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It is shown that nonequilibrium phonons injected by a heat pulse into a garnet lattice with a rare 
earth metal impurity propagate by diffusion, by quasidiffusion or in the nonlocalized phonon heat 
conductivity regime, depending on the power dissipated in the heater. It is shown that the rela- 
tionships observed agree reasonably well with theoretical ideas. 

1. STATEMENT OFTHE PROBLEM; EXPERIMENTAL METHOD 

Nonequilibrium phonons injected into a specimen by 
means of, for example, a metal heater can propagate in it 
ballistically or by diffusion. The nature of the diffusive mo- 
tion is, in general, made rather complicated by intense 
phonon scattering and, at high energies, by the participation 
of anharmonic decay processes. A number of theoretical and 
experimental papers devoted to these questions have ap- 
peared recently. 

Crystals of yttrium aluminum garnet (YAG) are a con- 
venient material for studying the diffusive motion of injected 
phonons. The yttrium atoms in YAG are replaced isomor- 
phously by atoms of rare earth metals (REM, R )  providing 
a controlled concentration of centers for elastic scattering of 
phonons. The large dimensions of the elementary cell of 
YAG (a, = 1.2 X lo-' cm) are responsible for a low Debye 
temperature for acoustic phonons, T g  = 170 K (Ref. 6 ) .  
The low value of T g  increases appreciably the effectiveness 
of both elastic and anharmonic decay .processes. Since the 
heat capacity of the acoustic part of the spectrum satisfies 
C $ -N-a; 3, where N is the number of elementary cells 
per cm3, the power level limit on the heater PH necessary to 
bring about the regime of nonlocal phonon thermal conduc- 
tivity (NPC) is considerably lowered.' 

Apart from the independent study of different modes of 
propagation of nonequilibrium phonons in YAG, the inves- 
tigations are also of interest in that YAG:R is widely used in 
acousto-electronic apparatus because of the small attenu- 
ation of acoustic waves.',' The latter is produced by the scat- 
tering of phonons by the REM atoms. The study of the pro- 
cesses by means of which a phonon system relaxes to thermal 
equilibrium, by the heat pulse method used in the present 
work, will aid in understanding how the REM in YAG af- 
fects the attentuation of acoustic waves. 

In (Y, _ ,R, ),Al,012 solid solutions, phonon propaga- 
tion for c 2 0.1 and a heater temperature TH close to the bath 
temperature T, = 3.4 K is already diffusional due to the 
high rate of elastic re la~a t ion .~  Changes in the purely diffu- 
sional phonon motion would be expected as the power PH 
dissipated in the heater increases. It will be essentially quasi- 
diffusional because of the participation of anharmonic (de- 
cay) processes.'" In addition, in very short specimens of 
length L =:I, ~ 0 . 1  cm (1, is a characteristic dimension of 
the metallic phonon injector) for large P,, a stationary tem- 

perature can be established in a region I with propagation 
of the injected phonons in the NPC regime.239 

The present work is devoted to a detailed study of the 
"transformation" of the diffusional motion of nonequilibri- 
um phonons in YAG:R as their temperature increases. 

Crystals of substitutional YAG:R solid solutions based 
on dysprosium were used in this work, grown by the method 
of horizontal crystallization in a molybdenum container. 
The concentration of dysprosium atoms was monitored by x- 
ray methods. The specimens studied were in the form of a 
parallelepiped of cross-section 1.0 X 1.0 cm2 and length 0.2- 
1.0 cm along the ( 100) or (1 10) crystal axes. A gold heater 
of dimensions S, = 0.4 X 0.4 cm2 was deposited onto one of 
the optically polished ends of the specimen and an indium 
bolometer of dimensions 0.3 X0.25 cm2 onto the other in a 
meandering shape. 

