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TRANSIENT ABSORPTION OF GOLD NANORODS
INDUCED BY FEMTOSECOND LASER IRRADIATION

The action of femtosecond laser irradiation on the optical absorption of gold nanorods has
been measured by the pump-probe technique in spectral regions of the longitudinal and trans-
verse modes of surface plasmons. The evolution of the parameters of plasmon absorption
bands, namely, peak positions and band widths, after the impact of a pump pulse on a water
suspension of nanorods has been revealed by the advanced data processing, accounting for a
chirp of the “white continuum” of a probe pulse. The observed kinetics fits the hot electron
relazation theory. In addition, a significant increase of the cross-phase modulation in the spec-
tral range of the surface plasmon absorption band has been found. The irreversible nanorod
shape transformation (a change of the aspect ratio) has been observed after long-term irradia-
tion. Pump-probe measurements were performed at the Center for collective use of equipment
“Femtosecond Laser Complez” of National Academy of Sciences of Ukraine.
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1. Introduction

Investigation of optical properties of metal nanoparti-
cles irradiated with femtosecond laser pulses has been
actively carried out for last decades and still remains
one of the primary directions for nanophysics, na-
noelectronics, and nanoplasmonics [1]. Surface plas-
mons in metal nanoparticles are collective excitations
of free electrons and have a lifetime of few femtosec-
onds, in distinction from nanoseconds, which are typ-
ical lifetimes of excitons in semiconductor nanoparti-
cles. Such a short surface plasmon lifetime points a
way to drastically improve the temporal performance
of optoelectronic devices. At the same time, the de-
pendence of surface plasmon absorption spectra on
the shape, material, and dielectric environment of a
nanoparticle makes it possible to tune the surface
plasmon position throughout the visible spectrum.
Moreover, the phenomenon of local field enhancement
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near the surface of a metal nanoparticle finds a num-
ber of striking practical implementations [2, 3].

The process of interaction of a femtosecond laser
pulse with a metal nanoparticle is often described
in the so-called two-temperature Kaganov’s model,
which considers the separation of the temperature of
afree electron gas from the lattice temperature [4]. Ir-
radiation of a metal nanoparticle with a femtosecond
pulse leads to the rapid increase of the electron gas
temperature followed by the multistage relaxation:
thermalization of the electron gas via the electron-
electron (e-e) interaction (107!* s), cooling of the
electron gas via the electron-phonon (e-ph)interaction
(10712 5), and energy transfer from the ionic lattice
to a surrounding media (10719 s).

Quality of a plasmonic material is determined by
the ratio of real and imaginary parts of its dielectric
permittivity. Excluding alkali metals, which are the
best of this ratio, but are highly reactive and thus ex-
tremely difficult for applications, gold is number two
after silver by this parameter [5,6]. However, it sur-
passes silver in many applications due to a high stabil-
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ity, biocompatibility, and more convenient location of
surface plasmons in the middle of the visible spectral
range. It should be noted that the spectral tuning of
the plasmon resonance can be achieved by varying the
dielectric environment or the shape of nanoparticles.
Elongated nanoparticles demonstrate the splitting of
a surface plasmon into transverse and longitudinal
modes. Nanorods are one of the simplest shapes of
optical antennas, and it is of interest to study their
response to intence femtosecond pulses. Composites
of gold nanoparticles are known for a huge cubic non-
linear susceptibility x®) [7].

The aim of this work was the advanced study of
the transient optical absorption of gold nanorods in-
duced by femtosecond laser pulses. Special attention
was paid to the account for the temporal and spec-
tral profiles of probe pulses, which allowed us to find
the unusual increase of the cross-phase modulation
(XPM) intensity.

2. Experimental

The sample, a water suspension of gold nanorods, was
prepared at the University of Mainz, Germany. To de-
termine the size and the shape of nanoparticles, trans-
mission electron microscopic (TEM) studies were car-
ried out using a JEM100CX2 microscope operating at
100 kV. A typical TEM photo of the sample is pre-
sented in the top inset in Fig. 1. One can see that
nanoparticles have the shape of nanorods with the
average length of 62 nm and width of 29 nm, which
correspond to the aspect ratio about 2.1:1. The op-
tical absorption spectrum of this sample (Fig. 1, up-
per curve) has two bands with maxima at 516 and
643 nm, which correspond to the transverse and lon-
gitudinal surface plasmon modes, respectively.

Time-resolved optical studies were performed at
the Center for collective use of equiment “Femtosec-
ond Laser Complex” of NASU, which is described in
review [8] in detail.

