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We examine the interaction between coherent, terahertz strain solitons, and the metastable 29-cm−1 elec-
tronic two-level systems in photoexcited ruby. A large difference in soliton-inducedR2 luminescence is ob-
served for soliton propagation along the crystallographicc axis with respect to earlier experiments along thea
direction fPhys. Rev. Lett.92, 035503s2004dg, that can be explained by the strong anisotropy of the crystal
field interaction strength. The behavior of the soliton-induced population of terahertz two-level systems is
further investigated in several configurations and explained successfully in the context of a model of nonlinear
propagation of the supersonic soliton packets and their coherent interaction with the two-level medium.
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I. INTRODUCTION

The availability of directional, high-amplitude strain
pulses in the ultrafast regime opens up an avenue to dynami-
cal high-pressure experiments on femtosecond timescales.
This regime has recently become accessible through high-
power, ultrafast optical excitation of a metallic transducer
evaporated onto a crystal. Low-temperature propagation of
the generated picosecond strain packets over millimeter dis-
tance through the crystal has revealed the development of
very short, stable acousticsoliton pulses.1 In this evolution,
the dynamical balance between acoustic nonlinearityspro-
vided by the lattice anharmonicityd and phonon dispersion is
responsible for the formation of the half-cycle strain solitons.
Extension to much higher amplitudes, attainable using exci-
tation by amplified laser pulses,2,3 has resulted in breakup of
the initial picosecond strain packet intotrains of ultrashort
solitons, with up to 0.4% strain amplitudes and a spatial
width of only several nanometers, corresponding to terahertz
phonon frequencies.

An application of fundamental and potentially technologi-
cal interest forms the manipulation of ultrashort strain pulses
using electronic two-level centers. Two-level systems with
terahertz resonance frequencies can be found in the elec-
tronic shells of certain transition-metal ions that are embed-
ded in the crystal field of a host matrix. It has been shown
previously that these centers can be used as a sensitive de-
tector of incoherent terahertz nonequilibrium phonons.4–7 On
the other hand, experiments on the interaction of gigahertz
ultrasonic pulses with the electronic ground-state levels of
paramagnetic impurity ions have demonstrated a strong anal-
ogy between acoustics and coherent optics in two-level
media.8,9

In this paper, we study the interactions of a terahertz elec-
tronic two-level medium with the ultrashort strain solitons.
For this purpose, we employ the well-knownEs2Ed
−2As2Ed transition of Cr3+ ions in optically excited rubyssee
Fig. 1d as a quantum-mechanical two-level medium at 0.87
THz resonance frequency. As theEs2Ed level is metastable,
the density of two-level systems can be simply controlled
through the optical pumping cycle. By exposing this system

to trains of ultrashort acoustic solitons, we have already
demonstrated coherent, impulsive interactions along the
crystallographica axis.10 Here, we present a compete analy-
sis of our results on the excitation of theEs2Ed−2As2Ed tran-
sition by solitons, including propagation along the rubyc
axis. The experiments are explained by a theory of the non-
linear propagation of ultrashort strain solitons in a resonant
two-level medium, that will be introduced in the following
section.

II. THEORY

In the description of the interaction of the ultrashort non-
linear solitons with the two-level medium, we consider sepa-
rately sad the excitation of a two-level system by a single
strain soliton,sbd the effect of a complete soliton train on a
two-level system, andscd the propagation of the solitons
through a dense two-level medium.

A. Impulsive excitation by a single soliton

We consider first the initial step in the interaction between
solitons and the two-level medium, namely, the impulsive

FIG. 1. sColor onlined Experimental scheme for generation and
detection of coherent strain pulses using the terahertzEs2Ed
−2As2Ed transition in the Cr3+-electronic level system. Electronic
level system is shown schematically together with the relevant ex-
citation and detection wavelengths.
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excitation of an electronic two-level systemsTLSd by a
single ultrashort soliton. The soliton is approximated by a
half-cycle pulse of durationts with a spectral width 1/2ts
larger than the resonance frequency of the TLSn0. The gov-
erning equations for this system are the original Bloch-vector
equations, i.e., without the rotating wave approximation11

]

]t
S= b 3 S− GsS− S0d. s1d

Here G is the diagonal relaxation matrix describing the
dephasingsT2d and energy relaxationsT1d processes in the
TLS. S0 defines the initial state vector of the electronic lev-
els, and b denotes the pseudofield vector defined as
f2xstd ,0 ,v0g, with xstd the “carrier” Rabi frequency andv0

the resonant angular frequency of the TLS. The electron-
phonon Rabi frequencyxstd depends on the productx0sstd of
the pressure coefficient of the crystal-field splitting and the
applied strain wave form. Forx0 we estimate a value of
about 250 cm−1 per unit strain along thea axis, as discussed
in Appendix A. As usual, the components in the horizontal
plane of the Bloch sphere represent the in- and out-of-phase
polarizationsS1, S2, while the third componentS3 denotes
the population difference of the upper and lower states. The
quantity of interest for our experiments is the excited-state
occupation numberp2A defined asp2A=sS3+1d /2 sidentical
to the notationDw/2 in Ref. 10d.

As an instructive example we assume that the excitation
pulse is much shorter than the resonance period of the TLS,

so that the rotation speed in thesŜ1,Ŝ2d plane is much slower
than the vertical tilting of the vector. A simple integration of
the system around the passage of a strain pulsesstd
=s0sech2st /tsd then results in a population differencep2A

=8x0
2s0

2ts
2. At typical values for the strain amplitude of 0.4%

and corresponding pulse width of 0.2 psssee Ref. 3d, we find
an excited-state occupation number ofp2A=5310−3, corre-
sponding to a tilt of the Bloch vector of,8°. However,
numerical integration of the Bloch equations, including the
precession, yields the more accurate value ofp2A<1.2
310−3 fsee Fig. 2scd discussed laterg.

