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We present a proposal for a tunable source of single photons operating in the terahertz (THz) regime.
This scheme transforms incident visible photons into quantum THz radiation by driving a single polar
quantum emitter with an optical laser, with its permanent dipole enabling dressed THz transitions enhanced
by the resonant coupling to a cavity. This mechanism offers optical tunability of properties such as the
frequency of the emission or its quantum statistics (ranging from antibunching to entangled multiphoton
states) by modifying the intensity and frequency of the drive. We show that the implementation of this
proposal is feasible with state-of-the-art photonics technology.
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I. INTRODUCTION

Terahertz (THz) radiation—lying at frequencies from
0.1 THz to 70 THz—has sparked broad interest rece-
ntly [1,2] due to its key relevance for addressing tran-
sition frequencies of vibrational and rotational levels in
molecules [3], as well as single-particle and collective
transitions in semiconductor materials [4]. Such poten-
tial provides an avenue to harness light-matter interactions
with relevant applications (primarily related to imaging
and spectroscopy) in multiple areas, ranging from food
sciences [5], medical diagnostics, and biology [6] to high-
bandwidth communication [7] or security [8].

However, quantum THz technology is at a much more
incipient stage than its visible, near-infrared, or microwave
counterparts [9—11]. As already demonstrated in these
spectral regimes, quantum light offers important tech-
nological advantages, such as metrological precision at
the Heisenberg limit [12], alternative quantum comput-
ing paradigms [13], or eavesdropping protection in remote
communications [14]. Through the development of THz
quantum technology, these advances could be transferred
and exploited in areas where THz radiation is of key
relevance. This avenue would also mean an opportu-
nity to reduce the experimental requirements inherent in
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current quantum optical implementations, since THz quan-
tum platforms are expected to offer a compromise between
the microwave regime, which demands cooling down
to millikelvin temperatures and involve important scal-
ability challenges, and the optical one, where materials
are strongly absorptive and require nanometric precision
in fabrication. The common mechanism of deterministic
single-photon emission enabled by optical dipole transi-
tions in quantum emitters is drastically limited, if not
absent, in the THz regime, because the electronic pure
dephasing is orders of magnitude larger than the THz
emission rate [15]. There are, however, a few demonstra-
tions of heralded quantum THz radiation sources based on
spontaneous parametric down-conversion [16].

A promising route toward the emission of THz radia-
tion is to exploit the dressing between electronic transitions
and driving electric fields, i.e., the ac or dynamical Stark
effect. This dressing splits the energy levels into dou-
blets separated by the Rabi frequency Q2 [see Fig. 1(a)],
which for certain values of the field intensity can lie in
the THz regime. Crucially, in polar systems with broken
inversion symmetry, radiative transitions among dressed
states in the same Rabi doublet become dipole allowed
and have been proposed as a possible channel of emis-
sion of THz radiation [17—22]. However, to the best of our
knowledge, only classical properties of the THz radiation
generated—such as the emission spectrum—or semiclas-
sical lasing limits have been considered in such systems.
Experimental evidence for such transitions enabled by per-
manent dipoles exists for Rabi splitting of the order of
gigahertz in superconducting qubits [23].

In this work, we show the prospects of this mechanism
with single polar emitters for the realization of quantum
optics in the THz regime, demonstrating its ability for the
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FIG. 1. (a) A sketch of a potential experimental implementa-
tion with a quantum emitter trapped in a cavity made up by two
nanospheres (left) and the energy-level structure (right): the left
part represents the bare-states basis, highlighting energy differ-
ences in the optical domain (blue); the right side represents the
dressed-state basis, highlighting THz transitions (red). (b) The
absorption and emission properties in the THz and the optical
domain. (¢) The resonance in the cavity population as the Rabi
frequency crosses the cavity frequency for {x,«,y,w.}/27 =
{0.05,0.158,0.0005, 26} THz. Q¢ is swept while fixing either the
laser amplitude ©2/27 = 10 THz (blue solid line) or the detuning
A /2m = 10 THz (orange dashed line).

transduction of classical visible light into THz radiation
with diverse purely quantum properties, such as single-
photon emission, multiphoton emission, and nonclassical
correlations between different frequencies of emission. We
consider that the single polar emitter is dressed by an opti-
cal laser and that its resulting THz transitions—enabled
between the two states of a Rabi doublet— couple to a
THz nanophotonic cavity. The cavity provides a Purcell
enhancement of the emission that is eventually radiated
into free space. This design exploits the tunability of the
laser parameters and the THz nanocavity architecture to
provide considerable brightness and remarkable optical
control of the quantum properties of the emission.

II. MODEL

We consider a single two-level system (TLS), consist-
ing of a ground state |g) and an excited state |e), sep-
arated by the optical transition frequency wg. The TLS
is driven by a laser field E; of frequency w;, which is
also in the optical range. Furthermore, the TLS couples

to a single-cavity mode (annihilation operator &) with
the THz frequency . and field E, [for a schematic rep-
resentation, see Fig. 1(a)]. These features are described
by the Hamiltonian (h = 1): H = wy6./2 + weafa+d-
E.(a+a") + d- E; cos(w;t), where we have defined the
dipole operator d=d,(1+6,) /2 + dg. (64 4 6-), with
64 being the Pauli matrices of the TLS. The term
d.. describes the permanent dipole component, originating
from asymmetries in the charge distribution of its ground
state.

