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Phonons are often regarded as delocalized quasiparticles with certain energy and momentum. The
anharmonic interaction of phonons determines macroscopic properties of the solid, such as thermal
expansion or thermal conductivity, and a detailed understanding becomes increasingly important for
functional nanostructures. Although phonon-phonon scattering processes depicted in simple wave-vector
diagrams are the basis of theories describing these macroscopic phenomena, experiments directly accessing
these coupling channels are scarce. We synthesize monochromatic acoustic phonon wave packets with only
a few cycles to introduce nonlinear phononics as the acoustic counterpart to nonlinear optics. Control of the
wave vector, bandwidth, and consequently spatial extent of the phonon wave packets allows us to observe
nonlinear phonon interaction, in particular, second harmonic generation, in real time by wave-vector-
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sensitive Brillouin scattering with x-rays and optical photons.
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Basic physics lectures introduce phonons as uncoupled
quanta of the lattice excitation, i.e., delocalized quasiparticles
with certain energy and momentum. The low-temperature
heat capacity of insulators and blackbody radiation are
fundamental macroscopic consequences of quantum
mechanics. Anharmonic effects are introduced to dis-
cuss heat expansion and thermal transport, where only
thermally activated phonons contribute to these phenom-
ena. Typically, theory averages over thermally excited
quantum states before properties of the “mean heat carrying
phonon” are compared to macroscopic measurements like
the temperature of a solid. Our Letter shows a route towards
detailed experimental information on mode-specific non-
linear interactions. This will facilitate fundamental tests of
the theory avoiding the calculation of thermal averages,
which inevitably obscure the full information.

Such progress is of high relevance for the “hot topic” of
heat transport manipulation in nanostructures which is
driven by the enormous size reduction of integrated circuits
[1-6] and the field of thermoelectrics. Recent work aims at
improving the conversion of waste heat into usable energy
by tailored phonon-phonon interaction processes [7-9].
Nonlinear effects have been predicted to yield efficient
thermal diodes [10]. Only in a few cases has the full phonon
dispersion relation including the linewidth (inverse life-
time) been measured by inelastic scattering [11-13], and at
low wave vectors the instrumental resolution currently sets
limits. Linewidth measurements yield mode-averaged dis-
sipation, but experimental knowledge about the dominant
coupled modes is unavailable. The free-electron lasers hold
great promise to access the coupling in the femtosecond
time domain using diffuse scattering and inelastic x-ray
scattering [14,15]. Recently, the coupling of terahertz
excited optical phonons with other optical phonons was
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observed and presented as one example of nonlinear
phonon interactions [16].

Nonlinear phononics as discussed here shows many
analogies to nonlinear photonics in transparent media where
high electromagnetic wave fields yield nonlinear polariza-
tions. These processes are described by interacting photons
that fulfill momentum and energy conservation. The descrip-
tion of these optical phenomena is robust and extremely well
tested by an enormous number of experiments such as sum-
and difference-frequency generation or four-wave mixing.
The first analogous experiments on nonlinear phononics date
back to the 1960s, when collisions of two ultrasound beams
were studied in real time and space [17]. These experiments
somewhat resembled nonlinear optics before the utilization
of the laser. The required interaction volume was in the
centimeter range, and the time resolution was limited by the
10 MHz ultrasound frequency. The phonon analogue of
optical supercontinuum generation by femtosecond lasers
was studied in seminal picosecond-ultrasonics experiments
on the self-steepening of the strain-pulse fronts [18,19]
which finally lead to acoustic solitons [20-22]. In these
experiments, the excitation of nanometric strain waves was
not wave-vector specific. Recent progress in the creation and
detection of gigahertz and terahertz phonon wave packets
also known as hypersonic strain waves makes them a perfect
test ground to investigate phonon-phonon interaction proc-
esses on the nanoscale [23].

In this work, we combine the selective excitation of
longitudinal acoustic phonon wave packets with time-
resolved variants of x-ray and broadband Brillouin scattering
[23] to investigate the nonlinear interaction of phonons with a
specific wave vector. The experiments provide a high
temporal and spatial resolution for observing phonon dynam-
ics in real time over a broad range of wave vectors which
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correspond to the nanometer length scale. As the basic
example of nonlinear phononics, we shaped giant and ultra-
short phonon wave packets with well-defined momenta and
observed the generation of their second harmonic (SH).

