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A vibronic sideband spectrometer has been used to determine the spectral, spatial, and temporal evolution
of a phonon distribution propagating in a crystal of SrF,:Eu’*. Spectral and spatial evolution depends
strongly on the frequency dependence of phonon scattering at the Eu?* probe ions. The mean free path of
phonons in the frequency range of 1-4 THz is found to vary from 10~% to 10~* mm. The temporal evolution
is strongly influenced by anharmonic processes. The effective lifetime for phonons of frequency from 1 to 3

THz is found to be of the order of microseconds.

I. INTRODUCTION

In the preceding paper® we report the application
of a vibronic-sideband spectrometer to the spec-
tral resolution of a phonon distribution which
crosses an interface between a “heater” film and
a crystal. In the present paper we use the spec-
trometer to determine the spectral, spatial, and
temporal evolution of the phonon distribution as
it propagates inside a crystal of SrF,:Eu?*. The
following functional dependences are determined:

(i) The differential spectral distribution func-
tion Az, ,(w), measured at a fixed distance into
the crystal x, and at fixed time £. The observa-
tion volume differs from the integrating volume
used in Ref. 1. Here the volume is defined by the
laser beam used to excite the luminescence of
the Eu®* probe ions inside the crystal. (We refer
to this volume as the focal volume or focal col-
umn.)

(ii) The change as a function of distance into
the crystal of the number of phonons in a small
frequency interval about the frequency w at a
fixed time. We denote the spatial evolution, when
normalized to the phonons present in the focal
column placed immediately behind the interface,
i.e., at x=0,as N, ,(x).

(iii) The change in the number of phonons of a
given frequency as a function of time, normalized
to the phonons present at =0, as the phonons
propagate inside an integrating volume, 7 (larger
than the focal volume) of the SrF, crystal. We
shall refer to this aspect of the temporal evolu-
tion as N, ,(¢).

(iv) AN, (t), the change in the differential
vibronic sideband amplitude as a function of time
as observed, at fixed phonon frequencies, from
the luminescence of the focal column fixed in posi-
tion inside the crystal.

The spectral distribution of phonons propagating
in crystal systems has been previously measured
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by other means as have the spatial and temporal
evolution of fixed, single-frequency components
of a phonon distribution.? To our knowledge no
previously reported technique permits measure-
ments of all three propagation parameters. The
present experiment includes observations on
phonons with frequency up to 6 THz.

In an earlier paper® we have discussed the char:
acteristics of the phonon transport in SrF,:Eu®*.
It was found that the Eu?* probe ions act as scat-
tering centers which hinder the free flow of pho-
nons. The frequency dependence of the scattering
process was predicted using a T-matrix scat-
tering formalism and a shell-model representa-
tion of the lattice dynamics of pure SrF,. Two
major simplifying assumptions are incorporated
in these calculations. The first is that the dis-
turbance matrix, which contains the effective
changes in the dynamical parameters due to the
presence of the probe ions, can be described by
the difference in these parameters between the
SrF, and EuF, pure lattices. The second sim-
plification is to neglect shell polarization in the
calculation of the scattering probability. The
latter assumption, which is normally made in
calculations of this type, is actually only applic-
able in the long-wavelength limit and is likely to
break down for phonon frequencies above 1-2
THz. The calculated relative scattering pro-
bability determined in this way for the entire one-
phonon frequency interval appears as Fig. 2 of
Ref. 3.

It was also possible to determine experiment-
ally the relative scattering probability using
superconducting “fluorescence”* as a source of
quasimonochromatic phonons at 287, 407, and
670 GHz. The experimental methods were, how-
ever, too crude to afford a critical comparison
between the results and the scattering formalism.
Only qualitative agreement between experiment
and theory was indicated. Among the conclusions
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to be drawn from the previous work is that the
frequency dependence of the scattering prob-
ability depends on various in-band scattering
resonances and does not vary as w® as is usually
assumed,’ so that it is unlikely that high-fre-
quency phonon transport in this system can be in-
ferred from the transport behavior below 1 THz.
Phonon-phonon interactions also influence the
experimental observations. The original phonon
population in a given small frequency interval will
change in time. The number of phonons in the
interval will change through: (i) the decay of
phonons originally in the interval; (ii) repopula-
tion through the decay of higher-frequency pho-
nons; and (iii) repopulation through recombina-
tions of two or more lower-frequency phonons.

