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A phonon nanoscopy method, based on the picosecond ultrasonics technique, capable of studying the

complex acoustic reflection coefficient at frequency up to 1 THz is proposed and demonstrated. By

measuring the reflection coefficient at the same surface location at the interface between GaN and air, and

between GaN and the material to characterize, we get access to the THz amplitude and phase spectra of

the acoustic phonon reflection. The retrieval of both these pieces of information then allows the

calculation of the attenuation in a wide range of frequency and gives new insight into the Kapitza

anomaly. This method is then applied to cubic ice, and the measurements of the elastic properties, the

phonon anharmonic decay spectrum up to 1 THz, as well as the measurements of the thermal phonon

lifetime at 150 K are all achieved.

DOI: 10.1103/PhysRevLett.111.225901 PACS numbers: 65.40.�b, 62.80.+f, 78.47.J�

The sub-THz frequency range (0.1–1 THz) is critical for
acoustic phonons. In this frequency range, numerous phe-
nomena responsible for the low-temperature thermal
behavior of solids are predicted. For instance, the Kapitza
resistance or thermal boundary resistance, which is the
resistance to heat flow at an interface, drops in this fre-
quency range. At temperatures below 1 K, the heat transport
at the interface is satisfactorily modeled by the acoustic
mismatch model (AMM) [1,2]. At higher temperatures,
where the dominant phonon modes carrying the heat have
frequency of hundreds of gigahertz, this model cannot
explain the experimental observation [1,2]. Another inter-
esting feature of this frequency range is the behavior of
acoustic propagation attenuation. Attenuation at these fre-
quencies is dominated by scattering with thermal phonons
[3]. However, the usual thermal phonon lifetime (�ph) is in

the range of a few picoseconds to subpicoseconds, so when
the frequency becomes high (!�ph � 1), this relaxation

process saturates and three phonon processes become pre-
dominant [4–6]. In amorphous materials, the boson peak
has been predicted to appear in this frequency range.

To study all these phenomena, a broadband source of
acoustic phonons in the sub-THz range capable of working
at variable temperature is needed. Concerning attenuation,
inelastic light scattering techniques can study part of this
range, but there is still a gap between the frequency

attainable by Brillouin light scattering (up to a few hundred
GHz) [7–9] and x-ray scattering (higher than 1 THz) [10].
The picosecond ultrasonics technique [11–15] can com-
pletely cover this frequency range and therefore has
attracted lots of interest in recent years [12,15–17].
Usually, to study attenuation, one looks at the decrease of
the amplitude of the acoustic signal after the propagation in
the material. This technique has been successfully applied,
but mostly at single frequency [18,19] and up to 0.7 THz
[15,20].
In this Letter, we propose and demonstrate an experi-

mental method enabling the study of both the amplitude and
the phase of the acoustic reflection coefficient at an inter-
face with frequency up to 1 THz, thanks to the broad
generation and detection of the piezoelectric quantum
well and the high interface quality. By measuring the com-
plex acoustic reflection coefficient at an interface between a
well-known material (GaN) and the material to be charac-
terized, and at the same location but when the material is
absent, we can retrieve the elastic and viscous properties of
the material. We can then estimate the thermal boundary
resistance and the attenuation spectrum. Contrary to meth-
ods based on the propagation of waves through the material
to be characterized, in which the high-frequency compo-
nents are strongly attenuated, our method, based on the
reflection of acoustic waves, allows the study of the
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attenuation frequency up to 1 THz. From the THz band-
width attenuation spectrum, we are able to estimate the
average thermal phonon lifetime, following a previous an-
harmonic decay model. Experimental results obtained for
cubic ice are in good agreement with the literature, indicat-
ing the applicability of this anharmonic model by Maris in
the ambiguous frequency range !�ph � 1 and !�ph > 1.

According to continuum elastic theory, the acoustic
reflectivity of an interface is determined by the acoustic
impedances of the media on both sides of this interface. For
the acoustic wave incident from material A to material B,
the reflectivity is expressed as [21]

R ¼ ZA � ZB

ZA þ ZB

; (1)

where Z is the acoustic impedance of the medium. In a
dissipative medium, the complex acoustic impedance will
be a function of acoustic frequency and is given by [22]

Zð!Þ ¼ �
!

kð!Þ þ i�ð!Þ ; (2)

where � is the mass density, k is the acoustic wave number,
and � is the acoustic attenuation constant in the medium.
In the continuum elastic theory, k and � are related to the
elastic constant, c, and viscosity coefficient,�, through [21]

k2ð!Þ ¼ �!2

2c

�
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ!2�2
p þ 1

1þ!2�2

�
(3)

and

�2ð!Þ ¼ �!2

2c

�
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ!2�2
p � 1

1þ!2�2

�
; (4)

with � ¼ �=c. In lossless media, � ¼ 0, the acoustic im-
pedance, Z ¼ �!=k ¼ �v, is a constant with a constant
sound velocity v in the linear dispersion regime. In dis-
sipative media, the dispersion relation, Eq. (3), will be
modified by the viscosity coefficient, �, and the acoustic
impedance will vary with frequency. From these equations,
we can see that by measuring simultaneously the amplitude
and the phase of the reflection, it is possible to obtain the
acoustic wave number and the acoustic attenuation con-
stant. To do so, we need to compare the amplitude and
phase of waves reflected from the solid-solid interface and
from the same surface and at the same location when the
solid to be characterized is absent.

