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Abstract

We have investigated the decay of nonequilibrium phononsin YAG Pr’* (1. 0at. %)
and LiYFs Pr'* (1.0at. %) at a temperature of 9K. Nonequilibrium phonon populations
at 43.0, 51.9, 66.0 and 113cm™ ' are generated monochromatically with a high-power
pulsed far-infrared laser using defect-induced one-phonon absorption, and their tempo-
ral and spectra evolution determined using a time—esolved vibronic sideband spectrom e—
ter- We find that two decay mechanisms dominate the nonequilibrium phonon relaxation
in the crystals: anharmonic decay via three—phonon interactions and two-phonon-one—
electron inelasticscattering processes. In LiY F4 system, we observe the broad band dis—
tribution that results from the anharmonic decay of the initial monochromatic phonon
population. In YAG system, the latter mechanism leads to the evolution of a highly

peaked phonon distribution that persists for several phonon generations.

Key words nonequilibrium phonons, high-frequency phonons, lattice dynamics, YAG,
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1 INTRODUCTION

In a real crystal system, the lattice vibrations will not be the eigenstates of the sys—
tem, i.e., an initially monochromatic nonequilibrium phonon population will decay after
it is generated. The decay behavior of the nonequilibrium phonons provides a basic un—
derstanding of the phonon relaxation mechanisms. Theoretical studies have shown that
anharmonic interactions that involve three phonons dominate the relaxation of
monochromatic high-frequency nonequilibrium phonons. Anharmonic decay rates of
high4requency acoustic phonons were first studied by Slonimskii " using nonlinear elas—
ticity theory. He performed calculations for an isotropic dispersionless solid and showed
that longitudinal phonons can split into two lower frequency phonons and have a decay

rate which increases as . These predictions have been theoretically confirmed by Kle—
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mens and Orbach et al'>” and have been supported by a large body of experimental
work'® ”. However, due to the limitations of the techniques for high frequency phonon
generation and detection, the initial products from the decay of a monochromatic phonon
distribution have not been previously observed. The phonon distributions which occur
shortly after the generation of monochromatic phonons and before the onser of scaling
behavior' " provide additional information on the phonon decay processes.

In many systems, on the other hand, high-requency acoustic phonons are strongly

10,11
U0 These processes can

scattered or trapped by the low-energy electronic transitions
dominate the anharmonic interactions, lead to the evolution of a highly peaked phonon
distribution, and result in the deviation of the phonon lifetime from = *. In this paper,
the combination of phonon generation by defect-induced one—-phonon absorption
(DIOPA) with an absorption vibronic sideband phonon spectrometer ( AVSPS) was
used to determine the temporal and spectral evolution of nonequilibrium phonons in the

3+
Pr

tering were found to dominate nonequilibrium phonon relaxation in the two systems re—

LiYF+( YLF) and Pr" YAG systems. Anharmonic interaction and inelastic scat—

spectively.
2 EXPERIMENT

The samples used in the experiments are 3% 3x 6 mm’ YAG Pr’*, (1at.% where
al. means atomic weight) and 2X 4x 6 mm’ YLF Pr™ (1 at. % ) single crystals. The
samples were polished with 0.3 m alumina and oil.

A schematic of the experimental configuration for phonon studies is shown in
Fig. 1. Thesample was mounted on the cold finger of a RM C E22 two -stage closed—cycle
refrigerator. Far-infrared radiation covering a range of frequencies was generated using
a superradiant cell pumped by a CO:z laser. The FIR was focused by an off-axis parabolic
reflector producing a 2-mm spot at the sample. The Nd YAG laser pumped dye laser
probe and the FIR beams are incident on the sample in a codinear and counter propaga—
ting geometry, with the phonon-induced fluorescence collected at 90 degrees to the
pump and detection beams. After spectral filtering using a 0. 85m double spectrometer,
the signal was detected by an RCA C313034A-02 photomultiplier tube (PMT) in a
water cooled radiofrequency-interference shielded housing, and amplified by a Philips
100 MHz, X 100 amplifier. Finally the signal was sent to a Stanford Research SR400
photon counter controlled by a computer.