B. Excitation by a soliton train

We proceed by calculating the excitation of the electronic
two-level systems using thefull simulated soliton wave
packet2 including the dispersive tail, as shown in Fig. 2sad.
To investigate which parts of the wave packet are resonant
with the two-level system, we calculated locally the spec-
trum by means of successive Fourier transforms over a mov-
ing window of 17-ps temporal width. This results in the
time-resolved spectrum of Fig. 2sbd. The time window for
the transform limits the spectral resolution to 60 GHz, which
is sufficient to resolve some typical spectral features of the
packet. It can be observed that only the first few solitons in
the train have frequency components around the TLS reso-
nance at 0.87 THz, denoted by the horizontal linesdash/redd.
The typical frequency distribution over the wave packet of
the trailing tail results from the combined action of the non-
linearity and phonon dispersion, which causes a frequency
separations“chirp” d in the tail.

We applied the Bloch model to evaluate the action of the
wave packet of Fig. 2sad on a single TLS and obtained the
excited-state occupation numberp2A from the vertical com-
ponent of the state vectorS3. The result, shown in Fig. 2scd,
clearly demonstrates the impulsive excitation by the solitons,
followed by the resonant character of the excitation by the
tail. The excitation efficiency of the total soliton train de-
pends strongly on the distances between subsequent solitons
due to the oscillating phase of the TLS. For an average value
over an extended crystal volume we have to calculate the
excitation of several trains with increasing intervals between
the solitonsswhich has been done in the simulated data of
Fig. 5d. Furthermore, although the resonant excitation of a
single TLS by the tail seems to be higher than that by the
solitons, its total contribution in an extended two-level me-
dium will be negligible, due to the different nature of linear
and nonlinear propagation that will be the topic of the next
section.

C. Propagation through a two-level medium

The above calculation shows that a bare soliton pulse ini-
tially excites a single two-level system to a Bloch angleu.
However, when the pulse propagates through a two-level me-
dium, the coherent reemission by the centers results in a
trailing tail of resonant radiation,12–14which changes the ab-
sorption characteristics for a dense medium. In this section
we will demonstrate that a fundamental difference exists in
the absorption of energy from a nonlinear soliton and a linear
strain pulse.

In Ref. 10 we already addressed this point by numerically
calculating the refilling of the spectral hole at 0.87 THz by

FIG. 2. sColor onlined sad Simulated strain wave packet afterz
<0.5mm propagation distance in ruby, for an initial strains0=1.5
310−3 along thea axis. sbd Time-dependent Fourier transform of
wave form of sad, shown as a contour plot. Horizontal linesred/
dashd denotes resonance frequencyn0. scd Calculated TLS excita-
tion p2A for the simulated wave packet ofsad, demonstrating impul-
sive excitation by the solitons and a resonant contribution from the
tail.
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the nonlinear reshaping of the solitons. Here we go into more
detail and demonstrate that the energy extracted by sponta-
neous emission from the nonlinear solitons is linearly pro-
portional to the amount of absorption centersN* , while the
energy taken from a linear wave packet by the electronic
system is only proportional tosN*d1/2. For this purpose we
consider subsequently the propagation in the two-level me-
dium of s1d an incoherent phonon spectrum,s2d a coherent
linear strain pulse, ands3d a nonlinear soliton pulse.

1. Incoherent heat pulse

For an incoherent broad phonon pulsesheat pulsed in a
dense medium, the resonant absorption strongly saturates by
the depletion of the available 29-cm−1 phonons in the packet.
For a Lorentzian resonance line shape, absorption and for
that matter spontaneous emission then only takes place in the
wings of the resonance, resulting in depletion of a bandwidth
D approximately given by the far-wing expansion of the
Lorentzian as

D < S G2z

lrln 2
D1/2

, s2d

which for a resonant absorption lengthl r inversely propor-
tional to N* ssee Appendix Ad increases withsN*d1/2. The
amount of energy that is absorbed out of a sufficiently broad
phonon spectrum after several resonant mean free paths is
thus given by the integral of the phonon density of states
rsv0d over the absorption bandwidthD, times the resonant
phonon energy"v0.

2. Coherent linear pulse

We now consider the evolution of a very shortsi.e., short
compared top /v0d, coherent linear strain pulse traveling
through a two-level medium. This evolution has been thor-
oughly analyzed for optical radiation propagating in a reso-
nant medium,12–14 and is analogous to the electron phonon
system under study.8 For small excited-state population, the
radiation emitted coherently by the two-level systems accu-
mulates in the form of a superradiant tailfshown in Figs.
3sdd–3sgdg. In this limit, the propagation equation reduces to
the dielectric response model and Beer’s lawsarea
theoremd.11,12 The combination of the ultrashort pulse and
the superradiant tail produces a spectral hole of spontane-
ously emitted radiation with a bandwidth given by Eq.s2d.

The redistribution of energy from the short pulse to co-
herent and incoherent radiation is illustrated by numerical
calculations presented in Fig. 3. We have chosen to describe
the wave packet evolution in the spectral domain using the
linear response functionssdispersiond of a resonance. For the
Lorentzian resonance line shape, the evolution operator

F̃sv ,zd has the following spectral form:11,15

F̃sv,zjd = expfif̃svdzjg,

f̃svd <
G

2
S 1

v − v0 − iG
+

1

v + v0 − iG
D , s3d

where the propagated distancezj is expressed in units of
resonant absorption lengthszj =z/ l r. The complex phase

f̃svd is defined such that its imaginary part equals unity at
resonance and Eq.s3d reduces to Beer’s law.

Using this response function, we have simulated the
propagation of a short linear pulse through the TLS medium
over a distance ofzj =500 fdashed line in Figs. 3sad–3scdg.
Given the estimate ofl r <2 mm of the Appendix, this simu-
lated distance corresponds to about one millimeter of propa-
gation in a ruby crystal withN* =1018 cm−3.

