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Abstract: We demonstrate femtosecond plasmonic interferometry
with a novel geometry. The plasmonic microinterferometer consists of
a tilted slit-groove pair. This arrangement allows for (i) interferometric

measurements at a single wavelength with a single microinterferome-
ter and (ii) unambiguous discrimination between changes in real and
imaginary parts of the metal dielectric function. The performance is demon-
strated by monitoring the sub-picosecond dynamics of hot electrons in gold.
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1.

Introduction

The excitation of surface plasmons in metals is often associated with strong enhancement of
electric fields, which triggered the development of many sensing applications in physics, chem-
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istry and biology [1]. This field enhancement is due to the antenna effect in plasmonic nanos-
tructureg2, 3, 4, 5] or due to phase-matched surface plasmon generation in spatially extended
plasmonic structures. The two most famous examples of phase-matched excitation of surface
plasmons are the Kretschmann geometry with a thin metal film on a prism [6] and the periodic
arrangement of sub-wavelength holes [7].

Intensity enhancement factors up to 300 achievable with surface plasmons excited in thin
metal films in Kretschmann geometry [8] motivated pioneering applications in the field of ultra-
fast optical measurements [9, 10]. Femtosecond surface plasmon based pump-probe measure-
ments were used to monitor the evolution of acoustic phonons in impulsively heated metal films
[9, 11] and to resolve the dynamics of an electron gas weakly excited by femtosecond laser
pulses [10]. Triggered by the recent developments in nanoplasmonics and time-resolved two-
photon photoemission spectroscopy [12, 13], experiments with ultrafast surface plasmon pulses
have been extended to nanostructured metallic surfaces. Very recently, these advances allowed
for monitoring the dynamics of surface plasmon pulses in silver gratings with unprecedented
temporal and spatial resolution [14] and provided a better understanding of the mechanism for
extraordinary transmission through arrays of sub-wavelength holes [15, 16]. A very recent de-
generate ultrafast plasmonic experiment on a nanostructured metal surface revealed the role
of laser-induced Kerr-type nonlinearity and transient grating incoupling for plasmon-assisted
optical switching [17].

Here we report femtosecond time-resolved interferometry [18, 19] with a newly developed
plasmonic microinterferometer [20, 21, 22]. It consists of a tilted slit-groove pair of sub-
wavelength width, which enables interferometric measurements at a single optical wavelength
with high spatial resolution. To demonstrate the capabilities of the technique we interferomet-
rically probed the ultrafast hot carrier relaxation in gold with femtosecond surface plasmon
pulses. These measurements allow for the unambiguous discrimination of small changes in the
real and imaginary parts of the metal dielectric function. Our technique has the potential to
extend time-resolved investigations of active plasmonic devices functionalized with nano-scale
light emitters [22, 23] to the femtosecond time scale. These investigations are of crucial im-
portance to explore capabilities for incorporation of ultra-wideband quantum dot based optical
devices [24] in highly integrated plasmonic circuits.

2. Plasmonic microinterferometers

Figure 1(a) shows a scanning electron microscope (SEM) image of the plasmonic microinter-
ferometer, which consists of a slit-groove pair milled into a 200 nm gold film with a 30 kV Ga
focussed ion beam. The 200 nm gold film was grown by magnetron sputtering on a 2 nm thin
chromium buffer layer on a glass substrate. The length of both the slit and the grooveris 50

The slit has a width of 100 nm and extends through the gold layer. The groove is 100 nm deep
and 200 nm wide. A series of similar structures was fabricated, with the slit-groove tilt angle
varied between3and 15 and the slit-groove distance between 0 angiB If the whole area

of the microinterferometer is homogeneously illuminated with light, surface plasmons gener-
ated at the groove propagate toward the slit and interfere with the directly transmitted light. In
contrast to the parallel slit-groove arrangements used in previous studies [20, 21, 22], a small
tilt angle between the slit and the groove allows for interferometric measurements at a single
wavelength with a single microinterferometer.

