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Quantum interferometric spectroscopy of a biexciton

Hiroya Seki®,'! Kensuke Miyajima®,> and Ryosuke Shimizu'

' Department of Engineering Science, Graduate School of Informatics and Engineering,
The University of Electro-Communications, 1-5-1 Chofugaoka, Chofu, Tokyo 182-8585, Japan
2Department of Applied Physics, Graduate School of Science,

Tokyo University of Science, 6-3-1 Niijuku, Katsushika-ku, Tokyo 125-8585, Japan

® (Received 1 November 2021; accepted 28 November 2022; published 22 December 2022)

Fourier transform spectroscopy with classical interferometry corresponds to the measurement of a single-
photon intensity spectrum from the viewpoint of the particle nature of light. In contrast, the Fourier transform
of two-photon quantum interference patterns provides the intensity spectrum of the two photons as a function
of the sum- or difference frequency of the constituent photons. This unique feature of quantum interferometric

spectroscopy offers a different type of spectral information from the classical measurement and may prove useful
for nonlinear spectroscopy with two-photon emission. Here, we report the experimental demonstration of two-
photon quantum interference of biphotons emitted via biexcitons in the semiconductor CuCl. Besides applying
Fourier transform to quantum interference patterns, we reconstruct the intensity spectrum of the biexciton
luminescence in the two-photon sum- or difference frequency. We discuss the connection between the recon-
structed spectra and exciton states in CuCl as well as the capability of quantum interferometry in solid-state

spectroscopy.
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I. INTRODUCTION

Interference of the quantum field of multiple photons
involves versatile phenomena in quantum science and tech-
nology. The first experimental demonstration, known as the
Hong-Ou-Mandel (HOM) effect, was reported in 1987 [1].
Since then, this phenomenon has been widely used, ranging
from the testing of the fundamental concepts of quantum
mechanics [2—-6] to quantum communications [7,8] or pho-
tonic quantum logic gate [9,10]. Another type of quantum
interference is that the interferometric fringe shows the sum of
the frequencies of the constituent photons, which is known as
NOON:-state interference [11]. This type of quantum interfer-
ence has evolved through high-precision phase measurement
[11-13] or high-resolution imaging [14]. These two types of
quantum interference have been studied independently, but it
is possible to explain all the phenomena by calculating the
higher-order correlation function.

We recently proposed a connection between HOM- or
NOON:-state two-photon interference fringes and the spec-
tral information, and this connection is underpinned by the
Wiener-Khinchin formalism [15]. While the conventional
Wiener-Khinchin theorem [16,17] is dedicated to the first-
order correlation function, we termed the relation with a
second-order correlation function for the two-photon quantum
interference phenomena an extended Wiener-Khinchin theo-
rem (e-WKT) [15]. This formalism provides a comprehen-
sive and intuitive understanding of two-photon interference;
the Fourier transform of the HOM- (NOON) fringe gives
the difference- (sum-) frequency spectrum of the two con-
stituent photons. Furthermore, the formalism could enable
us to accelerate the exploitation of spectroscopic measure-
ments with two-photon interference. Hereafter, we refer to the
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interferometric measurement based on e-WKT as quantum
Fourier transform spectroscopy (QFTS).

In our previous experiment, we demonstrated a proof-of-
principle experiment of the e-WKT utilizing photon pairs
from spontaneous parametric down-conversion (SPDC) in a
nonlinear crystal. The physical process of SPDC is relatively
simple and easy to handle; the resultant spectral characteris-
tics from the e-WKT can be understood by the properties of
the pump-pulse spectrum and the dispersion relation of the
nonlinear crystal [18]. On the other hand, a feasibility study
with a complex physical system, such as condensed matter,
is desirable for the further development of QFTS as a form
of practical spectroscopy. To this end, here we present the
quantum Fourier transform spectroscopy of a biexciton in a
single crystal of the semiconductor CuCl.