II. EXPERIMENTAL TECHNIQUE

The experimental apparatus and techniques
outlined in Ref. 1 are adapted to determine the
quantities listed il Sec. I. In order to measure
N, ,.(t) the focal column of the N, laser is repeti-
tively linearly swept over a volume 7 to achieve
an integration over a distance of 0.4 mm in all
directions from the interface. As will be demon-
strated in Sec. IV, this distance is sufficient so
that no more than 10% of all phonons of frequency
greater than 3 THz entering the volume from the
film-crystal interface can escape the volume over
a time interval of 2 usec. The duration of the
observation gate on the photomultiplier tube out-
put is made short compared to any variation in
the signal, but not shorter than 100 nsec. The on-
set’of the gate is scanned from =0 to t=4 usec
relative to the onset of the voltage pulse across
the heater film. The quantity N, .(f) is measured
in an analogous manner. The differential dis-
tribution function An, ,(w) is measured in the same
way as An(w) of Ref. 1 except that the observation
volume is limited to the focal volume of the laser
beam.

The signal amplitude as a function of distance
into the crystal is measured by displacing me-
chanically the focal volume from a position which
overlaps the film-crystal interface through a
distance of 2.5 mm into the crystal. N, ,(x) is
then obtained by normalization to the signal ampli-
tude at x=0. In this connection it is important to
note that the laser beam is not necessarily uni-
form over its cross section. The focused beam
has roughly a Gaussian profile with a cross-sec-
tional diameter (at half maximum amplitude) of
0.1 mm. Moreover, a weak superradiance is
observed in the laser discharge. In addition, the
surface of the crystal which contains the inter-
face is not perfectly flat. These factors limit

the resolution of the measurements. All other
experimental parameters have been described in
Ref. 1.

It is important to recall from Ref. 1 that all
crystal surfaces have been carefully polished and
that the crystal is placed in vacuum except for
one surface which is in contact with liquid helium.
Low-frequency phonons are, accordingly, ex-
pected to be spectrally reflected at the free sur-
faces although this may not be the case for high-
frequency phonons. The time for the crystal to
return to the temperature of the helium bath
after the injection of a phonon pulse is experi-
mentally observed to be of the order of 107 sec.

The experimental results described in Sec. III
are obtained from phonon distributions generated
by pulsing the constantan film with 500 V, i.e.,,
at 5% 10° W/mm?, for a duration of 20 nsec.

IN. EXPERIMENTAL RESULTS AND ANALYSIS
A. Spectral distribution

The differential spectral distribution function
n, 4(w), as determined for various input powers,
is displayed in Fig. 1. A detailed comparison of
these results with those displayed in Fig. 4 of
Ref. 1 show that the ratio of the concentration of
low-frequency phonons (<1 THz) to high-frequency
phonons is less in the focal volume than in the
integrating volume.

DIFFERENTIAL DISTRIBUTION FUNCTION
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FIG. 1. Differential spectral distribution function
An, :(w), as measured in the focal volume for various
input powers P. Note that the function for each of the
lowest three input powers has been scaled up.
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The origin of this effect lies in the frequency
dependence of the scattering at the Eu*' probe
ions. Low-frequency phonons are not as strongly
scattered as are high-frequency phonons and,
accordingly, pass from the focal volume into the
rest of the crystal in a shorter period of time.
The defect scattering serves to constantly seg-
regate low- from high-frequency phonons in any
small region of the crystal. It is this process
which makes it impossible to form a second sound
pulse® in a medium containing strong scattering
sites.

B. Spatial evolution

The difference in the scattering strength be-
tween low- and high-frequency phonons is most
clearly demonstrated in the observed spatial
evolution N; ,(x). The experimental results are
shown as solid lines in Fig. 2. The more strongly
scattered high-frequency phonons have a shorter
mean free path and hence, after a given time
period, have penetrated shorter distances into
the crystal than have low-frequency phonons. The
stronger the scattering probability the more
nearly is the phonon transport purely diffusive. In
contrast, the lower the phonon frequency, the
longer the mean free path and the smaller is the
mean number of scattering events required to
cover a given distance, until at the limit of a
very low frequency the transport becomes purely
ballistic.