A transmission image of a slit-groove microinterferometer illuminated by a collimated p-
polarized laser beam (incidence angle 10 degrees away from normal, beamuwigigim
FWHM, A = 800 nm, pulse duration-200 fs) is shown in Fig. 1(b). A bright periodic in-
tensity modulation of light transmitted through the silt is clearly visible. Since the strongest
interference maxima are saturated in the video camera image of Fig. 1(b) the much weaker
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Fig. 1. Plasmonic microinterferometer with a tilted slit-groove pair. (a) SEM image show-
ing a typical depth profile of the slit-groove structure (slit-groove distangmslit-groove

tilt angle ® = 3°, slit width 100 nm, groove width 200 nm, groove depth 100 nm) milled
into a 200 nm thick gold film on glass by a focussed ion beam. (b) Optical transmission of
a homogeneously illuminated microinterferometer with a minimum slit-groove spacing of
do = 20 um and slit-groove tilt angl® = 15°. The periodic modulation of light intensity
transmitted through the slit is due to interference with surface plasmons launched by the
groove (see text for details).

symmetrical diffraction wings on both sides of the slit are clearly visible. The peculiar orienta-
tion of diffraction wings is correlated with the orientation of the groove and depicts the role of
surface plasmons generated by the groove. A small amount of residual transmission through the
sub-wavelength groove shows its position and orientation. Due to the tilt @ndgies distance

d(x) = do+xsin(©) traversed by surface plasmons on the way from the groove to the slit varies
linearly along the slit axig, resulting in a sinusoidal interference pattern:

|(X) = E1(X)% 4 E2(X)? + 2E1(X)E2(X) cos@(X) ), (1)

whereE;(x) is the amplitude of light directly transmitted through the slit and the plasmonic
contribution is given by

Ea(x) ~ exp(—kgd(X)), @)
D) = kedX)+ .

The amplitude of the surface plasmon at the position of théEs(it) is attenuated by a factor
of exp(—kgpd(x)) due to the finite propagation distancg, = 1/2I<gp of the surface plasmons
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(Lsp =45 um at 800 nm for a gold-air interface [25]). The total phase shift) is the sum of

the plasmonic phasle;pd(x) acquired through propagation and a constant unknown pfaase

due to differences in propagation length in air and to in- and out-coupling of surface plasmons
at the groove and at the slit, respectively. The key idea behind surface plasmon interferometry is
to accurately measure the changes of the complex surface plasmon W&Vé(éfﬁ@tkéb-&- ikgp

upon external perturbation.

3. Femtosecond plasmonic interferometry

(b)
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Fig. 2. Overview of the femtosecond plasmon interferometry technique. (a) Pump-probe
excitation geometry of the plasmonic slit-groove microinterferometer: the probe spot il-
luminates the whole area of the microinterferometer. The pump beam (blue) is focussed
to a 10um spot between the slit and the groove. (b) Experimental geometry for scanning
pump-probe measurements. (PD - photodiode, MO - microscope objective, BS- beam split-
ter, AWS - adjustable width slit, GP - glass plate, F - color absorption filter, LIA - lock-in
amplifier).

