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The frequency dependences of the occupation numbers of nonequilibrium phonons, produced 
by pulsed means in a fluorite crystal cooled to 2 K, with the help of a thin-film metal heater, 
have been studied experimentally. It was found that on using heat pulses with energies greater 
than lOpJ, an equilibrium heated local region-a hot spot-is formed in the subsurface layer 
of the crystal. Numerical estimates and the results of additional experiments showed that the 
establishment of local equilibrium is facilitated by the return of phonons by diffusive motion to 
the metal film (the heater), which plays the part of an effective transformer of phonon 
frequencies. 

In experiments on the propagation of heat pulses in 
cooled crystals, ballistic (i.e., without scattering) motion is 
generally observed at relatively small (of the order of pJ/  
mm2) thermal energy densities.' An increase in energy is 
usually accompanied by an increase in the duration of the 
signal recorded, which indicates the appearance of diffusive 
motion of the nonequilibrium phonons forming the heat 
pulse. It is assumed that the reason for the increase in the 
duration is the concentration in a small volume of strongly 
scattered high-frequency phonons, the decay of which leads 
to the formation in the crystal of a superheated region ( a so- 
called hot spot2), which acts as a secondary source of 
phonon emission. According to theoretical  calculation^,^ 
the establishment of local thermal equilibrium is possible if 
certain initial conditions in the hot spot are fulfilled, and is 
characterized by a temperature appreciably higher than that 
of the crystal as a whole, and the equilibrium is preserved 
even for diffusive spreading of the heated region. In the pres- 
ent work we report the results of an experimental investiga- 
tion of the dynamics of a hot spot and the spatial and tempo- 
ral transformation of the spectrum of nonequilibrium 
phonons on generating heat pulses by a metal film heater. 

The material studied was a fluorite crystal activated by 
Eu2+ ions. The method of fluorescence detection with piezo- 
spectroscopic frequency retuning4 was used for phonon re- 
cording. The principle of the method consists in recording 
the luminescence from the raised sublevel of the excited state 
of the impurity ion, which arises on the appearance of non- 
equilibrium phonons in the cooled crystal. In the present 
case the orbital doublet T,+ of the 4f 5d configuration of the 
divalent europium ion, split by the action of uniaxial com- 
pression, served as the luminescence state. The magnitude of 
the splitting A, which provides the frequency v of the reso- 
nant-detected phonons could be changed in a controlled way 
by varying the strength of the compression (A = v/c, where 
c is the velocity of light). The method of fluorescence detec- 
tion has the appreciable advantage that it enables the abso- 
lute values of the occupation numbers n(v) of resonance 
phonons at a given point of the crystal to be determined from 
the magnitude of the ratio of the populations N2/N, of the 
upper and lower sublevels of the doublet. This advantage is 
most clearly seen when recording the spatially isotropic dif- 
fusive phonon flow, when the ratio NJN, is exactly equal to 
n (v)/  [n  (v)  + 1 1, while for small occupation numbers it is 
simply n (v) . The ratio of the numbers NJN, is determined 

experimentally by measuring the intensity of the lumines- 
cence lines from the upper and lower sublevels of the excited 
state. Normalization, the necessity of which is determined 
by the difference in the polarization of the lines of the doub- 
let, was carried out by measuring the temperature behavior 
of the intensities of the corresponding lines in the lumines- 
cence spectrum on stationary heating of the crystal, and ex- 
trapolation of the results obtained to infinite values of the 
temperature, at which the populations of the sublevels 
equalize. 

The experiments were carried out at a temperature of 2 
K on a crystal immersed in liquid helium. The specimen was 
a rectangular parallelepiped with dimensions 3 X 4 X 5 mm, 
cut out of a fluorite crystal containing about 0.001 % of diva- 
lent europium ions. Phonons were generated by using a thin 
(thickness =; 100 nm) constantan film, deposited on the side 
face of the specimen, heated by electric pulses. The heat 
pulses generated were of 0.1 psec duration and the maxi- 
mum energy in a pulse was 20,uJ. The method for recording 
the signal was the same as described b e f ~ r e . ~  The depen- 
dence of the amplitude and shape of the recorded signals on 
the experimental conditions was studied: the energy of the 
electrical pulse supplied to the heater and the heater-detec- 
tor distance. The magnitude of the piezo-splitting A was var- 
ied within the limits 4-30 cm-I. 

At moderate energies in the heat pulse, the signal clear- 
ly contained two compartments: a rapid one with duration of 
the order of 0.1 ,us, produced by the arrival of ballistic phon- 
ons at the detector, and a slow one, the existence of which is 
associated with phonons travelling diffusively. The frequen- 
cy dependences of the occupation numbers of nonequilibri- 
um phonons, or more exactly, of the relative populations of 
the detector levels, recorded at the moment of the ballistic 
signal, are shown in Fig. 1, curve 1, and after 1.5 ,us (when 
only the slow component remains in the signal) in curve 2. 
As can be seen in the figure, the transition from the ballistic 
regime for motion to diffusion is accompanied by transfor- 
mations of the phonon spectum-the occupation numbers at 
small frequencies increase and those at high frequencies de- 
crease. This result is a direct experimental confirmation of 
the existence of processes for decay of high-frequency phon- 
ons into phonons of lower frequency. 

