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Highly excited Rydberg states of excitons in Cu,O semiconductors provide a promising approach to
explore and control strong particle interactions in a solid-state environment. A major obstacle has been the
substantial absorption background that stems from exciton-phonon coupling and lies under the Rydberg
excitation spectrum, weakening the effects of exciton interactions. Here, we demonstrate that two-photon
excitation of Rydberg excitons under conditions of electromagnetically induced transparency (EIT) can be
used to control this background. Based on a microscopic theory that describes the known single-photon
absorption spectrum, we analyze the conditions under which two-photon EIT permits separating the optical
Rydberg excitation from the phonon-induced absorption background, and even suppressing it entir7ely.
Our findings thereby pave the way for the exploitation of Rydberg blockade with Cu,O excitons in

nonlinear optics and other applications.
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The ability to control and manipulate highly excited
Rydberg states of atoms has led to numerous break-
throughs, from simulating quantum magnetism [1-8] and
performing quantum gates [9—11], to quantum and non-
linear optics [12-21].

In 2014, it was demonstrated that semiconductor
excitons in bulk Cu,O crystals can also be excited to
Rydberg states, which can be as large as their atomic
counterparts [22]. Their enormous size implies a high
susceptibility to magnetic [23-29] and electric [30-33]
fields, that may be exploited in integrated semiconductor
microstructures [34,35]. Importantly, the resulting long-
range interactions of such large excitons [36], combined
with the characteristic hydrogenlike scaling of the energy
levels and lifetimes [37], can give rise to a strong
suppression of Rydberg excitation, high optical non-
linearities [38,39], and topological states [40]. A key
prerequisite for exploiting such interaction effects in
future experiments and potential applications is the
availability of isolated Rydberg excitation lines. While
this is excellently satisfied in atomic systems, the observed
excitonic Rydberg series in Cu,O rests on a broad back-
ground that accounts for more than 50% of the optical
density on some Rydberg-state resonance. Stemming from
the simultaneous excitation of an optical phonon and a
deeply bound exciton [41,42], this background represents
an additional excitation channel that inevitably competes
with the Rydberg-exciton series. Since such a competition
naturally weakens many effects of excited-state inter-
actions, controlling the phonon-induced absorption back-
ground and resonant Rydberg-state excitation remains an
important challenge.
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In this Letter, we demonstrate that this can be achieved
via electromagnetically induced transparency (EIT) [43,44]
involving excited exciton states. Two-photon excitation
of long-lived excitons in s states via a low-lying p state
[45,46] [see Fig. 1(a)], hereby leads to interference of the
two excitation pathways that can be used to eliminate the
population of the strongly coupled and rapidly decaying
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FIG. 1. EIT in Cu,0. (a) A weak probe laser with a frequency
w, generates p-state excitons of the yellow series. The simulta-
neous coupling to a continuum of phonon-dressed exciton states
gives rise to the typical absorption spectrum of Cu,O below the
band gap energy Eg,, of the yellow series, as shown in (b). As
further illustrated in panel (a), an additional control laser field
with a frequency @, couples the generated excitons to an excited
s state of the yellow series to establish conditions of electro-
magnetically induced transparency. As shown in panel (c), this
makes it possible to control the spectroscopic properties
of the material and leads to a series of narrow absorption dips
at a given s-state resonance with a greatly suppressed absorption
background at each minimum. The depicted spectrum is scanned
by varying w. with a fixed w, as indicated by the red arrow in
panel (b).
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intermediate state. Here, we show that this effect cannot
only be employed to achieve narrow Rydberg-exciton lines
but also allows us to control and even reduce the broad
phonon background that would otherwise supplement the
exciton spectrum [see Figs. 1(b), 1(c)]. Depending on the
material parameters, we identify three distinct regimes in
which either the discrete exciton lines or the broad phonon
background are suppressed individually, or where both
vanish simultaneously to yield transparency on two-photon
resonance. The results of this work, thereby, suggest novel
experimental probes of optical processes and phonon
effects in semiconductors, and open the door to nonlinear
optics and explorations of many-body phenomena with
interacting Rydberg excitons.

