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Abstract

We have invest igated the decay o f nonequilibrium phonons in YAG�Pr3+ ( 1. 0at . %)

and LiYF 4�Pr3+ ( 1. 0at . % ) at a temperatur e o f 9K. Nonequil ibrium phonon populat ions

at 43. 0, 51. 9, 66. 0 and 113cm
- 1

are generated monochromat ically w ith a high-pow er

pulsed far-infrared laser using defect-induced one-phonon absorption, and their tempo-

ral and spect ra evolut ion determ ined using a t ime-resolved vibronic sideband spect rome-

ter . We f ind that tw o decay mechanisms dom inate the nonequilibrium phonon r elax ation

in the crystals: anharmonic decay v ia thr ee-phonon inter act ions and two-phonon-one-

elect ron inelast ic-scat tering processes. In LiYF4 sy stem, w e observe the bro ad band dis-

tr ibut ion that results from the anharmonic decay of the init ial monochromatic phonon

populat ion. In YAG system, the latter mechanism leads to the evolut ion of a highly

peaked phonon dist ribut ion that persists for sever al phonon generat ions.

Key words　nonequilibrium phonons, high-frequency phonons, lat t ice dynamics, YAG,

YLF

1　INTRODUCTION

In a real cry stal system, the lat tice v ibrat ions w ill not be the eigenstates of the sy s-

tem , i. e. , an init ially monochromat ic nonequilibrium phonon populat ion will decay af ter

it is gener ated. T he decay behavior of the nonequilibrium phonons provides a basic un-

derstanding of the phonon r elax at ion mechanisms. Theoretical studies have show n that

anharmonic interact ions that involve three phonons dom inate the relax at ion o f

monochromat ic high-frequency nonequilibrium phonons. Anharmonic decay rates o f

high-frequency acoust ic phonons w ere f ir st studied by Slonimskii[ 1] using nonlinear elas-

ticity theo ry. He performed calculations for an isot ropic dispersionless solid and show ed

that longitudinal phonons can split into tw o low er f requency phonons and have a decay

rate w hich increases as �5 . T hese pr edict ions have been theoretical ly confirmed by Kle-
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mens and Orbach et al
[ 2, 3]

and have been suppor ted by a large body of experimental

w ork
[ 4～9] . How ever, due to the limitat ions of the techniques fo r high f requency phonon

generat ion and detect ion, the init ial pr oducts f rom the decay o f a monochromat ic phonon

distr ibution have no t been prev iously obser ved. T he phonon dist ribut ions w hich occur

shor tly after the generat ion of monochromat ic phonons and before the onser o f scaling

behavior
[ 4]

provide addit ional info rmat ion on the phonon decay pro cesses.

In many systems, on the other hand, high-frequency acoust ic phonons are st rong ly

scattered or t rapped by the low-energy elect ronic t ransit ions [ 10, 11] . T hese processes can

dominate the anharmonic interact ions, lead to the evolution of a highly peaked phonon

distr ibution, and result in the deviat ion of the phonon lifet ime from �- 5. In this paper,

the combinat ion of phonon generat ion by defect-induced one-phonon absorption

( DIOPA ) w ith an absorption vibronic sideband phonon spectr ometer ( AVSPS ) w as

used to determine the temporal and spect ral ev olut ion of nonequilibr ium phonons in the

Pr
3+ �LiYF 4( YLF) and Pr

3+ �YAG systems. Anharmonic interact ion and inelast ic scat-

tering w ere found to dominate nonequilibrium phonon relaxat ion in the two systems r e-

spect iv ely .

2　EXPERIMENT

The samples used in the experiments are 3×3×6 mm3 YAG�Pr3+ , ( 1 at . % where

at . means atomic w eight ) and 2×4×6 mm
3
YLF�Pr 3+ ( 1 at . % ) single crystals. T he

samples w er e pol ished w ith 0. 3�m alumina and oil.

