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Quantum interference between identical single particles reveals the intrinsic quantum statistic nature of
particles, which could not be interpreted through classical physics. Here, we demonstrate quantum
interference between nonidentical bosons using a generalized beam splitter based on a quantum memory.
The Hong-Ou-Mandel type interference between single photons and single magnons with high visibility is
demonstrated, and the crossover from the bosonic to fermionic quantum statistics is observed by tuning the
beam splitter to be non-Hermitian. Moreover, multiparticle interference that simulates the behavior of three
fermions by three input photons is realized. Our work extends the understanding of the quantum
interference effects and demonstrates a versatile experimental platform for studying and engineering

quantum statistics of particles.
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Multiparticle quantum interference, such as the well-
known Hong-Ou-Mandel (HOM) interference, reveals the
quantum statistic nature of particles [1]. There is great
research interest in studying the distinct physics of the
bosonic and fermionic quantum interference effects [2-5].
The beam splitter (BS) is a fundamental element in con-
ducting quantum interference research. It creates the super-
position of particles in different output ports and realizes the
interference of amplitudes for particles in each port.
Conventionally, the linear BS that separates particles into
different spatial modes has been used to demonstrate quan-
tum interference between photons and photons, magnons and
magnons, plasmons and plasmons, and even between mas-
sive particles (trapped atoms) [6—11]. These demonstrations
promise a wide range of potential single-particle level
quantum devices for future applications. For instance, quan-
tum interference between single photons provides the single-
photon nonlinearity for multiqubit quantum gates [12—14]
and thus lies at the heart of quantum information processing
and quantum communications [15-17].

Although most of the previous experimental progress has
been achieved with identical particles using unitary BS, the
principle of quantum interference is not limited to identical
particles or Hermitian particle interactions, provided that the
coherent superposition between single particles could be
realized. Therefore, extending quantum interference to a
generalized BS is of fundamental importance. HOM inter-
ference between optical photons with different colors has
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recently been demonstrated with the assistance of a coherent
frequency converter [18]. HOM interference between a
single magnon excitation and a photonic coherent state
has also been demonstrated [19]. In addition, fermionlike
quantum interference using a non-Hermitian BS has been
observed with identical single photons [20-22] and coherent
absorption of the NOON state has been realized [23].
However, for nonidentical particles, it is experimentally
challenging to prepare single-particle quantum input for
each port and to make them indistinguishable in a beam
splitter. Therefore, the quantum interference between genu-
ine nonidentical single particles remains elusive.

In this Letter, the quantum interference between distinct
single particles, i.e., single photons and single magnons, is
demonstrated for the first time. We construct a hybrid BS for
nonidentical particles by realizing coherent quantum con-
version between the stored magnon excitation and photons
via indistinguishable dark-state polaritons in a cold atom
quantum memory. In contrast to the conventional linear BS,
our hybrid BS for nonidentical particles could be either
Hermitian or non-Hermitian, controllable by an external
control laser field. Therefore, our versatile hybrid BS
demonstrates the crossover from bosonic bunching statistics
[the second-order cross-correlation function ¢(?) (0) = 0.40]
to fermionic antibunching statistics [¢'*)(0) = 1.71], even
though the input nonidentical particles are bosons.
Furthermore, quantum interference can be extended to more
than two particles, with three single photons engineered to

© 2022 American Physical Society
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(b) The input and output states of the magnon-photon HOM interferometer. (c) Experimental setup. MOT] is a single photon source. The

detection of a Stokes photon (wg;) heralded the generation of an anti-

Stokes photon (w,5;). MOT, is the non-Hermitian beam splitter.

PBS, polarization beam splitter; QWP, quarter wave plate; SPCM, single photon counting module; SMF, single mode fiber.

behave as three fermions by non-Hermitian hybrid BSs. Our
work unambiguously demonstrates tunable quantum inter-
ference between nonidentical single bosons, which provides
a new tool for engineering quantum states for hybrid
quantum systems.

Figure 1 schematically illustrates the principle and
experimental setup for demonstrating quantum interference
between single photons and single magnons. In a cold atom
ensemble [Fig. 1(a)], quantum memory could be realized
by using an electromagnetically induced transparency
(EIT) scheme, by which a control laser could stimulate
the coherent conversion between a single flying carrier
(photon) and a single collective atomic excitation (magnon)
[24-28]. Through such a process, the superposition of the
photon and magnon could be realized, and quantum
interference between these two distinct bosons becomes
possible.

