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Stimulated Terahertz Emission from Intraexcitonic Transitions in Cu,0O
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We report the first observation of stimulated emission of terahertz radiation from internal transitions of
excitons. The far-infrared electromagnetic response of Cu,O is monitored via broadband terahertz pulses
after ultrafast resonant excitation of three-dimensional 3p excitons. Stimulated emission from the 3p to
the energetically lower 2s bound level occurs at a photon energy of 6.6 meV, with a cross section of
~10~" cm?. Simultaneous excitation of both exciton levels, in turn, drives quantum beats, which lead to
efficient terahertz emission sharply peaked at the difference frequency.
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Excitons, Coulomb-bound pairs of one electron and one
hole, are often seen as the low-energy counterpart of the
hydrogen atom. This picture has been successfully invoked
to describe photoexcitation of a semiconductor in the
low-density limit [1,2]. The analogy to atoms has also
motivated the search for macroscopically ordered states
and Bose-Einstein condensation of excitons in two-
dimensional nanostructures [3] or bulk cuprous oxide
(Cu,0) [4,5]. Nevertheless, there are significant limita-
tions to the atomiclike description of excitons. These
quasiparticles are complex many-body states embedded
in the background of a crystal lattice, which interact via
scattering, phase-space filling, and screening. They gen-
erally exist in a mixture with unbound charge carriers.
Unlike atoms, excitons are transiently photogenerated,
associated with an initial interband coherence, and sub-
ject to decay by recombination. Testing the concept of
excitons has thus been an important focus in semiconduc-
tor physics [6].

Most of the spectroscopic information has been ex-
tracted from optical techniques probing interband transi-
tions. However, such experiments provide only indirect
access to the internal exciton structure. A most direct
approach is to investigate intraexcitonic absorption reso-
nantly in the mid- to far-infrared spectral domain [5,7,8].
In recent years, various sources for terahertz (THz) radia-
tion have been developed [9]. THz spectroscopy has
evolved as a powerful tool for probing low-energy excita-
tions in semiconductors with ultrafast temporal resolution
[7,10,11]. Recently, absorption of THz photons promoting
ground state excitons into higher bound energy levels was
used to explore exciton formation [7].

Theoretical studies suggest how the underlying elemen-
tary quantum processes could be effectively reversed to
induce THz gain from inverted exciton populations
[12,13]. However, scattering with phonons, excitons, and
free carriers leads to ultrafast nonradiative relaxation of the
excited states to the lowest bound exciton level. These
processes and THz absorption into higher bound and con-
tinuum states can strongly compete with stimulated emis-
sion and are poorly understood. Up to now, stimulated
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emission of THz radiation connecting internal exciton
levels has not been observed.

In this Letter, we present the first direct observation of
stimulated emission of electromagnetic radiation from in-
traexcitonic transitions. After resonant photoexcitation of
3 p excitons in the semiconductor Cu,O we use broadband
THz pulses to induce internal dipole transitions to the 2s
state. This process manifests itself via a negative change of
the absorption coefficient at the resonant photon energy of
6.6 meV. Ultrafast dynamics, linewidths, positions, and
oscillator strengths of this and other internal exciton tran-
sitions are directly mapped out. Furthermore, we observe
unexpected efficient THz emission at 6.6 meV when the
visible pump pulse covers both dipole-active 3p and opti-
cally dark 2s states.

All experiments are performed at low temperature (7 =
6 K) in a 330 wm thick, naturally grown high-quality
Cu, 0O crystal. The visible absorption spectrum (Fig. 1) is
dominated by a series of sharp lines originating from the
2p, 3p, 4p, and 5p excitons (yellow series), followed by
the continuum of unbound states. Owing to the positive
parity of the valence and conduction band minima at the
Brillouin zone center, even parity s and d excitons are
dipole forbidden [14]. Figure 1 shows a detailed exciton
term scheme, with the energy difference to the 3p level
given on the left. Far-infrared transmission measurements
confirm the unexcited sample to be transparent with no
absorption features in the window between 1 and 12 meV.

