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Abstract. We report the observation of optical-limiting superconductors [16—20]. To our best knowledge, no inves-
effects in benzene solutions of two neutral nickel com-igations have been carried out on the optical-limiting proper-
plexes with multi-sulfur 1,2 dithiolene ligandd\i(medty] 1  ties of dithiolene complexes. Here we report the observation
(medt= 5,6-dihydro-6-methyl-1,4-dithiin-2,3-dithiolate) and of optical-limiting effects in two neutral nickel complexes
[Ni(phdty] 2 (phdt = 5,6-dihydro-5-phenyl-1,4-dithiin-2,3- with multi-sulfur dithiolene ligandgNi(medt}](medt= 5,6-
dithiolate). The limiting effects were observed with nanosecdihydro-6-methyl-1,4-dithiin-2,3-dithiolat&)and[Ni(phdt)]

ond and picosecond laser pulses. The limiting threshold§hdt = 5,6-dihydro-5-phenyl-1,4-dithinn-2,3-dithiolat&)

of complexesl and 2 were ~ 0.3 J/cn?, measured with The observation has been carried outisandpslaser pulses
the pslaser pulses &32 nm The linear absorption spectra at a wavelength 0532 nm The mechanisms leading to the
of the two complexes indicated that their limiting responseobserved limiting effects have also been investigated.
should cover the visible and near-infrared region (up to

900 nn). Both pstime-resolved pump-probe antiscan ex-

periments revealed that the limiting effects should originate, Experimental

from excited-state absorption and refraction

The preparation of the two dithiolene complexesnd 2
PACS: 33.00; 42.65; 42.70 was reported elsewhere [15]. The structures of the com-
plexes were identified from IR spectra and elemental an-
alysis [15]. Their chemical structures are shown schemat-

ically in Fig. 1. It can be seen that the four sulfur atoms

In recent years, there has been considerable interest in Qo nding the nickel atom yield a square planar coordi-
ganic materials exhibiting strong nonlinear-optical behav'o'hation. The five-membered ring containing the nickel atom

because of their applicability in a variety of optical de-¢qng 5 de-localized-electron system, making it favorable
vices [1]. In particular, optical limiters have received S'Qn'f"for nonlinear-optical properties.

cant attention as a result of the growing needs for protection The two dithiolene complexes were dissolved in benzene

of human eyes and optical sensors from intense laser beanz@6H6) and contained inl-mmthick quartz cells for op-
An idea optical limiter should have the capability of beingica| measurements. Their electronic spectra were recorded
transparent under laser radiation of low energies and opaqy, 5 spectrophotometer (Hitachi U-3410). Their nonlinear-
'§ptical responses were measured with frequency-doubled,
ulsed Nd:YAG lasers, which produced laser pulseg n§
WHM) andpsduration ab32 nm The lasers were operated
at a repetition rate af0 Hz The spatial profiles of the pulses
fiere nearly Gaussian after passing through a spatial filter.
ree types of experimental setup used for the nonlinear-
tical measurements are described as follow:

fullerenes Csp) [1—6], and phthalocyanine complexes [7—
10], which are generally regarded as the best candidates f
optical-limiting applications. They are materials that exhibit

cess, electrons are excited from the ground state to excit
states by linear absorption. Due to stronger absorption of t
excited states, there is a decrease in the transmission, thu
leading to the desired limiting effect. (a) The optical-limiting behavior was observed by measur-
We note that there exists another class of organic ma- ing the nonlinear (energy-dependent) transmission of the
terials, nickel complexes of 1,2-dithiolene ligands. These two solutions. The laser pulses were split into two parts:
dithiolenes have been used as Q-switch dyes for near- the reflected was used as a reference, and the transmitted
infrared lasers such as Nd:YAG lasers since the early sev- was focused onto the sample. The transmitted pulses were
enties [11]. Recently, they have also been intensively in- focused onto the sample by a focusing lens. The sample
vestigated as optical-switching materials for optical com- was placed at the focus where the spot radii of the pulses
munications [12—15], molecular magnets conductors, and were 30+ 5um and 24+ 5um (HWe 2M) for the 7-ns



810

Complex 1
R=--CH(M¢e)CHj-- n=0
Complex 2

by two intense absorption bands, one band is centered at
around1000 nm(xr — r* transition) and the other at around
300 nm(ascribed to S+ M charge transfer band) [15]. These
indicate that they have generally a broader transparent win-

Absorbance

Fig. 1. Absorption spectra of complexek (———) and 2 (—-) in ben-
zene solution witHl-mm optical path and concentration ofix 10~4 M for
complex1 and 61 x 1074 M for complex 2. Insetshows the structures of
the two complexesS; and S, correspond to the excited singlet states

(b

(c

2

The absorption spectra of complexgésand 2 in benzene
solution are depicted in Fig. 1. It is noticed that there isP

a

dow than phthalocyanine$@0-700 nn) [7]. Since a broad
transparent range is an important criterion in the assessment
of optical-limiting materials, the spectra of these nickel dithi-
olene complexes have shown that their limiting response
should cover a wider range, thus they are superior to phthalo-
cyanines complexes.

