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Spectral and temporal dynamics of nonequilibrium phonons in LaF3:Pr +
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Defect-induced one-phonon absorption is used to generate high-occupation-number narrow-band
nonequilibrium phonon populations at a range of frequencies in LaF3.Pr'+. The spectral and temporal
dynamics associated with the return to equilibrium of these phonons is observed. Processes that dorn-

inate the spectral evolution are shown to be narrow-band phonon confluence, anharmonic decay, and the
broadband confluence of anharmonic decay products. The experimental data are shown to be in good
agreement with a phonon-occupation-number rate-equation analysis that incudes the above processes.

INTRODUCTION

The mechanisms by which a narrow-band nonequilibri-
um phonon population decays and evolves to a new equi-
librium has been the subject of a large body of both ex-
perimental and theoretical work. ' To our knowledge the
spectral evolution of an initially narrow-band phonon dis-
tribution to the establishment of a new thermal distribu-
tion has not been observed in its entirety, as the detailed
observation of phonon relaxation processes requires the
combination of a narrow-band tunable source of bulk
phonons and a frequency-selective detection scheme. In
a recent work we have demonstrated that defect-induced
one-phonon absorption (DIOPA) of far-infrared radiation
(FIR) can be used to generate highly monochromatic
nonequilibrium phonon populations with occupation
numbers greater than one, at a range of frequencies
throughout the Brillouin zone in LaF3..Pr +. This gen-
eration mechanism relies on the presence of lattice de-
fects to relax k conservation, enabling acoustic phonons
of frequency v to be generated directly by light of fre-
quency v . In this paper we utilize DIOPA in conjunc-
tion with anti-Stokes absorption vibronic sideband spec-
troscopy ' to investigate with both spectral and temporal
resolution the dynamics associated with the return to
equilibrium of monochromatic phonon distributions in
LaF3. We believe that this is the first direct observation
of the phenomenon for bulk phonons. The dynamic be-
havior of these phonons is modeled using a set of rate
equations which take into account the interactions of
both narrow- and broadband phonon distributions.

az( Eo+b, )= C[n(b, ) + I) g p(E, A, )F(A, A, ) (Ia)

and

a„s(Eo—5)= Cn (b, ) g p(b„A, )F(b„A,), (lb)

where co and 5 are the frequency of and the detuning
from the zero-phonon transition, respectively. p(h, A, )
and F(b„A, ) are the phonon density of states and
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pie at a frequency 6 less than the zero phonon line is
transmitted through the sample without absorption in the
absence of phonons. In the presence of phonons of fre-
quency 6, absorption to the Po takes place and Auores-
cence to the H6 ensures. A zero-background measure-3

ment of the phonon-induced absorption can be obtained
by monitoring the time-integrated fluorescence to the
'll, .

The absorption coeKcients for the Stokes and anti-
Stokes sidebands are given by

EXPERIMENTAL

Phonons are generated using defect-induced one-
phonon absorption of far-infrared radiation in the fre-
quency range of 25 to 70 cm ', with the complete spec-
tral evolution being obtained for phonons generated at
34.7 and 51.9 cm '. Spectrally and temporally resolved
phonon detection is achieved through the use of anti-
Stokes absorption vibronic sideband spectroscopy. A
schematic of this technique as implemented in LaF3.Pr +

is shown in Fig. 1. An optical pulse incident on the sam-

FICx. 1. Energy level diagram of LaF3.Pr + showing the
states utilized for the anti-Stokes absorption vibronic sideband
spectrometer. co is the H4-'I'o energy and 6 is the detuning of
the probe laser from co, i.e., the phonon energy.
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FIG. 2. Schematic of experimental setup. M: Gold coated
beam steering mirrors. OAP: oA-axis parabolic reAector. S:
Sample. L: Delivery and collection optics. PMT: photomulti-
plier tube.

electron-phonon coupling for phonons of frequency 6
and branch X, and C is a constant. The phonon occupa-
tion number can be calculated from

&~s(Eo—~)
n (b, )=

as(Eo+a)

if as(Eo+b, ) is measured at low temperature and in the
absence of nonequilibrium phonon generation. It should
be noted that absorption from phonon populated Stark
split components of the ground state has a higher cross
section than absorption from the phonon sideband. This
causes regions of increased sensitivity in the phonon spec-
tra which cannot be removed by normalization, hence the
phonon spectra cannot be accurately measured close to
these electronic states.