In the diffusive regime, the relative number of
phonons which after a time ¢ have traveled a
distance z between a column generator and a col-
umn detector, both of length I, is given by the
relation’

Wiz, ) = 152(4Dt) V(1 — "1/ 4Pt) g7 /40t | (1)

in which D is the diffusion constant. The dotted
portions of each curve in Fig. 2 represents the
least-square-deviation fit to three-dimensional
diffusion between the column heater film and the
focal column detector. (The difference between
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FIG. 2. Spatial evolution N, ,(x), normalized to the
signal at x=0. The solid lines are the spatial profiles,
for various phonon frequencies, as determined after
1 psec has elapsed. The dotted lines are part of a least-
square fit to a Gaussian profile. "The fitted curve to the
upper portions of the profile has been omitted because
the deviations from the experimental curve are too
small.

the experimental and fitted results in the upper
portion of the curves is too small to be shown in
Fig. 2.) It is clear that at frequencies between

1 and 4 THz processes other than pure diffusion
are present to varying degree. No meaningful fit
to a diffusion profile could be achieved for 0.5
THz phonons. In the latter case the spatial evolu-
tion is controlled by the high-frequency phonons
which are congregated near the interface from
whence, over long periods of time, they emit by
decay low-frequency phonons which travel nearly
ballistically.

In Table I are listed the diffusion constants ob-
tained from the fitting procedure. The scattering
rates and mean free paths are obtained from the
diffusion constants on the further assumption that
the phonons travel, between scattering events, at
the weighted average acoustic velocity. The ex-
perimental results are compared to those pre-
dicted by the T-matrix formalism [see Eq. (1)
of Ref. 3]. Although the calculated and experi-
mental values are within an order of magnitude
of each other the frequency dependence differs

TABLE 1. Diffusion parameters.

Frequency (THz) 1.0 2.0 3.0 4.0

Experimental diffusion 18.7x10° 8.2x10° 4.8x103 1.8x10°
constant (mm?sec™)

Experimental scattering 2.4x108 5.5x108 9.5%x10% 2.5x10°
rate (sec™)

Calculated scattering 2.4x10° 6.8x10° 3.8x108 2.1x101
rate (sec™)

Experimental mean 15.0x1073 7.0x1078 4.0x1073 1.0x1073

free path (mm)
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markedly. We leave to a future investigation to
determine whether or not the discrepancy can be
rectified by including shell polarization in the
dynamical matrix of the scattering formalism
and/or by modification of the dynamical parame-
ters in the vicinity of the probe ion.

C. Phonon decay

The temporal evolution of the phonon pulse as
measured in the integrating volume 7, of the
crystal at fixed frequencies, i.e., N, (#), is dis-
played in Fig. 3. The data confirm the generally
expected result that high-frequency phonons decay
more rapidly than lower-frequency phonons. Since
the curves at each frequency are not straight
lines, no single, simple relaxation time can be
assigned to the decay process. Nor, for that
matter, are simple decay processes expected
since, as already noted in Sec. I, each frequency
interval is being repopulated by varying amounts
and at varying times through the decay of high-
frequency phonons and through the combination of
low-frequency phonons.

Although no single decay time can be extracted
from the data, a rough value for 3- THz phonons
is obtained in the following manner. The experi-
mental observation is the superposition of the
following processes: (i) the decay of 3-THz
phonons; (ii) the repopulation of 3-THz phonons
through the decay of higher frequency phonons;
(iii) the repopulation of 3-THz phonons through
combinations of two or more low-frequency pho-
nons; (iv) the escape of 3-THz phonons from the
observation volume. We show that processes (ii)
and (iii) occur over sufficiently different time
intervals, such that the result in the time interval
from approximately 1-3 psec represents only
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FIG. 3. Temporal evolution as observed in an integrat-
ing volume immediately behind the film-crystal inter-
face N, ,(t).

processes (i) and (iii).

From measurements of the spectral distribution
as a function of time after the heat pulse, it is
known that after ~1 psec the sum of all phonons
of frequency greater than ~3.5 THz is less than
those in the 3-THz observation interval. Accord-
ingly, after this time the repopulation from the
decay of high-frequency phonons into the 3-THz
population should be small. Measurements of
the spatial evolution of the pulse, after dif-
ferent elapsed times, show that beyond 3 usec
10% of the 3-THz phonons have escaped the ob-
servation volume.®! The change in the signal be-
tween these limits should represent the net re-
sult of the loss of phonons out of the 3-THz in-
terval and the gain into the interval by combina-
tions of low-frequency phonons. The value of the
slope in the range from 1 to 3 usec leads to an
average relaxation time of 1.5 psec.