Cuprous oxide features four exciton series, the yellow,
green, blue, and violet series, which couple to light in the
respective optical frequency domains. Most spectroscopic
studies of Cu,O are based on the excitation of p-state
excitons of the yellow series, with wavelengths of
~590 nm [47-51]. Around each resonance, the light field
couples to a p-state exciton that can be described by a
bosonic field operator X »» and is excited with a linewidth
I',, an exciton-photon coupling strength g, [41] and a
frequency detuning 75, = E, — hw,, defined by the exci-
ton energy E, and laser frequency w,. However, early
measurements of the series [22] have established the
presence of a broad absorption background that starts
above the energy E; of the ls-ortho exciton and extends
all the way across the band edge [Fig. 1(b)]. In the
underlying absorption process, a photon virtually excites
an intermediate state, which subsequently decays into an
optical phonon and a 1s-ortho exciton [41]. This indirect
excitation process is necessary since neither the generation
of the phonon nor the excitation of the 1s exciton is dipole
allowed. The dominant involved intermediate states have
recently been identified as the s states from the blue exciton
series, mentioned above. Among the multitude of phonon
modes in Cu,O, the optical phonons with I'5 symmetry
make the single most important contribution to the decay
process [42].

The underlying exciton-phonon scattering process can
be well described by a Frohlich interaction term

Ay = Z/d3qd3q’hﬂ(q,q’)
x [b'(—q)X],(a+q)X,(q) +He]. (1)

where low-lying excitons from the blue series at momentum
¢, described by the operator by X ,(q'), decay into a pair of a
1s-exciton at momentum q + q’, described by X ;(q + q'),
and a phonon that carries the excess momentum and is
described by the bosonic operator b(—q). The rate of this
process is determined by the coupling constant 4,(q.q’).
While the kinetic energy of the 1s-exciton of mass m and rest

energy E, leads to a momentum-dependent detuning
héy(q) = Eo + h*q*/(2m) — hw,,, the phonon dispersion,
ha)l—;, can be taken as constant across the relevant phonon
momenta. The blue exciton states are far off-resonant
(|6,] = 0.4 eV) and therefore only weakly populated. One
can, thus, apply adiabatic elimination of their fast dynamics
to describe the overall scattering process in terms of the
composite bosons X(q. q') = b(—q)X,,(q + q') [52], with
a complex linewidth y(q,q') =T + i[6o(q +q') + @r;]
and effective optical coupling elements

9(a.4) =>_9,/8, hu(a.9q). (2)

It is this optical coupling to the associated continuum
of states that leads to the broad absorption background
described above.

As we will show below, however, EIT can be used to
control the phonon coupling through the formation of an
excitonic dark state. Establishing EIT requires a third state
that is relatively stable and can be excited via a two-photon
process (Fig. 2). A natural choice is a Rydberg s-state, which
we describe by the operator X.. Hereby, another laser field
with a frequency @, couples the generated p-state excitons
to the long-lived Rydberg s state with Rabi frequency €
and frequency detuning 76, = E; — hw, — ho,. The result-
ing three-level system features a dark state of the form
~ = gp/QSX:|O>

In addition, however, the control field laser also couples
to the continuum states since X » and X share the same
parity. The associated Rabi frequency can be obtained by
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FIG. 2. The incident probe laser with electric field amplitude £
excites p-state excitons with an optical coupling strength g, and
detuning 5,. Simultaneously, the field couples to the continuum
of phonon-dressed 1s excitons with coupling strength g. The
dressed states start to appear at an energy ha)r; above the 15 state.
The combination of the p-state excitation and the phonon-dressed
excitons generate the broad absorption spectrum sketched on the
right [cf. Fig. 1(b)]. As we show in this Letter, this typical
absorption can be controlled by a second light field that couples
both types of excitons to an s state with coupling strengths Q, and
Q, respectively, and a two-photon detuning J;.
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adiabatically eliminating the dynamics of the blue
intermediate states as before yielding Q(q,q’) =
> . 2./8,-h,(q.q'). Like the isolated Rydberg states,
the background alone can also establish an EIT dark state
that carries no contribution from the intermediate states and
is of the form ~ — Dyo/Dg:X}|0) with