The coherent drive gives rise to two dressed eigenstates
of the quantum emitter-laser subsystem, split in energy by
the Rabi frequency Qr = v/ A2 + Q2, where A = w; — wy
and Q = dg - E; are the laser detuning and the driving
amplitude, respectively [20,24]. These states are given
by |4) = sle) +c|g) and |—) = —cle) + s|g), where we
define s = sin 6, ¢ = cos @, with 8 = arctan(h) € [0, 7 /4],
and % is a dressing ratio, defined as /= (Qr — A)/Q €
[0, 1] that identifies the limit of no dressing (4 = 0) and the
resonant limit of a fully dressed emitter (4 = 1). The 64,
operators can be expressed straightforwardly in terms of
the Pauli matrices of the dressed-state basis g:i,z, ie., o4 =
esC 4 520 — 2Ly and 6. = (s* — )L — 2es(Zy + C).
By applying a rotating-wave approximation to eliminate
all terms oscillating at optical frequencies in H and then
moving to the dressed basis by writing the TLS operators
in terms of Eﬂ:,za we obtain the following Hamiltonian [20]:

Qpr ~

H= &t od o —2esy(acy +4a'z)

- 62)22]‘
(1)

—2esx(@é- +a'c) + x@+ahl + (s

Here, x = d.. - E./2 is the coupling rate between the TLS
and the THz cavity, which, importantly, depends on the
permanent component of the dipole moment. This per-
manent dipole moment allows for cavity-emitter coupling
terms of the form o (a+ a)é. in the original Hamil-
tonian, which, crucially, oscillate at THz frequencies,
enabling resonant interactions between the THz cavity and
the dressed emitter.

Additionally, we take into account cavity photon loss
with a rate k and TLS excitation decay with the spon-
taneous emission rate in vacuum jy. The presence of
counter-rotating terms in Eq. (1) requires a careful descrip-
tion of the interaction between the system and the bath
to prevent unphysical processes such as the emission
of photons at zero frequency. In particular, these terms
induce a change in the time dependence of the field
operator (a(t) # a(0)e~"<"), which affects the typical sec-
ular approximation commonly made during the deriva-
tion of the master equation in the optical regime (similar
to the situation found in the ultrastrong-coupling regime
[25-27]). As a result, the interaction between the cavity
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and the environment is described by the operator Xt =
Zj’,»j Vg o)1+ a%)|k)|j) (k| that encompasses all
the positive-frequency transitions of (a + a') [28]. Here,
|k) is the kth eigenstate with energy wy (sorted in ascend-
ing order) and wy; = w; — w;. The scaling of X+t with
wy; s chosen to describe the coupling to an Ohmic bath
[26]. We also define [)A( 1 = X~. The complete dynam-
ics of the open quantum system are thus described by
the master equation [29], p = —i[H, ] + v/ (Q)D(6_) +
K/ (2)D(X *), where we have defined the Lindblad super-
operator D©O) = 2050 — 010p — pOTO and where the
usual decay term D(a) has been replaced by D(X) [30].
Similarly, the input-output relations are given by doy =
ain + ﬁf( * [31], so that quantities such as the radiated
photon flux will be given by k(X ~X*). For the case of
the emitter, the dressed operator for spontaneous emission
remains identical to 6_.

In practice, we observe that the standard Lindblad
description with D(a) gives qualitatively the same results
as using D()A( T), given that we are far from being in the
ultrastrong-coupling limit (x < w.). On the other hand,
the use of the proper input-output relations in terms of X+
is crucial, since otherwise one would describe the unphys-
ical emisson of photons with energies equal or close to
zero. Even in cases in which these photons only make a
minor contribution to the total photon flux emitted, they
have a significant impact on the photon statistics, lead-
ing to important incorrect contributions to bunched photon
statistics when Qz < w, (see Appendix A).

To gain a better understanding of the dynamics, it
is helpful to express the dissipative part in terms of
the dressed TLS operators Ei,z. After discarding off-
resonant terms based on the assumption that w. > vy,
one obtains a combination of effective incoherent losses,
pumping, and dephasing, ,o = —i[H,p]+v_/ QD) +
7e/@DE) + 1/ QDE) + /DA, that all
depend on the laser detuning, i.e., y_ = ys*, y, = yc?,
and y. = yc?s?. It can be shown that this configuration
drives the dressed-state population inversion (y4 > y_), if
the laser is blue-detuned A > 0 [20], which is the setting
that we will choose for the rest of the paper. In order to
achieve a high emission flux, a limit of interest is that of a
saturated dressed emitter, reached when the pumping rate
greatly exceeds its decay, y+ > y_. This situation takes
place when the driving detuning is much larger than the
Rabi-doublet splitting (A >> 2), corresponding to a small
dressing ratio 7 < 1.

ITII. RESONANT MECHANISM OF THz EMISSION

By tuning the Rabi frequency Qp in resonance with
the cavity frequency, w., Jaynes-Cummings-like terms
o aty +a'tt_ in Bq. (1) become resonant and domi-
nate the dynamics. In this regime, the system becomes

efficient at absorbing optical radiation from the driving
field and emitting THz photons, since intradoublet THz
transitions are Purcell enhanced by the cavity. This regime
of operation is sketched in Fig. 1(b) and demonstrated in
Fig. 1(c), which shows the substantial increase in the cav-
ity population when Q2 is tuned into this resonant regime.
Around this point of operation, we can ignore off-resonant
terms in Eq. (1) (provided that w. > x) and use the
resulting effective Jaynes-Cummings Hamiltonian for the
dressed states . = QgZ./2 + w.a'a — 2esx @ty +a'zo).
Since under this approximation we have neglected counter-
rotating terms, we can safely substitute X by & in the
Lindblad term of the master equation and in the calcula-
tions of photon flux. This substitution enables us to obtain
approximate analytical solutions, which provide valuable
insights into the different emission regimes.

For this analytical calculation, we can assume that the
cavity is nearly empty and treat it as a TLS (truncating
the number of excitations at 1). Then, we obtain that the
photon flux in the resonant condition (2z = w,) is given
by

X
=
piel
Q>
I
x| &

Y+
<1+ﬁ'1 —4)/2//?)’ @

where we have introduced the effective cooperativity C =
16x2/ky (B* + h‘2)71 and an effective rate K =y, +
y_ + 4y, + k. The full expression as a function of w,,
which can be found in Appendix B, describes a Lorentzian
centered around 2, as shown in Fig. 1(c).

