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We report on ultrafast time-resolved pump-probe studies in a CdZnTe/CdMgTe planar guiding structure
covered with a metallic grating. The one-dimensional periodic gold structure allows for efficient coupling into
the guiding layer for p-polarized 30 fs optical pulses with a large spectral bandwidth of about 60 nm. The
resulting spectral width of optical pulses propagating inside the guiding layer corresponds to 20-30 nm. We
demonstrate that the excitation of exciton-polariton modes in the guiding layer leads to a modulation of the
optical response in the vicinity of the excitonic resonance. Spatially resolved pump-probe measurements show
an asymmetric behavior in the optical response when the relative position of the pump and probe spots is varied
on the scale of ten micrometers perpendicular to the metal ridges. This is attributed to the excitation of resonant
and off-resonant exciton-polariton modes which propagate in opposite directions inside the guiding layer in
accordance with their dispersion relations. Two main mechanisms are considered and evaluated, namely, Pauli
blocking and excitation-induced dephasing, which are shown to be responsible for the pump-induced changes in
the exciton absorption spectrum. While both of these processes lead to the generation of photoexcited carriers in
the guiding layer, their impact on the optical properties (transmission and reflection) are different which leads

to the asymmetric behavior of the spatially resolved transients.

DOI: 10.1103/PhysRevB.100.155308

I. INTRODUCTION

Nanophotonic circuits require a precise control over the
spatiotemporal propagation of light [1,2]. Nonlinear effects
can be used as a key feature for light management in novel
nanophotonic devices, for example, in delay lines by which
the arrival time of ultrashort laser pulses at certain compo-
nents can be controlled accurately [3]. Also, mixing of optical
signals can be used to route the resulting light pulses in the
desired direction and time frame. The use of semiconductor
nanostructures for these purposes is attractive because their
nonlinear optical response is strong at photon energies close
to the band gap energy and they can be well implemented
into other optical and electronic components with existing
technologies. [4] For the design of such systems an accurate
knowledge of the dephasing and relaxation of optical excita-
tions and their dependence on the experimental conditions in
the linear and nonlinear regimes are required as can be ob-
tained using wave-mixing and pump-probe experiments [5].

Propagation of ultrashort optical pulses at photon energies
close to the excitonic resonance in semiconductors deserves
special attention. Here, the group velocity for propagation
through the crystal may be significantly decreased. This is
the result of the efficient coupling between light and excitons
leading to the formation of exciton-polaritons (EP) [6,7].
Coherent propagation of EPs in thick submillimeter bulk
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crystals of high quality was studied in GaN (Ref. [8]),
ZnO (Ref. [9]), and CdZnTe (Ref. [10]) structures using
time-of-flight measurements. Thereby, propagation pulse
delays of light on the order of several hundreds of picoseconds
were reported. In CdZnTe bulk crystals, we observed nutation
of the EP polarization due to strong enhancement of
magneto-optical effects such as the Faraday rotation and
the nonreciprocal birefringence [11]. Recently, long-distance
EP propagation in bulk CdZnTe crystals was studied using
pump-probe techniques, where an off-resonant pump pulse
in the transparency region created excess carriers due to
two-photon absorption [12].

However, on-chip applications require light management
in small and compact volumes. For that reason there is an
interest in optical studies of semiconductor-based guiding
structures where the EPs are confined in one or two directions.
Here, grating structures can be effectively used to tune the
light coupling into the semiconductor structures. In particular,
dispersion engineering using a metallic [13] and high-index-
contrast subwavelength [14] grating as a mirror in vertical
microcavity structures has been performed. Recent studies
demonstrated strong light-matter coupling in planar guiding
structures [15,16]. In addition, new types of nonlinearities,
e.g., low-power solitons, emerge due to confinement of the
optical field in an InGaAlAs-based wave guiding structure
with a quantum well as optically active layer inside [17].

©2019 American Physical Society
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Therefore, based on this motivation, we investigate nonlinear
optical phenomena in planar wave guiding structures in this
work. We focus on CdZnTe structures where large delays
for pulse propagation were observed in our previous studies
[10-12].

In detail, we investigate pump-probe transients where the
short optical pulses are coupled into the guiding layer through
a metallic Bragg grating. The pump-induced changes in the
optical response are probed at the excitonic resonance. The
use of metallic grating couplers at the top of the guiding layer
allows efficient excitation with a large spectral bandwidth
for p-polarized light which is important for operation with
ultrashort pulses. Using a spatially resolved technique with
spectrally broad, 30-fs optical pulses we demonstrate that
different spectral components propagate in different directions
leading correspondingly to different impacts on the exciton
transition (selective excitation of EPs propagating in different
directions). This allows us to distinguish between two main
mechanisms that lead to the changes in the optical response.
In case of resonant EPs with the photon energy close to the
exciton resonance, we observe a bleaching of the absorption.
For off-resonant EPs with lower photon energy, the opposite
scenario is obtained where the absorption is enhanced due
to excitation-induced dephasing. The results demonstrate that
these two mechanisms can be used to control the propagation
of light in guiding layers.

