)

3.3. Pump-probe spectroscopy
In pump-probe spectroscopy, we measure the intensity change of probe, which

The first term, D(7), in the r.h.s. of Eq. (3-20) represents the decay profile determined
by

r , while the last three terms

C;(7) (i = I, 2, and 3) have finite values only when

has wave vector ~ and frequency wp, transmitted through a sample material
perturbed by excitation pulses, which have wave vector kL and frequency wL and

the three incident pulses overlap temporally and do not give information of T 1, i.e.,

precede the probe by delay T. This process is also described as a third-order

they represent coherent artifacts. The magnitude of the coherent artifacts is sensitive

nonlinear optical response under weak excitation condition. The total electric field is

to the delay T, which is usually fixed near zero. Small positive shift ofT increases the

expressed as

artifacts, while its negative shift decreases the artifacts. The reason of this behavior
is explained as follows. The term D(7), whose decay represents Th arises from the
process where pulses I and 2 form a grating and pulse 3 is diffracted by it, while the

E(r,t)

= { £._(r

+ T) exp[- iwLT] exp[ ikLr- iwLt]

+ Ep(r) exp[ ikpr - iwpt ] } + c.c. ,

(3-23)

terms of coherent artifacts arise in the case where pulses I and 3 form a grating and
pulse 2 is diffracted. In the former process, since the grating amplitude is the same for

where EL(l) and fp(l) are envelope functions of pump and probe pulses, respectively,

positive delay T and negative delay -T, the signal intensity D(T,r) = D(T,-r). On the

peaked at 1 = 0. By substituting this expression for E(r,l) in Eq. (3-6), we find that

other hand, in ·the latter process, the area of pulse 2 arriving after pulse I is larger, so

six terms have wave vector kp and contribute to p21 <3 \l,kpl· By using the rotating-

wave approximation, p 21 1 3 ~ r,kp) is reduced to the sum of the following three

The corresponding third-order nonlinear polarizations, i.e., }'(3\JNCJ• }'(3\PPCJ• and

components of different physical origin:

P C3\FID] • are calculated by Eq. (3-7). The total third-order nonlinear polarization }'( 31

is the sum of them, i.e. ,

(3-24)
P(3l(t,kp)

= P(3)(r ,kp)[INCJ

+ p(3l(t,kp)[PPCJ + P(3 l(t,kp)[FJD] .

(3-26)

where
Here }'(})[INC] corresponds to an incoherent process, where level population is
changed by pump, p(3)JPPCJ a pump-polarization coupling process, where probe field
x

exp[- {y + i(D- wp)}(t- t 3) - r (t3 - r2 )]

x [

exp[ - {Y - i(O - wJ} (t2

+ exp[-

{y

-

interacts with pump induced polarization to create population grating, and p(3)[FIDJ a

t t)J Ep(t 3) i1_(t2 + T) EL *cr 1 +T)

+ i(O- wJ}Ct2- t1)J ~(r3)

11_ *cr2 +

T) i1..Ct 1 +T) ] ,

(3-25a)

perturbed free-induction decay process , where the probe-induced polarization is
modified by the pump field [114]. For simplicity, we assume that probe pulses are
extremely short, i.e., ~(!)
width of 2!:JJ, i.e., EL(f)

= b(l), and

that pump pulses are rectangular with the

= 6(! + !:JJ) - 6(!- !:J.r).

Then it is found that p(3\rNC] is non -

zero at the probe delay T > -!:J.r, p(3)[PPCJ at ITI < !:JJ, and }'(3l[FIDJ at T < !:J.r. That is,
when the probe follows the pump, p(3)[INCJ gives the dominant contribution, and,
x

x

exp[ - {y + i(Q- Wp)}(t- t 3) - {f + i(WL- Wp)}(r3 - t 2) ]
exp[ - {Y - i(O - wL)} (t 2 - r1)] i1_(t3 + T) ~(t2 ) F1.. *cr 1 +T) ,

(3-25b)

when the probe precedes the pump, p(3)[FIDJ is dominant, while, when they overlap,
we observe the superposition of the three terms .
Differential transmission spectra (DTS) are the change in the transmittance
spectra induced by pump pulses, i.e.,

a nd

l:lT(w) = T '(w)- T(w)
T(w) T(w)
x exp[X

{y +

i(O- Wp)}(r- r 3) -

{r +

(3-27)

i(wL- wp)}(t3 - t 2 ) ]

exp[- {y + i(O- Wp) }(t2- r1)] i1..Ct3 + T)

F1.. *er2

+T) ~(f1)

where T(w) and T'(w) are transmittance spectra unperturbed and perturbed by the

(3-25c)

pump , respectively. This spectrum is expressed in terms of nonlinear polarization as
follows:
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the second excited state !3>. The induced excited-state absorption from !2> to !3>

11T(w)
T(w )

<X_

lm[ ]>(3J(w)]
Ep(w)

(3-28)

'

arises from the third-order nonlinear polarization caused by the density matrix
element

p 3 ~(3)·

The three-level density matrix can be treated in the similar way by

Eq. (3-1). Then, it is found that p32 t3l arises through the perturbation processes

where

J'(3~w)

is the spectral dependence of the nonlinear polarization , i.e., a Fourier

transformation of J'(3{1,kp), and Ep(w) is the spectral dependence of unperturbed
transmitted probe field. Since this signal arises from the coupling of the nonlinear

p 11 <0 > ~ p21 <1> ~

p~~m ~

p32 (3), when the pump is resonant with the transition

between Jl > and !2>. Therefore, the level population of the first excited state can be
probed by detecting the induced excited-state absorption caused by p 3 ~< 3 >.

polarization with the probe field, the signal is proportional to the nonlinear
polarization, which is different from the case where the light intensity is detected.
Therefore, the detected signal is also the superposition of the above three processes.
A significant feature of the contribution of p(3\PPCJ and p(3\FID] appears as an
oscillatory structure in DTS around the frequencies of pump pulse and/or sharp
absorption peale. The oscillation period, corresponding to the inverse of the delay
between pump and probe, is about 10 nm for 100-fs delay, while it is about I nm for
I-ps delay. Therefore, such phenomena are more significant in femtosecond region
than in picosecond region , and have been observed for the fust time with femtosecond
pulses [114-121].
Although the above discussion is concerned with the imaginary part of x(3), the
effect of the real part of x< 3 > can be discussed in the same way , which gives rise to,

e.g., induced phase modulation of probe field by an intense pump pulse [48,105]
described in Subsection 4.5.5.
In the above two-level model, bleaching of the absorption from the ground to
the excited state in resonance with the incident pump pulses was discussed.
However, induced excited-state absorption is also observed in this type of pumpprobe experiment. In order to discuss this phenomenon, it is necessary to consider a
three-level system, which has the ground state Jl>, the fust excited state !2>, and
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oscillator strength of the Q band. This difference in the excited electronic states of

CHAPTER 4
EXCITED-STATE DYNAMICS IN VANADYL PIITIIALOCYANINES

phthalocyanines and porphyrins is due to either the aza-bridges or the benzo groups
contained in a phthalocyanine ring, which lift the accidental degeneracy of a 10 (TI) and
a2u(TI) orbitals [132,133]. Because of their strong Q band, phthalocyanines exhibit

4.1. Introduction

The development of practical optical devices, which employ optical
nonlinearities of the constituent materials for the control of light, is a research of great
interest. There are several requirements for materials in such applications: high

fairly high efficiencies in various optoelectronic responses such as photosensitizing,
photoconducting, and xerographic properties.
In phthalocyanine molecules, it is known that various kinds of metals can

nonlinear optical susceptibility, fast response, processibility, and thermal and chemical

coordinate to the center of their large aromatic ring and markedly change the

stability. Of the candidates for materials for such purposes, organic materials have

properties of the molecule [132]. The nonlinear optical susceptibilities of third-

superior flexibility in processing and manipulation. And, particularly, conj ugated TI-

harmonic generation (THG) in films of several metallophthalocyanines (YO, Sn, Co,

electron systems have long been known to possess large optical nonlinearities and

and Ni) and metal-free (H 2) phthalocyanine have been examined [123]. Among these

ultrafast optical responses [3]. These attractive properties are due to the TI-electron

phthalocyanines, vanadyl phthalocyanine showed the largest value of x(3), which is in

delocalization extending in one dimension, as in polymers, or in two dimension, as in

the same order of magnitude of those of conjugated polymers such as

macrocyclic molecules. Among such materials, intense interest has recently centered

polydiacetylenes. For this reason intense interest is focused on this compound,

on conjugated macrocyclic compounds possessing a ring TI-electron conjugation,

vanadyl phthalocyanine.

especially phthalocyanines (tetraazatetrabenzporphyrins) , of which nonlinear optical
properties have been investigated extensively [122-13 J].
A distinct property of phthalocyanines is their extremely strong absorption in

In their condensed phases, phthalocyanines can exist in several morphological
forms with different stacking arrangements of the disk-like molecules [132]. Such a
structural variation also causes modifications in their properties. Vanadyl

the wavelength range between 600 and 700 nm (Q band), in which the molar

phthalocyanine, investigated in the present study, has been known to exist in three

extinction coefficient exceeds l 05 1/mol·cm. This absorption band arises predominantly

phases, phases I, II, and III, which were characterized by differential scanning

from an atu(TI)- eg(TI*) molecular orbital transition. Phthalocyanines have a

calorimetry, X-ray diffraction, and optical absorption spectroscopy [134,135]. Its

molecular structure similar to that of porphyrins, some of which are contained in

crystal in phase II has been found to have a triclinic crystal structure, a slipped-

biological systems such as chlorophylls (photosynthetic materials) and heme proteins.

