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Femtosecond-scale polarization state shaping is experimentally found in optical response of a

plasmonic nanograting by means of time-resolved Stokes polarimetry. Simultaneous measurements of

the Stokes parameters as a function of time reveal a remarkable alteration of the polarization state inside a

single femtosecond pulse reflected from a plasmonic crystal due to the excitation of time-delayed

polarization-sensitive surface plasmons with a highly birefringent Fano-type spectral profile. Time-

dependent depolarization, indicating the sub-130-femtosecond polarization change inside the pulse, is

experimentally found and described within an analytical model which predicts the fivefold enhancement

of the polarization conversion effect with the use of a narrower time gate.
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Polarization is a fundamental property of an electromag-
netic wave which describes the time-averaged trajectory of
the electric field vector at a given point of space. The time
scale over which the polarization is averaged is usually
much greater than the period of a single electromagnetic
field oscillation. However, various methods of femtosec-
ond polarization shaping were proposed recently [1–6]
which stimulated intense research in the field of quantum
control [7,8]. While many methods of femtosecond polar-
ization shaping rely on conventional macro-scale optical
devices, it is also possible to shape the polarization utiliz-
ing elementary excitations in submicron quantum-confined
media [9,10]. A convenient and easily tunable system for
observing elementary excitations at room temperature is a
spatially modulated surface of a noble metal film where
surface plasmon polaritons (SPPs) are excited. Proved by
numerous experiments involving femtosecond laser pulse
sources [11–13], the mean lifetime of a resonantly excited
SPP varies from tens to hundreds of femtoseconds in the
visible and near IR spectral range peaking for dark modes,
e.g., in SPP band gap structures or plasmonic crystals
[11,12]. On the other hand, remarkable polarization-
sensitive properties of plasmonic nanostructured media
[14,15] make it possible to use plasmonic nanostructures
as polarizers [16] or wave plates [17,18]. Despite high
polarization performance and distinct temporal character-
istics of anisotropic plasmonic materials, the ultrafast light
polarization control with plasmonic media has not been
observed yet.

In this Letter, we use time-delayed optical anisotropy of
resonantly excited surface plasmon polaritons to realize an
ultrafast control over the state of polarization (SoP) inside
a single subpicosecond telecom laser pulse reflected from a
plasmonic crystal of subwavelength thickness. Time-
dependent nonzero depolarization has been found which
indicates the sub-130-femtosecond polarization change in-

side the pulse. Experimental data are supported by an
analytic model that predicts the fivefold enhancement of
polarization conversion efficiency which makes plasmonic
crystals a promising compact media for ultrafast polariza-
tion control at room temperature.
The concept of the ultrafast polarization control with

anisotropic plasmonic crystals, schematically depicted in
Fig. 1, is based on the time-delayed nature of the SPP
response. Incident pulse’s SoP is split into two linear
eigenmodes due to anisotropy of the sample and the
p-polarized component is time delayed via exciting
SPPs. As a result, femtosecond polarization alteration is
expected in the reflected pulse.
Observation of the ultrafast polarization shaping was

performed on samples of plasmonic crystals fabricated by
thermal sputtering of a gold film onto a polymer grating

FIG. 1 (color online). Left: schematics of the ultrafast polar-
ization conversion with plasmonic crystals. Sample dimensions
are D ¼ 1:5 �m, d ¼ 0:3 �m and h ¼ 50 nm. Right: reflec-
tance of the sample as a function of wavelength and angle of
incidence (AoI) for p-polarized incident light. The dashed line
denotes the AoI used for the ultrafast polarization conversion.
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made by nanoimprint lithography. The following dimen-
sions of the structure were chosen to match the SPP reso-
nances spectral position to the central wavelength
� ¼ 1:56 �m of the femtosecond laser source: the period
is D ¼ 1:5 �m, the duty cycle is d=D ¼ 0:2 and the film
thickness is h ¼ 50 nm. The reflection spectra of the sam-
ple measured with p-polarized light with its E-vector per-
pendicular to the grating modulation are shown in Fig. 1.
The minima associated with the band structure of SPPs
coupled onto the surface of the film via the�1st diffraction
orders are revealed. The plasmonic band gap is seen at the
wavelength � ¼ 1:52 �m with the width of �� ’ 70 nm,
��=� ’ 0:04 which is comparable to the previous data on
spectroscopy of plasmonic crystals [11,12,19].

