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The out-of-plane thermal conductivity and elastic constant of epitaxial [100] 12C/13C superlattice diamonds
with layer thicknesses of 1, 30, and 100 nm are evaluated by picosecond ultrasound spectroscopy. The measured
elastic constants of the superlattices are equivalent to those of single-layer diamond thin films. This result
confirms our success in synthesizing superlattice specimens with few defects at the interfaces. Therefore, the
phonon transport behavior is governed by the mass difference, not the interfacial defects. The measured thermal
conductivity of the superlattices is lower than that of a pure 12C isotope diamond thin film. We estimated the
lattice thermal conductivity using the lattice dynamics calculation, attributing the lowered thermal conductivity
to the decrease in the phonon group velocity in superlattices. We further consider the effect of mini-umklapp
scattering in the superlattice, which explains the dependence of the thermal conductivity on the layer thickness.
We reveal that the mini-umklapp scattering effect becomes significant only for an isotope diamond superlattice
because of the high Debye temperature and large relative mass difference.
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I. INTRODUCTION

Recently, superlattices have been intensively studied be-
cause they exhibit special physical properties in various fields,
especially electronics, optoelectronics, and magnetic fields.
For instance, Six/Ge1−x and GaAs/AlxGa1−xAs superlattices
demonstrate the formation of a unique quantum well [1–3],
and Fe/Cr superlattices show the giant magnetoresistance [4].
The thermal conduction of superlattices has been developed
as a research area [5–7]. However, a noticeable bottleneck is
the direct comparison of the measured and calculated thermal
conductivities for a superlattice thin film because of the in-
terfacial defects. Defects at superlattice interfaces, including
the interfacial dislocations, local disbonding, and weakened
layer bonds, are mainly caused by the lattice misfit, and they
significantly decrease the out-of-plane elastic constant [8–10].
Because these defects also affect the out-of-plane thermal con-
ductivity, comparing the measurement and theory is difficult.
The thermal conductivity of the superlattice decreases with
a decrease in the layer period because of phonon scattering
due to the defects from lattice mismatch. Lee et al. [5] used
the 3ω method and reported that the thermal conductivity of
the Si/Ge superlattice was more than one order of magni-
tude lower than the bulk value. Yao [6] and Capinski et al.
[7] reported a similar trend in the thermal conductivity of
GaAs/AlAs superlattices.

Recent progress in the chemical vapor deposition (CVD)
[11,12] technique supports the fabrication of high-purity dia-
mond thin films by controlling their isotope ratio. Watanabe

*ogi@prec.eng.osaka-u.ac.jp

et al. [12] discovered that 12C/13C superlattice diamond thin
films exhibit special electrical properties in cathodolumines-
cence, which cannot be explained by individual monolayer
characteristics: The excitonic recombination in the 13C dia-
mond layer disappears even though 13C diamond is involved.
Such a specific property of the 12C/13C superlattice will ap-
pear in phonon properties like the elastic constant and thermal
conductivity. Furthermore, since isotopically pure diamond
exhibits extremely high thermal conductivity even at room
temperature (∼3000 W m−1 K−1) [13], controlling the ther-
mal conductivity of a diamond thin film in a wide range using
superlatticing is possible. However, no experimental reports
on phonon properties of the 12C/13C superlattice exist.

This study evaluates the elastic constant and the ther-
mal conductivity of epitaxially grown 12C/13C diamond
superlattices with different layer thicknesses and proposes a
lattice-dynamics calculation to explain the measurements of
thermal conductivity. Because the lattice mismatch between
each layer (∼0.01%) is smaller than those in traditional su-
perlattices, we expect defect-free interfaces, allowing us to
compare measurements and theory without the ambiguity
caused by the defects.