stacked form. For phases I and III, their crystal structures have not been determined

However, porphyrins have a much weaker Q-band transition because the first and the

yet because of a Jack of suitable single crystals. However, a cofacially-stacked form

second highest-occupied molecular orbitals (HOMO), i.e., a 20 (TI) and a 10 (TI), lie close

has been inferred for phase I from its absorption spectrum. Various properties of

in energy and have an extensive configuration interaction, wh ich results in a reduced

these phases have been studied extensively. Electronic properties were studied by
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optical absorption and Iuminescence spectroscopies f 136[ and electroabsorption

Williams el at. studied polarization dependence of spectral hole burning and observed

spectroscopy [1 37,138]. Studies of photoconductivity have reported higher efficiency

rapid intraband decay, taking place within 200 fs, of excitons created in the lowest-

of photogeneration in phase II than in phase I [1 39]. The structures of these

energy absorption band in a AlPc-F thin film [145[. These studies, however, have not

polymorphs have also been studied by scanning electron microscopy (SEM) and

fully clarified the relaxation mechanisms of excitons yet and also systematic studies of

infrared and Raman spectroscopies [140]. Recently the third-order nonlinear optical

the dependence of the exciton dynamics on central metals and morphological forms

susceptibilities

x< 3l of these

polymorphs have been evaluated by third-harmonic-

generation measurements and greater values of x<3) were found in phase II than in

have not been performed yet.
From the above points of view, since investigation of morphology dependence

phase I at fundamental wavelengths of 1.9 and 1.5 11m [129,130] . Thus, several

should precede that of central metal dependence, the present study was focused on

differences between these phases have been observed.

the effects of morphology on the relaxation mechanisms of excited electronic states in

Now relaxation processes of their excited electronic states, i.e., dynamical

one of the metallophthalocyanines, vanadyl phthalocyanine. For this purpose, time-

properties of excitons created in these materials by short light pulses, are the

resolved studies were carried out by means of femtosecond pump-probe spectroscopy

interesting topics to be investigated. A few groups have reported femtosecond

on the phthalocyanine in various morphological forms, i.e., phase I, phase 11, and a

studies on several phthalocyanines. Greene and Millard showed that the initial

novel phase prepared as thin films , and also isolated molecular systems in solution

exciton decay can be interpreted in terms of a er-112) time-dependent singlet exciton-

and in a host polymer. In the following sections, the preparation of such polymorphs

exciton annihilation rate in a pol ycrystalline sample of ~-hydrogen phthalocyanine

and the features of their excited electronic states are described, and differences in

(HzPc) by observing temporal response of induced excited-state absorption [141].

transient optical responses of these materials are discussed. Finally, as general

Ho and Peyghambarian studied a polycrystalline film of fluoro-aluminium

phenomena appearing in femtosecond pump-probe measurements, novel behaviors of

phthalocyanine (AlPc-F) and explained the decay kinetics of bleaching due to excitons

time-resolved transmission spectra observed around the excitation wavelength on a

by a model including constant rates of exciton-exciton annihilation and exciton-phonon

femtosecond time scale are also discussed.

coupling [142]. Casstevens er al. also observed excitation -intensity-dependent
decay of degenerate four-wave mixing (DFWM) signals from evaporated films of
HzPc and Langmuir-Blodgett (LB) films of silicon phthalocyanine (SiPc) [143].
DFWM measurements on SiPc derivatives in several molecular environments in LB
and polymer-doped films were reported by Neher er at. [144], in which differences in
the transient response were observed and an explanation in terms of the strength of
the electronic coupling between phthalocyanine rings was proposed. More recently
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4.2. Sample preparation
For the present study, both unsubstituted vanadyl phthalocyanine (VOPc)

[129,130] and tertiary-butyl substituted vanadyl phthalocyanine ((1-Bu)0 VOPc)
[129,131 ,139,146] were prepared. The molecular structure is shown in Fig. 4-1. The
1-butyl substitution makes this compound soluble in several organic solvents such as
chloroform, which is a great advantage in processing the compound. Several types of
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samples were studied as li sted in Table 4- l. Isolated molec ul ar phases were
prepared in a solvent and in a host polymer, polystyre ne, con tainin g th e mol ecule at
low concentration. Aggregated system s were prepared as thin film s. Three kinds of
such films were made on quartz substrates: a spin-coated film of (1- Bu)nVOPc doped
in polystyrene, a similar film without the host polymer, and a vapor-deposited film of
VOPc. A vapor-depo sited film of VOPc on an alkali halide crysta l, KBr, prepared by
the molecular-beam-epitaxy technique [1471 was al so studied.
(1-Bu)nVOPc was synthesized from a mixture of 4-r-butylphthalonitrile,
phthalonitrile, and vanadium trichloride by heating at 250°C. The obtained product
was purified by column chromatography on silica gel by using chloroform as an eluent,
followed by precipitation from chloroform to methanol. The average number of
substituted /-butyl groups was 1.1 in the present study. Field deposition mass
spectroscopy showed that the product was a mixture of mono- and di-substituted
derivatives.
A solution sample of (1-Bu)uVOPc in chloroform was prepared in a 1-mmpathlength cuvette. The concentration was about 8x I
the mean intermolecu lar distance of 280

A.

o-s moUI, which corresponds to

Since the size of the molecule is ca. 14

A

in di ameter, interaction between molecules must be very weak in this solution, i.e. , a
monomeric phase. l ts absorption spectrum is shown in Fig. 4-2, which has a sharp
peak at ca. 700 nm. Similar molecular environment could be prepared al so in solid

R = H or t-butyl (C(CH3)J)

state by casting chloroform solution of (1-Bu) 1.1 VOPc mixed with polystyrene at
relatively low concentration, 0.01 wt %, on quartz substrates. This concentration
corresponds to 1.6 x J0-4 mol//, or one molecule in (220 A)3. Thi s dilute film showed an

Figure 4- 1 Molecular structure of vanadyl phthalocyanine

absorption spectrum simi lar to that of the solution.
Thin fi lms were cast on q uartz substrates by spin -coating the compound
dissolved in ch loroform either with or without polystyrene. The reason for the choice
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VOPc
PS : Polystyrene
Figure 4-2 Absorption spectrum of chloroform
solution of (t- Bu) 1.1 VOPc
Table 4-1 List of samples

of polystyrene as a host polymer is that this polymer provided the best stability of
samples again st intense laser-pulse irradiation among several typical polymers such
as polymethyl methacrylate, polycarbonate, polyvinyl acetate, and so forth. Thickness
of the films with and without host polymer were measured to be ca. 0.5 !Jill and ca.
0.1 !Jm, respectively. These films prepared by the above procedure had phase I
structure and were changed into phase II structure by exposure to dichloroethane

0.6

vapor in a desiccator for ca. 20 hours at room temperature. The phase I-to-phase II
transition of the thin film was monitored by measuring the UV-visible absorption

0.5

spectrum and the X-ray diffraction pattern. Absorption spectra of these films
containing 10 wt% of

(t-Bu)~.~YOPc

d)

in phases I and II are shown in Fig. 4-3. Those

of films without the host polymer had essentially the same structures except for the
following features,

i.e., they were slightly red-shifted; the absorbance at the lower

energy peak was higher than that at the higher energy peak; and also, the tails at the
longer wavelength side were larger than those of doped films. The absorption peaks
in the Q band region are split, shifted, and broadened compared with that of solution.
This suggests that in rather dense spin-coated films, and also in vapor deposited films
described later, the phthalocyanine molecules aggregate and there exist strong
intermolecular interactions. The marked difference between the absorption spectra of
phases I and II is the peak at 810 nm after solvent vapor treatment, which is due to
differences in the molecular arrangements between the two phases.
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Wavelength /nm
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- - - - - Phase II

YOPc was purchased from Eastman-Kodak and purified by sublimation at
440°C under a 10-Q Torr vacuum. Because YOPc is not soluble, thin films were formed
by vacuum deposition onto quartz substrates. Thickness of the films were measured

Figure 4-3 Absorption spectra of (t -Bu)l.IVOPc
doped in polystyrene at 10 wt%

to be ca. 0.1 !Jm. Samples obtained in this manner had phase I structure which could
be changed to phase II stacking structure by heating them at l25°C under atmospheric
pressure. The· thermally induced structural change was monitored in the same way as

81
80

described above. The changes in the absorption spectra were similar to those
obtained in spin-coated films of

(r-Bu)~.~VOPc

without host polymer, except that

absorption peaks were slightly red-shifted both in phase I and in phase II.
Similarity in the absorption spectra of VOPc and (1-Bu) 1.1 VOPc suggests that
the 1-butyl substituent does not affect much the structure of the molecular aggregates.
However, the one with four substituents, (r-Bu) 4VOPc, existed only in phase I and
could never be transformed to phase II. This is probably because the molecular

1.0

packing density is higher in phase II and the phase transition is prevented by the
steric hindrance in the case of tetra substitution.