Time-resolved response of the plasmonic crystal in s and
p-polarized light was studied to determine the plasmonic
impact on the femtosecond pulse shape. An Er3þ-doped
fiber laser (Avesta Project Ltd.) produced a 130 femtosec-
ond pulse train at a telecom central wavelength of � ¼
1:56 �m. The beam was split into two channels one being
the gating channel with an optical delay line and another
being the signal channel where the sample was illuminated
under 2� incidence. The beams were co-focused onto a
BBO crystal where the noncollinear second harmonic ra-
diation was generated. Fourth-order correlation functions
(CFs) Sð�Þ ¼ R1

�1 jEgateð�� tÞj2jEðtÞj2dt, where EgateðtÞ
is the field in the gating channel and EðtÞ is the field in the
signal channel, were measured by varying the time delay �
between the pulses. The results of CF measurements for p
and s-polarized incident light shown in the inset of Fig. 2
demonstrate a considerable alteration of the femtosecond
pulse shape by SPPs. A delay of about 180 fs is seen
between the maxima of the CFs measured for orthogonal
input SoPs.

Symmetry considerations require s- and p-polarized
states to be the eigenstates of the system under study: if
the incident pulse is s or p polarized the SoP of the
reflected pulse remains constant. However, the evolution
of the SoP inside a single pulse becomes complicated if
one sends a linear combination of these states onto the
plasmonic crystal. Observation of the temporal SoP shap-
ing was done by time-resolved Stokes polarimetry. The
schematics of the setup is provided in Fig. 2. The input SoP
is prepared by a quarter-wave plate and a Glan-Taylor
prism with the latter oriented at an angle c with respect
to the Oy axis. The pulse reflected from the sample is
transformed by a half-wave plate (HWP) and a photoelastic
modulator (PEM, Hinds Instruments Inc.) and analyzed by
a Glan-Taylor prism. The analyzed pulse contains the
temporal evolution of a particular Stokes vector coordinate
at different harmonics of the PEM operating frequency.
The pulse containing the information about the Stokes
vector components is gated by the 130 femtosecond refer-
ence pulse and detected by a photomultiplier tube. The
signal from the detector is decomposed into f and 2f

harmonics and to dc signal which are proportional to the
corresponding Stokes parameters values:

Sð�Þ �

S0ð�Þ
S1ð�Þ
S2ð�Þ
S3ð�Þ

0
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U2fð22:5�Þ
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U1fð22:5�Þ

0
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1
CCCCCA; (1)

where the numbers in brackets denote the angular position
of the HWP. This technique allows for the time-resolved
measurements of all the Stokes vector components evolu-
tion inside the beam reflected from the sample in only two
delay line scans performed for 0� and 22.5� of the HWP
orientation.
Figure 3 shows the intra-pulse SoP evolution for differ-

ent c values in terms of normalized Stokes parameters
si � Si=S0. For c ¼ 0� the SoP is a linearly Oy-polarized
state for any time moment within the uncertainty of the
method which is below 0.1 on the scale of Stokes parame-
ter values. As c is increased the modification of the SoP
can be seen towards the end of the pulse. Various polar-
ization transformations are observed at femtosecond time
scales; e.g., switching between linearly polarized (aspect
ratio 0.1) and right-hand circularly polarized (aspect ratio
0.8) is achieved in 100 fs at c ¼ 20�. Depolarization
induced by the sample is seen in time dependences of the

degree of polarization defined as DoP �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s21 þ s22 þ s23

q
in

Fig. 3(e). The depolarization is a consequence of Stokes

FIG. 2 (color online). Schematics of the time-resolved Stokes
polarimetry. Axes Ox and Oy are defined with respect to the
wave vector as shown at the laser output. PBS is a polarizing
beam splitter, QWP is a quarter-wave plate at 45� with respect to
the Oy axis, GT@c is a Glan-Taylor polarizer oriented at an
angle of c with respect to the Oy axis, HWP is a half-wave plate,
PEM is a photoelastic modulator, GT@45� is a Glan-Taylor
analyzer oriented at an angle of 45� with respect to the Oy axis.
The inset shows the correlation functions measured with the UDC

signal at c ¼ 0� (s polarized, black curve) and c ¼ 90�
(p polarized, red curve).
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parameters averaging over the 130 femtosecond gate which
is discussed below.

The efficiency of the polarization conversion could be
described by the polarization conversion rate in the

Stokes vector space. It is defined as vs ¼ js0ðtÞj ¼
ðP3

i¼1ðdsi=dtÞ2Þ1=2 and represents the speed at which the

end of the Stokes vector is moving in the Stokes vector
space. The experimental map of vs is displayed in Fig. 4(a)
as a function of � and c . The maximal vs value is experi-
mentally found to be 14 ps�1 which is more than twice the
maximal rate achieved in much thicker samples of Bragg-
spaced quantum wells at 80 K [9].