II. OPTICAL PROPERTIES OF GUIDING STRUCTURES

The investigated structure is schematically shown in
Fig. 1. The semiconductor part was grown by molecular
beam epitaxy on a CdggsZng g4 Te substrate. It is represented
by the 700-nm-thick Cd¢Zng Te buffer layer followed by
the guiding structure. The latter comprises a 170-nm-thick
Cdy.9Zng  Te guiding layer sandwiched between 400-nm and
100-nm-thick Cdy4Mg,,Te cladding layers at the bottom
and top, respectively. The composition of Zn and Mg in
the guiding and cladding layers was selected in order to
achieve optimal conditions with relatively large contrast in
the refractive indices (about 15% larger in the guiding layer)
in combination with optimal matching of the lattice constant

probe
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FIG. 1. (a) Scheme of the sample with a gold grating on a
CdZnTe guiding film inside of a CdMgTe cladding (layer thickness
given in brackets). Also shown is the incidence geometry of the
pump-probe experiment: The pump (probe) beam and its electric
field E; (E,) in p (s) polarization as well as the incidence angles
6, (6,), which corresponds to the polarization configuration in which
TM modes are excited. (b) shows a scanning electron microscope
picture of the gold grating with period a = 290 nm.

in both materials, which ensures low levels of defects and
dislocations and excellent optical properties.

In order to couple light into the guiding layer, 50-nm-thick
periodically perforated gold gratings were patterned at the top
of the semiconductor. Therefore an electron-sensitive resist
was deposited on top of the CdMgTe top layer. Then, after
exposure with electron beam lithography and development
of the resist, only the unexposed areas remain covered. Via
electron beam vapor deposition a thin layer (1 nm) of chrome
for improved adhesion and the 50-nm-thick gold layer are
placed on top. The final lift-off process of putting the sam-
ple in an acetone bath dissolves the remaining resist which
removes also the gold strips on the resist. Only the areas
(grating strips) which were scanned by the electron beam
remain coated with gold. In this work, we study the sample
with a period a = 290 nm and a 1:1 ratio of gold ridge to air
gap width. The grating size is 250 um by 250 um which is
much larger than the laser spots used in the experiment so that
any edge repercussions are excluded from our considerations.
The sample area outside the grating remains unpatterned and
can be considered as bare guiding structure.

Figure 2 shows the steady state angle-resolved reflectivity
spectra in p and s polarizations from the areas patterned with
the grating, measured at the temperature 7 = 10 K. The exci-
ton resonance in the CdZnTe guiding layer is clearly observed
at photon energy of about Ziwy ~ 1.64 eV (Ax = 755 nm).
Its energy as well as strength are almost independent of the
polarization and angle of light 6. In contrast to the exciton
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FIG. 2. Steady-state reflectivity spectra from the grating for p-
and s-polarized light (¢ = 290 nm). (a) and (c) show experimental
data at 7 = 10 K temperature. (b) and (d) correspond to theory.
TM- and TE-waveguiding modes are shown in (a), (b) and (c), (d),
respectively. Dashed green lines show the dispersion curves of the
guiding modes, i.e., their energies as function of wave number ¢
(see top horizontal axis and Sec. II for details). The vertical blue
dashed line in (a) indicates the excitation by the pump at an angle of
0 =17°.
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FIG. 3. Steady-state reflectivity spectra from the bare structure
without gold grating. Shown are (a) the experimental data measured
at T = 10K temperature in p polarization and (b) the corresponding
results from theory.

resonance, the guiding modes show a strong dependence on
polarization and incidence angle. Excitation with linearly p-
and s-polarized light addresses transverse magnetic (TM) and
electric (TE) guiding modes, respectively. Here, we observe
gradual changes of the resonance position with variation of 6.
In addition, the characteristic bending of the dispersion curves
at photon energies close to the exciton resonances indicates
EP formation accompanied by a strong decrease of the group
velocity. The two modes with positive and negative disper-
sion are present which correspond to excitation of guided
electromagnetic waves with wave number ¢, = ko sinf + G
and g_ = —kosin 6 — G, respectively, where G = 27 /a is the
reciprocal vector of the metallic grating and kg is the wave
vector of the incident light. The dispersion curves fiw,(q4)
for the corresponding modes are shown in Fig. 2 where the
frequency of the mode w, is defined as the minimum in
the reflectivity spectrum. We also measured the reflectivity
spectra for structures with grating periods ranging from 230
to 310 nm. In full accord with the expectations the position of
the guiding modes shifts to a lower energy with increasing
a, while the position of the exciton resonance remains un-
changed. In Fig. 3, reflectivity spectra from the bare guiding
layer without the grating structure are shown. In this case, the
exciton feature around 1.64 eV is present while the guiding
modes are absent.