Phonon transients are obtained by monitoring the
time-integrated Auorescence as a function of the delay be-
tween the FIR phonon generation pulse and the optical
detection pulse. Time-resolved phonon spectra are con-
structed from a series of transients at diFerent detunings

The temporal resolution of this technique is deter-
mined by the convolution of the FIR and visible laser
pulse widths. The spectral resolution is limited by the
convolution of the dye laser frequency and the Po
linewidth (0.53 cm '). It should be noted that this tech-
nique detects only those phonons which are present dur-
ing the optical pulse and hence is not sensitive to any
phonons that may be generated by nonradiative decay
during the optical detection process.

The experimental setup for these experiments is depict-
ed in Fig. 2. Far-infrared radiation is obtained by using a
transversely excited atmospheric COz laser to pump a 6-
m superadiant cell. FIR pulse energies of & 1 mJ can be

obtained for over 30 lines in the region 20—100 cm
The bandwidth of the FIR pulses was measured using an
FIR Fabry-Perot interferometer to be less 500 MHz. The
FIR pulse width was determined to be &50 ns using a
100-ps-response pyroelectric detector.

Using an oF-axis parabolic refl.ector, the resulting FIR
radiation was focused to a 2-mm spot size at the sample
with pulse energies in the range 0.1 —1 mJ. Optical detec-
tion by anti-Stokes absorption vibronic sideband spec-
troscopy was achieved using a Nd:YAG pumped dye
laser and amplifier system which was further optically
filtered using an external 1 m spectrometer. The sample
was immersed in a 1.8-K liquid helium bath. The FIR
and optical beams were incident on the sample in a coun-
terpropagating geometry, with the phonon-induced
fluorescence detected at 90 degrees to the pump beams.
This fluorescence was spectrally filtered using an 0.85-m
double monochromator. The time-integerated signal was
detected using standard gated photon-counting tech-
niques. It should be noted that in the presence of high-
occupation-number phonon distributions, the phonon-
induced fluorescence could be detected by eye and was
observed to originate from the whole interaction region
demonstrating that bulk phonons were indeed being gen-
erated.

RESULTS AND DISCUSSION

Figure 3 shows the phonon spectra after mono-
chromatic phonon generation at vg =51.9 cm '. The
first trace, which was taken at a delay of 21 ns after the
beginning of the FIR pulse, exhibits a distinct mono-
chromatic peak at the generation frequency characteristic
of DIOPA. We note that the spectral resolution is limit-
ed by the optical detection scheme to be -0.5 cm ', as
described above. The true width of this phonon distribu-
tion should be of the order of the FIR pump laser ((0.02
cm '). The actual occupation number of this peak is
thus greater than that shown by the ratio of the detection
to generation widths. The feature below 30 cm ' in this
trace shows the noise associated with v roll-oF in sensi-
tivity with frequency due to the Debye density of states.

At later times (77 ns), the monochromatic peak has
nearly decayed with two distinct broadband features
dominating the spectrum. The low-frequency phonon
band below 30 cm ' has increased in occupation number
significantly above the noise level observed in the trace
above and is consistent with anharmonic decay products
of the 51.9-cm ' phonons. We delay the discussion of
the origin of the broad feature at higher phonon frequen-
cy. At still later times (133 ns) the monochromatic peak
has completely decayed and the two broad features have
merged together. We note however that the phonon dis-
tribution still deviates from a Planck distribution at
higher frequencies.

In Fig. 4 we show a similar set of time-resolved spectra
obtained after monochromatic phonon generation at 34.7
cm '. The phonon spectra exhibit similar features to
those observed for the 51.9-cm ' case. From this data
we note that the broad frequency band which lies at
higher frequencies is centered on the generation frequen-
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cy and builds up more rapidly than the lower frequency
band. The inset in Fig. 4(a) shows the presence of a nar-
row peak at twice the generation frequency. We attribute
this feature to the conAuence of two 34.7-cm ' phonons
which are generated with occupation numbers greater
than one. The presence of this band at twice v enables
us to attribute the broadband feature which occurs cen-
tered on v to the decay products of the 2v distribution.

The phonon spectra obtained several microseconds
after the FIR pumping at both 34.7 and 51.9 cm ' are
shown in Fig. 5. The smooth curves show Planck distri-
butions at temperatures of 10 and 9 K, respectively,
demonstrating that within our detection range the pho-
nons have nearly reached thermal equilibrium.

