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Coherent Phonon Detection from Ultrafast Surface Vibrations
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Using an optical technique, ultrafast vibrations of the surface of thin opaque films in the 0.1-THz
range have been directly observed in the time domain. We propose a new type of phonon detection by
monitoring the surface velocity, and demonstrate an exceptional sensitivity to atomic-scale inhomo-
geneities by observing an anomalous reflection from a buried film of monolayer order in thickness.

PACS numbers: 63.20.—e, 42.65.Re, 65.70.+y

The development of high-frequency monochromatic or
broadband phonon excitation or detection techniques,
such as those using thin-film superconducting tunnel

junctions, heat pulses, or phonon-induced fluorescence,
provided the initial stimulus for terahertz phonon propa-
gation and spectroscopy studies in bulk solids [1]. To
avoid the need for low temperatures or high vacuum or
for deposited films which reduce efficiency and distort
phonon pulse shapes, purely optical methods have also

played an important role. For example, Raman or Bril-
louin scattering in the time or frequency domains can, in

addition, probe the vibrational properties of thin or ul-

trathin films, but are usually limited to acoustic phonon
frequencies below -0.1 THz because of wave-vector con-
servation. More recently, with time-resolved picosecond
or femtosecond optical pump and probe methods [2-5]
acoustic or optical phonons are detected through photo-
elastic or electro-optic eff'ects, respectively.

Given that a phonon represents a quantum of lattice vi-

bration, it is natural to imagine what could be considered
as the most direct phonon detection method: the time-
resolved measurement of atomic or molecular vibration
amplitude. To our knowledge there has been no report of
this type of high-frequency (-0.1 THz) phonon detec-
tion at an opaque surface, the previous highest frequen-
cies being on the order of 2 to 5 GHz with the optical
pump-probe technique combined either with laser-in-
duced gratings [6] or with laser beam deflection [7]. We
recently reported the detection of picosecond vibrations of
transparent films using time-resolved interferometry [8].
However, the reflectance change caused by surface
motion is obscured by a signal arising from the photoelas-
tic eAect that prevents resolution of the phonon pulse
shape. Similarly, with the picosecond time-resolved
reflectivity method [2,4], the detected pulse shapes are
distorted by optical penetration and depend on (often un-

known) photoelastic constants of the film. These prob-
lems have, for example, hindered the investigation of the
processes involved in phonon generation with picosecond
light pulses [2].

Motivated by the success of photothermal deflection
measurements of transient thermal expansion and surface
waves in the MHz to GHz range [6,7,9], we extend such
measurements up to —0.2 THz with polycrystalline films
of the group-VI transition metals molybdenum and

chromium, report the essentialiy undistorted detection in

these materials of coherent longitudinal acoustic phonon
pulses, and show how the phonon frequency spectrum can
be obtained.

The apparatus used is that of Rothenberg [7]. Phonons
are excited by a laser pump pulse (energy 0.4 nJ) and
surface vibrations are interrogated through changes in

surface slope y by a weaker (0.02 nJ) probe pulse of per-
pendicular (s) polarization, which is angularly deflected

by 60=2ttJ. The output of a mode-locked dye laser with
a photon energy of 2 eV (X =630 nm), pulse duration 2

ps (FWHM), and repetition rate 76 MHz is split to ob-
tain these pulses. The pump beam, chopped at 5 MHz
for in-phase synchronous detection, is focused at 20' in-

cidence to a 15-pm-diam spot. The probe beam, focused
at 0=5' incidence to a similar spot size, overlaps with

the pump beam to give the maximum 60. The reflected
probe beam is collimated onto a bicell detector to obtain
60(t) Althoug. h the optical pulse duration used is twice
that of Ref. [7], the phonon frequencies excited here are
-50 times greater because of the larger optical absorp-
tion length (() of the bulk silicon sample used in Ref. [7].
Our pulse duration (ht) is still sufficiently short (hr( g/v, v the longitudinal sound velocity) for the excited
phonon spectrum to be primarily determined by j in our
samples.