A schemat ic of the experimental conf igurat ion for phonon studies is show n in

Fig . 1. T he sample w as mounted on the cold f inger of a RMC E22 two-stage clo sed-cycle

refrig er ator . Far-inf rared radiat ion covering a range of frequencies w as generated using

a superradiant cell pumped by a CO2 laser. T he FIR w as fo cused by an o ff-axis parabolic

reflecto r producing a 2-mm spot at the sample. T he Nd�YAG laser pumped dye laser

pr obe and the FIR beams are incident on the sample in a co-linear and counter -propaga-

t ing geometry , w ith the phonon-induced f luorescence collected at 90 degrees to the

pump and detection beams. Af ter spect ral f iltering using a 0. 85m double spect rometer,

the signal w as detected by an RCA C313034A-02 photomult ipl ier tube ( PM T ) in a

w ater cooled radio-frequency-inter ference shielded housing, and amplif ied by a Philips

100 MHz, ×100 amplifier. F inally the signal was sent to a Stanfo rd Research SR400

photon counter cont rolled by a computer .

Synchronizat ion of the FIR and opt ical pump-probe lasers and the f luorescence

detect ion is presented in Fig . 2. The master clo ck for the t iming sequence w as the 10Hz

oscillator o f the Nd�YAG laser . A delay ed pulse, synchr onous w ith the f ir ing of the

Nd�YAG flashlamps, t rig gered the Stanford Research Sy stems DG535 mult i-delay gen-

er ator . Channel 1 t rigg ered the Nd�YAG Q -sw itch at a delay o f 230ms which w as cho-
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FT : F requency T ripling cr ystal; S: Sample

F ig . 1　 A schematic o f the exper imental setup.

F ig . 2　T ime scheme for the pump-probe experi-

m ent . Optical pr obe laser is fix ed w hile

the FIR is delay ed by the photon counter

gate B.

sen to max im ize the dye laser pow er . A second delay f rom channel 2 t riggered a divide

by 10 cir cuit which prov ided 1Hz trigg er pulses for the dual g ated photon counter . Gate

A of the pho ton counter w as used fo r data acquisit ion and gate B w as used in scanning

mode as a variable delay t rig ger for the CO 2 laser . The delay r ange and increment rate

w er e chosen to g iv e the desired pump-probe delay and signal aver ag ing t ime, respect iv e-

ly. Negat ive pump-probe delays, i. e. , the optical detection pulses ar rived ear lier than

FIR generat ion pulses at the sample, gave a signal baseline due to the thermal phonons,

w hich w as used to calibrate each phonon transient at this temperatur e. T he f luorescence

co llect ion gate ( A ) w as fix ed w ith respect to the pr obe pulse and started several mi-

cro seconds af ter the largest negat ive pump-probe delay to prevent noise counts f rom ap-

pearing on the baseline. T he radio frequency inter ference no ise w as produced by CO 2

laser spark gap and occur red about 1. 1ms ear lier than the FIR light pulse. T he gate du-

rat ion w as set at 1. 5 to 2 e-foldings of the
3
P 0 l ifetime in Pr

3+ -doped YAG and YLF,

w hich are 14 and 52�s respectively at a temper ature of 9K.

An anti-Stokes calibrat ion o f the nonequil ibrium phonon populat ion can be obtained

when the dye laser pulse is incident on the sample before the FIR pulse. T he nonequilib-

rium occupat ion number at f requency �, nnon( �) , then can be calculated by

nnon ( �) = nth ( �)
�( �0 - �) - �th( �0 - �)

�th ( �0 - �) . ( 1)

nnon ( �) is the thermal o ccupation number at phonon energy �, w hich is g iven by the

Bose-Einstein dist ribut ion. �( �0- �) and �th( �0- �) ar e the phonon-induced absorption
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coef ficients to the
3
P 0 zero-phonon line at energy �0 in the presence o f a nonequilibrium

phonon populat ion and a thermal phonon populat ion, respectively . The absorpt ion coef-

ficients �th ( �0- �) and �( �0- �) are obtained from the total t ime-integrated phonon-in-

duced f luor escence detected by the opt ical probe pulse befo re and after the FIR genera-

tion pulse, respect ively. Arbit rary phonon numbers N n on ( �) can be calculated fr om

phonon occupat ion numbers by mult iplying by �2
according to the Debye appr oximat ion.

