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We discuss the evolution of the nonequilibrium longitudinal- and transverse-phonon energy-
density distributions in a thin metal film resulting from electron heating by the onset of an electric
field. For a gold film on a sapphire substrate, we show that the ratio of the energy-density distribu-
tions for the T, and T, modes generated by longitudinal-phonon decay varies with time. The
steady-state ratio is found to be a function of wave-vector magnitude; at high wave vectors it is
determined by the relaxation rates for the spontaneous-phonon-decay processes in the film. We also
find that the time taken for different parts of the energy-density spectra to reach their steady-state
value depends on the magnitude of the phonon wave vector.

INTRODUCTION

Recently, transient-electron heating in metal films has
been used to study the dynamics of nonequilibrium
electron-phonon systems. Under ultrafast excitation con-
ditions the electrons can exist out of equilibrium with the
lattice for a time comparable to the electron-phonon re-
laxation time after which the electrons come to equilibri-
um with the lattice. This phenomenon has been observed
by transient thermomodulation transmissivity"? and fem-
tosecond photoemission.> Other hot-electron effects have
also been studied on this time scale, for example, elec-
tronic heat transport.* The electron energy relaxation
that follows transient electron excitation has been ex-
ploited to generate phonons for the study of, for instance,
thermal boundary resistance,»® phonon focusing,” and
phonon dynamics within thin films.® Two approaches
have been used to describe the dynamics of the electrons
and phonons. The first approach models the time evolu-
tion of the electron and phonon temperatures® which is
valid at high temperatures where the phonon-phonon in-
elastic scattering is strong. The second approach was in-
troduced by Perrin and Budd and treats the time evolu-
tion of the electron temperature and the phonon distribu-
tion.!®!! This model is valid at lower lattice tempera-
tures where the phonon-phonon interactions are
insufficient to thermalize the phonon distribution. Both
models use an electron temperature rather than an elec-
tron distribution. When comparing the models to most
experimental results this is a good approximation because
the typical excitation power densities provide high
transient-electron temperatures for which the electron-
electron scattering is sufficiently rapid to thermalize the
electron distribution.

We have recently extended the Perrin and Budd model
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to include the effects of anharmonic three-phonon pro-
cesses on the temporal evolution of the longitudinal-
phonon distribution within a metal film.!>”!* In this pa-
per we present results for the temporal evolution of the
transverse-phonon spectra in the presence of anharmonic
processes. We will assume the film to be fabricated from
a simple metal with a spherical Fermi surface, and we
will ignore the possibility of umklapp processes. Further-
more, we will assume the metal is clean, that is, g/ > 1
where g is the phonon wave-vector magnitude and / is the
elastic mean free path of the electrons. Within these ap-
proximations the only method to generate transverse
phonons in the excited film is by energy relaxation of the
longitunal phonons by spontaneous three-phonon pro-
cesses. The three-phonon processes that produce the T
and T, modes have different relaxation rates, which to-
gether with the fact that there are two channels for decay
to T, yet only one for T, gives different evolutions of the
two modes.

MODEL

To analyze the generation of phonons we follow our
previous work!?2”!* and assume the phonon and electron
distributions to be spatially uniform. In this approxima-
tion the evolution of the nonequilibrium longitudinal-
phonon distribution N, (q) for wave-vector magnitudes
q > qzp /2 is found by evaluating

GNL(q) _ NL(q,Te)—NL(q)
ot ’Te_ph(q)

NL(q, To)_NL(q)
7x(g)

’

(1)

where g, is the wave-vector magnitude at the zone
boundary.
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For wave vector magnitudes g =g,5/2 an extra term,
—{[N_(29,Ty)—N,(2¢9)]/7,(2g)} must be added to in-
clude the generation of longitudinal phonons from the
three-phonon process. In these expressions T, and T,
are the electron and substrate temperature, respectively,
and Nj(q, T) is the Bose distribution of mode j evaluated
at temperature 7 and wave vector g. The scattering rate
7. '(q) is given by

