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Subnatural-linewidth single photons are of vital importance in quantum optics and quantum information science.
According to previous research, it appears difficult to utilize resonance fluorescence to generate single photons
with subnatural linewidth. Here we propose a universally applicable approach to generate fluorescent single pho-
tons with subnatural linewidth, which can be implemented based on Λ-shape and similar energy structures.
Further, the general condition to obtain fluorescent single photons with subnatural linewidth is revealed.
The single-photon linewidth can be easily manipulated over a broad range by external fields, which can be several
orders of magnitude smaller than the natural linewidth. Our study can be easily implemented in various physical
platforms with current experimental techniques and will significantly facilitate the research on the quantum
nature of resonance fluorescence and the technologies in quantum information science. © 2024 Chinese

Laser Press
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1. INTRODUCTION

Single-photon character of light means a special antibunching
quantum nature indicated by the normalized second-order cor-
relation function g�2��0� � 0, which is of crucial importance in
quantum communications [1,2] and optical quantum comput-
ing [3,4]. It is a requirement for a single-photon source and
may be required for single modes of a multiphoton source,
e.g., an entangled two-photon source. Fortunately, the simple
resonance fluorescence from a single emitter, including atoms
[5,6] and various atom-like systems [7–9], satisfies the perfect
single-photon character. Naturally, fluorescent photons have
always been a fundamental element in the fields of quantum
optics, photonics, and quantum information science.

The conversion of the quantum state between flying pho-
tonic and stationary qubits is the basic physical process for
quantum information storage and processing and is therefore
crucial for long-distance quantum communications [10] and
quantum networks [11,12]. To achieve efficient interfaces be-
tween photons and atoms, the photons are required to have a
bandwidth smaller than the linewidth of atomic transitions
[13–16]. In recent years, research on subnatural-linewidth pho-
tons based on atoms and quantum dots has received tremen-
dous attention and gained significant progress [13,15–20].

However, it was recently demonstrated in Refs. [21–23] that
for the resonance fluorescence from a two-level system, a single-
photon character and subnatural linewidth cannot be satisfied
simultaneously, which means that fluorescent single photons

cannot have subnatural linewidth. These studies reveal a pre-
viously neglected point that the individual spectral analyzer or
interferometer can only measure the properties of main fluo-
rescent components but cannot faithfully reflect the nature
of fluorescent single photons. Alternatively, the measurement
scheme of adding a filter in front of the Hanbury Brown–
Twiss (HBT) setup can be used to estimate the linewidth of
single photons. According to Refs. [21–23], the perfect sin-
gle-photon character of fluorescence can account for the de-
structive interference between the coherent and incoherent
components. It is demonstrated that the spectral filtering with
a bandwidth approaching the natural linewidth of emitter can
significantly spoil the single-photon character of fluorescence
due to the partial loss in the incoherent component. When
most fluorescent components are focused on an ultranarrow
coherent peak [16,17], the conclusions above remain valid
[21–23], which can be demonstrated by the destruction of a
single-photon response on the detector. Consequently, the line-
width of fluorescent single photons appears to be limited by the
natural linewidth of an emitter. A natural question is whether it
is possible to generate subnatural-linewidth single photons
based on resonance fluorescence.

Here, we propose a universally applicable approach to gen-
erate single photons with subnatural linewidth using an atom or
atom-like system. Specifically, we introduce a quantum emitter
with a long-period transition loop, as shown in Fig. 1(a). We
find that all the spectral components of fluorescence radiated by
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the emitter can be focused on a bandwidth that is smaller than
the natural linewidth. Therefore, subnatural-linewidth single
photons are achieved. Besides, the linewidth of single photons
can be easily manipulated over a broad range by varying the
intensities of external fields. Thereby, the single-photon line-
width several orders of magnitude smaller than the natural
linewidth can also be readily obtained. Noteworthily, we also
reveal the general condition to generate single photons with
subnatural linewidth utilizing an atom or atom-like system that
is the successive emission process of the target single photons
totally dominated by the transition loop with a metastable state.
This condition can be satisfied in various physical systems with
Λ-shape and similar energy structures, which exhibits the high
experimental feasibility of our proposed approach.

2. SUBNATURAL-LINEWIDTH SINGLE PHOTONS

A. Emitter and Detector Model
As shown in Fig. 1(a), a closed Λ-shape system is considered as
the quantum emitter, where the transition jgi↔jei is driven by
a laser field F1, and the transition jgi↔jai is driven by another
coherent field F2. A transition loop composed of the transitions
jgi → jei !emissionjai and jai → jgi is constructed in the emitter
by these two external fields. The fluorescence from the transi-
tion jei → jai is collected by the detector, which comprises a
standard HBT setup and a spectral filter inserted between the
emitter and the HBT setup. The detector is used to test
whether subnatural-linewidth single photons are generated
[21,23]. In the rotating frame at the driving frequencies, the
Hamiltonian of the system consisting of the emitter and detec-
tor shown in Fig. 1(a) is given by

H � Δeσee � Δaσaa � Δs s†s

� �Ωσeg �Ωrσga � gσeas �H:c�: (1)

Here the detector is modeled by a quantized harmonic oscil-
lator with bosonic annihilation operator s. Δe and Δa (Δs)

represent the frequency detunings between the transitions
jgi↔jei and jgi↔jai (detector) and the external fields.
Without loss of generality, we set Δe � Δa � Δs � 0 for sim-
plicity.Ω andΩr , respectively, represent the Rabi frequencies of
the external fields F1 and F2. g is the coupling coefficient be-
tween the detector and the detected transition jei → jai.
Therefore, the evolution of the combined system composed
of the emitter and detector is governed by the master equation

_ρ � −i�H , ρ� � γ1D�σge �ρ� γ2D�σae �ρ� κD�s�ρ, (2)

where D�o�ρ ≡ oρo† − 1
2
ρo†o − 1

2
o†oρ is the Lindblad superoper-

ator. γ1 and γ2 represent the natural linewidths of the decays
jei → jgi and jei → jai, respectively. The detection bandwidth
κ and its inverse reflect the frequency and time resolutions of
detector, respectively, so that the constraints imposed by the
uncertainty principle on the detection process are included
in a self-consistent way.

B. Effective Level System of the Emitter
In the limit of the vanishing coupling between the emitter and
detector (i.e., g → 0), the detector can be regarded as a passive
object [22,24]. Therefore, it is beneficial to study the nature of
the emitter before considering the detection response for this
quantum source. In the weak excitation regime of the emitter
(i.e., Ω,Ωr ≪ γ1, γ2), the evolution rate of the excited state is
much greater than that of the ground states. Therefore, the ex-
cited state can be adiabatically eliminated, which induces effec-
tive decays between the ground states, i.e.,

Leffρg � γ�1D�σgg �ρg � γ�2D�σag �ρg : (3)

The first term denotes the dephasing of the state jgi, and the
second term denotes the effective decay jgi → jai (see
Appendix A for details). The effective linewidths satisfy

γ�i � 4γijΩj2
�γ1 � γ2�2

, (4)

with i � 1, 2, which can be reduced to γ� � jΩj2∕γ with
γ1 � γ2 � γ.

Therefore, the emitter in Fig. 1(a) can be regarded as an
effective two-level system driven by a coherent field, as shown
in Fig. 1(b). The effective decay jgi → jai corresponds to a
two-photon process in the original level system, where the
emitter absorbs the first photon by the transition jgi → jei
driven by the laser, and subsequently emits the second photon
by the spontaneous decay jei → jai. Remarkably, different
from the normal two-level system, the linewidth of the effective
two-level system is determined by the ratio of the laser intensity
to the emitter’s natural linewidth and thus can be set artificially.

C. Spectral Property of Fluorescent Photons
The intensity of fluorescence from the transition jei → jai
in the steady-state limit is determined by the steady-state
population of the excited state hσeei � 2Ω2Ω2

r ∕�Ω4 �
2Ω2

r �2γ2 �Ω2 � 2Ω2
r �� (see Appendix B). The corre-

sponding fluorescence spectrum is described by Sea�ωs� �
γ2Re

R
∞
0 dτlimt→∞hσea�t�σae�t � τ�ieiωsτ, where ωs � ω − ωL

denotes the fluorescence frequency in the rotating frame at
the driving frequency ωL. One can see from Figs. 2(a)–2(c) that

Fig. 1. (a) Schematic diagram of the emitter and the detection
setup. On the left is a Λ-shape emitter including ground states jgi
and jai, and excited state jei. The transitions jgi↔jei and jgi↔jai are
driven by the external fields F1 and F2, respectively. Fluorescent pho-
tons emitted from the transition jei → jai are collected by an HBT
setup. Moreover, a spectral filter (SF) is inserted between the emitter
and the HBT setup, and thus the filtering frequency and bandwidth
determine the detection frequency and bandwidth, respectively.
(b) Schematic diagram of the effective level system of the emitter
in (a) in the weak excitation regime.
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different spectral structures are exhibited for different Rabi
frequencies Ωr , which can be understood through the effective
two-level system shown in Fig. 1(b). As mentioned above, the
effective decay jgi → jai corresponds to the two-photon pro-
cess composed of the transition jgi → jei driven by laser and
the spontaneous decay jei → jai. It can be seen that the param-
eters adopted in Figs. 2(a) and 2(c) correspond to the effective
weak excitation regime, i.e., Ωr ≪ γ�. Therefore, the fluores-
cence spectrum of the effective decay jgi → jai exhibits a
single-peak structure, whose spectral width is determined by
the effective linewidth γ�. Because the laser frequency is con-
stant, the transition jei → jai exhibits the same spectral struc-
ture as that in the effective decay jgi → jai (see Appendix C
for details).