Synchronization of the FIR and optical pump-probe lasers and the fluorescence
detection is presented in Fig.2. The master clock for the timing sequence was the 10Hz
oscillator of the Nd YAG laser. A delayed pulse, synchronous with the firing of the
Nd YAG flashlamps, triggered the Stanford Research Systems DGS535 multi-delay gen—
erator- Channel I triggered the Nd YAG Q switch at a delay of 230ms which was cho-
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gate B.

sen to maximize the dye laser power. A second delay from channel 2 triggered a divide
by 10 circuit which provided 1Hz trigger pulses for the dual gated photon counter. Gate
A of the photon counter was used for data acquisition and gate B was used in scanning
mode as a variable delay trigger for the CO2laser. The delay range and increment rate
were chosen to give the desired pump-probe delay and signal averaging time, respective—
ly. Negative pump—probe delays, i- e., the optical detection pulses arrived earlier than
FIR generation pulses at the sample, gave a signal baseline due to the thermal phonons,
which was used to calibrate each phonon transient at this temperature. T he fluorescence
collection gate (A) was fixed with respect to the probe pulse and started several mi—
croseconds after the largest negative pump-probe delay to prevent noise counts from ap-
pearing on the baseline. The radio frequency interference noise was produced by CO-
laser spark gap and occurred about 1. 1ms earlier than the FIR light pulse. The gate du-
ration was set at 1.5 to 2 efoldings of the Polifetime in Pr’ —doped YAG and YLF,
which are 14 and 52 s respectively at a temperature of 9K.

An anti-Stokes calibration of the nonequilibrium phonon population can be obtaned
when the dyelaser pulse is incident on the sample before the FIR pulse. T he nonequilib—

rium occupation number at frequency , nwn( ), then can be calculated by

B (o= )= w(o= )
naon( ) = () w0 ) . (1)

noon () is the thermal occupation number at phonon energy , which is given by the

BoseEinstein distribution. ( 0— ) and w( o— ) are the phonon-induced absorption
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coefficients to the "Po zerophonon line at energy oin the presence of a nonequilibrium
phonon population and a thermal phonon population, respectively. The absorption coef-
ficients wm( o— ) and ( o— ) are obtained from the total time-integrated phonon-in—
duced fluorescence detected by the optical probe pulse before and after the FIR genera—
tion pulse, respectively. Arbitrary phonon numbers Nna( ) can be calculated from

phonon occupation numbers by multiplying by 2acoording to the Debye approximation.

3 RESULTS AND DISCUSSION

The fluorescence spectra from 470 to 670nm for both Pr’ YLF and Pr’ YAG
measured at 9K are shown in Fig. 3. The *Po=F2 transition (639.4nm) and ‘Po=He
(616. Inm) transition are used as monitors to detect the phonon-induced fluorescence in
the two systems respectively. The insets show the decay behaviors of the corresponding

emissions from the transitions.
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Fig.3 Emission spectra of Pr* in YAG (3a) Fig. 4 Frequency dependence of the phonon

and YLF (3b) at 9K. The insets show decay time. The solid line represents
transients of *Py level. Phonon-induced the = dpendence expected from the
absorption is measured by monitoring isotropic dispersionless model. The

the fluorescence from the labeled transi— open circles show the decay times of

tions. monochromatically generated phonons

Fig. 4 shows the frequency dependence at 51.9 and 66.0 cm™'. Solid circles

of phonon decay times in P2 YLF. The show that of the decay products from
phonon decay time at each frequency is a 113em™" monochromatic phonon

population.

obtained from phonon transients measured

by varying the time separation between the FIR phonon generation and optical detec—

tion. The open circles are measured with monochromatically generated phonons, i.e.,
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= ¢, the FIR frequency. The filled circles are measured from the lifetimes of decay

products of &= 113em” : phonons. The solid line represents the best fit to

1_ s 2

d
where A is aconstant and is ameasure of the anharmonicty. T his relationship is a direct
consequence of the assumption that the system is an isotropic, dispersionless Debye
crystal. For phonons with a given frequency , the probability function for phonon
decay due to anharmonic interaction from into two daughter phonons, and - , will
be *( - )°. Integration of all the possible decay products will yield the ‘decay rate,
as expressed in Eq. (2).