From Fig. 2 two distinct differences between TE and TM
modes are clearly recognized. First, the positions of the TE
modes shift to lower energies with respect to the TM modes
for a given angle & which is expected for the bare planar
waveguide. Second, the TM resonances are much more pro-
nounced. We attribute this observation to additional coupling
of the TM guiding modes to plasmonic resonances in the
metallic grating which can be excited only with p-polarized
light [18]. This leads to a significant increase of the TM
mode strengths and spectral widths: For instance, at about
820 nm wavelength for 6 = 17° incidence angle the guiding
mode resonance increases by about four times in strength and
three times in spectral width (from 8 nm to 24 nm) going
from TE to TM polarization. These findings are confirmed by
theoretical calculations performed using the CST MICROWAVE
STUDIO software [19], see Figs. 2(b) and 2(d). All simulations
are carried out with the frequency domain solver in three
dimensions in combination with periodic boundary conditions

and Floquet ports. The dielectric properties of the plasmonic
gold grating are obtained directly from MICROWAVE STU-
DIO’s material library. The optical properties of the CdMgTe
cladding layers are determined using the experimental data
from Ref. [20]. In order to describe the excitonic resonance
of the CdZnTe guiding layer and the dispersive propagation
effects a Lorentz model for the dielectric function €(w) =
e + (fw})/(w} — w* 4+ iwT) is added and the continuum
absorption above the exciton is described by a multi-Lorentz
approach. The resulting parameters are similar to Ref. [10],
namely the exciton resonance frequency fhwy ~ 1.642 eV,
the refractive index ncgznre = +/Re(€(800 nm)) A 2.9, the
exciton damping A" ~ 1 meV, and are adjusted such that
they reproduce the experimental results from the reflectivity
spectra, Figs. 2(a) and 2(c), well. The large spectral bandwidth
of the TM resonances is important for coupling to short optical
pulses which spectral width increases with decreasing pulse
duration, in our experiments 30 fs.

III. SPATIALLY RESOLVED PUMP-PROBE

A. Experimental approach

In what follows we concentrate on time-resolved pump-
probe experiments where the ultrashort optical pulses are cou-
pled through the grating into the guiding layer. For these pur-
poses we use a Ti:Sa laser as light source with 80-MHz rep-
etition rate and a 60 nm [full width half maximum (FWHM)]
wide spectrum centered around 810 nm. The pulse chirp
acquired during propagation through the optical elements
was compensated by a pulse shaper and a compressor using
the multiphoton intrapulse interference phase scan procedure
[21]. In that way, the duration of both pump and probe pulses
at the sample position are about 30 fs. The pump beam
is incident on the sample in the plane perpendicular to the
grating ridges while the probe beam is in the plane parallel to
the ridges, see Fig. 1. The polarizations of the incident beams
are selected to be perpendicular to the grating ridges, which
corresponds to p- and s-polarized pump and probe beams,
respectively. In this case, the most efficient excitation with
the pump and sensitive detection with the probe are achieved.
Both beams have incidence angles of 6, = 6, = 17° relative
to the optical axis (z axis) with an aperture of about 6°. The
laser beams are focused to spot sizes on the sample surface
of approximately 12um in diameter for the pump and 8um
for the probe using different sectors of the same microscope
reflective objective [22]. The same objective is also used to
collect the reflected probe beam. The energy densities per
pulse are 120..J /cm? (pump) and 40..J /cm? (probe).

In order to increase the sensitivity, the probe beam reflected
from the sample is fed through a bandpass filter with 760 nm
center wavelength, which is close to the exciton resonance
wavelength of the sample, and 7 nm width. The probe beam
is detected by one of the diodes of a balanced photodetector
while the second diode is exposed to a fraction of the laser
beam as a reference to account for the intensity fluctuations
of the Ti:Sa laser. The transients are obtained by modulating
the pump intensity with a mechanical chopper wheel and
demodulating the differential photodetector signal by means
of a lock-in amplifier. Finally we measure the differential re-
flectivity AR/R, which is the reflectivity change AR induced
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FIG. 4. Schematic presentation of spatial positioning of the
pump and probe spots relative to each other (“mapping”) on the grat-
ing surface. The violet layer (guiding film) illustrates the directional
propagation: Red denotes the off-resonant lower energy EP and blue
the high energy EP in resonance with the exciton.

by the pump pulse normalized to the overall reflectivity R
while the delay time t between the pump and probe pulses
on the sample is varied by changing the position of a mirror-
reflector located on a mechanical delay line. As in the steady
state experiments, the sample is held in a helium flow cryostat
at a temperature of about 10 K.