Inside the EIT medium, the hybrid superposition state is
essentially a dark-state polariton (DSP) [28,29]. When a
photon enters the EIT media, a supposition of photon state
E(z,t) and excited magnon state &,(z,f) would be
generated [29]:

W(z,1) = cos OE(z, 1) — sin OV N6, (z, 1), (1)
where cos = Q./\/Q2 + ¢’N, Q, is the Rabi frequency
of the control laser, g is the atom-field coupling constant,
and N is the number of atoms. When the control laser is on,

the DSP will propagate in the medium with a slow group
velocity and eventually be converted back to photons when
leaving the medium. Before leaving the medium, a DSP can
be converted to a pure magnon by switching off the control
laser adiabatically. Therefore, by controlling the switching
timing of the control laser, a hybrid BS with a temporal
photonic input and a stationary magnonic input can be

] =1 Bl

Here, M, (M;,) and A, (A;,) denote the magnon and
photon states of output (input), respectively. #; = |t,|e
(r; = |ri|e'®r) represents the transmission (reflection)
coefficient of the BS for input from the magnonic port.
ty = |ta]e® (ry = |ry|e'>) refers to the transmission
(reflection) coefficient of the BS for input from the
photonic port.

By manipulating the Rabi frequency of the control laser
and optical depth (OD), the loss of the dark-state polaritons
induced by atomic spontaneous emission is controllable, and
eventually contributes to a tunable non-Hermitian photon-
magnon interaction. Consequently, a tunable non-Hermitian
beam splitter (NHBS) for these nonidentical bosons can
be realized, with the non-Hermitian effect being captured by
an overall phase difference ¢, = ¢, — P2 + @2 — D1,
between the reflection and the transmission channel [30].
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FIG. 2. The interference contrast of the magnon-photon HOM interferometer. (a),(d) Theoretically calculated magnon spatial
distribution for different Qg. x% is the storage efficiency, and OD is the optical depth of the atomic ensemble. (b),(e) Theoretically
calculated DSP spatial distribution for different . 7 is the temporal envelope overlap ratio. Here, Qg is the same as in (a),(d) with
corresponding colors. Solid line: magnon input. Dashed line: photon input. (c),(f) Experimentally measured ¢® (A7 =0,¢,, = 0) with
different Q;. z/ L, is the normalized length of the atomic ensemble and y3; = 2z x 3 MHz is the dephasing rate between |3) and |1). The
error bars in (c¢) and (f) indicate 1o standard error from five measurements. (b) and (c) are data for OD = 30, and (e) and (f) are data

for OD = 150.

For a conventional Hermitian and symmetric BS with
|t10> +rio]* =1, we have ¢, =z If 15> +|r o < 1,
itbecomes a nonunitary BS. For the nonunitary BS, the phase
difference ¢,, can be obtained as (Sec. II of Supplemental
Material [31]):

o= arglt = 1/ + ang | 2E D,

(3)
where & = ¢~I%//40s=i87 and ¢ = 11Q.P1, /73, A is the
single photon detuning of the control laser, y3; is the
dephasing rate, 7, is the temporal length of the input
single photon, and # is the OD of the atomic ensemble.
As shown in Fig. 1(b), there are six possible output states
after the magnon-photon HOM interferometer (Sec. III of
Supplemental Material [31]). Different from the Hermitian
BS, with NHBS, two bosonic particles quantum interference
can have an output state of |1, 1), where bosons behave like
fermions.

As shown in Fig. 1(c), our experimental setup contains
two magneto-optical traps of 8Rb atoms (MOT,, MOT,),
which serve as a heralded single photon source and an
NHBS based on quantum memory, respectively. In MOT,
narrow band photon pairs with a Gaussian temporal
shape are generated via a spontaneous four-wave-mixing
process [34-36]. First, the laser-cooled atoms are optically
pumped to the lowest hyperfine level |5S, ,, F = 2) at the

beginning of each experimental cycle. The OD of the
atomic ensemble is 120 on the transition |55}, F = 2) <>
|SPy 5. F = 3). Then, a pair of counterpropagating pump-
ing laser beams (780 nm, ¢~, 14 yW) and coupling laser
beams (795 nm, ¢, 3 mW) are shone on MOT; with an
angle of 2.75° to the quantization axis. A counterpropagat-
ing entangled photon pair consisting of a Stokes photon and
an anti-Stokes photon (wg; and w,g;) are collected along the
quantization axis. The full width at half maximum of the
temporal waveform is about 100 ns. The conditional second
order self-correlation function gf) for w,g is measured to
be 0.22 + 0.03 with a Hanbury-Brown-Twiss interferom-
eter [37], which indicates an excellent single-photon nature.