II. EXPERIMENTS

We synthesized [100] homoepitaxial isotope-controlled di-
amond and isotopic diamond superlattice thin films on a [100]
diamond substrate (3 × 3 × 0.5 mm3) with a natural isotope
content (98.9% 12C and 1.1% 13C) using the microwave
plasma-assisted CVD method [11,12]. The isotope purity of
12CH4 and 13CH4 methane gases were 99.999% and 99%,
respectively. We prepared two monolayer isotope diamonds
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with 99.999% 12C and 99% 13C, referred to as 12C and 13C,
respectively. (These concentrations indicate the isotope purity,
not the chemical purity. The chemical purity exceeds 99.99%
in our specimens.) We also prepared three isotopic diamond
superlattices composed of 12C and 13C diamond layers of the
same thickness. Their layer thicknesses are 1, 30, and 100 nm,
and these specimens are referred to as SL1, SL30, and SL100,
respectively. The total film thickness of all specimens is about
3 μm. A 10-nm Pt thin film was then deposited on the surface
of each specimen using the magnetron sputtering method as
the source of ultrasonic waves.

Picosecond ultrasound spectroscopy [14–17] was em-
ployed in this study. A Ti:sapphire pulse laser with 140-fs
duration and 80-MHz repetition rate was used, and the light
pulse was divided into the pump and probe lights. Their
wavelengths were 800 and 400 nm, respectively. We irradiated
the Pt thin film with the pump light pulse to generate the
ultrahigh frequency (�1 THz) coherent ultrasonic pulse via
transient thermal stress in the Pt film. The probe light was then
focused on the surface, which passed through the Pt film and
was diffracted by the ultrasonic pulse through the photoelastic
effect. The light path of the pump light pulse was controlled
using a mechanical delay. The total reflectivity changes peri-
odically due to the moving ultrasonic pulse, causing backward
diffraction of the probe light. From this oscillation (Brillouin
oscillation) frequency, the acoustic-wave speed and the elas-
tic constant are determined [18–20]. From the photothermal
effect [15], the surface temperature change is proportional to
the change in probe light reflectivity, from which we evaluated
the thermal conductivity. The details of our optical system,
the calculation of the acoustic-wave speed, and elasticity are
shown elsewhere [20–23]. Just after the excitation, however,
the reflectivity change is highly affected by the electron ther-
malization process, and we adopt a reference sample in this
paper to compensate this effect.

III. THEORETICAL CALCULATION

The lattice thermal conductivity calculation starts from
phonon kinetic theory:

κ =
∑

λ

κλ =
∑

λ

τλC(ω)v2
λ,z, (1)

where λ denotes the phonon mode, depending on the wave
number (k‖, kz), frequency ω, and polarization. The total ther-
mal conductivity κ is given by the summation of contributions
of different phonon modes κλ. The specific heat C(ω) can be
calculated using a quantum harmonic oscillator:

C(ω) = ∂

∂T
[h̄ω(N0 + 1/2)], (2)

where N0 denotes the Planck distribution function. The out-
of-plane group velocity vλ,z can be calculated using lattice
dynamics even for a large system as follows. The phonon
mean free time τλ is not straightforward to estimate, and we
first assume it to be constant at each mode and separately
investigate the effect of the group-velocity distribution by
calculating the normalized thermal conductivity κ̃ using the
phonon mean free time. This normalization using phonon
mean free time was proposed by Tamura et al. [24]. They

a

z

N = 0

N = 2

N = 1

n

d12C = ¼ n12C a

d13C = ¼ n13C a

K2, �2K1, �1

FIG. 1. Schematic of the side view (not cross section) of the (3,3)
diamond superlattice. N denotes the number of superlattice periods
from the global origin, and ñ is the layer number from the subunit
origin. n = N (n12C + n13C ) + ñ is the total layer number from the
global origin.

further simplified the diamond structure crystals to one fcc
lattice, including only one force-constant parameter. However,
we adopt a more complete model. Pandey and Dayal [25,26]
indicated that the four-constant model gives better agreement
between experimental and theoretical phonon dispersions.
Our model connects each atom to the four first-nearest-
neighbor atoms using the bond-stretching and bond-bending
connections with constants K1 and γ1, respectively. It also
connects 12 second-nearest-neighbor atoms using the bond-
stretching connections with constant K2 and the bond-bending
constant γ2 (Fig. 1). These values will be determined using
experimental data. Those from Warren et al.’s [27] data based
on inelastic neutron scattering are given in Table I. From the
calculation of lattice dynamics, described later, we derived the
expressions for LO(�), LO(X ), TA(X ), and TO(X ) as follows:

Mω2
LO(�) = 8

3 (K1 + 2γ1), (3)

Mω2
LO(X ) = 4

3 (K1 + 2γ1) + 8(K2 + γ2), (4)

Mω2
TA(X ) = 8K2 + 4γ1, (5)

Mω2
TO(X ) = 4

3 (2K1 + γ1) + 8K2, (6)

where M denotes the atomic mass of the 12C diamond. Be-
cause the sound velocity from Warren et al.’s experiment
slightly differs from our measurement for the 12C diamond

TABLE I. Phonon frequencies (THz) and force constants for
bond stretching and bond bending (N m−1) used in this study.