Our approach is based on exploring the propagation of the
pump pulse in the guiding structure. Therefore we perform
spatially resolved pump-probe measurements where the dis-
tance between the pump and probe beams at the sample sur-
face can be varied in a systematic and reproducible way. This
is accomplished through a mirror which is placed on rotatable
piezoelectric positioners to change the pump beam’s angle of
incidence in the microscope objective, thus changing its spot
position on the surface. This allows us to perform spatially
resolved “mapping” measurements with a resolution of 4 pm.
With the probe spot kept at a constant position, the pump
spot can be moved along the x and y directions, consequently
altering its position and the influence of the coupled-in light
relative to the spot where the probe measurement is taken.
This is shown schematically in Fig. 4: The top part shows the
situation where the pump is shifted in negative x direction,
while in the bottom part it is shifted in positive x direction.
The middle part shows spatial overlap of both spots.

B. Mapping the exciton-polaritons

Figure 5 shows the differential reflectivity transients for
different displacements d between the pump and probe beams.

(a ) Displacement d (um)

0.00 24 tirinmyamerinie X10
1+20
-0.01 B X10

Differential Reflectivity AR/R

T T T
-500 0 500 1000

Delay Time (fs)
(b) Displacement d (um)
0.00 222 m &

+16 7 X2

Differential Reflectivity AR/R

-0.10—%%%%&%

T T T T T T T T T T T
-500 0 500 1000 1500 2000
Delay Time (fs)

FIG. 5. Transient data for different pump spot positions (scan
along the x axis). (a) Grating surface. (b) Bare guiding struc-
ture without grating. The labels on the left correspond to
the displacement d of the probe spot with respect to the
pump spot (in um). The labels on the right side (e.g., x10) mark
the multiplication factor of each trace to enhance the visibility of the
dynamics. For clarity the curves are shifted along the vertical axis.
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The displacement is defined as d = r, — ry, where r; and r;
correspond to the positions of pump and probe spots in the xy
plane. It follows that the signal is represented by two distinct
contributions. First, there is an instantaneous signal which
appears at the temporal coincidence of the pump and probe
pulses. This signal resembles a spike, a peak or a dip, centered
around zero delay time t = 0. Second, the instantaneous
response is followed by a long-lived steplike signal [Fig. 5(a),
black curve)] which decays slowly on a much longer timescale
of several hundreds of picoseconds, which we attribute to the
recombination of excitons. We also see signatures of a decay
during several tens of picoseconds which is most likely related
to the relaxation of higher-energy carriers.

In case of excitation within the grating coupler, we observe
distinct differences between various pump spot positions.
Comparing the above described contributions as a function of
displacement d in x direction, we conclude that the features
behave in different ways. For d < 0, the steplike response
changes the sign at d < —8 um, whereas for positive d it
decreases gradually to zero and disappears in the noise at
d ~ 416 pm. The instantaneous response which occurs at
T = 0 becomes even stronger at d = —4 pm and decays much
slower for negative d in comparison to positive displacements.
Thus we observe a pronounced asymmetry in the optical
response of the exciton resonance with different displacement
dependencies for the two contributions. The steplike compo-
nent is present mainly at positive displacements (d > 0) while
the instantaneous component is much more pronounced in the
opposite direction (d < 0).

This asymmetry along the x axis is absent when moving
the pump spot along the y axis, i.e parallel to the grating
ridges. Here, the shape of the signal measured at d =0 in
Fig. 5(a) remains the same and only the overall amplitude
of the signal decays along both directions in a symmetrical
manner. Mapping measurements were also performed on the
bare guiding part of the same sample. Figure 5(b) shows
such transient signals for different displacements d for the
bare structure. Although the amplitude of instantaneous and
steplike signals in Fig. 5(b) have different values for positive
and negative d, the displacement dependencies are symmetric
for both signals with a maximum at about d,,x = 3um, as will
be discussed further.

