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Isotopically modulated silicon and germanium multilayers are
analyzed by means of femtosecond spectroscopy and pulsed
X-ray scattering for determining thermal conductivity and
phonon modes. Isotopic modulation decreases thermal conduc-
tivity stronger than expected from a band bending model in
the coherent phonon transport regime, in particular for silicon.
Femtosecond spectroscopy and X-ray scattering resolve zone-
folded vibration modes, which are located at the edge of the
new, smaller Brillouin zone due to the multilayer periodicity.
These modes can contribute to the reduction of thermal conduc-
tivity by Umklapp processes within the zone-folded mini-bands.
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Color-coded increase in ultrafast X-ray scattering in vicinity to
the mini-zone boundary of a germanium multilayer.
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1 Introduction Highly crystalline, pure semiconduc-
tor materials are not very suitable as thermoelectric materials
due to the high thermal conductivity in bulk. For instance, sil-
icon or germanium, would be highly interesting in integrated
applications in thin-film technology, where contamination by
foreign elements is undesirable. Yet, the thermal conductiv-
ities of 145 for silicon, respectively, 60 W/(m·K) for germa-
nium at room temperature are up to two orders of magnitude
higher than for common thermoelectric materials with high
efficiency. This only improves at higher temperatures [1]. The
thermal conductivity κ, in turn, is one of the contributions to

the thermoelectric figure-of-merit ZT = S2σT/(κe + κl) with
S, σ, T , and κe,l being Seebeck coefficient, electrical conduc-
tivity, temperature and thermal conductivity (electronic and
lattice contribution).

Nevertheless, well-defined crystals allow for a sensitive
study of the mechanisms for tuning thermal conductivity.
We study single-crystalline silicon and germanium thin films
grown by molecular beam epitaxy, where alternating isotopi-
cally pure layers modulate the phonon transport. In fact such
structures behave electronically as unperturbed bulk mate-
rials, while phonons sense the modified mass distribution.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 D. Issenmann et al.: Phonons in isotopically controlled multilayers

The structural perturbation at the same time is weak (strain
is virtually absent) and mechanisms of phonon interactions
may be disentangled.

The isotopic modulation may be seen as a scattering cen-
ter for phonons, changing their momentum and causing ther-
mal resistance. This happens naturally in most materials with
different stable isotopes and is an additive incoherent effect.
A periodic modulation, however, may induce an interaction
that goes beyond incoherent scattering processes and might
involve phonon–phonon interactions with coherent contribu-
tions. In this case, influence on thermal transport is far from
being trivial and might open up ways for tailoring the thermal
conductivity.

Despite, the demonstrations of successful coherent trans-
port modulation in, for instance, multilayered thin-film sam-
ples are rare [2–4]. An accepted notion involves a change in
transport properties of the system while changing the char-
acteristic size of the modulation, i.e., the multilayer period.
Naturally, starting with long periods, the effect on thermal
conductivity is low, simply due to the low number of inter-
faces. As period decreases thermal conductivity decreases
as well. Instead of reaching a limit (e.g., the alloy limit of
complete disorder) eventually conductivity would rise again
for the smallest periods. In the most general explanation this
comes from the fact that transport is mediated to large extent
by long-wavelength phonons. These phonons do not sense the
heterogeneity due to their limited localization. Consequently,
a minimum in thermal conductivity at finite multilayer period
is observed [4–7]. Much less agreement is found in literature
on explaining part of these effects in terms of phonon band
blockage [8–10] or band bending [11] or, as opposed to that,
enhanced transport of phonon Bloch waves in these struc-
tures (ballistic transport)[4, 12–14].

Artificial multilayers of materials such as AlAs/GaAs
[15–18], SiGe [2, 8, 19], SrRuO3/SrTiO3 [20] or even com-
mon thermoelectric materials [6] have been investigated in
the past to understand the phonon modifications in such struc-
tures. One central observation is that the newly introduced pe-
riodicity causes a folding of the phonon branches with larger
wave vector into the center of the zone, such that phonon
energy is preserved, but phonon momentum is reduced be-
low the new zone boundary [21]. This has early been seen as
well in isotopically modulated structures [22, 23] and is now
well understood as standing or commensurate waves within
the modulated structure. The frequently observed phonon
modes are indeed zone center modes that do not propagate
[16, 17, 24]. Whether this prevalence is simply due to the
usual detection by optical light or related to higher oscilla-
tion strength of these modes is not clear.

