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Nonlinear refractive properties of chloroaluminum phthalocyanine (CAP) in ethanol solution are studied using

the Z-scan technique with picosecond (ps) and nanosecond (ns) laser pulses at a wavelength of 532 nm. A transition

from self-focusing to self-defocusing in CAP solution excited by 10 ns pulses is observed during the decrease of its

concentration. This transition is due to co-existing excited-state refraction and transient thermal lensing effects. The

experimental results are described very well using the rate-equation model and the theory of transient thermal refraction

in liquids. The refractive cross sections of the excited-state are also obtained.
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1. Introduction

Materials that possess nonlinear optical (NLO)

properties have been investigated extensively

due to their potential applications in photonic
1=6] Metallophthalocyanines (MPc) are
found to exhibit saturable absorption
(RSA),[" which can effectively restrict the output

energy of incident light and thus will be used as op-

technology.!

reverse

tical limiters. The excellent properties of MPc as
candidates for NLO applications originate not only
from their extensive w-electron delocalization and
their thermal and chemical stabilities, but also from
their ability to be processed by either substituting the
peripheral or axial side groups or changing the central
metal ion.[®] Chloroaluminum phthalocyanine (CAP)
is well known as a saturable absorber at 694 nm, and
it was used as an early passive Q-switch for ruby
lasers.®~11 Tt also exhibits strong RSA and non-
linear refraction at 532 nm.['2l Wei et al have used
ps pulse and ns pulse trains to study the nonlinear
refractive properties of CAP, and they observed oppo-
site signs of nonlinear refraction in CAP dissolved in
methanol with these two modes of pulse laser in their
work.['3:14] They explained the results of the ns pulse
train experiment using the energy-level model and

the theory of the steady-state thermal lensing effect
in liquids. However, it may not be appropriate to use
the steady-state theory to deal with the thermal re-
fraction problem in their experimental circumstances
because the interval of the pulse trains is only 7 ns,
which is much smaller than the acoustic transit time
of 20 ns. It may be necessary to use the theory of the
transient thermal lensing effect to explain and fit to
the experimental results.

In the present paper, the change in sign of the
nonlinear refraction with the decrease in concentration
under 10 ns pulse excitation is observed, and its origin
is discussed in detail. The nonlinear refraction of the
CAP /ethanol solution is investigated using the Z-scan
techniquel'®! with 4 ns, 10 ns and 21 ps pulses sepa-
rately. By comparing the results of these three cases
with those obtained from the rate-equation model and
the theory of the transient thermal lensing effect in
liquids, 9! the refractive cross sections of the excited
state are obtained.

2. Experiment

The NLO properties of CAP /ethanol solution are
measured by the Z-scan method with an Nd:YAG
laser (continuum), which produces 4 ns FWHM (full
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width at half maximum) and 10 ns FWHM laser pulses
(the 10 ns pulses are obtained by adjusting the Q-
delay time of the laser) at 532 nm, and a Q-switched
and mode-locked Nd:YAG 532 nm laser (EKSPLA,
PL2143B) with a 21 ps FWHM, repetition rate of
1 Hz, respectively. The spatiotemporal distributions
of these three pulses each exhibit a nearly Gaussian
profile. The sample solution is placed in quartz cells
of 2 mm thickness. The quartz cells with the sample
are placed on a computer-controlled translation stage
that can move the sample along the z-axis with re-
spect to the focal point of a 400 mm focal lens. The
beam waist radius in the focal plane is about 24.5 pm
for these three pulses. The transmittances of the sam-
ples are measured separately with and without using
an aperture in the far-field. The linear transmittances
of the aperture are 0.08, 0.07 and 0.11 for 4 ns, 10 ns,
and 21 ps pulses respectively. The laser pulses ad-
justed by an attenuator are separated into two beams
by using a splitter. The two beams are simultaneously
measured using two energy detectors (Rjp-765 energy
probe) linked to an energy meter (Rj-7620 ENERGY
RATIOMETER, Laserprobe). A personal computer
is used to collect data coming from the energy meter
through the GPIB interface.