In the simulation we monitor the redistribution of energy
from the ultrashort strain pulse into coherent and incoherent
relaxation channels by the two-level medium. For this pur-
pose, energy densities are defined locally in the time domain
by integration of the square of the coherent strain field over
the temporal windows that can be assigned to the soliton
pulse and to the trailing radiation packet, respectivelyfsee
inset in Fig. 3sadg. In this way, the energy taken from the
pulse by the two-level medium −DEpulse and the amount
given back coherently in the form of a superradiant tailDEtail
may be computed and compared with the energy contained
in the strain field before entering the TLS mediumE0. Fi-
nally, the difference between these two energies yields the
energy removed by spontaneous emission −DEtot, which is
the quantity detected in our experimentsssee Sec. II Dd.

In Fig. 3sad we plot −DEpulse/E0, the energy that is re-
moved from the short pulse normalized to the initial pulse
energyE0, versus propagated distance in the resonant me-
dium. We observe a continuous drain of energy from the
short pulse proportional to the traveled distancez, due to the
impulsive excitation of the electronic system. Up to 12% of
the initial energy is removed from the pulse over a distance
of 500 resonant absorption lengthsl r.

FIG. 3. Dependence on propagated distancez/ l r of sad energy
removed from soliton −DEpulse, sbd energy emitted into the super-
radiant tailEtail, andscd energy removed by spontaneous emission,
−DEtot, normalized to the initial pulse energyE0, for a nonlinear
soliton pulse with walk-off lengthls=6l r slined, ls=13l r sshort
dashd, and for a linear strain pulsesdashd, i.e., ls→`. sdd–sgd Snap-
shots of the simulated propagation of both a linear pulse and a
nonlinear solitonsls=6l rd through the two-level medium.
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3. Coherent nonlinear soliton pulse

In our calculations we also consider thenonlinearpropa-
gation regimessolid line and dotted lined by simply adjusting
the soliton velocity in the moving frame system. The degree
of nonlinearity is defined by a walk-off lengthls, the traveled
distance the soliton needs to overtake a linear 0.87-THz pho-
non by 1/4 of its wavelength. For example, a value ofls
=6l r corresponds to a displacement of the soliton over 5.6 ps
in the moving frame after one hundred absorption lengths
through the crystalfsee Fig. 3sgdg.

Figure 3sad shows no difference in the energy drain
DEpulse from the linear and nonlinear pulses, indicating that
the impulsive excitation of two-level systems is not affected
by the nonlinear propagation of the solitons. The fundamen-
tal difference between linear and nonlinear propagation oc-
curs in thedistribution of the impulsively excited electronic
population over the coherent and incoherent decay channels,
as shown in Figs. 3sbd and 3scd. In Fig. 3sbd we plot the
energy contained in the coherent resonant radiationDEtail.
Clearly, in the linear casesdashed lined, the energy taken
from the soliton pulse is almost completely returned to the
coherent strain field in the form of trailing radiation. In the
time domain this corresponds to the development of a tail
with a duration corresponding to the superradiant decay time
TR!T2,

12,14 as can be seen in the typical time-domain traces
of Figs. 3sdd–3sgd. In the spectral domain this corresponds to
the development of a spectral hole in the phonon pulseshole
burningd.

In contrast, for thenonlinearsoliton pulsessolid line and
dotted lined, the amount of energy carried by the trailing
radiation tail remains on a very low, stationary level, that is
already established after several walk-off lengthsls. This sta-
tionary state depends on the magnitude ofls with respect to
l r. The suppression of energy flow to coherent radiation in
the case of nonlinear pulses corresponds todestructiveinter-
ference of the superradiant emission by the walkoff of the
soliton, which can also be observed in the traces of Figs.
3sdd–3sgd. This destructive interference prevents the devel-
opment of a spectral hole in the phonon pulse.

The fraction of the total energyDEtot/E0 that is converted
to the incoherent decay channel via spontaneous emission of
the TLS, is shown in Fig. 3scd. Here we find that indeed the
energy taken from the nonlinear soliton is completely con-
verted to incoherent emission. Only a minor part of the en-
ergy of the linear pulse has been transferred to spontaneously
emitted phonons. This part is proportional tosN*d1/2, as ex-
pected from the absorption bandwidth of Eq.s2d. The calcu-
lated amount of energy dissipated in the form of spontaneous
emission is virtually the same for the two specified values of
the walk-off parameterls. This is due to the occurrence of a
stationary state of the coherent tail after a propagation over a
few walk-off distances. Energy balancerequiresthat the con-
stant drain of energy from the soliton is completely trans-
ferred to spontaneous emission, irrespective of the magni-
tude of ls.

D. Interpretation of the model

In the spectral domain, the frustrated decay channel for
the polarization in the nonlinear situation leads to the ab-

sence of a spectral hole in the nonlinear situation, from
where a continuous spontaneous emission can take place,
proportional to the number of centersN* . This refilling takes
place due to the mutual coupling of spectral modes by the
nonlinear term in the KdV equation.3 The refilling is gov-
erned by the equation for the individual, time-dependent
scomplexd spectral strain componentss̃kstd

] s̃kstd
]t

+ as̃kstd E dk8s̃k8stdik8eik8y − bik3s̃kstd = F̃sk/c0,tds̃kstd.

s4d

Here the subscriptk denotes the wave vector, anda and b
are the nonlinear and dispersive material constants, respec-
tively, of the Al2O3 host matrix. The right-hand term de-
scribes the evolution by the two-level medium, given by Eq.
s3d. A more accurate description involves the solution of the
above KdV equation in the presence of a two-level medium.
We did this for one value of the acoustic strain and TLS
concentration and obtained the same results as those shown
in Fig. 3. In the limit of weak dissipation and low excited-
state populations, therefore, our simple model reproduces
well the physics of the system, and the nonlinearity can be
accounted for through the velocity difference of the soliton
and linear phonons.