The analysis of the plasmonic interference pattern in the previous section is valid for pulsed
excitation sources as long as (i) the time of flight of an ultrashort surface plasmon pulse travel-
ing between the groove and the slit is shorter than the pulse duration so that both components
interfere with each other at the slit and (ii) the temporal structure of the ultrashort surface
plasmon pulse is not significantly influenced by dispersion. In our case both conditions are ful-
filled: (i) the slit-groove distance in the range~0f30 um results in group delays on the order of
100 fs, which is less than the 200 fs pulse duration of our Ti:sapphire femtosecond laser source,
and (ii) the group velocity dispersion for our surface plasmon pulses at 800 nm is small. Thus
the transmission image of the microinterferometer shown in Fig. 1(b) clearly reveals alterna-
tive constructive and destructive superposition of field components arriving at the slit from free
space and from the groove.
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We apply a femtosecond laser pulse to excite the gold surface between the slit and the groove.
A transient perturbation of the metal dielectric function is created and probed with time-delayed
surface plasmon pulses. To do this the output of an amplified Ti:sapphire dase800 nm,
repetition rate 250 kHz, pulse duration 200 fs, average power 200 mW) is split into pump and
probe arms. Pump pulses £ 400 nm, pulse duration 150 fs, average power 180 are gen-
erated by frequency doubling in a 3p@n-thick BBO crystal. The pump beam is mechanically
chopped at 1.5 kHz and focussed under normal incidence tgarl®ymmetrical spot on the
sample between the slit and the groove. The residual transmission of the pump beam through
the gold film can be seenin Fig. 2(a). The probe beam (50 mW average power) is focussed at 10
degrees from normal incidence into a significantly larger spot gimo illuminate the entire
area of the microinterferometer. Whereas nearly 98% of incident probe light is reflected from
the gold surface, 75% of the pump energy is absorbed. We achieved the best contrast in the
plasmonic interference pattern by centering the probe beam on the groove in order to increase
the relative amplitude of the surface plasmon pulses as compared to the amplitude of directly
transmitted light. A motorized delay stage in the pump arm was used to vary the time delay
between pump and probe pulses in the range of 0 to 1 ns with a minimum step size of 2 fs. The
back surface of the gold film (object plane) was imaged after reflection from a mirror positioned
on a motorized mirror mount to an intermediate image plane by a microscope objective (10x
magnification, NA = 0.28), where a high-precision adjustable width slit (AWS) is placed. By
closing the slit to about 2(rm only a small part of the image can be selected (as shown by
the dashed contour in Fig. 2(a)) and sent to a detection unit consisting of a silicon CCD cam-
era and a pair of silicon photodiodes. One of the reflection angles controlled by the motorized
mirror can be varied so that the microinterferometer image is shifted in the vertical direction
of Fig. 2a, along the slit direction. The small horizontal band of the microinterferometer image
that is transmitted through the adjustable width slit (AWS) to the detection system is thereby
varied. The DC signal from one photodiode is used to record the spatially varying intensity
of the plasmonic interference pattern. The modulated part of the current from the other photo-
diode is spectrally filtered, amplified by a low-noise current preamplifier, and measured by a
lock-in amplifier locked to the frequency of the mechanical chopper. A color absorption filter
is used to block the residual transmission of the pump beam modulated at the same frequency.
A calibration of the amplitude of this modulated pump-probe signal as compared to the inter-
ferogram intensity is performed in a reference measurement: when the pump beam is blocked
and the probe beam is chopped at the same frequency both photodiodes record the plasmonic
interferogram intensity with very different amplitudes.

Scanning the optical delay line and the motorized mirror angle allows us to record the plas-
monic interference pattern along the slit direction and its pump-induced changes as a function
of pump-probe delay (Fig. 3). The upper panel shows the intensity distribLtkon) of the
plasmonic interference pattern along the slit direction measured during the scan. Since the
pump-induced changes are small, the periodic interference pattern in Fig. 3(a) does not exhibit
a noticeable dependence on the pump-probe delay time. In comparison Fig. 3(b) depicts the
amplitude of the modulated pump-probe sighalx, T) acquired by the lock-in amplifier. A
prominent positive signal is observed at zero time delay followed by transient dynamics on a
picosecond time scale.

To verify that the observed pump-probe signal is dominated by the plasmonic contribution
we performed additional test measurements under the same pump conditions but using (i) s-
polarized probe pulses which do not generate surface plasmons [25] and (ii) structures that
included the sub-wavelength slit but not the groove. No noticeable pump-probe signal was
observed in these two control measurements.