To quantify the results of the mapping experiments we
evaluate the amplitudes A of the instantaneous response at
7 = 0 and the steplike, long-lived signal. The instantaneous
response is an S-shaped feature with a small peak and a
subsequent larger peak with opposite sign. The amplitude is
taken as the absolute difference between these two peaks’
extrema. For some transients, the small peak is absent and
only a signal rise before the steplike function appears, here the
absolute maximum of this peak is used. For the steplike signal,
the magnitude of the contribution is evaluated as the average
in the interval from 500 to 1500 fs. The corresponding results
are shown in Fig. 6 as function of the beam displacement.
As mentioned above, we observe an asymmetric behavior of
both contributions to the optical response when the scan is
performed along the x axis [see Fig. 6(a)] while the asym-
metry is absent along the y axis [see Fig. 6(b)] or in either
direction on the bare guiding structure [Fig. 6(c)]. Note that all
curves are slightly shifted with respect to d = 0, i.e. the case
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FIG. 6. Amplitude A of the instantaneous signal at zero delay
between pump and probe pulses (black squares) and of the steplike
signal (averaged in the range 500 < t < 1500 fs, red circles) vs the
spatial distances between the probe and the pump spots d along the
x or y directions. The lines are spline fits given as guides to the eye.
(a) shows measurements on the grating with the displacement of the
pump along the x axis, (b) is taken on the same position of the grating
with the scan along the y axis. In comparison, (c) shows the same
measurement as in (a) but on a bare guiding structure area that is not
covered with the grating.
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of ideal overlap (about 2—4 pm), which is within the accuracy
of the pump beam positioning in our setup. Nevertheless the
curves in Figs. 6(b) and 6(c) are symmetric with respect to
the position dp,x at which the maximum signal is observed.
The data indicate that the pump-excited guiding modes prop-
agate along the x axis over distances larger than the spot size.
The next section describes the propagation of EP modes in
guiding structures and their impact on the optical response in
which two main excitation mechanisms are involved.

IV. THEORETICAL DISCUSSION

In this section, the main experimental findings of Fig. 5(a),
namely, the asymmetric optical response of the structure
with respect to the pump displacement, will be analyzed and
described qualitatively. To highlight the essential nonlinear
effects that are responsible for the measured transients, we
perform numerical simulations for a rather simple, but trans-
parent model which consists of an one-dimensional chain of
two-level systems. Initially we neglect propagation effects
and the spatial arrangement of the two-level system accounts
for the fixed locations of the displaced pump and probe
pulse spots, respectively. Nevertheless, the main properties
of the guiding modes as found in the experiment and in the
electrodynamic simulation shown in Sec. II are taken into
account and enter via their different energies and directions
into the calculations. At the end of this section schematic
simulations including propagating fields will justify this
approach.

In order to understand the essential behavior of the signal
AR/R, we distinguish three different spatial regions. (1) The
transient looks like a step function. It has a maximum near
zero delay and then converges towards a positive value for
long time delays. This is the case when the system is pumped
left from the probe pulse (d = +4 um,d = +8 um, ...).

(2) The transient shows a sign change for long time delays
instead, i.e., a negative signal occurs if the system is pumped
right from the probe (d = —8 um,d = —12 um, .. .).

(3) There is an intermediate spatial overlap region showing
a quite abrupt change from positive to negative long term
signal between d = —4 um and d = —8 pum.

Immediately the question arises why the transients in case
1 and case 2 have different signs even though the system is
pumped similarly, however, at opposite sides of the probe. In
order to answer this and to distinguish the two situations the
actual coupling into the modes that appear due to the gold
grating has to be taken into account. In Fig. 2(a), it can be
seen that the grating-waveguide system supports two different
EP modes. More precisely, for an oblique incidence angle of
6 = 17° (marked by the vertical dashed line), a mode with
central frequency of about 1.63 eV is propagating to the right
and another one at about 1.49 eV to the left. The different
propagation directions are due to the fact that these modes
have opposite slopes in the dispersion relation w(g). The
off-resonant mode has a negative dispersion, i.e., its direction
of propagation is opposite to the wave vector g, while the
resonant mode has a positive group velocity. The different
propagation directions of these modes are one ingredient to
explain the spatially asymmetric optical response. In addition,
these modes have a very different detuning with respect to
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FIG. 7. Configuration of the simulation space. The position of
the pump pulse determines where the resonant and the detuned mode,
respectively, are present in our model. (For clearer depiction the spot
sizes of the pulses are not drawn to scale.)

the exciton at 1.64 eV. While the “mode to the right” is basi-
cally resonant with the exciton, and thus resonantly generates
carriers in the system, the “mode to the left” is detuned by
more than 140 meV from the exciton to the low energy side.
To model this situation the simulation space is artificially
split into two regions within which one part includes the
resonant pulse and the other one the detuned pulse, see Fig. 7.
As propagation effects are initially neglected the nonlinear
interaction in our model takes place only in the overlap region
of the pump and the probe pulses.