ωLO
2π

(�) ωLO
2π

(X ) ωTO
2π

(X ) ωTA
2π

(X ) K1 γ1 K2 γ2

Ref. [27] 40.0 35.5 32.1 23.0 278.0 116.4 −1.9 51.1
Present study 40.0 36.5 33.0 26.0 238.4 116.5 8.2 44.2

054112-2



PHONON PROPAGATION IN ISOTOPIC DIAMOND … PHYSICAL REVIEW B 104, 054112 (2021)

TABLE II. The calculated and measured longitudinal-wave velocities vcal
l and vmea

l (m/s) and measured out-of-plane longitudinal elastic
constant Cmea

⊥ (GPa). The error range was calculated from the standard deviation of more than 10 measurements on different points of each
specimen.

12C 13C SL1 SL30 SL100

vcal
l 17109 16436 16764 16764 16764

vmea
l 17492 ± 3 16806 ± 3 17213 ± 42 17164 ± 9 17168 ± 12

Cmea
⊥ 1074.6 ± 0.3 1074.5 ± 0.4 1081.5 ± 4.1 1077.8 ± 1.2 1078.2 ± 1.6

specimen, we used force constants different from the values
from their measurements, as shown in Table I. The force-
constant values for 13C are considered the same as those of 12C
because the isotopic effect on elastic constants in diamonds is
negligible [28].

Figure 1 illustrates the simulation model. We define n12C

as the number of 12C diamond layers in the unit and n13C

as that of the 13C diamond layers. d12C and d13C denote the
sublattice thicknesses, respectively, so that D = d12C + d13C

corresponds to the superlattice period. We refer to (n12C , n13C)
as a superlattice composed of n12C

12C and n13C
13C diamond

layers. a denotes the lattice constant of pure 12C or 13C dia-
mond, and its value is 3.5671 Å [29]. The equation of atomic
motion follows from Newton’s second law:

Fα (i, j) = Miüα (i, j) = −
∑

i′, j′,β

�
i j,i′ j′
αβ uβ (i′, j′), (7)

where α and β indicate the direction, (i, j) denote the
numbers of atoms in the cell, and � is the force-constant ma-
trix [30] expressed by the bond-stretching and bond-bending
force constants. The equilibrium position is defined as rlmn =
(xlm, zn) = (l, m, n)a/4. From Bloch’s theorem [24,31], the
displacement ulmn can be expressed as

ulmn = uñexp[i(k‖ · xlm + kzND − ωt )], (8)

where N indicates the number of periods (Fig. 1). Substituting
Eq. (8) into Eq. (7) and setting uα (i) = 1/

√
Mieα (i), where

eα (i) denotes the α component of the unit vector of the ith
atom, we have

ω2eα (i) =
∑
i′,β

Dαβ (i, i′)eβ (i′), (9)

where

Dαβ (i, i′) = 1√
MiMi′

∑
i′, j′,β

�
i j,i′ j′
αβ exp[i(k‖ · xlm + kzND)]

(10)

is the dynamical matrix. The dispersion relation and phonon
density of state (PDOS) can then be obtained by solving the
eigenvalue problem in Eq. (9).

IV. RESULTS AND DISCUSSION

Figure 2(a) illustrates the as-measured reflectivity change
in two specimens. It instantly rises at the zero point be-
cause of the transient heat supplied by the pump light
pulse, quickly drops due to electron thermalization and the
energy transfer to phonons, gradually attenuates due to ther-
mal diffusion, and vibrates due to Brillouin oscillation. We

first removed the baseline attenuation to obtain Brillouin
oscillation [Fig. 2(b)] and used fast Fourier transform to de-
termine the Brillouin-oscillation frequency [Fig. 2(e)]. The
longitudinal-wave velocity and the out-of-plane elastic con-
stant are determined using the Brillouin-oscillation frequency,
the wavelength of the probe light, the refractive index [32,33],
and the mass density, as shown in Table II. Note that the iso-
tope diamond superlattices exhibit very large elastic constants,
which are comparable to (or even higher than) those of pure
isotope diamonds. Since the out-of-plane elastic constant of a
superlattice is significantly smaller than that estimated from
each layer [8–10], the high elasticity of the isotope diamond
superlattice is surprising, and also it confirms that there are
almost no interfacial defects in our specimens, allowing the
comparison between the measured and calculated thermal
conductivities.