Similarly, the parameters adopted in Fig. 2(b) correspond to
the effective strong excitation regime, i.e., Ωr ≫ γ�. Therefore,
the fluorescence spectrum of the effective decay jgi → jai
exhibits a Mollow-like triplet [25,26], where the spectral widths
of the three peaks depend on γ� and the two side peaks
are located at ωL 	 2Ωr (the proof is in Appendix C).
Accordingly, the transition jei → jai in the original three-level
system exhibits the same Mollow-like triplet (see Appendix C
for details). Note that all of the fluorescent components are al-
most focused on a bandwidth determined by the effective line-
width γ� and the sidebands in ωL 	 2Ωr . This bandwidth is
smaller than the natural linewidth of the emitter and can even
be narrowed arbitrarily by reducing the intensities of the two
external fields, as shown in Fig. 2(c).

D. Statistical Property of Fluorescent Photons
The statistical property of the fluorescence emitted by the
transition jei → jai can be reflected by the normalized

second-order correlation g �2�ea �τ� � limt→∞hσea�t�σea�t � τ� ·
σae�t � τ�σae�t�i∕hσee�t�i2, as shown in Fig. 2(d). It reveals
that the correlation g �2�ea �τ� remains a value very close to zero
even when the delay τ is significantly larger than the lifetime of
the emitter. In contrast, the normalized second-order correla-
tion function of the two-level system increases rapidly as the
delay increases. This feature of the correlation function can
be understood according to the transition loop indicated in
Fig. 1(a). The emitter is driven from the ground state jgi to
the excited state jei, and then enters into the ground state
jai after emitting the first photon from the spontaneous decay
jei → jai. The transitions above can be equivalent to the decay
in the effective two-level system, and the corresponding decay
rate is determined by γ�. After a long time determined by Ωr,
the emitter is driven from state jai to state jgi. Subsequently,
the emitter can be excited again by the laser and then emit the
second target photon. Consequently, it is understandable that
the correlation function g �2�ea �τ� remains zero for a long delay
whose duration is determined by the effective decay rate γ�

and the Rabi frequency Ωr (the proof is in Appendix D).

E. Detection Response
The single-photon character is the global property of fluores-
cence including all spectral components. According to
Refs. [21,23], a single-photon character can be maintained
when detected only if the bandwidth of the detector (or filter)
is much larger than the linewidth of the fluorescent single pho-
tons, thus including the dominant fluorescent components.
Therefore, to verify the realization of the subnatural linewidth
single photons, we consider the response of the fluorescence
from transition jei → jai on the detector with a certain band-
width, which can be described by the zero-delay two-photon
correlation [24]

g�2�s �0� � lim
t→∞

hs†�t�s†�t�s�t�s�t�i
hs†�t�s�t�i2 : (5)

In Fig. 3, we show the correlation g �2�s �0� as a function of the
detection bandwidth and the intensities of the external fields. It
reveals that when the detection bandwidth approaches the
natural linewidth of the emitter, an excellent single-photon
response for the fluorescence can appear on the detector,

Fig. 2. Fluorescence spectrum (incoherent component) for the tran-
sition jei↔jai with Ω � 1∕

ffiffiffiffiffi
10

p
γ, Ωr� 10−2γ in (a), Ω � 5 × 10−2γ,

Ωr� 10−2γ in (b), and Ω� 10−2γ, Ωr� 10−5γ in (c), respectively.
(d) Normalized second-order correlation of the transition jei → jai
as a function of delay τ. The red solid line, blue dashed line, and green
dot line correspond to the cases in (a)–(c), respectively. As a contrast,
normalized second-order correlation of two-level system in the weak
excitation regime is shown by black open circles.

Fig. 3. Normalized two-photon correlations of the detector for the
transition jei → jai (a) as a function of κ and Ω with Ωr � Ω, and
(b) as a function of κ (κ∕γ�), with Ω� 10−1γ and thus γ� � 10−2γ.
Normalized two-photon correlation of the detector for the two-level
system in the weak excitation regime is shown as a contrast (black open
circles).
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i.e., g�2�s �0� → 0. In contrast, for the fluorescence from a nor-
mal two-level system in the weak excitation regime where the
main fluorescent components are focused on an ultranarrow
coherent peak, the two-photon correlation on the detector de-
viates significantly from zero at the same bandwidth, as shown
in Fig. 3(b), implying the destruction of the single-photon
character of fluorescence [21–23]. According to the earlier dis-
cussion on the spectral and statistical properties of the fluores-
cence from transition jei → jai, the physical origin of the
excellent single-photon response on the detector can be under-
stood. In the weak excitation regime, almost all the spectral
components of fluorescence are concentrated on a bandwidth
that is significantly smaller than the natural linewidth of the
emitter. Therefore, when the detection bandwidth approaches
the natural linewidth of the emitter, all spectral components of
the fluorescence are proportionally responded to by the detec-
tor. Accordingly, the perfect single-photon character of the fluo-
rescence is well preserved. In turn, the excellent single-photon
response for the quantum source on the detector also confirms
the previous conclusion that the dominant components of fluo-
rescence are concentrated on a bandwidth significantly smaller
than the natural linewidth of the emitter.

Besides, one can see in Fig. 3(a) that even if the detector
bandwidth is much smaller than the natural linewidth of the
emitter (i.e., κ ≪ γ), the excellent single-photon response on
the detector can still be maintained by manipulating the exter-
nal fields. Therefore, it can be concluded that the subnatural-
linewidth single photons are achieved. Moreover, the linewidth
of the single photons can be manipulated easily by adjusting the
intensities of external coherent fields, which dramatically facil-
itates the experimental implementation of this single-photon
scheme, and has potential applications in extensive quantum
technology fields.

The detection response can also be understood based on the
effective level system. For a normal two-level system, when the
detection bandwidth is smaller than or approaches the natural
linewidth, the destructive interference between the coherent
and incoherent components of the fluorescence is destroyed be-
cause a fraction of the incoherent component is removed by
filtering [21–23]. Consequently, the single-photon character
is spoiled. Similarly, when the detection bandwidth κ is smaller
than or approaches the effective linewidth γ� of the effective
level system shown in Fig. 1(b), the single-photon character
of the fluorescence is spoiled, as shown in Fig. 3(b).
According to the earlier discussion, we can infer that only when
κ ≫ γ� � 4Ωr can the single-photon character be maintained.

In addition, according to the effective level system shown in
Fig. 1(b), we see that when Ωr ∼ γ� or Ωr ≫ γ�, the re-exci-
tation rate of the state jgi approaches or exceeds the decay rate
γ� at which the photon is emitted by the effective decay
jgi → jai. Therefore, the emitted photons, which are actually
the photons from the decay jei → jai, exhibit a clustered tem-
poral distribution [i.e., g �2�ea �τ� > 1], as shown by Fig. 6(b) in
Appendix D. Since the second-order correlation g �2�ea �τ� of the
emitter’s transition is linked to the two-photon correlation
g �2�s �0� on the detector, this temporal effect of photons is
detected for a proper detection bandwidth, resulting in a

bunching effect in the detector [i.e., g �2�s �0� > 1], as shown
by the red solid line in Fig. 3(b) (see Appendix D for details).

3. GENERAL CONDITION FOR GENERATING
SUBNATURAL-LINEWIDTH SINGLE PHOTONS

According to Fig. 1(a), we can see that a long-period transition

loop composed of the transitions jgi → jei !emissionjai and
jai → jgi exists in the emitter and dominates the successive
emissions from the transition jei → jai. Specifically, the emit-
ter in the excited state jei emits the first photon from the
transition jei → jai and enters into the state jai. Next, the
emitter is driven to the state jgi by the coherent field F2,
and then is driven to the excited state jei by the laser field
F1. Subsequently, the second photon from the transition
jei → jai is emitted. Noteworthily, this transition loop totally
dominates the successive emissions from the transition
jei → jai because the probabilities of the other transition loops
are negligible. In addition, due to Ωr ≪ γ, the state jai is the
metastable state or the so-called shelving state [27–30], which
can remain for a time much longer than the lifetime of the ex-
cited state. Therefore, the time interval between two successive
photons from the transition jei → jai is sufficiently long com-
pared to the lifetime of the emitter.