The maximum transient temperature changes are -50
K, which give rise to (outward) surface displacements
Sz-0.003 nm, with 80-1 grad. At 1-Hz bandwidth the
resolution is 20 times below this (10 times smaller than in

Ref. [7]), limited by laser intensity and beam-pointing
fluctuations. For relative intensity changes, we have ob-
tained (as other groups [2-4]) a resolution up to 10 times
smaller than this [8], down to near the quantum noise
limit, but the level for these first experiments is su%cient
to detect the relatively weak signals for our samples.

We first tested the method with a 190-nm film of Mo,
sputtered (rf magnetron at 20 nm/min) at room tempera-
ture on a silica substrate. Its thickness was determined
from the acoustic echo times (t. = 6440 ms ') [10], and
verified by needle profiling to + 10%. We obtain clear
resolution of echoes in Fig. 1(a) from multiple reflections
of phonons inside the film. Their unipolar shape can be
understood by using a one-dimensional thermoelastic
model in the nondispersive acoustic near field [2]. 1nitial-
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FIG. 2. Phonon pulse spectra compared to the predictions of
the thermoelastic model (dashed curves), corresponding to (a)
the first echo of the Mo film, and (b) echo from a Cr film [from

Fig. 3(e)]. All fitted curves in this paper include the e6'ect of
the optical pump and probe pulse duration.
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served negative step in b8 near t =0 is not caused by sur-

face displacement. It can be attributed to the radial gra-
dient of the near-surface dielectric constants caused by
the transverse temperature distribution [7]. (We have

not tried to model this thermal component. The absence
of a decay in the average signal level may be due to a bal-
ance between this and the relaxing thermal expansion. )
We neglect for the moment the effects of the strain-
induced radial gradients of the dielectric constants on the
echo shape.

In general, for the reflection of a longitudinal strain

pulse at a free surface, the time dependence of the sur-

face velocity V(t) =d(Bz)/dt is identical to that of the in-

coming strain pulse [riss;(t+z/v)], assuming that the
transverse spatial extent of the pulse is large compared to
the acoustic wavelength (-2rr( here):

FIG. 1. Curves against pump-probe delay time for a 190-nm

film of Mo on a silica substrate. (a) Upper curve: probe beam

angular deflection 88. Lower curve: fit from thermoelastic mod-

el. The beam geometry and the photoelastic contribution to the
first echo (inset with same scale) are shown. (b) Upper curve:

d8/dk. Lower curve: theoretical fit. Inset: calculated strain

pulse spatial profile for infinitely short optical pulses. (c)
Reflectivity trace (with exact overlap of laser spots). Scales are

given in terms of relative intensity changes. [Il and I2 in (a)
correspond to the two elements of the bicell detector. l

ly, strain (-10 ) is induced within a depth (z) on the
order of g (= 16 nm by ellipsometry). The resulting lon-

gitudinal strain pulse, for times t»g/v (g/v =2.5 ps), is

given by ri33, (T) =riosgn(T)exp( —iITi/g), as shown in

the inset of Fig. 1(b) at a fixed time, where T=t —z/v.
This pulse is composed of a broad range of frequencies,
peaked at v/2rrg= 80 6Hz. The lower curve in Fig. 1(a)
is evaluated from the total time-varying strain distribu-
tion,

Sz(r) = @33(z,t) dz,

including the smoothing effect of both the pump and
probe pulse durations. The fit reproduces the echo shape
and the effect of the initial thermal expansion. The ob-

V(r) = —2vri33;(I) .

The upper trace in Fig. 1(b) shows the data for d8/dt
ce V(t), evaluated numerically. Apart from the smooth-

ing caused by the optical probe pulse duration, the pho-
non strain pulse shape is therefore directly obtained A.
similar shape is predicted by the thermoelastic model
(lower curve).