We subtracted the Brillouin oscillation from the change in
reflectivity to find the change caused by the surface tempera-
ture change and normalized it using the maximum reflectivity
change at the zero point [Fig. 2(c)]. The transient increase
in reflectivity at the zero point reflects electron excitation,
and the subsequent drop is mainly caused by the electron-
thermalization process in the Pt layer, during which the
phonon temperature rises through the energy transfer from
excited electrons to lattices [34,35]. As shown in inset in
Fig. 2(d), the reflectivity after ∼0.5 ps is affected by the ther-
mal conductivity of the material under the Pt layer, indicating
that it will be possible to evaluate the thermal conductiv-
ity from the reflectivity change after the drop by comparing
thermal conduction theory to experiments [7]. We used the
one-dimensional thermal conduction model in a three-layer
system, consisting of the top Pt layer, the middle diamond
specimen layer, and the bottom substrate layer, to calculate
the surface temperature change after transient heating [21].
This one-dimensional model applies because the diameter of
the laser beam is about 10 μm, which is much larger than
the thermal-phonon propagation distance of ∼400 nm within
200 ps in diamond. However, there are two ambiguities in
this evaluation. First, it is difficult to estimate the tempera-
ture increase at the top surface in the experiment because of
the complexity in the electron-phonon thermalization process.
Second, the thermal conductance between the Pt layer and
diamond specimen is highly ambiguous [15,36]. Therefore,
we used two reference specimens to minimize these effects
on the estimation of the thermal conductivity as follows.
The simulated surface temperature can be determined by the
thermal conductivity of the specimen, interfacial conductance
between Pt and the specimen, and the surface temperature at
the zero point as well as other known properties. We have
first evaluated the apparent surface temperature at the zero
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190 200 210 220 230
Frequency (GHz)

(e)

FIG. 2. Picosecond ultrasound spectroscopy measurements.
(a) As-measured probe light reflectivity of 12C and SL100 thin films.
(b) Brillouin oscillations after removing the background attenua-
tion. (c) Thermal cooling-down behavior after removing Brillouin
oscillations for the five specimens. (d) As-measured probe light re-
flectivity for the 93-nm Pt film and the 12C specimen (solid curves)
and calculated surface-temperature changes (dashed lines). The inset
shows the measured reflectivity changes near the zero point. Small
reflectivity drops with a ∼45-ps interval observed in the Pt spec-
imen indicate the pulse-echo signals of the coherent phonon. (e)
Fast Fourier transform spectra of Brillouin oscillations for the five
specimens.

point using a 93-nm Pt monolayer specimen as the reference
specimen, which was deposited under the same deposition
condition as the Pt films on the diamond specimens. By fitting
the simulated temperature change to the experiment, we eval-
uated the zero-point surface temperature [Fig. 2(d)]. In this
estimation, the surface temperature of the 10-nm Pt film on
the diamond specimens would be underestimated because part
of the light pulse would pass through the Pt layer. However,

considering the absorption coefficient (1.27 × 108 m−1) of
the pump light (800 nm) on Pt, the penetration depth will
be smaller than 10 nm, and a large amount of energy of the
pump light is absorbed in the Pt layer, while the penetration
depth of the probe light (400 nm) is slightly larger than 10 nm,
producing the Brillouin oscillation. Therefore, the effect of
underestimation of the surface temperature increase caused by
the pump light will be insignificant.