To create such giant amplitude strain waves, ultrashort
laser pulses excite a metallic strontium ruthenate (SRO) film
deposited on a bulk strontium titanate (STO) substrate, a
system where we know the first-order lattice anharmonicity
[19] and where the acoustic impedances of the thin film and
substrate are nearly matched [24]. The metal film expansion
induced by each laser pulse launches a bipolar strain pulse
into STO [24]. A train of several laser pulses [Fig. 1(b)] with
a defined temporal delay 7z creates a phonon wave packet
with a fundamental frequency of Q = 2z /7 [23,25,26]. If
the laser-pulse train is composed of femtosecond pulses
(blue lines in Fig. 1), the phonon wave packet exhibits
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FIG. 1 (color). Preparation and observation of phonon wave
packets. (a) X-rays with wave vector k are scattered (k') by the
reciprocal lattice vector G plus a phonon with wave vector Q.
(b) A metal film is excited by a laser-pulse train with short (blue)
and long (black) pulses. (c) Short pulses excite phonon wave
packets at the fundamental and higher harmonics [rectangular
wave packet (blue)]. Excitation with long pulses suppresses
higher harmonics and generates a sinusoidal wave (black).
(d) The phonon dispersion relation connects the central frequency
Q =2x/7 of the excited phonon wave packet with its corre-
sponding wave vector Q = 2x/A. (e) Experimental data of
ultrafast x-ray diffraction from the unexcited sample shows the
(002) substrate reflection (green). After excitation with short
pulses (blue), peaks at G = Q and G £ 2Q occur. These peaks
originate from inelastic scattering by the induced phonon wave
packet. For longer pump pulses (black), the scattering at G £+ 2Q
is suppressed. This evidences that a narrow band phonon wave
packet without its higher harmonics was excited.

several sharp strain fronts [Fig. 1(c)], corresponding to the
excitation of higher harmonics n - Q. These harmonics are
identified in ultrafast x-ray diffraction (UXRD) experiments
from their wave vector Q according to the dispersion relation
of longitudinal phonons [@ = v, g, plotted in Fig. 1(d)]. For
small wave vectors, v;(g) is a constant describing the
longitudinal sound velocity. The UXRD data in Fig. 1(e)
were obtained with an ultrathin SRO transducer layer
(d = 15 nm). The green curve displays the relative diffrac-
tion intensity before the four pump pulses (r = 11 ps) reach
the sample. The peak at G corresponds to the reciprocal
lattice vector (002) of the STO substrate. When the 100 ps
x-ray pulse was probing the sample shortly after the gen-
eration of the wave packet, additional diffraction intensity at
G+n-Q=n-0.071 nm~! was detected (blue curve). The
diffraction intensity is a direct measure of the spectral energy
distribution of the imprinted coherent phonon modes [27].
When we increased the width of the pump pulses from
Atpwam = 0.9 to 3.4 ps, the diffraction of higher orders of Q
was suppressed and we observed only the additional scatter-
ing from G £+ Q (black curve) as suggested by the wave
vector diagram in Fig. 1(a). High-frequency components of
an oscillator can be excited only by stimuli which contain
these frequencies.

To demonstrate second harmonic generation (SHG) of
monochromatic phonon wave packets, we repeated the
UXRD experiment with a 70 nm SRO transducer, which
absorbs more optical energy. We used only two long laser
pulses (z = 17.7 ps and Azggwy = 5.3 ps) while keeping
the total incident laser fluence constant. This doubles the
local atomic displacement and quadruples the acoustic
energy density &€ = E/V of the wave packet in the volume
V—defined by the beam area and the length of the wave
packet. This increased the up-conversion efficiency of
phonons at the expense of monochromaticity according
to the higher wave packet localization in space.

Figure 2(a) shows the fundamental phonon peak around
0 = 0.044 nm~! which was observed in the UXRD experi-
ment when the x-rays probed the sample immediately after
excitation. For time delays around 200 ps, a tiny peak at
20 = 0.088 nm™! occurred. This rising SH is enhanced in
Fig. 2(b), where the measured diffraction signal is multi-
plied by g? for better visibility. Figure 2(c) quantifies the
transient change of the peak area X; in the vicinity of 0.044
and 0.088 nm~! [28]. &; ~ &; is proportional to the energy
density &; ~ [ pr(q,t)dg of the phonons around ¢ = iQ,
obtained from integrating the spectral energy density
pe(g, 1) over the bandwidth of the fundamental (i = 1)
and the SH (i = 2), respectively [27].

The signal X; of the excited fundamental mode (red
diamonds) increased immediately after excitation, followed
by a nearly exponential decay. X, describing the SH (cyan
dots) was delayed by approximately 200 ps. Thus, the SH
was not directly excited by the laser pulses but was only
generated by the propagation of phonons in the anharmonic
lattice of STO. The delay was longer than the 100 ps time
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FIG. 2 (color). Transient x-ray diffraction from photoexcited
phonons and their SH. (a) X-ray diffraction signals around the
(002) lattice plane of the STO substrate. (b) Diffraction signals on
the right shoulder of the STO substrate peak weighted by ¢> for
better visualization. The peak around Q = 0.044 nm™" after time
zero reflects the optically excited coherent phonon wave packet
with the central wave vector Q. After a delay of 200 ps, additional
diffraction intensity around 2Q heralds the SH of Q generated via
anharmonic phonon phonon interaction. (c) The gray (black)
lines quantify the transient change of the integrated peak
intensities of the fundamental and its second harmonic with
(and without) a correction for the x-ray absorption.

resolution of this synchrotron experiment [37] and is a
direct evidence for the SHG of phonons. Although the SH
is continuously generated, it reaches its maximum very fast,
since the damping of phonons scales with the square of the
frequency.

The SH phonons damped out faster than the fundamental
as expected for the frequency dependence of the damping rate
I' ~ w? [27]. The gray lines in Fig. 2(c) show the damping
of both phonons corrected for effects of x-ray absorption in
STO [27]. The corrected exponential decay times for the
fundamental and the SH are 1056 and 300 ps, respectively, in
good agreement with the literature values [27,38].

To confirm our result and to explore the SHG of phonons
in the same sample in more detail, we performed broadband
time-domain Brillouin-scattering (TDBS) experiments,
which measure a substantial fraction of the phonon spectrum
from 0.035 to 0.06 nm~' in STO [23]. We set the pulse
separation to 7 = 30 ps to let the SH phonon emerge at
20 = 0.052 nm~!, in the center of the spectrum accessible
by TDBS. The black line in Fig. 3(a) shows the time-
dependent optical reflectivity change at A = 580 nm which
corresponds to this wave vector. The reflectivity increases in
two steps from the two-pulse heating of SRO. We define the
time zero as 7.5 ps after the maximum of the second pump
pulse, confirmed by optical cross-correlation. The amplitude
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FIG. 3 (color). SHG of phonons observed by TDBS. (a) Tran-
sient relative reflectivity change at 580 nm (black line). The
stepwise increase indicates the laser excitation of the metal film
terminating at ¢t = 0. Superimposed reflectivity oscillations
(green line) originate from the SH phonons. The oscillation
amplitude grows with the number of phonons up-converted to
their SH. (b) Measured reflectivity oscillations across the white
light probe spectrum. For each wavelength, the oscillation
amplitude measures the occupation of a certain phonon gq.

of the small superimposed oscillations with the phonon
period 2Q are a measure of how many second-harmonic
phonons are present in the sample [23,39]. The rising
oscillation amplitude indicates the nonlinear phonon inter-
action generating the SH of Q. The green line in Fig. 3(a)
shows almost no SH phonons just after the two pump pulses
with a pulse width of Azgwpy = 15 ps. The maximum
number of these phonons is observed after approximately
600 ps. In the UXRD data of Fig. 2(c), the maximum is
observed earlier, because the phonons with larger wave
vector Q = 0.088 nm~! suffer a much stronger damping.

The broadband detection scheme allowed us to evaluate
the spectral content of this SH phonon wave packet
even more precisely. The relatively broad wave vector
spectrum that extends over a large fraction of the visible
range [Fig. 3(b)] results from the spatial confinement of the
excited strain wave to two oscillation cycles [23]. We
extracted the oscillation amplitude a(q,t) of the relative
reflectivity change as a function of the time delay for each
probe wavelength A corresponding to the different wave
vectors ¢ which compose the wave packet in the vicinity of
20 [28-36,40].

In these experiments, the spectral energy density of the
acoustic wave packet pg(q, ) is proportional [39] to the
square of the reflectivity modulations a(g, ¢)*> divided by
g% pg~a(q,1)?/q*. The experimentally derived energy
proportional quantity a(g,t)?/q* is plotted in Fig. 4(a) as
contour lines and compared to the transiently changing
spectral energy density pr(g, t) calculated on the basis of a
Fermi-Pasta-Ulam (FPU) a-f chain with an empirical
damping term. The FPU chain is widely used in theory
to investigate phonons in the nonlinear lattice as well as
heat transport in 1D [41-44]. In fact, we simulated a chain
of oscillators with masses describing SRO and STO
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FIG. 4 (color). Comparing SHG experiments to the theory.
(a) The color code shows the calculated transient change of the
spectral energy density pr around the SH of the excited phonons.
The square of the measured relative reflectivity oscillation
amplitude divided by ¢? in units of 1077 nm~2 is overlaid as
contour lines. (b) Calculated py over a broader range of wave
vectors in the log scale. The photoexcited fundamental is trans-
formed into the second and third harmonics. (c) visualizes
the measured transient energy density change of the SH for
different initial energy densities £, (red = 13, blue = 67, and
black = 235 nJ/cm?) of the wave packet and compares this with
theoretical calculations (solid lines). The wave vector for the
highest energy density was ¢ = 0.03 nm~', somewhat larger than
the ¢ = 0.025 nm™".

unit cells connected by anharmonic springs, where the
second-order elastic constants along the [001] direction
were derived from the speed of sound determined by time-
resolved measurements [19,24,28]. From the comparison
of the experimental data to the simulation, we found a third-
order elastic constant describing the lattice anharmonicity
in STO C;;; = —3.9 x 10'> N/m? consistent with single-
pulse time-resolved Brillouin scattering experiments [19].
It is 20% smaller than the value measured by megahertz
acoustics at a frequency which is 3 orders of magnitude
smaller [45]. In the calculation, the first few oscillators
representing the opaque SRO film experience quasi-
instantaneous [46] forces which describe the ultrafast
heating by the two laser pulses. The force amplitude is
known from previous UXRD measurements of the ultrafast
lattice dynamics of SRO films [24].

Figure 4(b) shows pg(g, t) on a logarithmic scale over a
broader wave vector range. The fundamental mode at
0.025 nm~' is indeed excited at # = 0 ps, and subsequently
phonons at the second and third harmonics are generated.
The second harmonic is generated earlier than the third
harmonic. This is an intrinsic feature of this linear chain
calculation. By considering only the third order of the
lattice potential as the nonlinear term, only three phonon

processes are allowed [47,48], and the third harmonic can
only be generated via two sequential scattering processes.
By observing the very weak third-harmonic generation, one
could get information about the importance of higher orders
of the lattice potential.

A pronounced feature of the measured data is the slow
shift of the spectral distribution towards smaller wave
vectors. The physical origin is uncovered by the simula-
tions which show that the compressive strain front travels
faster than the expansive strain. Since the wave packet
contains only two strain cycles, this leads to a slightly
increasing central wavelength of the wave packet [19,28].
This effect is much less pronounced for wave packets with
more cycles.

Finally, the solid lines in Fig. 4(c) show the square root
of the energy density £, of the generated SH as a function
of time for three different initial energy densities &£; of the
excited fundamental mode. The initial linear increase and
the linear dependence /&, ~ &, are characteristic for this
second-order nonlinear process of sum frequency gener-
ation or three-phonon scattering in general [48]. The
corresponding experimental data obtained from integrating
a(q,1)*/q* over the same wave vector range show excellent
agreement. Both the experimental and simulated energy
density in Fig. 4(c) take into account that, for the same total
energy deposited, the energy density is larger for higher
wave vectors. To achieve the highest energy density, it was
necessary to increase the wave vector to ¢ = 0.03 nm~! in
order to avoid multishot damage of the sample.

Conclusion.—With the generation of the SH of a certain
well-defined phonon wave packet, we have demonstrated a
first conceptually simple experiment that monitors an
elementary process of nanoscale nonlinear phononics in
real time. The observed damping of the fundamental and
SH to other modes is proportional to the square of the wave
vector. We strongly believe that these experiments stimulate
a series of new experiments ranging from simple extensions
such as difference-frequency mixing to more complex
experiments which are analogs of four-wave mixing, well
known in experimental photonics. Future investigations
may address the coupling of optical phonons to acoustic
phonons and extend the phase-matching considerations by
including also transverse polarisation of phonons and by
going to larger wave vectors where the dispersion relation
is bending over. Improvements of the signal-to-noise ratio
may eventually permit studies on the single quantum level.
A similar stimulus may be expected for theory. The Fermi-
Pasta-Ulam chain can well predict effects related to
longitudinal phonons. Modeling anharmonic phonon
propagation and interaction in three dimensions including
longitudinal and transverse phonon polarization in detail
remains a major challenge. Exploring the physical nature of
phonon damping processes and describing soft mode
behavior in the vicinity of structural phase transitions by
simulations and analytical theories can now be compared in
detail to experimental results on a microscopic level.
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