3. Results and discussion

Figure 1 gives the nonlinear refraction trace of the
CAP solution at four different concentrations under
the irradiation of the 10 ns pulse at the same inten-
sity of 0.23 GW/cm?. The concentrations of the pre-
pared CAP /ethanol solution are 7.62 x 10~* mol/L,
5.63 x 10~* mol/L, 3.39 x 10~* mol/L, and 1.24 x
10~* mol/L, respectively. At the concentration of
7.62 x 107* mol/L, the Z-scan trace exhibits that
the valley—peak structure, which shows the nonlin-
ear refraction property of this sample, is self-focusing.
However, the peak is suppressed and the valley is en-
hanced, and there exists a shoulder in the central
region of the valley. When the concentration is de-
creased to 5.63 x 10~* mol/L and 3.39 x 10~* mol/L,
the peak is reduced further and the shoulder is fur-
ther increased. Finally, the profile of the Z-scan trace
is completely inverted from the valley-to-peak config-

uration into the peak-to-valley structure at the con-
centration of 1.24 x 10~* mol/L.

1.24x10~% mol/L
3.39x10~* mol/L
5.63x10~ % mol/L
7.62x10"4 mol/L
theoretical fit

Normalized transmittance
+ k3 > a

—-30 —20 -10 0 10 20 30

Fig.1. Divided Gaussian Z-scan curves of CAP /ethanol
under the irradiation of 10 ns pulses at different concentra-
tions, where the solid lines represent the theoretical fitting
to experimental results.

In order to investigate the NLO properties of the
CPA solution thoroughly, three different widths of
21 ps, 4 ns, and 10 ns pulses under the Z-scan con-
figuration at 532 nm are used. Figure 2 gives the
NLO properties of the CAP solution using 21 ps pulses
with pulse energies of 1.18 pJ and 2.08 pJ respec-
tively. The concentration of the solution was pre-
pared to be 1.04 x 1073 mol/L under these exper-
imental conditions. The experimental results show
that CPA /ethanol solution has a strong nonlinear ab-
sorption and a positive nonlinear refraction under the
21 ps pulse excitation. The curves in Fig.2(a) are for
the open aperture Z-scan results with different input
energies, and Fig.2(b) shows the closed aperture Z-
scan results divided by the open-aperture scan results
of Fig.2(a).

Figure 3 shows the results of the Z-scan under
the 4 ns pulse excitation with two different ener-
gies: 4.5uJ (crosses) and 18 uJ (dots).
the experimental results show that CPA /ethanol so-

Obviously,

lution also has a strong absorption and a positive
nonlinear refraction under the 4 ns pulse excitation.
We perform the Z-scan measurements on the pre-
pared CPA /ethanol solution with a concentration of
8.03 x 107* mol/L. The definitions of Figs.3(a) and
3(b) are the same as those in Fig.2.
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Fig.2. (a) Open aperture Z-scan results of CAP /ethanol for 21 ps with energies of 1.18 pJ (crosses) and 2.08 uJ
(dots) separately and (b) divided Z-scan curves of CAP /ethanol for 21 ps with energies of 1.18 uJ (crosses) and

2.08 pJ (dots), where the solid lines are theoretical fits to the experimental results.
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Fig.3. (a) Open aperture Z-scan of CAP /ethanol solution for 4 ns pulses with energies of 4.5 pJ (crosses) and
18 pJ (dots), and (b) divided Z-scan curves of CAP /ethanol solution for 4 ns pulses with energies of 4.5 uJ

(crosses) and 18 pJ (dots), where the solid lines are theoretical fits to the experimental results.

For CAP it is most appropriate to use a five-
level model shown in Fig.4 to explain the experimental
results.[!3] The process of absorption in a five-level sys-
tem is as follows. Pumped by a laser pulse at 532 nm,
the molecules are promoted to the first excited singlet
state S7 via a one-photon process, or to a higher ex-
cited singlet state Sy via a two-photon process. From
the first excited singlet state S, one of three things
may happen. The electron can relax to the ground
state by a radiative or nonradiative transition (with
a constant time of 7g, = 12.1 ns."). The second
possibility is for the electron to undergo a spin-flip
transition to the lowest triplet state T7. This process
is called intersystem crossing (with a constant time
of misc = 17.5 ns!'¥). The third possibility is that
the molecule may absorb another photon, which pro-
motes the electron to a higher excited singlet state
So, from which it then relaxes very rapidly back to
the first excited singlet state(with a constant time of
Tg, = 900 fsm]). For an electron in the lowest triplet
state Tp, two possibilities exist. One is that it may
relax by phosphorescence to the ground state Sy. The
other is that the molecule absorbs another photon,

promoting the electron to a higher-lying triplet state
T5. The electron then relaxes very rapidly back to the
lowest triplet state 77 Accompanying each absorption
process mentioned above, an instantaneous refraction
takes place according to the Kramers—Kronig relation.
Following each relaxation, a temperature rise (AT)
occurs, thus inducing an additional refractive index
change Angpermal- Since AT is larger around the beam
axis than off the axis for TEMg, mode laser excita-
tion, the resulting nonuniform spatial distribution of
ANghermal produces a thermal lensing effect with ei-
ther a positive or negative sign depending on the sign
of (dn/dT).

