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Coherent Interactions of Terahertz Strain Solitons and Electronic Two-Level Systems
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We observe coherent interactions between an ultrashort, longitudinal acoustic soliton train and the
29-cm™! electronic transition in photoexcited ruby. Propagation of the strain pulses over millimeter
distance through an excited zone reveals striking behavior of the induced electronic population, which
has been explained by impulsive excitation of the two-level systems, combined with the nonlinear
properties of the solitons in the resonant medium. This opens up new possibilities for coherent
manipulation of ultrashort acoustic pulses by local electronic centers.
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Recent efforts to generate coherent, longitudinal strain
wave packets at THz frequencies have focused on ultra-
fast excitation of quantum wells and multilayer structures
[1-3]. Thermoelastic generation methods employing a
metallic film have been well developed, but remain lim-
ited to several hundreds of GHz by the optical skin depth
and nonequilibrium electron transport [4,5]. For a long
time, investigations of these transducer-generated pico-
second strain pulses have been conducted only in the
low-amplitude regime and over micrometer propagation
distances. However, extension to higher strain amplitudes
and larger crystals has opened up an entirely new range of
nonlinear phenomena in picosecond ultrasonics. The first
observations of strain solitons were made by Hao er al. [6]
and showed consistency with the Korteweg—de Vries
(KdV) equation. Experiments at even larger strain am-
plitudes, attainable using high-power laser excitation,
demonstrated breakup of the initial strain wave packet
into a train of ultrashort solitons in sapphire [7], predict-
ing strain amplitudes up to 0.4% and soliton widths less
than 0.5 ps.

In this Letter, we prove directly the presence of
0.87-THz frequency components in these soliton trains
by coupling them to the well-known E(E) — 2A(CE)
electronic transition in optically excited ruby. This sys-
tem, known as the ruby phonon spectrometer, has been
used for many years to study nonequilibrium phonons
and related transport phenomena [§—11]. The experiments
in this Letter, however, are of a fundamentally different
nature, as the incident strain field excites a macroscopic
acoustic polarization in the electronic system, as in GHz
acoustic paramagnetic resonance [12]. The half-cycle na-
ture and very high amplitude of the acoustic field allow
for the experimental study of an entirely new regime of
coherent electron-phonon interactions.

The studied sample is a 10 X 10 X 15-mm? ruby crys-
tal with one of the a axes perpendicular to a 10 X
15-mm? surface, which is covered by a 1000-A chromium
transducer. High-amplitude, picosecond strain wave
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packets are generated thermoelastically by absorption in
the transducer of mJ optical pulses from an amplified
Ti:sapphire laser, operating at 800 nm (see Ref. [7]). The
sample is mounted in an optical cryostat with supercon-
ducting magnet, and immersed in superfluid helium at a
temperature of 1.5 K. At similar experimental conditions,
we have observed, independently, the development of
strain solitons in the ruby crystal, using the Brillouin-
scattering method of Ref. [7].

The excited-state E(E) — 2A(*E) doublets in a Cr’*
ion form a two-level system (TLS) with an energy split-
ting equal to 29 cm™!, or 0.87 THz The metastable
density of TLS N* can be simply controlled by the optical
pumping cycle. We use a focused 2-W argon-ion laser to
excite a pencil A [cf. Figure 1(a)] of about 200 um in
diameter up to densities of N* = 3 X 10'8 cm™3. The R,
and R, luminescence intensities, emanating from the 2A
and E levels, respectively, allow for a direct monitoring
of the ratio of electronic level populations of the TLS.
We collect the luminescence perpendicular to the argon-
ion laser beam path. The time evolution of the R,- and
Ri-emission lines, at 692.8 and 694.2 nm optical wave-
lengths, is monitored using a double monochromator
equipped with a time-resolved photon counting setup
with a time resolution of 3 ns. Further, a small magnetic
field of ~0.2 T is applied to lift the degeneracy of the
Kramers doublets, enhancing the speed of the ruby de-
tector by a factor of 4 [11].