II. METHODS AND RESULTS

A. Biphoton emission via biexciton in CuCl

CuCl single crystal provides a simple exciton band struc-
ture, and thus its exciton properties have been intensively
investigated since the early stage of solid-state spectroscopy
[19,20]. Furthermore, CuCl is known as the material used for
the first entangled-state generation from a semiconductor [21],
while many works using semiconductor quantum dots have
been reported [22-25]. Unlike entangled-photon generation
in semiconductor quantum dots, entangled-state generation
in CuCl is obtained via resonant hyperparametric scattering
(RHPS) accompanied by the phase-matching condition in the
transition between biexciton and exciton-polariton bands: a
biexciton is created by resonant two-photon excitation and
then coherently decays into two exciton-polaritons. These

©2022 American Physical Society
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polaritons propagate inside the crystal in the direction de-
termined by the phase-matching condition and subsequently
convert into photons at the crystal surface. In what follows,
we refer to a photon from a higher- (lower-) energy polariton
as a HEP (LEP) photon. The presence of the phase-matching
condition makes it easy to collect photon pairs at certain emis-
sion angles, similar to photon-pair generation with nonlinear
crystals [26]. Such well-characterized excitonic properties and
photon-pair generation in CuCl can offer a superior envi-
ronment for the demonstration of QFTS as a step toward
solid-state spectroscopy with quantum interferometry.

CuCl crystals were grown by a vapor-phase transport
method. CuCl powders (Sigma-Aldrich; purity of 99.9995%)
were put on a quartz boat, which was then inserted in a quartz
tube. The quartz tube was then filled with Ar gas of 0.3 atm,
then sealed. Using an electric furnace, the CuCl powders were
heated at 430 °C for approximately 14 days, during which
CuCl single crystals grew as platelets on the tube’s internal
wall. The thickness of the CuCl platelets was approximately
several tens of micrometers.

The experimental setup for the generation and collection
of photon pairs is depicted in Fig. 1(a). CuCl was pumped
by a frequency-doubled mode-locked Ti:sapphire laser with
a repetition rate of 76 MHz. The center wavelength of the
second-harmonic light was tuned at 389 nm with a band-
width of 0.1 nm for the resonant two-photon excitation of
the biexciton. The sample was kept at a temperature of
3.9 K, and the pump beam irradiated CuCl with normal in-
cidence. Then the photon pairs, symmetrically emitted at an
angle of 20° to the propagation direction of the pump beam,
were collected into polarization-maintaining fibers (PMFs).
Figure 1(b) shows the spectra of the photons scattered into
the upper optical path in Fig. 1(a) with an average pump beam
power of 4.0 uW, taken by a charge-coupled device camera
with a grating spectrometer. The peaks indicated by HEP
and LEP are the spectra of photon pairs, and the Rayleigh
scattered light of the pump beam appears between the HEP
and LEP spectra. The other peaks, labeled M, M, and
HEP', also originated from the biexciton luminescence but
do not form a two-photon state. Thus, in this work we fo-
cus only on the spectral peaks of HEP and LEP. A previous
report demonstrated the generation of entanglement in the
polarization degree of freedom [21], but the biphotons from
the biexciton in CuCl are expected to have entanglement in
the frequency degree of freedom simultaneously. Therefore,
the two-photon state observed in paths 1 and 2 might be
in hyperentanglement as follows: (|H){|H), + [V)1|V),) ®
(lwnep) | lwLep), + |wLEP) | |@WHEP), ), Where H, V, wpgp, and
wygp represent the states for the horizontal, vertical, and
angular frequencies of HEP and LEP photons (indicated by
i =1, 2), respectively. Such inherent characteristics of the
hyperentangled state via RHPS will be discussed elsewhere.
In the present study, since only the frequency entanglement is
needed to observe the two-photon quantum interference, we
placed polarizing beam splitters (PBSs) before the PMFs.