Note that the introduced effective cooperativity C is
closely connected to the standard expression of the coop-
erativity, C = 42 /ky, but accounts for the effective cou-
pling between the cavity and the dressed emitter, which
depends on the detuning between emitter and drive via 4,
so that C = 4C/(h* + h~2). In the strongly detuned case
h < 1, we have C ~ 4Ch%. To provide an understanding
of the relationship between these quantities, note that a
typical value of /4 for the parameters chosen in the text is
h ~ 0.2, meaning that C &~ 0.16C. A natural limit to con-
sider is when cavity losses represent the dominant decay
channel, k¥ >> y, which implies that k¥ ~ «. In that case,
in the limit of small cooperativity, C < 1, the photon flux
acquires the simple form « (ata) ~ y, C, meaning that the
flux will increase as « is decreased (so that Cis increased).
On the other hand, if the cooperativity is large C > 1,
we find that « (a'a) ~ y,. The flux reaches a maximum
value when « is decreased into the strong-coupling region
k =4csy, an exact value that we obtain by optimizing
Eq. (2). This maximum flux is, again, simply given by
k(a'a) ~ y, in the natural situation of y < x and detuned
driving, & < 1. The fact that the maximum photon flux
is given by y, implies that the brightness of the THz
source scales with the optical emission rate into free space.
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FIG. 2. (a) A map of the output photon flux k(X =X ) as a
function of Qy for {x,y,w.}/27 = {0.05,0.0005,26} THz and
fixed /27 = 10 THz. (b) A cut of (a) for fixed 2z = w,, show-
ing both a numerical calculation of x (X ~X*) (blue solid line)
and the analytical solution for «(aa) (orange dashed line) in
the Jaynes-Cummings approximation. The same (c) map and (d)
cut, for the degree of quantum second-order coherence g (0) =
(X=X -X+X+)/(X-X )2, with (d) showing results from the
simulations (blue solid line) and from the analytics (orange
dashed line). The value of «/y chosen for the plot in (e) is
marked by the dashed horizontal line. (¢) g® (0) versus Qz with
log(k/y) = 2.5. Qg is changed in two ways: varying A (blue
solid line) and varying €2 with fixed A /2w = 10 THz (orange
dashed line). (f) A sketch of the main processes taking place at
specific resonances in the maps.

This relationship is noteworthy because the optical emis-
sion rate is significantly larger than its THz counterpart,
since both scale with the emission frequency as w’. A
more detailed analytical study of the conditions of maxi-
mum flux, including a full expression valid for all regimes,
is provided in Appendix B. If « is further decreased to
the point at which « % y, the photon flux gets reduced
below its maximum value of y,, since k¥ % k. We then
conclude that the regime of operation that provides the
highest possible photon flux of y, is given by the condi-
tions x > y and C > 1. We note that this last condition
implies a more complex relationship between 2 and y
than the usual strong-coupling condition €2 > y. In partic-
ular, we can express C>1 (while still assuming 7 <« 1)
as Q > Qg/~/C, which relates the required driving ampli-
tude to not only y but also x and x. Nevertheless, this
condition will normally imply pump powers compatible
with the strong-coupling regime. This is indeed the case
for the small values of y considered here. We provide

estimations and simulations of experimentally achievable
Q in Appendix C.

These analytical estimations are confirmed by exact
numerical results. Figure 2(a) shows exact calculations of
the output photon flux « (X ~X *) as a function of x /y and
Qg. On the other hand, Fig. 2(b) shows the flux at the res-
onance Q = w, [labeled (I)] versus «/y . In both plots,
Qp is modified by fixing Q2 and varying the detuning A.
The orange line in Fig. 1(b) corresponds to the analytical
formula in Eq. (2), confirming the validity of our analytical
results.

Next, we consider the quantum statistics of the emis-
sion, measured through the zero-delay second-order cor-
relation function g@ (0) = (X XXX ) /(X ~X+)2. We
show numerical calculations of its steady-state value in
Figs. 2(c) and 2(d). Notably, we find that the resonance (I)
coincides with a regime of strongly antibunched emission
where g®(0) < 1, meaning that, in the regime in which
the output flux is maximum, this platform operates as a
single THz photon source. By truncating at two excitations,
we can obtain an analytical expression for g®(0) (for a
general expression and further details, see Appendix B).
g®(0) is antibunched for x > y but when « is decreased
into the strong-coupling regime, most of the antibunching
will be lost as the system undergoes a lasing phase tran-
sition [see the kink in the curve in Fig. 2(d), after which
2®(0) slowly trends toward 1, i.e., a coherent state]. Note
that at resonance (2 = w,), there is a small region of
near-coherent states within the antibunched region, mean-
ing that the antibunching can be made much stronger by
setting the cavity slightly out of this resonance. This effect
is more important the lower the « and is more visible in the
Q ramp in Fig. 8 in Appendix D.

IV. MULTIPHOTON RESONANCES

Beyond the main resonant mechanism of THz photon
emission at Qp = w,. described so far, a sweep over the
Rabi frequency such as the one shown in Figs. 2(a), 2(c),
and 2(e) also unveils additional features in both the out-
put flux and the emission statistics. In particular, one can
observe small peaks in the output photon flux when the
Rabi frequency Qg is exactly twice (II) or three times
(IIT) the cavity frequency w, (the latter case is barely vis-
ible). These peaks are related to multiphoton processes
enabled by the counter-rotating terms of the form . at
and Z‘Z&T in Eq. (1), which we have ignored in our analyt-
ical derivations presented above. Each peak corresponds
to an nth-order process becoming resonant, as has been
previously reported in other light-matter systems featur-
ing interaction terms that do not conserve either parity or
the total number of excitations [32—34]. Indeed, at these
points, the dynamics are governed by an effective nth-order

Hamiltonian H.g = A, [(&)"Z} + (&7)”2,], where n =2
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or3 for (II) and (III), respectively (further informa-
tion, with analytical expressions for 1,, can be found in
Appendix E). In the presence of dissipation, this gives rise
to strongly correlated emission, which in our case corre-
sponds to the simultaneous emission of multiple photons
within a Rabi doublet [see Fig. 2(f)]. The activation of each
of these resonances results in an extraordinary degree of
optical tunability of the quantum statistics of the emission,
as seen Fig. 2(e), where, by changing the Rabi frequency
of the drive Qz, g®(0) spans 8 orders of magnitude from
antibunching to superbunching.