The inset in Fig. 4 shows a typical resonant phonon transient of «= 66cm” " The
phonon spectral distribution at a given time can be obtained by scanning the detection
frequency  (optical laser detuning), while the delay of the optical gate is fixed. In
practice, however, time —resolved phonon spectra are constructed from a set of phonon
transients at different fixed frequencies. Fig. 5 shows the phonon spectral distribution
respectively at 40, 400, and 800ns after the monochromatic generation at 51.9 ecm™ .

Timexesolved phonon spectra obtained with initial monochromatic phonon genera—
tion at 43.3 em 'in Pr'’" YAG system is shown in Fig. 6. The strong build up of nar-
row -band phonon population at both 23 and 43 cm~ "is observed.

In interpreting the phonon spectra it is

: T
T 4 necessary to consider the details of the exci—
zr - tation spectrum of ’Po level shown in
; ol 4 Fig.7(a). In addition to the previously re-
';g o wy- ported crystal-field split lines at 19 and 50
; 2l ] em” | two peaks at 23 and 43 ecm” ' are ob-
fg . m served . The absence of similar peaks on the

Stokes side of the zero—phonon transition

suggests that they are not due to low-ying

2 m 71 optical phonons. Pumping of the *Po from
o ' | . | : - these states at 9K produces fluorescence

(o] 10 20 30 40 50 60
Frequoncy/cm™!

spectra that are similar to that of the undis—
T .
torted Pr’" ions in general. These peaks

Fig. 5  Temporal and spectral evolution of therefore are believed to be due to either

monochromatic phonons generated at electronic levels in the ground-state mani—
51.9 em™". (a), (b) and (¢) corre- fold of Pr’* ions which are located in dis—
spond to the spectra at 40, 400 and 800 torted sites or alternatively Pr' pair states.
ns, respedively. Evolution of the narrow-band phonon

distributions can be understood in terms of inelastic scattering of the initial monochro-
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matic phonons from the 23 and 43em”! oF T T T T T

(a) 7]
states. As shown in Fig. 7(b) , a phonon of ab J

frequency h enters a two-level system with 2k 4
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This two—phonon one-electron Raman pro-

cess can well explain the phonon evolution

5 @
with a highly peaked distribution. L
In Pr' YLF, there are no lowying 2L i
electronic levels in the frequency range of 0

[ 1 1 1 -
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our investigation. The low phonon scatter—
. . . . . Frequency/cm
ing rate combined with a comparatively high
[12] S an i . .

Debye frequency’ ~ thus makes this an ideal Fig. 6  Timeresolved phonon spectra after
system to investigate purely anharmonic in— monochromatic phonon generation at
teractions' . 43.3c¢m™ " (a), (b), (¢)and (d) cor-
respond to the delay time at 100, 600,
1100 and 2400ns, respectively.

The variation of phonon lifetime with
generation frequency in Pr™ YAG is shown

in Fig. 8. The observed dependence of ao0n (@
1 { I 1

is weaker than ~° and appears to asymp-
“2M% This behavior

can be understood as follows.

totically tend toward

23cm™!

I/a.u.

In the presence of strong melastic sct—

tering, an additional channel for nonequilib— A3em-!

rium phonon decay is introduced and the

] . 1

phonon lifetime should deviate from the fre— 20 30 40 50

Frequency/cm™!

quency dependence expected for anharmonic

decay. For nonresonant Raman scattering Fig. 7 (a) Anti-Stokes excitation spectrum of

of high-requency phonon from low-ying Py at 9K by monitoring the *Po— *Hs
electronic levels, the decay rate may be ex— fluorescence. (b) A schematic diagram
pressed as' of inelastic scattering.