Here, we present thermal conductivity measurements
and ultrafast spectroscopy and X-ray scattering on isotopi-
cally modulated silicon multilayers and germanium multi-
layers in order to investigate this interrelation. Except for
the acoustic impedance in these structures being typically
much lower than in heterostructures they can be grown as
perfect multilayers without additional point scatterers from
growth defects. In particular hetero-epitaxial strain can lead

to prominent defect inclusion and thus masking of coherent
effects.

2 Materials and methods
2.1 Sample preparation Silicon or germanium crys-

tals with isotopically modulated layers starting from 28-Si
and 29-Si or 70-Ge and natural germanium, respectively,
were epitaxially grown by means of molecular beam epitaxy
(MBE) on (100) oriented wafers of natural isotopic abun-
dance. Both semiconductor structures contained 20 bilay-
ers of nominally (10 + 10) nm for a total thickness of about
400 nm for the entire layer structure. X-ray scattering and sec-
ondary ion mass spectroscopy revealed a real layer thickness
of about 11.3 nm for the germanium sample and 9.7 nm for
the silicon sample. Reference samples with a 400 nm epilayer
of 28-Si and natural germanium, respectively, were grown as
well.

Only for the time-domain conductance measurements the
wafers were coated by thin gold films (30 nm) by ion sputter-
ing. Care was taken to perform cleaning and deposition steps
of both isotope multilayer and natural epilayer sample in the
same batch for a reliable reference state. The gold layer was
deposited on top of a thin (3 nm) chromium adhesion layer
to improve the interface conductance between metal film and
semiconductor [25].

2.2 Femtosecond spectroscopy - ASOPS Asyn-
chronous optical sampling (ASOPS) has been employed to
record weak transient optical changes in reflection from the
as-grown isotopic multilayer structures. The method has been
introduced elsewhere [18], in brief two femtosecond oscil-
lators (Gigaoptics, Germany) are synchronized, but detuned
in repetition rate (at about 1 GHz) by a small difference fre-
quency (10 kHz). Thus, the temporal delay of both pulses
at the sample changes in a linear fashion in time and can be
recorded by a fast photodiode and a transient recorder (GaGe
Applied). A high-contrast determination of changes in light
reflection at 800 nm due to optical pumping (805 nm) is pos-
sible. Beam powers of 35 and 5 mW for pump and probe
beams, respectively, are used at a focus of 2.5 �m (pulse flu-
ence 56 J m−2). The reflection angle of the probe beam defines
the momentum transfer q = 4π/ · sin(2Θ/2) of the scattered
waves in the language of a Raman-type process (wavelength
, scattering angle 2Θ). Either 90◦ or 180◦ (retroreflection)

in 2Θ were set up. No gold coating was used on the semi-
conductor structures.

The typical electronic contribution was subtracted from
the raw curves by simulating the sigmoidal rise and expo-
nential decay in the 1–2 picosecond range. Additionally,
subtracting a median of the curve of defined width allowed
to remove the low frequency content, after which a Fourier
transform shows the spectral power contained in the curves.

2.3 Pulsed X-ray scattering–synchronous Pump–
probe X-ray scattering was performed at the European
Synchrotron Radiation Facility (ESRF) by employing an
amplified Ti:Sa regenerative amplifier (Coherent) as laser

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-a.com
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pump source and the time-delayed, but synchronized X-ray
pulses from the storage ring as probe pulses. At the beamline
ID09 the setup comprises a monochromator at 15 keV and in
particular an ultrasonic chopper to reduce the repetition rate
of the X-ray pulses down to the 1 kHz repetition rate of the
laser [26]. Scattered X-rays close to the Bragg angle of the
Si(400), resp. Ge(400) reflection for the uncoated surfaces
and at the gold powder (111) peak for the gold-coated
samples are recorded on a charge-coupled device (CCD,
FReLoN, ESRF Grenoble) with thin-film scintillator.
Analysis was done either by in-plane cuts to the scattering
distribution or powder-type integration along 2Θ for the
gold diffraction. Intensity at the crystal truncation rods was
derived for the analysis of the diffuse scattering close to
the Bragg peak. The gold powder peaks were analyzed
in terms of transient peak shifts, which are translated into
temperature change in the gold film [27, 7].