We used the Coherent laser system consisting of a
femtosecond oscillator MIRA-900F and a regenerative
amplifier Legend HT with a fundamental laser wave-
length at 800 nm. Output energy was 1 mJ at the
1-kHz repetition rate. The pulse duration revealed
from the autocorrelation function was 130 fs. The
laser output was split into two beams: the pump and
probe ones. “White light continuum” was generated
by focusing the probe beam into a sapphire plate. A
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Fig. 1. Optical density spectra of a gold nanorod water sus-
pension. Dashed line is the spectrum of the initial sample
(before the femtosecond laser irradiation). Solid line is the
spectrum of the sample after the long-term femtosecond laser

irradiation. Insets show the corresponding TEM images of gold
nanorods. Scale bar at each inset shows 100 nm

part of the “white light continuum” was used as the
reference beam for the absorption calculation. The
wavelength of the pump beam was either the funda-
mental one (800 nm) or its second harmonic (400 nm),
while the energy of a pulse was about 10 uJ in any
case. The sample in a 1-cm quartz cell was placed in
the focus of the probe beam. The pump beam was
slightly unfocused to prevent a bubble formation in
the sample. The probe beam after the sample and the
reference beam were collected in an Imaging Spectro-
graph SP-2500i (Acton Research) after a set of filters
necessary to cut the pump wavelength.

The data of pump-probe measurements were cor-
rected by a home-made software to account for the
chirp of a “white light continuum” pulse. Details of
the correction method will be reported elsewhere. It
should be noted that the use of 800-nm pump pulses
leads to the dramatic changes in the probe beam
at and around temporal coincidence of the beams,
caused by the cross-phase modulation effect [9]. We
used a zero-order half-wave plate in the pump beam
to make its polarization perpendicular to the probe
one and thus to decrease the XPM effect by almost
three times. However, the occurrence of XPM effects
helps to determine “time-zero” between the pump and
probe pulses, and so to set the zero value on the tem-
poral axis for every wavelength measured in case of

335



Y. Shynkarenko, A. Dmytruk, I. Dmitruk et al.

1,34
1,14
0,8
0,6 )
=2 Time, ps
2 044 )
3 0
EIN f 02
2 00 ﬁ 0°
O 2
-0,2-] 5
10
0,44 20
-0,6

T T T 4 T T T .
480 500 520 540 600 620 640 660 680
Wavelength, nm

Fig. 2. Evolution of the both longitudinal (peak at 520 nm)
and transverse (peak at 630 nm) plasmon absorption bands
of gold nanorods after the femtosecond laser irradiation at
400 nm. The spectra are shifted vertically for clarity of pre-
sentation. Numbers on the right indicate the time delay in
picoseconds between the pump and probe pulses
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Fig. 3. Evolution of longitudinal plasmon peak parameters.
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Fig. 4. Evolution of transverse plasmon peak parameters.
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Fig. 5. Upper figure: Absorption spectrum of longitudinal
plasmon mode. Lower figure: Transient absorption spectra
measured at different time delays after the excitation by fem-
tosecond laser pulses at 800 nm. The spectra are shifted verti-
cally for clarity of presentation. Numbers on the right indicate
the time delay in picoseconds between the pump and probe
pulses

an 800-nm pump. Otherwise, in case of a 400-nm
pump, when the XPM effect was not observed, the
time zero was set as the beginning of any change in
transient absorption spectra.

3. Results

We investigated changes in the optical density of the
sample for the longitudinal and transverse surface
plasmon modes of gold nanorods in a water suspen-
sion induced by femtosecond laser irradiation.

Transient optical absorption spectra were measured
using different time delays between the pump beam
that changed optical properties of the system and the
“white light” probe beam. Figure 2 shows the evolu-
tion of the both transverse and longitudinal plasmon
bands before (marked in the figure as the time delay
-2 ps) and after the femtosecond laser pump pulse (0,
0.2,0.6, 1, 2, 5, 10, 20 ps of time delay).
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All spectra were fitted in the Gaussian peak ap-
proximation. The evolution of the parameters of the
plasmon bands, namely, the peak position and the full
width at half maximum (FWHM), was determined
and is presented in Figs. 3 and 4. Basically, the re-
sults follow the model of hot electron gas [4] and cor-
respond to similar studies on other gold colloids (see,
e.g., [10, 11]).