The tunability offered when the Rabi frequency Q2% is
alternatively modified by optically tuning the laser power
Q instead of its detuning is very similar [cf. the dashed
orange line in Fig. 2(e)]. However, the limits of ¢ and s are
inverted, which leads to bunching for low €2 and coherent
states for large Q2 (further details on the two tuning meth-
ods can be found in Appendix D). Overall, we find that
modifying A is a more versatile way to control the system,
since the use of strong driving to reach high values of Q5
can result in added pure dephasing.

V. SPECTRAL FEATURES

Beyond the demonstrated tunability of photon statis-
tics, our proposal can also deliver broadband control over
the emission frequency, oftentimes a limiting factor in
sources of THz radiation. To showcase this feature, we
ramp 2 and record the cavity emission spectrum Sp(w) =
1 [° ei@=T/D1 (X~ (0)X*(7))dr, where T is the band-
width of the sensor, which we take to be equal to k. We
focus on a particular case where « = 0.158 THz, since that
value exhibits both strong antibunching and a large output
photon flux [see Figs. 2(b) and 2(d)]. The main frequency
of emission is set by the dressed emitter and equal to Q5.
This feature can be clearly seen in Fig. 3(a), which shows
St (w) as the Rabi frequency 2 is varied. This indicates
that the Jaynes-Cummings type of dynamics characteris-
tic of the resonance (I) remains important even out of
resonance.

A strong secondary signal in the spectrum is observed
at the cavity frequency w,, regardless of the value of
Q. Finally, when Qp > w,, a third peak also emerges
at a frequency w; = Qg — w., which is a signature of
a two-photon processes in which the deexcitation of the
dressed emitter within a Rabi doublet is accompanied by
the emission of a photon at the cavity frequency w. and
a second photon of frequency w,, matching the energy-
conservation condition w. + w, = Q. This observation
suggests nontrivial dynamics of emission of multimode
correlated states, which should manifest as strong features
of the frequency-resolved second-order correlation func-
tion at zero delay, gl(«z) (w1, wy) [35-37]. To confirm this,
we resort to the sensor method developed in Ref. [35]
and compute this quantity through the correlations between
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FIG. 3. Maps of (a) the spectrum Sy (w) [shown as log St (w)
(in arbitrary units)] and (b) the degree of quantum second-order

coherence gl(}) (w, w) [shown as log gﬁz) (w,w)] as a function of
w and Qg for {x,«,y,w.}/2w = {0.05,0.158,0.0005,26} THz.
We highlight some of the lines in the maps and denote
the corresponding photon frequencies (black). (c)
2@ (0) [shownas logg®(0)] (blue dashed line), max, g’
(w,w) [shownas log[max,, g1(~2> (w,w)]] (green dotted line),
and min, gl(}) (w,w) [shownas log[min,, glgz)(w, w)]] (red
dash-dotted line) for fixed 2/27w = 10 THz.

two ancillary qubits, fixing the spectral resolution of these
sensors equal to the cavity line width I' = « (see Appendix
F). We first compute the photon statistics for a given spec-
tral frequency w, i.e., gl(}) (w, w), versus g, as shown in
Fig. 3(b). We observe that the main emission line w = Qp
is strongly antibunched, as expected since emission at
this frequency stems from first-order processes originating
from Jaynes-Cummings-like interaction terms. The other
two lines that are clearly visible in the spectrum feature
bunched statistics, evidencing their multiphoton character,
and a new strongly bunched line at w = Qz/2, not visi-
ble in the spectrum, is also present. This line corresponds
to two-photon processes in which both photons are emit-
ted at the same frequency (instead of one of them being
emitted at the cavity frequency). Since this process is not
stimulated by the cavity, it is only visible in the statistics.
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These results suggest that frequency filtering can act
as an extra control knob of the quantum statistics of the
THz emission. Indeed, this is illustrated in Fig. 3(c), where
we plot the minimum and maximum possible values of
gl(-z) (w,w) over w for each Qg, which ends up always
being, respectively, lower or larger than the degree of
coherence of the unfiltered signal, g'®(0). The large dif-
ference between these maximum and minimum values of
2 (w, ) highlights the tunability offered by the method
of frequency filtering in the THz regime.

Beyond the obvious potential of antibunched THz
sources for quantum technologies, spectrally correlated
emission such as the type we are reporting also holds
the potential of quantum applications exploiting non-
classical properties such as entanglement [38,39]. To
reveal potential nonclassical correlations, we inspect
the cross-correlations between two different frequen-
cies, w; and w,. Correlations with nonclassical charac-
ter can be identified by the violation of the Cauchy-
Schwarz inequality (CSI), reformulated as R(w;,w;) =

(@1, 0)/[g2 (01, 018 (@2, 0))] <1 [40-42].
Figure 4 shows a typical map of R(w;,w;) in frequency-
frequency space, where we chose a relatively large Rabi
splitting Qr/2m = 70 THz that allows for multiphoton
processes to be observable. This map presents a plethora
of features that evidence the richness and complexity of
the different quantum processes of emission present in
this THz source. Providing a complete catalog of these
features is beyond the scope of this paper. However, we
highlight that the dominant feature exhibiting a strong vio-
lation of the CSI is the antidiagonal line described by the
equation w; + wy; = g, corresponding to the joint emis-
sion of two photons by the deexcitation of the emitter
within a Rabi doublet. For this line, one would also find
a violation of the Clauser-Horne-Shimony-Holt inequality
[41,43] (result not shown). In summary, our results sug-
gest that this source can emit entangled THz photon pairs
via two-photon processes. Furthermore, we note that our
observation of the two-photon resonant peak (II) in the
output flux, corresponding to the case w; = vy = w,, evi-
dences that these processes can be Purcell enhanced by a
cavity in a mechanism akin to previous reports of bundle
emission [44].