MOT, is realized with a typical ElT-based quantum
memory setup [38]. Similar to MOT), the laser-cooled
atoms are initialized to the Zeeman state |5S,,, F = 2,
mp =2) in the experiments. The OD of the atomic
ensemble can be controlled from 30 to 150 on demand.
The control laser is shone on the ensemble with an angle of
1° and a beam waist of 2.3 mm. By manipulating the DSP
through the control laser duration, we could realize not only
the hybrid BS, but also the well-performed reversible
quantum memories [38—41]. Therefore, a single magnon
is prepared by storing a single photon in an EIT-based
quantum memory. The magnon can then be detected after
being converted back into a photon. The measured condi-

tional second order self-correlation function gE,%) for the
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FIG. 3. Hermiticity of the magnon-photon interference. (a) The
measured ¢ with different Az. Red square: ¢,, = 0 with OD =
30 and A = 0 MHz. Blue circle: ¢,, = n/2 with OD = 66 and
A =30 MHz. Black triangle: ¢,, =z with OD = 100 and
A = 60 MHz. The solid lines are the theoretically fitted results.
(b) The measured ¢'® with different ¢,,. The solid line is the
theoretically fitted result. The dashed lines are the classical limit
values. The error bars represent the 1o standard error from five
measurements.

magnon prepared in MOT, is 0.27 4 0.06, which shows
good single particle nature.

The quantum interference experiment runs periodically
with a repetition rate of 150 Hz. In each cycle, the
experimental time window following the MOT loading is
0.5 ms. When a single magnon is prepared, another single
photon w,g;, | produced by MOT arrives at MOT,, and
the quantum interference between the magnon and photon
is implemented by switching on the control laser (Qpy).
During this process, there exist two overlapping DSPs
inside the medium. When part of the DSP leaves the EIT
medium back to photons (the photon output port), the
control laser (Qpg) is switched off and the rest of the DSP is
converted back to pure magnons (the magnon output port).
The outputs are measured separately: the photonic output
port is detected by a single photon counting module while
the magnonic output is detected by switching on the control
laser (€2g) and converting the magnons to photons. The
second order magnon-photon cross-correlation after the
HOM interferometer can thus be measured (Sec. IV of
Supplemental Material [31]):

9P (A7, @) = [1+ 1(A7) cos(h,)]. (4)

where Az represents the time difference between the
magnon and the photon and /(Ar) represents the temporal
envelope overlap ratio. The time difference Az is control-
lable in our experiments by manipulating the parameter
Qps. For ¢@ =2 or 0 and ¢,, =0 or =, the NHBS
dominates by the non-Hermitian or Hermitian nature,
respectively. For ¢g(?) =2, we have the |1,1) magnon-
photon output state, which indicates a fermionlike statistic
interaction between two distinct bosons.

For an ideal HOM interference, /(A7) = 1 is expected
when Az = 0. However, completely overlapping two DSPs
in the EIT medium is challenging. In our work, we could
maximize the overlap by tuning Qg to optimize the
interference contrast. The spatial distribution of the magnon
over the atomic medium is calculated in the storage
process, as shown in Figs. 2(a) and 2(d). We also numeri-
cally simulate the evolution of both DSPs when another
photon enters the EIT medium. As shown in Figs. 2(b) and
2(e), the overlap ratio described by the normalized overlap
integration between two DSPs is determined by the initial
position of the prepared magnon. The above theoretical
results are calculated through the optical Bloch equations
(Eq. S6 in Supplemental Material [31]). The maximum
overlap ratio can be obtained by choosing a proper g in
the storage process. The splitting ratio |#,/r|(|t/r2|) is
controlled by the switching off time of the Qpg. In the
experiment, Qpg is switched off at the center of the two
DSPs, thus |7,/r;| ~ |ry/t,]. As shown in Figs. 2(c) and
2(f), the second order cross-correlation g<2) is measured
with different Qg and different ODs. High interference
contrast can be realized with different ODs by controlling
Qg. The maximum ¢ = 1.75 £0.09 is realized in the
experiment, which is limited by the maximum achievable
overlap ratio.