0.8

X-ray diffraction measurements showed that these spin-coated or vapordeposited fl.lms are amorphous in structure rather than crystalline with domain sizes of

0.6

the order of 100 A.
VOPc was also deposited onto an alkali halide crystal substrate, potassiumbromide (KBr), by the organic molecular-beam-epitaxy technique [147-152]. It is

0.4
0.2

known from the data of reflection high-energy electron diffraction (RHEED) that, in
layers close to the surface of the KBr substrate, epitaxially stacked VOPc molecules
form a square lattice reflecting the symmetry of the (00 I) surface of the substrate
[147]. This crystal structure has not been observed previously in any other VOPc

0.0

L---L--L-....;::::j~-L.-.1..---L--'-;;:::::::1

200

400
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800

Wavelength /nm

crystals grown by other methods. Its absorption spectrum is shown in Fig. 4-4.
Because the fllm used for measurements had thickness corresponding to several tens
of layers, it is not certain whether the whole fllm has the same crystal structure.

4.3. Excited electronic states
Figure 4-5 shows a schematic of the energy level diagram of the

Figure 4-4 Absorption spectrum of VOPc
deposited on KBr

phthalocyanine ligand. The notation of the states adopted in Ref. [ 153] was used.
The lowest allowed optical transition at 600 - 700 nm wavelength region, Q band,
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arises from a doubly degenerate transition a 1u(7!)- eg(7!*) of the phthalocyanine
ring . The next lowest energy absorption band at 300 - 400 nm, B band, arises from a
doubly degenerate transition a 2u(7!)- eg(7!*). In the case of phthalocyanines the
orbital a1u lies well above the orbital a 211 , whereas in porphyrins the orbital a 211 , which
gives rise to Q band in this case, and the orbital a 1u lie so close in energy that
extensive configuration interaction occurs between them [ 1321. Therefore,
phthalocyanines exhibit red shifted and relatively strong Q-band absorption compared
with normal porphyrins. This isolated single electronic band in red region , which has a
molar extinction coefficient greater than 105 //mol-em , is the novel feature of this
molecule.
Excited states of the vanadyl phthalocyanine lying in the visible region are
mostly originating from 7! - 11* transitions of phthalocyanine ring, as described above
as a general property of phthalocyanines. In monomers, whose absorption spectrum is
shown in Fig. 4-2, a strong and sharp Q-band transition appears at about 700 nm and
the next higher excited state, B band, appears at about 350 nm . The shoulders
appearing at about 700 - 800 em-! and 1500 - 1600 cm-1 higher than the sharp peak of
Q band are attributed to vibronic states. Because, in vanadyl phthalocyanine, the
diamagnetic Pc2- ligand couples with an unpaired electron in dxy orbital of a central
metal ion VQ2+, it is a paramagnetic molecule. Because of this electron coupling,

Ground singlet state

singlet states of Pc2- become singdoublet and triplet states become tripdoublet and

First excited singlet state

(Q band)

Second excited singlet state (8 band)

tripquartet in the molecule [153]. These multiplets have Kramers degeneracy f 136].
The energy level diagram of YOPc monomer is shown in Fig. 4-6.
In solid states, transitions of the monomer shift and split because of the

3T
1

Triplet state

Figure 4-5 Energy level diagram
of phthalocyanine ligand

intermolecular interaction in molecular aggregates. in phase l there appear two peaks
in the Q-band region, as shown in Fig. 4-3. The slight blue shift of the absorption can
be explained b.y the cofacially and collinearly associated dimer formation

1!34,154,155]. This speculation of the molecular stacking structure of phase I is also
supported by Raman and IR spectra [ 140]. In phase II the crystal structure is found to
have triclinic Pl symmetry and have a staggered and slipped stacked structure 1135],
which is depicted in Fig. 4-7. This structure gives rise to both blue shift and red shift
of the Q band transition because of the interaction between obliquely aligned exciton
dipoles [154]. However, the dipole-dipole interaction model cannot explain such a
large red shift of the absorption peak by ca. 2000 em· I from that of monomers
[134,1401. The absorption spectra taken at low temperature are shown in Fig. 4-8 for
phase I and 11 films of (r-Bu) 11 VOPc doped in polymethyl methacrylate (PMMA) at
40 wt%. The spectrum of phase I remained unchanged, while, in a phase II film,
significant red shift and sharpening was observed only at the lowest-energy
absorption peak. This is a common feature of all the phase I and II samples of
polymer-doped, undoped, and vacuum deposited films. The red shift of the absorption
is probably caused by the denser packing of molecules at lower temperature. These
observations suggest that the lowest-energy exciton in phase ll films has a nature
different from other excitons and is strongly affected by intermolecular interaction.

Ground singdoublet state

In tin (SnPc) and lead (PbPc) phthalocyanines, appearance of intermolecular
charge-transfer transitions in the wavelength region 800 - 900 nm has been pointed

Excited singdoublet state (Q band)
Tripdoublet state

out [156,157]. These two molecu les possess C4 v symmetry as VOPc. Inferring from
the similarity in the molecular symmetry, it might be possible that this charge-transfer
nature is also the case for VOPc. And also, electroabsorption [137,1381 and

Tripquartet state

phtoconductivity r139] measurements have reported the intermolecular chargetransfer nature of excitons in phase II VOPc. On the other hand, however, charge-

Figure 4-6 Energy level diagram of paramagnetic
phthalocyanine with an unpaired electron

transfer excitons were predicted to appear at energy higher than Frenkel excitons and
were observed in several phthalocyanines [158,159] . The origin of the lowest energy
exciton in pha.se II VOPc has not been well understood yet.
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Figure 4-7 Crystal structure of VOPc in phase II
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Figure 4-8 Temperature dependence of absorption spectra
of ( t-Bu) VOPc in phases I and II
1.1

89

The group theoretical interpretation of the origin of the optical transitions
carried out for YOPc monomer, phase I, and phase II 1136] is considered to hold valid
also in (1-Bu)n YOPc, because the substitution produces only minor effects on their
electronic states in the Q band originating from

1r

electrons.

The absorption spectrum of YOPc deposited on KBr has a peak at ca. 770 nm,
which is red shifted by ca. 1300 cm- 1 from the monomer peak. This spectral feature

0.4

has not been reported in the previous works. This might indicate a new stacking
arrangement with a square lattice structure of YOPc, which is affected by the surface
structure of the substrate because of the epitaxitial growth of the thin film. Its
absorption spectra at low temperatures are shown in Fig. 4-9. There appear red
shifted and sharpened peaks compared with the spectrum at room temperature, as

~

c:
t':$

also seen for the lowest-energy absorption peak in phase II films. And, at I 0 K, the

-€0

splitting of the main peak by ca. 60 cm-l was observed. The absorption spectrum has

..0

a more complicated structure than those of phases I and II and its electronic origin has
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not been understood yet.
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4.4. Experimental procedure
Pump-probe type experiments were carried out on the vanadyl phthalocyanine
samples described above by the techniques described in Subsection 2.6.2.
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Most of the measurements were performed at room temperature. Some of the
measurements were carried out also at low temperature by using a continuous-flow
type liquid He cryostat (CF-1204, Oxford).

Figure 4-9 Temperature dependence of absorption
spectrum of VOPc deposited on KBr
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4.5. R es ults and discussion

0.4

4.5.1. Isolated molecular phase
Differential tran smission spectra (DTS) of chloroform solution of
(f-Bu)u VOPc are shown in Fig. 4-10. The excitation wavelength , 620 nm , lies in the
tail of the higher energy side of the Q band absorption . Significant bleaching, i.e.,

E-<

a) 0.1 ps

0.2

'-...

E-<
<l

absorption saturation , was ob served at the Q band transition . At the higher energy

0.0
-0.2

side of the Q band, corresponding to the transparent region between Q band and

0.4

B band, relatively weak induced excited-state absorption was observed. A transient
re sponse of the bleaching peak at 700 nm is shown in Fig. 4-11. Thi s trace could be

E-<

b)

1 ps

c)

100 ps

0.2

'-...

fitted to a function consisting of an exponential term with the decay-time constant of
0.7 ± 0.2 ps and a constant term with the fraction of ca. 0.8 of the peak of the signal.

~

0.0
-0.2

The energy-level diagram of a vanadyl phthalocyanine molecule is depicted in
Fig. 4-6 [136] . The ground (2f) state and the first-excited Q-band (2Q) state are

0.4

singdoublet states. Between these states a tripdoublet (2T 1) state and a tripquartet
(4T 1l state lie. Because the relaxation from 2Q to 2T 1 is a spin allowed process, it can

E-<

0.2

'-...

take place much faster than the ordinary singlet to triplet relaxation. The decay rate of
this process was estimated as follow s. The quantum yield of fluorescence was
measured to be of the order of 10·6 in vanadyl phthalocyanine molecule [136]. The
natural radiative lifetime of 2Q state is calculated to be about 15 ns from the
absorption spectrum (Emax- 2x 105/fmol-cm , tw- 500 cm· l) by using Strickler- Berg

~
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relation (160]. Thus, the relaxation time is estimated to be 15 fs , which is shorter
than the time resolution of the present system. Therefore, the observed decay with

Aex c.