3　RESULTS AND DISCUSSION

The f luorescence spect ra from 470 to 670nm for both Pr
3+ �YLF and Pr

3+ �YAG

measured at 9K are show n in Fig . 3. T he
3
P 0-3F2 tr ansit ion ( 639. 4nm ) and

3
P0-3H6

( 616. 1nm ) t ransitio n ar e used as monitors to detect the phonon-induced fluorescence in

the two sy stems respectively . The insets show the decay behaviors of the corresponding

emissions f rom the t ransitions.

F ig . 3　Em ission spectr a of Pr 3+ in YAG ( 3a )

and YLF ( 3b) at 9K . The inset s show

transients o f 3P0 lev el. Phonon-induced

abso rption is measured by monito ring

the fluor escence fr om the labeled tr ansi-

t ions.

Fig . 4　F requency dependence o f the phonon

decay time . The solid line r epresents

the �- 5 dpendence expected fr om the

iso tropic dispersionless m odel. T he

open cir cles show the decay times o f

monochromatically g enerat ed phonons

at 51. 9 and 66. 0 cm- 1. Solid circles

show t hat o f the decay products fr om

a 113cm- 1 monochromatic phonon

population.

　　Fig . 4 show s the f requency dependence

of phonon decay t imes in Pr
3+ �YLF. T he

phonon decay t ime at each fr equency is

obtained from phonon transients measur ed

by var ying the time separat ion betw een the FIR phonon generation and opt ical detec-

tion. T he open circles are measured w ith monochromat ically generated phonons, i. e. ,
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�= �g , the FIR frequency . T he f illed cir cles ar e measured fr om the lifet imes o f decay

pr oducts of �g= 113cm
- 1

phonons. The solid line represents the best f it to

1
�d = A �5 , ( 2)

w here A is a constant and is a measur e of the anharmonicty. T his relationship is a direct

consequence of the assumpt ion that the sy stem is an isot ropic, disper sionless Debye

cr ystal. For phonons with a g iven f requency �, the probability function for phonon

decay due to anharmonic interact ion f rom � into tw o daughter phonons, �and �- �, w ill

be �2 ( �- �) 2 . Integ rat ion of all the possible decay products will yield the �5decay r ate,

as expressed in Eq. ( 2) .

The inset in F ig. 4 show s a typical resonant phonon transient of �g= 66cm
- 1. T he

phonon spect ral dist ribut ion at a given t ime can be obtained by scanning the detection

fr equency � ( o pt ical laser detuning ) , w hile the delay of the optical g ate is fix ed. In

pr act ice, how ever, t ime -reso lved phonon spect ra are const ructed f rom a set of phonon

transients at dif ferent fix ed fr equencies. F ig. 5 show s the phonon spect ral distr ibution

respect iv ely at 40, 400, and 800ns after the monochromat ic generat ion at 51. 9 cm - 1.

T ime-resolved phonon spectr a obtained w ith init ial monochromat ic phonon genera-

tion at 43. 3 cm
- 1

in Pr
3+ �YAG system is show n in Fig. 6. The st rong build up of nar-

row-band phonon populat ion at both 23 and 43 cm
- 1

is observ ed.

F ig . 5 　 Temporal and spectr al evo lution o f

monochromat ic phonons gener ated at

51. 9 cm - 1. ( a ) , ( b ) and ( c ) cor r e-

spond t o the spectra at 40, 400 and 800

ns, respect ively .