VI. EXPERIMENTAL FEASIBILITY

We now discuss the experimental viability of the single-
photon THz sources proposed in this work. First, we
show that the particular set of parameters considered for
the calculations in this paper, {x,«}/27 = {0.05,0.158}
THz, is readily accessible across a range of platforms.
The coupling rate x is set by the static dipole moment
d.. and the electric field strength at the location of the
emitter. We consider a value |d..| = 50 D as reported in
colloidal quantum dots [45], which are known for their
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2 ' > —4
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201 %
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FIG. 4. A map of the violation of the Cauchy-
Schwarz inequality via frequency-resolved correlations
[shown as log R(w1, w;)]. The  parameters used  are

{x,x,y,wc, Qr, 2}/2r = {0.05,0.158,0.0005, 26, 70, 10} THz.

remarkable static dipoles. We have shown via full elec-
trodynamic simulations that, when placed at the 50-nm
gap between two closely spaced 1-pm-diameter spheres
[46—48] of silicon carbide (SiC) [49], these dipoles pro-
vide couplings up to x /27 = 0.1 THz, with decay rates
k/2m = 0.19 THz (see Appendix G). Calculations on a
nanoparticle-on-mirror geometry [50,51] of similar dimen-
sions are also provided, yielding comparable light-matter
coupling parameters. These calculations suggest that solid-
state emitters with moderate static dipole moments—at
least of the order of a few debyes—can reach interac-
tion strengths comparable to those considered in this work.
Such values of static dipole moments have been docu-
mented in various systems, including colloidal quantum
dots [45], excitonic systems [52], perovskites [53], sim-
ple polar molecules [54], macromolecules [55], nonpolar
molecules in matrices [56], NV centers [57], and Rydberg
atoms [58].

Furthermore, it is worth noting that values different
from those considered here could also potentially yield
detectable emission of THz radiation. For a fixed cav-
ity configuration, the minimum required value of d.. to
achieve an output power that provides a signal-to-noise
ratio (SNR) of one is a function of the noise-equivalent
power (NEP) of the detectors used. We provide the exact
relationship in Appendix H, where we confirm that the out-
put flux provided by the emitters and cavities mentioned
above can be detected by a variety of present-day THz
detectors.

As a particular example, we can consider current super-
conducting THz detectors, that can achieve an NEP of
up to 1071 W Hz~!/? with responses below nanosec-
onds [59]. Together with the bandwidths here considered
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(approximately 0.16 THz), these figures yield a minimum
detectable power close t0 Ppin = NEP x /k =4 - 10°14
W. Thus, even with a moderate output photon flux of
4.107* THz [cf. Fig. 2(b)] and radiative decays «™¢ of
50% of the total decay rate (x = k™ + xS, 3 being
the absorption rate in SiC), we can estimate an emitted
power P = k(X ~X*)hw, ~ 6 - 10713 W. This estima-
tion amounts to an SNR of roughly 10, which, together
with future engineering of emitter interactions on nanos-
tructures and further advances in material science, pro-
vides prospects for the creation of bright THz single-
photon emitters. Furthermore, since we have shown that
the brightness of our source is a function of the line width
of the emitter, we expect that it could be further ampli-
fied via Purcell enhancement by adding a second cavity on
resonance with the optical transition of the emitter.

The robustness against thermal noise is explored in
Appendix I, where it is shown that the system could
operate at temperatures corresponding to nitrogen cooling.

It is also important to consider the feasibility of experi-
mentally measuring photon statistics and establishing the
single-photon character of the source that we propose.
This entails measurements of the second-order correla-
tion function g®(t), which are typically done via time
tagging in Hanbury Brown—Twiss setups [60]. The key
figure of merit is the time resolution of the detectors,
which need to resolve the intrinsic time scale of the cor-
relations, .. In our source, this time scale is given by

-1
T, ~ [(y_ + (1 + C’)] (see Fig. 14 in Appendix J),
which is of the order of tenths of nanoseconds for the
parameters considered here. The detection of correlations
within this time scale can be readily achieved by state-of-
the-art THz detectors with picosecond time resolution and
a jitter time below 50 ps [61,62].

Further potential improvements to all these figures
of merit could consist of enhanced nanophotonic archi-
tectures, such as hybrid cavities [63] or subwavelength
waveguides [64], as well as the exploration of two-
dimensional (2D) materials. These can provide THz
nanocavities, such as 2D hexagonal boron nitride materials
[65,66], as well as optically emitting defects [67].

VII. CONCLUSIONS

We have shown that a single coherently driven emitter
with a permanent dipole moment in a THz cavity can oper-
ate as a versatile source of quantum THz radiation, access-
ing a broad range of frequencies and photon statistics and
featuring a complex quantum correlations between differ-
ent THz photons. The quantum sources that we propose
call for exploring novel interfaces of optomechanical trans-
ductions of THz photons to optical ones [68—70], which,
in conjunction with optical single-photon detectors or via
single electron transistors [71], can open new avenues for

the detection of nonclassical THz correlations necessary to
harvest the field of THz quantum optics. Beyond the imme-
diate applications of single THz sources for technologies
such as imaging or quantum communications, our find-
ings represent a step toward future quantum technologies
in the THz, which may consist of more complex cavity
setups [64] capable of enhancing the multimode correla-
tions that we identify here and turning them into integrated
bright sources of entangled light [24,44] and matter [72] in
the THz regime
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APPENDIX A: DIFFERENCE BETWEEN THE
STANDARD AND THE DRESSED MASTER
EQUATION

Figure 5 shows that the choice of the master equation
does not have any discernable impact on the results.
Figure 6 shows the major difference that the change in the
input-output relation makes. Note how in the resonances
(especially Qg = w,), the deviation is negligible as long
as k is not too large. The largest discrepancy for g (0) is
found for Qr < w,.