Next, we estimated the interface conductance by fitting
the simulated temperature change to the experiment using
the 12C diamond specimen as the other reference, where the
zero-point temperature value evaluated from the Pt reference
specimen was used. (The thermal conductivity of 99.93% 12C
is reported to be 3320 W m−1 K−1 [13], and we used this
value for the reference material.) The interface conductance
value estimated was 2.55 × 109 W m−2 K−1, which is much
larger than that estimated between Pd and diamond [15]. One
reason is the ambiguity of the surface temperature evaluation
using the thick Pt monolayer specimen as indicated above.
Such ambiguity is, however, involved in the estimation of
the apparent interface conductance using the 12C reference
specimen. Another reason is that the interface conductance in
our specimen is actually significantly larger than that in the
previous study [15]. For example, the normalized reflectivity
at 200 ps in the previous study is higher than that in our 12C
diamond specimen by a factor of 12, indicating very low heat
resistance at the interface in our specimen.

Finally, thermal conductivities of other specimens are eval-
uated by fitting the simulated temperature changes to the
experiments using thus estimated parameters. We used reflec-
tivity changes for this evaluation between 100 and 190 ps.

Figure 3(a) presents the calculated dispersion curves. The
frequency gap is observed at the folded Brillouin-zone bound-
ary for a superlattice due to the difference in mass between
12C and 13C. The longitudinal-wave speed vl is calculated
using the linear zone, as shown in Table II. The trend of
the calculated longitudinal-wave speed is equivalent to that
of the measurements. Figure 3(b) presents the PDOS. The
curve saturates as n � 60. Evaluating the effect of the out-
of-plane phonon group velocity on the thermal conduction,
the weighted group phonon velocity, calculated using the
out-of-plane phonon group velocity and the PDOS, is used
[24], as shown in Fig. 3(c). The weighted distribution drops
significantly (by ∼30%) in the superlattice structures.

Figure 3(d) shows the calculated thermal conductivity nor-
malized using the relaxation time κ̃ . The isotopic diamond
superlattices show thermal conductivities lower than those
of pure isotope diamonds by ∼40%. This deterioration in
thermal conduction is principally due to the decrease in the
phonon group velocity [Fig. 3(c)]. We note that κ̃ of super-
lattice diamond decreases with increased superlattice period
because the longer the superlattice period is, the more folds
there are at the Brillouin zone, which results in a larger de-
crease in the phonon group velocity.

Table III compares the measured and calculated thermal
conductivities. The phonon mean free time takes the same
value in all specimens and all phonon modes, determined by
measuring the reference specimen of 12C diamond. The mea-
sured thermal conductivity of 13C diamond is lower than the
calculated value by 50%, and we attribute this to the reduction
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FIG. 3. Calculation results of (a) phonon dispersion curves of
12C, 13C, and (2,2) diamonds, (b) PDOS, (c) DOS weighted by the
square out-of-plane-component velocity, and (d) lattice thermal con-
ductivity normalized by the relaxation time κ̃ for various superlattice
periods (n12C , n13C).

of the mean free time due to scattering by isotope impurities.
Such an isotope impurity effect on the thermal conductivity

TABLE III. The lattice thermal conductivity κ̃ normalized by
phonon mean free time (W m−1 K−1 ps−1), the corresponding
thermal conductivity κ̃ × τ (τ = 68.2 ps), and measured thermal
conductivity κ (W m−1 K−1) at 297 K. The τ value was determined
using the experimental 12C diamond value. SL1 is equivalent to
(12,12) and SL30 and SL100 are treated to be the same as (336,336).

12C 13C SL1 SL30 SL100

κ̃ 48.7 47.3 32.3 29.0 29.0
κ̃ × τ 3320 3229 2163 1980 1980
Measured 3320 ± 797 1687 ± 471 708 ± 92 1211 ± 282 1209±284

was measured by Anthony et al. [13], Onn et al. [37], and Ol-
son et al. [38]. These studies indicated that even 1% impurity
decreased the thermal conductivity by more than ∼30%. Since
our 13C diamond also contains ∼1% isotope impurity, the
measured thermal conductivity is smaller than the calculated
(ideal) value. Because the superlattices contain 13C diamond
with a volume fraction of 50%, we expect an additional 25%
reduction in the thermal conductivity due to the isotope effect.
However, even involving this effect, the measurements for
the superlattices are smaller than the theoretical estimations.
This discrepancy appears most remarkably in specimen SL1.
Therefore, we need to further consider a mechanism that is
specific to the superlattice to affect the mean free time.