As mentioned above, in the experiment we are sensitive to
the fraction of the energy transferred to spontaneous emis-
sion. It is this fraction namely that is resonantly trapped in-
side the optically excited volume over microsecond time
scales4,7 and brings us the soliton-inducedR2 luminescence
signal. As the nonlinear mechanism transfers the total excited
population to spontaneously emitted phonons, the amplitude
of the R2 luminescence signal normalized toN* will be a
direct measure for the impulsively excited populationsexcept
for some efficiency factors, see Sec. IV Cd.

As a final remark, we note that the nonlinear refill mecha-
nism will be ineffective for the low-amplitude dispersive part
of the wave packet of Fig. 2 and a spectral hole will be
formed similar to the case of a linear pulse. Thus, after the
first few resonant mean free paths, the absorption of radiation
from the dispersive tail stops, while the soliton train contin-
ues to feed 29-cm−1 phonons via spontaneous emission to the
bottlenecked phonon cloud. We therefore assume that in our
experiments, where propagation takes place over many
Beer’s lengths, coherent excitation by the radiative tail may
be safely neglected with respect to the excitation by the soli-
ton train.

III. EXPERIMENTS

A. Sample and setup

In this section we present experiments conducted in the
configuration in which the strain packets propagate along
one of the axes of a ruby crystal containing 500 ppm Cr3+

ions ssee Fig. 1 for an impression of the experimental ar-
rangementd. For this purpose, the 9.8310315-mm3 speci-
men was covered with a 100-nm chromium transducer on
either one of the 10315-mm2 or 9.8310-mm2 surfaces, ori-
ented perpendicular to the crystallographicc anda axes, re-
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spectively. The metastability of theEs2Ed level allows for a
continuous adjustment of the TLS density through the
excited-state concentrationN* . This is done by indirect exci-
tation via the broad4T2 and 4T1 absorption bands, using a
multimode 2-W argon-ion laser beam focused to a pencil of
about 200mm in diameter. Excitation of high-amplitude
strain pulses takes place via absorption in the metal film of
ultrafast optical pulses from an amplified Ti:sapphire laser.
The time evolution of theR1- and R2-emission lines in the
crystal is monitored using a double monochromator equipped
with a time-resolved photon counting setup. Direct feeding
of the 2As2Ed level via the optical pumping cycle is switched
off during the acquisition of the soliton signal by means of
an acousto-optic modulator. An external magnetic field can
be applied in order to lift the degeneracy of the electronic
doubletsEs2Ed and 2As2Ed, and decrease the bottleneck de-
cay timessee Sec. IV A for detailsd.

B. Strain pulses traveling along thec axis

Our first set of experiments explores the intensity of the
R2 luminescence in the crystal for propagation of the strain
pulses along thec axis. Our earlier experiments10 along the
ruby a axis demonstrated strong interaction between strain
solitons and the electronic system throughout the entire crys-
tal. However, for propagation along thec axis, no soliton-
inducedR2 luminescence could be detected inside the crys-
tal. The absence ofR2 luminescence induced by the
longitudinal phonons can be well understood from the com-
plete disappearance of the matrix element of the single-
phonon transition along this symmetry axis.7

However, a clear soliton-induced contribution was ob-
served at the far-end of the crystal, near the surface.16 Trace
1 of Fig. 4 shows the typical time-resolved luminescence
intensity as observed either on the propagation axissline/
redd, or with a vertical displacement of 1 mmsdash/blued.
The peak at zero time and the luminescence background dur-
ing the first microsecond are due to spurious effects induced
by pump light leaking through the metal film. The on- and
off-axis signals markedly differ at the time span correspond-
ing to the arrival of LA phonons from the transducer. The
maximum amplitude of the effect amounts to 0.7310−4 and
critically depends on the intensity of the femtosecond pump
laser, shown in Fig. 5. This directly shows that the excitation
is critically dependent on the availability of 0.87-THz fre-
quency components in the soliton spectrum and thus on the
ultrashort time duration of the incident strain pulses. To-
gether with the directionality of the beamssee the arguments
in Ref. 16d, this demonstrates that this additional lumines-
cence is induced by the strain solitons.

The soliton-inducedR2 luminescence turns out to be the
maximum when the excited zone is positioned just inside the
crystal, i.e., close to and partially overlapping with the edge
of the crystalfsee Fig. 4sadg. We measured the drop of this
signal when scanning the beam into the bulk of the crystal as
well as beyond the crystalfsee Fig. 4sbdg, and find a strong
decay within 0.2 mm, the diameter of the excited pencil,
followed by a slow attenuation up to,1 mm from the sur-
face. Three typical time-resolved tracesfdenoted by points 1,

2, and 3 in Fig. 4sbdg show that the onset of the LA compo-
nent becomes less pronounced at increasing distance from
the crystal surface. Close inspection shows that the peak in
the luminescence signal shifts tolater times when moving
into the crystal, and presumably corresponds to the arrival of
phonons reflected from the crystal surface.

The pronounced decay of the soliton-induced lumines-
cence signal into the crystal has been successfully explained
by us in a recent paper16 using a model based on the diffu-
sive scattering of terahertz phonons at the surface of the crys-
tal fline in Fig. 4sbdg. Clearly, the origin of the signal cannot
be nonlinear refilling of the spectral hole, introduced in Sec.
II C, as the soliton coherence is distorted on the nanometer

FIG. 4. sColor onlined Time-dependent traces of theR2 lumines-
cence normalized toR1 at indicated positions in the crystal,sline/
redd five-point signal average,sdash/blued off-axis luminescence in-
tensity. sad Experimental configuration, with detection regionA,
soliton pulses and heat pulseh. sbd Soliton-inducedR2/R1 ratio as
a function of positionz in the crystal,ssd experimental data,sline/
redd model calculation for diffusive scattering. Vertical linesdashd
denotes exact surface position.