The ultrafast polarization conversion is closely related
to the optical anisotropy of the plasmonic crystal, which
was characterized in CW using the spectrally-resolved
ellipsometry setup based on a PEM [20]. The ellipsometric

parameters �ð�Þ and ’ð�Þ of the sample define the Jones
matrix in the basis of horizontally, (1,0), and vertically,
(0,1), polarized waves given as:

Jð�Þ / �ð�Þ exp½{’ð�Þ� 0

0 1

 !
: (2)

Here, �ð�Þ stands for the ratio between the field reflection
coefficients of p-polarized and s-polarized light and repre-
sents linear dichroism; ’ð�Þ is the phase delay introduced
into one of these states and represents linear birefringence.
Eq. (2) also applies to an optically anisotropic interface if its
optical axis is oriented parallel or perpendicular to the plane
of incidence. The spectra�ð�Þ and’ð�Þ of the sample for 2�
incidence are given in Fig. 5. The dichroism spectrum �ð�Þ
has two minima corresponding to the reflection minima at
the plasmonic band gap edges. The phase delay spectrum
’ð�Þ experiences a jump from 0 to 1:8� at the long wave-
length edge of the band gap. The vast phase jump could be
understood in terms of the Fano-type response of the grating
[21] resulting from the interference of the specularly re-
flected light and light coherently reradiated by the SPP
scattering. The longwavelength parts of the curves are fitted
by the following expressions:

Tð!Þ ¼ Cþ Bei�

!�!0 � i�
; (3)

’ð!Þ ¼ argTð!Þ � ’0; �ð!Þ ¼ jTð!Þj: (4)

The best fit to the experimental data with the para-
meters of C ¼ 1, B ¼ 2� 1013 rad=s, �¼1:57 rad,
!0¼1:205�1015 rad=s (�0¼1563 nm), � ¼ 1:34�
1013 rad=s (��¼15 nm) and ’0 ¼ 0:2 rad is shown in

FIG. 3 (color online). (a)–(d) Experimental time-resolved nor-
malized Stokes parameters s1 (solid lines), s2 (dashed lines) and
s3 (dotted-dashed lines) of the femtosecond pulse reflected from
the plasmonic crystal for different incident SoPs with c ¼ 0�,
20�, 35�, 50�, respectively. Series of ellipses illustrates the mean
trajectory of the E-field vector at � ¼ �200, �100, 0, 100 and
200 fs, respectively. Gray stands for the coherent component of
the SoP and light gray stands for the depolarized one. The sign of
s3 defines the handedness of the SoP—right-handed for positive
and left-handed for negative values of s3. (e) Time-resolved
degree of polarization of the reflected pulse SoP for the afore-
mentioned c values.

FIG. 4 (color online). (a) Experimental polarization conver-
sion rate as a function of � and c . The maximal value of the rate
is equal to 14 ps�1 at c ¼ 35� and � ¼ 125 fs. (b),
(c) Polarization conversion rate calculated with the gates of
130 and 10 fs, respectively.
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Fig. 5 by solid lines. The spectral position of the resonance
overlaps with the spectral span of the femtosecond pulses.
Each spectral component of an incident femtosecond pulse
gains its own phase difference between the s- and
p-polarized waves that explains the complicated temporal
pulse polarization structure.

In order to determine unambiguously the values of � and
’ three quantities were measured independently, namely,
I1 ¼ ð�2 � 1Þ=ð�2 þ 1Þ, I2 ¼ 2� sin’=ð�2 þ 1Þ, and I3 ¼
2� cos’=ð�2 þ 1Þ. In a system described by Eq. (2) the
condition I2� ¼ I21 þ I22 þ I23 ¼ 1 holds; the experimental

deviation of I2� from unity indicates the depolarization the

system brings into the beam. The experimental spectrum of
I2� is plotted as a function of the wavelength in the inset of

Fig. 5. Light depolarization with the plasmonic crystal is
seen at the edges of the band gap. It is attributed to the
spread of the incident beam tangential wave vector com-
ponent �k. The latter becomes significant when �kl > 1
[22], where l is the SPP mean free path. The divergence of
the incident beam in CW measurements was 0.04 that
makes �kl ’ 1:2 giving the grounds for the depolarization
of light with the sample. Contrary to this, the divergence of
the femtosecond laser beam is much smaller resulting in
�kl ’ 10�2. It means that the observed time-dependent
depolarization is not caused by the spatial inhomogeneity
of the incident beam.