B. Two-photon quantum interferometer

For the HOM- and NOON-state interferometry, we con-
structed a polarization mode, not a standard-path mode,
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FIG. 1. Biphoton generation in CuCl single crystal. (a)
Schematic of the generation of photon pairs and their collection into
polarization-maintaining fibers (PMFs). Polarizing beam splitters
(PBSs) work not only to select a frequency-entangled state but also
to reduce the Rayleigh scattered pump beam. (b) Emission spectrum
of the CuCl at 3.9 K with two-photon resonant excitation. The peaks
of HEP and LEP are the photon-pair spectra via RHPS. The residual
pump beam (pump) is observed between the HEP and LEP spectra.
The two peaks of Mt and M in the lower-energy side are the biexci-
ton luminescences leaving the transverse and longitudinal excitons,
respectively. HEP’ also originates from RHPS but does not form a
two-photon state.

Mach-Zehnder interferometer (MZI), as shown in Fig. 2(a).
The use of polarization modes provides a versatile interferom-
eter setup just by rotating the half-wave plates (HWPs). Here,
we oriented the axes of PMFs so that the polarization of the
two photons was orthogonal to each other at the input side of
the interferometer. In addition, we adjusted the temporal delay
between the two photons from each fiber to be zero. After
the spatial and temporal modes of the two photons were com-
bined by a polarizing beam splitter (PBS1), photon pairs were
fed into the polarization-mode MZI. Outputted photon pairs
from the interferometer were coupled into multimode fibers
(MMFs) after the spatial mode was divided by a polarizing
beam splitter (PBS3). We then performed coincidence mea-
surements with two single-photon avalanche diodes (SPADs)
and a time-interval analyzer.

The quarter-wave plates (QWP1 and 2) inside the interfer-
ometer were fixed at the optical axes of 22.5° to the horizontal
axis. When all the optical axes of the HWPs were set to 0°, no
interferometric effects were observed. In order to work as a
HOM interferometer, we set HWP2 to 22.5° while HWP1 is
kept at 0°, as shown in Fig. 2(b). We controlled the relative
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FIG. 2. Two-photon quantum interferometer. (a) Schematic of the polarization-mode Mach-Zehnder interferometer. The time delay At for
the HOM- and the NOON-state interference were controlled by scanning the position of the mirror M1. (b) Simple diagram of polarization
in each optical path in HOM interference. (c) Simple diagram of polarization in each optical path in NOON-state interference. (d) Time-
correlation histogram of photon pairs through the interferometer when setting the half-wave plates (HWP1 and HWP2) to 0°. The central peak

at the delay time of zero contains photon-pair signals.

delay (A7) between the two photons at PBS3 by scanning
the mirror (M1) position. Photons reflected by M1 and M2
interfered in the polarization mode at PBS3, and then the
HOM interference effect was observed. On the other hand,
the NOON-state interferometer in Fig. 2(c) was realized by
setting both HWP1 and HWP2 to 22.5°. Setting HWPI to
22.5° induces the HOM interference effect at PBS2. Thus,
the two photons were outputted to either interferometer arm,
indicating the NOON state was created with the polariza-
tion mode. Setting HWP2 to 22.5°, we could observe the
NOON:-state interference at PBS3 by scanning At. Here,
we emphasize that no spectral filter was used in any of the
measurements because we intended to demonstrate the extrac-
tion of spectral information only by the QFTS. Thus, all the
spectral components, as shown in Fig. 2(b), contributed to the
photon-counting measurements.

Figure 2(b) shows the histogram of the time-interval anal-
ysis of the photon-counting signals from the two SPADs. We
saw slightly larger peak counts at the delay time of 0 ns and
estimated the accidental coincidence counts in the peak at the
zero-delay position from the counting values in the side peaks.
Then, subtracting the accidental counts as background, we
recorded the coincidence counts caused by the photon pairs.