The simulations of the pump-probe experiment are per-
formed in the lowest-order x® limit, i.e., the probe is taken
into account linearly and the pump in second order [24-26].
To model the experimental findings we use the following
Bloch equations which describe the position-dependent exci-
tations of the collection of two-level systems:

0 . Nz
PO = (=iog = yp)p O +iTE@;, D, (1)

a %
S = =2 %Im(E(xj, DpV®) - @), @)

0 . N
Epj(S)(t) = (—iwg — y)p(t) — ZzEn;Z)E(xj, 1)

— 01, two—photon (l‘)Py)(l‘). 3)

Here, with index j denoting the position, p!) is the linear
microscopic polarization, n® the density created via one-
photon absorption, and p®is the nonlinear polarization de-
termining the differential reflectivity signal. As shown in
Ref. [12], for detuned pumping two-photon excitations may
dominate the nonlinear propagation and therefore we include
Tewo-photon Which is generated through two-photon absorption
into our model. Further quantities are the resonance energy
of the two-level system fiwg = fiwexciton = 1.64 €V, the phe-
nomenological dephasing constant y, = 2/(1 ps), the relax-
ation rate y, = 2/(10 ps), the dipole-matrix element u, the
phenomenological constant « representing the strength of the
so-called excitation-induced dephasing process [25,27-29]
which here is caused by two-photon excitations [12]. Whereas
the absolute values of © and « are not relevant, their ratio, or
more precisely the ratio between the different nonlinearities
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arising from one- and two-photon excitation is adjusted in
order to describe the experimental results. E (¢) refers to either
the pump or probe field, respectively. The set of differential
equations (1)—(3) is solved and the sum P(z) = ), ,upf)(t)
over each grid point [ is computed. After performing a
Fourier transform and applying a spectral filter f, the quantity
[-Im(P(w)f(w))] is proportional to the differential reflectiv-
ity signal AR/R(w) for short probe pulses [30,31]. Details of
the numerical procedure are given in Appendix.

First, case 1 (“pump left from the probe”) is examined.
To understand the long time behavior of the transients it is
important to note that the inhomogeneities in Egs. (1) and
(3) have different signs. Whereas p(l)(t) is driven by +iE (),
meaning that a field generates a first-order polarization and
subsequently a density of real carriers n/?) () in the system, the
third-order polarization is mainly determined by —in®E(¢),
since the term o phoonp'! is negligible for resonant ex-
citation, see below. The different signs mean that, if carri-
ers already exist in the material, the overall absorption will
decrease. This is pump-induced bleaching which arises due
to phase space filling (Pauli blocking) by the pump-induced
carriers [23,25,26]. Bleaching will lead to a negative sign
in the differential absorption and thus to a positive transient
in the AR/R signal. The simulation results in Fig. 8 for
d = +4 pm, +8 um, etc. show the corresponding behavior.
Note that there is a slight shift in the pump position between
theory and experiment which is due to the uncertainty in the
zero point of the displacement axis in the experimental setup.
The color code of the individual curves indicates that the
difference is about 4 um, i.e., similar to the spot size of the
laser pulses.

In case 2 (“pump right from the probe”) the overlap be-
tween the probe pulse and the detuned pump pulse plays a
decisive role. It is known for this particular material system
that for far off-resonant excitation the so called excitation-
induced dephasing [27] (EID) instead of Pauli blocking (PB)
is the dominant nonlinearity. It has been suggested that for
off-resonant excitation conditions EID is mainly caused by
carriers that are generated via two-photon absorption [12].
For simplicity we model the density generated by two-photon
absorption by an additional set of differential equations of
type (1) and (2) which are resonantly tuned to the pump
with a squared amplitude. As for real two-photon absorption
the generated density Agwo-photon Tises with the integral over
the pump pulse which is the most relevant feature for the
following analysis [32]. Examining Eq. (3), it is clear, how-
ever, that the inhomogeneity containing Mwo-photon €an only
contribute in the off-resonant case significantly since in this
case the density of real carriers n?) is small. To illustrate the
difference between PB and EID, Fig. 9 shows the spectral
behavior of Im(p(3)(a))) for a single two-level system when
it is either driven by —in®E(t) or —an®p. Instead of
pure bleaching for PB, which has a negative Lorentzian line
shape, with EID the spectrum broadens and thus develops also
positive contributions above and below the resonance. As in
the experiments the computed spectra are filtered below the
resonance at 760 nm and therefore it is possible to reproduce
the opposite signs of the two cases 1 and 2 by including PB
and EID. EID is also responsible for the negative long term
signal in the transients.