Q=)+ g+ g+ g,

where (75) 7! is the phonon escape rate from the film and
the relaxation rates 7; '(q), 7, (¢), and 73 '(g) describe
the three possible anharmonic processes in an isotropic
solid, L—~»L+T,,L—-T;+T,,and L—-T,+T,, respec-
tively. The phonon escape rate has been taken to be of
the usual, frequency-independent form (T{;)71=vj /4nd
where v; is the sound velocity of mode j, d is the film
thickness, and 7 is an acoustic mismatch parameter.'>16
Within the Debye approximation the relaxation rates for
the anharmonic processes have been shown to be propor-
tional to ¢°.!7 Recently, Berke, Mayer, and Wehner!®
presented explicit expressions for 7; !(g), 7, (g), and
73 (g) which we have used in this work. We note the
collinear process L —L + L is also possible:!° we neglect
it in the present calculation since the decay rate is small
compared with the other processes. Transverse-phonon
decay should not be considered since it is prohibited in an
isotropic solid because of the conditions of energy and
momentum conservation. In the clean metal limit the
electron-phonon relaxation rate is given by?°
=22
Te_-;}h: =

2W#3mpy
where = is the deformation potential, m is the electron
mass, and pj, is the mass density of the film.

To obtain the phonon spectrum, the variation with
time of the electron temperature must be simultaneously
calculated. This is done by evaluating the equation

dT, __ E?

N (q,T,)—N,(q)
T - %ﬁa)(q)

Te-ph( q) :

, (2)

where C, is the specific heat of the electrons (yT,), E is
the applied electric field, and p is the resistivity of the
film.

The evolution of the transverse-phonon spectrum can
be described in a similar fashion to that of the longitudi-
nal phonons except there is no generation from the elec-
trons, rather the generation comes only from down con-
version. The corresponding equation for the 7'y mode is

2

29 1 2
c’'0

2 NL _NL

SNTl(q)
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where ¢ =q,5/2 and ¢ =v; /v. The factor of 2 accounts
for the number of phonons generated in the decay pro-
cessL—->T,+T,.

Similarly for the 7', mode we have

v |29 _ 2q
BNTZ(q) NL C ,TO NL C
5t
i
C
N7 (q,To)—Ny (q)
2
= , 4
2
Tp

where 7, '(2¢g /c)=71{'(2q /c)+27;(2g /c) and so the
first term represents phonons generated by two parallel
down-conversion processes. Again the factor of 2 ac-
counts for the number of phonons generated in the decay
process L —-T,+T,.

DISCUSSION

We have used the model to calculate the evolution of
the longitudinal and transverse phonon spectra generated
by the excitation of a 10-nm-thick gold film on sap-
phire. The equilibrium substrate temperature was taken
to be Ty=7 K. The following constants were used in
our calculation: electron density n=6X10%® m™3,
p=5X10"8 Qm, p,=19300 kgm 3, and E=3.77 eV.
From the elastic constants discussed in our earlier pa-
per'? we estimate the velocities of sound in gold to be
v; =3.42X10° ms™! and v;=1.32X10> ms~ . With
these parameters, and n=12.5, we calculate the rates of
phonon escape from the film to the substrate to be
(75)"1=0.68X10° s™! and (r,")"'=(r,2)"1=0.26
X 10! s71. We have also estimated the relaxation rates
for the three-phonon processes to be 71 l(g)
=7x10"%g% s7!, 7, g)=2X10"%¢% s7!, and 7; '(g)
=4X10"*> s ! indicating that the L—T,+ T, is the
dominant anharmonic decay process for the longitudinal
phonons. Finally, the magnitude of the zone-boundary
wave vector was estimated from the fcc structure of gold
and the low-temperature lattice constant of 0.395 nm, to
be 1.72X10" m™!.

Numerical convergence of the phonon spectra was
checked by using several different time intervals in the
calculations. Convergence to better than 1% was
achieved when the interval was reduced below ~ 1072 the
value of the fastest phonon relaxation process.

The evolution of the longitudinal- and transverse-
phonon (T,) energy density distributions, g°>N; (¢) and
q3NT2(q), generated after an electric field of

1.55X10° Vm ! was applied to the film, are shown in
Figs. 1 and 2, respectively. For wave vectors close to the
zone center, (75) 71> 'r;_gh> 73 !; so the longitudinal pho-
nons are generated less rapidly than they can escape and
they do not undergo any anharmonic processes. There-
fore, at all times the energy density distributions for small
wave-vector magnitudes remain very close to the distri-
butions characterized by the substrate temperature. For
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FIG. 1. Evolution of the longitudinal-phonon energy density

distribution for an electric field E=1.55X10° Vm~'. The ori-
gin of the axes corresponds to ¢g=10"" m~!, t=10"" ps, and
¢>N, (g)=10"2X10* m 3,

wave vectors above ~qzp/2, (75)7 ' <7, <73 ! so the

longitudinal phonons generated by electron relaxation
rapidly decay before escaping the film. The fastest relax-
ation time for the three-phonon process is
74(gz5)=1.7 ps. Consequently, at times less than 1.7 ps,
the energy density distribution for the longitudinal pho-
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FIG. 2. Evolution of the transverse-phonon energy density
distribution for an electric field E=1.55X10° Vm~!. The ori-
gin of the axes corresponds to g=10"" m™', t=10""! ps, and
g°Nr ()=107X10* m~>.