APPENDIX B: ANALYTICAL EXPRESSIONS FOR
THE JAYNES-CUMMINGS MODEL

In this appendix, we provide full analytical expres-
sions obtained by solving the master equation with the
Jaynes-Cummings Hamiltonian (i.e., with rotating-wave
approximations applied), truncated at one cavity excita-
tion. This truncation is justified by the very small numbers
of cavity occupation that we obtain via exact numerical
solutions of the master equation. The full expression for
the cavity population that we obtain reads
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STXTV+K (B1)

@a) =

T 16e252 X2 vy + v- +IOR + k(v + v 4o — Qr)2 +R2]

which describes a Lorentzian centered around Qp = w.. At resonance, 2z = w,, the expression of the steady-state

population of the dressed quantum emitter is given by

yil16cs* x% + k(yy + y— + 4y, +1)]

(B2)

(1 L) =

which for y <« « simplifies to

Gy=—te L L]
LA T Y S e

(B3)

This exhibits population inversion when 4, C < 1. In the
limit C>> 1, we have (£,¢_) o« C~!, which signals a
regime in which the dressed-emitter population is depleted
via the efficient emission of THz photons through the
cavity.

T 16322 (vs + y- +K) H k(e + v (s +y- + Ay k)

The exact formula for the maximum output flux for the
optimum value of « is

22,2
max, [k (a'a)] = 16c7s" X7+ .
(desx +yr +y )2 +4s + vy
(B4)

In the limit x > y/4(c* + s*)/sc, the maximum flux is
simply given by max,[« (aa)] ~ y,. Finally, a more gen-
eral expression for the degree of quantum second-order
coherence (from a model truncated at two cavity excita-
tions), assuming y_, ¥, & 0, is given by
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gP(0) = 2(y4 + 20) [y (v4 + €7 (4 + 26) (v4 + 3K)
+256c*s xH(y3 + 4y + 12,67 + 6%)
+ 16¢°s* X2k (v + Syin + 17y2i?
+23y.63 4+ 6k4)]
[l (v + ) (v +26) (Y4 + 36)

+ 325 02 (v} + 34k + 3] (B3)

APPENDIX C: MINIMUM LASER AMPLITUDES

In the limit /# < 1, we require that 4 >> 1/+/4C to max-
imize the flux. This is equivalent to demanding that Q >
Qg/+/C (assuming C > 1). The Rabi frequency generated
by a Gaussian laser beam is Q = /4nP/(ww?)|dc,|/h,
where 7 is the wave impedance, P the power, and w is the
beam waist. With laser beams with a power of P = 1 mW
focused at w = 390 — 1500 nm in solid immersion lenses
(SILs) of high-NA objectives, as reported in Refs. [75,76],
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= e e
= 8
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~
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0
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Qp/2m (THz)

FIG. 7. Maps of (a) the output photon flux K(X~X*) [shown
as k(X ~X 1) /27 (THz)] and (c) the degree of quantum second-
order coherence g (0) [shown as logg®(0)] as a function
of Qg for {x,y,w.}/2mr = {0.05,0.0005,26} THz for a fixed
A /2w = 10 THz, at a temperature of 7 =70 K. (b),(d) The
two adjunct plots show the scans of the maps shown in (a) and
(c), respectively, along the resonance Qg = w,. The two figures
represent /27 = 1 THz (top) and /27 = 0.1 THz (bottom),
respectively.

2w, 3we

10~ I (b)

()A(ffer)/Z‘fr (THZ) " Photon Flux
© k(X X*)/2r (THz

log(r:/7)
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FIG. 8. Maps of (a) the output photon flux K (X=X ) [shown
as k (X ~X1)/27 (THz)] and (c) the degree of quantum second-
order coherence g® (0) [shown as log g¥ (0)] as a function of Qp
for {x,y,w.}/2mr = {0.05,0.0005,26} THz for a fixed A /27 =
10 THz. (b),(d) The two adjunct plots show the scans of the maps
along the resonance Q = w,.

Rabi frequencies of the order of 10°y are within reach.
Figure 7 shows the effect of choosing a lower laser cou-
pling 2. The antibunched region that we had for Qz < w,
is pushed back only until it is found in close vicinity to the
resonance. In resonance, values of g (0) close to 1072 can
still be reached. Lowering €2 too much, however, comes at
a cost in brightness and smaller regions of antibunching in
parameter space.

APPENDIX D: TUNABILITY VIA THE LASER
AMPLITUDE

Here, we provide further information and results on the
implications of modifying the Rabi frequency Q5 by tun-
ing the laser amplitude, rather than the laser frequency.
Figure 8 is the analogue of Fig. 2, except that now A
instead of € is kept constant, thus showing an alternative
way to tune the quantum statistics with the laser ampli-
tude. The results are similar, the main differences being
an overall lower flux and a lower value of g®(0). Note
that, in this situation, 4 is about 3 times larger here than in
the main text. For instance, in the resonance (I), we obtain
h =~ 0.67, in contrast to the value 4 ~ 0.2 corresponding to
the results presented in the main text.

APPENDIX E: VALIDITY OF THE EFFECTIVE
HAMILTONIAN

To check the validity of our assumption that at the
specific points (II) and (III), the Hamiltonian is indeed
dominated by terms proportional to A,[(@)"Z; + (@h)"z_],
we compare the (A, 2)-dependence of the effective cou-
pling strengths A, obtained via perturbation theory, with
the nth Glauber correlation function (()A( " ()A( )"}, which
gives the probability of at least encountering n photons.
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FIG. 9. Comparative plots of |A,|*> (blue solid line) and
((X7)"(X )"} (orange dashed line) for (a) n = 2 and (b) n = 3,
for varying €2 and fixed Qz = no..
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w

c

As can be seen in Fig. 9, there is a good agreement between
the effective two- and three-photon transition rates and the
correlation functions at second and third order, respec-
tively, validating our interpretation of the results at (II)
and (I1D).

APPENDIX F: FILTERED PHOTON STATISTICS

Here, we elaborate on the numerical method employed
for the calculation of frequency-filtered photon statistics.
The calculation is done by coupling the system to two
bosonic modes b; acting as sensors, with energy w; and line
width I' = «. Resorting to the sensor method developed in
Ref. [35], where the cavity mode is extremely weakly cou-
pled (¢ < VTy/2), H, =€ Zi(l;,f(_ + IA),T)A(+), we com-
pute the spectrum and the frequency-resolved degree of
quantum second-order coherence by computing expecta-
tion values of the sensors, yielding

ALA

Sr(@) = lim(b]b1) (F1)
and
(bbbl
¥ (@10 = lim-—AA22 )
€=>0(b,b1)(b,b7)
respectively.