Displacement d (um)

_|Overlap

Differential Reflectivity AR/R (arb. units)

T T T

T T T T T
-500 0 500 1000 1500 2000

Delay Time (fs)

FIG. 8. Simulation results for a one-dimensional arrangement
of two-level systems in the x® limit showing the AR/R transient
analogously to the measurement in Fig. 5(a). The model reproduces
the different experimental situations, i.e., the cases 1, 2, and 3 as
described in the text.

The abrupt sign change in case 3 of the d = —4 and —8 um
curves in Fig. 5(a) is due to the fact that the pump pulse
separates the detuned and the resonant mode. Because the spot
radii are about 4-5 um, a change between the two regimes
on this length scale is plausible. For the overall comparison
in Fig. 10, the amplitude dependence on the spatial distances
is plotted for the instantaneous signal and the long time
behavior analogously to the experimental curves in Fig. 6(a).
The general structure of the measurements is reproduced quite
well by the one-dimensional model. Merely the widths of the
curves in Fig. 10 appear to be slightly too narrow and the
positions somewhat shifted.

Finally, we demonstrate that the features obtained from
the model described above are still preserved also with
propagation. Full three-dimensional numerical solutions of
the Maxwell-Bloch equations are generally very demanding.
Therefore here schematic one-dimensional propagation cal-
culations are performed to underpin that the PB and EID
contributions survive when the pump truly moves through
the region of probe’s spot. In the performed Maxwell-Bloch
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FIG. 9. Schematic comparison of the differential absorption
Im[p®(w)] when generated by Pauli blocking (red solid line) or by
excitation-induced dephasing (blue dashed line). The sign slightly
below the resonance is responsible for the long-term behavior of the
transient because this part of the spectrum passes through the filter
used in the experiments.

simulations, the pump and probe pulses are spatially
well separated (> 16um). Then, for the pump pulse the
one-dimensional Maxwell-Bloch equations are solved with
the FDTD scheme [33] using the method described in
Refs. [34,35] whereas the probe pulse is considered to stay at
a fixed position. Thus, unlike in the above simplified analysis
where the center of the pump and probe pulses were station-
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FIG. 10. Amplitudes of the instantaneous signal (black squares)
and the long term behavior (red circles) analogously to the experi-
ment of Fig. 6(a).

T T T T T T T T T T T
-600 -400 -200 0 200 400 600
Delay Time (fs)

Differential Reflectivity AR/R (arb. units)

(b)

0.0

-0.5 1

-1.0 1

—— 77—
-600 -400 -200 0 200 400 600
Delay Time (fs)

Differential Reflectivity AR/R (arb. units)

FIG. 11. Results of one-dimensional FDTD-simulations for two-
level systems in the x limit showing the AR/R transients for
(a) larger positive displacements (black solid line d = +16 pm, red
dashed line d = 420 um). The system is pumped at the left (case 1).
(b) shows larger negative distances (green solid line d = —16 pum,
blue dashed line d = —20 um). Here, the system is pumped at the
right (case 2).

ary, the pump pulse propagates from left to right or reversely
and passes the region of the probe. If the propagation direc-
tion is correctly associated with the resonant or off-resonant
frequency, respectively, the results in Figs. 11(a) and 11(b)
are obtained. They still show positive or negative long time
signals, respectively, like those obtained in the model without
propagation. Therefore, one can conclude that propagation
effects change the signals only slightly and that the main
features of the mere x® model, i.e., Eqs. (1)~(3), are well
reproduced also with propagation. It should be pointed out
that the difference in the simulations “with” and “without”
propagation is the spatial spreading of the pump pulse. Of
course, both models rely on polariton effects as the off-
/resonant excitation plays a major role. Whereas the first ap-
proach manually distributes the pump profile the FDTD calcu-
lation self-consistently propagates the field. A relatively weak
dispersion results in only a slight impact on the transients.

It should be noted that we did not introduce any losses
in our one-dimensional propagation calculations. While this
could be done, we refrained from including losses since we
basically wanted to demonstrate that propagation does not
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qualitatively modify the above described findings and thus
that they should in principle be observable for longer displace-
ments, if losses are not too large.

V. SUMMARY

In conclusion, we have demonstrated an efficient coupling
of 30-fs pulses with large bandwidth into a guiding CdZnTe
semiconductor layer using a metallic grating. For the case of
TM modes, the guiding modes are hybridized with plasmonic
excitations in the metallic grating. This leads to a significant
increase of the coupling efficiency for p-polarized incident
light. Compared to TE modes the width and strength of the
guiding resonances observed in the reflectivity spectra are in-
creased several times leading to resonant reflectivity features
with 20-30 nm spectral bandwidth. This is especially impor-
tant for fast operation at subpicosecond timescales in photonic
structures where short pulses with large bandwidth should
be transmitted. In addition, using angle-resolved reflection
spectroscopy we were able to map the dispersion of both TM
and TE modes. Here, the strong bending of the dispersion
curves at photon energies close to the exciton resonance in
the CdZnTe guiding layer indicates the typical EP behavior
with a strong decrease in the group velocity.