QZ , !
Dy =/d3qL‘}>,
r(q.4')

_ [ p,9@9)2a.94)
Dgg_/ T ) G)

Taken separately, the two excitation pathways, shown in
Fig. 2, therefore promote the formation of simple dark
states with vanishing absorption on two-photon resonance.
Their simultaneous presence, however, leads to a competi-
tion between each pathway that can be described by the
following set of Heisenberg equations for the exciton
operators

A

X,(q) =-7,X,(q) —ig,&(q) —iQX(q). (4)

Xs(q) = _7sjzs(q) - iQsva <q)

+i / PqQ(q. q)X(q. q) (5)

X(q.q") = —7(q,4)X(q,q) + ig(q, 4)E(q)
+iQ(q,q")X,(q), (6)

where we have defined y,,/;, =",/ + i0,,, and & denotes
the amplitude of the probe-light field. Note that a gener-
alization to multiple exciton states is straightforward [see
Fig. 1(b)], and only leads to small interference effects for
overlapping resonances [53].

These equations are readily solved for the steady-state
expectation values, which yield the susceptibility

+ [ e gy, 0

where n ~2.74 is the refractive index of Cu,O. The first
term on the right-hand side describes the coherence of the
discrete p-state exciton, while the second term captures the
contribution of the phonon-induced absorption back-
ground. The susceptibility in Eq. (7) describes the linear
optical response, which is valid at sufficiently low
probe-field intensities, below the onset of nonlinearities
mediated by the strong Rydberg interactions [32,38]. The
inverse absorption length in the crystal is then given by
a = Im(yV). Explicitly, we find from Eqs. (4)~(7) [52]

i (1 — g_stDgQ - gp(ys + DQZ)
cn 7,(rs + Do) +
_% DgQ DgQ}/p +gst

—9 , I
cn cn y,(ys + D) + Q? (8)
with the additional parameter
7.9
D,= [ &qd—"~. 9
! r(d.q) ©)

Without the coupling laser, the absorption is simply given
by the sum of the yellow exciton and the background,
icnyV = —g2/y, — Dy [42]. The observed characteristic
square-root behavior of the latter [54] is recovered if we
assume metastable continuum states (I"' = 0 [52]) and use a
constant interaction coefficient over the range of relevant
momenta, /1,(q.q’) = const. In this case, the two optical
coupling elements are constant, g(q,q’') =g and Q(q,q') =Q.
Denoting the maximal kinetic energy of the 1s exciton as E,
Eq. (9) can be integrated straightforwardly across the entire
Brillouin zone yielding

<\/th — Ey — hop- — z%\/ﬁ) (10)

872 Pm3/?
, =

g \/ihz

for probe laser energies fiw, > Ey + hwr;. This simple
expression indeed describes the experimentally observed
w, dependence to a high accuracy [54], justifying the
simplification of the exciton phonon coupling, /,(q.q’) =
const This also simplifies the parameters Dg: = (Q?/¢*)D 2
and Dyo = (Q/g)D; and permits reducing the total sus-
ceptibility to
D>
. () YS(Q?J + Dgzj/p) + (gpQ - ng)z( ggZ ) (11)
iy =-— .
7p(rs +% D) +

Since the Rydberg-state linewidth I'; is typically small, the
resonant absorption is largely determined by the second term
in the numerator, which is controlled by the ratio
P = 9,2/ (9%,). Note that § does not depend on the control
field intensity but represents a material constant.