I 3
S
2 3 T2
TSs a1 2] Ty
TISC
T
a0 S
TTl
So

Fig.4.
haviours of the sample in singlet states (S) and triplet states
(T).

Five-level model showing nonlinear absorption be-
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Considering a thin medium and using the slowly
varying envelope approximation, we can separate the
beam propagating equation into a couple of equations,
one for the phase and the other for the irradiance,
given as follows: (15!

oI
% = —O[I, (1)
and do

where I and ¢ represent the irradiance and the phase
respectively, and z’ refers to the propagation length
in the sample; o and An denote the absorptive coef-
ficient and the change of refractive index respectively.
The irradiance and the phase of a laser pulse, incident
on the sample at z, can be written as

tena= [l 2o ()]

and

kr?

(b(Z, T t) = 2R(2),

where w(z) = wo[l + (2/20)%]*/? is the beam radius
at z; z is the sample position away from the focus on
the axis; 29 = mw3 /A is the diffraction length of the
beam; wy is the beam radius at focus; I is the on-axis
peak irradiance at focus and can be calculated from
Iy = 4/In2E/(7%/?wir); E is the pulse energy; 7 is
the laser pulse width (FWHM).

In our investigation with 21 ps pulses, because the
picosecond pulse duration is rather shorter than the
temporal duration of the population transfer from the
singlet excited state to the triplet state, i.e. mgc >
21 ps, the contribution of the triplet state is very small
and can be neglected. Thermally induced optical non-
linearity buildup time is determined by the time re-
quired for a sound wave to propagate across the beam
size, Tae = wp/vs, where vy is the sound speed in the
sample. In our experiment, the laser beam radius at
focus wq is about 24.5 um, and the sound speed in
ethanol is vs = 1200 m/s; the rise time of the ther-
mal nonlinearity 7,. is obtained to be about 20.4 ns.
The pulse width 7, = 21 ps is much smaller than the
buildup time of the thermally induced optical nonlin-
earities, so the thermally induced optical nonlinearity
is very small and can be neglected according to the
previous results.['%] The nonlinear absorption and the
nonlinear refraction arise from transitions among the
singlet states alone. A three-level model, including the

ground state Sy and two singlet excited states S; and
So, is adequate to describe the observed picosecond
nonlinear behaviour, and the population-change rates
of the states are

dNo 0'0[ N1 ﬁNS I2
20 Y0 A 2L PeVSe s

dt - 2hw

dN1 O’oI 0'1] 1 N2
B LY/ it Sl B VAR

i hw P (hw+751> 1+
ANy, o1 Ny  BNg,I?

22 Tl 2y PrVSet 5
& e 7 2w 5)

where the absorptive coefficient « and the change of
refractive index An in Eqgs.(1) and (2) are expressed
as

a = 09Ny + 01Ny + BNoI?, (6)

and
ATL:AnlNl +’7]N0+7’L2[, (7)

where oy is the ground-state absorption cross section;
o1 is the excited-state absorption cross section from
the excited-state S1; An; denotes the contrast of the
refractive index between the S; and Sp; B and v rep-
resent the two-photon absorptive coefficient and Kerr
nonlinear refractive coefficient of the S state respec-
tively; No and N represent the number densities of
states Sy and S7, respectively; no is the Kerr nonlin-
ear refractive coefficient of the solvent, and its value
of 1.1 x 10719 m? /W is obtained by the 21 ps Z-scan
experiment.

The theoretical curves superposed on the data in
Fig.1 are obtained by solving Egs.(1), (2) and (5)
and using a single set of parameters, i.e. o3=23 x
1072 m?, Am=21 x 10028 m?, 3 = 25 x
10736 m* /W and v = 0.8 x 1073¢ m*/W. Here,
oo = 1.5 x 10722 m? is provided by the linear ab-
sorption measurements. It is confirmed that the the-
oretical fitting is in very good agreement with the ex-
perimental result.