Figure 1 shows a typical R, luminescence signal nor-
malized to the R; intensity at 5 mm from the transducer,
for two configurations: one in which the path of the strain
pulses is placed exactly in line with the excited zone (O,
on-axis), and one at a transverse displacement of 1.5 mm
(solid line, off-axis). The off-axis traces are ordinary heat
pulse signals [10], with the 1:3 ratio for the longitudinal
(LA) and transverse (TA) acoustic phonon contributions,
and arrival times that are in good agreement with the
values calculated for corresponding phonon polarizations
(vertical arrows in Fig. 1) for propagation along the ruby
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FIG. 1 (color online). Time-resolved R, luminescence nor-
malized to R, at 5-mm propagation distance, for on-axis (O)
and off-axis (line/red) configurations, and in the presence of
a secondary excited zone B (<), at a pump fluence E =
8.5 mJ/cm?. (a) Experimental configuration, with A and B ex-
cited volumes, s soliton pulse, and 4 heat pulse. (b) Soliton-
induced LA intensity against pump fluence E at z = 8§ mm and
N* = 6 X 107 cm™3, (O) Experimental data, (X) simulation
results. (c) Transverse profiles of the soliton-induced LA in-
tensity, at z =2 mm and 9 mm, at E = 8.5 mJ/cm? pump
fluence and N* =~ 6 X 107 cm 3.

a axis. The on-axis signal exhibits a sharp spike at a time
precisely corresponding to the travel time of the LA
phonons from the transducer to the detection volume.

In order to clarify the nature of the on-axis LA peak,
we point out three experimental observations. (i) The
peak height shows a highly nonlinear dependence on
the intensity of the ultrafast pump laser [see Fig. 1(b)]:
The signal is absent at pump fluences below 4 mJ/cm?,
but rises quickly above 5 mJ/cm?. (ii) The observed
width of the transverse profile at 2-mm distance [see
Fig. 1(c)] coincides with that of the pump laser at the
position of the transducer, and only a slight broadening is
observed after traversal over 9 mm, corresponding to a
divergence angle of less than 0.5°. (iii) The directional
component maintains its amplitude throughout the crys-
tal, whereas the heat pulse decays strongly with distance,
consistent with a hemispherical radiation source.
Together with the independent Brillouin-scattering data,
points (ii) and (iii) confirm that we are dealing with a
soliton pulse which has frequency components at
0.87 THz. We show later that point (i) is also consistent
with the soliton behavior.

To further explore the difference between the soliton
and heat pulse signals, we changed the experimental
configuration and included an additional excited zone B
[cf. Figure 1(a)], in the path leading from the transducer
to the detection zone A. For such a configuration, it is well
known that both the ballistic LA and TA resonant pho-
nons are strongly scattered by the excited Cr’" ions in
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zone B [10]. Indeed, we observe a reduction of the heat
pulse TA contribution by about 70% of its value without
zone B, as shown in Fig. 1. In contrast, the soliton-
induced LA contribution remains unchanged, up to the
highest N* = 3 X 10'"® cm ™3 of zone B. Thus, the solitons
are scattered by excited Cr’* much less efficiently than
conventional 29-cm ™! phonons in the heat pulse.

To investigate the scattering of the solitons by excited
Cr3" ions more precisely, we modified the configuration
to the one shown in Fig. 2(a). The excited zone now
consists of a ~0.6-mm wide cylinder along the path of
propagation of the coherent acoustic beam. Luminescence
is again detected at propagation distances z, imaging only
a 0.2 X 0.5-mm? section of the center of the excited
volume [zone A in Fig. 2(a)]. We again take the on- and
off-axis difference to extract the soliton-induced signal.
Figure 2 shows the amplitude of the soliton-induced
signal as the obtained R,/R; ratios against propagation
distance z at three values of N*. A gradual decrease as a
function of propagation distance is observed, which re-
sembles exponential decay (lines). We determine the
mean-free path for solitons / = 7.0 = 1.0 mm at the high-
est N* = 3 X 10'"® cm™3. It is well known that the mean-
free path I, = 100 nm for the resonant 29-cm ™! phonons
at the same N* [9-11,13]. This is 5 orders of magnitude
less than the experimentally observed value for the soli-
ton. Further, from the integral of the population ratios in
Fig. 2 over the 1-cm long excited pencil, we calculate the
energy converted from the wave packet to the electronic
state to be ~1 wJ/cm?. This is of the order of magnitude
of the rotal energy of the strain wave packet, implying
that significantly more is scattered from the solitons than
just a near-resonant fraction.