RATE EQUATION MODEL

We analyze this data by comparing it to the solutions
of a set of occupation-number rate equations which take

into account the following processes. Anharmonic decay
to broadband phonon distributions centered at half the
frequency of the parent phonons; phonon conAuence of
narrow band phonons to a similarly narrow band at twice
the parent frequency; and broadband backfeeding pro-
cesses. The pertinent phonon distributions and the in-
teractions between them are represented schematically
using the set of six levels in Fig. 6. Level 2 represents a
narrow-band phonon distribution of width 500 MHz at
the generation frequency v . Level 1 represents a second
narrow-band phonon distribution at 2v~ which is popu-
lated by conAuence of two phonons of frequency v .
These two distributions are used as source terms to popu-
late a set of four broadband distributions at 2v, v,
v /2, and v /4 denoted by levels 3 —6, respectively.
Recombination from the decay products of the v /4 pho-
nons was not included as the time scale for these process-
es was greater than that of the experimental results. In
order to consider the interactions between the narrow-
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FIG. 3. Phonon spectral distributions following FIR phonon

generation at 51.9 cm ' for several delays (td ). (a) td =21 ns, (b)
td =77 ns, (c) td =133 ns. The solid lines connecting the data
points are added as guides to the eye.

FIG. 4. Phonon spectral distributions following FIR phonon
generation at 34.7 cm ' for several delays (td). (a) td=35 ns.
The spectrum at 2vg =69.4 cm ' is shown in the inset. (b)
t„=91 ns, (c) td =147 ns. The solid lines connecting the data
points are added as guides to the eye.
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band phonon distributions generated by DIOPA and the
broadband distributions generated as a result of anhar-
monic decay, we model the broadband distributions by a
representative set Einstein modes with a frequency width
of the FIR laser pulse 6F,R using the formalism of
Schaich.

Our model is based on the following assumptions.
(i) Anharmonic decay rates can be scaled by v accord-

ing to the isotropic dispersionless model.
(ii) The phonon distribution which is generated as a re-

sult of anharmonic decay is centered at half the frequen-
cy of the parent distribution and has a width proportion-
al to the center frequency.

(iii) The narrow-band phonon distributions at v and
2v have the frequency width of the FIR laser.

(iv) Elastic scattering processes are sufficiently fast that
phonons do not escape the interaction volume on the
time scale of the experiment.

(v) All phonons lie on the same branch.
The occupation-number rate equations describing this

system can be written

dn1
1 1 4

= —W n(n+1)
—w, [n, (n2+1) —

( n&+ l)nz],
n2 =P(t) W—

z nz(n~+1)
dt

+Sw2+ [ n, (nz +1) —(n, +1)nz],
dn3 2 2

dt
W3 [n3(n4+ 1 ) (n—3+ 1 )n4]

dn4 2 2

dt
= —W4 [n4(n~+1) —(n4+1)n5]

+16W4+ [n3(n4+1) —(n3+1)n42]

+S w4+n, ( n4+1) 2,

dna 2 2= —8', [n, (n6+1) —(n&+1)n6]
dt

+16W,+ [n4(n, + 1 )2 —(n4+1)n 2]

+ Sw,+n, (n, +1)',
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FICx. 5. Phonon spectral distributions observed at long delays
after phonon generation demonstrating the establishment of
quasiequilibrium. The solid lines show the Planck distributions
that best fit the data. (a) Spectrum at 4.8-ps delay following
generation at 51.9 cm '. Thermal distribution at T = 10 K. (b)
Spectrum at 3.2-ps delay following generation at 34.7 cm
Thermal distribution at T =9 K.

FICx. 6. Energy level schematic depicting the interaction be-
tween narrow-band phonon distributions at 2vg and v~ (levels 1

and 2), and the set of Einstein modes (levels 3—6). The heavy
vertical arrow labeled FIR represents the monochromatic pho-
non generation by defect-induced one-phonon absorption.
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dn6 + 2 2

dt
W6 n 6+16W6 [ns(n6+ I) (ns+1)n6]

nobs = magen n2+n4,
det

(4)

where 6,„and 6d„are the bandwidths of generation and
detection, respectively.