Under 4 ns pulse excitation, the triplet state pop-
Although the pulse dura-
tion is smaller than the intersystem crossing time 7gc,

ulations come into play.

there should be a certain population transferring from
the singlet states S; to the triplet state T; and the
population of the triplet state will be more and more
cumulative because of the long lifetimes of the triplet
state T} and the first singlet excited-state S;. Because
the lifetimes of energy levels Sy and T5 are very short,
the populations of these two levels can be neglected in
the nanosecond case. The two-photon absorption, the
Kerr nonlinear refraction of the solvent and the Kerr
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nonlinear refraction of the Sy state are very small and
also can be neglected because of the relatively weak
irradiance. Meanwhile, the thermal lensing effect can
come into play even though the laser pulse width is
smaller than the buildup time of the thermally in-
duced optical nonlinearities 7,., which belongs to the
problem of thermally induced optical nonlinearities in
liquids in the transient regime.['8) Thus, the observed
nanosecond nonlinear behaviour can be well described
by another three-level model, including the ground
states Sy and two excited states S; and T}. Now the
rate equations for these three levels, the absorptive co-
efficient « and change of refractive index An in Egs.(1)
and (2) are expressed as

dN 1 N N.
0 — ,JLNO + 71 + 73’

dt h/w 7—5'1 TT1
dN1 0'0] Nl Nl
—_— 7N0 - 7’

dt hw TS,  TISC
N _ NN )
dt TISC 7’T17

o =09Ng + 01Ny + 02N3, 9)

and
An = A N1 + Ana N3 + nol + Anghermal,  (10)

where o5 is the excited-state absorption cross section
from the excited-state T7, Arns is the contrast of the
refractive index between 77 and Sy, and N3 represents
the number density of states T7.

In most previous studies on thermally induced re-
fractive change in the transient regime, numerical sim-
ulations are obtained by solving photo-acoustic and
electromagnetic wave equations simultaneously.'?]
However, this process demands complicated computa-
tion and takes much computing time. In fact, it is not
yet possible to compute the pulsed laser beam prop-
agation through nonlinear optical materials when we
consider the thermal lensing effect using Eqs.(1) and
(2) if the sample thickness is smaller than the value
of zgp. We only need to acquire the real-time ther-
mally induced nonlinear refraction change Amnghermal
in the nanosecond pulse duration by solving the photo-
acoustic equation. The energy will be released along
with the nonradiative decays from the higher excited-
states (52, T2) to the first excited-states (S1, T1) and
from the excited-state S; to the ground state Sy. The
energy which is released from the triplet state 17 to
the ground-state Sy can be neglected because of the

long lifetime of the state T7. On the other hand, be-
cause the lifetime of the higher excited-state (Sz, T5)
is much shorter than the duration of the nanosecond
pulse, we think that the photon energy, which is ab-
sorbed by the solute molecules to promote the electron
from the states (S1, T1) to the higher excited singlet
states (S2, To), is the total energy released within the
nanosecond pulse duration. The released energy turns
into heat within the molecule at the speed of

1Q _ ey
dt B TS,

+ 01 N1I + 09 N3l, (11)

where () denotes the thermal energy accumulated
within the solute molecules per unit volume. The tem-
perature change AT in the sample occurs after the in-
termolecular heat (Q) has dissipated through the sur-
rounding solvent molecules. The diffusion equation of

conduction of heat is(16]
OAT(r,z,t) dQ@
pOCpT - I{VAT(T’, Z,t) = E, (12)

where x is the thermal conductivity of the sample.
Here, we can neglect the diffusion term, which does
not occur on the nanosecond time scale. As a result,
AT at time t can be obtained as

+

1 dQ
—dt’ 1
pOCp / dt 7 ( 3)

— 00

AT(r, z,t) =

where C, denotes the isobaric specific heat and equals
1.9 x 10° J/(kg-°C) for ethanol,'® and py is the
When the leading edge of a
nanosecond pulse (¢t = —o0) encounters the sample,

density of ethanol.

AT(r,z,—o0) = 0. The thermal index change in-
duced by the propagation of a nanosecond laser pulse
through the sample can be described by the following

photo-acoustic wave equation:[*6]