According to the Heisenberg uncertainty principle, when
the detection bandwidth κ is smaller than the natural linewidth
of the emitter, the indeterminacy in the time resolution of de-
tection 1∕κ is larger than the natural lifetime of the emitter.
Within a large delay determined by indeterminacy 1∕κ, the
normalized probability of reemission from the transition
jei → jai can remain very close to zero, as shown in Fig. 2(c),
so an excellent single-photon response arises on the detector
with a narrow bandwidth.

It is the direct indication of the subnatural-linewidth single
photons to induce an excellent single-photon response on the
detector with a bandwidth approaching or smaller than the
natural linewidth of emitter. In terms of time, the detection
bandwidth κ corresponds to the indeterminacy 1∕κ in time,
and then the decrease of single-photon linewidth means the
increase of the average time interval between single photons.
In fact, in the spectrum of fluorescence (i.e., fluorescent single
photons), the contributions of multiple transition loops may be
included. Among them, the transition loops without a meta-
stable state would contribute to broad spectral components,
leading to the broad linewidth of single photons. Therefore,
we can conclude that the general condition for generating sub-
natural-linewidth single photons is that the successive emission
process of the target photons is totally dominated by the tran-
sition loop with a metastable state. The validity of this condi-
tion is comprehensible by means of the detection response and
can be verified by the various emitter systems shown in
Appendices F and G.

4. SINGLE-PHOTON EMISSION RATE

A. Limit of Single-Photon Emission Rate
The linewidth of a single-photon wavepacket corresponds to
its frequency distribution range Δω. According to the uncer-
tainty relation ΔωΔt ≥ 1, the time distribution range of the
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single-photon wavepacket satisfies Δt ≥ 1∕Δω. This means
that if all the frequency components of a single photon are con-
centrated within a width Δω, at most one photon can exist
within the time range 1∕Δω. Therefore, for a field satisfying
single-photon statistics, the number of photons per unit time
must satisfy

I s ≡
1

Δt
≤ Δω: (6)

According to Eq. (6), the single-photon linewidth determines
the upper limit of the single-photon emission rate. Therefore,
when the single-photon linewidth is small, the single-photon
emission rate of the emitter would inevitably be small, regard-
less of the type of emitter.

B. Emission Rate of Subnatural-Linewidth Single
Photons
To analyze the emission rate of the subnatural-linewidth single
photons, we first consider the normal two-level system for
comparison. A two-level system is the most general fluorescence
emitter, whose single-photon emission rate can be expressed as

ITLS � Γ
4Ω2

T

Γ2 � 8Ω2
T
, (7)

where Γ and ΩT denote the natural linewidth of the two-level
system and the Rabi frequency of the laser field, respectively. In
the weak excitation regime (i.e., ΩT ≪ Γ), the single-photon
emission rate is

ITLS �
4Ω2

T

Γ
≪ Γ: (8)

With an increase in ΩT , the single-photon emission rate in-
creases and gradually approaches Γ. In the strong excitation re-
gime (i.e., ΩT ≫ Γ), the single-photon emission rate reaches
the maximum value

ITLS �
Γ
2
, (9)

which is determined by the natural linewidth Γ.
Moreover, we know that whenΩT ∼ Γ, the sidebands in the

fluorescence are not resolved, and thus, the bandwidth of all
fluorescent components (i.e., the linewidth of fluorescent single
photons) is approximately equal to the natural linewidth Γ. As
shown by the blue dashed line in Fig. 4, the single-photon
emission rate also approaches Γ when ΩT ∼ Γ. Therefore,
we can conclude that for the two-level emitter, the single-
photon emission rate can almost reach the upper limit deter-
mined by the single-photon linewidth according to Eq. (6).

For the emitter shown in Fig. 1(a), the emission rate
IN � γ2hσeei of the subnatural-linewidth single photons can
be obtained as (see Appendix B)

IN � γ
2Ω2Ω2

r

Ω4 � 2Ω2
r �2γ2 �Ω2 � 2Ω2

r �
: (10)

For the weak excitation regime we focus on, i.e., Ω,Ωr ≪ γ,
one can understand the emission rate of the subnatural-
linewidth single photons by means of the effective two-level
system similar to that in the previous sections. Specifically,
Eq. (10) can be reduced to a function of the effective linewidth
γ� and the Rabi frequency Ωr to get

IN � γ�
2Ω2

r

γ�2 � 4Ω2
r
: (11)

Further, in the effective weak excitation regime
(i.e., Ωr ≪ r�), the single-photon emission rate is

IN � 2Ω2
r

γ�
≪ γ�: (12)

In the effective strong excitation regime (i.e., Ωr ≫ γ�), the
single-photon emission rate reaches the maximum value

IN � γ�

2
, (13)

which is determined by the effective linewidth γ�.
One can deduce from Eqs. (11)–(13) and Fig. 4 that the

rules followed by the emission rate of the subnatural-linewidth
single photons are very similar to that in the two-level system,
except that the natural linewidth Γ and the Rabi frequency ΩT
are replaced by the effective linewidth γ� and the Rabi fre-
quency Ωr. Measured in terms of the actual single-photon
linewidth (i.e., providing γ� � Γ), the emitter of subnatural-
linewidth single photons we propose has almost the same
emission rate as the most general two-level emitter. For a visual
demonstration, we show the ratio IN∕ITLS as a function of
the Rabi frequency in the inset of Fig. 4. It reveals that in
the (effective) weak excitation regime, the emission rate of the
subnatural-linewidth single photons can reach half of that of
the two-level emitter. As the Rabi frequency increases, the emis-
sion rate of the subnatural-linewidth single photons gradually
reaches the maximum value as that in two-level emitter, as dem-
onstrated in Eqs. (9) and (13).

Significantly, similar to the case in the two-level emitter, the
sidebands of the fluorescence are not resolved when Ωr ∼ γ�,
and thus the linewidth of fluorescent single photons is largely
determined by the effective linewidth γ�. Besides, the single-
photon emission rate also approaches γ� when Ωr ∼ γ�, as
shown by the red solid line in the region with blue back-
ground in Fig. 4. Therefore, we can conclude that for the
subnatural-linewidth single photons we propose, the emission
rate can almost reach the upper limit determined by its single-
photon linewidth γ�, according to Eq. (6). Moreover, since

Fig. 4. Emission rates of the subnatural-linewidth single photons
(red solid line) and two-level system (blue dashed line) as functions
of the Rabi frequencies Ωr and ΩT , respectively. In the region with
the blue background, the emission rate of the subnatural-linewidth
single photons almost reaches the upper limit. The inset shows the
ratio of these two single-photon emission rates, providing γ� � Γ.
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γ� � jΩj2∕γ is determined by the intensity of the external
field, the performance of single photons can be conveniently
manipulated while maintaining the maximum emission rate.

The constraint between the single-photon linewidth and the
emission rate can be understood in terms of the uncertainty
principle followed by single-photon wave packets, as described
in Section 4.A. Besides, this constraint also exhibits in the de-
tection process. The narrow bandwidth κ of the detector means
a long response time 1∕κ. For multiple incident photons occur-
ring within this response time, the detector cannot distinguish
the order of these photons, but consider that they are simulta-
neously incident. Therefore, to ensure the single-photon
response on the detector with a narrow bandwidth, the average
time interval of successive single photons should be much
longer than the response time of the detector, which limits
the number of photons per unit time.

5. PHYSICAL REALIZATION AND DISCUSSION

Various emitters with Λ or Λ-like structures can be used to
generate single photons with subnatural linewidth. For in-
stance, as a system extensively investigated and employed in
quantum technologies [31–33], the single 87Rb atom loaded
into an optical dipole trap is suitable for the implementation
of our proposed approach. Specifically, the closed hyperfine
transition Fg � 1 → Fe � 0 of the D2 line of 87Rb is driven
by a circularly polarized light resonantly, and the transitions
between the ground-state Zeeman sublevels are simultaneously
driven by the magnetic field perpendicular to the direction of
light propagation. Therefore, single photons with subnatural
linewidth can be emitted (see Appendix F for details). In ad-
dition, our approach can be implemented based on the Λ-level
structure contained in the charged GaAs and InGaAs quantum
dots in a Voigt magnetic field [34,35], where a transition be-
tween an electron-spin ground state (j↑i or j↓i) and trion ex-
cited state (j↓↑⇑i or j↓↑⇓i) can be driven by a laser resonantly,
and the coherent transition between electron-spin ground states
can be realized by a magnetic field or a stimulated Raman pro-
cess. Both the frequencies and polarizations of the target single
photons and the driving field can be different in our approach.
Therefore, based on the frequency and polarization filtering,
as well as the existing experimental techniques [36], the laser
background can be excluded efficiently to improve the quality
of the single photons.