The potential of our technique for phonon spectroscopy
is now evident. The spectrum for an individual pulse can
be evaluated by taking the Fourier transform of d8/dt, as
shown in Fig. 2(a) for the first echo together with the
thermoelastic model (dashed curve). This spectrum and
the generated pulse shape are sensitive to the microscopic
origin of the stress [2]. The nonequilibrium transfer of
the electron excess energy to the phonons through
electron-phonon collisions will broaden the strain pulse
and narrow the frequency spectrum because the electrons
may diffuse a significant distance (compared to g) before
they lose their energy [11]. In addition the phonons
diffuse by thermal conduction. An estimate of the latter
effect [12] (according to the method of Ref. [2]) cannot
explain the observed symmetric broadening by a factor of
about 2 [Fig. 1(b)1. Our direct measurements of phonon
strain therefore provide evidence for electron diffusion
during pulse generation. Similar conclusions apply for Cr
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[see Fig. 2(b)]. We have not tried to model the eA'ect of
diftusion processes on the pulse spectra.

The echo decay is well modeled using acoustic im-

pedances from the literature [10]. For longer propaga-
tion distances, decay or broadening eAects from acoustic
attenuation, and, particularly at high frequencies, disper-
sion or anharmonicity may appreciably aA'ect the phonon
pulse shape.

For comparison, we have carried out time-resolved
reflectivity measurements taken under identical condi-
tions at the same point of the film, as shown in Fig. 1(c).
The bipolar echo shape gives a distorted measure of the
phonon strain because of the smearing eA'ect from optical
penetration into the film, which limits the resolution for
detection to frequencies +0.2 THz for materials with

g-20 nm at visible wavelengths [13]. In contrast, the
beam deflection detection, essentially local to the surface,
is only limited by the optical pulse duration (to frequen-
cies (0.2 THz here) and not by (. This is one important
advantage of our method. Another is the improvement in

sensitivity by a factor of 6 in units of relative intensity
modulation per unit strain [14]. The third stated advan-

tage, that of the direct detection of the phonon strain

pulse, can be justified by calculating the contribution to
the beam deflection b8g from the radial gradient of the
strain. Extending Rothenberg's optical far-field analysis
[7] for depth-independent changes to our time and

depth-dependent case, we obtain

K bR(t)
~~max 4 go

where 68,„ is the maximum change in be (for the echo
considered) owing to surface vibration, BR(dn/drt, dtr/

dt), . . . ) the expression ( cc rip) for reflectance change de-

rived by Thomsen et al. [2], BR(t) =SR(dx/drt, —dn/

dq, . . .), rip the incident strain amplitude, and n+iK the
refractive index (=2.9+3.2i). The prediction of Eq. (I)
for the first echo is shown in the Fig. 1(a) inset. At its

peak value 6'Og represents only 15% of the signal. In ad-

dition, the actual distortion of the strain pulse shape (and
hence the spectrum) is half this amount, on the order of
the noise level. We have therefore neglected this contri-
bution. In evaluating Eq. (1) we used approximate
values of the photoelastic constants [15] derived by quan-

titative fitting of the signal amplitude in Fig. 1(c). Simi-

lar values were found for Cr, and we apply the same ap-

proximations for this material.
We have also observed echoes in films of aluminum

and amorphous silicon. For the former the photoelastic
contribution was estimated to be approximately 40%,
whereas for the latter it is completely negligible. Both
the photoelastic and thermoreAectance constants of met-
als and semiconductors are strongly wavelength depen-
dent in the visible where phonon energies coincide with

interband transition energies [16]. It should be possible
in general to tune the excitation wavelength to minimize
the photoelastic contribution to the echoes, and thereby
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broaden the application of the method to a wider variety
of materials.