FIG. 5. sColor onlined Dependence of soliton-inducedR2/R1

ratio on pump fluenceE, for propagation along thec axis sld and
a axis ssd. s3/redd denotes fit toa-axis data using Bloch vector
model of Sec. II A, andsline, dash/redd denote fits using the square
of the 0.87-THz Fourier components in the soliton trains, for values
of s0 calibrated toE using independent Brillouin data.
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scale by reflection at the rough surface. Surface scattering
effectively “freezes in” the acoustic spectrum of the soliton
as it was present prior to the scattering at the surface. The
interaction with the electronic states then should be consid-
ered similar to that of an incoherent phonon spectrum and
should behave accordingly, i.e., similar to a heat pulse. A
more detailed analysis will be presented in Sec. IV.

C. Strain pulses traveling along thea axis

The configuration in which the strain pulse travels along
the a axis yields a completely different behavior than that
observed along thec axis. Most importantly, along thea
axis, the highly directional soliton maintains a constant lu-
minescence intensity throughout the crystal. The threshold in
the pump dependencessee Fig. 5d, however, is virtually the
same for both configurations, apart from a slightly lower
critical pump fluence in thea axis configuration. This can be
explained by the higher nonlinear constanta in this direction
in the crystal,17 resulting in the generation of terahertz com-
ponents in the soliton trains already at lower strain ampli-
tudes. The presence of a threshold in the pump-power depen-
dence shows that the excitation depends critically on the
availability of 0.87-THz frequency components in the soliton
spectrum and can be explainedfs3/redd in Fig. 5g using the
coherent Bloch model for the excitation of the TLS by the
ultrashort soliton train, while assuming a direct funneling
from the impulsive excitation to incoherent 29-cm−1 phonons
ssee Sec. II Cd. The presence of a threshold also in thec axis
measurements suggest however that a simple analysis of the
amplitude of 0.87-THz frequency components will already
yield the observed behavior. We checked this using the ana-
lytical expressions for soliton trains of Ref. 3 and the cali-
brated strain values taken from the Brillouin experiment and
find indeed the offset for the resonant spectral component
fsline,dash/redd in Fig. 5g. This demonstrates that the thresh-
old in the pump-power dependence is only an indicator for
the presence of 0.87-THz frequency components and does
not necessarily contain information on the impulsive nature
of the soliton-TLS interaction.

In an additional series of experiments, discussed earlier in
Ref. 10, we find that the soliton-induced luminescence be-
haves fundamentally different than the heat-pulse induced
luminescence. Our first observation is that the soliton, in
contrast to the heat pulse, survives the passage through a
cloud of excited Cr3+ ions, denoted as zoneB in Fig. 6sad.
We analyze this into more detail and present in the experi-
mental traces of Fig. 6 the behavior of the time-resolvedR2
luminescence originating from zoneA after traversing zone
B fsee Fig. 6sadg with indicated excitation densities of zone
B. It is observed that the amplitude of the TA heat-pulse
signal decreases with increasing concentrationNB

* of zoneB,
while the soliton-induced LA signal remains unaffected. The
behavior of the heat pulse signal can be fit using Eq.s2d, that
predicts absorption of phonons in the detector zoneA over a
bandwidthD proportional to the square root of its TLS con-
centrationNA

* . The secondary zone captures phonons over an
absorption bandwidthDB and thus reduces the luminescence
originating from zoneA by a factorg given by

gsNB
* d = 1 − sNB

* /NA
* d1/2, s5d

for a TLS concentrationNA
* .NB

* . TheN* dependence of the
TA depletion in Fig. 6sbd has been fit to this formulafline in
Fig. 6sbdg and therefore is consistent with the simple model
for the heat pulse spectrum of Sec. II C.

The insensitivity of the soliton-induced signal for the
presence of an additional excited zone demonstrates that the
soliton mean free path for absorption by resonant TLS is
much larger than the zone dimension of 0.2 mm. This is
consistent with the model in which the spectral hole is con-
stantly replenished and the spontaneous emission is linearly
proportional to the total number of interacting resonant cen-
ters.

The mean free path of the nonlinear solitons in highly
excited rubysN* ,1018 cm−3d was determined using the con-
figuration consisting of an excited pencilcolinear with the
propagating solitons. Figure 7 shows the decay of the
soliton-induced signal for three representative values of the
TLS concentration of the zoneN* . The decay length of 7 mm
for the highest concentration compares well to the fraction of
energy taken from a single soliton by the Cr3+ centers, as-
suming a Bloch angle of several degrees. Further, the pre-
sented curves display two general properties:sid the lumines-
cence ratio at the beginning of the sample increases with
increasingN* and sii d the soliton mean free pathl decreases
with increasingN* . The first observation, shown into more
detail in Fig. 7sad, turns out to correspond well to theN*

dependence observed for a small excited zonessee Fig. 9d
discussed later.

The reduction of the soliton mean free pathl with increas-
ing TLS concentrationN* is explained quantitatively using
the spectral response model of Sec. II C. Assuming a rapid
refilling and stationary population of the resonant frequency
component, a resonant absorption lengthl r, inversely propor-

FIG. 6. sColor onlined Time-dependent traces of theR2 lumines-
cence normalized toR1, at indicated valuess1–4d of NB

* , andsline/
blackd in absence of zoneB. sad Experimental configuration, with
detection regionA and secondary depletion zoneB. sbd Reduction
factor for luminescence intensity in presence of zoneB, ssd TA
heat pulse,sld LA soliton. sline/redd Calculation ofgsNB

* d of Eq.
s5d.
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tional to N* , can be used to fit the data of Fig. 7. After
normalization of the amplitudes and at the highestN* we
obtain good agreement for a resonant absorption length of
l r <1 mm si.e., a simulation overzj =8000 resonant absorp-
tion lengthsd and correspondingly scaled values for the lower
concentrationsslines in Fig. 7d. Thus the experimentally ob-
served decay of the soliton-induced luminescence at different
concentrationsN* is quantitatively explained using the non-
linear refill model of Sec. II C.