With |t,> =0.15, |r|> =0.20, |t;]>+ |r|>~0.35,
|6, =0.26, |r,|> =0.22, and |t,|> + |r]* ~ 0.48, we
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FIG. 4. Three-photon interference. (a) Experimental scheme. S is the paired photon source (wg; and w,s;) and NHBS is the quantum
memory based non-Hermitian beam splitter. (b) The theoretically calculated ¢ (A7, Az,) with different time delays Az, and Az,.
(¢) The experimental results of ¢(>) (A7, At,), corresponding to the points signed in (b). The dashed line is the classical limit value. The

error bars in (¢) indicate 1o standard error from five measurements.
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observed the optimal interference contrast. The loss of the
magnon is determined by Qg in the storage process. The
loss of the photon is determined by ¢ in the interference
process. Under these conditions, the non-Hermicity of the
BS can be further tuned by controlling ¢,, from 0 to #
according to Eq. (2). With an acousto-optic modulator, the
detuning A of the control laser can be arbitrarily controlled
and thus change the relative phase ¢,, from 0 to z, which
indicates the transition from a non-Hermitian BS to a
Hermitian BS. This relative phase usually shows no
significant effect on single particle interference but funda-
mentally affects two-particle interference. Here, we exper-
imentally demonstrate that, by tuning the non-Hermicity of
the BS, we can transition the bosonic HOM interference to
the fermionic HOM interference between two bosons. As
shown in Fig. 3, the HOM interference bump and dip are
observed in the experiment with different A. The maximum
¢® = 1.71 of the bump and the minimum ¢® = 0.4 of the
dip are measured, which significantly violate the respective
classical limit of the second order cross-correlation of 0.5
and 1.5 [31,42]. In our experiment, loss is kept stable by
adjusting the resonant OD for different A. Our results agree
well with theoretical simulations and indicate that a
quantum two-particle interference is realized.

We next utilize our NHBS to realize three-photon
interference. When ¢,, = 0, the third-order cross-correla-
tion of three output photons can be described [31] by

gV (A7 Any) = L+ 1(A7)][1 +1(Asy)],  (5)

where Az; and Ar, represent the time difference between
the first-second and second-third photons, respectively.
Three photons sequentially generated from a single photon
source are guided one by one into the quantum memory
based on NHBS, as shown in Fig. 4(a). With ¢,, = 0, three-
photon antibunching effects can be observed in three output
ports [Fig. 4(b)]. In an ideal three-photon NHBS interfer-
ence, the third order cross-correlation function ¢ of
photons in output ports is expected to be 4 while the
classical threshold is 1.5%, see Supplemental Material [31].
As shown in Fig. 4(c), we achieve a maximal ¢©® of 3.36 +
0.35 with Ay = Az, = 0, which shows that multiparticle
interference works in the quantum regime. In this interfer-
ence scheme, a postselected triphoton state of |1, 1, 1) can
be produced in a heralded manner, and it shows a fermion-
like statistic behavior.

In conclusion, we have demonstrated quantum interfer-
ence between nonidentical bosonic particles (a single
magnon and a single photon) using an atomic hybrid BS
with tunable splitting ratio, loss, and non-Hermicity. In our
magnon-photon quantum interferometer, both bosonic
bunching and fermionic antibunching are observed by
controlling the non-Hermicity of the hybrid magnon-
photon beam splitter. Furthermore, multiparticle interfer-
ence that simulates the behavior of three fermions by three

input photons is realized. Our result validates and deepens
the understanding of quantum interference and could
stimulate further experimental and theoretical investiga-
tions of the quantum effects between distinction bosons or
fermions. Our work also unveils the cold atom quantum
memory as a versatile platform, which has the advantages
of a long coherence time, multiple polariton modes, and
fully controllable parameters of the generalized beam
splitter. The cold atom quantum memory has potential
for studying fundamental quantum mechanics and realizing
innovative quantum devices for linear optical quantum
computation, boson sampling, and quantum walk [43-45].
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