Noteworthily, the reduction of the linewidth of subnatural-
linewidth single photons is relative to the natural linewidth of a
given emitter. According to the general condition for generating
subnatural-linewidth single photons, our study can be readily
implemented based on various physical systems (e.g., atom,
quantum dot, ion, molecule, and nitrogen-vacancy center),
whose natural linewidths vary over a wide range from MHz
to THz [37]. Therefore, the specific linewidth and emission
rate of the subnatural-linewidth single photons, which depend
on the specific kind of emitter, also vary over wide ranges. For
instance, with the parameters shown in Fig. 2(a), subnatural-
linewidth single photons with a bandwidth of 1/10 natural
linewidth are generated. In this case, if the single-photon
scheme is implemented based on a quantum dot with a typical
natural linewidth on the order of GHz, the linewidth and thus

emission rate of the subnatural-linewidth single photon will be
about 100 MHz, which are significantly larger than the line-
width and emission rate of the single photons emitted by an
atom with a typical natural linewidth on the order of MHz.
Therefore, we can conclude that “subnatural linewidth” does
not denote “narrow linewidth”, but rather breaks the limit im-
posed by natural linewidth on the linewidth of fluorescent sin-
gle photons. In practice, subnatural-linewidth single photons
may have a large linewidth and emission rate.

6. SUMMARY

We propose an approach to focus all the spectral components of
fluorescence on the subnatural linewidth, and thus the single
photons with subnatural linewidth can be emitted under the
premise of inheriting the perfect single-photon character of
fluorescence. Thereby, the limit imposed by the natural line-
width of the emitter’s transition on the linewidth of fluorescent
single photons is broken. Compared to the constant natural
linewidth of an emitter, the single-photon linewidth can be
easily manipulated over a broad range by varying the intensities
of the external fields. Further, we reveal that the general con-
dition to generate single photons with subnatural linewidth us-
ing the atom or atom-like system is that the successive emission
process of the target photons is totally dominated by the tran-
sition loop with a metastable state. Benefiting from this
revelation, this proposed approach can be generalized in various
physical systems with Λ-shape and similar energy structures.
Since the distribution of single-photon wave packets in time
and frequency must satisfy the uncertainty relation, the upper
limit of the emission rate imposed by the single-photon line-
width is inevitable, both for the conventional single photons
and for the subnatural-linewidth single photons. However, we
demonstrate that the emission rate of the subnatural-linewidth
single photons can reach its theoretical upper limit.

In addition, the single photons with a narrow or even ultra-
narrow linewidth, which have a long coherence time, can also
be obtained by reducing the intensities of external fields. For
the excellent tunability of the single-photon linewidth and
emission rate, it is possible to find the best trade-off between
these parameters according to the requirement in a specific sit-
uation. Consequently, we see that the capability to manipulate
the linewidth and emission rate of single photons in various
atomic and atom-like systems can be significantly enhanced
based on our research. This research will significantly facilitate
the insight into the quantum nature of single photons and res-
onance fluorescence, and has extensive applications in quantum
optics, photonics, and quantum technologies due to the out-
standing performance of subnatural and narrow linewidth sin-
gle photons.

APPENDIX A: EFFECTIVE MOTION EQUATION

In the limit of the vanishing coupling between the emitter
and detector, the detector is included as a passive object in the
motion equation [Eq. (2)], and its backaction on the emitter is
neglected. Therefore, we can separately solve and discuss the
motion equation describing the evolution of the emitter,
that is,
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_ρσ � −i�HA, ρσ � � γ1D�σge �ρσ � γ2D�σae �ρσ , (A1)

where HA � Ωσeg � Ωrσga �H:c is the Hamiltonian of the
emitter, and ρσ represents the reduced density matrix of the
emitter. Moreover, in the weak excitation regime of the emitter
(i.e., Ω,Ωr ≪ γ1, γ2), the excited state can be adiabatically
eliminated using the second-order perturbation theory.
Specifically, the motion equations associated with the excited
state are

_ρee � −

�
γ1
2
� γ2

2

�
ρee − iΩρge � iρegΩ�,

_ρeg � −

�
γ1
2
� γ2

2

�
ρeg � iΩρee − iΩρgg � iρeaΩr ,

_ρea � −

�
γ1
2
� γ2

2

�
ρea − iΩρga � iρegΩ�

r , (A2)

where ρmn � hσnmi with m, n � g , a, e. Setting the left side of
the equal sign of Eq. (A2) to zero to discard the rapid evolution
effect, we can therefore deduce that

ρge�t� ≈
2iΩ�

γ1 � γ2
ρgg�t�,

ρae�t� ≈
2iΩ�

γ1 � γ2
ρag�t�,

ρee�t� ≈
4jΩj2

�γ1 � γ2�2
ρgg�t�: (A3)

The motion equations of the ground states are

_ρgg � γ1ρee � iΩρge � iΩrρga − iΩ�ρeg − iΩ�
r ρag ,

_ρaa � γ2ρee − iΩrρga � iΩ�
r ρag ,

_ρga � −iΩ�ρea − iΩ�
r ρaa � iΩ�

r ρgg : (A4)

Substituting Eqs. (A3) into (A4), we obtain the motion equa-
tions containing only the degrees of freedom of the ground
states, which can be equivalently written in Lindblad form as

_ρg � −i�HT , ρg � � Leffρg , (A5)

with Hamiltonian HT � Ωrσga �H:c and the term Leffρg de-
noting the effective decays obtained from the adiabatic elimina-
tion of the excited state Leffρg � γ�1D�σgg �ρg � γ�2D�σag �ρg .
Effective linewidths satisfy γ�i � 4γijΩj2∕�γ1 � γ2�2 with
i � 1, 2.

APPENDIX B: STEADY-STATE SOLUTION
OF THE EMITTER

By solving Eq. (A1) under steady-state conditions, we get
the analytical solutions of the density matrix elements of the
emitter as

ρ̃gg �
Ω2

r �2γ2 �Ω2 � 2Ω2
r �

M
,

ρ̃aa �
Ω4 �Ω2

r �2γ2 − Ω2 � 2Ω2
r �

M
,

ρ̃ee �
2Ω2Ω2

r

M
, ρ̃ge �

2iγΩΩ2
r

M
,

ρ̃ae �
−Ω3Ωr � 2ΩΩ3

r

M
, ρ̃ga �

−iγΩ2Ωr

M
, (B1)

where M � Ω4 � 2Ω2
r �2γ2 � Ω2 � 2Ω2

r �. Note that we as-
sume γ1 � γ2 � γ for simplicity. It can be seen that when
the coherent field F2 is removed, the state jai becomes a dark
state on which all the populations are focused.

APPENDIX C: DETAILED SOLUTION TO THE
SINGLE-PHOTON SPECTRUM

The steady-state fluorescence spectrum for the transition
jei → jai in the far-field zone is given by

Sea�ωs� � γ2Re

Z
∞

0

dτ lim
t→∞

hσea�t�σae�t � τ�ieiωsτ, (C1)

with ωs � ω − ωL. According to the quantum regression theo-
rem [38,39], the evolution of hσea�t�σmn�t � τ�i with τ and the
evolution of the density matrix element ρnm�t� of the emitter with
t obey the same equation. Therefore, according to the master
[Eq. (A1)] and the definition Y mn�τ� ≡ hσea�t�σmn�t � τ�i,
we can obtain

∂τY gg�τ� � γ1Y ee�τ� � iΩY eg�τ� − iΩ�Y ge�τ�
� iΩrY ag�τ� − iΩ�

r Y ga�τ�,
∂τY ag�τ� � −iΩ�

r Y aa�τ� − iΩ�Y ae�τ� � iΩ�
r Y gg�τ�,

∂τY eg�τ� � −

�
γ1
2
� γ2

2

�
Y eg�τ� − iΩ�Y ee�τ�

� iΩ�Y gg�τ� − iΩ�
r Y ea�τ�,

∂τY ga�τ� � iΩY ea�τ� � iΩrY aa�τ� − iΩrY gg�τ�,
∂τY aa�τ� � γ2Y ee�τ� − iΩrY ag�τ� � iΩ�

r Y ga�τ�,

∂τY ea�τ� � −

�
γ1
2
� γ2

2

�
Y ea�τ� � iΩ�Y ga�τ� − iΩrY eg�τ�,

∂τY ge�τ� � −

�
γ1
2
� γ2

2

�
Y ge�τ� � iΩY ee�τ�

− iΩY gg�τ� � iΩrY ae�τ�,

∂τY ae�τ� � −

�
γ1
2
� γ2

2

�
Y ae�τ� − iΩY ag�τ� � iΩ�

r Y ge�τ�,

∂τY ee�τ� � −�γ1 � γ2�Y ee�τ� − iΩY eg�τ� � iΩ�Y ge�τ�: (C2)
Due to Y mn�0� � hσea�t�σmn�t�i, we obtain the nonzero
initial values of Y mn�0� in the limit t → ∞ as

Y ag�0� � ρ̃ge , Y aa�0� � ρ̃ae , Y ae�0� � ρ̃ee , (C3)

where ρ̃nm is the steady-state density matrix element in
Eq. (B1). We next introduce the Laplace transform of the cor-
relation Y mn�τ� as

Y mn�s� ≡
Z

∞

0

dτY mn�τ�e−sτ, (C4)

with s � −iωs. By performing the Laplace transform on
Eq. (C2), we can obtain a set of linear equations about Y mn�s�.
Based on this set of equations and Eq. (C1), the solution of the
steady-state fluorescence spectrum can be obtained.