Guiding structures covered with Bragg metallic gratings
make it possible to excite propagating exciton-polaritons in
the direction perpendicular to the grating slits. If the excitation
laser spot is smaller than the propagation length of the exiton-
polariton mode the influence on the optical properties with
respect to the position of the laser excitation is asymmetric.
The asymmetry occurs only when the pump beam has oblique
incidence. In this case due to momentum conservation of the
in-plane wave vector only exciton-polaritons which propagate
in one direction will be excited. Thereby the grating makes
the momentum conservation possible and excitation of the
guiding exciton-polariton modes takes place. In case if several
modes are present, they may have different propagation direc-
tions with respect to the incidence beam which is dictated by
the sign of their group velocity. Thereby the impact on the
optical properties by each of these modes may be different.
This is what happens in our particular case where two modes
(on-resonant and off-resonant) have opposite group velocities
and each of them is responsible for a different excitation
process which takes place in the guiding layer during their
propagation. Note that under zero incidence angle a standing
wave is excited and the excitation induced asymmetry disap-
pears.

Using time-resolved pump-probe differential reflectivity
measurements with a spatial resolution of several micrometers
we have studied the influence of off-resonant and on-resonant
EP propagation on the exciton absorption spectrum in the
guiding layer. We demonstrate that there are two optical
regimes which depend on the direction of propagation of
the pump-induced EPs inside the guiding layer (resonant and
off-resonant modes). The impact on the exciton absorption is
opposite for each of the regimes leading to significant asym-
metries in the spatially resolved transients. Theoretical mod-
eling using two-level systems interacting with the light field
in the lowest order approximation allows us to qualitatively
reproduce the experimental results by taking two nonlinear

processes into account, namely Pauli blocking and excitation-
induced dephasing, which dominate in the on-resonant and
off-resonant cases, respectively. In case of resonant excitation
Pauli blocking leads to bleaching of the absorption and thus
the reflection (transmission) is increased. For off-resonant
polaritons excitation-induced dephasing leads to a broaden-
ing of the exciton resonance and for detuned detection the
absorption increases leading to an attenuation of the transmit-
ted or reflected probe pulse. The combination of these two
contributions can result in a pronounced sub-ps instantaneous
response at the temporal pump-probe overlap which manifests
itself in abrupt changes of the differential reflection showing a
change of the sign. The further temporal response is governed
by the population dynamics of the photoexcited carriers on
a time scale of ten to hundred picoseconds. We stress that the
spatially asymmetric optical response is a result of the guiding
structures where the in-plane propagation can be tailored by
the grating parameters and the spectral shape of the incident
pulse. Such features can potentially be used for the realization
of multiplexing with different colors of control pulses.

We note that while semiconductor planar guiding struc-
tures posses strong nonlinearities in the spectral range close
to the exciton resonance they require low temperatures. More-
over the refractive index contrast between the CdZnTe and
CdMgTe layers in II-VI semiconductor compounds has to
be increased in order to improve the light-matter coupling.
This point can be resolved by growth of II-VI semiconductor
guiding layers directly on lattice matched BaF, substrates
[36].
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APPENDIX: NUMERICAL PARAMETERS

The dynamics of the macroscopic polarization P(¢) is
determined via the set of coupled differential Eqgs. (1)-(3).
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FIG. 12. Measured linear transmission spectrum through the fil-
ter (black line) and corresponding Gaussian fit (red line).
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As all involved optical pulses have finite duration and the
material excitations decay with y,, , it is sufficient to numer-
ically integrate them in a limited time window. Here, we
use a start time #; = —10 ps and an end time t, = 40 ps
where ¢+ = 0 corresponds to the time of arrival of the probe
pulse.

Pr(a))=/ P, () dt — /EPI(t)ei‘“’dt. (A1)

o0

In order to obtain the transient 7; for a certain delay t, we also
take the properties of the optical filter used in the experiment

into account. Figure 12 shows that a Gaussian fit to the linear
transmission spectrum is well suited to represent the filter
function f(w). The maximum of the transmission is slightly
below the exciton resonance at around 760 nm with a width
of about 4.7 nm. Numerically we integrate far above/below
the maximum from a lower limit w; corresponding to 880 nm
to an upper limit w, corresponding to 650 nm yielding the

transient
T, = —Im < f " b () f(w)dw).
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