Two kinds of samples are used in this study [Fig. 1(a)].
For both samples, we first deposit an undoped c-axis GaN
layer grown on a sapphire substrate. On one sample, we
then grow a 3-nm-thick InGaN single quantum well
(SQW), which allows the generation of broadband coher-
ent acoustic phonon (CAP) pulse through the piezoelectric
effect [13,15]. We then cap the SQW with a 70-nm-thick
GaN layer. On the other sample, we grow a 10-period
InGaN=GaN multiple quantum well (MQW) structure
with a 150-nm GaN cap layer. The MQW structure enables

the generation of quasimonochromatic CAP at a frequency
given by the period of the structure [14].
To study the differences between the acoustic reflection

at a free surface and at an interface, some precaution has to
be taken to minimize the experimental uncertainties. First
of all, we have to make sure of the quality of the surface,
since surface roughness can induce scattering [13]. To
estimate the loss due to surface roughness, we realized
AFM imaging of the GaN top surface, which can be seen
in Fig. 1(b). This image confirms the good quality of
the surface, the root-mean-square roughness being s ¼
0:12 nm. We thus do not expect the roughness to play a
critical role [13]. Another issue concerns the possible
modifications induced by the growth of a film on top of
our sample. To minimize experimental error, we realized
optical experiments in situ. The experimental procedure
can be described as follows. The sample is placed inside
the cryostat. We decrease the pressure to 10�4 Pa, and the
temperature to 150 K, and a first experiment is realized,
corresponding to a GaN� vacuum interface. We then
create a small leak of air inside the chamber so that the
pressure increases to 10�1 Pa without variation of the
temperature. This will result in the formation of an ice
layer on top of our sample. We maintain this pressure
condition during one hour, and then we pump the chamber
again. The growth conditions of the ice layer are similar to
that of Ref. [23], so we expect to grow a few tens of
nanometer thick cubic polycrystalline ice (Ic) layer. After
the experiments, we monitored the pressure as a function of
the temperature. A sudden rise of the pressure is observed
at 220 K, which corresponds to the sublimation of ice at
this pressure. Even though this procedure allows us to have
a good control on the position where the experiments are
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FIG. 1 (color online). (a) Schematic representation of the
samples and experimental setup. (b) AFM image of the SQW
sample GaN top surface. The rms roughness is s ¼ 0:12 nm.
(c) Transient transmission change obtained on the MQW sample
with and without ice with a 400-nm wavelength for both pump
and probe at 150 K.
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performed, we still need to dissociate the acoustic modifi-
cations from the optical ones engendered by the ice layer.
The method used to make this separation is presented in the
following.

The time-resolved experiments are carried on using a
tunable Ti:sapphire oscillator and a conventional one-color
pump and probe setup at normal incidence. The laser
produces 100 fs optical pulses at a repetition rate of
76 MHz, centered at a wavelength tunable between 720
and 950 nm. Both pump and probe wavelengths are fre-
quency doubled using a �-BaB2O4 (BBO) crystal. In all
experiments, the pump and probe wavelengths are 400 nm.
Figure 1(c) shows the transient transmission changes
obtained on the MQW sample with and without ice. One
first notes an initial increase of the transient transmission
produced by photogenerated carriers on an ultrafast time
scale. It is followed by a slow decrease due to electronic
and thermal variation of the refractive index. After remov-
ing this background, by fitting with a double exponential
decay, we obtained the traces reproduced in Fig. 2(a).