The photo-dynamics in these dithiolene complexes can
be described by a five-level energy structure in Fig. 2, which
shows the possibility of both singlet and triplet excited state
absorption. The absorption corresponding to excitation from
the ground state to th& band is peaked at wavelengths
aroundl000 nmand covers the visible region in the spectrum.
Because of this initial absorption 882 nmelectrons are ex-
cited from the ground state into tt& vibrational manifold.
Then they relax quickly (offis time scales) to the bottom of
the S band and make excited-state absorpt®n{ ) pos-
sible for ps laser pulses. If the laser pulses are longer than
a fewns inter-system crossing transfers some electrons from
the S band to theT; band, leading to triplet excited-state ab-
sorption 1 — Ty). If the excited-state absorptio®s(— S

and35-pspulses, respectively. It should be noted that theor/and Ty — T») is greater than the initial ground-state ab-
uncertainty in the measurements of the spot size is thsorption, reverse saturable absorption occurs. It is shown be-
main source for our experimental error (up36%) in  low that this happens to the nonlinear absorption in the dithi-
the determination of the laser pulse fluence. An aperturelene complexes.
with a transmittance ofi0% was placed in front of the Figure 3 shows the normalized transmittance of com-
transmission detector when the measurements were pgrlexesl and2 in benzene solution measured with tieand
formed. Both the incident and transmitted pulse energieps pulses. The linear transmittance of the two solutions was
were monitored simultaneously by using two energy deabout83% at 532 nm When the aperture was used, the lin-
tectors (Rjp-735 energy probes, Laser Precision), whiclear transmittance of both the solutions was at®8%. At
were connected to a computer by an IEEE interface.  very low input fluences, the transmissions of the two solu-
) TheZ-scan setup [21, 22] was similar to that used for thetions behave linearly. The transmittance begins to decrease
above measurements except that the sample was moveapidly as the incident fluence reaches ab@at)/cn? for
along the propagation directiod @xis) of the transmit- both complexed and 2. The limiting threshold is defined
ted beam with respect to the focal plane. By keeping théere as the incident fluence at which the transmittance falls
incident pulse energy constant, the pulse energy transmit 50% of the linear transmittance. From Fig. 3, the lim-
sion through the sample was measured with respect to the
sampleZ-position. The aperture was placed in front of the
transmission detector in the closed-aperZngcans and  S:
removed in the open-apertufescans.
The setup of thpstime-resolved pump-probe was a stan-
dard arrangement, where the peak irradiance of the prot
pulse was approximatel§% of the pump pulse. The
probe pulse was focused to a spot size approximately or
fourth as large as the pump pulse so as to reduce tt  ~§ 7~
spatial averaging effects while sampling the largest non 3
linearity. The spot size of the pump pulse wWH30m !
and the pulse duration was ps(FWHM). The pump and
probe pulses were incident on the sample at an andgie of
with respect to each other.

R=--CH(Ph)CHy--- n=0
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Results and discussion
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Fig. 2. Generic five-level structure for nonlinear-optical behavior of com-
lexesl and2. &, S, and S are singlet states anth and T, are triplet

. L - " “states. Thes's are the absorption cross-sections and tlseare the life-
relatively low absorption in the visible and near-IR regionimes. Thavavylines correspond to spontaneous decay processes. Note that

(400-900 nm) for the complexes. The spectra are dominatedhe total decay time for th&; band ists, tisc/(Tisc + 75;)
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12 P T Ty ments andZ-scan measurements. The pump-probe experi-
M 3 1  ments were conducted at the pump fluence&d.66 Jcn?.

‘ The pump-probe results for complextand2 are displayed

in Fig. 4. The linear transmittance for complexesand 2
was67% and85%, respectively. The ground-state absorption
cross-sectionsyy, were measured to be®x 10-18cn? for

1 and 28 x 10~'8cn? for 2 at 532 nm The data in Fig. 4
are a typical behavior resulting from excited-state absorp-
3 tion. Based on the five-level model [23], we fit the data

02 @ Complext 3 with (1),
o -_ A Complex2 E _E
P T O E N - U RN T(t) = T(0)P&P—Y/T)+(A-bjexp—t/zs) 1)
01 1 0.1 1 ’
Incident Fluence (Jiem?) whereT(t) is the normalized nonlinear transmittanee; is

Fig. 3a,b. Fluence-dependent transmittance of the complexes measured E\he time for theT, — & relaxationirs is the total decay time

532 nm a The filled circles (s) and theopen triangles(A) were the data  Of the Sy state and is given by
measured with7-ns laser pulses for complexes (1.9 x 1074 M) and 2