The specimen lengths and the dimensions of the heater 
and bolometer used in the experiment corresponded to an 
essentially "plane" case for the injected phonon flux. Mea- 
surements were made in the temperature range T = 2.0-3.4 
K. The superconducting transition temperature was varied 
by switching on an external magnetic field. Current pulses of 
duration 50-100 ns and repetition frequency 100-200 GHz 
were fed to the heater to generate the nonequilibrium 
phonon flux. The specific power dissipated in the heater var- 
ied within the limits 10-2-102 W-mmP2. The heater tem- 
perature was calculated by taking account of the strong elas- 
tic scattering in solid  solution^'^ and the heat transfer to the 
helium bath as found by Danil'chenko et al. ",12 An example 
of such a calculation is shown in Fig. 1. The extention of the 
region of weak dependence of TH on PH up to PH=0.1 
W.mm-2 is due to the heat transfer from the heater to the 
h e l i ~ m . " ~ ' ~  A sharp jump in TH is observed in the region of 
PH ~ 0 . 5 - 1 . 0  W.mm-* due to boiling of the helium and a 
reduction in heat transfer. A further jump takes place in the 
curve T, oc PH'I4 corresponding to the complete separation 
of the heater from the substrate due to the strong elastic 
scattering of phonons. The bolometer signal corresponding 
to the onset of phonon nonequilibrium was received on a 
VS1-280 signal storage system and was registered on a re- 
corder. 

2. EXPERIMENTAL RESULTS AND DISCUSSION 

As has already been mentioned, the diffusional regime 
of propagation of nonequilibrium phonons is attained in a 
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FIG. 1. The calculated dependence of the temperature of the heater T ,  on 
the power dissipated in it P,, taking account of heat transfer to the heli- 
um;" T, = 3.4 K, c = 0.1. Curve 1-according to Kazakovtsev and Le- 
vinson1° taking account of the temperature dependence of the heat capac- 
ity of the heater material (gold);I4 curve 2-the case of acoustic 
matching. 

crystal with c 2 0.1. A weak ballistic signal for such REM 
concentrations was only observed in short ( L  < 0.2-0.3 cm) 
specimens at T, = 2 K. The form of the nonequilibrium 
phonon signal received by the bolometer was of the charac- 
teristic diffusional bell-shape (Fig. 2).  In addition, the shape 
of the tailing edge (see the inset to Fig. 2 )  and the arrival 
time of the nonequilibrium phonon maximum t ,  (Fig. 3) 
change with the power dissipated in the heater P,. The form 
of the dependence of the time t ,  on the crystal length L also 
changes (Fig. 4) .  

The curves of Figs. 2-4 can be fairly simply interpreted 
within the framework of the work of Kazakovtsev and Le- 
vinson' and of L e ~ i n s o n . ~  The motion of the phonons is 
purely diffusive for small P, < 0.1 W.mmp2 and the solu- 
tion of the time-dependent equation of thermal conductivity 
can be used to analyze the excess temperature of the bolo- 
meter over the thermostat temperature in the case of a plane 
phonon source: 

A l ' ~ n t - ' ~  esp  ( -L2/4Dt) ,  ( 1 )  

FIG. 2. The nonequilibrium phonon signal received by the bolometer. T,  
= 3.4 K, c = 0.1, the valueofP, in w . m m 2  is shown against each curve. 

The magnitude of the signal as a function of the observation time is shown 
in the inset on a double logarithmic scale ( L  = 3.1 mm, S,  = 9 mm'): 1 ) 
P, 5- 0.1 W.mmP2; 2)  P, 2 1 W.mm-'. 

FIG. 3. The dependence of the arrival time of the maximum of the non- 
equilibrium phonons t ,  on the power dissipated in the heater ( T, = 3.4 
K , c = O . l ) :  l ) L = 0 . 2 c m , 2 )  L=0 .27cm,3 )L=0 .4cm.Thedashed  
lines show how the relation transforms when there is no heat transfer to 
the helium. 

where AT is the excess bolometer temperature compared 
with equilibrium; t is the time of observation; D = u l / 3  is the 
thermal diffusivity; u is the mean phonon velocity, in our 
experiments equal to 5.6X lO%m.s-'; and I is the mean free 
path of the nonequilibrium phonons. 

According to Eq. ( 1 ), the trailing edge of the bolometer 
response satisfies AT= t - ' I 2  for t-CO, which agrees well 
with the results shown by curve 1 of the inset to Fig. 2, while 
t ,  a L, ', which also agrees with the results shown by curve 1 
of Fig. 4. 