In Fig. 2(a), oscillations can be seen between 0 and 25 ps
and between 40 and 90 ps. The first oscillation corresponds
to the detection of the generated phonons propagating out
of the MQW, while the latter one comes after reflection at
the free surface or at theGaN� ice interface. In the follow-
ing, we will refer to these oscillations as generation and
echo signal, respectively. To analyze the differences
between the acoustic reflections, we need to subtract the

optical effect of the ice layer. Thanks to the generation
signal, it’s possible to normalize both traces, so that the
reflected echoes can be compared. By pumping on the back
side of the sample, we can assume that the deposited energy
in the MQW is the same with and without ice, and since the
ice layer is really thin compared to the wavelength, Fabry-
Perot effects can be neglected. In the inset of Fig. 2(a), we
present the Fourier transform of the echo signal of both
traces after normalization by the generation signal. On
these Fourier transforms, two components can be clearly
observed, one at 0.39 THz corresponding to the fundamen-
tal frequency generated by the MQW and a second one at
0.78 THz which is the second harmonic [24]. The modifi-
cations that are observed on the echo signal can now only be
assigned to modification of the acoustic reflection caused
by the ice layer. As expected, the reflection is weaker in the
case of GaN� ice interface since the CAP is partially
transmitted into the ice layer. We found the reflectivity to
be R0:39 ¼ 0:71 at 0.39 THz and R0:78 ¼ 0:61 at 0.78 THz.
The observed decrease of the reflectivity with increasing
frequency is a clear effect of the modification of the acous-
tic impedance by the dissipative term �.
To complete our study, we realized experiments in the

SQW sample. The SQW sample has the advantage of
making the generation of broadband CAP possible [15].
In Fig. 2(b), we present the echo generated and detected by
the SQW with and without ice. We can clearly see that the
amplitude of the echo reflected from the GaN� ice inter-
face is smaller. However, since only the echo can be
detected, it is not possible to subtract the optical influence
of the ice layer. But thanks to our MQW sample, we can
normalize at 390 GHz.
Now that we have obtained the frequency spectra for

SQW and MQW, we can obtain the amplitude and the
phase of the complex reflection coefficient as depicted in
Figs. 2(c) and 2(d). There are three material properties
from Eqs. (1)–(4): mass density, �, elastic constant, c,
and viscosity coefficient, �. We assume the mass density
of ice to be a frequency-independent constant of
930 kgm�3 [23]. Concerning the properties of GaN, we
take for the density 6095 kgm�3 [25], the sound velocity is
obtained from the roundtrip time of the echo and is found
to be 8000 ms�1, and we consider that the viscosity in GaN
is negligible. The other two quantities of ice can be deter-
mined by the complex reflection coefficient. According to
the complex reflection coefficient at 0.39 THz obtained by
using MQWs, the elastic constant, c, and viscosity coeffi-
cient, �, were found to be 11.6 GPa and 8:6� 10�3 Pa s,
respectively. The value that we obtain for the elastic con-
stant corresponds to a longitudinal sound velocity of
3531 ms�1, in good agreement with the literature
[23,26]. From the elastic constants and the viscosity we
obtained previously, we can calculate the reflection spec-
trum by using Eq. (1), as shown in Figs. 2(c) and 2(d).
The excellent agreement between the calculated complex
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FIG. 2 (color online). (a) Transient transmission change in the
MQW sample with and without ice at 150 K. Inset: Fourier
transform of the reflected signal with and without ice, normal-
ized by the generated signal. (b) Transient transmission change
in the SQW sample with and without ice. Inset: Fourier trans-
form of the reflected signal with and without ice, normalized by
the 390 GHz signal from MQW. (c) Amplitude of the reflection
coefficient of the GaN� Ice interface using MQW (triangle) and
SQW (dots) sample and calculated using Eq. (1). (d) Phase of the
reflection coefficient of the GaN� Ice interface using MQW
(triangle) and SQW (dots) sample and calculated using Eq. (1).

PRL 111, 225901 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

27 NOVEMBER 2013

225901-3



reflection spectra and the one obtained by using SQW
confirms the validity of the continuum elastic theory in
the frequency range of 0.1 to 1 THz.

One notices, on Fig. 2(c), that the amplitude decreases at
high frequency due to the modification of the impedance of
ice caused by the absorption, meaning that phonons trans-
mit more into ice. This phenomenon can be related to the
Kapitza resistance. According to Ref. [2], the thermal
boundary resistance can be approximated by

RbT
3 ¼

�
�2

15

k4b
@
3

X
j

c1;j�1;j

��1
(5)

with

�1;j ¼
Z �=2

0
�1!2ð�; jÞ cosð�Þ sinð�Þd�; (6)

where c1;j is the phonon velocity in medium 1 of the

phonon mode j, and �1!2ð�; jÞ is the transmission proba-
bility of phonon mode jwith incident angle �. By applying
this formula, we can obtain an estimated thermal boundary
resistance that we reproduce in Fig. 3(a). The correspon-
dence between phonon frequency and effective tempera-
ture is obtained by considering the frequency of the
dominant phonon mode at a given temperature [2].