= 620 nm

the time constant of 0.7 ps cannot be attributed to the process from 2Q to 2T 1.
For the observed decay, there are two other possibilities. One is the
thermalization process between 2T 1 and 4T 1. Similar phenomena were observed in
solutions of paramagnetic copper and silver protoporphyrins. Because copper and

Figure 4-10 Differential transmission spectra
of (t-Bu) 1.1 VOPc I CHCl3
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silver have an unpaired electron as in vanadyl, their electronic energy-level schemes
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are similar to that of a vanadyl phthalocyanine molecule. The energy separation
between these two states were reported to be about I 00 and 300 cm· I for copper

o

0.2 -

-

0.1 -

-

phthalocyanine and copper porphyrin, respectively [161,162,1631. In these
protoporphyrins, the fast relaxation from 2Q to 2T t was reported to take place within
the time resolution, 8 ps, and the thermalization between 2T 1 and 4T 1 followed at the
time constant of ca. 450 ps and ca. 11 ps for copper and silver porphyrins, respectively
[1641. If the energy separation between 2T 1 and 4T 1 in vanadyl phthalocyanine is
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larger than those in copper and silver protoporphyrins, it is possible that the
thermalization process takes place much faster in this molecule.

0.4

The other possibility is that the decay is taking place in dimers. In dimers,
since the unpaired electrons of two molecules couple and Kramers degeneracy is lifted,

0.3

the energy level diagram is considered to be similar to that of phthalocyanine ligand
~

"""
~

illustrated in Fig. 4-5 [136]. The ground state (lA) and the first-excited Q-band

0.2

state (IQ) are singlets and between these two states a triplet state (3T 1) lies. In
this system, because the nonradiative transition from 1Q to 3T 1 is spin forb idden and

0.1

the rate must be lower than that of 2Q to 2T 1 transition, it is possible that the
observed decay component corresponds to the relaxation from lQ to 3T 1 in dimers.
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However, although it is reported that dimerization of VOPc molecules takes place
even at the molecular concentration as low as l 0-5 moll/ [1361, the present compound,
(f-Bu)u VOPc, has high solubility in chloroform and the dimer fraction was estimated

Aexc.

0

= 620 nm ·'

Aprobe

= 700 n m

to be less than 1 % at 10-4 mol/ 1 from the concentration dependence of the absorption

Data

spectrum. Therefore, we attribute the decay to the thermalization process between

Fitting curves consisting of an exponential term
with time constant of 0.7 ps and a constant term

2T 1 and 4T 1 in monomers rather than the latter process in dimers.

Figure 4-11 · Transmittance change of (t -Bu)l.lVOPc I CHC13

The relatively large constant term persisting for longer than hundreds of
picoseconds is· due to the high yield of 2T 1 and 4T 1. Their lifetimes, which have not

as a function of time delay
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been determined yet because of the low phosphorescence yields, are much longer than

0.2

the temporal range of observation ( -100 ps) but are shorter than 100 11 s, the period of
excitation pulses. This is consistent with the phosphorescence lifetime of 3 !JS
observed in copper phthalocyanine [ 1611.
The pump-probe measurements were also carried out on a dilutely doped
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0.0
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polystyrene film of the same molecule. The results were similar to those obtained for
the above solution sample.

0.2
b)

4.5.2. Phase II
Figure 4-12 shows DTS of phase II films of (1-Bu) 1.1 VOPc doped in
polystyrene ( 10 wt% ). The outstanding feature is that significant bleaching appears at

~
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~

0.0

the lowest energy absorption peak (ca. 810 nm), while the higher energy absorption

-0.1

peaks bleach very weakly. This indicates that excitons created by the femtosecond

0.2
c) 10 ps

pulses at 620 nm either undergoes very rapid internal conversion to the lowest excited
state, and/or induced excited-state absorption in this energy region cancels the
bleaching signals. In the spectral range of 500-600 nm, corresponding to the window
of the ground-state absorption, induced excited-state absorption was observed, which
was much weaker than the bleaching signal.
In the following, we focus on the decay kinetics of the bleaching peak. The
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temporal response of bleaching at 810 nm is shown in Fig. 4-13 for excitation
intensities of 20 and 5 GW/cm2, respectively. The decay curve of the transmittance
change consists of three components: a fast (subpicosecond) component, a slower

f...

exc.

= 620 nm

(tens of picoseconds) component, and a much slow (more than hundreds of
picoseconds) component. Because the fast decay rate appears to have excitationintensity dependence, it is considered to represent a bimolecular process, i.e.,
exciton-exciton annihilation. The slower decay is rather independent of excitation

Figure 4-12 Differential transmission spectra
of phase II ( t-Bu) VOPc I polystyrene (10 wt%)
1.1

0.2
intensity and attributed to a monomolecular decay without interaction between
excitons. 1l1e long-lived component is presumably due to triplet-state formation.
The exciton population density, n, obeys the following rate equation:

0.1

dn
dt

0.0
-20

cr ng(l) IL(f) - f(f)·n

2 - K(t)·n ,

(4-1)

where f(r) is the exciton-decay rate via bimolecular annihilation processes and K(l )

20
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40
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80

100

is the decay rate without interaction between excitons. The first term of the r.h.s. of
the above equation is the pumping rate, where /L(I) is the excitation-laser intensity,
ng(l) is the ground-state population density, and cr is the absorption cross section.

0.2

For a delta-function excitation pulse, the above equation gives the following timedependen t exciton density at 1 > 0:
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where n0 is the in itial exciton density at time zero. When the decay rate via
bimolecular processes is much greater than that of monomolecular ones, the

5 GW/cm 2

A exc. = 620 nm ; A probe= 810 nm

differential transmission !J.T/T, which is the value observed in experiments, is related
to thi s exciton density, n, by the sum of a term proportional to nand a constant term,
which is due to bottleneck states, e.g., triplet states, photocarriers, and/or trap states,
possessing lifetimes much longer than the time range of the observation.

Figure 4-13 Excitation-intensity dependent time evolution
of transmittance change of phase II
(t-Bu)l.l VOPc I polystyrene

98

In our experimental condition, the monomolecular decay rate, K(l), is
considered to be a constant, k, because there are no energy acceptors in the samples.

99

0.2
y' -r

112 ,

a)

§o

On the other hand , f(r) can be either a constant, y, or a certain time-dependent rate,
depending on the nature of the interaction mechanism between excitons. The

constant decay rate reflects the annihilation of excitons during their hopping migration

E--;
'-.

in the crystallines, while the inverse of square-root-time dependence describes the
annihilation via the long-range dipole-dipole interaction between excitons [165-1681

~

0.1

or that in the manner of the motion-limited diffusion 1168].
Similar experimental results were observed by other groups. Ho and

0.0

Peyghambarian have studied a polycrystalline film of A!Pc-F f 142], of which
absorption spectrum was similar to our phase II films. They explained the decay of

0.2

the bleaching by assuming a constant decay rates for f(r) and K(r) . On the other
hand, Greene and Millard [141], have studied a polycrystalline film of t3-H 2Pc and
found out that the initial decay of induced excited-state absorption signal is described
by a time-dependent (r -112) exciton-exciton annihilation rate, although they did not

0.1

included a monomolecular decay term.
The present data were fitted in two ways in order to clarify the dominant
mechanism of the exciton annihilation process in the present molecular system. In the

0.0

model, which assumes constant decay rates for both f(r) and K(r), which are
represented as y and k here, respectively, the time-dependent exciton density after

-1

0

n

exp [-kr]

1 + (n 0 y I k)(l - exp [-kr])

2

3

4

5

Delay /ps

delta-function-pulse excitation is calculated from Eq. (4-2) as follows [169,170]:

no

1

a) for the model with constant mono- and bimolecular decay rates

(4-3)

b) for the model with at - ll2 dependent bimolecular
and a constant monomolecular decay rates

Fitting of our data of 20-GW/cm2 excitation intensity according to this model is shown

A exc.= 620 nm; A probe= 810 nm

in Fig. 4-14a. The long-lived component was included by adding a constant term in

0 :Data

- - : Fit

Figure 4-14 Fitting of the decay of transmittance change
of phase ll (t-Bu)I.I VOPc I polystyrene

101
100

Eq. (4-3). In this way we were able to fit our data for either short times or long times,
but not over the full time range from 0 to 100 ps.
On the other hand, in the model containing time dependence in the bimolecular
decay rate f(l), which is represented as y'-r 1r2 here, a similar equation for the exciton
density corresponding to Eq. (4-3) in the above model is obtained as follows :

exp [-kr]

(4-4)

where erf is the error function:

X

erf [x]

Jdu exp [-u

2

]

0
-0.2

(4-5)
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Delay /ps
Figure 4-14b shows the fit of the same data, used in Fig. 4-1 4a, to this model. We
have included a constant term in Eq. (4-4) to take into account the long-lived

A

ex c.

=620nm

'

A

probe

= 810 nm

component. This function can fit the data over full time range observed to 100 ps and
yields fitting parameters of (n 0 y') -l = 1.1 xI Q-6 sin, k 1 =50± 20 ps and a constant

Data

term which is ca. 10% of the maximum value of the data. By considering the
excitation density inside the polystyrene film, y' is estimated to be 6.5x 1Q-14cm3

{

aggregates by a factor of the inverse of the volume fraction of the aggregates in the

30 GW/cm

X

10GW/cm

2
2

-1

s - 11~.