Finally, note should be taken that no appreciable
change in phonon number occurs at any frequency
in the time interval 0<£<300 nsec. It is for this
reason that An(w) of Ref. 1 was observed within
this time interval.

D. Time resolution

The differential sideband amplitude as a function
of time, AN, ,(t), i.e., the evolution of a fixed
frequency component of the phonon pulse as a
function of time as measured at a fixed displace-
ment from the interface, is displayed in Fig. 4.
The zero in time has been displaced relative to
the onset of the heat pulse by an amount (19 nsec)
equal to the transit time for a longitudinal phonon,
traveling at the sound velocity, to cover the fixed
displacement of 0.1 mm. The corresponding time
for a transverse phonon is 35 nsec. The measure-
ment of the time-resolved signal from 0.8-THz
phonons was made with a 100-nsec gate. It should
take, accordingly, 136 nsec for a signal from
ballistic phonons to reach its maximum value.

The fact that the signal from 0.8-THz phonons re-
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FIG. 4. Temporal evolution as observed in the focal
volume N, ,(¢). The focal volume is placed 0.1 mm be-
hind the film-crystal interface.
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quires nearly 300 nsec to reach a maximum con-
firms the earlier contention that even at this fre-
quency the transport mechanism is not purely
ballistic but must also involve a component of low-
number scattering events. The 0.8 THz phonons
should be expected to leave the observation volume
at about the same rate at which they enter it. The
observation that the signal amplitude decreases
at a much slower rate is a reflection of the fact
that the high-frequency phonons, which are con-
gregated in the volume near the interface, decay
into 0.8 THz, and other lower-frequency phonons,
at a relaxation rate of the order of microseconds.

As should be expected from the results of Sec.
III B, the signal from the higher-frequency pho-
nons is more consistent with diffusive flow. Ne-
glecting for the moment phonon decay, pure dif-
fusive flow would require that the maximum in
the time-resolved signal vary inversely with the
diffusion constant. That is, the higher the phonon
frequency, the longer the time to reach the maxi-
mum. The maximum in the time-resolved ampli-
tude, calculated using Eq. (1) and the diffusion
coefficients of Table I, is predicted to occur at
5.5, 12.5, and 56 pusec for 1-, 2-, and 3-THz
phonons, respeétively. These values must be
corrected for the effect of phonon relaxation. In
the same spirit as the approximation used in Sec.
IIIC, we assume that for each phonon frequency
there exists an effective single relaxation time
Tgr(w) such that the observed time-resolved signal
can be obtained by multiplying Eq. (1) by e~!/"~.
The 75 required to obtain the maxima at the times
shown in Fig. 4 are 5, 4, and 3 usec for 1-, 2-,
and 3-THz phonons, respectively.

IV. FURTHER DISCUSSION

Recent measurements in ruby place the lifetime
of 29-cm™!(0.87-THz) phonons at 0.5 usec.® In
this case, it is argued that the dominant decay
mode is the three-phonon anharmonic process
1 -1 +t," for which theoretical estimates of the
lifetime by Orbach and Vredevoe!! and by
Klemens® are ~5x107® and ~2% 107 sec, respec-
tively. The corresponding lifetimes predicted for
3-THz phonons are ~2 x10 % and ~7x 107* sec,
respectively. It is interesting to determine why
these lifetimes are not observed in the current
experiment.

In a broadband phonon distribution the above de-
cay mode is dominant in any one frequency inter-
val only if the phonons in the interval are longi-
tudinally polarized, and if the generation rate of
phonons into the interval does not exceed the decay
rate. Neither the phonons in SrF,:Eu®* nor those
in ruby are exclusively longitudinally polarized.
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However, in both cases scattering af the probe
ions is expected to result in mode conversion so
that the otherwise longer-lived transverse pho-
nons!!'!® cannot persist in time.