If in Eq. ( 1 ) the mean free path is determined by the 
rate of elastic Rayleigh scattering: 

r,,-'-?l ( ( o ~ I ' c )  ( T , , / T ~ )  $.  (2 )  

where: wD and TD are the Debye frequency and temperature 
of the crystal (for the acoustic part of the YAG spectrum; T, 
=: 170 K (Ref. 6 ) ) ;  T,, is the phonon temperature recorded 
by the: bolometer; and 7 is a measure of the crystal "defecti- 
vene~s , " '~  then according to the simplest model of acoustic 
matching of the heater and the crystal, t ,  a P,, while in the 
experiment t ,  is practically independent of PH over the 
power range studied, 0.01-0.1 Wamm-' (see Fig. 3 ) . This 
means that for P, 5 0.1 W.mm-2 the temperature of the 
injected phonons depends weakly on p H ,  which agrees with 

FIG. 4. The dependence of the arrival time of the maximum of the non- 
equilibrium phonons t ,  on the specimen length L ( T ,  = 3.4 K, c = 0.1 ) :  
1 ) P, :SO.1 W.mm-'; 2) P, 2 1 W . m m  '. 
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the corresponding part of the curve in Fig. 1 and is brought 
about by the strong heat transfer from the film injector to the 
helium bath. 

The power region PH 2 0.1 Wwmm-' is a characteristic 
interval in the dependence of t ,  on PH (Fig. 3).  A "step- 
wise" reduction in t, occurs in this region (the step is natu- 
rally spread out). We note that for such values of P, k 0.1 
W.mm-2 an appreciable increase in TH is observed and, 
consequently, in the temperature of the injected phonons 
(see Fig. I ) ,  which according to Eq. ( 2 )  must lead to an 
increase in t,. We interpret the reduction of t, as the start- 
ing up of inelastic phonon-phonon interaction (decay pro- 
cesses). We make some estimates of the phonon mean free 
path under conditions of elastic scattering and decay: 

Z= ( F / u D )  (3yq) -'I2 ( T ~ T D )  -*"; (3 )  

where y is the phonon-phonon interaction parameter which 
for YAG is -4 x lop4;  7 ~ 0 . 1 .  The value of 1 becomes less 
than 1 cm, i.e., the maximum specimen lengths used in the 
experiment, at T,, z 10-12 K.  By using the familiar relation 
T,, ~ 2 . 8  TH, we come to the conclusion that decay pro- 
cesses become important in our experiments even for T 2  4 
K, which does not exceed T, by much. We repeat again that 
the high efficiency of phonon scattering processes in YAG:R 
is due to the low Debye temperature of acoustic phonons. 

The propagation regime of nonequilibrium phonons be- 
comes quasidiffusional after decay processes start up: in ac- 
cordance with Kazakovtsev and Levinson' the trailing edge 
of the diffusional bell becomes steeper: AT-+t - ' as t - + m  
(curve 2 of the inset to Fig. 2 ) .  

When PH is increased further the injected phonons can 
propagate in the NPC regime, in which case near the phonon 
injector their distribution can be described by the Planck 
distribution. The possibilities of realizing this regime experi- 
mentally have been analyzed in detail by Ivanov, et ~ 1 . ~  Here 
we only note that the relaxation t, a P p  is characteristic 
for the NPC regime,' which is indeed observed experimen- 
tally for short specimens. 

The tm(L ,PH)  relations for specimens of various 
lengths for PH = 1-10 W.mm-' are shown in Fig. 5. For a 
specimen with L = 0.2 cm we have t, cc P r, which corre- 

FIG. 5. Arrival time of the maximum of the nonequilibrium phonons t ,  
vs the power PH dissipated in the heater, for specimens of different length 
(T, = 3.4 K, c = 0.1, SH = 1 mm2): 1 )  L = 0.2 cm, 2 )  L = 0.4 cm, 3 )  
L = 0.9 cm. 

sponds to NPC. As the specimen length increases, the curves 
flatten since the NPC makes an ever-decreasing contribu- 
tion to the bolometer response and the region of quasidiffu- 
sional phonon motion broadens, for which t, is independent 
ofPH (Ref. 1 ) .  