Our experimental scheme is based on an ultrafast regen-
erative Ti:sapphire amplifier operating at 250 kHz repeti-
tion rate, which delivers 42 fs light pulses at a center
wavelength of 800 nm. Near-bandwidth-limited light
pulses tunable around 575 nm wavelength are obtained
by subsequent optical parametric amplification. We use a
grating-based pulse shaper to tailor the energy and width of
these visible pulses, in order to selectively photoexcite
specific bound exciton states or the continuum of unbound
electron-hole (e-h) pairs. A resulting typical pump spec-
trum is indicated by the dashed curve in Fig. 1. Ultrashort
THz probe pulses are obtained by difference frequency
mixing within the broad spectrum of a second branch of
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FIG. 1 (color online). Optical absorption spectrum of the Cu,O
crystal studied in this work, at T = 6 K. Exciton absorption lines
exhibit widths of 3.6 meV (2p) and 1.8 meV (3p). The term
scheme indicates the yellow exciton series, with energy differ-
ences given with respect to the 3p exciton level [14]. Resonant
excitation of 3p excitons is indicated by the thick upward arrow
(a corresponding typical pump spectrum is shown by the dashed
curve). Internal exciton transitions from p to s or d states are
dipole allowed (solid arrow).

the near-infrared laser output. This process of optical rec-
tification is achieved in a 500 pwm thick ZnTe crystal ex-
ploiting its large second order nonlinearity y® [9]. The
real-time electric field trace Epy,(f) of the transmitted THz
pulse is recorded by means of electro-optic sampling with a
large signal-to-noise ratio of 10°. Measurement of the THz
field directly in the time domain yields both real and
imaginary parts of the optical response on equal footing.

In a first set of experiments, we resonantly excite the
Cu,O sample at specific exciton absorption lines and fol-
low the subsequent transient changes in the far-infrared
response via a time-delayed THz pulse. Figures 2(a)—2(c)
show the transmitted THz field Eqy,(¢) without photoexci-
tation (thin lines, downscaled by a factor of 500), and its
transient change AEty,(Ar, t) (thick lines) induced by
photoexcitation at three characteristic wavelengths. The
temporal delay between the yellow pump pulse and the
electro-optic gating pulse is kept fixed at Ar= 1 ps.
Differential transmission spectra AT /T corresponding to
each case are shown in the right panels of Fig. 2. The
response reveals a critical wavelength dependence: excita-
tion in the continuum [Figs. 2(a) and 2(d)] or at the 2p
resonance [Figs. 2(c) and 2(f)] induces electric field tran-
sients that resemble the reference pulse with a phase offset.
A featureless broadband decrease of transmission results.
In contrast, resonant excitation of 3 p excitons shows a very
different shape of the induced field and a strongly struc-
tured transmission change [Figs. 2(b) and 2(e)]. In particu-
lar, we find a remarkable increased transmission around
6.6 meV photon energy.

Knowing the THz electric fields in both amplitude and
phase, we directly determine the change of the complex
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FIG. 2 (color online). (a)—(c) Pump-induced changes AEry,
(thick lines) at Az = 1 ps after excitation, and reference THz
fields Ety, (thin lines, downscaled by a factor of 500) without
excitation. Pump spectra are centered (a) in the continuum at
2.206 eV, (b) at the yellow 3p exciton line, and (c) at the 2p
exciton line. (d)—(f) Corresponding relative transmission
changes AT/T. Arrow: enhanced transmission at 6.6 meV.

refractive index 7i(w) = n(w) + i55 a(w), where n de-
notes the real part of the refractive index and « the ab-
sorption coefficient. Since the excitation density decays
exponentially along the propagation length z inside the
crystal, we express the locally induced change as
A7i(z, w) = Afi(w) exp{—a,;z}. Here, a; is the absorp-
tion coefficient in the visible (Fig. 1) and A7i(w) refers to
the pump-induced change at the entrance face of the crys-
tal. Based on this and including the refractive index of
Cu,0O [15], the complex transfer function of the photo-
excited sample is calculated via the Fresnel matrix formal-
ism. In turn, we directly obtain the induced change of
refractive index and absorption at each frequency by solv-
ing for A7i(w) to match the resulting response function
with the experimental data.