However, the effective excitation density should be higher in phthalocyanine

0

Calculation
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(n 0 y') =0.7
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(n 0 y') =2.1

x
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x
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-6 1/2

s
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s

-I

,

k =50 ps

,

k =50 ps

-I

host polymer. This compensation leads the effective value of y' to 3.8x JQ-15 cm3 s· ll2.
The dependence of bleaching decay on excitation intensity is also shown in Fig. 4-15.
Measurements were carried out also on other phase II films of vanadyl
phthalocyanines, i.e. , a spin-coated film of (1-Bu)u VOPc without host polymer and a

Figure 4-15 Comparison of bleaching decay of phase II
(t-Bu) 1.1 VOPc I polystyrene excited at two
different intensities

vapor-deposited film of YOPc, in order to examine the effect of the host polymer as

interaction model seems to be consistent with that this decay rate was insensitive to

well as the steric hindrance of 1-butyl substituents. The decay curves of their

temperature, and also with our experimental condition, i.e .. n0 was about 2x lO:!O cm·3

bleaching peak at ca. 810 nm showed almost the same behavior as the above case and

under the typical excitation intensity used (20 GW/cm:!), while the molecular density

were also well described by the latter model including a time-dependent exciton-

is estimated to be approximately 1.6SxlO"' cm·3 from lattice parameters of phase II

exciton annihilation rate. In these cases, estimated values of parameters k' and y'

YOPc crystal [ 13S], which means one exciton is created on about every eight

were SOps and S.9x l0-15cm3 s· 112, respectively, for the (1-Bu)u YOPc film, and were

molecules.

SOps and 6.0x 10· 15 cm3 s· 112, respectively, for the YOPc film. We can say that the

From the value of y', the transition-dipole moment between excited states

1-butyl substituent causes little difference in the exciton decay rates both y' and k.

was estimated to be about 3 D, while that between the ground and the first excited

The host polymer appears to reduce y' slightly. However, this difference should be

state was estimated to be about 3.2 D from the absorption spectrum. The coefficients

said to be small, because, if the phthalocyanine molecules were distributed

y' of our estimation for the phase I1 films of (r-Bu)u VOPc and YOPc are greater by

homogeneously in the polymer, the intermolecular distance would be from two to three

more than one order of magnitude than that for a polycrystalline film of B-H 2Pc,

times longer than that of the undoped samples, so that the energy-transfer rate

J.Ox lO·I6cm3 s· 112 [141]. One possible reason for this discrepancy is that the value

through the dipole-dipole interaction would be reduced by two orders of magnitude and

for B-H2Pc was underestimated because of the extremely high excitation density in

also the exciton mobility would be much lower. Thus we conclude that the effect of the

the experiment. The other possibility is that the exciton in the phase II form of

host polymer on the exciton decay rates, y' and k, is weak in the present dopant

vanadyl phthalocyanines might have larger transition-dipole moments. The data of

concentration (10 wt%) because of formation of molecular aggregates with a local

electroabsorption spectroscopy [137,138) and the photoconductivity measurements

structure similar to that of the undoped films.

[139] suggest the intermolecular charge-transfer nature of excitons in phase II

Low temperature experiments have been carried out on a spin-coated film of
(1-Bu)uYOPc doped in polystyrene. The decay kinetics of the lowest energy

vanadyl phthalocyanines. It is possible that such a feature is related to their faster
decay rates.

excitons remained unchanged even at IO K, although its absorption spectrum
undergoes marked red shift and sharpening.
The fact that the initial decay kinetics of excitons is described by the time-

4.5.3. Phase I
In Fig. 4-16, DTS of a phase I film of (1-Bu)u YOPc doped in polystyrene

dependent (1 - 112 ) bimolecular-decay-rate model suggests either that the interaction

(10 wt%) are shown. Contrary to those of phase II samples, bleaching of the

between excitons are dominated by the long-range dipole-dipole interaction

absorption appeared over the full spectral range of the Q band, which has absorption

[141 , 16S-168] rather than direct collision of excitons at neighboring molecules, or that

peaks at ca. 6SO and 700 nm , and also induced excited-state absorption appeared at

excitons diffuse in a motion-limited manner [141,168] . The long-range dipole-dipole

shorter wavel<ingth side, S00-600 nm , which was stronger than that in phase II

samples. lts excited-state lifetime was longer than that of phase II. The differences

0.2

between the two spectra are clearly due to their different stacking arrangements and

E--<

a) 0.0 ps

0.1

hence differences in the origin of the excitons.

"-

~

Measurements were carried out also on differently prepared phase I films of

0.0

vanadyl phthalocyanines, i.e., a spin-coated film of (1-Bu)1.1VOPc without the host
polymer and a vapor-deposited film of VOPc, in order to examine the effect of the host

-0.1

polymer as well as the steric hindrance of 1-butyl substituents. The observed

0.2

transient spectra appeared essentially the same for those phase I films , as was also

E--<

the case in phase II films. The following discussion will be focused on the spin-coated

0.1

"-

~

film of (1-Bu)l.l VOPc doped in polystyrene.

0.0

Temporal evolutions of the differential transmission at 700, 650, 620, and
550 nm are shown in Figs. 4-17- 20. The effective density of the initially created

-0.1

excitons, n0 , was estimated to be 3xi020 cm-3, when the incident laser intensity was

0.2
20 GW/cm2. The data at 620 nm were taken by using the amplified pulses themselves

c) 100 ps

E--<

for both pump and probe pulses without using a monochromator in front of the detector.

0.1

"-

~

This allows to take an average over a spectral width of the probe pulses around

0.0

620 nm and remove the effect of the spectral shift of the probe due to induced phase
modulation and the artifact due to the high spectral resolution compared with the

-0.1
550

600

650

700

750

Wavelength /nm

temporal resolution determined by the pulse duration [ 114-1211- This artifact is
manifested, for example, as the antisymmetric shape of DTS near zero delay observed
around excitation wavelength (620 nm) in Fig. 4-16a. These kinds of behaviors will

f...

ex c.

= 620 nm

be discussed in Subsection 4.5.5.
The decay kinetics at 700 nm had excitation-intensity dependence, as shown in

Figure 4- 16 D ifferential transmission spectra
of phase I (t - Bu) u VOPc I polystyrene ( 10 wt%)

Figs. 4- 17 and 4-21, and consisted of three components just as in the case of the
bleaching observed in phase II samples. We attribute the fast component to excitonexciton annihiiation process, the slower component to monomolecular nonradiative
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\xc. = 620 nm; \robe= 700 nm
0
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: Data
: Fitting curves for the model with a t -1/2 dependent
bimolecular decay rate
(n y'f 1 = 2.5
0

x

10.{; s 112 , k

-I=

= 620 nm ·'
: Data

: Fitting curves consisting of a constant term and two
exponential terms with rise time constant of 1.5 ps
and decay time constant of 10 ps

10 ps

Figure 4-17 Transmittance change of phase I
( t-Bu)uVOPc I polystyrene
as a function of time delay ( 1)
108
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Delay /ps
f.. be = 650 n m
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Figure 4-18 Transmittance change of phase I
( t-Bu)uVOPc I polystyrene
as a function of time delay (2)
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Figure 4-19 Transmittance change of phase I
( t-Bu)I.IVOPc I polystyrene
as a function of time delay (3)
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: Data
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Fitting curves consisting of a constant term and
an exponential term with time constant of 15 ps

Figure 4-20 Transmittance change of phase I
( t-Bu) 1.1 VOPc I polystyrene
as a function of time delay (4)

decay process, and the slow component to formation of bottleneck states such as
triplet states. The data were fitted in two ways as described in the preceding section
by assuming the temporal evolution of exciton density represented by Eq. (4-3) or
(4-4). Both models could fit the data well over the full observed time range in this
case. Because similar data taken at low temperatures between 10 and SO K showed
only a slight change from those at room temperature, the mechanism of excitonexciton annihilation process is attributed to the dipole-dipole interaction, as in
phase II films, rather than exciton migration and collision, in which activation energy is
usually needed. The parameter y' was estimated to be ca. J.3xlQ-15cm3s-II:!, kl to
be I 0 ± 5 ps, and the fraction of the constant term to be ca. 0.3 of the peak value of the
data. These parameters give the fitting curves shown by solid lines in Fig. 4-17.
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From the value of y', the transition-dipole moment between excited states was
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Delay /ps

estimated to be about 0.8 D. This value, as well as y', is smaller than that of phase II
by a factor of about four, whereas that between the ground and the first excited state
was estimated to be about 3.5 D, which is almost the same as that of phase II.
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The response of the bleachi ng at 650 nm, Fig. 4-18, behaved differently from

2

that at 700 nm. The bleac hing took place at the same time as the rise of the excitation

2

pulse, and, even after this fast rise, it conti nued to grow more slowly. This component
with a rise time constant of a few picoseconds probably corresponds to the creation of

~

-6 In

~

-6 In

(n 0 y ' ) = 1.5 x 10

s

(n 0 y ') =9.0x 10 s

-I

,

k = 10 ps

,

k = 10 ps

-I

the excitons due to the annihilation of excitons in the lower energy state at 700 nm in
the absorption spectrum. As illustrated in Fig. 4-22, it is considered that a part of the
excitons in S{ 1I state annihilated via the bimolecular process was once excited into a
higher singlet exciton state, Sn, and repopulated at this energy states after the
successive rapid internal conversion from Sn to SI <2 >. After this initial event, the

Figure 4-21 Comparison of bleaching decay of phase I
(t-Bu) 1.1 VOPc I polystyrene excited at two
different intensities

signal remains· for much longer than 100 ps. The signal fraction of the long-lived

112

113

bleach ing signal decays with time constant of ca. 10 ps and about 0.7 of the peak

Excited-state absorption

component is much higher than that observed at 700 nm. This suggests that , although
S 1(:! ) is a higher energy level than S 1C1), the decay from S 1m to S 10 l is much slower

sn

than usual internal conversion processes. And also, excitons in this state do not
appear to undergo exciton-exciton annihilation by interacting with each other.
Similar slow rise of bleaching following excitation was also observed in the
data at 620 nm, Fig. 4-19. However, because this response did not show excitationintensity dependence, it is attributed to the broadening of the burned spectral hole
centered at 650 nm to the blue side of the absorption band. Fitting of the data was
made to a triexponential function with a constant term , for instance. It yielded rise
time constants of 0.4

± 0.1

and 4.5

± 1 ps, a

decay time constant of 70

± 20 ps, and

a

fraction of the constant term of ca. 0.5 of the peak value of the data.
The decay kinetics of the induced excited-state absorption at 550 nm ,
Fig. 4-20, had a decay rate of 15

"'"'0
'-'

of the peak value of

the data. Thus the observed induced absorption at 550 nm must be taking place from

21
c..