In inter pret ing the phonon spect ra it is

necessary to consider the details o f the exci-

tat ion spect rum of
3
P0 level show n in

Fig . 7( a ) . In addit ion to the pr eviously r e-

po rted cr ystal-f ield split lines at 19 and 50

cm
- 1

two peaks at 23 and 43 cm
- 1

are ob-

served . The absence of similar peaks on the

Stokes side o f the zer o-phonon transitio n

suggests that they ar e not due to low-lying

opt ical phonons. Pumping o f the
3
P0 fr om

these states at 9K produces f luorescence

spect ra that are sim ilar to that of the undis-

torted Pr
3+

ions in general . These peaks

therefore are believ ed to be due to either

elect ronic levels in the g round-state mani-

fo ld of Pr3+ ions w hich are located in dis-

torted sites or alternat ively Pr
3+

pair states.

Evolut ion of the narrow-band phonon

distr ibutions can be understood in terms of inelast ic scattering of the init ial monochro-
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F ig . 6 　 T ime-resolved phonon spect ra after

monochromatic phonon gener ation at

43. 3 cm- 1. ( a) , ( b) , ( c) and ( d) cor-

r espond to t he delay t ime at 100, 600,

1100 and 2400ns, respect ively .

matic phonons from the 23 and 43cm
- 1

states. As show n in Fig . 7( b) , a phonon of

fr equency �ph enters a tw o-level system w ith

the excited state associated w ith the distort-

ed ions and causes an elect ronic t ransit io n of

fr equency �, y ielding a phonon w ith the dif-

ferent frequency �ph- �. �he elect ronic exci-

tat ion then relaxes by rapid one-phonon

emission to yield a phonon of fr equency �.
This tw o-phonon one-elect ron Raman pro-

cess can well explain the phonon evolution

w ith a highly peaked distr ibution.

In Pr
3+ �YLF, ther e are no low-lying

elect ronic levels in the frequency range of

our invest ig ation. T he low phonon scat ter-

ing rate combined with a comparat ively high

Debye f requency [ 12] thus makes this an ideal

sy stem to invest igate pur ely anharmonic in-

teractions
[ 13]

.

The variation of phonon lifet ime w ith

generat ion f requency in Pr
3+ �YAG is shown

F ig . 7　 ( a) Ant i-Stokes excit ation spectrum o f

3P0 at 9K by monitor ing the 3P0 - 3H6

fluo rescence . ( b ) A schemat ic diagr am

of inelastic scatter ing .

in Fig . 8. T he observed dependence of �d on
� is w eaker than �- 5 and appear s to asymp-

to t ically tend tow ard �- 2 [ 10]
. T his behavior

can be under stood as follow s.

In the presence o f st rong inelast ic sct-

tering, an addit ional channel for nonequilib-

rium phonon decay is int roduced and the

phonon lifetime should deviate fr om the fre-

quency dependence expected fo r anharmonic

decay . For nonresonant Raman scat tering

of high-frequency phonon from low-lying

elect ronic lev els, the decay rate may be ex-

pressed as
[ 14]

1
�ineld
∝ �( � - �i ) 3, ( 3)

w here �i is the energy of the elect ronic level . T he phonon decay rate associated w ith

inelast ic scat tering from all the elect ronic levels can be w rit ten
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F ig . 8　Phonon decay time vs phonon frequency .

Solid curv e is the best fit of Eq. ( 5) to

the data . The dashed lines show the

respect ive contribut ions o f anharm onic

and inelastic scatter ing pro cesses to the

phonon decay .