We shall make some quantitative estimates. The thresh- 
old poewrs are given by Kazakovtsev and Levinson: 

at which the ballistic regime for cooling the injector goes 
over to diffusional, lo  and 

Av, d v, ' l o  
Pa=o.64(qy)- ' /~-;[---~] t; 

a. a o v ,  

at which the diffusional cooling goes over to thermal con- 
ductivity.13 In Eqs. (4 )  and ( 5 )  tp is the duration of the 
heating pulse, v, and iJ, are the mean velocities of sound in 
the substrate and heater and d is the heater thickness. It is 
easy to show that for the parameters of the materials we used 
and tp =. lo-' S, we have P,/P, ~ 2 0  and P, ~ 0 . 0 3  Wernrn-'. 

The estimates obtained are in reasonable agreement 
with the experimental results given above. In fact the 
phonon propagation regime is already diffusional at 0.1 
W.mm-', which corresponds to the estimate of P , ~ 0 . 0 3  
W.mmP2. Pure diffusional motion changes to quasidiffu- 
sional (for long specimens) in the region of PH z 1 ~ . m r n - '  
and to NPC (short specimens). This value of PH z ~ . m m - ~  
agrees with the estimate of P, ~ 0 . 6  ~ . m m ~ * .  It is not sur- 
prising that there are differences between the observed and 
calculated magnitudes of the threshold values of P,, . Ex- 
pressions (4 )  and (5 )  are derived, in particular, without 
taking account of heat transfer from the heater to the liquid 
helium. The influence of the fundamental role of the condi- 
tions of heat transfer from the heater to the helium in pro- 
ducing the different regimes of phonon kinetics is illustrated 
by a calculation shown in Fig. 1. In addition we have studied 
the influence of the heat transfer conditions experimentally. 

A thin thermally insulating convering was deposited on 
the metal heater film to reduce the heat transfer from the 
surface of the heater into the helium. This gave rise to the 
region on the t, -pH dependence (see Fig. 3) where a reduc- 
tion in the arrival time of the nonequilibrium phonon maxi- 
mum was previously observed, shifting in the direction of 
smaller values of PH and for efficient thermal insulation of 
the film, the region in which the dependence of t, on PH 
changed sharply was not observed at all. 

The results obtained for efficient thermal insulation are 
shown in Fig. 3 by the dashed lines. The independence oft, 
on the magnitude of the heater power PH and the nearly 
linear dependence t, a L ", n z 1 (curve 2 of Fig. 4 )  were 
characteristic of them, in complete agreement with Eq. ( 1 ). 
The removal of heat transfer to the helium thus increases the 
temperature of the injected phonons, brings in decay pro- 
cesses earlier and broadens in the direction of smaller values 
the range of values of PH for which the phonon motion is 
quasidiffusional. We were unable to observe the regions of 
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pure diffusional motion under thermal insulation condi- 
tions. 

The various propagation regimes for phonons in yt- 
trium aluminum garnet alloyed with dysprosium, traced in 
this work, are on the whole in satisfactory agreement with 
existing theoretical ideas about the form of the dependence 
temperature of the nonequilibrium phonons, the specimen 
length, the conditions of heat transfer from the heater, etc. 
The conditions for the specimen length, power dissipated in 
the heater, etc., have been obtained when each propagation 
regime is realized: diffusion, quasidiffusion or the nonlocal 
phonon thermal conductivity regime. The investigations 
carried out on the propagation of phonons under such specif- 
ic conditions of bath temperature, of P, and a number of 
other parameters enables the correctness of expressions (2 )  
and (3 )  which we have used for the rates of elastic and in- 
elastic relaxation to be analyzed for crystals with large impu- 
rity concentration and in solid solutions. 

In conclusion the authors thank Yu. V. Galyaev for his 
interest in the work and I. B. Levinson for valuable discus- 
sions and for allowing us to learn about the results of his 
calculations before their publication. 
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