APPENDIX G: FULL ELECTRODYNAMIC
SIMULATIONS OF A POTENTIAL THz CAVITY

We propose here a dimer of SiC microspheres as a
potential platform for the realization of the THz cavity
considered in our model. The frequency-dependent permit-
tivity for this polar crystal, in the vicinity of the reststrahlen
band, can be approximated by a Lorentz oscillator model

2 2

€oo (W] — W7p)

€sic(@) = €00 + — S ,
wio — * —iwlsic

(G1)

where wro/27 = 23.61 THz and w /27w = 28.91 THz
are the transverse and longitudinal optical phonon frequen-
cies, I'sic/2m = 0.084 THz is the absorption damping,
and €., = 7 is the static permittivity. These values are
taken from the experimental fitting in Ref. [49], neglecting
anisotropic effects in the SiC response.

The spectral density in Fig. 10(a) presents a num-
ber of peaks, originating from the surface-phonon-
polariton resonances sustained by the cavity. This is
defined in terms of the electromagnetic dyadic Green’s
function and the static dipole moment as J(w) =
?/ (meghc?)de Im{G(r,r, w)}d,.. It can be shown [47]
that, in the quasistatic limit, it can be expressed as a sum
of Lorentzian terms of the form

X2 Kn/2

N = L oo+ Gal2?

(G2)

where x, is the electromagnetic coupling strength for
mode n, w, its natural frequency, and I, its damping rate
(including both radiative and absorption channels).

Here, we will only focus on the two lowest-frequency
modes (n = 1,2), which have strong dipolar and quadrupo-
lar characters, respectively. The inset of Fig. 10(a) demon-
strates that only these two modes contribute significantly
to the THz emission from the cavity (weighted by the
radiative contribution to the total spectral density [48]).
The surface-phononic resonances at higher-frequencies,
and particularly the pseudomode at 28.25 THz, are dark,
and remain effectively decoupled from the far field of the
cavity. Through a Lorentzian fitting of the numerical J (),
we can extract the parameters for these two modes (see
Table I).

Note that we have split the mode damping rate, «,, into

its radiative, «™¢, and absorption components, and that the

TABLE I. The parameters of the two contributing modes for
the dimer of SiC microspheres.

w, /27 (THz) «, /27 (THz) /c;ad /27 (THz) x,/27 (THz)

26.815 0.186 0.101 0.102
27.657 0.131 0.046 0.123

n=1
n=2
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FIG. 10. (a) A plot of the spectral density, J(w) [47], at
the center of the 50-nm gap between two 1-um-diameter SiC
spheres. The emitter orientation is parallel to the dimer axis and
we have taken |de|=50 D for its static dipole moment (also
in accordance with experiments [45]). J(w) has been obtained
by means of full electrodynamic simulations using the finite-
element solver of Maxwell’s equations implemented in COMSOL
MULTIPHYSICS. The inset shows the radiative spectral density for
the cavity. (b),(c) Amplitude maps for the electric field compo-
nent along the dimer axis and for the (b) n =1 and (¢c) n =2
surface phononic modes. The colors render the field amplitude in
linear scale from black (minimum) to yellow (maximum).

latter is given by the loss in the SiC permittivity, 2% =
Csic, 1.€., k, = K,‘lad + [sic. Figures 10(b) and 10(c) show
maps of the electric field amplitude parallel to the emitter
orientation (dimer axis) for the n = 1 and n = 2 surface-
phononic modes, respectively.

In recent years, nanocube-on-mirror geometries have
attracted attention in the context of plasmonic antennas.
Their fabrication is simpler than the nanosphere dimer
geometry in Fig. 10, as they are compatible with chemical-
deposition techniques and their planar character makes
them suitable for integration with other photonic compo-
nents. Hoang et al. [50,51] have recently shown that their
performance for ultrafast light generation can overcome
nanosphere dimers. We explore this antenna architecture
in Fig. 11. The system consists of a 1-um SiC nanocube
with chamfered edges and corners on top of a flat SiC
substrate. The gap between them is 50 nm and the ver-
tically oriented emitter is placed not at the geometrical
center of the gap but displaced by 0.25 wm, which enables
the excitation of a plasmonic mode with a net dipolar
moment parallel to the SiC substrate and therefore direc-
tional emission in the vertical direction. Figure 11(a) plots
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(@) o107
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0.08 |-
0.07

0.06 |

0.05 [

J (w) (meV)

0.04 25 26 27 28 29
wi2w (THz)

0.03 |
0.02 |

0.01 -

0.00 A

25.0 255 26.0 26.5 27.0 275 28.0 28.5 29.0
wl27 (THz)

(c)

- -

5
-

e o ad

FIG. 11. (a) A plot of the spectral density, J (w), at the 50 nm
gap between a 1-um side-chamfered SiC nanocube and a flat
SiC substrate. The emitter orientation is vertical and its in-plane
position is displaced by 0.25 pm from the geometrical center
(see black arrows in the panels below). As in Fig. 10, we have
taken |de.| = 50 D for its static dipole moment. The inset ren-
ders the radiative spectral density for the same configuration and
shows that only the lowest radiative mode contributes signifi-
cantly to the far-field signal, with an efficiency of approximately
22%. (b),(c) Electric field amplitude maps for this mode in two
different cross sections of the structure. The black dots indicate
the emitter position and the black arrow in (b) its orientation.
The colors render the field amplitude in linear scale from black
(minimum) to yellow (maximum).

the spectral density for this geometry and the same static
dipole moment as in Fig. 10. We can observe that the
lowest brightest mode sustained by the geometry is in
the same window as the nanosphere dimer but the inset
shows that this lowest-energy mode is the only that radi-
ates efficiently out of the structure. Figures 11(b) and 11(c)
display electric field amplitude maps for this mode within
two different cross sections of the structure. The black
dots indicate the emitter position and the black arrow in
Fig. 11(b) its orientation. The Lorentzian fitting to J (w) for
this mode yields w; /2w = 26.27 THz, x; /27 = 0.11 THz,
k27 = 0.028 THz, and x;/27 = 0.040 THz. These
values are similar to those obtained for the microspheres
in Table 1.
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APPENDIX H: POTENTIAL EXPERIMENTAL
PARAMETERS