The transient at (v +1) cm ' is representative of the
broadband distribution centered at vg. The rise time of
this distribution was strongly dependent on the presence
of the feeding mechanism involving the generation of
phonons at 2v . A substantially poorer agreement be-
tween the model and the experimental data was obtained
if the rate w

&
was set to zero.

A comparison of the experimental data with the model
for FIR pumping at 31.2 and 43.3 cm ' showed similar
agreement. ' In the case of the 43.3-cm ' pumping it was
necessary to increase the rate w

& by a factor 6 in order to
obtain good agreement with the experimental data. We
note that this is consistent with the high density of pho-
non states at the generation frequency due to the pres-
ence of a low-lying optical mode in this system. " The
only other parameters adjusted in both cases were the
FIR pump power and the anharmonic decay times of the
resonant phonons.

where P(t) is a Cxaussian source term that represents the
FIR pumping of defect-induced one-phonon absorption
at v . The rates 8'. are calculated from the inverse of
the anharmonic decay time for phonons of frequency v;.
It should be noted that v&=v3 and v2=v4, which implies

] JY3 and 8'2 = 8'4 and also that 8' = 8' + &
for

i = 1 —2 and 3 —6. The rates w; =(5„,R/5, +, ) 8;.
=w,.+, arise as a result of energy conservation in order to
take into account the di6'erence in width between the
narrow-band phonon distributions at v and 2v (v, and
vz) and the broadband phonon distributions at v;
(i =3—6). For the case of FIR pumping at 34.7 cm
the adjustable parameters for the model which provided
the best agreement with the data were a peak pump rate
of P(0)=4X10 s ' and an anharmonic decay rate of
8'2 =2.5X10 s ' for the 34.7 cm ' phonons. All oth-
er rates were obtained by scaling 8'2 by v according to
the isotropic dispersionless model. The widths 5,. of the
broadband distributions were taken to be 50% of the
center frequency v; for all calculations.

In Fig. 7 we present a comparison of the experimental
data taken at 34.7 cm ' with the results of the model de-
scribed above. On the left are phonon transients at 69.4
cm ' (2vs), 34.7 cm ' (vs), and 35.7 cm ' (v +1)
cm ', respectively, while the smooth curves on the right
show the results of the model calculations for phonon dis-
tributions at the same frequencies. The calculated tran-
sients at 2vg and vg are constructed from weighted sums
of the broad- and narrow-band distributions at those fre-
quencies, for comparison with experimental data. For ex-
ample, the observed occupation number n,b, at frequency
v is calculated using
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FIG. 7. Comparison of experimentally observed data with
numerical solutions of rate equations for 34.7 cm ' phonon gen-
eration. (a) Experimental resonant transient at vg =34.7 cm
(b) Resonant transient calculated from Eq. (4). (c) Experimental
nonresonant transient (35.7 cm '). (d) Nonresonant transient
(n4). (e) Experimental transient at 2vg =69.4 cm '. (f) Tran-
sient calculated from n &, n&, and Eq. (4).

In light of the simplifying assumptions described
above, we feel that the overall agreement, both qualita-
tive and quantitative, between the model and the experi-
mental data is very good. The most severe assumption,
that of a single branch model and hence the elimination
of mode conversion considerations would appear to pre-
clude obtaining quantitative agreement between model
and experiment. We note that if momentum conserva-
tion is relaxed for anharmonic decay processes as well as
for DIOPA then the one-branch model would provide a
suitable description for this system. '

CONCLUSIONS

Defect-induced one-phonon absorption has been used
to generate monochromatic phonon distributions for
phonon spectroscopy in LaF3.Pr +. The spectral dynam-
ics associated with high-occupation number narrow-band
phonon distributions at 34.7 and 51.9 cm have been in-
vestigated over the frequency range between 30 and 55
cm '. The path to equilibrium in both cases appears to
involve both anharmonic decay and upconversion. At in-
termediate time scales, two distinct broadband distribu-
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tions have been observed. These are attributed to direct
anharmonic decay processes and the anharmonic decay
of a second narrow-band distribution at twice the genera-
tion frequency. This double frequency distribution was
observed in the case of 34.7-cm ' phonons and was attri-
buted to the conAuence of two phonons at the generation
frequency. Comparison of the data with an occupation-
number rate-equation analysis showed both qualitative
and quantitative agreement. For the case of both 34.7-

and 51.9-cm ' phonons the spectral distributions con-
verge on a Planckian distribution at a temperature of
—10 K on a microsecond time scale.
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