(6.1x 10~* M), respectively.b The filled circles (e) and theopen trian- b 05 —0op
gles (A) were the data measured wigb-ps laser pulses for complexes = m¢’ (2)
(1.9%x 104 M) and2 (6.1 x 10-4 M), respectively 1790

whereof andoj are the cross sections of the excited sing-

iting thresholds of complexe% and 2 are determined to let and triplet state, respectively; agdis the percentage of
be ~ 0.3 J/cn? for the ps measurements ang 2.0 J/cn?  the total excited-state population that ends up in the triplet
for the ns case. It should be pointed out that the optical-state and is given bys/tisc, Tisc IS the inter-system cross-
limiting responses were measured with the aperture placedg time. By the best fits, we determined that> 0.1 psand
in front of the transmission detector. The limiting effectsts = 0.8 nsfor 1; andzr > 0.1 us andzs= 1.5 nsfor 2. We
were observed to deteriorate without the aperture, indicailso found that = 0.23 and 0.45 for complexes and 2,
ing that a self-lensing effect had enhanced the limiting effectespectively.
in Fig. 3. To obtain the nonlinear cross-sections for these com-

To gain insight into the mechanisms for the limiting ef- plexes, we conducted th&scan measurements. THescan
fects, we performed thestime-resolved pump-probe experi- results for complexed and 2 are shown in Fig. 5, and
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g.5a—d. Z-scan results for complexes (1.9 x 107*M) and 2 (6.1 x
-5000 0 5000 10000 15000 20000 10~* M). The data ina andb were obtained with th@-ns pulses. The re-

sults inc andd were recorded with th85-ps pulses. The input energies
for thensandps measurements we5 pJ and5 pJ, respectively. Thepen
Fig. 4a,b. Probe transmittance as a function of time delay docomplex circles (o) and open triangles(A) were theZ-scan data measured with-
1 (1.4x 103 M) andb complex2 (6.2 x 10~* M). The pump fluence was out the aperture and tH#led circles (o) andfilled triangle (o) were those
0.06 Yen?. Thefilled circles (o) are the experimental data and ttréck obtained from dividing the closed-apertufescans by the open-aperture
curves(—) are the theoretical fits ones

Delay Time (ps)
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Table 1. Q-band electronic absorption of nickel dithiolenes, phthalocyanines, and naphthalocyanines, and their excited-state properties

Sample Q-band Pulse width 7/¢ Tise/9  Ts1/® of/f os/9 o/ ob/!
nm FWHM us ns ns 107 cn? 1017 e 1017 e 1017 e
CAP? 670 29 psand61 ps N.AP 18 7 2.3 N.A 1.8 N.AP
SiN@ 774 29 psand61 ps N.AP 16 3.15 3.9 N.R 0.47 N.AP
Complex1 1000 7 nsand35 ps >0.1 13 0.85 5.0 2.2 2.0 1.8
Complex2 1000 7nsand35 ps >0.1 6 2 25 1.0 3.2 1.8

a7
bResults not available
CTriplet state lifetime

dInter-system crossing time
€Singlet state lifetime

fSinglet excited-state absorption cross-section

9Triplet excited-state absorption cross-section
PSinglet excited-state refraction cross-section
'Triplet excited-state refraction cross-section

show a positive sign for the nonlinear refraction in com-AcknowledgementsVe gratefully acknowledge the financial support of the
plexesl and?2. This indicates that the laser beam propagatNa_tional University of Singapore and the National Nature Science of P.R.
ing in both the complexes should undergo a self-focusing™na

process. This self-focusing process can enhance limiting ef-

fectiveness as shown in our nonlinear transmission meafeferences

urements. The positive sign of the refractive nonlinearities
in the two complexes is similar to that found in metal-
lophthalocyanines; and such nonlinearities are attributed to

excited-state refraction [7]. The best fitting results by using 3

the five-level model [23] are shown in Fig. 5. In the fit-

tings, all the lifetimes used are those determined from the 4.

pump-probe data. Because the pulses are much shorter

level model. Therefore, thps Z-scans measured with and
without the aperture enabled us to unambiguously extract
the absorptive cross-section, and refractive cross-sectipn, (

for the excited singlet state [7]. With the knowledge of the

values ofcy andoj, there are two unknown parameters in

the five-level model for the@s Z-scans and they are the ab- 10.

sorptive cross-section and refractive cross-sectiof), for
the excited triplet state. By fitting thes Z-scans obtained
with and without aperture, these two parameters can be un-

ambiguously determined. These cross sections are listed im.

Table 1. By considering d5% fitting error and a max-

imum of 55% experimental error for our experiment, the 13

uncertainty is abou?0% for these cross sections. Table 1
shows that the nonlinear optical properties of the dithiolene

thalocyanines%iNc) and chloro-aluminium phthalocyanines
(CAP) [7].

17.

3 Conclusion

The optical-limiting and nonlinear-optical properties of two
neutral nickel dithiolene complexesNi[(medty] 1 and
[Ni(phdty] 2 have been observed withs and ps laser

can be explained by excited-state absorption and refraction,
These two complexes are shown to be promising for lim-

iting applications in the visible and near-infrared spectral 3.

region.
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