IV. INVESTIGATION OF THE SOLITON-TLS
INTERACTION

Up to this point, we have discussed two experiments in
which the strain packets were traveling along either one of
the crystallographica sSec. III Cd or c sSec. III Bd axes. We
identified soliton-induced interactions and demonstrated ef-
fects of mode conversion at the crystal surface. In Sec. III B,
it was already mentioned that there should be a marked dif-
ference of the soliton-induced luminescence between the two
configurations, as for direct detection the solitons behave es-
sentially nonlinear, while after reflection and mode conver-
sion the wave-packet spectrum and propagation rapidly be-
come linear. In order to make the case more strongly and
draw definitive conclusions on the electron-phonon interac-
tion mechanism for the soliton trains, we performed some
additional experiments in the two configurations. First, we
present the behavior of the soliton-induced luminescence as
a function of the applied magnetic field and the TLS density
N* in Secs. IV A and IV B, respectively. The differences be-
tween thedirect soliton-induced luminescence and thatafter
surface scattering will subsequently be discussed in Sec.
IV C, based on the coherent interaction model of Sec. II C.

A. Magnetic field dependence

The dependence of the decay of bottlenecked 29-cm−1

phonons on an applied external magnetic field has been ex-
tensively studied many years ago5,7,18,19and will not be dis-

cussed at this point. Most importantly, the bottleneck decay
time was found to be reduced by a factor of 4 when applying
a small magnetic field of,0.1 T parallel to thec axis due to
the splitting of the Kramers doublets into a symmetric quar-
tet of independent transitions. We compare here the behavior
of the soliton-induced intensity upon application of small
magnetic fields for both propagation directions of the acous-
tic strain.

The resulting luminescence intensities are shown in Fig.
8, measured at the far end of the crystal in both configura-
tions. A significantly higher field is required to reduce the
bottleneck decay timefsee Fig. 8sadg in the a-axis compared
to thec-axis configuration, due to the anisotropicg factor of
the 2E manifold. However, comparable reductions of the
bottleneck decay time are obtained also in this configuration
within the range of moderate fields under study. In absence
of the magnetic field, we measure a bottleneck time of
,0.25ms along thec axis and an almost two-times-as-large
value along thea axis. This can be accounted for by the
reduction in volume size in the on-edgec-axis configuration,
reducing the escape time of resonant phonons to the bath.

Consistent with our earlier findings, the absoluteR2 inten-
sity in the two configurations in Fig. 8 differs by almost an
order of magnitude. This we will denote as main observation
sid. However, a new effect appears when the applied field is
varied. For the case of propagation along thec axis, the
R2/R1 ratio increases by a factor of,2.5 when applying of a
field of 0.15 T. In thea-axis configuration, however, only a
small variation is observed around a mean value of 4
310−4. The origin of this qualitative difference in the field
dependence of the signal intensity will be discussed in Sec.
IV C in terms of the intrinsic nonlinearity of the soliton
propagation. For further discussion, we denote this magnetic-
field dependence as observationsii d.

B. N* dependence

At this point, we explore the dependence of the signals on
the concentration of excited Cr3+ ions N* . For both configu-
rations, we varied the excited-state populationN* between

FIG. 7. sColor onlined Decay of the soliton-induced lumines-
cence signal in a colinear excited zone, for three values of the
concentration N* fnumbers in sadg at a pump fluence ofE
,8 mJ/cm2. sad Dependence of luminescence intensity after propa-
gation of 1.5 and 7.5 mm in the excited pencil.sline/redd denotes fit
to Eq. s6d.

FIG. 8. Soliton-inducedR2 intensity normalized toR1 as a func-
tion of applied magnetic fieldB, for propagation alongc axis sld
anda axis ssd. sad Decay timet normalized toH=0 value. Lines
are guides to the eye.
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0.2 and 0.731018 cm−3. The results of the measurements,
each taken at the same spots in the crystal as in Sec. IV A,
are shown in Fig. 9. Again, there is a factor of two difference
in bottleneck decay timefsee Fig. 9sadg caused by the re-
duced zone diameter in thec axis configuration. However,
relative increase of the bottleneck timet with increasingN*

is the same for both configurations and indicative of a de-
crease in resonant trapping time. Similar to observationsii d
in Sec. IV A, the main difference between the two configu-
rations takes place in the amplitude behavior of the soliton-
induced signal. In thec-axis configuration, the soliton-
induced LA peak is seen todecrease slightly. In thea-axis
configuration, however, the luminescence ratioincreases by
more than a factor of 2. This difference in theN* dependence
of the soliton-induced luminescence ratios we call observa-
tion siii d.

In the a-axis configuration we also measured the soliton-
induced signal up to much higher values ofN* . Clearly, the
signal of Fig. 9 saturates at excited-state concentrations
higher than 0.631018 cm−3. At this point we also note the
strong resemblance of the increase of the intensity with that
of the bottleneck decay time in Fig. 9sad. This resemblance
appears to be related to the concentration dependence of the
phonon bottleneck Eq.s6d sline/red in Fig. 9d, as we discuss
below.

C. Discussion

At this point we will demonstrate that the observations
sid–siii d for the two configurations can be brought in good
agreement with the model proposed in Sec. II C. First of all,
the difference in absolute luminescence intensitysid can be
explained from the calculations of the spontaneously emitted
energy as was shown in Fig. 3scd. Given the resonant mean
free path ofl r <2 mm for longitudinal acoustic phononsssee
Appendix Ad and a zone diameter of 200mm, the traveled
distance is of the order of one hundred Beer’s lengths. The
energy deposited into the phonon bottleneck afterzj <100
fsee Fig. 3scdg is one order of magnitude less for the linear
pulse than for the soliton, which agrees well with the ob-

served difference inR2 luminescence in thec- and a-axis
configurations.