We consider the mini-umklapp scattering [39] a specif-
ically effective explanation for the isotope diamond super-
lattice, as discussed later. Ren and Dow [39] proposed the
mini-umklapp scattering model, which describes the three-
phonon umklapp scattering in a superlattice. The frequency
gap at the folded Brillouin zone causes the change in the
umklapp scattering. The scattering rate takes the form

τ−1
U = BU T 3ω2 + c/L, (11)

τ−1
N = BN T 3ω2, (12)

where c represents the sound velocity and L denotes the char-
acteristic size. Since the second term in Eq. (11) is negligible
compared with the first term at room temperature [40], we

FIG. 4. Lattice thermal conductivity calculated using a constant
relaxation time (solid circles) and that involving the mini-umklapp
scattering contribution (open squares) for various layer numbers
(n12C = n13C) at 297 K. We assume CU = 9.63 × 10−20 s K−3, s =
0.646,  = 2230 K, and c/L = 0. The blue squares indicate the
experimental data used to obtain the parameters CU and s.
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FIG. 5. The contribution of the mini-umklapp scattering effect in
three isotope superlattices at 297 K.

ignored the c/L term. The coefficient BU takes the form

BU = CU

{
e− 

sT + 1

(n1 + n2)2

(
�M

M

)2

e− 
s(n1+n2 )T

}
, (13)

where  is the Debye temperature and CU and s are constants.
�M/M denotes the fractional mass difference, and n1 and n2

are the numbers of atomic layers of 12C and 13C diamonds,
respectively. The first and second terms in Eq. (13) indicate
Callaway [40] and mini-umklapp scattering contributions,
respectively.  is given as 2230 K for diamond [41]. Be-
cause separation between these terms is never straightforward,
Ren and Dow [39] assumed that the mini-umklapp processes
would dominate the thermal resistance in a superlattice, and
they simply took BU + BN = BU . We follow this simplifica-
tion and combine the BN term with the BU term. We thus
find the appropriate CU and s values using the measured ther-
mal conductivity data of SL1 (12,12) and SL30 (336, 336).
Figure 4 shows the calculated result with open symbol. The
thermal conductivity increases between 1 and 100 layers,
where the mini-umklapp scattering becomes significant, and
saturates for larger layer numbers because of the decrease in
the phonon group velocity.

Importantly, we note that the mini-umklapp scattering ef-
fect [the second term in Eq. (13)] in an isotopic superlattice is

considerable only for diamond at room temperature, as shown
in Fig. 5, where the ratio of the second term (BU2) to the
first term (BU1) in Eq. (13) is examined for some isotope
superlattices. The mini-umklapp scattering effect is dominant
only for diamond superlattices with layer numbers between 2
and 20. This follows for two reasons: First, diamond has ex-
tremely high Debye temperature; thereby, room temperature is
apparently a low temperature for diamond. Second, diamond
has a large fractional isotope mass difference because of its
light atomic mass. Thus, diamond is a rare material, where
the mini-umklapp scattering effect is pronounced in isotope
superlatticing.

V. CONCLUSION

We measured the elastic constant and thermal conductiv-
ity of isotopic superlattice diamond thin films using ultrafast
pump-probe laser measurement and developed a theoretical
calculation for the lattice thermal conductivity. The out-of-
plane longitudinal-wave elastic constant of the superlattice
remained very large despite the many interfaces involved. This
result indicated that superlattices that are almost defect free
were successfully fabricated in this study. The thermal con-
ductivity of isotopic superlattice diamond can be lowered by
∼40% from that of the high-purity diamond because of the de-
crease in the out-of-plane phonon group velocity even without
interfacial defects. The trend of the calculated lattice thermal
conductivity agreed with that of the measurements, but the
superlattice with 1-nm sublattice thickness showed a large
difference between them. As a possible scattering mechanism,
we incorporated the mini-umklapp three-phonon effect into
our model to explain the measurements. The mini-umklapp
effect normally becomes significant only at low temperatures
and negligible near room temperature. However, our results
showed that this effect can be dominant in an isotope dia-
mond superlattice even at room temperature because of the
extremely high Debye temperature and large mass difference.

The data that support the findings of this study are available
from the corresponding author upon request.
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