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in bulk materials, suggesting that size effects more signifi-
cantly influence the transport in Si1!xGex films than does
alloying when 0:2< x< 0:8. This is further supported in
Fig. 3, where changes in thickness from 39 to 427 nm are
found to have a much greater effect on the thermal con-
ductivity than variations in Ge content. Last, this trend is
consistent with the previous computational work of Chen,
Zhang, and Li [19], where the thermal conductivities of
Stillinger-Weber–type Si1!xGex nanowires were relatively
insensitive to changes in composition for 0:2< x < 0:8.

To understand the degree to which the different scatter-
ing processes affect thermal conductivity, we analyze the
spectral contribution to thermal conductivity by calculat-
ing the integrand of Eq. (1). Figure 4 shows the spectral
thermal conductivity for the 427 and 39 nm films having a
Ge content of 20%. The spectral curve increases with
frequency reaching a peak at around 10 and 18 Trad s!1

for the 427 and 39 nm films, respectively, and decreases
thereafter. This demonstrates that low frequency (long
wavelength) phonons more significantly contribute to the
transport and thus the treatment of alloys as a dispersion-
less (i.e., Debye-like) system is valid. The inset reveals
that, in this low frequency regime, boundary scattering is
the dominant process, since the boundary scattering time
(!b) is shortest for the modes carrying the most heat. It is
only at high frequencies that alloy scattering is the limiting
mechanism. As a result, we conclude that the low thermal
conductivities of Si1!xGex alloy thin films arise primarily
due to the boundary scattering in the film rather than the
effects of the alloying in the material.

This interpretation is further demonstrated through an
examination of temperature dependence of the thermal con-
ductivity presented in Fig. 5. The 427 and 202 nm Si0:8Ge0:2
films exhibit reasonable agreement with our model over a
range of 141–300 K. We also plot temperature-dependent
thermal conductivity of a Si/Ge superlattice of 462 nm total
thickness from Ref [4]. Moreover, we plot our model assum-
ing the thickness and average composition of the superlat-
tice in Fig. 5. The agreement between the superlattice data,

our 427 nm Si0:8Ge0:2 film, and a Si0:5Ge0:5 alloy model of
the same superlattice total thickness (462 nm) further sug-
gests the existence of similar phonon scattering mechanisms
that contribute to the thermal conductivity based on the
overall sample size. In addition, we plot the thermal con-
ductivities of amorphous silicon [2], bulk Si0:8Ge0:2 alloy
[2], dilute alloys with 0.13%, 0.25%, and 1.0% Ge compo-
sitions [32], and bulk Si [33]. The thermal conductivities of
the Si1!xGex films and Si/Ge superlattice have similar
temperature trends to that of amorphous Si and the bulk
Si1!xGex alloy, indicating the strong effect of alloy scatter-
ing over this temperature range. The reduction of thermal
conductivity in the alloy film and superlattice compared to
the bulk alloy is attributed to the additional scattering
mechanisms of long wavelength phonons with the sample
boundaries, as discussed throughout this Letter. In this
regime, the thermal conductivity of bulk Si and dilute
SiGe alloys show a clear trend indicative of umklapp scat-
tering (" / 1=T). This umklapp behavior is absent in
nondilute alloyed systems. This further alludes to the fact
that alloy scattering is the dominant high frequency phonon
scattering mechanism over this temperature range, whereas
boundary scattering is affecting the low frequency phonons
in these nanosystems. This is further analyzed in our dis-
cussion and analysis pertaining to Fig. 4.
In conclusion, we have shown that the reductions in

thermal conductivity in silicon-germanium alloy thin films
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FIG. 4 (color online). Spectral thermal conductivity for the
427 and 39 nm Si0:8Ge0:2 films at room temperature. The inset
shows the alloy, umklapp, and the boundary scattering times
versus angular frequency for the 427 and 39 nm films.
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FIG. 5 (color online). Thermal conductivity of various SiGe
and Si systems. Symbols represent our data on 427 nm Si0:8Ge0:2
(up open triangles) and 202 nm Si0:8Ge0:2 (down open triangles),
Si=Ge SL of 14 nm period thickness and 462 nm total thickness
(filled circles) from Ref. [4], bulk Si0:8Ge0:2 (open squares) from
Ref. [2], amorphous Si (open pentagons) also from Ref. [2], and
dilute alloy films of 0.13% (right open triangles), 0.25% (open
stars), and 1% (left open triangles) Ge concentrations from
Ref. [32]. Lines correspond to predictions of the model presented
in Eq. (1) for 427 nm Si0:8Ge0:2 film (dashed line), 202 nm
Si0:8Ge0:2 (dash-dotted line), and 462 nm Si0:5Ge0:5 (solid line)
and bulk Si (dotted line) from Ref. [33].
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Phonon	  physics	  in	  solids	  (crystalline)	  

Crystalline solids 
•  Period array of atoms  

 (Lattice + basis) 
•  Phonon modes span a spectrum of 

wavelengths 
•  Dispersive velocities and MFPs 
•  “Perfect” crystal: Anharmonic 

phonon scattering governs transport 
at high T (~> 50 K) 

Cheaito et al. Phys. Rev. