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Abstract: An experimental apparatus is described for multidimensional optical spectroscopy
with fully automated polarization control, based on liquid crystal variable retarders. Polarization
dependence of rephasing two-dimensional coherent spectra are measured in a single scan,
with absolute phasing performed for all polarization configurations through a single automated
auxiliary measurement at the beginning of the scan. A factor of three improvement in acquisition
time is demonstrated, compared to the apparatus without automated polarization control. Results
are presented for a GaAs quantum well sample and an InGaAs quantum well embedded in a
microcavity.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Two-dimensional optical coherent spectroscopy techniques are typically three-pulse measurements
of the complex third-order nonlinear susceptibility through the four-wave mixing (FWM) response
[1]. Microscopic variations in the local electronic environment [2—5] or many-body effects [6-9]
cause subtle changes in the frequency-dependent third-order nonlinear susceptibility. Dependence
on multi-pulse polarization configurations provides even more information by suppressing or
enhancing particular features through the use of selection rules. Multidimensional coherent
spectroscopy techniques at optical frequencies have been in development for nearly two decades
[1,10,11], but measuring the full polarization-dependent complex susceptibility remains an
arduous task.

The amplitude of the complex multi- or two-dimensional coherent spectrum (2DCS) contains
information about broadening and coupling mechanisms of and between transitions. The only
requirement to extract the amplitude spectrum is to have stable relative phases. However, much
more information can be gleaned from the phase of the 2D spectrum. Unless the phase of
the FWM with respect to the excitation pulses is known, the 2D spectrum is multiplied by an
overall unknown phase. This phase is typically determined by comparing a slice of the complex
FWM spectrum to the shape of the spectrally resolved transient absorption (SRTA) [1] or by
an all-optical method that accounts for all unknown phase ambiguities [12]. The SRTA based
technique only works for certain polarization configurations, while the all-optical method fails
when the sample is too dispersive.

In this article, it is demonstrated that by using liquid-crystal variable retarders (VRs) to control
the polarization of the excitation and emission pulses in 2DCS, spectra for multiple polarization
combinations can be captured in a single scan of the delay stages. Because the relative phase
imparted on the pulses by the VRs is calculable, we can phase the collinearly polarized spectrum
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by the SRTA method and apply that phase to all other data regardless of their polarization
configuration. Furthermore, liquid crystal based polarization control dramatically speeds up data
acquisition in our actively stabilized, mechanical stage based scheme, because the polarization
can be modulated much faster than the time step can be changed.

The technique is demonstrated on two semiconductor systems: (1) a 4-period GaAs-based
multiple quantum well (QW) for direct comparison to previously published results [6,13], and (2)
a QW embedded in a semiconductor microcavity (MC) with a moderate negative detuning to
produce distinguishable exciton-like and cavity-like modes of the two exciton-polariton branches.
The amplitude spectrum of this MC sample can be compared to previous work [14], but phased
2DCS spectra for any polarization, to the best of our knowledge, have not been reported in a MC
sample.

2. Experiment

The experimental scheme is based on a Multidimensional Optical Nonlinear SpecTRometer
(MONSTR) [15], which uses active stabilization to produce four phase-stable pulses from a single
pulse emitted by a mode-locked Ti:sapphire oscillator. The pulses are emitted at a repetition rate
of 76 MHz with 120 fs duration and centered near 800 nm. The MONSTR arranges the four
pulses in a box geometry with arbitrary control of their respective delay times, while maintaining
phase stability between them by employing active feedback using piezoelectric transducers
referenced with a HeNe metrology laser. Figure 1 shows a schematic diagram of the experimental
setup downstream from the MONSTR. Pulses labelled A, B, and C excite the sample. The fourth
pulse is split into tracer (transmitted) and reference (reflected) pulses. The tracer pulse is used
for alignment and also acts as the probe for measurement of SRTA, but is blocked during 2D
scans. The FWM is emitted along the direction of the tracer, corresponding to the phase matching
condition —k4 + kp + K¢, and is combined with the reference pulse and sent to a spectrometer.
Interference between the reference pulse and FWM emission results in spectral fringes, which
are analyzed to find the FWM amplitude and phase [16]. For the rephasing scan presented here,
the order of excitation pulses is ABC, and the complex FWM emission is captured as a function
of delay time 7 between the A and B pulses, while keeping the B-C and C-Reference delay times
fixed.
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Fig. 1. Diagram of the experimental setup, showing the placement of the variable retarders
(VR-A, VR-B, VR-C, and VR-Sig) for polarization control and the system for measuring
the phase between the C and reference pulses. BS: beam splitter, M: mirror, CAM: CCD
camera. Times 7 and T are the delays between excitation pulses A-B and B-C respectively,
7R is the reference-signal time delay, f is the focal length, and ¢cg is the measured phase
between the C and reference pulses.
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The QW sample is a chip cleaved from the same wafer as used in [13]. It was grown by
molecular beam epitaxy (MBE) and consists of 4 periods of 10-nm GaAs wells with 10-nm
Alg3Gag 7As barriers. The chip is attached to a sapphire substrate and is thinned for transmission
measurements. The MC sample was also grown by MBE on a GaAs substrate [14,17] to have
mirrors consisting of GaAs/AlAs (14.5 and 12 bilayer) distributed Bragg reflectors separated
by a wedged GaAs A cavity, with a cavity mode near 830 nm. In the center of the cavity, at the
antinode of its electric field, is a single 8-nm thick Ingg4GaggsAs QW. Cavity detuning with
respect to the QW exciton is adjusted by changing the position of the excited spot on the sample
along the direction of the wedge.

Before presenting 2D spectra, we discuss details of the polarization control, phasing using
STRA, reference phase measurement, and phase cycling.

2.1. Polarization control using liquid crystal variable retarders

Polarization control in 2DCS is typically accomplished using static waveplates [6,13]. A separate
time scan is performed for each polarization configuration. Here, we instead use liquid crystal
variable retarders to control the polarization. The placement of the VRs (Meadowlark LRC-
100-IR1 [18]) in the experimental apparatus is depicted in Fig. 1. These produce a zero-order
retardance that depends on the applied AC input voltage amplitude. The retardance of the VRs at
a given input voltage depends on the laser central wavelength and the ambient temperature. We
calibrate the VRs using a Wollaston prism and power meter to check the purity of the vertical
and horizontal polarization states. An additional quarter waveplate is used before the polarizer to
check the purity of the circular polarization states. The ratio of power in the desired polarization
state and the opposite polarization state is measured to be >100.

Variable retarders are placed in the A, B, and C paths to control the polarization state of the
three excitation pulses. A fourth retarder is placed in the outgoing FWM path, so that horizontal
or circularly polarized FWM is converted to vertical polarization before being combined with
the vertically polarized reference pulse and sent to the spectrometer. A polarizer before the
spectrometer ensures that only vertical polarization is detected. The average power through each
VR is typically less than 1 mW, which is orders of magnitude below their damage threshold.

In order to phase the spectra for an arbitrary polarization configuration, we need to calculate
the phase shift imparted by the VRs. The refractive index along only one axis is affected when
the voltage amplitude is changed; we verified this property using polarization-dependent spatial
interferometry. The Jones matrix is, for a retardance I,

Lr = , (1)

for a VR oriented with its fast axis along the x (vertical) direction. The VRs for polarization
control are oriented with their fast axis at 45° with respect to the vertical axis, so the Jones matrix
is

P = R(+45°)LrR(¥45°%) = (2)

where R(6) is a rotation matrix.

We are concerned only with vertical and horizontal linear polarization (V and H respectively)
and right and left circular polarization (oo and o~ respectively). A half wave plate has T = &, and
a quarter wave plate has I' = /2. From Eq. (2) we calculate that, for a VR oriented at —45° with
initially vertically (V) polarized light, the polarization state at the output is ¢”/*c* for I = /4,
¢ H for T' = 7/2, and ¢™/*~ for T’ = 37/4. Here we have calculated the phase shift of the light
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with respect to I' = 0 (V polarization). That is, the A, B, and C VRs produce an additional 7 /4,
n, and 7 /4 phase shift when producing o*, H, and o=~ polarized light respectively.

2.2. Phasing the 2D spectrum

Phasing the 2D spectrum is straightforward when all pulses are polarized the same way, as a
slice projection of the 2D spectrum then corresponds to an easily measured transient-absorption
spectrum [1]. For the co-linear polarization configuration (all pulses vertically polarized), we
use the tracer as the probe in a measurement of the SRTA, with the combined A and B pulses
as the pump. We use two pulses for the pump in order to match the total power on the sample
during the 2D scan, since the lineshape can depend sensitively on power [19]. The nonlinear
polarization that generates differential absorption of the tracer is, to third-order in the field,

Psgia(w) = XV ER(w)Ep(w)Er(w) + xVEL (w)Es(w)Er(w). A3)

where Ep, E4, and E7 are the electric fields of the B, A, and tracer pulses, respectively. The
electric field Esgra radiated by this polarization combines with the tracer pulse to produce the
differential absorption spectrum,

SH(w) = Ir(w) — It p(w) o Re{E7(w)Espra(w)}, (4)

where Ir(w) (ITo(w)) is the tracer spectrum with (without) the pump.

This can be used to phase the 2D spectrum because, if the fields B, A, and T are the same
magnitude and relative timing as the A, B, and C fields for the zeroth step of the 2D scan, Psgya(w)
in Eq. (3) is exactly the same as the nonlinear polarization that produces the 2D spectrum,

Prwm(w) = XPE; (w)Ep(w)Ec(w), (5)

for the first step in the 2D scan, except that the phases of pulses B and C cancel in Eq. (3) because
each term contains the field multiplied by its complex conjugate. The phase in Eq. (4) from
the two terms in Eq. (3) goes as —¢p + ¢p + ¢7 — ¢ = 0 and —¢pg + ¢4 + ¢7 — ¢ = 0. The
corresponding spectral interferogram, measured at each time step to construct the 2D spectrum, is

S(w) o« Re {E;(w)EFWM(a))ei‘p"’} , (6)

where Eg(w) is the reference field. The phase of this signal goes as —¢4 + ¢p + dc — ¢r. The
reference pulse precedes the FWM field by a fixed delay 7z that is found by spectral interferometry
of the reference and tracer pulses. This fixed delay produces an additional phase term ¢’ that
is used in the extraction of Eryp(w).

To find ¢r, we replace Egrra in Eq. (4) with E rwme'®® and approximate the tracer field as
having a flat phase, i.e. E7(w) « /I7(w), yielding

$y(@) = Re (NIr(@ Epm(@)e} @)

We fit Sy(w) to the measured SRTA spectrum S,(w) to find the best value of ¢ and then use that
value at each subsequent step in the 2D scan to find the extracted FWM field using Eq. (6). The
SRTA results and best fit of the initial FWM signal are shown in Fig. 2. For both samples, the
SRTA spectrum is reasonably well fit to Eq. (7) with a single fitting parameter ¢g.

We specify the polarization configuration using the notation ABCF, which gives the polarization
of the A, B, and C pulses, and the polarization of the FWM emission, respectively. The first
polarization configuration measured is always VVVV. At the beginning of every scan, the tracer
spectrum is measured with and without the A and B pulses blocked so that we can construct
the SRTA spectrum. This process is fully automated; beams are blocked and unblocked by
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Fig. 2. Spectrally-resolved transient absorption (SRTA, blue) [Eq. (4)] and phased
extracted FWM spectrum (green) [Eq. (7)] for VVVV polarization in (a) a four-period
GaAs/AlGaAs quantum well sample and (b) a InGaAs/GaAs quantum well sample embedded
in a microcavity for A = —6.0 meV.

shutters created from inexpensive servos. The phase ¢r for the VVVV case is found by the
fitting procedure just described and then applied to the rest of the polarization configurations,
accounting for the polarization dependent phase shift produced by the variable retarder in each
beam. The calculated phase offsets for each polarization configuration are shown in Table 1
below for commonly used polarization states VHHV (cross linear), cto*o*o* (co-circular),
and o~ o 0o (cross-circular). The total phase ¢ = —Pa + ¢ + dc + dpwa is the offset that

has to be added to ¢g in order to phase the spectrum.

Table 1. Summary of phase shift due to each variable retarder and the total phase shift ¢, applied
to each FWM spectrum during the 2D scan. The quantity in the last column, ¢cp, gives the phase
shift due to the auxiliary reference phase measurement, which is discussed in Section 2.3.

A B C FWM —$a+ P+ Pc drwM Dot CR
A% H A% 0+x/2+n/2 0 T 0

ot ot o ot —-rw/d+n/d+m/4 /4 /2 —r/2
o~ o~ ot ot n/d-nl4+n/4 /4 /2 —r/2

2.3. Reference phase measurement

To properly track the evolving phase of the FWM as a function of time delay, we require phase
stability among all four pulses. The relative phase between the A, B, C, and tracer/reference
pulses is locked inside the MONSTR by three feedback loops. The A, B, and C pulses are focused
by a single lens and remain phase stable after exiting the MONSTR. However, the reference
propagates around the sample and recombines with the FWM, forming a free space interferometer
with an additional phase ambiguity. The reference pulse thus picks up a phase shift with respect
to the excitation pulses due to thermal changes and air currents. As is done in previous work
[15], we measure this phase drift by interfering the reference with the transmitted C pulse. In our
experiment, C goes through the variable retarder, producing a polarization-dependent phase. This
prevented us from using this measurement to actively lock the phase [15], because the sudden
change in phase during a transition from one polarization to the next disrupts the feedback loop.

Instead, we record an interferogram using an auxiliary camera placed where the C and reference
pulses cross [20]. We compensated for delay time between the two beams using a pair of glass
wedges. Data acquisition of the auxiliary camera is triggered using the “fire” output of the
spectroscopy camera, and the exposure time is set to match. We find unchanged fringe visibility
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for exposure times from a few milliseconds up to 1 s, indicating minimal rapid phase jitter
between the two pulses. In order to have good fringe visibility regardless of C polarization, we
placed a linear polarizer at 45° in the outgoing C path.

An example interferogram measured using the auxiliary camera is shown in Fig. 3(a). The
relative phase between the outgoing C and reference pulses is found from the interferogram by
Fourier analysis. Figure 3(b) shows the typical phase evolution during a 160 step scan as green
dots. The fringes are shifted because of the phase shift imparted on the C beam by the VR, but
because of the presence of a 45° polarizer, this phase shift ¢¢r is different from the phase shift
discussed earlier. Using the same Jones matrix analysis discussed earlier, one can show that
the C phase is changed by « for horizontal polarization and —7/2 for o* polarization. These
values agree with experimental results, as shown in blue and red in Fig. 3(b). This additional
polarization-dependent phase ¢¢r is included in the FWM phase correction at each time step of
the 2D scan. For completeness, values of ¢cg are given for each polarization configuration in
Table 1.

2500 a4 (b)
(a) . ..
° om o %
2000 31 .-"."ﬁ"“#‘"‘"“"‘l"’*‘ﬁ—-.. RO R T S
T 24
8 1500 £
5 o 14 PR DR AL
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Fig. 3. Reference phase correction. (a) Typical interferogram from which the relative phase
between the C and reference pulses phase is found. (b) Phase as a function of shot number
for a 2D scan. The phase shift of the VVVV polarization is shown in green. The relative
phase shift between VVVV and VHHYV is shown in blue, and the relative phase shift between
VVVV and ctototo? is shown in red. Blue and red horizontal lines show the theoretical
values 7 and —7 /2.

2.4. Phase cycling

Finally, phase cycling [10] removes artifacts caused by scattered light and improves the signal to
noise ratio. In our apparatus this is done using two additional liquid crystal variable retarders in
the A and B paths before the polarization optics. These are placed before the A and B polarization
controlling variable retarders with the fast axis along the vertical axis, so that an additional phase
¢ can be imparted on each pulse without affecting its polarization. At each step and polarization,
spectra are recorded for ¢4 € (0,7) and ¢p € (0,7). The phase-cycled FWM signal is the
combination Sog — Sozr — Sr0 + Sz, Where Sqp is the measured FWM/reference interferogram at
a particular phase for pulses A and B. Scattered light from pulses A, B, and C is subtracted out by
this procedure, and it also isolates the interference fringes between the reference and the FWM
from the non-oscillating spectral background.
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3. Two-dimensional spectroscopy results and discussion

Scans were performed with a step size of 49 HeNe fringes, corresponding to 52 fs. This step size
was chosen because with 49 times undersampling, the 2D spectrum is folded cleanly into the
middle of a Nyquist window. In order to ensure that the scan started at 7 = 0, we performed
interferometric cross correlations using a camera imaging a replica of the focal plane [15]. Scans
were done with the rephasing time ordering, with a mixing time of 7 = 120 fs. Note that in
all following spectra the absorption photon energy is shown in the negative frequency space,
consistent with the numerical assignment of the emission spectrometer reading positive photon
energy and the phase-matching condition with the conjugated A pulse arriving first.

Before showing results, we note that reduced acquisition time is an important benefit of
variable retarder based polarization control and phase cycling. A 49 fringe step takes 9 seconds,
including stage settling time and re-locking the feedback loop. For a scan with 200 ms exposure
time, 4 state phase cycling, and 100 steps, a scan for a single polarization takes about 19 minutes.
Changing the polarization requires only 25 ms, so if we capture four polarizations in a single
scan using our scheme, a scan takes 30 minutes. This is a speedup of a factor of 2.5 over 4
separate scans, not including the time required to manually change the polarization using static
waveplates.

3.1.  Four-period quantum well

First we reproduce polarization-dependent 2D spectra using a sample from the same wafer as
used in a previous experiment [13]. The sample was held at 10 K, and we use 600 uW average
power per beam. Example 2D spectra are shown in Fig. 4. The top row shows the magnitude of
the normalized 2D spectrum for each polarization configuration. The bottom row shows the real
part, normalized to the maximum value of the corresponding magnitude plot.

VVVV VHHV otototot o-oc-otot
-1540 1
S —1542
[0}
E -1544
c —1546
°
g 1548
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g
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Fig. 4. Polarization dependent two-dimensional spectra for four-period QW. (a-d) Absolute
value of the 2D spectrum for (a) co-linear, (b) cross-linear, (c) co-circular, and (d) cross-
circular polarization. (e-h) Real part of the complex 2D spectrum for (e) co-linear, (f)
cross-linear, (g) co-circular, and (h) cross-circular polarization. The peak in the upper left
corresponds to the heavy hole exciton. Its polarization-dependent lineshape is consistent
with previous results (cf. Figure 3 of [13])
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The results show four main features: the heavy-hole exciton (strong on the diagonal at —1543
meV, 1543 meV), the light-hole exciton (weaker on the diagonal at —1550 meV, 1550 meV)
and two off-diagonal features indicative of quantum coherence between the excitons during
delay 7 and Raman-like coherences during mixing time 7" [21,22]. In addition a heavy-hole
biexciton is seen shifted along the emission axis from the heavy-hole exciton in all polarization
cases other than the co-circular configuration. The polarization-dependent lineshape of the
features generally agree with previous results [13], which is evidence that the phasing procedure
described earlier works for all polarization configurations. Most importantly, the strongest
feature, due to the heavy-hole exciton, has a dispersive lineshape in the antidiagonal direction for
VVVV, o*o*o*o™, and o~ o~ o*o™* and a positive (pure absorptive) lineshape for VHHYV, as
observed previously [13]. The smaller energy separation between heavy- and light-hole excitons
is attributed to a lower strain or weaker quantum confinement and the narrower width along the
diagonal is attributed to less inhomogeneous broadening arising from well width disorder over
the spot size or excitation-induced effects [3,23]. The weaker cross peaks relative to Fig. 3 of
[13] is attributed to the different tuning of the laser spectrum with respect to the exciton lines and
weaker light-hole exciton absorption with respect to the heavy-hole exciton [6].

3.2.  Quantum well in microcavity

Next we studied a QW embedded in resonant MCs, where comparable absolute 2D spectra have
been published [14,24,25], but phased spectra have not. Previous work has focused on measuring
the polarization dependence to examine many-body interactions at fixed values of detuning A and
examining one- and two-quantum spectra [24,25]. A A-dependence for linear polarization has
also been published, revealing an interplay between exciton-polaritons and biexciton states [14].
Finally, in-plane wavevector dispersion has been investigated to understand polariton-polariton
interactions [25].

Figure 5 shows the polarization dependence of the rephasing one-quantum 2D spectra for
A = —6.0 meV and with the axis of the focused excitation box at normal incidence to the MC. At
this detuning, the lower polariton (on the diagonal at —1486 meV, 1486 meV) is mostly light-like
and the upper polariton (on the diagonal at —1491 meV, 1491 meV) is mostly exciton-like.
Because of the strong absorption of light in the microcavity, the all-optical phasing technique
[12], which is the only other way we know of to phase arbitrarily polarized spectra, proved
impossible to implement. The variable retarder based technique can because phasing is done
through SRTA for one polarization configuration and then applied to all the others.

Based on previous measurements of excitons in GaAs [26], it is expected that at least the
upper polariton feature should have a dispersive lineshape in the antidiagonal direction, as in the
quantum well sample discussed in the previous section. In addition, there are two off-diagonal
features presumably associated with quantum coherence between the two polariton branches,
since they share a common ground state. A final feature is laterally shifted along the emission axis
from the upper-polariton (at —1491 meV, 1489 meV) and is attributed to a biexciton resonance
with an appropriate binding energy for this system [14]. Interestingly, the phase of the biexciton
response, which is negative in the QW sample, is somewhat dispersive in the microcavity. At this
detuning there may still be weak interactions between the cavity and all material resonances [14].
However, the assignment of the phase in the microcavity data should be considered preliminary.
The fact that the lineshape of the exciton-like polariton branch at negative detuning is similar
to the exciton in a bare quantum well makes physical sense and gives us confidence in the
assignment of the phase, but more work is needed to confirm our results. In samples with high
optical density, propagation effects must be carefully considered [27,28].
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Fig. 5. Polarization dependent two-dimensional spectra for a single QW embedded in a
MC for a detuning parameter of A = —6 meV. (a-d) Absolute value of the 2D spectrum for
(a) co-linear, (b) cross-linear, (c) co-circular, and (d) cross-circular polarization. (e-h) Real
part of the complex 2D spectrum for (e) co-linear, (f) cross-linear, (g) co-circular, and (h)
cross-circular polarization.

4. Conclusion

In summary, we have demonstrated a system capable of capturing multiple polarization-dependent
2D coherent spectra in a single scan of the delay stages. Using variable retarders for polarization
control enables phasing of spectra from multiple polarization configurations using a single SRTA
measurement. In addition, by placing the faster polarization control loop within the slow delay
scanning loop we have increased the data acquisition time by approximately a factor of 3. Our
demonstration with a previously studied thin multiple quantum well is important for validation
of the method, while its extension to the microcavity sample, where phasing for non-collinear
polarization combinations was not possible, shows the important capability of the method.
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