S 1(2), whose lifetime is ca. 10 ps, and T t. whose lifetime is much longer than 100 ps.

~I

aq

The present observation found that two types of excitons created in the phase I

0

form corresponding to the two absorption peaks in the Q band, i.e. , S 10l and S 1C:!)in

.§I
a:)

± 3 ps and a constant term of 0.7

I

the schematics in Fig. 4-22, behave totall y differently. Excitons in StO l state relax
rapidly, but more slowly than those in phase II, by exciton-exciton annihilation via the
dipole-dipole interaction, and a part of them creates population in S 1m state after
annihilation via higher excited states. On the other hand, excitons in S 1C:!) state

: Ground state

S ~ ), S ~ ) : Two components of the fi rst excited state (Q band)
1

2

Sn

: Higher excited state

T1, T n

: Triplet states

interact only weakly with each other and have a long lifetime ca. 10 ps.

4.5.4. Films deposited on K Br
In this subsection discussion is given on a novel solid-state phase of VOPc
grown on a potassiu m-bromide (KBr) substrate by the organic molecular-beam-

Figure 4-22 Energy level diagram of VOPc in phase I

114

115

epitaxy technique, which has an electronic structure different from those in phases I

0.4

and II described in the precedin g subsections.
In Fig. 4-23, DTS at three different time delay s between pump and probe
pulses are shown. The excitation density, n() was ca. 2xJ020 cm-3. The outstanding
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0.2

~

0.0

a) 0.1 ps

features of these spectra are the appearance of a strong bleaching around 780 nm
immediately after the excitation within the time resolution , which corresponds to the

-0.2

peak of its absorption spectrum, and a signal of induced excited-state absorption at a

0.4

little higher energy region around 730 nm. Relatively weak bleaching peak appeared
around 690 nm and, at energy region higher than 660 nm , weak induced excited-state

E-<
.....___

0.2

absorption was observed.

~

0.0

b)

1 ps

~

The time-delay dependence of the bleaching signal at 780 nm is shown in
Fig. 4-24. In marked contrast to the decay kinetics of phase I and II films , the initial

-0.2

decay of this bleaching signal appeared to be independent of excitation intensity, as

0.4

I

I

shown in Fig. 4-25. Fitting of this decay to a biexponential function including a
constant term yielded time constants of 0.4 ± 0.1 and 3.5

± 0.5 ps,

whose fraction were

ca. 0.62 and 0.32, respectively. The fraction of the constant term was ca. 0.06 of the

E-<
.....___

0.2 r-

~

0.0

c) 10 ps

-

peak of the signal. Fitting of the data at 730 nm in Fig. 4-26 resulted in almost the
same values of parameters except that the ratio of the constant term was ca. O. l to
the peak value of the data. The induced excited-state absorption lasting more than

-0.2

L....--L....----JL....--......11 --~

650

700

750

800

850

Wavelength /nm

hundreds of picoseconds suggests that the transition is taking place not only from the
first excited state but also from bottleneck states. The data taken by the pump-probe
method with amplified pulses (620 nm) themselves for both excitation and probe are

ex c.

= 620 nm

shown in Fig. 4-27. In this case, induced excited-state absorption appeared at early
times and it turned to bleaching after 2 ps. The obtained decay time constants were

Figure 4-23 Differential transmission spectra
of VOPc deposited on KBr

the same as those of the above within experimental error. At this wavelength, the
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Figure 4-25 Comparison of bleaching decay of VOPc
on KBr excited at two different intensities

Figure 4-24 Transmittance change of VOPc
deposited on KBr as a function of time delay (1)

11 8

119

0.00

0.01

I

oo
o "" oouo

I

,..,

~ ".

oOu

0

'

-

-0.02
E--<

.........

~

~

-

-0.04

-0.06 '---..L...--"-'-...&l_ _ _..._._..L...---1
-10

0

10

20

30

40

u

,..,o,..,,..,,..,,.., '

I

-0.01

-0.02
-10

50

0,-,

r

0.00
E--<

.........

uu

~

I

0

10

20

30

40

50

0.01 r--"T"""--.----.--....------.

-0.02

E--<
.........

~

-0.04

-0.01

0

-0.02
-1

0

1

2

3

4

~...-_...._

-1

5

_ _,__ __,___1..-_..___..J

0

0

= 620 nm ·'

Aprobe

= 730 n m

: Data

3

4

5

Delay /ps

Delay /ps
Aexc.

2

Aexc.

0

= Aprobe = 620 nm

; without spectral resolution

: Data

Fitting curves consisting of a constant term and two
exponential terms with time constants of 0.4 and 3.5 ps

Fitting curves consisting of a constant term and two
exponential terms with time constants of 0.3 and 3.0 ps

Figure 4-26 Transmittance change of VOPc
deposited on KBr as a function of time delay (2)

Figure 4-27 Transmittance change of VOPc
deposited on KBr as a function of time delay (3)

0.4

induced absorption is predominantly due to the excitons populated in the first excited
state and the contribution of bottleneck states is much weaker than at 730 nm.

f--4
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~

From these data, the following model can be inferred. The excitons initially

with time constant of ca. 0.4 ps, and bottleneck population formation is followed with
time constant of ca. 3.5 ps. The bottleneck state lives for longer than the time range of

0.0

~

0.2
0.0
-0.2
0.4

probably because of the rapid (0.4 ps) nonradiative decay of excitons, which takes
place faster than the interaction between excitons at the present density level, due to

f--4

the strong exciton-lattice coupling in the relatively ordered crystal film compared with

~

0.2
0.0
-0.2
0.4

DTS measured at 10 K. Bleaching signal appeared around 780 nm immediately after

shown in Fig. 4-9. Induced excited-state absorption was also observed at the
spectral region, which shifted toward longer wavelength compared with that observed
at room temperature and overlapped with the bleaching. The transmittance change
was observable even after 80 ps, i.e., whose decay was slower than that observed at
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Fig. 4-29, which shows the bleaching at 780 nm as a function of time delay for 10, 100,
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unchanged even at 10 K . However, significant differences are seen after ca. 10 ps. At

I

d) 10 ps

room temperature. The temperature dependence of the time evolution is much clear in

and 295 K. The initial relaxation time constants, 0.4 and 3.5 ps, remained almost

1 ps

c)
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Measurements were also carried out at low temperatures. Figure 4-28 shows

the excitation, of which spectral shape seems to reflect the absorption spectrum

I

b) 0.1 ps

f--4
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our observation, - 100 ps. The absence of the exciton-exciton annihilation process is

phase I or II films, which are in amorphous structures.

-

f-
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created by 620-nm pump pulses rapidly relax to the lowest-energy excited state
around 780 nm. These excitons relax to a lower lying level and/or the ground state

0.2

I

a) -0.06 ps

-
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room temperature the bleaching recovered monotonically, whereas, at 10 K, it rather
began to increase again at I 0 ps, and the data at I 00 K traced between the two. This

A.

ex c.

= 620 nm

observation, which was not the case in phases I and II, suggests the existence of a

Figure 4-28 Differential transmission spectra
of VOPc deposited on KBr at 10 K
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temperature dependent process of the formation of excitons at the lowest energy of

-

In this sample, the feature of DTS was similar to those of the phase II films in

0.8
0.6

the Q band. However, details of this kinetics still remain to be understood.

that strong bleaching signal appears only at the lowest-energy edge of Q band

r-

immediately after excitation at high-energy edge of the band. However, the relaxation
mechanisms of excitons are significantly different. This suggests that molecular

0.4

stacking arrangement affects not only interaction between excitons in different
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discussed.
For the detailed study of this behavior, pump-probe experiments were carried

ratio was much higher than the case of continuum probe pulses. The results for a
phase I film of (r-Bu)u VOPc in polystyrene are shown in Fig. 4-30(a-h) . Excitation

~

""(;

E

excitation laser wavelength, 620 nm. In this subsection this phenomenon is

out with amplified pulses themselves as the probe, in which condition signal-to-noise

I ~.