#107495 - $15.00 USD Received 12 Feb 2009; revised 6 Apr 2009; accepted 26 Apr 2009; published 4 May 2009
(C) 2010 OSA 11 May 2009 / Vol. 17, No. 10/ OPTICS EXPRESS 8428



I (X,T)

Pp(

-2 -1 0 1 2 3 4 5
Pump-probe delay time (ps)

Fig. 3. Plasmonic interferograms for slit-groove microinterferometer dgtl 20 um and
O = 15°. (a) Plasmonic interference pattdrx, 7) (b) Plasmonic pump-probe interfero-
gramlpp(x, 7).

4. Analysisof plasmonic pump-probe interferograms

We now discuss the physical origin of the observed pump-probe signal. Intense photo-excitation
of gol/d is k,r)own to modify both the real and imaginary parts of its linear dielectric susceptibility
€ = ¢ +ie . Therefore both the real and imaginary parts of complex surface plasmon wave
vector

£
— 3
1+¢ ®)
change as well. Helley = w/c denotes the wave vector magnitude of the probe light in vacuum.
The pump-probe signé,, is then obtained by taking a derivativelgk) with respect taksp =

Okgp+ 10Ky

ksp: kO

|pp = —2E1 Ep(dkg,cos® + dkg,Sind)Lir @)

The effective interaction lengthyy; is of the order of the diameter of the spot excited by the
pump beam, which in our case 4s 10um. When deriving Eq. (4) we have neglected possi-

ble changes 0E,(x)? in Eq. (1), which provide a featureless background proportional to the
spatial pump intensity distribution. The pump-probe interferogram (4) consists of two oscil-
lating terms proportional to cas and sind that arise from pump-induced changes in surface
plasmon amplitude and phase, respectively. The general expression (4) can be simplified. Since
for the probe wavelength of 800 nijg| > 1 and|g’| > ¢, the dispersion relation for surface
plasmons can be approximated by

ksp:ko(1—2ig). )

#107495 - $15.00 USD Received 12 Feb 2009; revised 6 Apr 2009; accepted 26 Apr 2009; published 4 May 2009
(C) 2010 OSA 11 May 2009 / Vol. 17, No. 10/ OPTICS EXPRESS 8429



The change of the real and imaginary parts of complex surface plasmon wave vector

ko ko v

dkSp ~
appear to be proportional to/the cr)/ange of real and imaginary parts, respectively, of the dielectric
function of the metabe = d¢ +id¢ . The simplified expression for the pump-probe sidgg
adopted to our experimental conditions,

KoLint

o2 (de” cosd -+ de’ sin®), @

provides direct access to the dynamics of the dielectric response of the metal. Considering the
two-dimensional maps in Fig. 3 as a collection of one-dimensional interferograms acquired
at different pump-probe delay times, we have processed these one-dimensional interferograms
using a standard Fourier-based algorithm [26]. Both the pump-gdiploe) and reference in-
tensity interferogramix) were processed by the same algorithm. The analysis of the reference
interferograml (x) provides the amplitude factd; (X)Ex(x) and the reference phaggx) in

Eq. (7), which allows for the reconstruction of the desired quadrature compodlénmd

de” from the analysis ofpp(x). This processing is applied for interferograms with different
pump-probe delay times to generate two-dimensional rdai:(x, T) andde” (x,T), which are
presented in Fig. 4.

5. Resultsand discussion

There are several approaches to extraction of quantitative information from the results in Fig. 4.
The most rigorous one would rely on a detailed analysis of the spatial profiles for every pump-
probe delay time, based on the Abel transformation [27] exploiting the cylindrical symmetry
of our excitation pump spot. This approach could be useful when the optical response depends
strongly on pump intensity. Since the recorded time-dependent signals (cross-sections in Fig. 4
taken at different positions) all are similar, we restrict ourselves to the analysis of one time-
dependent trace at the maximum signal level 33wum). The results are shown in Fig. 5.