In this trace, the acoustic mismatch between GaN and
ice as well as the effect of absorption are taken into
account. However, since we compare the reflection from
the GaN� vacuum and GaN� ice interfaces, the influ-
ence of the surface roughness cannot be seen. The thermal
boundary resistance caused by the surface roughness of the
interface is determined by considering the reflectivity spec-
trum due to the loss of coherence caused by the surface
roughness of the surface (see Supplemental Material [27]
and Ref. [13]) and then by applying Eq. (5). To obtain the
complete Kapitza resistance, we add the effect of surface
roughness. One can see that up to 0.1 THz, the thermal

boundary resistance is in pretty good agreement with the
AMM, as expected [2]. At higher frequencies, the so-called
Kapitza anomaly can be observed when the thermal bound-
ary resistance decreases. This result demonstrates that the
modification of the impedance caused by the absorption
becomes non-negligible in the sub-THz range and can play
a dominant role in the Kapitza anomaly. In other words, in
this frequency range, the increase of the absorption modi-
fies the acoustic impedance and thus reduces the mismatch,
which leads to lower boundary resistance.
Another interesting aspect of this method is that we

can get access to the THz attenuation spectrum by using
Eq. (4). Figure 3(b) shows the attenuation constant as a
function of the frequency. This acoustic attenuation con-
stant is in good agreement with the value in the literature at
lower frequency [23,28,29], and it is proportional to the
frequency squared. At higher frequency (above 0.1 THz),
the attenuation seems to saturate and does not follow the
frequency squared trend. In this frequency range, the domi-
nant attenuation mechanism is interaction with the thermal
phonon bath. From the attenuation, we can obtain the
thermal phonon lifetime in cubic ice [3],

�ð!; tÞ ¼ CvT

2��3
D

ðh	2
kji � h	kji2Þ

!2�ph

1þ!2�2ph
; (7)

where Cv is the constant-volume heat capacity, T is the
temperature, vD is the average velocity for thermal pho-
nons, 	kj is the Grüneisen constant of thermal phonons

with a wave vector k and a polarization j, and h� � �i denotes
an average over the thermal phonon spectrum. By fitting
our results with this formula, we obtain a thermal phonon
lifetime �ph ¼ 0:2 ps. In this case, our studied frequency

range, 0.1–1 THz, corresponds to !�ph ¼ 0:12 to 1.2. We

can compare this value to lifetime obtained from the
kinetic formula of thermal conductivity 
,


 ¼ 1

3
Cvhv2i�ph; (8)

where hv2i is the average of the squared velocity for
thermal phonons. To obtain a simple estimate of the order
of the phonon lifetime, we considered the velocity to be
equal to the measured longitudinal sound velocity,
3500ms�1. Using 3:5 Wm�1 K�1 for the thermal conduc-
tivity [30] and 3320 J kg�1 K�1 for the specific heat [31],
we obtain a thermal phonon lifetime of 0.38 ps. The
phonon lifetime can also be calculated using an approxi-
mated formula for the average sound velocity that takes
into account transverse waves [32],

v ¼
�
1

3

�
2

v3
t

þ 1

v3
l

���ð1=3Þ
; (9)

where vt and vl are the transverse and longitudinal sound
velocity. Using the elastic constants of Ref. [33], we obtain
a lifetime of 0.75 ps, in the subpicosecond range, as our
experimentally observed lifetime. Different mechanisms
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FIG. 3 (color online). (a) Thermal boundary resistance ob-
tained by assuming that heat is carried by longitudinal acoustic
phonons at normal incidence. Model based on acoustic mis-
match, roughness, absorption, and a combination of these three
effects are used and show that the absorption plays an important
role in the sub-THz range. AMM denotes acoustic mismatch
model, surface roughness scattering (SRS) roughness scattering.
(b) Acoustic attenuation constant of cubic ice as a function of
frequency.

PRL 111, 225901 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

27 NOVEMBER 2013

225901-4



could explain these discrepancies. First, thermal conduc-
tivity and attenuation often lead to differences [34], then
the imperfection, such as defects in our sample, could
reduce the lifetime. However, the agreement on the order
of the lifetime shows that even though Eq. (7) byMaris was
derived for the case !�ph � 1, it can still quantitatively

describe the acoustic attenuation behavior in the transition
frequency regime between !�ph � 1 and !�ph � 1.

Measuring the thermal conductivity of ice could have
importance for the study of interfacial water. Indeed, there
are ongoing debates about whether the properties of water
at an interface are more solid or waterlike [35]. Being able
to measure the thermal conductivity of ice at this frequency
will make the comparison with interfacial water, which has
a usual thickness of around 1 nm, possible. Moreover, the
thermal properties of ice are important due to its presence
in solar system objects [36]. Furthermore, the method we
present here is not limited to ice, but can already be applied
to study the elastic and thermal properties at frequency up
to 1 THz in an array of critical materials, like liquids,
polymers, or biological tissues. And, by carefully design-
ing the experimental setup [37,38], this technique can be
applied to characterize materials in a deposition chamber.

This work was sponsored by the National Science
Council of Taiwan, R. O. C., under Grant No. 101-2120-
M-002-005.
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