The magnetic-field dependence of observationsii d reveals
yet another aspect of the soliton-TLS interaction. The in-
crease of the luminescence intensity by a factor of 2.5 in the
c-axis configuration can be well understood from the point of
view of available phonon modes. In the absence of refilling,
a bandwidth around the absorption line will be completely
depleted of phonons. The excited-state population of the
electronic system is therefore limited by the available reso-
nant phonons within the absorption bandwidth. The splitting
of the electronic levels by an external magnetic field will
lead to an increase of the amount of available phonons once
this splitting exceeds the absorption bandwidth. In contrast,
for the nonlinear solitons, the spectral absorption bandwidth
is continuously replenished from other parts of the spectrum.
Therefore the excited-state population is not limited by the
amount of phonon modes that are available, and no depen-
dence on magnetic field is observed.

Finally, the dependence of the luminescence ratio on the
excited-state concentrationN* fobservationsiii dg can be ex-
plained by the most fundamental difference found in Sec.
II C, namely, that due to the nonlinear refilling, the energy is
removed much faster from the soliton wave packet through
spontaneous emission than from a linear strain pulse. For the
linear pulse, after the first few micrometers, spontaneous
emission only takes place in the wings of the resonance line
shape, resulting in an electronic excitation proportional to
sN*d1/2 fsee Eq.s2dg. As theR1 intensity is proportional to the
excited-state populationN* , the normalized ratio should go
assN*d−1/2. Indeed a decrease is observed in Fig. 9sbd for the
c-axis configuration.

For the soliton pulses, the energy funnelled to the phonon
bottleneck islinearly proportional to the number of centers
N* fsee Fig. 3scdg, and thus theR2-luminescence intensity
normalized toR1 should be independent ofN* . However,
Fig. 9scd shows an increasing ratio that is not predicted by
the refill model. We believe that the increase of the signal
with N* along thea axis reflects the fundamental and well-
studied property of the phonon bottleneck efficiency, as we
explain below.

A simple rate-equation analysis shows that the incoherent
29-cm−1 phonon energy extracted from the solitons is redis-
tributed equally over the phonon bath and the electronic cen-
ters, yielding a ratio of the electronic populations according
to

N2A

NE
= p2A

N*

N* + rDn
, s6d

with rDn the Debye density of states around the 0.87 THz
phonon frequency. In this balance, the critical parameter is
the bandwidthDn over which the coherent electronic polar-
ization tail is converted to phonons. We find good agreement
with the experimentally observed behavior for a bandwidth
Dn<10 GHzfline in Fig. 9scdg and an excited-state occupa-
tion numberp2A of 7310−3. This bandwidth is higher than
the inhomogeneous linewidth of the transition of 0.3 GHz,20

FIG. 9. sColor onlined Soliton-inducedR2 intensity normalized
to R1 as a function ofN* , for propagation alongc axis sld anda
axis ssd. sad Bottleneck decay timet. sLine/redd denotes fit using
Eq. s6d, sdashd denotessN*d−1/2 dependence.
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but is in the ball park of the Kramers-doublet splitting in the
applied magnetic field.

The resemblance of the behavior of the bottleneck decay
time with theN* dependence of theR2/R1 ratio in Figs. 9sad
and 9sbd is strongly connected to the detailed balance be-
tween spin and phonon baths. The ratiorDn /N* , appearing
on the right side of Eq.s6d reflects the relative “trapping”
ratio tr /T1,

7 with tr = l r /c0 the resonant absorption time and
T1 the spontaneous-emission lifetime. This ratio describes
the fraction of time that a resonant energy-quantum resides
in the phonon state. The phonon “escape” timet, constituted
of spatial diffusion and anharmonic decay, is slowed down
with increasingN* by exactly the same ratio as the lumines-
cence intensity in Eq.s6d, due to the increasing amount of
time the energy quantum spends in the electronic state,
where it is immune to phonon-escape processes.

V. CONCLUSIONS AND PROSPECTS

In conclusion, we have studied the interaction of ul-
trashort strain solitons and the electronicEs2Ed−2As2Ed tran-
sition along the rubya and c axes. The directional compo-
nent in the observed luminescence signal demonstrates the
presence of 0.87-THz phonons in the soliton train. The ruby
phonon spectrometer can thus be used as a detector for ul-
trashort strain solitons, yielding information complementary
to the Brillouin scattering method of Ref. 2.

The remarkable properties of the soliton-induced lumines-
cence for propagation along thea axis have been explained
by the model of nonlinear refilling of the spectral absorption
dip by the walk off of the fast soliton from its induced dipole
radiation. The observation of a signal exclusively near the far
end of the crystal in thec-axis configuration has been ex-
plained by the suppression of electron-phonon interaction
along this axis. Diffusive scattering and mode conversion of
phonons at the surface effectively enhance the interaction
with the Cr3+ ions, resulting in the observed behavior.

The behavior of the soliton signal as a function of mag-
netic field and excited-state concentration were found to be
consistent with the presented model based on the nonlinear
properties of the solitons. The two crystallographic configu-
rations could be used to demonstrate the difference between
linear and nonlinear propagation of strain packets through
the resonant two-level medium.

In the future, the two-level medium may be used as a tool
for the manipulation or even amplification of coherent strain
pulses. Instead of preparing the two-level systems in the
ground state, one can consider direct inversion via strong
optical pumping of the 2A level. The transmission of an ul-
trashort strain pulse through the inverted medium will then
result in a coherent release of energy from the electronic
state into the longitudinal acoustic strain field. The Bloch
angle would undergo exponential growth characterized by
the resonant Beer’s length. However the amplification pro-
cess is limited by spontaneous decay, leading to a coopera-
tion length c0T1 of ten micrometers for theEs2Ed−2As2Ed
transition. Depending on the degree of inversion reached, an
amplification of the resonant component by two or three or-
ders of magnitude may be achieved andp pulses could be

reached. A much longer cooperation length of millimeters
could be obtained by inversion of the Kramers-splitE
level,18 and would allow the construction of a phonon laser.
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APPENDIX A: TRANSITION MATRIX ELEMENT AND
RESONANT PHONON MEAN FREE PATH

In this appendix we estimate the matrix element of the
Es2Ed−2As2Ed phonon transition, for the configuration of
uniaxial, longitudinal strain along thea axis, which experi-
mentally yields the strongest interaction between the longi-
tudinal phonons and the two-level medium. Additionally, we
give an for the mean free path for transverse and longitudinal
acoustic phonons in the two-level medium.