Vl

c:

4.5.5. Coherent tra nsient phenomena and induced phase modulation
In Subsection 4.5.3., we have pointed out the novel behavior of DTS around the

c:

g
fl

molecules but also nonradiative monomolecular decay mechanism of excitons.

intensity was

0.0 L---'---'----'--'---..__ _.
40
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Delay /ps

ca. 20 GW/cm2. The outstanding featu res are oscillatory structures at

negative delays (b and c), steep antisymmetric shape centered at the spectral peak of
the excitation pulses around zero delay (d and e) , and successive shift of the zerocrossing wavelength toward shorter wavelength (e-h). Similar behavior was also
observed in the other samples of phase II as well as phase I.

Aexc. = 620 nm ; Aprobe = 780 n m

In order to confirm that these signals are not from the substrate but from the
sample itself, a similar measurement was carried out on a quartz plate. The data are

Figure 4-29 Temperature dependent time evolution
of transmittance change of VOPc deposited on KBr

shown in Fig. 4-31, where the same data are plotted in two ways, i.e., D.T/T and D.S
(" S'- S), the difference between transmitted probe spectra with (S') and without (S)
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Figure 4-30 Differential transmission spectra of Phase I
(t-Bu) VOPc/polystyrene around excitation wavelength

The same pulses for both excitation and probe.

Figure 4-31 Differential transmission spectra and
difference spectra of a quartz plate;
the same data are plotted in two ways.
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excitation pulses. At negative delays the DTS are similar to those of the phase I

fi 3l(r)

J dr' R(r -

oc:

sample in that the increase in transmission was observed at wavelengths longer than
x

the central wavelength of the laser pulses, while that its decrease was observed at

r')

-=

[~(r) £~.Cr' +T) f1_ *cr' +T) + g i!1_(r +T) f1_ *Cr' +T) ~(r')J , (4-6)

shorter wavelengths. However, at positive delays there appeared difference; the
signals from a quartz plate turned to the opposite sign of those at negative delays,

where R(t) is the response function of the nonlinearity and g is the factor dependent on

whereas those from the phase I film did not. And also the magnitude of the signal was

the origin of the nonlinearity and the polarization direction of the pump, the probe, and

greater in the phase I film. Therefore, the behavior of DTS shown in Fig. 4-30 is

the detected beams [105 ,113] . When all these polarizations are parallel , as in the

predominantly due to the phthalocyanine sample.

present experimental configuration, the value of g is equal to unity. This equation can

The behavior of the signal observed for the quartz plate is explained by the

also be derived from the third-order off-diagonal density matrix element expressed in

mechanism of induced phase modulation (IPM) [48,103-!05]. This phenomenon

Eqs. (3-25a)-(3-25c) by assuming the identical frequencies for pump and probe

takes place by the mechanism similar to self-phase modulation (SPM), which is

pulses and the extremely large dephasing rate (y

discussed in Section 2.5. In SPM the intense pulse undergoes phase modulation

response function with R(t). The first term in the r.h.s. of Eq. (4-6) corresponds to

through the refractive index change induced in a propagating medium by the pulse

the incoherent process (Eq. (3-25a)), where the probe pulse experiences phase

itself, while in IPM a weak pulse (probe) undergoes phase modulation because of the

modulation induced by the intense pump pulse, while the second term corresponds to

refractive index change induced by another intense pulse (pump). When the probe

Eqs. (3-25b) and (3-25c) , which represents the coherent coupling process between

precedes the pump, it experiences increase in refractive index (for positive ni) and its

the pump and the probe pulses. The detected electric field is given by [105]

-+

+oo) and replacing the energy

spectrum gets red-shifted. On the other hand, when the probe follows the pump, the

E(r) = ~(r) + i t:,.fX.r) ,

probe spectrum becomes blue-shifted.

(4-7)

Theoretically IPM can be treated as the third-order nonlinear optical process.
In transparent media the third-order polarization

pi.3 ~r)

giving rise to this

where

phenomenon can be expressed as follows by using the electric fields defined in
Eq. (3-23):

t:,.fX.r)

oc:

fi 3l(r)

.

Then the power spectrum of the transmitted probe pulse is given by the Fourier
transformation of the following field autocorrelation function:

(4-8)
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J dr exp[-i~wr] J dy J dx
(4-12b)

The difference spectrum D.S (" S'- S) between the transmitted probe spectrum with
This is the general third-order expression of the spectral shift of the probe pulse due

(S') and without (S) the pump pulse is expressed as follows:

to !PM observable in the pump-probe type experiments.
00

~S(~w)

oc

J dr exp[i~wr]

When the response is instantaneous, i.e. , R(r) =5(1), which is expected for

_oo

the electronic nonlinearity, the above two terms give the same time-delay dependence
00

X [

i

f dr' u;/(!')~E(r'

+ !) -

Ep(r'

+

!)~E\r')}]

(4-10)

of D.S, i.e. ,

-00

1

.

= g ~S(~w)[COH]

~S(~w)[INCJ
00

Here L1w (= w- Wp) is the frequency measured from the central frequency of the
incident laser pulse. Thus, it is expressed as the sum of the two contributions of the

= -lm[

00

J dr exp[-i~wr] J dx lip*<x + r)Ep(x) l~(x +T)I2 ]
_co

-00

(4-13)

incoherent (L1SrrNcV and the coherent coupling (L1SrcoHV processes, i.e.,
By assuming the Gaussian profile for both the pump and the probe fields, i.e.,

~S(~w) = ~S(~w)[JNC] + ~S(~w)[COH]

,

(4-11)
(4-14)

where

~S(~w)[INCJ =- lm[
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00

00

-00
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Eq. (4-13) is reduced to

J dr exp[-i~wr] J dy J dx
(4-12a)

~S(~w)JINCl

1

= g-

~S(~w)[COHl
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(4-15)

and
This explains the antisymmetric shape of the differen.:e spectrum due to the spectral
shift (e.g., Fig: 4-3ld' and g'), and also the oscillatory structure in the difference
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spectra when the pump and the probe pul ses are separated by more than pulse

a)

b)

duration both in positive and in negative delays (e.g, Fig. 4-3 la' and b'). At zero

Unchimed Gaussian nulse

Negativelx chimed Gaussian nulse

delay Eq. (4- 15) predicts no change in the spectrum. This is because, although
0

180

0

120

0

60

broadening of the spectrum is expected intuitively at zero delay, it is a higher-order
phenomenon . In the limit of instantaneous response, such higher-order effect can be
taken into account by considering the phase shift of the probe field following the pump
intensity profile, as in the theoretical treatment of SPM described in Section 2.5. By

:;;
~

0

36

including such a phase shift, the probe field is expressed as

_r;
al
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0

12

0

0

Ep(t) = Ep(t) exp [ - i (wpt :- <p 2 I(t + T)) ] ,

(4-16)
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where i(r) is the normalized pump intensity profile and q>2 is the maximum phase
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shift. The probe spectrum S'(w) can be calculated by Fourier-transforming the above
equation:
0

- 180
Laser spectnun

S'(w) =

If [ Ep(T) ] 12

(4-17)
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The result of the simu lation of difference spectra is shown in Fig. 4-32a, in which the
60-fs (FWHM) Gaussian pulse at 620 nm was assumed for both pump and probe
pulses and q> 2 was assumed to be 0.02. At zero delay there appears broadening of the
probe spectrum but it is hardly seen in the figure because its magnitude is very weak.

= 0.02
2
w2 tp = 0
t

Moreover, since the experimental observation in Fig. 4-3lf' shows narrowing of the

<p2 = 0.02

<p2

p

w2 tp

=60fs

t

p

2

= -2

= 60 fs

spectrum rather than broadening around zero delay, it is necessary to take a chirp in
the probe field into account for the better explanation of the observation. If the probe
field is negatively chirped,

i.e., the blue component precedes the red component, the

blue part undergoes, near zero delay, red shift at the leading edge of the pump pulse

Figure 4-32 Calculation of difference spectra of
chirped and unchirped pulses caused
by induced phase modulation
in a transparent medium

133
132

~

>.

'"

<l
Q

Incoherent
and the red part undergoes blue shift at the trailing edge in a medium with positive n:

exp [ - i

(wpt

Wz
•
+ 2 t2 - cp 2 /(t + T)) ] .

3

~:)~~8

01------'
01------'
01------"
0 1--------../
0 1 - - - - - - - - . . / .......__ _--i

including a linear chirp term in&]. (4-16), i.e.,
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The result of the calculation is shown in Fig. 4-32b for the same parameters that used
in the above, except that the linear chirp term was assumed to be W-fp1 = -2, where 'r

P~:rtl!rQ\lQ

is FWHM of the temporal profile of the pulse intensity. There appeared relatively
strong spectral narrowing signal around zero delay, which is similar to the
experi mental observation. In the same way, in the case of positively chirped pul ses,
spectral broadening signal is enhanced near zero delay. Such spectral narrowing or
broadening signals due to chirp in the probe field arise as the third-order effect and
have magnitude comparable with the signals due to the spectral shift.
On the other hand, in contrast to the above IPM process observed in the quartz
and KBr substrates, the behavior of DTS observed in the phase I sample may be due
to the coherent transient phenomena appearing around the excitation laser wavelength
in pump-probe experiments explained by the theory described in Section 3.3. From
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the simulation based on this theory, asymmetric shape of the DTS around excitation

0

1 -2

-1

0

ll v . t

llv · t

p

p

wavelength is derived when the pump pulse is detuned from the peak of
inhomogeneously broadened absorption spectrum [114]. By using &js. (3-7),