Figure 3(a) shows the absorption profile for different
values of this parameter. If § = 1, the yellow p states and
the phononic background feature identical dark states.
Under such conditions of congruent EIT, the two excitation
pathways do not perturb each other, such that one can
suppress absorption on two-photon resonance. For different
values f# # 1, the competition between the pathways leads
to a finite EIT dip. In the limit of § < 1, excitation via the
yellow series is dominant and therefore experiences EIT,
allowing the resonant absorption to drop to the background
value a,,. In the opposite limit of > 1, this background

173601-3



PHYSICAL REVIEW LETTERS 125, 173601 (2020)

60 (a)
50} = Single—photon absorption
- = B=1/300
|E 40 =1
E30f= p=300
S]
20 Qres
10 Qbg
0
-4 -2 0 2 4
hw,—E, (meV)
25| ®
= Single—photon absorption
— 20y _ B=1/300
|
g 15~ !
& | = p=300
810
5
0
-100 =50 0 50 100
hw,—E, (meV)
FIG. 3. Probe field absorption spectra around the 2p exciton at

an energy E),. In panel (a) the control field is tuned to resonance
with the Rydberg-state transition, i.e., d, = J,. The parameters of
the probe-field transitions are taken from Ref. [42], and the
Rydberg decay is neglected, I'y = 0. The different colored curves
show typical absorption profiles for different indicated values of
f = g,Q/(gQ,), whereby the larger of the two Rabi frequencies
Q and € is chosen to be 0.50 meV. For comparison, the black
line shows the absorption spectrum in the absence of EIT, i.e., for
Q; = Q = 0. The thin horizontal lines indicate the resonant probe
absorption stemming only from the 2p exciton (a,,) and only
from the background (ay,). Panel (b) shows the same quantities
for identical parameters, but with the control field tuned to two-
photon resonance, d; = 0.

absorption can be suppressed via EIT and the residual
absorption is that of the p resonance, @.

If the control laser is tuned to two-photon resonance, the
quantum state stays in the approximate dark state when
scanning the p resonance [Fig. 3(b)]. Under conditions of
congruent EIT, the system then becomes transparent for all
probe detunings. Dominant EIT on the p state excitons
(< 1) leads to an isolated phonon background that
extends across the entire yellow series. On the other hand,
if the phononic background experiences EIT (> 1), it is
entirely suppressed and one can realize a series of sharp
isolated p-state resonances, as indicated by the blue line in
Fig. 3(b).

It is interesting to note that the presence of the coupling
laser can even increase the probe field absorption [see
Fig. 3(a)]. This effect occurs on the blue-detuned side of the
resonance and is due to interference of the excitation
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FIG. 4. Absorption contrast as a function of # for different
indicated values of I'; on 2p-exciton resonance and two-photon
resonance (6, = &, = 0). f# is varied by changing 2 while Q; =
50 ueV is held constant, and the remaining parameters coincide
with those of Fig. 3. The dashed line shows the absorption
contrast for I'y = 0.1 eV and probe laser tuned away from the
2p resonance at 5, =20 meV. f is varied by changing €
with Q = 50 peV.

pathways, where the phonon continuum yields an addi-
tional effective decay of the s state.

A key ingredient to leverage the power of Rydberg
interactions optically is a large interaction-induced absorp-
tion contrast, which would result in a large nonlinearity due
to a blockade of multiple Rydberg excitations [55]. Hence,
the absorption contrast, (ay — )/a, between single-photon
driving, ap = as + apg, and two-photon excitation, a,
provides a suitable figure of merit for estimating the extent
of blockade effects on the optical response. As shown in
Fig. 4, the contrast is maximal for I'y = 0 and around
f = 1. Since the nondissipative dark state established under
EIT conditions is perturbed by decoherence and decay of
the Rydberg state, the contrast tends to decrease as the
decay rate I'; increases. While precise values for I'; remain
to be determined experimentally, one can expect compa-
rable coherence properties as measured for p-state Rydberg
excitons at cryogenic temperatures, suggesting that ' is in
the ueV range for high principal quantum numbers, n 2 10
[22]. This suggests that considerable blockade-induced
absorption contrasts of (ay — a)/a ~ 3 are feasible.