0?An(r, z,t)
ot?
_'YeﬁUsQ

LS 2(AT(r, 2, 1)), (14)
2”0

—02V2 (An(r, z,t))

where § = —(1/V)(0V /0T, is the thermal expansion
coefficient; v. = po[0(n?)/dplr = (ng —1)(n3 +2)/3
is the electrostrictive constant and can be obtained
from the LorentzLorenz law;!*% n denotes the linear
refractive index of the solvent. dn/dT = ~./3/2ng is
the thermo-optic coefficient. For the interaction of a
nanosecond pulse with the sample, we substitute AT

derived from expression (13) into Eq.(14) to obtain An
J0(An) 0
o

with the initial condition, i.e. An = 0 and
at ¢ = —oo0.
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There are two parameters, oo and Any, which
are undetermined in the 21 ps pulse Z-scan experi-
ments. Using 05 = 1.2 x 1072! m? and Any = —2.3 x
1072! m?, we best fit the results with Angnermar de-
termined by Eq.(14). Here, dn/dt = 3.9 x 1074 (K1)
is cited from Ref.[18]. We also let dn/d¢t = 0 for fit-
ting the experiment results and find that the change
of the theoretical fitting line is very small, which in-
dicates that the thermal lensing effect is very small
under the 4 ns pulse excitation, which is due to the
fact that the pulse duration is only about 0.2 times the
thermal forming time and the contribution of the sin-
glet excited-state is too large to cover up the thermal
lensing effect.

Under the 10 ns pulse excitation more popula-
tions will transfer from the singlet state S; to the
triplet state 77 and the contribution of the triplet
state to the nonlinear refraction will increase. Mean-
while, the thermal lensing effect also increases. As
shown in Fig.1, the transition from self-focusing to
self-defocusing illustrates that the contribution of
thermal lensing effect to the Z-scan curve surpasses
the excited-state refraction gradually with the de-
crease of concentration. In order to further discuss
the influence of concentration on nonlinear refraction
of CAP solution, we investigate separately the vari-
ations of pure excited-state nonlinear refraction and
pure transient thermal lensing effect with concentra-
tion in theory. We define that the difference between
the extrema of the normalized transmittance peak and
valley of Z-scan curve, AT}, is positive for excited-
state refraction, and negative for thermal lensing ef-
fect. The curves for the variation of AT}, as a func-
tion of concentration for pure excited-state refraction
and pure transient thermal lensing effect are shown in
Fig.5. These curves exhibit that the thermal lensing
effect and the excited-state refraction decrease as the

1.273 -----excited-state refraction
3 - --thermal lensing effect
0 8_ ——excited-state refraction+thermal lensing
> E
a2 0.44 Lot
< 1 .
S
PR
q N
E RN
—0.44 AT
— ——

Concentration/(10~% mol/L)

Fig.5. Curves for AT}y as a function of concentration.

concentration of the solution decreases. However, the
decrease rate of the thermal lensing effect is smaller
than that of the excited-state refraction. As a re-
sult, the thermal lensing effect surpasses the excited-
state refraction gradually with decreasing concentra-
tion. We still use the obtained parameters to simu-
late the 10 ns Z-scan experimental results. The excel-
lent agreement between the numerical simulations and
the data reported here indicates that our theoretical
model and these parameters are accurate to describe

the photo-physical dynamics of the sample.

We also compare our results with those in the
work by Wei et al.l'¥ First, we repeat the theoreti-
cal fitting given by Wei et al. Second, we obtain the
theoretical curve using their parameters and the the-
ory of the transient thermal lensing effect. Finally, we
obtain the theoretical curve using our parameters and
the theory of the transient thermal refraction. We find
that the theoretical curve obtained using our obtained
parameters and the theory of the transient thermal
lensing effect is in good agreement with their experi-
mental results. However, there is an obvious discrep-
ancy between the theoretical curve obtained by us-
ing the theory of the transient thermal lensing effect
and the theoretical curve obtained using the theory
of the steady-state thermal lensing effect, which indi-
cates that it is not appropriate to use the steady-state
theory to deal with the transient thermal lensing ef-
fect problem under their experimental conditions, as
shown in Fig.6.
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Fig.6.
parameters and the theory model separately, where the

Theoretical curves obtained using the different

solid line is for the theoretical curve obtained using Wei
et al’s parameters and the theory of the steady-state ther-
mal lensing effect, the dash line is for the theoretical curve
obtained using Wei et al’s parameters and the theory of
the transient thermal lensing effect, and the dot line is for
the theoretical curve obtained using our parameters and
the theory of the transient thermal lensing effect.
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4. Conclusions

We use the Z-scan technique with 4 ns, 10 ns
and 21 ps laser pulses to investigate the nonlinear re-
fractive properties of CAP /ethanol solution. The ex-
perimental results are described very well using the

rate-equation model and the theory of the transient
thermal lensing effect in liquids. The refractive cross
sections of the excited state are obtained, and the re-
fractive cross section of the triplet excited-state is con-
firmed to be smaller than that of the ground-state.
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