The depolarization induced by the sample in the ultrafast
experiments is of different nature and can be eliminated by
the use of a narrower time gate. The depolarization appears
due to averaging of the measured Stokes parameters values
within the 130 femtosecond gate and nonunity DoP value
observed in Fig. 3(e) means that the polarization conver-
sion happens faster than the gate span. To prove this we
apply a model of optical response dynamics based on the

spectral response of the plasmonic crystal. If a p-polarized
pulse with the Gaussian temporal profile:

Ep
inðtÞ ¼ E0e

�t2=2�2
ei!0t; (5)

is incident on the surface of the plasmonic crystal its shape
undergoes changes as evidenced by the inset of Fig. 2. The
resulting pulse shape originates from the convolution theo-
rem and its explicit form is as follows:

Ep
outðtÞ ¼ 1ffiffiffiffiffiffiffi

2�
p

Z 1

�1
Einð�ÞTðt� �Þd�; (6)

where TðtÞ is the response of the Fano resonance to the
delta excitation expressed as:

TðtÞ ¼ 1ffiffiffiffiffiffiffi
2�

p
Z 1

�1
Tð!Þei!tdt

¼ ffiffiffiffiffiffiffi
2�

p ½C	ðtÞ þ iB�ðtÞei�þi!0t��t�; (7)

where�ðtÞ is Heaviside step function. The explicit expres-
sion for the shape of the p-polarized reflected pulse is:

Ep
outðtÞ ¼ CE0e

�t2=2�2
ei!0t

þ i

ffiffiffiffi
�

2

r
�BE0e

�2�2=2ei�þi!0t��t

�
�
1þ erf

�
t� ��2

�
ffiffiffi
2

p
��

; (8)

where erfðxÞ is the error function. In the experiment, the
input polarization state is composed out of two linear
modes: Ein ¼ xEp

in þ yEs
in, where Ep

in=E
s
in ¼ tanc .

Describing s-polarized reflected component with an un-
perturbed Gaussian pulse Es

outðtÞ ¼ Es
inðtÞ one obtains the

explicit expression for the dynamics of the output electric
field: Eout ¼ xEp

out þ yEp
in cotc , where Eqs. (5) and (8)

apply. Using this expression one can directly calculate
the dynamics of the Stokes parameters:

S0ð�Þ ¼ Ep�
outE

p
out þ Es�

outE
s
out;

S1ð�Þ ¼ Ep�
outE

p
out � Es�

outE
s
out;

S2ð�Þ ¼ 2ReðEs�
outE

p
outÞ; S3ð�Þ ¼ 2ImðEs�

outE
p
outÞ;

where the averaging is taken within the gating pulse:
�xð�Þ � R1

�1 xðtÞjEgateð�� tÞj2dt. The modeling of the

Stokes parameters dynamics gives satisfactory results in
comparison to the experimental data [23]. After calculation
of the Stokes parameters the polarization conversion rate
vsð�; c Þ was calculated for two gate width values of 130
and 10 fs. The calculations predict the fivefold enhance-
ment of the maximal polarization conversion rate from 14
to 70 ps�1 with the gate narrowing that is shown in
Figs. 4(b) and 4(c). The depolarization vanishes down to
values of 1� DoP ¼ 10�4 with the use of the 10 femto-
second gate for all time moments which means that ex-
perimentally observed time-dependent depolarization is a

FIG. 5 (color online). Spectra of linear birefringence ’ð�Þ
(filled dots) and dichroism �ð�Þ (empty dots) of the plasmonic
crystal at the plasmonic band gap edges. The solid curves denote
the best fit of the experimental data to the Eqs. (3) and (4). The
inset shows the spectrum of I2� which is a measure of depolar-

ization caused by the sample.
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consequence of the SoP averaging. Finally, by varying the
symmetry of the plasmonic nanostructure and number of
plasmonic resonances [24] it should be possible to tailor
the polarization shaping performance on demand.

To conclude, ultrafast polarization shaping is observed
in plasmonic crystals by means of the time-resolved Stokes
polarimetry. An experimental evidence is provided that
effective time separation of the polarization states could
be done by means of a subwavelength-thickness material.
Plasmon-induced birefringence and dichroism with Fano-
type spectral shape cause a pronounced shaping of the
polarization state inside a single femtosecond telecom
laser pulse at the maximal rate of 14 ps�1 in the Stokes
vector space. The shaping rate it limited by the gating pulse
width that is proved by a simple analytical model which
predicts the fivefold conversion rate enhancement. The
studied plasmonic nanostructure is a subwavelength-
thickness device operating at room temperature which
can be used for ultrafast polarization control in novel
plasmonic circuits and telecommunication devices.
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