Here, we show the relationship between a given detector
NEP and the permanent dipole moment that is required to
reach a detectable flux, i.e., yielding an SNR equal to 1.
These results have been obtained by equating the output
power

_ rad ) — ) A E Y+
P = hw X XT) ﬁwclz (—l—l—@l—‘%)’(Hl)

with the minimum detectable power

Prin = NEPVk, (H2)
and solving for |d..|—which appears in C in the form
of the coupling rate y—essentially demanding an SNR
of 1. Here, we have assumed that we are in the resonant
regime Qz = w. and that w. > x, so that we are in the
Jaynes-Cummings regime in which we can substitute X+
by a in the calculation of the flux and we can make use
of the analytical equations shown in the main text. Also,
for simplicity, we consider here that the decay of the cav-
ity is completely radiative (k = «™%) and that the detector
bandwidth is equal to «.

We solve P/Ppi, = 1 for |d,.|, while assuming that the
permanent dipole can be related to the coupling rate yx
by extrapolating the full electrodynamical simulations, i.e.,
setting |d..| = x - (50 D)/(0.1 THz). Figure 12 shows the
values for |d,.| and the NEP for which P/P, = 1. The
highlighted spaces above the colored lines are the regions
where a certain emitter-detector pair could feasibly pro-
duce a measurable outcome. Here, we have assumed that
the emitter frequency is wy/27 = 400 THz and « /27 =
0.158 THz. According to Eq. (2), when the permanent
dipole is small, the output power is proportional to the
cooperativity k (a'a) = y,C (or the square of the perma-
nent dipole moment), which corresponds to the quadratic
dependence shown at lower values of the NEP. When
the permanent dipole moment is large, the output power
plateaus at y,, and it is thus mainly set by the optical spon-
taneous emission rate y. For very large |d.|, however, y
might become larger than «, which will result in Eq. (2)
becoming equal to x C for low |d..| and x for large |d..|
(see the blue line, with slightly different behavior).

Figure 12 shows that there are several realistic candi-
dates for experimental implementation; e.g., a combination
of quantum dots for the emitters and superconducting
and/or single-electron devices for the detection seems like
a conservative choice.

APPENDIX I: THERMAL EMISSION

We envisage that the system would operate at cryogenic
temperatures of 7= 70 K, which corresponds roughly

3 rRydberg atoms

5 MHz)
0.5 THz)

5 = 50 MHz)

JQuantum dots

(
(v

JMolecules

_|Color centers

d..| (D)
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(!

S

Superconducting
nanowire

Extrinsic semiconductor detectors

r(a'a)

Z a3
107> 1072 1072 1071 10717 1071

NEP (W Hz %)

FIG. 12. A plot of the critical values of the noise-equivalent
power (NEP) and permanent dipole moment, for which the sys-
tem reaches a SNR of 1 in relation to different detectors and/or
experimental realizations. The different curves correspond to dif-
ferent transition dipole moments and/or spontaneous emission
rates [y = 5 MHz (red), 50 MHz (green), 500 MHz (orange), and
0.5 THz (blue)]. The horizontal gray lines correspond to (from
top to bottom) Cs Rydberg atoms [58], colloidal semiconductor
nanocrystals [45], molecules [54,56], and diamond color centers
[57]. The vertical gray lines correspond to (from left to right)
superconducting nanowires [77], single-electron devices [78],
and doped Si-Ge detectors [79]. The NEP for superconducting
nanowires has been estimated via NEP = fiw./S [68,80], where
S is the dark-count rate.

to nitrogen cooling. For that temperature, the thermal-
occupation number is (n)g = (/T —1)71 ~ 1078,
while the cavity photon number in resonance (the regime
that provides antibunching) is roughly 1072, meaning that
neglecting thermal emission is justified in this regime.
Figure 13 shows a simulation with added thermal emission
in the cavity for 7= 70 K with no qualitative difference
from the plot at 7 = 0 K in the paper (except for a decrease
in g (0) for large Q). At around 7 =200 K, the dif-
ferent features in the map of the quantum second-order
coherence are almost completely gone and all that remains
are thermal states, so room-temperature applications are
unlikely.

APPENDIX J: TIME-DEPENDENT DEGREE OF
QUANTUM SECOND-ORDER COHERENCE

When the cavity can be adiabatically eliminated, the
dressed emitter is effectively described as a TLS under an
incoherent pump, with rate y,, and spontaneous emission
modified by the cavity, with rate y_ + (y— + y4)C. In that
case, the second-order correlation function can be obtained
analytically and is given by

g =1-exp[-(y +y01+0x]. (D
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FIG. 13. Maps of (a) the output photon flux « (X =X *) [shown
as k(X ~X 1) /27 (THz)] and (c) the degree of quantum second-
order coherence g®(0) [shown as logg®(0)] as a function
of Qp for {x,y,w.}/2m = {0.05,0.0005,26} THz for a fixed
A /27 = 10 THz, at a temperature of 7 = 70 K. (b),(d) The two
adjunct plots show the scans of the maps shown in (a) and (c),
respectively, along the resonance Qz = ..

This equation establishes a correlation time scale given
by

w=[on tyoa+0] 12)

We have computed numerically the exact values of g® (1)
without any approximations, shown in Fig. 14. The results,
which are reasonably well approximated by the previous
equation, confirm that the time delay between subsequent
THz emissions is given by 7. and sets its value to be of the
order of 100 ps.
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FIG. 14. The degree of quantum second-order coherence
g@(t) of the cavity and the emitter as a function of
time with an exponential fit. The parameters used are
{x,x,y,wc, 2, 2}/27 = {0.05,0.158,0.0005, 26, 26, 10} THz.
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