It has already been pointed out in Sec. III C that
in the present experiment after 1 ysec the sum of
all phonons of frequency greater than 3.5 THz is
less than those in the 3-THz observation interval.
Accordingly, after this time the generation of
phonons into the 3-THz interval from “above” is
small. The decay of 3-THz longitudinal phonons
out of the interval will now be the dominant pro-
cess providing the rate of generation into the
3-THz interval, through the combination of one
or more low-frequency phonons, i.e., from
“below,” .does not exceed the decay rate. In the
analogous situation in the ruby experiments, the
phonon population above and below the 0.87-THz
interval is either kept artificially small by selec-
tive diffusion out of the observation volume!* and/
or by selective excitation.®

The phonon distribution in the present experi-
ment differs from that in the ruby case when the
input power into the heater is 5x10® W/mm?2. It
can already be inferred from the results of Ref. 1
that although the spectral distribution function
roughly resembles a Bose-Einstein distribution
at T=13 °K that, at least initially, the spectral
energy density far exceeds that expected from a
13-°K distribution. A numerical value for the pho-
non density present during the experimental ob-
servation can be estimated as follows. We deter-
mine the concentration of phonons in a given fre-
quency interval from the spectral distribution
function as shown in Fig. 4 of Ref. 1. For sim-
plicity, we assume a Debye density of states and
renormalize to the total input power as is done
in Ref. 1. From Fig. 2 above we note that after
1 pusec the average distance traveled by phonons
of 1-3 THz frequency is roughly 0.2 mm (presum-
ably in any direction). Transport across the
1-mm? interface area occurs for the 20-nsec
duration of the voltage pulse through the heater.
Accordingly, the spectral energy flux is equiva-
lent to a phonon density near the interface of
6x10°%, 6x10° and 3.4x10° mm™Hz"! for 1-,

2-, and 3-THz phonons, respectively. The cor-
responding values for a Debye solid at equilib-
rium at 13 °K is 10%, 10?, and 5.7 mm 3 Hz"L.1°

From the ahove it is clear that, although the
spectral distribution resembles that of a 13 °K
Bose-Einstein distribution, the mode temperature,
i.e., the number of phonons per unit frequency
interval, is much higher than the one obtained at
equilibrium. If the phonon pulse were completely
isolated within the observation volume the ratio
of high-to-low frequency phonons would increase
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as the distribution tends toward an equilibrium
temperature which would be higher than 13 °K.
In other words, the dominant process would be the
combination of low-frequency phonons to form
high-frequency phonons. The injected phonon dis-
tribution is not isolated in the observation volume
but, in fact, can progress into the remainder of
the crystal, and ultimately come to equilibrium
with the helium bath. In order to reach equilib-
rium at 13 °K, however, the phonon concentration
would have to be diluted by a factor of roughly
10~%. This would require an expansion into a
volume bounded by surfaces roughly 2 mm in all
directions from the interface which, from the re-
sults of Sec. IIIB, would take of the order of
milliseconds to achieve. Accordingly, during the
initial interval of the order of microseconds the
production of phonons into the 3-THz interval
from below is still an important contributing pro-
cess. The pertinent three- and four-phonon pro-
cesses have relaxation rates which can be of the
order of microseconds.!':!* We conclude that it
is these processes which are dominant in deter-
mining the observed relaxation times.
Recombination of low-frequency phonons is
among the possible causes of the deviations from
the Gaussian diffusion profiles noted in Sec. III B.
Since these phonons can penetrate into the crystal
more readily than high-frequency phonons, they

can by recombination increase the high-frequency
concentration in the tails of the profile. Neither
the relative importance of this effect, of phonon-
focusing, of low-number scattering, nor that of
others has been considered in detail here.

V. CONCLUSION

We have demonstrated that the vibronic sideband
spectrometer can be used to experimentally deter-
mine the evolution of a phonon distribution in the
four-dimensional space of phonon density, fre-
quency, space, and time. Many of the complexi-
ties are observed which are expected in the evolu-
tion of a broad phonon distribution propagating in
this space. In principle, it is now possible to
compare the experimentally determined transport
properties of a phonon distribution with the theo-
retical predictions formulated by Kwok.'®* We
prefer instead to turn our attention to the trans-
port behavior of originally nearly monochromatic
phonon distributions. The result of the first ex-
periment along these lines is to be reported on in
the near future.
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