The spectroscopic capability of the coincidence counting
measurement is worth discussing. The coincidence mea-
surement works to extract only the photon-pair spectral
components. In our case, we recorded the coincidence count-
ing rate of ~1600 counts/s against the single-photon counting
rate of ~650000 counts/s, meaning a signal-to-noise ratio
of 0.25%. Even under such conditions, we could select the
spectra of the HEP and LEP apart from the other biexci-
ton luminescences and the Rayleigh scattered light of the

pump beam, without any spectral filters, by only coincidence
measurements. The second-order correlation measurement
provides a powerful tool not only for quantum information
technologies but also for spectroscopic quantum measure-
ments.

C. Extended Wiener-Khinchin theorem

The two-photon detection probabilities for the NOON-
state interference P;” and for the HOM interference P; are
given by the following form:

1 o0 o0
Pi(1) = 5{1 iRe[/ / dwidw|fr (w1, )]

% ei(wlﬂ:wz)Af} }’ (1)

where f>(w;, w2) is the two-photon spectral probability am-
plitude for the photons with angular frequencies w; and
;. The symmetry condition, f>(w;, w2) = fa(w,, wy), is
needed for this expression, but we can expect that the bipho-
tons from CuCl would be satisfied. Here, we introduce the
sum-frequency spectrum F," and the difference-frequency
spectrum F,  as in(a)i) = ffooo da)¢|f2(a)+,w_)|2, where
wy = w) = w;. Then, the two-photon detection probabilities
are rewritten as

1 o ‘

PE(r) = 5{1 + Re[ f dwiF;(m)eWiAf} } 2)
—00

This equation describes that the Fourier transform of the

sum- or difference-frequency spectrum provides the two-

photon quantum interference pattern. Moreover, we can define
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FIG. 3. Fourier transform spectroscopy with HOM interference.
(a) Two-photon coincidence counts as a function of the delay of At
when HWP1 and HWP2 are set to 0° and 22.5° in Fig. 2(a), re-
spectively. This setup provides the HOM interference pattern. Open
circles are the measured data, and the solid curve is obtained from the
fitting. (b) Difference-frequency spectrum of biphotons by making
the fast Fourier transform of the HOM patterns in (a).

the second-order correlation function as the Fourier transform
of the F,":

o0
Gy (t) = / doy 5 (wy)e ™8T, 3)
—00
For the inverse Fourier transform, we obtain
1 o0 .
Ff(ws) = — / dt G5 (v)e' AT, 4)
21 J_ o

These Fourier transform relations between the F2+ and the
G;E are the extended Wiener-Khinchin theorem, which under-
pins the quantum Fourier transform spectroscopy presented in
this paper.

D. Fourier transform spectroscopy by quantum interferometry

We start by discussing the HOM interference experiment in
advance of the two-photon NOON-state interference because
the NOON-state interference is performed as the extension of
the HOM interference. Figure 3(a) presents the resultant HOM

