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Dynamics of Monochromatically Generated Nonequilibrium Phonons in LaF;:Pr3*
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The temporal evolution of nonequilibrium phonon populations in LaF3:Pr3* is investigated at low tem-
peratures (1.8 K) utilizing pulsed, tunable, monochromatic generation and time-resolved, tunable,
narrow-band detection. High-occupation-number, narrow-band phonon populations are generated via
far-infrared pumping of defect-induced one-phonon absorption. Time-resolved, frequency-selective
detection is provided by optical sideband absorption. Nonequilibrium phonon decay times are measured

and attributed to anharmonic decay.

PACS numbers: 63.20.Hp, 63.20.Mt, 78.50.Ec

The mechanism utilized for the monochromatic,
volume generation of nonequilibrium phonons in previous
investigations of acoustic-phonon dynamics is one-
phonon emission from a resonant electronic level.! Non-
radiative relaxation via this mechanism occurs within an
optically pumped excited-state manifold? when the level
separation is less than the Debye energy. Far-infrared
(FIR) pumping of a ground-state level® enhances the en-
ergy efficiency of optical generation by a factor of 103,
the energy ratio of an optical to FIR photon. The reso-
nant nature of these generation mechanisms precludes
tunable generation, without such external perturbations
as mechanical stress or magnetic fields.

In this work, tunable, monochromatic volume genera-
tion of phonons is clearly demonstrated and is attributed
to defect-induced one-phonon absorption, the mechanism
responsible for the one-phonon absorption band observed
in type-1 diamond.* In a recently reported work in
CaF,,* a fixed-frequency, continuous-wave, FIR laser-
induced signal, on a large nonresonant background, was
attributed to this mechanism. The presence of a heavy-
mass defect (impurity ion) relaxes wave-vector conserva-
tion, enabling photons to couple directly to acoustic pho-
nons of the same energy,® a mechanism forbidden in a
perfect lattice. This permits monochromatic phonon
generation throughout the acoustic band with a tunable
FIR source [Fig. 1(a)]l. We present here an investiga-
tion of the phonon dynamics of LaF3:Pr3* (0.5%), which
we believe to be the first investigation of acoustic-phonon
dynamics utilizing this generation mechanism.

It should be noted that the vibrational modes of a
doped crystal are perturbed from those of the perfect lat-
tice.® For LaF3:Pr?*, however, the mass defect is < 2%
and bond strengths are nearly equivalent due to the
chemical similarity of Pr3* and La3*. Therefore, the
perturbations to the phonon density of states’ and to the
amplitudes and frequencies of the modes® in the vicinity
of impurity ions are very small. Also, resonant modes do
not occur in systems with such a small mass defect.’

Our FIR source for phonon generation is a transverse-
ly excited atmospheric-pressure COQO, laser-pumped
molecular superradiant cell yielding line-tunable (8-238

cm ~'),® narrow-bandwidth (<500 MHz), temporally
short (<40 ns), high-power (1-10 mJ) pulses. An off-
axis parabolic mirror is used to focus the FIR beam to a
2-mm spot size at the sample, which was immersed in a
1.8-K liquid-helium bath. The FIR pulse energies at the
sample were in the range 0.1-1 mJ.

Phonon detection via optical pumping of the anti-
Stokes absorption sideband of an impurity level, as sug-
gested by Orbach,’ has been demonstrated to be ex-
tremely sensitive.'® Anti-Stokes implies the annihilation
of phonon while Stokes implies phonon creation. In this
work, phonons are detected by optically probing the
anti-Stokes sideband of the 3H;-3Py transition in Pr3*
[Fig. 1(b)]. Absorption of the optical probe pulse can
occur only in the presence of phonons with energy A, the
detuning of the probe from the zero-phonon line. The
3Po->H fluorescence provides a monitor of the >Pg pop-
ulation and hence the phonon occupation number. The
optical probe for phonon detection is a Nd-doped
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FIG. 1. (a) Schematic of phonon dispersion curve. FIR
phonon generation via defect-induced one-phonon absorption is
symbolized by the vertical arrow. (b) Energy level diagram for
Pr’* in LaF;. Phonons of energy A are detected via anti-
Stokes absorption at the optical probe frequency vp, where
A+ vp is the energy of the zero-phonon line. Phonon-induced
absorption is monitored by observing the vg fluorescence.
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FIG. 2. Monochromatic phonon generation is demonstrated
by plotting phonon-induced fluorescence as a function of pho-
non frequency, at fixed 40-ns optical gate delay. Note that the
31.2- and 51.9-cm ~! data have been vertically offset by 400
and 2400 counts, respectively. The solid lines connecting the
data points are added as a guide to the eye.

yttrium-aluminum-garnet-pumped dye laser which gen-
erates 5-ns, 500-uJ pulses with 0.3-cm ~' bandwidth.
The optical pulses are focused to a 100-um spot size at
the sample in a direction counterpropagating to the FIR
pulses. The time-integrated, phonon-induced fluores-
cence is collected at 90°, spectrally filtered, and detected
by photon counting the signal from a photomultiplier
tube.