On analyzing the experimental results, attention is 
drawn to the fact that on the chosen semilogarithmic plot the 
points on the graphs lie well on straight lines, i.e., the 
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FIG. 1. The transformation of the phonon spectrum at the transition from 
the ballistic ( 1) to the diffusive (2)  propagation regime. The distance to 
the heater was 0.5 mm. Values of N , / N ,  measured at the maximum of the 
pulse (1) and after 1.5 psec (2) .  

phonon spectrum is described by an exponential function 
[the Planck function for n (v)  4 1 1.  The slope of the lines 
(the color temperature of the phonon distribution) and the 
value of the intercept on the ordinate axis (the extent of the 
nonequilibrium) depend appreciably on the experimental 
conditions-an increase in the energy of the heat pulse leads 
to an increase in the color temperature and simultaneously 
to a reduction in the extent of the nonequilibrium (Fig. 2).  A 
similar effect is also observed as a result of reducing the dis- 
tance between the heater and the phonon detector (Fig. 3 ) .  
Such a behavior of the phonon spectrum does not corre- 
spond to the existing models of quasidiffusive (diffusion 
with decay) phonon m ~ t i o n , ~ - ~  and further theoretical anal- 
ysis is required for its explanation. 

A clear feature was observed in the nature of the defor- 
mation of the phonon spectrum: while at large distances 
from the heater ( r  k 1 mm) the changes noted above were 
entirely monotonic, a sharp growth in the degree of equilib- 
rium was recorded in the subsurface layer ( r  5 0.4 mm) on 
using heat pulses with energy 10pJ and higher. It can be seen 
from Fig. 4 that under these conditions the frequency depen- 
dence of the occupation numbers (curve 2)  corresponded to 
a situation of equilibrium heating (i.e., for v-0 the ratio 
n (v)/  [n (v) + 1 ] + 1 ). The formation in the crystal of a lo- 

FIG. 2. Spectra of the diffusive component for values of the energy of the 
heat pulse: 1) 20pJ; 2 )  6pJ ;  3)  2.5pJ. The distance to the heater was 1.5 
mm. 

FIG. 3. Spectra of nonequilibrium phonons at different distances from the 
heater: 1 ) 1 mm; 2)  2.2 mm; 3 )  4 mm. The energy of the heat pulse was 25 
PJ. 

cal uniformly heated region corresponds in principle to the 
existing ideas3 about the formation of a hot spot. At the same 
time, numerical estimates of the magnitudes of the thermal 
energy and of the depth of heating necessary to establish 
local equilibrium in fluorite, give values noticeably different 
from those which were realized in the experiment. Accord- 
ing to Kazakovtsev and Le~ inson ,~  for the establishment of 
thermal equilibrium in a local region of a crystal containing 
excess phonons it is sufficient that the diffusion displace- 
ment ( I ,  ) of phonons of the characteristic frequency v, over 
a time equal to the lifetime with respect to anharmonic de- 
cay, should not exceed the minimum dimension r of the heat- 
ed region, i.e., 

where D(vT)  = a v r 4  is the diffusion coefficient,* due to 
elastic scattering by point defects (it is just this process 
which is most probable at low temperatures), and T, (v,) 
= bv, (Ref. 9 )  is the inverse probability of anharmonic ' 
decay. The value v, = 3kT/h corresponds to the maximum 
in the phonon energy distribution at the steady local tem- 
perature T. In the low temperature region when the vibra- 
tional properties of crystals are well described by the Debye 
model, the value of T can be determined from the relation1' 

Here Q is the energy, V the volume of the heated region, and 
iS the value of the velocity of sound averaged over the modes. 

The theoretical model developed3 was based on the as- 
sumption of the existence at the initial moment of time of a 
sharply limited uniform heating of a region of the crystal, 
while in the experiments described here the penetration 
depth of phonons changed continuously, starting from zero 
values, and the dimensions of the heated region could not, 
therefore, be strictly determined. It is, however, not difficult 
to show that in the situation when the phonon penetration 
depth in the crystal does not exceed the dimensions of the 
heater, the indeterminacy in the value of r does not, practi- 
cally, prevent the applicability of the criteria given above. 
For a plane propagation geometry the volume of the heated 
region is determined by the product S x r ( S  is the area of the 
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heater), which by using Eq. ( 1) and ( 2 )  enables the criteria 
for the establishment of equilibrium to be formulated 

Id/r=Do (Q/S)-'I8r'/s(11 (3  

where 

Do== (ab) " (3/h)qa[10n-2 (hv) '1 -'/a. 