9513

nons shows a pronounced increase above g /2 while the
distribution for the T, modes is largely unaffected. At
times greater than 1.7 ps, decay to T, phonons becomes
very probable as seen by the increased energy density for
the T, mode at the zone boundary (Fig. 2). It is interest-
ing to note that electron-phonon relaxation occurs prefer-
entially via large wave-vector phonons yet we do not ob-
serve a maximum of the longitudinal-phonon energy den-
sity at the zone boundary for any times after excitation.
The reason for this is that 7, ,(gz5) <73 '(gzp) so that
any near-zone-boundary phonons generated have a high
probability of decay.

One consequence of the different decay processes for
the generation of T, and T, phonons is that the evolution
of the energy density distribution of the two modes is
different. To illustrate this we have plotted in Fig. 3 the
ratio NTl /Nr,,as a function of wave vector, for different

times after excitation. Before excitation the ratio is unity
and simply reflects the ratio of the equilibrium distribu-
tions at 7 K. Since 7, ! > 75 !, after excitation the energy
density distribution of the 7', mode increases more rapid-
ly than that of the T, mode for phonons near the zone
boundary. Thus the ratio is reduced. The reduced ratio
moves towards lower wave-vector magnitudes as time in-
creases, with the ratio limiting to N, /NT2~O.46. The

origin of this limiting value can be deduced from Egs. (3)
and (4). When the longitudinal phonons are significantly
heated, so that N, (2q/c) >>N (2q/c,T,) and
NTi(q)>>1VT‘_(q, T,) (i =1,2) the ratio is independent of g

and is given by

29 29
1 2 =1
Ny, 27{1 e _ e 046
NTz 2q TZ ? 2q ' .
Ty | 7 Ty |
c C

The shift of the reduced ratio towards lower wave vectors

| 1
0 40 80 120 160
q (108m™1)

FIG. 3. Ratio NTI/NT2 as a function of wave vector g for

different times ¢ after excitation; ¢ (ps): (1) 0.125; (2) 0.25; (3)
0.375; (4) 8.75; (5) 26.25; (6) 301.25.
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FIG. 4. Ratio NTi(q)/NTi(q, T,) as a function of time ¢ (i =1,

lower curves; i =2, upper curves) for three different wave vec-
tors: (1) g=50X10* m™1;(2) g=100X 10* m~%; (3) g =g 5.

eventually ceases as the steady state is approached. This
is seen in Fig. 3 in which curve 6 corresponds to the
steady state. The transition between NT1 /NT2=1 and

NT1 /NT2=0.46 in the steady state occurs at approxi-

mately ¢=30X10® m™!. We can understand this by
comparing the generation and escape rates for the longi-
tudinal phonons. At wave vectors below 30X 10® m ™!,
the generation rate is smaller than the escape rate.

In order to determine the time taken by different parts
of the spectra q3NTl(q) and q3NTZ(q) to come to their

steady-state value, we followed the time response for
three  different wave vectors, 50% 108 m™

100X 10° m™!, and g5, as shown in Fig. 4. The time
taken to reach the steady-state value of the phonon ener-
gy density clearly increases with decreasing wave vector
while both modes appear to reach the steady-state value
in approximately the same time. This can be understood
by considering the relaxation rates 7; !, 7, !, and 73 .
The two highest rates are 75 ' describing the L —-T,+ T,
process and 7, ! describing the L — T, + T, process. The
ratio 73 ' /75 ! is independent of g and equals 2. There-
fore, for all wave vectors the two modes are expected to
reach their steady-state value in approximately the same
time. However, since the relaxation rates are proportion-
al to ¢°, the decay of longitudinal phonons having wave
vectors smaller than g, to produce the transverse pho-
nons of low g will be less likely. Thus N T, and Ny away

from gzp will take longer to reach a steady state. Finally,
we note that the steady-state ratio Nr /Nr, ~0.46 is

clearly seen for all three wave vectors.

CONCLUSION

We have shown how the longitudinal- and transverse-
phonon distributions in a thin gold film evolve after elec-
tron heating. At a particular phonon wave vector, the ra-
tio of the energy densities for the T, and T, modes varies
with time and comes to a steady-state value that is deter-
mined by the relaxation rates.
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