The temporal evolution of the nonequilibrium phonon
populations can be observed by utilizing this absorption
sideband technqgiue in an ‘‘optical boxcar” scheme. In
analogy with an electronic boxcar, the optical probe
pulse acts as an “optical gate” for phonons of energy A.
As the delay of this gate is scanned in time after the
phonon-generating pulse, the fluorescence signal maps
out the transient phonon population. Alternately, the
spectral distribution of phonons can be obtained by scan-
ning the detection frequency A (detuning), while the de-
lay of the optical gate is held fixed.

Monochromatic phonon generation at three FIR fre-
quencies is demonstrated in Fig. 2. At a fixed delay of
40 ns, the detection frequency A is scanned through each
of the generation frequencies. Note that phonon popula-
tion peaks at the FIR frequency and that the observed
width is just that of our spectral resolution.

The generation of monochromatic phonon populations
at several frequencies throughout the acoustic spectrum
provides us with a unique opportunity to investigate the
phonon dynamics in this system. Typical phonon tran-
sient data are shown in Fig. 3. The detection frequency
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FIG. 3. Phonon occupation number plotted as a function of
delay for three phonon frequencies. Detection frequency A is
equal to generation frequency for each data set, and the 31.2-
and 27.8-cm ~! phonon transients have been normalized to that
of 51.9 cm ™!, The solid lines represent the best fits, as de-
scribed in the text.

A is equal to the generation frequency in each trace and
the peak signals have been normalized to the 51.9-cm -
data for comparison. The solid lines are the analytic
solutions to the phonon-occupation-number rate equation

dn(A)/dt = — Ramn(A)+P(2)

that best fit the data. n(A) is the occupation number of
phonons with energy A; Ranh = 1/7ann, the only fit param-
eter, is the anharmonic decay rate of these phonons; and
P(t) is the FIR pumping term. The presence of a
fluorescence signal that persists for times longer than the
FIR pulse width, and the absence of signal observed with
FIR pumping above the acoustic band demonstrate that
two-photon absorption (optical plus FIR) is not a
significant process in this experiment.

Phonon decay times provided by these fits (circles) are
plotted as a function of phonon frequency in Fig. 4. Pre-
viously reported anharmonic decay times for phonons in
this system'®!! are denoted by squares. These data are
in good agreement with the theoretical A ~3 dependence
of the anharmonic decay time predicted by the isotropic
dispersionless model,'? represented by the solid line.
This frequency dependence has also been observed in
CaF,. !> Nonradiative relaxation of an optically pumped
electronic level is the phonon generation mechanism uti-
lized by Refs. 10 and 11 and is, as described above, a
well-established phonon source for the investigation of
nonequilibrium phonon dynamics. The good agreement
with these results indicates that defect-induced one-
phonon absorption is a similarly appropriate phonon
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FIG. 4. Anharmonic decay time plotted as a function of
phonon frequency demonstrating good agreement with the
theoretical A~ dependence of anharmonic decay time, repre-
sented by the solid line. Data from this work are represented
by circles and the squares denote data from Refs. 10 and 11.

source.

Phonon occupation numbers can be obtained, at low
temperatures, from the ratio of the phonon-induced
anti-Stokes signal to that observed by optically pumping
the Stokes absorption sideband of the zero-phonon line,
in the absence of nonequilibrium phonons.'® Further, we
expect the phonon generation width to be that of the FIR
laser, while the detection width is given by the optical
probe. Therefore, scaling by the ratio of these widths,
we estimate occupation numbers p(A) to be of order 10.

The rate equation used above to fit the phonon tran-
sient data can be simplified, under the assumption of
steady-state pumping, to an expression for the absorption
coefficient a(A) in terms of occupation number p(A).
This is a good approximation in the case of 51.9-cm ~!
phonon generation. We estimate a(51.9)=2.4 cm !
from a(A) =hApZ/IFirRTpn, Where h is Plank’s constant,
£=1.7%10'®" modes/cm® is the number of resonant
modes per unit volume,'* Ipir =6%x10° W/cm? is the
FIR intensity, and Tp,n=12 ns is the observed phonon
decay time from Fig. 3. This is in good agreement with
Ref. 15.

We have observed monochromatic phonon generation
at several frequencies (27.8, 29.5, 31.2, 33, 34.5, 34.7,
43.3, 51.9, and 66 cm ~'). This range represents a
significant fraction of the zone. The efficiency of both
generation and detection increases with frequency as A?,
making this combination of techniques particularly well
suited to the investigation of phonons in the dispersive

regime.

In conclusion, FIR-pumped defect-induced one-
phonon absorption has been demonstrated to be a con-
venient phonon source in the investigation of nonequi-
librium phonon dynamics in this system and should be
applicable to a wide variety of materials. We are
currently utilizing this technique to investigate the spec-
tral dynamics associated with the anharmonic decay of
monochromtic phonon populations.
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