1
�ineld

= �
i

bi�( � - �i ) 3�i, ( 4)

w here �i is a step funct ion w hich is equal to

1 for �≥�i or 0 for �< �i. That is, at low

temperatures w hen the occupat ion of the

excited elect ronic levels is low , it is as-

sumed that the elect ronic level of �i w il l only

scatter the phonons w ith ener gy above this

level. T he phonon decay t ime due to the

tw o r elax at ion mechanisms can then be

expressed as fo llow s:

�d = 1

a�5 + �
i

bi�( � - �i) 3�i
. ( 5)

Constants a and the bi can be treated as ad-

justable parameters w hen the equat ion is f it-

ted to experimental date. It w as no t possi-

ble to obtain a good f it to the data by con-

sidering �i= 23 and �2= 43 cm
- 1

alone. T he

fit show n in Fig. 8 is obtained from Eq. ( 5) by consider ing an addit ional low energy state

( 10cm
- 1

in our calculat ion) . It was not possible to observe a peak in this fr equency

range due to the reduced detection sensit ivity at low frequencies. Parameters a and bi are

determined to be a = 1. 3×10- 3 ( cm
- 1 ) - 5

s
- 1, b1 = b2 = 1. 3×102 ( cm

- 1 ) - 2
s
- 1 , and

b3= 3. 3×102 ( cm - 1) - 2s- 1 . b1, b2 and b3 cor respond to the contribut ions f rom elect ronic

states at �= 23, 43 and 10 cm
- 1

respect iv ely . T he fact that b3 is g reater than both b1 and

b2 may indicate that the inelast ic scat ter ing is from several elect ronic states at low fr e-

quencies.

One o ther explanation for the deviat ion o f the phonon l ifetime from �- 5
, especially

at low er f requencies, is that the phonons are leaving the inter act ion volume by quasidif-

fusive processes ( i. e. , low frequency phonons have a larg er dif fusion constant than high

fr equency phonons due to Rayleigh scattering ) . If this occures, the total nonequilibrium

phonon ener gy w ould decrease over the detect ion t ime.

Based on the Debye appro ximat ion, the total energy as a function of t ime can be ob-

tained by

ETOT ( t) = A∫
�
g

0

n( t, �) �3d�. ( 6)

ETOT ( t) is plo tted against detect ion t ime in Fig . 9, w here a nearly constant ETOT ( t ) is

found over the exper imental t imescale. This indicates that the phonons w ith low er fr e-

quency do not move out the volume due to the st rong scattering from the impurit ies at
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F ig . 9　T ime dependence of t otal phonon ener gy

obtained by integr ating over all fr equen-

cies of nonequilibrium phonons. Dashed

line is a t ime aver age of to tal phonon

ener gy .

disto rted sites. T his is consistent w ith the

phonon transpor t r esults discussed in the

fo llow ing chapter, w here it is show n that a

substant ially longer t ime is needed for

nonequilibrium phonons to move out of the

detect ion volume.

It is noted that the anharmonic decay

t imes in YAG are substant ially longer than

tho se observed prev iously in LaF 3
[ 5] . T his

reduct ion in decay r ate can be accounted for

by the higher Debye f requency in

YAG
[ 15, 16]

. T he phonon decay rates in YAG

would be much longer if there were no im-

purit ies doped into the cr ystal. T his is in

agreement w ith thermal conduct ivity studies

in pure YAG
[ 15]

in w hich the thermal con-

duct ivity becomes dependent on the sample

size fo r T < 30 K , i. e. , the dominant scat-

tering mechanism is boundary scat tering
[ 17]

.

4　CONCLUSIONS

Tw o decay mechanisms have been observed and discussed. T hey are ( 1) anharmon-

ic decay that at low temperatur e yields a �5
f requency dependent decay rate, and ( 2)

relaxat ion due to the inelastic scat tering f rom the ions at highly distorted sites. In the

case of Pr
3+ �YLF, anharmonic interact ion dominates the decay processes w ith broad-

band phonon dist ribut ion. In the case o f Pr
3+ �YAG, the phonon decay rate dev iates

fr om �5, especially at low er fr equencies. The inelastic scat tering leads to a highly

peaked phonon dist ribut ion that persists for t imes much greater than the lifet ime of the

init ial monochromat ic phonons.
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