interference fringe pattern with a visibility of 61% in our
experiment. Here, we emphasize that this is the experimental
observation of the HOM interference of biphotons generated
from biexciton luminescence, even though HOM experiments
with single photons from semiconductor quantum dots were
conducted to test the indistinguishability [27]. The visibil-
ity value is somewhat lower than that by photon pairs from
SPDC but high enough to perform Fourier transform spec-
troscopy. According to the e-WKT, we applied the fast Fourier
transform (FFT) to our data and then obtained the difference-
frequency spectrum of biphotons from the biexciton, as shown
in Fig. 3(b). The peak position of the spectrum, 8.6 meV, is
associated with the oscillation frequency of the HOM that
originated from the frequency difference between the HEP
and LEP photons. In practice, the spectral peak separation
between the HEP and LEP in Fig. 1(b) is 8.3 meV and agrees
nicely with the Fourier-transformed spectrum. These peak
positions can be estimated by the phase-matching condition
for RHPS [21], implying that the dispersion relation of the
exciton-polariton would be dominant for the characteristics
of the difference-frequency spectrum. Besides, the coherence
time in the HOM is relevant to the spectral width of the
difference-frequency spectrum. This spectral width value of
1.93 meV is mostly twice that by the HEP or LEP in Fig. 1(b)
because the FFT spectrum is provided as a function of the
difference frequency between the HEP and LEP photons.
Following the HOM experiment, we carried out the
NOON:-state interference experiment. Figure 4(a) represents
the fringe pattern around the zero-delay position of the in-
terferometer. Fitting the pattern with a sinusoidal function,
we estimated an oscillation period of 195 + 39 nm with a
visibility of 82%. From the viewpoint of the e-WKT, this
period means the sum of the frequencies of the constituent
photons. Eventually, we estimated the sum energy of the two
photons as 6.37 £ 1.57 eV from the period of NOON-state
interference pattern. This sum-energy value should corre-
spond to the biexciton energy because of the phase-matching
condition in the RHPS process. The energy level of the biex-
citon in CuCl was precisely investigated and identified to
be 6.37 eV in the earlier experiment with four-wave mix-
ing nonlinear spectroscopy [28]. Note that Fourier transform
spectroscopy is not suitable for estimating precise energy
levels in a short-wavelength range, but enables to provide
us a better estimation of spectral shapes regardless of the
wavelength range. For further spectral analysis, we carried
out a long-range interferometric measurement to observe the
envelope shape of the fringe pattern. In this measurement,
we took coincidence counts for 5 s by scanning every 5 um.
Ideally, the scanning step should be a much shorter value than
the oscillation period, but we had technical difficulties in re-
taining the stability of the NOON-state interferometer during
the long measurement time. Thus, we observed the envelope
shape separately from the oscillation period, assuming that
only the single sum-frequency oscillation would contribute
to the interference pattern. Figure 4(b) shows the observed
pattern with coarse scanning for the long-range measurement.
In SPDC experiments, it is well known that the coherence
time that appeared in the NOON-state interference is relevant
to that of the pump pulse. However, the coherence time of
the interference in Fig. 4(b) is approximately 17 ps, which
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FIG. 4. Fourier transform spectroscopy with NOON-state inter-
ference. Two-photon coincidence counts as a function of the delay
of At when all the HWPs are set to 22.5° in Fig. 2(a), providing
the NOON:-state interference pattern around the zero-delay position
(a) and in the long-range scanning (b). The solid curve in (a) is
the fitting for the interferometric oscillation and that in (b) for the
envelope shape. (¢) Sum-frequency spectrum of biphotons obtained
from the Fourier transform of the reproduced interference pattern
from the fitting curves.

is much longer than the pump-pulse duration of 3.4 ps. In a
previous experiment on the biexciton in CuCl, the dephasing
time of the biexciton measured at 4 K was reported as 16 ps
[29] by nonlinear spectroscopy of four-wave mixing. Since
the dephasing times of the biexciton in CuCl varied from
16 to 50 [29,30] ps from sample to sample, in the previous
experiments, the coherence time observed in the NOON-state
interferometry could be considered to reflect the dephasing
time of the biexciton.

For the Fourier transform spectroscopy, we assume the
following function in order to reproduce the interference pat-
tern: I(t) = e "IFI(1 + V coswt) where I, y, V, and w are
the normalized counting rate, decay rate, visibility, and os-
cillation frequency, respectively. We estimated the oscillation
frequency w and the visibility V from the fine scanning data
around the zero-delay position in Fig. 4(a). On the other
hand, the decay rate y was determined by fitting the envelope

shape in Fig. 4(b). The exponentially decaying function was
used in the previous time-resolved measurements of biex-
citon luminescence [30] and well fitted our observed data
indeed. Then, applying the Fourier transform to the repro-
duced NOON-state interference pattern, we estimated the
sum-frequency spectrum, as shown in Fig. 4(c). As discussed
above, the center frequency and spectral shape would be
purely reflected in the biexciton properties. Additionally, the
spectral width of 0.11 meV is much narrower than that of
the HEP or LEP spectrum, indicating that it is hard to ob-
serve the sum-frequency spectrum by classical spectroscopic
measurements. Therefore, we could say that Fourier transform
spectroscopy with NOON-state interferometry allows us to
measure the biexciton spectrum reflecting the intraband relax-
ation, thereby distinguishing it from the spectrum determined
by the interband transition between the biexciton and the
exciton-polariton.