It should be noted that the behavior of FWHM
of both peaks is similar and reflects a change of the
temperature of the electron gas. But spectral shifts
of the transverse and longitudinal peaks are substan-
tially different: the longitudinal peak shifts to longer
wavelengths, while the transverse one shifts to shorter
ones. These different spectral shifts were not reported
up to date to the best of our knowledge. Such spectral
shifts of two peaks correspond to a stretching defor-
mation of nanorods, however, their fast kinetics are
incompatible with a mechanical deformation. We can
suppose that it can be a deformation of the electron
gas cloud as a consequence of the spill-out or skin
effect.

The most intriguing finding of our work is the un-
usual temporal behavior of the longitudinal surface
plasmon mode band near the “time-zero”, presented in
Fig. 5. The observed phenomenon can be explained as
a significant enhancement of the cross-phase modula-
tion effect in the spectral range of the surface plasmon
absorption band. The presumed nature of the phe-
nomenon is an increase of the cubic nonlinear suscep-
tibility of the gold nanorod water suspension caused
by a local field enhancement in vicinities of the metal
nanoparticles. The further investigation of the phe-
nomenon is carried out now and its results will be
reported elsewhere.

Besides the above-described rapid changes (in a
femto- picosecond time domain) of optical proper-
ties of the sample, we have also observed irreversible
changes after a long-term femtosecond laser irradia-
tion. The essence of the changes is a decrease and a
blue shift of the longitudinal surface plasmon band of
the absorption spectrum, and a slight red shift of the
transverse surface plasmon band. The lower curve in
Fig. 1 demonstrates the absorption spectrum of the
sample after several hours of the irradiation. The ef-
fect can be observed with the naked eye as a color
change of the sample. The irreversible change of the
optical absorption of the sample arises from the shape
transformation of nanoparticles. The TEM image in
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the lower inset in Fig. 1 shows the nanoparticles after
the long-term femtosecond laser irradiation. It could
be seen that the aspect ratio of some particles de-
creased, so the almost spherical particles appeared in
the sample. We should mention that the irreversible
transformation of the nanorods is slow enough to ne-
glect it during transient absorption measurements in
the subnanosecond time domain.

4. Conclusions

The pump-probe investigation of the transient op-
tical absorption reveals the evolution of relaxation
processes after the femtosecond laser impact on gold
nanorods. The kinetics fits the hot electron relaxation
theory (two-temperature Kaganov’s model).

The cross-phase modulation effect exerts transient
absorption data obtained from the pump-probe mea-
surements and complicates their interpretation. A
significant enhancement of the effect has been found
at the longitudinal surface plasmon mode band, pre-
sumably due to a local field enhancement by surface
plasmons in vicinities of the nanorods. The phe-
nomenon requires the further investigation that is be-
ing conducted at the moment.

The irreversible nanorod aspect ratio transforma-
tion occurs after a long-term femtosecond laser irra-
diation: particles becomes shorter, almost spherical.
The possibility of such sample degradation should be
kept in mind during long-term studies, which involve
a femtosecond laser irradiation of nanorods.
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of the state target scientific and technical program
“Nanotechnologies and Nanomaterials” for 2010-2014
(No.1.1.8.11, 8.5.5.23), and joint German-Ukrainian
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HECTAIIIOHAPHE ITOI'JIMHAHHS#
CBITJIA 30JIOTUMU HAHOIINJIIHIPAMM,
3YMOBJIEHE JII€IO PEMTOCEKYH/ITHOI'O
JIABEPHOI'O BUITPOMIHIOBAHHA