The problem of phonon-induced transitions in the2E state
was addressed by Blumeet al.21 and Geschwindet al.22 in
the context of deriving a quantitative expression for the
spontaneous emission lifetimeT1 from the 2As2Ed state to
the metastableEs2Ed level in case of spin-flip and nonspin-
flip transitions. In this derivation, static strain data on theR1
andR2 line positions23 were used to estimate the off-diagonal
matrix elements involved in the phonon transition.

In their derivation, it was found that only the trigonal,
T2-symmetric vibrations contribute to the transition probabil-
ity when taking into account first order mixing in the elec-
tronic wave functions of states within thet2

3 configuration.
These vibrations connect through the trigonal2T2 electronic
doublet, giving rise to a matrix element for nonspin-flip tran-
sitions of the form

kE+−8 u HT2
u 2A+−8 l = −

2K

D
VsT2ds+ = Qs+ , sA1d

whereQ=s2K /DdVs2T2d denotes the actual matrix element
of the transition, while the parameters+ denotes the compo-
nent of the applied strain in the correspondingx+ mode of the
2T2 basis. HereK, z are the trigonal field and spin-orbit pa-
rameters, respectively,21 and D=6734 cm−1 is the energy
splitting between the2E and 2T2 electronic levels. The re-
duced matrix elementVs2T2d has been obtained from experi-
mental data for theE−2A-level splitting for strain along the
c axis. The strain- induced change inR2−R1 splitting was
measured to be 0.55 cm−1/GPa in static strain experi-
ments,23,24and 0.44 cm−1/GPa in shock wave experiments.25

Following the argumentation by Blumeet al.,21 this yields a
value forVs2T2d<2.43104 cm−1 per unit of trigonal strain.
The magnitude ofs+ can be derived simply from the uniaxial
strains by transforming to a trigonal basis, which along thea
axis gives
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s+sT2d =
1 − iÎ3

4

s

3
, sA2d

where the complex nature of the strain is a consequence of
the mathematical construction. For applied stress along thec
axis, the transformation to trigonal strain components yields
an s+ which is exactly zero,23,25 which explains the absence
of the R2 luminescence induced by the longitudinal phonons
in this crystallographic direction, as observed in Ref. 7 and
by us in this paper. A uniaxial strains along thea axis will
contain a trigonal componentus+ u =q+s, with q+<0.29 the
reduction factor obtained from Eq.sA2d. Given the known
values for the material constants26 z<180 cm−1 and K
<250 cm−1, we obtain an estimate for the matrix element for
nonspin-flip transitions of"x0= uQq+ u <450 cm−1.

From the matrix element, one can estimate the spontane-
ous emission lifetime and the resonant phonon mean free
path. This was done by Blumeet al. and resulted in a rea-
sonable value of the spin-flip transition of 30 ns and a ratio
of spin-flip to nonspin-flip transition of about 60. However,
later experiments6 showed that this ratio is only about 15.
This discrepancy may be due to the variation in values for
the constantsz andK, that determine this ratio. Furthermore,
the cubic approximation for the phonon density of states is
probably another weak link in the expression for the relax-
ation rates. If we consider the error in the spin-flip rate to be
caused by this phonon density of states, we may still identify
the spin-flip matrix element with the diagonal element ob-
tained from the line shift data,22 and with the factor of 15
between the experimentally obtained lifetimes, we then ar-
rive at an approximation of the nonspin-flip matrix element
Q which is about 4 times larger than the spin-flip element of
,200 cm−1. Combined with the factorq+ this yields a Rabi
frequency of"x0<250 cm−1. We have chosen to use this

lower estimate in the calculations of the excited population
in this paper.

We now present some estimates for the absorption of
resonant 29-cm−1 phonons in the resonant medium consisting
of excited Cr3+ ions. The mean free pathl r for the resonant
phonons in a two-level medium excited to a concentrationN*

can be derived along different lines. Our first attempt starts
from the rate equations governing the equilibrium of spin
and phonon baths, that are on speaking terms through the
crystal-field interaction. From the principle of detailed bal-
ance for the electronic and phonon subsystems, an important
relation can be derived between the spontaneous emission
lifetime and the resonant absorption timetr = l r /c0, given by7

tr/T1 = DsvdDv/N* , sA3d

with the Debye density of statesDsvdDv=Vv2Dv /2pc0
3

<331016 cm−3. This directly provides an estimate for the
resonant mean free path ofl r <0.2 mm for TA phonons at the
typical N* =1018 cm−3.

Another approach for the determination of the absorption
length l r involves the solution to the coupled equations for
the electronic system and the elastic continuum. Derivations
for the coupled spin-phonon system have been obtained by
Jacobsen and Stevens,27 Shiren,8 and recently by Tilstraet
al.28 Shiren derived an explicit expression for the absorption
coefficient, given by

l r
−1 =

2pN*x0
2vT1

r"c0
3 . sA4d

Note the analogy with the optical case,11 when replacinge0
by rc0

2, and the dipole momentm by x0. EquationsA4d re-
sults in an estimate ofl r <2.4 mm for LA and l r <0.4 mm for
TA phonons, atN* =1018 cm−3. These results compare well
with those of the detailed balance equation, indicating that
our estimate of the Rabi frequency is very reasonable.
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