Consistent with the discussion in the main text, we focus on
the weak excitation regime, i.e.,Ω,Ωr ≪ γ1, γ2. In the effective
weak excitation regime (i.e., Ωr ≪ γ�), the analytical expres-
sion of the fluorescence spectrum can be obtained by the
perturbation method as
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Sewea �ωs� � Sewc �ωs� � Sewn �ωs� � Sewb �ωs�: (C5)

Here Sewc �ωs� represents the coherent component of the fluo-
rescence and is given by

Sewc �ωs� � γjρ̃aej2δ�ωs�: (C6)

Sewn �ωs� represents the incoherent component with a narrow
linewidth of the fluorescence and is given by

Sewn �ωs� �
−iρ̃geΩ2 � ρ̃aeγΩr

Ω
γ�

ω2
s � γ�2

: (C7)

Sewb �ωs� represents the incoherent component with a broad
linewidth of the fluorescence and is given by

Sewb �ωs� � −ρ̃aeΩΩr
1

ω2
s � γ2

−
2iρ̃geΩ3

γ

γ2 − ω2
s

�γ2 � ω2
s �2

: (C8)

It can be obtained that the ratio between the intensities
of the incoherent components with broad and narrow line-
widths is R

∞
∞dωsSewbR∞
∞dωsSewn

� Ω2

γ2
, (C9)

which is much less than 1. Therefore, the incoherent compo-
nent with a broad linewidth is ignorable, and the analytical ex-
pression of the fluorescence spectrum is reduced as

Sewea �ωs� � Sewc �ωs� � Sewn �ωs�, (C10)

which is in good agreement with the exact numerical result ac-
cording to Figs. 5(a) and 5(c). We see that the fluorescence
spectrum exhibits a single-peak structure whose spectral width
determined by γ� is significantly smaller than the natural line-
width of the emitter γ.

In the effective strong excitation regime (i.e., Ωr ≫ γ�), the
analytical expression of the fluorescence spectrum can be ob-
tained as

Sesea�ωs� � Sesc �ωs� � Sesn �ωs� � Sesb �ωs�: (C11)

Here Sesc �ωs� represents the coherent component of the fluo-
rescence and is given by

Sesc �ωs� � γjρ̃aej2δ�ωs�: (C12)

Sesn �ωs� represents the incoherent component with a narrow
linewidth of the fluorescence and is given by

Sesn �ωs� � −
i
4
ρ̃geΩ

�
2γ�

ω2
s � γ�2

� γ�

�ωs − 2Ωr�2 � γ�2

� γ�

�ωs � 2Ωr�2 � γ�2

�
: (C13)

Sesb �ωs� represents the incoherent component with a broad line-
width and is given by

Sesb �ωs� � −ρ̃aeΩΩr
1

ω2
s � γ2

: (C14)

It can also be obtained that the ratio between the intensities
of the incoherent components with broad and narrow line-
widths is R∞

∞dωsSesbR
∞
∞dωsSesn

� Ω2 − 2Ω2
r

2γ2
, (C15)

which is much less than 1. Therefore, the incoherent compo-
nent with a broad linewidth is ignorable, and the analytical ex-
pression of the fluorescence spectrum is reduced to

Sesea�ωs� � Sesc �ωs� � Sesn �ωs�, (C16)

which is in good agreement with the exact numerical result ac-
cording to Fig. 5(b). We see that the fluorescence spectrum
exhibits a Mollow-like triplet [25,26]. The spectral width of
each peak also depends on the effective linewidth γ�, and thus
is smaller than the natural linewidth γ of the emitter. Moreover,
since the two sidebands arise at frequencies ωL 	 2Ωr , one can
infer that all the spectral components of fluorescence are con-
centrated in a bandwidth of 4Ωr , which is smaller than the
natural linewidth of the emitter, as shown in Fig. 5(b).

APPENDIX D: DETAILED SOLUTION AND
EVOLUTION OF THE PHOTONIC STATISTICAL
CORRELATION

In the weak excitation regime, the analytical expression of the
normalized second-order correlation g �2�ea �τ� can be obtained ac-
cording to the quantum regression theorem as

g �2�ea �τ� � 1 − cos�2Ωrτ�e−γ�τ −
Ω2 − 2Ωr

2γΩr
sin�2Ωrτ�e−γ�τ,

(D1)

which is in good agreement with the exact numerical result
according to Fig. 6(b). We can see from Eq. (D1) that the time
evolution of the second-order correlation g �2�ea �τ� depends on
the effective linewidth γ� and Rabi frequency Ωr of the

Fig. 5. Comparison of analytical and numerical results of fluorescence spectrum. The analysis results (solid line) of the fluorescence spectrum
(incoherent component) according to Eq. (26) in (a) and (c) and Eq. (32) in (b) are compared to the numerical results (dotted line) to verify the
accuracy of the theory in this section. The parameters applied in (a)–(c) are the same as that in Figs. 2(a)–2(c), respectively.
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coherent field F2, both of which are determined by the external
coherent fields and thus can be easily manipulated experimen-
tally. In contrast, in the same parameter regime, the second-
order correlation function of a normal two-level system
[i.e., g �2�T �τ� � �1 − e−Γ2τ�2] depends entirely on the natural line-
width Γ, which cannot be modified arbitrarily.

In addition, we see from Fig. 6(b) that under the effective
weak excitation regime (i.e., Ωr ≪ γ�), g �2�ea �τ� is maintained
once it rises from 0 to 1. However, when Ωr ∼ γ� or Ωr ≫ γ�,
the evolution of g �2�ea �τ� exhibits a damped oscillation described
byΩr and γ� with the maximum amplitude exceeding 1, which
is similar to the performance of a two-level system that is close
to or in the strong excitation regime. This effect can be under-
stood using the effective decay described in Section 2.B. The
Λ-shape system considered here can be regarded as an effective
two-level system shown in Fig. 1(b), which is driven by a co-
herent field with the Rabi frequency Ωr and the effective decay
rate is γ�. As stated in Section 2.B, the decay jei → jai inherits
the property of the effective decay jgi → jai. After a photon is
emitted from the effective decay jgi → jai, this effective tran-
sition will be re-excited to the state jei by F2 at the rate Ωr .
When Ωr ∼ γ� or Ωr ≫ γ�, the re-excitation rate of the
state jgi approaches or exceeds the decay rate γ� at which
the photon is emitted by the effective decay jgi → jai, so
the emitted photons, which are essentially the photons from
the decay jei → jai, exhibit a clustered temporal distribution
[i.e., g�2�ea �τ� > 1], as shown in Fig. 6(b). Moreover, the sec-
ond-order correlation g �2�ea �τ� of the emitter’s transition is linked
to the two-photon correlation g�2�s �0� on the detection setup
through convolution with the response function. Therefore,
when the detection response time is in a proper region, this
temporal effect of photons is detected, resulting in a bunching
effect in the detection setup, as shown in Fig. 3(b).

APPENDIX E: EFFECTS OF NONRESONANT
PUMPING ON SINGLE PHOTONS

In the main text, we considered the case where the laser F1
resonantly drives the transition jgi↔jei, i.e., Δe � 0. To
understand the effect of laser detuning on subnatural-linewidth
single photons, we next investigate the case of Δe ≠ 0.