Pezwowme

3a I0IOMOroK MeTOHMKHU “30y/2KeHHs-30H/yBaHHs" OyJIO0 BU-
MipsIHO BILITUB (DEMTOCEKYH/THOIO JIA3€PHOr0 BUIIPOMiHIOBAHHS
Ha OITHYHE IOIJIMHAHHS 30JI0THX HAHOIMJIIHAPIB B 06s1acTi mo-
3I0BXKHBOI Ta IOMEPETHOI MOJ MOBEPXHEBHUX IIJIa3MOHIB. EBo-
JIFOIIiST TApAMETPIB IJIA3MOHHUX CMYT IOIVIMHAHHS BOJHUX KO-
JIOIZiB 30JI0TUX HAHOIMJIIHAPIB, & caMe, MOJIOXKEHHS IiKa, [IU-
PHHA CMYTH MiCJIsg B3a€MOJIl 3 iMITysbcoM 30y12KeHHs Oy/u BU-
3Ha4Y€H] 3 BUKOPHCTAHHSIM YAOCKOHAJIEHOI cucTeMu 0OpOOKH a-
HHX, KA BKJIOYajla BpaxXyBaHHs dipiy “6isioro KOHTHHYyMY”
iMmysnbcy 30HAYBaHHA. OTpUMaHa KiHETHKa J00pe y3roKy-
€ThCsl 3 MOJEJIJIFO OCTHIaHHSI PO3IrpiTOro eJIeKTPOHHOTO rasy.
KpiMm nporo, crocrepiranocsk 3Ha4YHe OigCUIeHHSA edeKTy Kpoc-
$a30B0T MOAyYJIsiLiT B CIIEKTPaAJIbHI 00/1aCTi CMyT MOrJIMHAHHS
MOBepXHEeBUX IL1a3MOHIB. [lokazani He3BOpoTHI 3MiHEH dopmu
HAHOIMJIIHAPIB, SIKi CIOCTEPIiraauch B CIEKTPAX ONTUYHOrO IIO-
TJIMHAHHS TA 3HIMKaX eIeKTPOHHOI Mikpockomil micias rpuBasto-
ro OIpOMiHeHHs (PeMTOCEKYHIHUMU JIA3eDHUMH iMITyJIbCAMU.
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BuwmiproBanus npoBogusucsa B I[eHTpi KOJIEKTHBHOIO KOpH-
cryBauusa npuaagavMu HAHY npu Incruryri disuxku HAHY
“TABEPHII ®PEMTOCEKYH/IHIU KOMILJIEKC”.

E. lTunkapenko, A. Jdmumpyx, U. JImumpys,
U. Baoncxkudi, I1. Kopewtoxr, K. Sonuzcan, A. Komko

HECTAIIMOHAPHOE ITOIJIOIIEHUE
CBETA 30JIOTBIMI HAHOIIMJIMHIPAMU,
OBYCJIOBJIEHHOE JIEVICTBUEM
®EMTOCEKYH/IHOT'O JIABEPHOT'O
N3JIVYEHUA

Peszmowme

C nomouipio Meroauku “Bo30yxKjeHue-30HaupoBanue” ObLIO
HCCJIEZIOBAHO BJAsiHHE (DEMTOCEKYHJIHOTO JIa3€PHOTO H3JIyte-
HHA Ha ONTUYECKOE IIOIVIOMIEHHE 30JI0ThIX HAHOIWJ/JIWH/POB B
06/1aCTH MPOJOJIBHON U [TOEPEYHON MO/ IIOBEPXHOCTHBIX ILJIa-
3MOHOB. DBOJIIONHS IAPAMETPOB [LJIA3MOHHBIX II0JIOC IOIJIOIe-
HHUS BOJHBIX KOJIJIOHZOB 30J0THIX HAHOIUIHHADPOB, & MMEHHO
[IOJIO’KEHHUSI [IHKA U IIMPUHBI [IOJIOCHI, [IOCJIe B3aHMOAEHCTBUS
C AMIyJIBCOM BO30Y2K/IeHUsI OLLIH OIPEIEJEHBI C HUCIOJb30BaA-
HHEeM yCOBEpPIIEeHCTBOBAHHOII cucTeMbl 06pabOTKU JAHHBIX, KO-
TOpas BKJIIOYAJIA YUeT Juplia “0eroro KOHTHHYyMa’ HMILYJIb-
ca 30HAupOBaHus. llosydeHHAsT KMHETHKA XOPOIIO COLJacye-
TCSI C MOZEJIBbIO OXJIaKJAEHHUSI Pa30rPETOro 3JIeKTPOHHOIO rasa.
Kpome Toro, HabiIr0a10Ch 3HAYUTEIbHOE ycuiieHne 3 dexra
Kpocc-}a30Boil MOIYISANNA B CIEKTPAJIBHOI 001aCTH I0JIOC HO-
[JIOIEHNs [TOBEPXHOCTHBIX I1a3MOHOB. Iloka3aHbl HeoOpaTu-
Mble u3MeHeHusi (POPMbI HAHOIUJIMH/IPOB, KOTOPbIe HAOJIIOHA-
JINCH B CIIEKTPAX ONTHYECKOTO IIOIJIONIEHNs] U Ha CHIMKAX dJIe-
KTPOHHOM MUKPOCKOIIMH [IOCJIE JJINTEJIHHOr0 00Ty deHus: o0pa3-
112 peMTOCEeKYHIHBIMA JA3ePHBIMU HMILYJIbCAMH.

M3mepenns nposojguinuch B lleHTpe KOJIJIEKTUBHOIO IOJIb-
3oBauust npubopamu HAHY mpu Uncruryre dusuxkun HAHY
“JIABEPHBIII ®PEMTOCEKYH/IHBI KOMILJIEKC”.
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