It follows directly from here that in such a geometry the 
possibility of the establishment of equilibrium depends very 
weakly (as the eighth root) on the depth of phonon penetra- 
tion into the crystal. Given a reasonable value for r (for ex- 
ample, conforming to the limiting distance from the heater 
at which the establishment of equilibrium could still be ob- 
served), this enables the amount of energy Q required for 
equilibrium heating to be estimated and to compare this val- 
ue with the values realized in the experiment. Calculations 
carried out by using Eq. (3)  and values known from experi- 
ments: i? = 4.1 x 10' cm/s, a = 1.4 X cm/s (Ref. 5 )  and 
b = 6.9X lo6' cm/s (Ref. 9) ,  showed that for the dimen- 
sions S = 1 mm2 (the true area of the heater) and r = 0.4 
mm, the required amount of energy Q = 60 yJ is about 10 
times greater than the experimental value. The disagreement 
between the predictions of the model and the experimental 
values is not only of a quantitative, but also of a qualitative 
nature. As follows from Eq. (31, even an insignificant excess 
of energy density above the threshold value should lead to 
the establishment of equilibrium at distances appreciably ex- 
ceeding the threshold, while in the experiment equilibrium is 
observed only in the subsurface region of the crystal. 

The nature of the disagreement between the model cal- 
culations and the experimental results can be explained by 
estimating the temperature established in the experiment 
and the lifetime of phonons of the characteristic frequency 
v,. According to Eq. (2 ) ,  a heat pulse of energy 13.5 yJ can 
heat a local region of fluorite with volume 0.4 mm3 up to a 
temperature of 17 K, i.e., close to the value determined from 
the slope of line 1 in Fig. 4. Making use of the experimental 
results given by Baumgartner et ala9 on the probabilities of 
anharmonic processes in fluorite crystals, it can be conclud- 
ed that the lifetime of phonons with frequency v, = 1.1 
THz, corresponding to such a temperature, is T,(v , )  
= 1 X lo-' sec, which is noticeably greater than the dura- 

FIG. 4. The establishment of thermal equilibrium in the,subsurface layer 
of the crystal ( r  = 0.4 mm). The energies of the pulses were: 1 ) 3-7,uJ; 2 )  
13.5 pJ. 3) The heater covered with paraffin. Temperatures determined 
from the slopes of the straight lines: 1 )  l 1 K; 2)  13.5 K; 3) 8.3 K. 

tion of the pulse recorded. Under the experimental condi- 
tions, therefore, anharmonic phonon-phonon interactions 
could not lead to the establishment of equilibrium and to 
explain the results obtained it is necesary to draw on an addi- 
tional mechanism for the transformation of phonon frequen- 
cies. 

From the fact that equilibrium is only established in the 
subsurface region of the crystal, it can be assumed that this 
other mechanism is the return of phonons moving diffusive- 
ly to the surface and the transformation of their frequencies 
due to interaction either with surface defects or with conduc- 
tion electrons of the metallic film heater. The appreciable 
role of the return of phonons is confirmed by the results of 
additional experiments in which the heater was covered out- 
side by a relatively thin (of the order of 0.1 mm) layer of 
solidified paraffin. The paraffin film could not influence the 
phonon properties of the crystal, but changes the boundary 
conditions for propagation of phonons in the heater. The 
results of the experiments are shown in Fig. 4. As can be seen 
from the figure, the deposition of the paraffin film (curve 3) 
leads to the establishment of equilibrium at appreciably 
smaller values of the energy introduced into the crystal than 
in experiments with a free heater. The results obtained indi- 
cate convincingly the appreciable part played by the return 
of phonons from the crystal in the process of establishing 
equilibrium. The paraffin film, having a disordered struc- 
ture is then an additional transformer of phonon frequen- 
cies. (The possibility of increasing the effective anharmoni- 
city in disordered media was shown by Levinson" and was 
found experimentally. '') 

The process for a hot spot to arise on the generation of 
heat pulses at the surface of a crystal is thus characterized by 
different rules from the case of bulk generation of nonequi- 
librium phonons. Interaction with surface defects and the 
metal film promotes the formation of an additional channel 
for the transformation of phonon frequencies, thanks to 
which local equilibrium can be established at appreciably 
lower values of the thermal energy, but only in the subsur- 
face region of the crystal. The temporal evolution of a hot 
spot is accompanied by a lowering of its temperature without 
a change in the characteristic dimensions. The phonon spec- 
trum outside the limits of the hot spot, which remains non- 
equilibrium under all conditions, is described by an expo- 
nential Planck function with a temperature which changes 
in the process of propagation. The mechanism for the forma- 
tion of this spectrum requires further study. 
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