L - (3)

d

where i is the energy of the electronic level. The phonon decay rate associated with

inelastic scattering from all the electronic levels can be written



140 20

1 3 10°
inel = bi ( - i) iy (4) \ ! l !
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@
where iis astep function which is equal to ¥
lfor = ior Ofor < i Thatis, at low 2
g 108 4
temperatures when the occupation of the & \ Inclastic
. . . . . ? Scalterlng
excited electronic levels is low, it is as— 8 \N/
sumed that the electronic level of i will only \\
. . 2
scatter the phonons with energy above this 10 1
level. The phonon decay time due to the
two relaxation mechanisms can then be
expressed as follows: 10* 1 | i L
20 60 80 100
4= ; 1 —. ( 5) Frequency/cm™"'
a + b (= )7
i Fig-8 Phonon decay time vs phonon frequency-
Constants a and the bi can be treated as ad- Solid curve is the best fit of Eq. (5) to
justable parameters when the equation is fit— the data. The dashed lines show the
ted to experimental date. It was not possi— respective contributions of anharmonic
ble to obtain a good fit to the data by con- and inelastic scattering processes to the

phonon decay.

sidering = 23 and 2= 43 cm~ "alone. The
fit shown in Fig. 8is obtained from Eq. (5) by considering an additional low energy state
(10ecm” " in our calculation) . Tt was not possible to observe a peak in this frequency
range due to the reduced detection sensitivity at low frequencies. Parameters a and bi are
determined to be a= 1.3% 10_3(cm_1)_ss_ Lobi= b2= 1.3% loz(cm_l)_zs_ ', and
bs= 3.3x 10°(em™ ") "?s™'. b1, b2 and bs correspond to the contributions from electronic
states at = 23,43 and 10 cm | respectively. T he fact that b3 is greater than both b and
b2 may indicate that the inelastic scattering is from several electronic states at low fre-
quencies.

One other explanation for the deviation of the phonon lifetime from ~°, especially
at lower frequencies, is that the phonons are leaving the interaction volume by quasidif-
fusive processes (i.e., low frequency phonons have alarger diffusion constant than high
frequency phonons due to Rayleigh scattering) . If this occures, the total nonequilibrium
phonon energy would decrease over the detection time.

Based on the Debye approximation, the total energy as afunction of time can be ob-

tained by

g

Eror(1) = fi[.n(t, ) d . (6)

Eror(t) is plotted against detection time in Fig.- 9, where a nearly constant Eror(t) is
found over the experimental timescale. This indicates that the phonons with lower fre—

quency do not move out the volume due to the strong scattering from the impurities at
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distorted sites. T his is consistent with the T T 7 T

o0

phonon transport results discussed in the

following chapter, where it is shown that a __&?%Woom
B o S i

substantially longer time is needed for

3]

nonequilibrium phonons to move out of the \5512 | ]
detection volume. § °

It is noted that the anharmonic decay _S 9 .
times in YAG are substantially longer than % ° R
those observed previously in LaF3"\. This = fr ° ]
reduction in decay rate can be accounted for sl 1
by the higher Debye frequency i
YAG'™'. The phonon decay rates in YAG 0 %Qn(‘) N > P

. . Decay time/ps
would be much longer if there were no im- Y g

purities doped into the crystal- This is in Fig. 9 Time dependence of total phonon energy

agreement with thermal conductivity studies obtained by integrating over all frequen—
in pure YAG'™ in which the thermal con- cies of nonequilibrium phonons. Dashed
ductivity becomes dependent on the sample line is a time average of total phonon
size forT < 30K, i.e., the dominant scat— energy-

. . .1
tering mechanism is boundary scatterlngl g

4 CONCLUSIONS

Two decay mechanisms have been observed and discussed. T hey are ( 1) anharmon—
ic decay that at low temperature yields a ° frequency dependent decay rate, and (2)
relaxation due to the inelastic scattering from the ions at highly distorted sites. In the
case of Pr’ YLF, anharmonic interaction dominates the decay processes with broad-
band phonon distribution. In the case of Pr™ YAG, the phonon decay rate deviates
from °, especially at lower frequencies. The inelastic scattering leads to a highly
peaked phonon distribution that persists for times much greater than the lifetime of the

initial monochromatic phonons.
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