Therefore, the Hamiltonian of the emitter in the motion ex-
pression in Eq. (A1) is given by

HA � Δeσee �Ωσeg �Ωrσga �H:c: (E1)

In the weak excitation regime of the emitter
(i.e., Ω,Ωr ≪ γ1, γ2), the excited state can be adiabatically
eliminated by the similar treatment described in
Appendix A. Therefore, we obtain the motion equations con-
taining only the degrees of freedom of the ground states as

_ρg � −i�H 0
T , ρg � � γ�1dD�σggρg � � γ�2dD�σagρg �, (E2)

with

H 0
T � Δeffσgg � �Ωrσga �H:c�: (E3)

Here γ�1dD�σggρg � and γ�2dD�σagρg � denote the effective decays
obtained from the adiabatic elimination of the excited state.
The effective detuning and decay rates are, respectively, given
by

Δeff � −
4ΔejΩj2

�γ1 � γ2�2 � 4Δ2
e
,

γ�1d � 4γ1jΩj2
�γ1 � γ2�2 � 4Δ2

e
,

γ�2d � 4γ2jΩj2
�γ1 � γ2�2 � 4Δ2

e
, (E4)

which are reduced to

Δeff � −
ΔejΩj2
γ2 � Δ2

e
,

γ�d � γ�1d � γ�2d � jΩj2
γ2 � Δ2

e
, (E5)

with γ1 � γ2 � γ. Therefore, the original Λ-shape system can
be regarded as an effective two-level system driven by the co-
herent field F2 at the rate Ωr with a frequency shift Δeff and
effective decay rate γ�d . From Eq. (E5), we see that γ�d decreases
with an increase in the detuning Δe .

We show in Fig. 7(a) the fluorescence spectrum of the tran-
sition jei → jai with a significant laser detuning Δe � 2γ. It
reveals that the position of the peak in the fluorescence spec-
trum has a shift, which originates from the effective detuning
Δeff and is much smaller than the natural linewidth γ of the
transition jei → jai. Besides, the full width at half maximum
(FWHM) of the fluorescence spectrum decreases compared to
the case of Δe � 0 shown in Fig. 2(a), because Δe causes a re-
duction in the effective linewidth γ�d according to Eq. (E5).
Therefore, the linewidth of the single photons from the tran-
sition jei → jai can have a narrower linewidth than that at
Δe � 0. Consequently, in a detector with a certain bandwidth,
the two-photon response g �2�s �0� at Δe ≠ 0 can be smaller than
that at Δe � 0, as shown in Fig. 7(b). In addition, we see from
Fig. 7(c) that the emission rate of the single photons decreases
with the increase of Δe, but the decrease is slow. In summary,
we can conclude that the laser detuning does not significantly
degrade the quality of the subnatural-linewidth single photons.

Fig. 6. (a) Comparison of the analytical and numerical results of the
correlation function g�2�ea �τ�. The analytical results (solid circles) of the
correlation function according to Eq. (36) are compared to the
numerical results shown in Fig. 2(d) to verify the accuracy of the
theory in this section. (b) Evolution of g �2�ea �τ� over a time scale greater
than γ�−1 with Ω � 10−1γ and thus γ� � 10−2γ.
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APPENDIX F: GENERALIZATION AND
EXPERIMENTAL FEASIBILITY

According to the discussion in the main text, we know that
various emitters with Λ or Λ-like structures can be used to gen-
erate subnatural-linewidth single photons. For instance, as a
system extensively investigated and employed in quantum
technologies [31–33], the single 87Rb atom loaded into an op-
tical dipole trap is suitable for the implementation of the pro-
posed approach because the closed hyperfine transition Fg �
1 → Fe � 0 of the D2 line of 87Rb has a Λ-like structure.
Besides, our approach can be implemented based on the
Λ-shape structure contained in the charged GaAs and
InGaAs quantum dots in a Voigt magnetic field [34,35], where
a transition between an electron-spin ground state (j↑i or j↓i)
and a trion excited state (j↓↑⇑i or j↓↑⇓i) can be driven by a
laser resonantly, and the coherent transition between electron-
spin ground states can be realized by a magnetic field or a
stimulated Raman process.

1. Transition Fg � 1 → Fe � 0 of D2 Line of 87Rb
We choose the transition Fg � 1 → Fe � 0 of the D2 line of
87Rb as the emitter to demonstrate the high experimental fea-
sibility and generalizability of our study. As shown in Fig. 8(a),
the ground hyperfine state Fg � 1 is composed of three
Zeeman sublevels |1,−1〉,|1,0〉, and j1,1i, and the excited hy-
perfine state Fe � 0 is composed of one Zeeman sublevel j0,0i.
The transition j1,−1i↔j0,0i is driven by a σ�-polarized laser
field E, and we set the quantization axis (z axis) along the di-
rection propagation of the light beam. A static magnetic field
BT perpendicular to the direction of light propagation is ap-
plied to drive the transitions between the ground-state
Zeeman sublevels, whose direction is set along the x axis.
Besides the above magneto-optical system, the transitions be-
tween the ground-state Zeeman sublevels can also be replaced
by an optical scheme, i.e., stimulated Raman processes (not
shown here). The fluorescence emitted from the excited state
to the ground state is collected by a detector, which is modeled
by a quantized harmonic oscillator with bosonic annihilation
operator s. In the frame rotating at the laser frequency ωL
and the rotating wave approximation, the time evolution of
the combined system composed of the emitter and the filter
is governed by the master equation

_ρr � −i�HRb, ρr � �
X1
i�−1

Y iD�j1, iih0,0j�ρr � κD�s�ρr : (F1)

Here Y i � Y ∕3 are the decay rates from excited state j0,0i
to ground state j1, ii with i � 0, 	1, and Y is the natural
linewidth of the transition Fg � 1 → Fe � 0 of the D2 line
of 87Rb. The Hamiltonian of the combined system is
given by

HRb � H 0 �HI �HB �HS: (F2)

H 0 is the nonperturbed Hamiltonian of the emitter,

H 0 � ΔejFe ,meihFe ,mej �H:c, (F3)

where Δe is the detuning of the transition j1,−1i↔j0,0i
frequency from the laser. HI represents the laser-atom interac-
tion Hamiltonian,

HI �
X
gi

V egi jFe ,meihFg ,mgi j �H:c: (F4)

According to the Wigner–Eckart theorem [40–42], the inter-
action energy for the transition jFg ,mgi i → jFe ,mei can be
given by

Fig. 7. Fluorescence properties and the detection response of the emission from the transition jei → jai with a detuningΔe between the transition
jgi↔jei and the laser F1. (a) Fluorescence spectrum with Δe � 2γ, (b) two-photon correlation g�2�s �0�, and (c) emission rate IN of the single
photons as a function of Δe. The detection bandwidth satisfies κ � 0.5γ in (b), and the other parameters in (a)–(c) are the same as in Fig. 2(a).

Fig. 8. Schematic diagram of generating subnatural-linewidth
single photons based on the transition Fg � 1 → Fe � 0 of the
D2 line of 87Rb. (a) The level configuration for the transition
Fg � 1 → Fe � 0, where the transitions from the ground and excited
states and between the ground-state Zeeman sublevels are, respectively,
driven by the σ�-polarized laser field (E) and the transverse magnetic
field (BT ). Two main long-period transition loops involved in (a) are
exhibited in (b) and (c), which dominate the emission from the
spontaneous decays j0,0i → j1,0i and j0,0i → j1,1i, respectively.
(d) Schematic diagram of the effective three-level system of the emitter
in (a) in the weak excitation regime.
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V egi � −hFe ,mejdjFg ,mgi i · E

� �−1�Fe−me�1

�
Fe 1 Fg
−me q mgi

�
ΩL, (F5)

where d is the electric dipole operator, ΩL � hFekdkFgiE is
the Rabi frequency of the light field, and q � 0, 	1 denotes
the spherical components. HB represents the magnetic-atom
interaction Hamiltonian,

HB � −μBgFF · BT

� μBgFBT

X
g i , g j

hFg ,mgi jFjFg ,mgji · exjFg ,mgi ihFg ,mgj j,

(F6)

where μB and gF denote the Bohr magneton and the gyromag-
netic factor of the ground states, respectively, and

hFg ,mgi jFjFg ,mgji � hFkFkF i�−1�Fg−mgi

�
Fg 1 Fg
−mgi q mgj

�
:

(F7)

HS is the Hamiltonian describing the detector and its coupling
with the emitter,

HS � Δs s†s � �gAd s† �H:c�, (F8)

where the operator Ad is defined as Ad ≡ j1, d ih0,0j
(d � 0, 	 1), and denotes the atomic transition coupled with
the detector.

In the weak excitation regime (i.e., V eg−1 ,ΩB ≪ Y ), we
can deduce that there two main long-period transition loops
exist, similar to that in Fig. 1(a), that is, the transition loop 1
shown in Fig. 8(b) that dominates the emission from the spon-
taneous decay j0,0i → j1,0i, and the transition loop 2 shown
in Fig. 8(c) that dominates the emission from the spontaneous
decay j0,0i → j1,1i. In transition loops 1 and 2, because the
magnetic field driving the transitions between the ground states
is weak, the emitter can stay in the states j1,1i and j1,0i

for a long time, and thus these two states are both the meta-
stable states.