We observe similar signals for both real and imaginary metér) andde” (7). The dynam-
ics close to zero time delay are complicated, with some positivér) and negativele” (1)
signals at negative delay times. Since it is generally difficult to analyze such cross-phase mod-
ulation effects even in simple geometries [28], we will focus on the dynamics at positive time
delays. The real and imaginary pattis (1) andde” (1) have approximately the same maximum
amplitude and they both decay monotonously on a time scale of hundreds of femtoseconds,
reaching a plateau at 5 ps delay, followed by slower dynamics on a time scale of several tens of
picoseconds (not shown). A detailed study of coherent acoustic responses is beyond the scope
of this paper, but we mention that at longer pump-probe delay times of the order of tens of
picoseconds, the signatures of acoustic oscillations in the gold film appear, in agreement with
previous experimental observations [9, 11].

Inspection of the curves on a logarithmic scale (see subplot in Fig. 5, with subtracted back-
ground values at 5 ps) reveals that the real part of the dielectric furdxf(m) decays exponen-
tially with a single time constant of 900 fs. This decay time is in excellent agreement with the
electron-phonon relaxation time of laser-heated electrons in gold [29, 30, 31]. The dynamics of
the imaginary parde”(r) shows a pronounced bi-exponential decay with a fast component of
500 fs followed by a longer decay of 900 fs. The fast dynamicdssi’r(r) are in agreement with
previous time-resolved measurements of non-equilibrium electron thermalization and optical
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Fig. 4. Spatial and temporal dependence of the recorded pump-induced changes of real and
imaginaryparts of the complex dielectric function of goltk (x, 7) andde” (x, 7).

non-linearities in Au [30, 32]. We believe that the observed decay of 500 fs is due to electron-
electron thermalization [31, 32] and a possible transient nonlinearity due to the creation of the
d-band holes [12, 13] (our laser pulses are of 200 fs duration).

A few picoseconds after laser excitation a thermal equilibrium between initially hot electrons
and the cold lattice is established. The observed signal at that time delay can be interpreted
in terms of a temperature-dependent change of metal dielectric function [10, 33]. Owing to
the small penetration depth of the surface plasmon in the metal we are probing the surface
temperature in the vertical direction within the skin deptiof3 nm (at 800 nm). Using the
calculated values for the derivatives /dT = 1.8 x 10 3 Kt andde” /dT =4.5x 10 3K !

[34], we obtain good agreement with the valuesief(t = 5 ps) =0.04 andde (T = 5 ps) =
0.09 assuming an increase in surface temperature of 20 K, which is a reasonable result.

It has been previously shown in a three-pulse experiment [33] that the temperature distribu-
tion inside the fs-excited gold film remains spatially inhomogeneous for tens of picoseconds
after excitation. The assumption of a homogeneously heated gold film provides a lower bound
for the surface temperature of 10 K, derived from conservation of the absorbed laser energy.
Therefore the experimentally estimated temperature of 20 K suggests that five picoseconds
after laser excitation the temperature distribution inside the gold film is still spatially inhomo-
geneous, in agreement with [33].

6. Conclusionsand Outlook

We have presented a new experimental technique of time-resolved imaging interferometry with
ultrashort surface plasmon pulses in a tilted slit-groove plasmonic microinterferometer. The
method allows pump-induced changes in surface plasmon behavior to be monitored and related

#107495 - $15.00 USD Received 12 Feb 2009; revised 6 Apr 2009; accepted 26 Apr 2009; published 4 May 2009
(C) 2010 OSA 11 May 2009 / Vol. 17, No. 10/ OPTICS EXPRESS 8431



08 T T T T T

0.6 |- de"

-2 -1 0 1 2 3 4 5
Delay time T (ps)

Fig. 5. Transient pump-induced changes of real and imaginary parts of the complex dielec-
tric function of gold,de’ () andde’ ().

with high accuracy and spatial resolution to distinct pump-induced changes in the real and
imaginary parts of the metal dielectric function. The approach opens the door for simultaneous
manipulation and phase-sensitive observation of ultrashort surface plasmons in two dimensions.
Functionalization of two-dimensional microinterferometers with nonlinear optical materials of-
fers a variety of applications in the emerging fields of quantum optics [23, 35, 36, 37] and
nonlinear optics with surface plasmons [17, 38].
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