III. DISCUSSION

Conventionally, the single-photon emission caused by the
transition from a biexciton state to an intermediate state
was previously measured to elucidate biexciton characteristics
[29-32]; in our case, the exciton-polariton describes the inter-
mediate state. The characteristics of a single photon, however,
are affected by not only the biexciton state but also the in-
termediate state. Thus, single-photon spectral measurement
cannot observe a pure spectrum reflecting the intraband re-
laxation of a biexciton. On the other hand, as demonstrated
in this paper, two-photon spectral measurement allows the
measurement of the biexciton spectrum separated from the
influence on the intermediate state. This unique feature of
QFTS, based on the measurement axes of the sum- or differ-
ence frequencies, has great potential for two-photon nonlinear
spectroscopy at the single-photon level.

It should be noted that two-photon quantum interferometry
requires a symmetric state for interchanging the constituent
photons in any degree of freedom. Since biphotons from the
biexciton in CuCl naturally satisfy the symmetry condition,
we can successfully demonstrate biexciton spectroscopy with
QFTS. Symmetry conditions can also be found in photon-pair
generation with polarization entanglement. Thus, QFTS could
be applicable to the wide variety of materials that can create
polarization-entangled photon pairs, such as quantum dots
[33], single molecules [34], and proteins [35]. In addition,
even if photon pairs do not satisfy the symmetry condition,
we might overcome the limitation by creating a superposition
state of the two-photon state. Indeed, the symmetry condition
can be realized by placing a material inside an interferometer
in some quantum optical experiments with nonlinear crystals
[36]. This would mitigate the exchange-symmetry condition
for QFTS. Our next challenge will be to carry out QFTS for
two-photon emission without the symmetry condition in order
to establish its versatility.

Additionally, the presence of the phase-matching condi-
tion in the RHPS process of CuCl makes it easy to collect
photon-pair emissions into optical fibers. However, two-
photon emission without any phase-matching condition would
often be observed in solid-state spectroscopy, and then the
two-photons are randomly emitted in any directions due to
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the absence of momentum correlation between the photons.
Thus, the development of a means to collect two photons in a
wide solid angle would also be crucial for applying QFTS to
investigate various condensed matters.

IV. CONCLUSIONS

We demonstrated Fourier transform spectroscopy with
quantum interferometry for biphotons produced via the CuCl
biexciton. First, we discussed the applicability of two-photon
counting measurement to spectroscopy. Consequently, we
showed that the second-order correlation measurement could
work well as it extracts only the spectral component of the
photon pair in a high signal-to-noise ratio and has great
potential for the spectroscopy of condensed-matter systems.
Secondly, we demonstrated that the two-photon quantum in-
terference provides two types of interferometric waveforms:
one gives the fringe with the difference frequency and the
other that with the sum frequency of the constituent photons.
Another type of QFTS with frequency-entangled photons
has been reported, and it is the method to estimate the ab-
sorption spectra from a two-photon quantum interference
pattern [37,38]. By contrast, the ability to evaluate the sum-

or difference-frequency spectrum by two-photon interference
suggests the potential to be applied to fundamental research
on nonlinear luminescence. In the case of biexciton lumines-
cence, the Fourier-transformed difference-frequency spectrum
can be characterized by the phase-matching condition associ-
ated with the dispersion properties of the exciton-polariton. In
contrast, the QFTS with the two-photon sum frequency allows
us to unveil the spectrum that purely reflects the intraband
relaxation of the biexciton. Generally, two-photon emission
exhibits an intricate spectrum because of the contributions
of multiple quantum states. However, QFTS allows us to
observe the two-photon spectrum as a function of the sum-
or difference frequency, making it simple to study a composite
quantum system, such as a biexciton, as decomposed into each
associated state. These remarkable features of QFTS consti-
tute a tool to investigate nonlinear light-matter interactions
with two-photon emission.
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