The delay between laser and X-ray pulses can be changed
electronically with steps of 5 ps for the complete delay range
up to 1 ms. X-ray pulses were typically 70–100 ps long [28].
The excitation was repeated for some 1000 to 3000 pulses for
one CCD image with one delay point. In particular the laser
fluence for the heating of the gold film at 400 nm had to be
controlled precisely in between 8 and 16 J m−2 per pulse to re-
main within the linear heating response of the film [25]. This
linear relationship allows for replacing relative lattice expan-
sion with relative temperature change. For sake of brevity, we
compared the relative temperature change of the multilayer to
that of the reference sample in Fig. 2 to visualize the changes.
Thus the initial fast jump in temperature of the heating curve
is not visible. Direct excitation of the germanium sample was
done at 800 nm with a fluence of 800 J m−2.

2.4 Pulsed X-ray scattering–ASOXS Pump–probe
X-ray scattering in asynchronous mode [29, 30] was per-
formed at the ANKA synchrotron, beamline SUL-X by using
a high-repetition femtosecond oscillator (500 MHz, 804 nm,
Gigaoptics, Germany) as pump source and nearly the same
repetition rate of the synchrotron with the asynchronous de-
tuning (25 kHz) as explained above relative to the X-ray
pulses. The beating of the X-ray intensity with mutual delay
of both sources was recorded by an X-ray avalanche diode
(FMB Oxford) and a histogram recorder (Nanoharp, Pico-
quant). Each temporal delay spectrum was recorded at fixed
difference angle from the (400) reflection of Si and Ge to
map the transient change of diffuse scattering close to the
Bragg peak.

Laser fluence of 1.2 J m−2 was achieved by focusing both
laser and X-rays down to a size of 35 �m full width at half
maximum (fwhm). The X-ray focusing was used by a pair of
Kirkpatrick–Baez silicon mirrors.

These measurements have been performed in the so-
called low-alpha mode of the ANKA ring [31, 29], where
the pulse length is reduced below 8 ps fwhm at an electron
energy of 1.6 GeV. Therefore the X-ray energy of 5.5 keV
was used inside an evacuated vessel.
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Figure 1 Static crystal truncation rod scattering of the symmetric
(400) reflection of the silicon multilayer with alternating 28-Si and
29-Si (top) and the germanium multilayer with alternating 70-Ge
and nat-Ge (bottom) as function of vertical momentum transfer �q

relative to the Bragg position close to the first-order superlattice
reflection. The lines are simulations.

2.5 Static X-ray scattering Structure characteriza-
tion was performed at the beamline SCD at ANKA with a
monochromatic X-ray beam at 8.9 keV, a six-circle diffrac-
tometer and a linear directly-converting pixel detector
(Mythen, Dectris). X-ray reflectivity allowed for a precise
determination of gold layer quality and thickness [25], while
the diffuse scattering close to the Bragg peaks of Si and Ge
served to determine multilayer periods and quality.

Figure 1 shows a part of the symmetric crystal trunca-
tion rod of the silicon multilayer as well as the germanium
layer structure. The curves show a faint oscillatory modu-
lation. At around 0.027 Å−1 a stronger excursion from the
otherwise slow decay with distance from the Bragg point is
seen. Both features can be simulated quantitatively by dy-
namic X-ray diffraction theory [32, 33] by assuming (i) a
perturbation of lattice spacing at the interface between the
layer stack (multilayer or epilayer) and substrate; (ii) a peri-
odic modulation of the strain within the multilayer stack of
± 1.9×10−5 for silicon and ± 1.9×10−5 for germanium with
the period of (9.7 + 9.7) nm for silicon and (11.3 + 11.3) nm
for germanium. Therefore, some defects may be present at
the interface between the substrate and layer structures re-
lated to the growth initiation. These defects should act on the
thermal properties of both multilayer sample and reference in
the same way. Importantly the low amount of strain between
the isotopic layers is in the range of the isotope lattice pa-
rameters changes and demonstrates the high epitaxial quality

www.pss-a.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 D. Issenmann et al.: Phonons in isotopically controlled multilayers

of the stack [34]. Secondary ion mass spectroscopy [27, 7]
shows well separated isotopic layers within the stacks.

2.6 Numerical procedures Phonon dispersion rela-
tions have been calculated according to the transfer ma-
trix approach of a linear chain as described by Ezzahri
et al. [8]. The key parameter is the longitudinal speed
of sound, respectively, the impedance mismatch through
different masses of the isotopes. This mismatch directly
allows to estimate the gaps of the forbidden band of
non-propagating phonons due to the zone folding. The gap
scales with (ZA − ZB)/

√
(ZA · ZB) with ZA and ZB being

the impedances of the sublayers [8]. With an assumption
of 1.8% acoustic mismatch [9] the gaps for the present ger-
manium isotope modulation are 1.4 GHz for the zone edge
at q = π/D and 42 MHz for the zone center at q = 2π/D.
These values are extremely small in comparison to the
phonon frequencies at these points (108 and 218 GHz).

Time-domain thermal conduction close to a heated sur-
face in a layered system with transport only perpendicular to
the surface is calculated by the so-called transmission-line
approach [35, 36]. In essence, this is an analytical method
for calculating the heat transfer by the diffusion equation
by using the Laplace transform. Additionally the Stehfest
numerical approximation for the transform is used. Individ-
ual layers are introduced via their thermal conductance and
diffusivity as (2 × 2) matrix. Thermal interface conductance
is introduced in a similar way. Finally the temperature in
Laplace space is calculated by multiplying the matrices and
backtransforming a function thereof to derive the temporal
temperature decay of the top (heated layer). Three layers,
gold top layer, multilayer stack, and substrate (semi-infinite)
are used, but the approach can be generalized to an arbitrary
number of layers.

Bulk conductivity and the thermal interface conduction
between gold layer and semiconductor are determined, re-
spectively checked for the epilayer sample and held fixed
for the simulation of the multilayer sample, where only the
conductivity of the multilayer stack is varied. The best fit
value can be determined by a least squares determination and
finding the minimum. This plot is shown as inset in Fig. 2.
This returns an effective thermal conductivity of the complete
stack, including any bulk or interface effects therein.

For an easy graphical estimation we derived the differ-
ence in transient heating between the multilayer sample and
the reference epilayer sample, with the maximum expansion
(maximum gold film temperature) fixed to 1. Thus, a reduced
thermal conductivity of the multilayer would lead to a pos-
itive difference at time scales where the gradient in temper-
ature is high in the multilayer stack. Figure 2 displays this
difference together with a simulation of the change in effec-
tive thermal conductivity in the multilayer stack.

3 Results and discussion The aim of the isotopic
modulation in our case is the modification of the thermal con-
ductivity of the material by tailoring the phonon transport. In
fact, our earlier studies have already shown that conductivity
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Figure 2 Relative change of transient thermal expansion of the
heated gold layer on top of the germanium multilayer as compared
to the reference epilayer in a synchronous pump–probe experiment.
The line is a simulation according to the transfer-line model with an
assumed change of effective thermal conductivity within the multi-
layer stack of 54 W/(m·K) as derived as minimal value of the least
squares of the difference (χ2) between experiment and simulation.
The corresponding least squares curve is shown as inset.

can be reduced significantly in these multilayer structures.
The amount of reduction still varies with samples, but some
60% of reduction has been found in silicon multilayers with
isotopes 28/29 and 28/30 pairs [7, 37]. This number, while in
absolute terms not a breakthrough, is nevertheless astonish-
ing if one considers the minor mass contrast and thus minimal
acoustic impedance of the stack. As pointed out in [8], a first
estimate of this effect can be given by calculating phononic
stop bands from the acoustic impedance (of the longitudinal
phonons).

In a more rigorous way, the change of thermal conduc-
tivity is predicted by executing the integral over all phonon
modes including their occupancy and velocity [11]. Reduc-
tion of transport is thus related to the modified band structure
with both the appearance of stop bands and the reduction of
group velocity close to them. On the basis of this formalism
a reduction of the thermal conductivity by the multilayers
can be predicted. If the phonon lifetime is not changed one
derives a theoretical change in conductivity of, e.g., 1.5%
for the germanium layers, which is way below the sensitiv-
ity of observation. In Fig. 2 the change of heat conduction
of the Ge multilayer compared to the epilayer is displayed
and simulated by a conductivity of (54 ± 4) W/(m·K), which
represents reduction by 10%. This change is less than the ear-
lier observations on silicon, however, the acoustic mismatch
being lower and the lower bulk conductivity of germanium
masking a subtle effect, this is still interesting. In fact, ne-
glecting the influence of the layered structure on the phonon
mean free path (or lifetime) is a too strong simplification.
First of all, with less-than-perfect interfaces point scattering
of phonons can occur, which reduces phonon lifetime and
thus conductivity. It has been shown [38] that intermixed
interfaces lead to a further depression of conductivity. For

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-a.com
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stronger intermixing the limit can be the conductivity of a
random alloy of isotopes.

On the other hand, the molecular dynamics studies also
show a minimum in conductivity at a period length of 3 nm
for silicon isotopes. This is a clear indication of the crossover
between coherent and incoherent transport. Furthermore,
it seems that aperiodic layering can further reduce thermal
conductivity even below the alloy limit. Thus, not only inco-
herent (defect) scattering is responsible for the reduction in
conductivity, but also multilayer-related scattering processes.

One of these processes is Umklapp scattering. Indeed at
room temperature or above Umklapp scattering is the dom-
inating contribution. Conventional Umklapp scattering oc-
curs, when the phonon wave vector of an elastic scattering
process exceeds the Brillouin zone and is therefore folded
back with reversed direction.

In multilayers phonon band structure is characterized by
a secondary Brillouin zone boundary introduced by the new
artificial periodicity. This new mini zone should represent
a similar obstacle to phonon propagation. Indeed the influ-
ence of mini-Umklapp processes has been discussed earlier
[39–42].

To clarify the phonon dynamics ultrafast pump–probe
measurements have been conducted. Laser spectroscopy
allows for a very high time resolution and moderate technical
complexity. On the other hand, the probing mechanism
is often ambiguous, the momentum transfer not sufficient
for mapping the band structure and the optical response
unspecific.

We have employed ASOPS with high stability and low
detection limit. Figure 3 displays the results on the 28/29 sili-
con multilayer structure. Transient modulations of the optical
reflectivity are weak (in the range of 10−7 after removal of
the prompt electronic contribution). Nevertheless, the Fourier
transform of the temporal trace shows a peak distribution.
When comparing this distribution to the mini-band structure
as calculated for this structure, one can recognize match-
ing features. The strongest peak at 209 GHz (4.78 ps period)
coincides with the zone-edge, where the acoustic phonon
branch is being folded back. A much lower peak appears at
the zone-center phonon at 420 GHz. This zone-center phonon
has been observed frequently in multilayer structures and is
identified by a non-propagating phonon mode with multi-
layer periodicity [17]. High-order modes (such as 3rd order)
of this mode can be identified as well at optimized back-
ground subtraction. The mode at 209 GHz is not expected
to be observed in a Raman-type process, as the momentum
transfer q of the probe light is here far below the zone-edge
momentum transfer of π/D. Therefore ASOPS can not en-
tirely clarify the assignment.

The germanium multilayer has been examined in an anal-
ogous fashion ((see Fig. 4). The transient reflectivity is dom-
inated by one strong oscillation with amplitude of >10−6.
The stronger response is understandable by the consider-
ably lower penetration depth of 800 nm light in germanium
(600 nm versus 12 �m in silicon) and thus higher excitation
density. The Fourier transform locates the oscillation mode
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Figure 3 Top: Dispersion relation of a silicon crystal with super-
structure of period D = 19.4 nm, with the momentum transfer of
the longitudinal acoustic phonon along the 〈100〉 direction plotted
as function of the frequency. The horizontal line in the top figure
marks the momentum transfer of the probe light in the chosen re-
flection geometry. Bottom: Fourier transform of the transient light
reflection from the surface (inset) from ASOPS. The inset shows the
time-domain reflectivity together with a sinusoidal fit with 4.78 ps
period.

at 55.5 GHz, which is close the predicted 55.2 GHz for a
Raman-type excitation of an unfolded propagating acoustic
mode. Strictly speaking this mode is not visible via a Raman
process, but via the interference between the surface and the
propagating sound wave in the bulk. This is also called Bril-
louin oscillation [8]. One can easily imagine that the lower
excitation density in silicon is the reason for the absence
there. As this mode is strong in germanium it is difficult to
extract other modes. Nevertheless, one can find a weak peak
at 108 GHz, again coinciding with the zone-edge modes of
the folded band structure. It could be verified that this tiny
mode disappears using the reference epilayer.

ASOPS consequently shows several modes, which cor-
relate to folded and unfolded modes. The mechanism is an
excitation of coherent phonons by a displacive excitation
through ultrafast heating. The dominance of another mode
is found, whose frequency coincides with the zone-edge. It
is probably efficiently populated by phonon–phonon scatter-
ing (Umklapp processes). In order to verify the assignment
in the dispersion relation we conducted time-resolved X-ray
scattering in a similar fashion to ASOPS. Here, the momen-
tum transfer is defined by the detuning of the scattering vector
from the Bragg point, i.e., the (400) reflection in germanium.

www.pss-a.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 Top: Dispersion relation of a germanium crystal with su-
perstructure of period D = 22.6 nm, with the momentum transfer of
the longitudinal acoustic phonon along the 〈100〉 direction plotted
as function of the frequency. The horizontal line marks the momen-
tum transfer of the probe light in the chosen reflection geometry. A
zoom of the zone-edge region at 110 GHz is shown as inset. Bot-
tom: Fourier transform of the time-domain transient reflectivity in
the ASOPS experiment of a Ge multilayer (black crosses) and the
reference epilayer (red line). The arrow highlights the peaks due
to zone-edge excitation. The inset shows part of the time-domain
reflectivity.

With the short wavelength of the X-rays the necessary angu-
lar detuning is only a few tenths of a degree. The observed
frequency of 108 GHz translates into a vibration period of
9.2 picoseconds and should just be resolved in the low-alpha
mode at the synchrotron ANKA [29, 30]. It is known that
phonon modes can directly be resolved in time domain and
give rise to increased intensity at the corresponding angular
deviation from the Bragg point [43].

The color-coded map of changes of X-ray intensity close
to the Bragg point is depicted in Fig. 5 within the relevant
momentum transfer and the temporal delay of 0–2000 ps.
Two features dominate the change in scattering. First, there
is a streak of additional intensity at 0.014 Å−1 , which starts
shortly after excitation (delay = 0) and extends up to 1 ns, but
with peaked intensity only in the range of 10–150 ps. The
second feature is a stripe of increased (light blue) and de-
creased intensity that also starts at q = 0.018 Å−1, but shifts
gradually in momentum to end at the Bragg peak (q = 0) at
some 1200 ps. The latter trace is an excitation of a propaga-
tion pulse of coherent phonons into the bulk of the material.
In other words, the localized excitation in a shallow region
of the germanium crystal causes an expansion of this layer,
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Figure 5 Dispersion relation (top) and false color representation
(bottom) of the transient change in X-ray scattering close to the
(400) reflection of the germanium multilayer as function of temporal
delay between laser and X-ray pulse and the momentum transfer �q

relative to the Bragg position from the ASOXS experiment. The full
line in the dispersion relation is the folded scheme, while the dashed
line marks the extended dispersion.

which propagates into the bulk with speed of sound [44, 45],
followed by a rarefaction wave. This depends in position and
strength on the excitation density.

The first feature, however, being stationary in momen-
tum, represents a distinct phonon mode that is excited at ear-
liest delays [24, 46]. The momentum transfer of q coincides
with the zone edge position in the germanium multilayer. In
contrast, we do not find any signature at the zone-center posi-
tion at q = 0.027 Å−1. Reason might be the lower signal-to-
noise ratio at the lower intensity at higher momentum transfer
or the less efficient excitation. Excitation of the zone-edge
phonon seems to be enhanced through the coherent phonon
wavepacket, as lowering the excitation density also reduces
the stationary streak.

An oscillation could not be observed, although time reso-
lution would just be at the limit to resolve the 9.2 ps period. A
part of the limited resolution is due to the tight overlap of both
laser and X-ray spots on the sample. They are both of the same
size of 0.035 mm, so that the X-rays probe a gradient in ex-
citation. The seemingly doubling of the phonon wavepacket
streak (second feature below 500 ps) stems from this limi-
tation. Also, if the interaction indeed involves an Umklapp
process, this would be incoherent and thus not having a fixed
phase relative to the excitation.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-a.com
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Figure 6 False color representation (a) and selected delay traces (b)
of pump-laser induced intensity change at a shift angle �θ relative to
the Ge(400) Bragg reflection of a isotope-modulated Ge superlattice
with high laser fluence and 100 ps time resolution (in synchronous
mode). The delay traces are cut at 0.0306 Å−1 (dots) and 0.0331 Å−1

(squares).

A synchronous pump–probe scattering experiment has
been conducted with kHz repetition rate and 100 ps X-ray
pulses at a much higher excitation density (800 versus
1.2 J m−2). The results are shown in Fig. 6. Here, indeed
a transient scattering maximum at picosecond delay and
q = 0.0305 Å−1 is observed, which again points toward a
link between excitation density and excitation of finite mo-
mentum phonons. The time streak at the right side in Fig. 6
shows a time-resolution limited peak. This shape underlines
the non-thermal nature of the excitation as a thermal heating
excitation does only relax with the time scale of the heat
transfer to bulk, which appears in the 2–5 nanosecond range.

Importantly, X-ray scattering corroborates the finding of
defined phonons modes with laser excitation. The modes,
which coincide in frequency with a zone-edge phonon are
found in the X-ray dispersion map at the same q position.
Therefore, it is concluded that zone-edge phonons can be
excited strongly with laser excitation, while no particular
mechanism other than an Umklapp process is known for this
selective excitation. Therefore Umklapp processes should be
considered as important aspect of energy flow in this sys-
tem. The fact that zone-edge phonons have not frequently
been observed earlier may be related to the low momentum
transfer, favoring sensitivity to zone-center mode. We also
believe that the isotope multilayers represent an extremely
pure model system with the absence of spatially modulated
absorption or strain or higher density of defects. In such a sys-
tem, the subtle symmetry breaking due to the mass variation
can unbury this effect from other influences.

4 Summary The ultrafast thermal and phononic re-
sponse of isotopically modulated silicon and germanium
multilayers has been investigated by means of femtosecond
spectroscopy and ultrafast X-ray scattering. The multilayered
structure can serve as degree of freedom of tuning thermal

transport, in particular as it decouples thermal from electronic
properties. The mechanisms behind this modification are sub-
tly and counteracting. On the one hand, coherent transport
in terms of Bloch waves favors ballistic phonon transport (in
particular at lower temperatures), whereas at higher temper-
atures the reduction of conductivity may be due to phonon
stop bands, which, however do not explain the magnitude of
transport. We have shown that incoherent transport in terms
of Umklapp processes at the mini-zone boundary are one
mechanism that may contribute to lower conductivity. While
taking advantage of the periodicity (coherence) of the multi-
layer structure it is still an incoherent effect, as propagating
phonons scatter in individual multiphonon events under con-
tribution of a wave vector q = π/D of the artificial lattice.
Looking ahead it will be important to disentangle the dif-
ferent effects of the layer structure, in seeing for instance
the effect of periodic versus aperiodic arrangements or as
function of temperature.
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