In the following, we will interpret the key experimental
features of the soliton-induced luminescence, namely, the
insensitivity to an additional excited volume, its long
mean-free path of several millimeters, and the threshold
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FIG. 2 (color online). Soliton-induced LA intensity as a
function of propagation distance z for values of N* = 0.25
(A), 0.8 (@) and 2.5 (®) X10'® cm™3. (a) Experimental con-
figuration, including detection volume A.
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in the pump dependence. Linear response theory predicts
the formation of a spectral hole in the propagating
wave packet spectrum at the resonance frequency of the
TLS, and would give the same behavior for the soliton as
for the heat pulse. We will demonstrate below that the
intrinsic nonlinearity of the strain solitons can fill in this
spectral hole and efficiently funnel energy to the 29-cm ™!
phonons via spontaneous emission.

The main property, responsible for the experimental
observations, turns out to be the slightly higher velocity
of the solitons than the velocity of sound [6,7]. We illus-
trate this statement using the simulations presented in
Figs. 3(a) and 3(b). The interaction of a short pulse with
the TLS results in the formation of trailing resonant strain
radiation upon propagation [curve / in Fig. 3(a)] [14]. The
presence of this radiation is responsible for the spectral
hole for resonant modes in the combined spectrum of the
strain wave after the interaction with TLS. The difference
in velocities for soliton and conventional sound leads to a
delay of the linear trailing radiation respective to the
nonlinear soliton, proportional to the propagation dis-
tance z. A walk-off by 1/4 of a resonant phonon wave-
length will occur within a distance of /[, = 1.3 um for a
typical 0.4% strain soliton [7]. This has far-reaching
consequences for the development of the trailing radia-
tion as can be seen in Fig. 3(a). In a dispersive medium
with the resonant Beer’s length [,, the trailing radiation
disappears [curve 2 in Fig. 3(a)], which corresponds to a
refilling of the spectral hole at the resonant modes in the
frequency domain. Figure 3(b) shows the dependence of
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FIG. 3 (color online). (a) Time-domain profile of a 0.4%
strain pulse after propagation over 150/, in a resonant medium,
for I linear propagation, no walk-off, and 2 with soliton walk-
off, I, = 13I,. (b) Resonant Fourier component ¢ at 0.87 THz
against traversed distance z/1, for situations /. (solid line) and
2. (dashed line). (¢) Simulated population ratio Aw/2 (upper
line/red) for a typical KdV soliton train [7] (lower line/black).
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the population of the resonant 0.87-THz modes in the
strain packet which has traversed the resonant medium
over a distance z. Curves / and 2 [Fig. 3(b)] correspond to
the linear and nonlinear propagation regimes, respec-
tively. The linear regime is accompanied with a strong
attenuation of the resonant modes over z ~ [, , while in
the nonlinear case the number of resonant modes is al-
most independent on z. As a result, the nonlinear regime
allows one to convert almost all energy in the soliton to
the energy of the resonant mode, which is emitted spon-
taneously by the TLS. Obviously, the linear regime can-
not produce such a spectral redistribution.

Thus, the temporal and the spectral shape of the soliton
wave packet do not change significantly with distance.
This allows us to simplify the analysis and assume that
each atom in the excited volume experiences exclusively
impulsive excitation by the solitons. Analogue to optics,
we consider the electronic system as a pendulum that may
be excited either through a resonant driving field or by
impulsive action. The latter regime is commonly ignored
in optics as it requires pulses shorter than the resonant
period of the electronic state. For a quantitative descrip-
tion, we make use of the original set of Bloch equations
[15], which has been used earlier in the studies of few-
cycle optical pulses [16]. In this model, no approximations
are made that assume a slowly varying envelope on a fast
carrier wave [12,15]. Rather, the strain waveform s(¢) acts
directly on the “carrier” Rabi frequency x(f) propor-
tional to the matrix element y, of the E(*E) — 2A(’E)
transition, estimated to a value of /iy, = 200 cm™~' per
unit of uniaxial strain along the ruby a axis [17,18].
Subsequently, the phase of the electronic state vector
rotates with resonance frequency w, and decays by spon-
taneous emission, 77 = 0.7 ns [13], and T, = 2T,. For
completeness, we give the full evolution equation for
the electronic state vector S:

%s=5><s—r-(s—so), (1)
with the usual conventions for relaxation I', initial state
So=1(0,0, —1), and pseudofield vector 8= (2x(1),0, w).