High-frequency phonons are scattered by atomic-scale
defects such as dislocations, grain boundaries, voids, iso-

topes, or disorder [1]. As an example of a structure with

such a defect, we prepared a series of ultrathin layers of
a-Si buried under Cr (chosen for large acoustic
mismatch): a 330-nm Cr base film, the a-Si layer, and a

670-nm Cr top layer were sputtered on silica substrates,
maintaining vacuum conditions throughout. Thicknesses
were calculated from deposition times [30 and 50 min for
1 pm (+5%) calibration films of Cr and a-Si]. Results
for a film of a-Si of thickness L =16 nm are sho~n in

Fig. 3(a), with the thermal background subtracted in Fig.
3(b). The two echoes correspond to phonon reflection
from the thin layer and from the substrate. The phonon

pulse shape is changed on reAection from this layer, and

is also slightly distorted on transmission (owing to multi-

ple reflections). The lower curves show the pulse shapes
based as before on the thermoelastic model and continu-
um acoustics (t =8100 ms ' for a-Si from separate ex-
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FIG. 3. Experimental curves against pump-probe delay time
and theoretical fits according to thermoelastic theory for a
series of three-layer film structures containing an ultrathin a-Si
film (see inset). (a) Probe beam angular deflection 60 for a
16-nm a-Si film. (b) Upper curve: data of {a) with back-
ground subtracted. Lower curve: theoretical fit. (c) Upper
curve: d8/dt for the 16-nm a-Si film. Lower curve: theoretical
fit. (d), (e) The data and fits for the 3.2- and 0.32-nrn films of
a-Si.
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periments and (=17 nm [8]) including multiple re-
flections up to order 7. Good correlation is obtained, both
for 8 and for 18/dt [Fig. 3(c)l. (For a thin layer the
acoustic reflection coefficient is proportional to icoL, co

the angular frequency, giving a reflected pulse shape
tx Ldr133;/dt ).

We also investigated a-Si films of statistical thicknesses
3.2 and 0.32 nm, the latter of order 2 monolayers (by
comparison with crystalline Si for the [100] orientation).
Data (checked to be independent of the measurement po-
sition on the film surface) and fits for 88 (cc Bz) are
shown in Figs. 3(d) and 3(e). The a-Si echo from the
0.32-nm film is significantly larger than the prediction of
continuum acoustics. This striking finding is in qualita-
tive agreement with lattice dynamical simulations of
specular phonon reflection from a buried, crystalline
atoinic monolayer [17]. However, like similar anomalies
observed for phonons difl'usely reflected at solid-solid in-

terfaces in low-temperature phonon pulse or thermal
transport experiments [1,18], disorder or strain at the in-

terfaces, where there is a large lattice mismatch, or island

formation could be the main cause. Although we cannot
yet distinguish the precise mechanisms responsible, our
experiments point the way to comparative investigations
with more characterized samples, perhaps using epitaxial
semiconductor films or metal-metal interfaces, to study
directly their lattice dynamics by monitoring the phonon
strain in the time domain. One application is the probing
of interfacial strain in multilayer compositionally modu-

lated metal films, which is thought to be responsible for
their anomalous elastic properties [19].

In conclusion, we have directly observed the time-
resolved motion of opaque surfaces in the 0.1-THz region
for the first time and have shown how phonon pulses may
be thereby detected. In the group-VI transition metals
studied, resolution of the phonon strain pulse shape and

spectrum is possible, and comparison with available mod-

els provides a detailed probe for the electron-phonon dy-
namics of the phonon pulse generation. In addition, the
observation of anomalous reflections from ultrathin films
with this method —in essence a real-time experiment in

lattice dynamics on an atomic scale —will lead to a
greater understanding of the physics of bonding and in-

terfacial strain. Many other exciting extensions and ap-
plications can be envisaged. The potential for extension
to higher frequencies, conceivably up to the Brillouin-
zone edge, could be exploited to probe, for example, the
normal modes of semiconductor heterostructures or pho-
non localization in amorphous materials.
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