Figure 3 displays the differential changes An and A«
obtained from the traces in Fig. 2. Continuum excitation
[topmost curves in Figs. 3(a) and 3(b)] results in a pre-
dominantly inductive THz response, well explained by the
Drude theory (dash-dotted lines) of a conducting e-h gas.
In contrast, resonant 2p excitation induces only small
changes in the refractive index (lowest curves in Fig. 3)
as expected for insulating, bound states. The most striking
response is obtained after selective excitation of the 3p
interband resonance, yielding a pronounced spectral struc-
ture in both A« and An. With increasing frequency, a peak
of enhanced absorption occurs at 4.5 meV, followed by a
narrow minimum of A« at 6.6 meV. Indeed, here the
induced absorption becomes negative. We emphasize three
key aspects of this observation: (i) unexcited Cu,O shows
no discernible THz absorption in this frequency range,
(ii) the minimum with A« <0 appears exclusively after
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FIG. 3 (color online). THz response at Az = 1 ps after exci-
tation of 2p or 3 p excitons, or the continuum. (a),(b) Changes of
refractive index An and absorption A« (solid lines, offset
vertically for clarity). Dash-dotted lines: a Drude response (top-
most curves) with screened plasmon energy hiw, = 0.3 meV
and damping I'/27 = 0.4 meV. Dashed lines: model of three
oscillators (lower curves) with energies (and linewidths) E; =
4.5 meV (2.5 meV), E, = 6.6 meV (1.6 meV), and E; =
9.5 meV (4 meV), and relative oscillator strengths as given in
the text. The vertical arrow marks the negative absorption change
occurring around 6.6 meV. (c¢) Ultrafast pump-probe dynamics of
the induced change of the THz field at corresponding pump
energies.

resonant excitation of 3p excitons, and (iii) the observed
resonance energy of 6.6 meV is precisely identical with the
3p-2s level spacing (Fig. 1). Hence, we can identify the
negative absorption peak as stimulated emission of THz
radiation via the 3p — 2s intraexcitonic transition.

For further analysis, we model the line shape of the THz
response upon 3p excitation. A faithful representation of
the experiment is achieved with a model of three oscillators
(dashed lines, Fig. 3). Referring to the term scheme of
Fig. 1, we attribute the lowest-frequency oscillator cen-
tered at 4.5 meV to the joint effects of 3p — 45 and 3p —
4d transitions. The center oscillator at 6.6 meV exhibits a
negative oscillator strength, in accordance with the 3p —
2s stimulated emission. Finally, a component at 9.5 meV
phenomenologically describes all transitions to higher
bound states. The relative oscillator strengths f:f,:f3 =
2.7:(—1):1.1 agree qualitatively with a hydrogen model
[4.4:(—1):2], thus supporting this assignment [16]. A
more rigorous theory should also take into account the
partial d character of the 2s exciton in Cu,0, as described
in Ref. [14]. With an estimated density of 3p excitons of
3 X 10" cm™3 we obtain a cross section for the 3p — 2s
transition of o = 107'# cm?. This value compares well

with order-of-magnitude estimates based on hydrogenic
exciton wave functions [12]. Since the excitation densities
reached in our setup are several orders of magnitude below
the excitonic Mott density, higher pump energies make
this approach potentially interesting for efficient THz
amplification.

It should be noted that the THz emission may be sensi-
tive to two types of excitations [13,17]: (i) Coherent ex-
citonic polarizations, where THz emission results from
stimulated Raman scattering as a single-step nonlinear
optical process: the THz field coherently couples polar-
izations from the 3p to the 2s state, from which in turn
visible pump photons are scattered into the THz field.
(i1) Exciton populations, where stimulated emission is
driven purely by population inversion and subsequent hot
luminescence, analogous to atomic lasers. The relative
importance of these processes depends on the polarization
and population decay times. A dephasing time for the 3p
level can be estimated from the visible linewidth, which
yields T, = 0.7 ps assuming predominantly homogeneous
broadening for our high-quality Cu,O crystal. Population
relaxation can be deduced from the dynamics of the in-
duced THz response. Figure 3(c) depicts an increasingly
faster exponential decay as we turn from continuum states
(r =36 ps), via the 3p (7 = 1.3 ps) to the 2p exciton
(7 = 0.8 ps). The relative spectral shape does not vary
strongly within the respective decay time (not shown).
The relaxation is explained by recombination and scatter-
ing into ls excitons mediated by optical phonon interac-
tions [18]. On this basis, stimulated THz emission after 3 p
excitation occurs both during an initial regime of coherent
excitonic polarizations and from the subsequent incoherent
regime of inverted population.