Knowing the state vector S, we can calculate the
population ratio Aw/2 of the electronic levels by projec-
tion onto the vertical axis. Numerical simulations of
Aw/2, during the passage of a realistic soliton train
(see Ref. [7]), are shown in Fig. 3(c). It is observed that
excitation of the two-level system is induced primarily by
the first five pulses in the train, consisting of 11 solitons.
In contrast to the sharp steps produced by these first
solitons, which are the shortest and have the highest
amplitude, excitation by the longer pulses at the end is
suppressed by the precession of the state vector at its
natural frequency w,. We also observe that, for the fourth
and sixth solitons, we have a decrease in the population.
This is similar to coherent control experiments, where
the result of the short pulse excitation depends critically
on the phase of the electronic state [19]. The obtained
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excitation Aw/2 =2 X 1073 corresponds to a Bloch
angle of about 4°, which means that the excitation re-
mains well within the linear regime of the harmonic
oscillator.

The measured R, to R is of the order of magnitude of
the calculated Aw/2 for the typical soliton train in
Fig. 3(c). For more precise quantitative agreement be-
tween simulated and experimental R,/R; ratios in
Fig. 1(b), we correct for the bottleneck efficiency [9-11]
and radiative probabilities of the R lines [20]. We have
simulated the excited population for soliton trains at
various initial strain amplitudes and plotted the results
for R,/R; in Fig. 1(b) (X/solid line), where the horizontal
scale was calibrated using the independent Brillouin-
scattering data, similar to Ref. [7]. We obtain good agree-
ment in both the offset at ~4 mJ/cm? and the steep
increase of the signal at higher pump fluences.

Our estimate of Aw/2 of 2 X 1073 adds up to a total
energy of ~1 uJ/cm? at N* = 10'® cm™3, and thus to a
soliton mean-free path of ~1 cm, in close agreement
with the experiments of Fig. 2.

Experimental results are in excellent agreement with
the presented model where the slight difference in ve-
locities for soliton and the linear sound takes place. The
mean-free path for the soliton pulse is much larger than
for resonant phonons from the heat pulse. Further, the
integral of the energy transferred from the soliton to the
TLS medium at this distance is of the order of the total
energy in the initial strain packet.

The presented work predicts new avenues for the
manipulation of ultrashort acoustic pulses using local
electronic centers. A challenging possibility is the ampli-
fication of coherent THz strain wave packets using in-
verted two-level systems, attainable by direct optical
excitation of the 2A(?E) states. The transducer-generated
ultrashort strain solitons may then serve as a trigger for
starting up the coherent release of the acoustic polariza-
tion in the form of a resonant tail. In this situation, the
area theorem [14,15] predicts exponential growth of the
Bloch angle of this tail over the submicrometer, resonant
absorption length /,, anticipating an exponential factor
L./, = 200, with L. = ¢,T, the length over which the
inversion can be maintained using pulsed optical excita-
tion of the Cr’* ions [21]. Amplification over several
orders of magnitude and concomitant breakup of the
wave packet into a new kind of THz strain solitons, the
resonant 27 pulses of self-induced transparency, appears
well within the range of possibilities.

In conclusion, we have observed coherent interaction
between an acoustic soliton train and the E(E) — 2A(CE)
electronic transition in photoexcited ruby, explicitly dem-
onstrating the development of strain components in the
solitons of frequencies as high as 0.87 THz. The soliton-
induced signal was found to be highly directional,
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strongly dependent on pump fluence, and only weakly
influenced by dissipation through the interaction with
the electronic system. We have explained the key experi-
mental observations using only simple arguments based
on nonlinear refilling of the spectral hole and impulsive
excitation of the two-level systems by the soliton train.
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