While resonant p-state coupling maximizes the achiev-
able contrast for optimal values of f3, it also implies a strong
p dependence that originates from the interference between
the two different excitation pathways, as discussed above.
An interesting alternative approach is, therefore, to delib-
erately operate far off any p-state resonance and establish
conditions of EIT only via the background. Consequently,
this offers a robust way to establish dark exciton states in
the material. As demonstrated in Fig. 1(c), the realization of
such phonon-mediated EIT conditions indeed yields a
spectrum of sharp transmission resonances for a dominant
background path (# > 1), where the absorption drops to
very small values whenever one hits a two-photon reso-
nance with an excited Rydberg s state. EIT in this case is
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indeed enabled predominantly by the continuum of pho-
non-dressed exciton states, since the probe laser is tuned
right between the 2p and 3 p resonances to render p-state
excitation inefficient, i.e., # > 1. As aresult, the absorption
drops to a very small residual value at each transmission
resonance, given by the Rydberg state linewidth, assumed
I, = 5 neV for the 1s-para exciton and 0.8/n° meV for the
Rydberg states with n > 1. Here, we used the expected
Q ~n73/? Rydberg-state scaling of the control Rabi
frequency with a chosen prefactor Q = 0.9/n%? meV.

As illustrated in Fig. 4, this phonon-mediated EIT also
renders the absorption contrast much more insensitive to
variations of 3, since the Rydberg blockade can now switch
solely between background-mediated EIT transmission and
strong absorption via phonon-assisted exciton coupling.
Thereby achievable absolute values of the absorption
contrast are around @y —a~ 30 mm~!. This lies in the
range of absorption coefficients that can be achieved in
Rydberg-atom experiments with cold gases with densities
around ~10'! ¢cm™3 [55]. Just like in the atomic case, the
ability to realize EIT would offer a powerful approach to
optically control and probe [56] the density of Rydberg
excitons for experimental studies of strong interaction and
blockade effects. For a typical blockade radius of about
5 pum [22], this corresponds to optical depths per blockade
volume [57] of OD,, = 0.3. These values are comparable to
those obtained in magneto-optical traps for atomic gases
[55] and would therefore already provide a platform for
observing highly nonlinear light propagation with low-
intensity coherent fields [55,58-60].

EIT can be implemented in various semiconductors that
feature two long-lived exciton states. Cu,O, for example,
offers two viable approaches to realize the described
scheme in experiments. On the one hand, two-photon
coupling to the ls-para exciton of the yellow series via
a low-lying p state, suggests excellent EIT conditions
enabled by the extraordinarily small linewidth I'y ~5 neV
of the 1s state [61,62]. This coupling scheme can be
implemented with current laser technology and the narrow
EIT resonances available in such a scenario would yield an
approach to control phonon coupling. It may also be
exploited to realize enhanced Kerr nonlinearities [63]
and thereby generate strong effective interactions between
dark-state polaritons. On the other hand, EIT can be
realized via long-lived Rydberg s states excited in a
two-photon ladder scheme. In this setup, the low-lying
transition to a p-state exciton exhibits strong optical
coupling, while the upper Rydberg-state transition can
be driven with THz radiation [64].

In conclusion, we have presented a microscopic descrip-
tion of phonon-induced absorption processes in a semi-
conductor and showed how they can be controlled via
exciton EIT. These findings are not limited to the presented
example of Cu,O, but generally apply to the broad class of
semiconductors with indirect transitions to the exciton

state, such as ZnO [65]. The developed approach to control
phonon-mediated absorption in such materials provides a
new spectroscopic tool to observe and probe the individual
effects of exciton and phonon interactions in semi-
conductors. Moreover, the ability to suppress the phononic
absorption background permits the realization of a series of
narrow and isolated Rydberg lines, akin to Rydberg states
in atomic gases. Following recent ideas and experiments in
atomic Rydberg physics [13-21], this suggests new ave-
nues to exploit the strong interactions between Rydberg
excitons for nonlinear optics. The exploration of such ideas
will require us to go beyond the single-exciton theory of
this work, in order to understand the interplay of EIT and
exciton-phonon coupling in the presence of multiple
interacting excitons. Hereby, the possible integration into
optical cavities presents another exciting outlook. In fact,
already a moderate cavity enhancement of the probe-field
coupling by a factor of ~10 would yield optical depths of
OD,, = 1, and may therefore make it possible to generate
photon correlations with Rydberg excitons.
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