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FREQUENCY SPECTRUM OF HEAT PULSE PHONONS:
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Abstract. One of the major problems in the study of high frequency phonons in solids
has been the calculation of the frequency spectrum of the phonons emitted by a heat
pulse generator under specified conditions. This paper compares the calculations using
two models; the Little model and the Perrin-Budd model.

Abstrak. ‘Satu daripada masalah utama dalam kajian fonon frekuensi tinggi dalam
pepejal adalah penghitungan frekuensi spektrum bagi fonon yang dipancarkan oleh
penjana denyut haba pada keadaan tertentu. Kertas ini membandingkan penghltunga,n
dengan menggunakan dua model model Little dan model Perrin-Budd.

1 INTRODUCTION

A number of techniques have been devised and utilised in attempts to study high frequency
phonons in solid. A recent review is given by Wybourne and Wigmore [6]. All have both
their advantages and drawbacks. The heat pulse technique has the advantages that it can
be easily applied to any material on which thin films can be evaporated, and that it can be
used to obtain very high temporal and spatial resolution: polarisation and wavevector. The
drawback is that the frequencies of the phonons are not well defined but occupy a broad,
approximately thermal distribution of energies. One of the major problems in this area
has been the calculation of the frequency spectrum of the phonons emitted by a heat pulse
generator under specified conditions.

2 THE LITTLE MODEL

The simplest model is that originally worked out by Little [1]. He made the assumption
that, following electrical excitation of the heater film by a short pulse of current, thermal
equilibrium is rapidly established between the electrons and phonons in the film at a tem-
perature T'y which is clearly higher than the ambient temperature of the substrate, T's.
Under the conditions, the electrical power supplied to the heater is equal to that radiated
from it as phonons, following the Stefan-Boltzmann law. Thus in the long wavelength,
Debye, limit the emitted power P(T'y,Ts) is given by the expression
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where A is the area of the heater, e; and ep; and eps, the phonon emissivities from the
heater material into the substrate averaged over all the angles of incidence, vy and vy
the longitudinal and transverse acoustic velocities in the heater. kp and h are Boltzmann
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constant and Planck constant divided by 27 respectively. This expression is obtained by
considering the excess numbers and frequencies of phonons striking the interface from the
heater side, and evaluating e;, and ey on the basis of an acoustic mismatch model, based
simply on the differences in acoustic impedance. Full details are given by Weis [3].

Hence the frequency spectrum of the excess phonens of a particular polarisation radiated
into the substrate is given by
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where the suffices H and S refer to heater and subtrate respectively. For the system
constantan-sapphire, the following values apply (Weis, [3]):

er,. = 0.21(constantan — sapphire)
er1 +era = 0.34
Vi =524 km.s™1;in constantan
= 11.1 km.s~1; in sapphire
Vi = 2.64 km.s™';in constantan

= 6.05 km.s " !; in sapphire
Using these values, and making the assumption that Ty > T it can be calculated that
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Thus, for example, to reach a heater temperature of 10K, it is necessary to supply a heater
power flux of 1.44Wmm™2, a modest level. The general validity of the model has been
verified by a number of workers, for example Weis [3] and Wigmore [4].

3 THE PERRIN-BUDD MODEL
Unfortunately, the Little thermalisation model is an over-simplification which is seen to be
inadequate on closer inspection. The problem is that the mean free path of phonons with
energy 10K is considerably longer than the thickness of a typical heat pulse generator. Thus,
it is likely that many of the phonons emitted initially by the excited electrons will be lost
from the heater before thermalisation has time to occur. Perrin and Budd [2] considered
this model in detail. Energy incident on the heater, whether as electrical or optical pulses,
appears initially as an increase in the electron temperature T, of the electron distribution
since the electron-electron scattering rate is much greater than the electron-phonon rate.
As T, rises, the electrons begin to emit phonons rapidly reaching a steady state in which
the power incident is equal to the phonons emitted. But no thermal equilibrium is estab-
lished. On the (questionable) assumptions of a spherical Fermi surface, no disorder, and an
elastically isotropic metal film, only longitudinal phonons are emitted.

For the situation, Perrin and Budd write down the rate equation describing the evolution
of the phonon distribution, Nq, referring to a wavevector q,
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where N,(T) is the Planck distribution corresponding to temperature Te,Tep is thdewm-\
phonon relaxation time and 7, the time for loss the subtrate with temperature To. mm
deformation potential model for a spherical Fermi surface, 7., can be written.
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where ¢ is the deformation potential, m is the electron mass, p the density, v the phonon
velocity and wg the phonon frequency.

Finally, the electron temperature T, is determined by the energy balance equation
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where C is the electronic specific heat, E the electrical field, and ¢ the conductivity of the
film.

Equations (3) and (5) are solved numerically by considering a small time interval At,
during which N, and T, undergo small changes. Having computed the new N, and T,
these are re-substituted back inte (3) and (5), and the procedure repeated. Perrin and
Budd showed that typically a steady state situation was reached in a time less than 10~%,
The steady state phonon distribution is given by

qu
Tb+Tep

and the electron temperature obtained from

Zn,«l—r {Ng(Te) + No(To)}

4 RESULTS AND DISCUSSIONS
Figure 1 illustrates the phonon distribution calculated using the Perrin-Budd model for a
typical constantan heater. The conditions relating to the heater are

resistivity = 52 x 107% Omega cm
thickness = 11.7 nm
dimensions = 120 m x p m
electric field, E = 960, 680, 480, 280, 120 Vem ™!

It can be seen that the highest electric field leads to a value for T, of 48 K, with the peak
of the phonon distribution occuring at 5.5 x 10° m~!1, approximately one third of the
way to the Brillouin zone boundary. For the same value of the electric field, the Little
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Fig. 1 Ilustrating the phonon distribution calculated using the
Perrin-Budd model for a typical constantan heater
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thermalisation model leads to a phonon Planck distribution of temperatu
at approximately 4.0 x 10° m~1.

5 CONCLUSION
It is generally accepted that the Perrin-Budd model presents a more accurate
However, there are still a number of obvious flaws, which so far no one has a
address. Firstly, and most obviously, only longitudinal phonons are generated
that any observed transverse modes must be the result of mode conversion. This can oc
a number of ways. Elastic scattering, both diffuse and specular may occur at the interfaces,
and if the film is polycrystalline and dirty at the grain boundaries. Inelastic scattering
may also be present, and this can result in polarisation as well as frequency conversion.
Evidence has been found for frequency down-conversion occuring in thin metal heater films.
If this process was important for polarisation conversion, then the ratio of longitudinal-
transverse phonons emitted would be expected to vary with heater power. This has indeed
been observed in Wybourne et al [5].
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