Similar to the case in Fig. 1, effective decays between the
ground states are constructed by adiabatically eliminating
the excited state, i.e.,

Leffρr,g �
X1
i�−1

Y �
i D�j1, iih1, −1j�ρr,g , (F9)

where Y �
i � 4Y ijV eg−1 j2∕Y 2 is the effective linewidth of the

decay from the states j1,−1i to j1, ii. Therefore, the emitter
in Fig. 8(a) can be regarded as an effective three-level system
driven coherently by the magnetic field, as shown in Fig. 8(d).
In addition, the effective decays j1,−1i → j1,0i and
j1,−1i → j1,1i correspond to the decays involved in loops 1
and 2, respectively.

2. Fluorescence Properties and Detection Response
The fluorescence spectra of the transitions j0,0i → j1,0i and
j0,0i → j1,1i are shown in Figs. 9(a) and 9(d). Similar to
the case in Fig. 2(b), multipeak structures arise, which can
be understood by means of the effective level system in
Fig. 8(d). Taking the transition j0,0i → j1,0i as an example,
we explain the origin of the spectral structure. As mentioned
above, the effective decay j1,−1i → j1,0i shown in Fig. 8(d)
corresponds to the two-photon process composed of the tran-
sition j1, −1i → j0,0i driven by the laser and the subsequent
spontaneous decay j0,0i → j1,0i. According to the standard
dressed-state theory, there are four sidebands located at the
frequencies 	 ffiffiffi

2
p

ΩB and 	2
ffiffiffi
2

p
ΩB in the emission of the

effective decay j1,−1i → j1,0i [43]. Since the laser frequency
is constant, the transition j0,0i → j1,0i exhibits the same spec-
tral structure as that in the effective decay j1,−1i → j1,0i.
Therefore, one can infer that all spectral components of fluo-
rescence are concentrated on a bandwidth of about 4

ffiffiffi
2

p
ΩB ,

which can be much smaller than the natural linewidth of
the emitter. From another perspective, we can conclude that

Fig. 9. Fluorescence properties and detection response of the emission from the transition Fg � 1 → Fe � 0 of theD2 line of 87Rb. The spectral
property, second-ordering correlation, and detection response for the fluorescent photon emitted from the transitions j0,0i → j1,0i and
j0,0i → j1,1i are, respectively, exhibited in (a)–(c) and (d)–(f ). In (a) and (d), the fluorescence spectrum for ΩB � 10−2Y and
V eg−1� 10−1Y . In (b) and (e), normalized second-ordering correlations as a function of delay τ for ΩB� 10−2Y and V eg−1� 10−1Y donated
by red solid lines, and ΩB � 10−2Y and V eg−1� 10−2Y donated by blue dashed lines. In (c) and (f ), normalized two-photon correlations of
the detector as a function of detection bandwidth κ and the interaction energies of coherent fields with ΩB � V eg−1 .
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because the emissions from the spontaneous decays j0,0i →
j1,0i and j0,0i → j1,1i are totally dominated by loops 1
and 2, respectively, the global spectral narrowing occurs.

In Figs. 9(b) and 9(e), the statistical properties of fluores-
cence emitted from the transitions j0,0i → j1,0i and
j0,0i → j1,1i are exhibited, respectively. Because of the long
periods of transition loops 1 and 2, the average delays between
two successive fluorescent single photons emitted from the
transitions above are long. Accordingly, the normalized sec-
ond-order correlations of these two transitions can both remain
a value very close to zero for a long delay, which is much larger
than the natural lifetime of the excited state. Moreover, because
loop 2 has a longer period than loop 1, the corresponding
second-order correlation can be maintained near zero for a
longer time.

According to the discussion above, we see that the nontrivial
spectral and statistical properties similar to the Λ-shape system
shown in Fig. 1(a) can be well realized in the transitions
j0,0i→ j1,0i and j0,0i → j1,1i of transition Fg�1→Fe�0
of theD2 line of 87Rb. Accordingly, the excellent single-photon
responses on the detector with a bandwidth approaching or
smaller than the natural linewidth of the emitter are predicted,
which is confirmed in Figs. 9(c) and 9(f ). In addition, because
loop 2 has a longer period than loop 1, the single-photon re-
sponse for the photons from the transition j0,0i → j1,1i on
the detector is more conspicuous.

APPENDIX G: OTHER REALIZABLE
CANDIDATES

Besides the Λ-shape system and the closed transition
Fg � 1 → Fe � 0 of the D2 line of 87Rb, the approach to
generate single photons with subnatural linewidth can also
be implemented in many transition structures based on various
alkali metal atoms, e.g., in other kinds of transition
Fg → Fe � Fg , Fg 	 1. Concretely, a circularly polarized laser
drives the transitions between the ground and excited states,
while a magnetic field perpendicular to the light propagation
direction drives the transitions between the ground-state

Zeeman sublevels, as shown in Fig. 10. In the weak excitation
regime of the laser and magnetic fields, the single photons with
subnatural linewidth can be emitted from the transitions un-
driven by the laser due to the long periods of the transition
loops. In these schemes, the linewidth and emission rate of
the single photons can be conveniently manipulated by two
external coherent fields.

Funding. National Key Research and Development
Program of China (2023YFA1407600); National Natural
Science Foundation of China (12275145, 92050110,
91736106, 11674390, 91836302, 11774118, 11474119);
Fundamental Research Funds for the Central Universities of
MOE (CCNU18CXTD01, CCNU17TS0006).

Acknowledgment. He-Bin Zhang would like to thank
Jizhou Wu for his valuable discussions.

Disclosures. The authors declare no conflicts of interest.

Data Availability. All relevant data are available from the
corresponding author upon request.

REFERENCES
1. C. Bennett and G. Brassard, “Quantum cryptography: public key dis-

tribution and coin tossing,” Theor. Comput. Sci. 560, 7–11 (2014).
2. C. H. Bennett, F. Bessette, G. Brassard, et al., “Experimental quantum

cryptography,” J. Cryptol. 5, 3–28 (1992).
3. E. Knill, R. Laflamme, and G. J. Milburn, “A scheme for efficient quan-

tum computation with linear optics,” Nature 409, 46–52 (2001).
4. J. L. O’Brien, A. Furusawa, and J. Vučković, “Photonic quantum tech-

nologies,” Nat. Photonics 3, 687–695 (2009).
5. H. J. Kimble, M. Dagenais, and L. Mandel, “Photon antibunching in

resonance fluorescence,” Phys. Rev. Lett. 39, 691–695 (1977).
6. P. Grangier, G. Roger, A. Aspect, et al., “Observation of photon anti-

bunching in phase-matched multiatom resonance fluorescence,”
Phys. Rev. Lett. 57, 687–690 (1986).

7. P. Michler, A. Kiraz, C. Becher, et al., “A quantum dot single-photon
turnstile device,” Science 290, 2282–2285 (2000).

8. C. Kurtsiefer, S. Mayer, P. Zarda, et al., “Stable solid-state source of
single photons,” Phys. Rev. Lett. 85, 290–293 (2000).

9. B. Lounis and W. E. Moerner, “Single photons on demand from
a single molecule at room temperature,” Nature 407, 491–493
(2000).

10. L. M. Duan, M. D. Lukin, J. I. Cirac, et al., “Long-distance quantum
communication with atomic ensembles and linear optics,” Nature
414, 413–418 (2001).

11. W. Yao, R.-B. Liu, and L. J. Sham, “Theory of control of the spin-
photon interface for quantum networks,” Phys. Rev. Lett. 95, 030504
(2005).

12. H. J. Kimble, “The quantum internet,” Nature 453, 1023–1030 (2008).
13. K. Liao, H. Yan, J. He, et al., “Subnatural-linewidth polarization-

entangled photon pairs with controllable temporal length,” Phys.
Rev. Lett. 112, 243602 (2014).

14. N. Horiuchi, “Subnatural-linewidth biphotons,” Nat. Photonics 8, 674
(2014).

15. C. Shu, P. Chen, T. K. Chow, et al., “Subnatural-linewidth biphotons
from a doppler-broadened hot atomic vapour cell,” Nat. Commun. 7,
12783 (2016).

16. C. Matthiesen, A. N. Vamivakas, and M. Atatüre, “Subnatural line-
width single photons from a quantum dot,” Phys. Rev. Lett. 108,
093602 (2012).

17. H. S. Nguyen, G. Sallen, C. Voisin, et al., “Ultra-coherent single pho-
ton source,” Appl. Phys. Lett. 99, 261904 (2011).