T It = 850

ll vinh I llv hom =4.16

T /t = 0.85
2 p

v

I

(3-25a,b,c), (3-26), and (3-28), such a simulation was carried out as shown in
Fig. 4-33, for the pump and probe pulses with the same Gaussian intensity profile
(FWHM tp ). The energy (T1) and phase (TiJ relaxation times were assumed to
be 850·tp and 0.85·1p, respectively. The laser frequency,

vLaser>

p

Abs

-v

Laser

=- 4/lv

Laser

t : FWHM of pump and probe pulse profile (Gaussian)
p

was assumed to be

Figure 4-33 Calculation of spectra of transmittance change
in an inhomogeneously broadened two-level system

higher by four times the laser bandwidth, ~vLaser (FWHM), than the inhomogeneously
broadened transition at

v Abs •

in which the ratio of the inhomogeneous, ~v;nh

(FWHM), and the homogeneous, ~vhom (FWHM), linewidths was 4.16. At negative

1

delays, where the oscillatory structure in the transmittance change spectrum is seen,
the signal from the perturbed free induction decay term is dominant and the spectrum
crosses zero near the central frequency of the laser. As the delay increases, zerocrossing frequency moves toward higher frequency and, at positive delays, the
incoherent term becomes dominant. The frequency giving the maximum spectral hole
signal is shifted from the pump frequency toward the center of the absorption line,
which is similar to the experimental observation. However, the shape of the spectral
hole does not change much at delays longer than the pulse duration. The difference
between the observation and the sim ulation becomes much clear by comparing the

0

temporal evolution of the transmittance change integrated over the whole probe
spectrum, shown in Fig. 4-34, with the experimental result shown in Fig. 4-19. In the

-3

-2

-1

0

1

2

3

4

Delay I tp

simulation the total transmission stays constant after the pump pulse duration, except
for the slight peak at the delay rp due to the coherent coupling terms, while the
experiment resulted in the continuous increase in the transmission until 10 ps after

Total

excitation . Thus, the behavior of the DTS observed at negative delays is qualitatively

Incoherent

consistent with the present model, but that at longer delays could not be explained

Pump polarization coupling

well. Probably it is necessary to include the effect of the spectral cross-relaxation
[108,171,172] for the more precise simulation of this observation.

Perturbed free induction decay
4.6. Conclusions
Femtosecond time-resolved measurements of excited-state dynamics were

Figure 4-34 Calculation of transmittance change
integrated over the whole probe-pulse spectrum
as a function of time delay

reported for vanadyl phthalocyanines in various morphological forms.
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In isolated molecules in solution and in a host polymer, 0.7-ps decay due to the

In phase I films, two types of excitons, corresponding to the two peaks in the

thermalization process between tripdoublet (2T 1) and tripquartet (4Ttl states in

absorption spectrum, were created after excitation . The lower energy excitons relaxed

monomers was observed. The process was preceded by extremely rapid relaxation

faster than the higher energy ones. The initial picosecond relaxation of the lower

from the first excited singdoublet (2Q) to tripdoublet (2T 1) taking place within the time

energy excitons was interpreted as an exciton-exciton annihilation process via the

resolution, ca. 60 fs, which is consistent with their low quantum yield of fluorescence

long-range dipole-dipole interaction, which is the same mechanism as in phase 11.

reported previously [136]. The recovery of the ground -state population was very

The coefficient y' of the time-dependent bimolecular decay rate was estimated to be

slow(» 100 ps) because of the high yield of the population of tripdoublet and

J.3xJ0- 15 cm 3 s· 112 . This leads the transition-dipole moment between excited states

tripquartet states.

to about 0.8 D, which is smaller than that of phase II by a factor of about four , while

In phase II films, a rapid intraband decay of excitons created at the high energy

that between the ground and the excited state is about 3.5 D. This difference is due to

side of the Q band was observed, which took place within the time resolution. The

the different nature of the excitons in phases I and ll, which is possibly related to their

excitons at the lowest-energy Q-band absorption peak relaxed via an exciton-exciton

properties of photoconductivity and electroabsorption. On the other hand, the higher

annihilation process due to the long-range dipole-dipole interaction. The rate of this

energy excitons created at 650 nm did not show bimolecular annihilation and relaxed

bimolecular decay had time dependence, ,-112, and its coefficient y' was estimated to

more slowly with time constant of ca. 10 ps. Moreover, at early times within a few

be 4-6• I 0- 15 cm3 s-112. From the value of y', the transition-dipole moment between

picoseconds, its population increased as a result of the annihilation of the lower

excited states was estimated to be about 3D, while that between the ground and the

energy excitons. The relaxation from the higher to the lower exciton level was found

excited state is about 3.2 D. This value of y' is more than one order of magnitude
greater than that reported for B·H2Pc [141) probably because of the larger transitiondipole moment of excitons in phase II vanadyl phthalocyanines. In this molecular
aggregate, the recovery time of the ground state is much faster than that in the
isolated systems mainly because of the interaction between excitons. The decay
kinetics was almost independent of temperature. It was also insensitive to the
existence of the host polymer. This is consistent with that the molecules form
aggregates in the host polymer with a local structure similar to that in bulk materials
and the exciton decay is dominated by such a local environment. And also a r-butyl
peripheral substituent did not affect the exciton decay kinetics.

to be much slower than usual internal conversion processes.
In YOPc deposited on KBr, excitons created in the high energy region of
Q band relaxed rapidly, within the time resolution, to the bottom of the band, as
observed in phase II. However, in marked contrast to the above cases of phases 1 and
II, it showed rapid monomolecular decay with time constant of 0.4 ps, which is
probably due to the stronger exciton-lattice coupling in the more ordered crystal
phase. The temperature dependence of the evolution of DTS, especially at times
longer than 10 ps, still remains to be understood.
Finally, signals of DTS due to coherent interaction between pump and probe
pulses were observed around the pump wavelength 620 nm, the magnitude of which
was dependent on the samples. This behavior was followed by the broadening of the
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spectral hole at the higher energy side of the Q band transition probably due to the
spectral cross-relaxation, which took place with characteristic time constant of a few

CHAPTER 5
CONCLUDING REMARKS

picoseconds. And also, in the quartz and alkali halide substrates, the spectral shift of
the probe due to induced phase modulation was observed, which should be always,
more or less, contained in DTS signal.

In this dissertation I have described construction and characterization of a
femtosecond laser system, the experimental techniques and the theory of typical timeresolved measurements, i.e., degenerate four-wave mixing and pump-probe
measurements, and studies of excited-state dynamics in vanadyl phthalocyanines in
several morphological forms by applying the above laser system and measurement
techniques.
In the characterization of the laser system, it turned out that the combination of
the dye laser and the amplifier is an important factor for the optimal pulse generation.
An appropriate operation condition of the system was found by examining the
dependence of the spectrum and the pulse duration on the intracavity dispersion of the
dye laser. Femtosecond continuum was also characterized and found to have a
frequency dependent temporal distribution caused not only by dispersion in optical
elements but also by the generation process itself, which was explained by a simple
model of self-phase modulation. Although extensive efforts were made to construct a
laser system with better performance, there are several possible further
improvements as described in Section 2.7., i.e., achievement of higher gain of the
amplifier, stabilization of the amplified pulses, achievement of more accurate data
discrimination for the better signal to noise ratio, pulse compression, and wavelength
tuning. After these improvements the present femtosecond laser system is expected
to become much more reliable and flexible.
In the description of techniques of measurements, a simple but essential theory
was described in terms of the third-order nonlinear polarization to figure out what is
observed in these measurements. The importance of coherent processes at delays
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less than pulse duration was pointed out and such phenomena were observed in

The motivation of the present study was to know how different the dynamics of
excited states of molecular systems with different molecular environments is. It was

pump-probe measurements in phthalocyanines, which was described in

clarified that the relaxation mechanisms are strongly affected by the arrangement of

Subsection 4.5.5.
In the studies of excited-state dynamics in vanadyl phthalocyanines, relaxation
mechanisms were revealed to be strongly dependent on the molecular environments.
Four types of systems were investigated, i.e., isolated molecules, phase I films,
phase II films, and a thin film grown on a KBr substrate with a novel structure.
Marked differences in the decay kinetics were observed among these systems. The

molecules. This suggests the importance of the design of the molecular arrangement
as well as the design of molecules for the extraction of proper functions from various
compounds. Investigations of the relationship between various properties dependent
on the molecular arrangement are expected to be significantly valuable for the design
of functional molecular devices.

dominant relaxation processes were the formation of tripdoublet and tripquartet states
possessing lifetimes much longer than hundreds of picoseconds in the isolated
molecules, the exciton-exciton annihilation taking place in the picosecond regime in
phases I and II with different rate constants, and the subpicosecond monomolecular
decay in VOPc on KBr. These behaviors are clearly due to the differences in
interactions between these molecules. Because, unfortunately, the crystal structures
and the origins of electronic transitions of these materials have not been fully
understood yet, the relationship between arrangements of molecules and the dynamics
of excitons created in the system remains to be clarified. However, it is important to
notice that the same molecules can show markedly different behavior of the dynamics
of the excited electronic states because of the differences in the intermolecular
interactions. Although only one compound, vanadyl phthalocyanines, was
investigated in the present study, such phenomena must be observed not only in other
phthalocyanines but also in many other molecular compounds. The interpretation of
the relaxation mechanism still contains several ambiguities. For the advanced step of
the present study, selective excitation of excitons by utilizing a tunable laser source
would help the better understanding.
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