In the following, we show that coherent manipulation of
the 3p — 2s transition may be exploited to emit THz
radiation even without stimulation by external THz fields.
For this second set of experiments, the pump spectrum is
tuned to simultaneously overlap both the 3p and the
dipole-forbidden 2s resonances. No THz probe light is
incident on the sample. We observe emission of a coherent
THz field. The transient [Fig. 4(a)] is detected electro-
optically by scanning the delay Ar between the visible
pump and the near-infrared gating pulse. The correspond-
ing power spectrum in Fig. 4(b) peaks at 6.6 meV and
exhibits a width of 1.7 meV (FWHM). This line shape
coincides with the values deduced from the 3p — 2s tran-
sition in Fig. 3, corroborating that the THz transient origi-
nates from the same internal exciton transition. The
absolute size of these emitted fields is comparable to the
transients A Ery, in Fig. 2 stimulated by a far-infrared seed
pulse. This fact implies that the generation mechanism
cannot be explained by a spontaneous version of the emis-
sion process discussed above. Moreover, we find that the
THz polarization is parallel to the linear polarization of the
pump light. In contrast, the polarization of the stimulated
change AEqy,, described further above, is determined by
the probe pulses.
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FIG. 4 (color online). THz generation in Cu,O: (a) Real-time
trace and (b) normalized power spectrum of THz pulses
(FWHM: 1.7 meV) obtained with the pump centered at
2.157 eV (close to the 3p resonance). The spectral width of
the pump pulse is 12 meV (FWHM). Inset: term scheme of the
underlying quantum process. (c),(d) THz emission for pump
centered at 2.168 eV. (e) The emitted THz power for excitation
at 2.157 eV scales quadratically as a function of the pump pulse
energy.

We interpret this THz emission as resulting from quan-
tum beats between coherent exciton polarizations. Visible
light induces 3p exciton polarizations, while the low-
energy wing of the pump spectrum couples the 2s level
to the ground state, e.g., via a weak quadrupole or surface
field assisted dipole transition [12,19]. As 3p and 2s states
feature opposite parity, quantum beats between them act as
a radiating dipole. The THz generation may be expressed
as an effective difference frequency process, described by
the nonlinear susceptibility [20]

Mz, My M5, >,
ng o ( 3p2sM3p-2s

0 — w3, T i3, (0, — 03,0, + i5,5,)°

where M3, and M, are the visible interband matrix ele-
ments and M3, is the THz dipole matrix element.
Furthermore, w and w1y, are the frequencies of visible
pump and emitted THz fields, and w3, and ws3,,, are
visible 3p and THz 3p — 2s resonance energies with
corresponding dephasing constants I';. The three-wave
interaction is schematically indicated in Fig. 4(a). In our
experiment both terms in the denominator become reso-
nant, which leads to a high nonlinearity despite the relative
weakness of the coupling between 2s excitons and the
ground state. Off-resonant pumping reduces the conversion
efficiency dramatically [Figs. 4(c) and 4(d)]. As shown in
Fig. 4(e), the emitted THz intensity scales quadratically
with the pump power, which further supports this y?
picture. From the pulse intensities and effective interaction
length we estimate a nonlinearity of ng = 10 pm/V. This
value exceeds the high background nonlinearity of non-

centrosymmetric materials such as ZnTe, which is widely
used for THz generation [21].

In conclusion, we report the first observation of stimu-
lated emission of far-infrared radiation from internal tran-
sitions in excitons. Broadband THz spectroscopy directly
maps out the ultrafast dynamics, spectral positions, widths,
and oscillator strengths of intraexcitonic transitions in
Cu,0. Stimulated emission occurs at 6.6 meV after reso-
nant excitation of 3p excitons. The picture is further cor-
roborated by the independent observation of strong THz
emission at this energy due to 2s-3p quantum beats. Our
results provide a new, fundamental test of excitonic quan-
tum physics, and highlight differences and analogies to
atomic systems.
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