Fig. 10. Schematic diagrams of generating subnatural-linewidth
single photons based on transitions (a) Fg � 2 → Fe � 1 and
(b) Fg � 1 → Fe � 1. The transitions between the ground states
and the excited states are driven by a σ�-polarized laser field, and pho-
tons with different polarizations are emitted by spontaneous decays. A
transverse magnetic field is applied to drive the transitions between the
ground-state Zeeman sublevels (the driving between the excited-state
Zeeman sublevels is weak compared to the spontaneous emission pro-
cess, and thus is ignorable). By choosing the fluorescent photon with a
polarization different from the laser as the target photon, the single
photons with subnatural linewidth are generated.

636 Vol. 12, No. 4 / April 2024 / Photonics Research Research Article

https://doi.org/10.1007/BF00191318
https://doi.org/10.1038/35051009
https://doi.org/10.1038/nphoton.2009.229
https://doi.org/10.1103/PhysRevLett.39.691
https://doi.org/10.1103/PhysRevLett.57.687
https://doi.org/10.1126/science.290.5500.2282
https://doi.org/10.1103/PhysRevLett.85.290
https://doi.org/10.1038/35035032
https://doi.org/10.1038/35035032
https://doi.org/10.1038/35106500
https://doi.org/10.1038/35106500
https://doi.org/10.1103/PhysRevLett.95.030504
https://doi.org/10.1103/PhysRevLett.95.030504
https://doi.org/10.1038/nature07127
https://doi.org/10.1103/PhysRevLett.112.243602
https://doi.org/10.1103/PhysRevLett.112.243602
https://doi.org/10.1038/nphoton.2014.202
https://doi.org/10.1038/nphoton.2014.202
https://doi.org/10.1038/ncomms12783
https://doi.org/10.1038/ncomms12783
https://doi.org/10.1103/PhysRevLett.108.093602
https://doi.org/10.1103/PhysRevLett.108.093602
https://doi.org/10.1063/1.3672034


18. C. Yang, Z. Gu, P. Chen, et al., “Tomography of the temporal-spectral
state of subnatural-linewidth single photons from atomic ensembles,”
Phys. Rev. Appl. 10, 054011 (2018).

19. S. Du, P. Kolchin, C. Belthangady, et al., “Subnatural linewidth bipho-
tons with controllable temporal length,” Phys. Rev. Lett. 100, 183603
(2008).

20. S. Du, J. Wen, and M. H. Rubin, “Narrowband biphoton generation
near atomic resonance,” J. Opt. Soc. Am. B 25, C98–C108
(2008).

21. L. Hanschke, L. Schweickert, J. C. L. Carreño, et al., “Origin of anti-
bunching in resonance fluorescence,” Phys. Rev. Lett. 125, 170402
(2020).

22. J. L. Carreño, E. Z. Casalengua, F. P. Laussy, et al., “Joint subnatural-
linewidth and single-photon emission from resonance fluorescence,”
Quantum Sci. Technol. 3, 045001 (2018).

23. C. L. Phillips, A. J. Brash, D. P. S. McCutcheon, et al., “Photon sta-
tistics of filtered resonance fluorescence,” Phys. Rev. Lett. 125,
043603 (2020).

24. E. del Valle, A. Gonzalez-Tudela, F. P. Laussy, et al., “Theory of fre-
quency-filtered and time-resolved n-photon correlations,” Phys. Rev.
Lett. 109, 183601 (2012).

25. B. R. Mollow, “Power spectrum of light scattered by two-level sys-
tems,” Phys. Rev. 188, 1969–1975 (1969).

26. F. Y.Wu, R. E. Grove, and S. Ezekiel, “Investigation of the spectrum of
resonance fluorescence induced by a monochromatic field,” Phys.
Rev. Lett. 35, 1426–1429 (1975).

27. W. Nagourney, J. Sandberg, and H. Dehmelt, “Shelved optical elec-
tron amplifier: observation of quantum jumps,” Phys. Rev. Lett. 56,
2797–2799 (1986).

28. T. Sauter, W. Neuhauser, R. Blatt, et al., “Observation of quantum
jumps,” Phys. Rev. Lett. 57, 1696–1698 (1986).

29. J. C. Bergquist, R. G. Hulet, W. M. Itano, et al., “Observation of
quantum jumps in a single atom,” Phys. Rev. Lett. 57, 1699–1702
(1986).

30. M. B. Plenio and P. L. Knight, “The quantum-jump approach to dis-
sipative dynamics in quantum optics,” Rev. Mod. Phys. 70, 101–144
(1998).

31. J. Volz, M. Weber, D. Schlenk, et al., “Observation of entanglement of
a single photon with a trapped atom,” Phys. Rev. Lett. 96, 030404
(2006).

32. J. Hofmann, M. Krug, N. Ortegel, et al., “Heralded entanglement be-
tween widely separated atoms,” Science 337, 72–75 (2012).

33. T. van Leent, M. Bock, R. Garthoff, et al., “Long-distance distribution of
atom-photon entanglement at telecom wavelength,” Phys. Rev. Lett.
124, 010510 (2020).

34. M. V. G. Dutt, J. Cheng, B. Li, et al., “Stimulated and spontaneous
optical generation of electron spin coherence in charged GaAs quan-
tum dots,” Phys. Rev. Lett. 94, 227403 (2005).

35. Y. He, Y.-M. He, J. Liu, et al., “Dynamically controlled resonance fluo-
rescence spectra from a doubly dressed single InGaAs quantum dot,”
Phys. Rev. Lett. 114, 097402 (2015).

36. H. Wang, Y.-M. He, T. H. Chung, et al., “Towards optimal single-
photon sources from polarized microcavities,” Nat. Photonics 13,
770–775 (2019).

37. B. Lounis and M. Orrit, “Single-photon sources,” Rep. Prog. Phys. 68,
1129–1179 (2005).

38. M. Lax, “Formal theory of quantum fluctuations from a driven state,”
Phys. Rev. 129, 2342–2348 (1963).

39. H. Carmichael, An Open Systems Approach to Quantum Optics
(Springer, 1993).

40. G.K.Woodgate,ElementaryAtomicStructure (OxfordScientific,2000).
41. D.M. Brink andG.R. Satchler,AngularMomentum (Clarendon, 1994).
42. J. L. Meunier, “A simple demonstration of theWigner-Eckart theorem,”

Eur. J. Phys. 8, 114–116 (1987).
43. H.-B. Zhang, G. Yang, G.-M. Huang, et al., “Absorption and quantum

coherence of a degenerate two-level system in the presence of a
transverse magnetic field in different directions,” Phys. Rev. A 99,
033803 (2019).

Research Article Vol. 12, No. 4 / April 2024 / Photonics Research 637

https://doi.org/10.1103/PhysRevApplied.10.054011
https://doi.org/10.1103/PhysRevLett.100.183603
https://doi.org/10.1103/PhysRevLett.100.183603
https://doi.org/10.1364/JOSAB.25.000C98
https://doi.org/10.1364/JOSAB.25.000C98
https://doi.org/10.1103/PhysRevLett.125.170402
https://doi.org/10.1103/PhysRevLett.125.170402
https://doi.org/10.1088/2058-9565/aacfbe
https://doi.org/10.1103/PhysRevLett.125.043603
https://doi.org/10.1103/PhysRevLett.125.043603
https://doi.org/10.1103/PhysRevLett.109.183601
https://doi.org/10.1103/PhysRevLett.109.183601
https://doi.org/10.1103/PhysRev.188.1969
https://doi.org/10.1103/PhysRevLett.35.1426
https://doi.org/10.1103/PhysRevLett.35.1426
https://doi.org/10.1103/PhysRevLett.56.2797
https://doi.org/10.1103/PhysRevLett.56.2797
https://doi.org/10.1103/PhysRevLett.57.1696
https://doi.org/10.1103/PhysRevLett.57.1699
https://doi.org/10.1103/PhysRevLett.57.1699
https://doi.org/10.1103/RevModPhys.70.101
https://doi.org/10.1103/RevModPhys.70.101
https://doi.org/10.1103/PhysRevLett.96.030404
https://doi.org/10.1103/PhysRevLett.96.030404
https://doi.org/10.1126/science.1221856
https://doi.org/10.1103/PhysRevLett.124.010510
https://doi.org/10.1103/PhysRevLett.124.010510
https://doi.org/10.1103/PhysRevLett.94.227403
https://doi.org/10.1103/PhysRevLett.114.097402
https://doi.org/10.1038/s41566-019-0494-3
https://doi.org/10.1038/s41566-019-0494-3
https://doi.org/10.1088/0034-4885/68/5/R04
https://doi.org/10.1088/0034-4885/68/5/R04
https://doi.org/10.1103/PhysRev.129.2342
https://doi.org/10.1088/0143-0807/8/2/007
https://doi.org/10.1103/PhysRevA.99.033803
https://doi.org/10.1103/PhysRevA.99.033803

	XML ID funding

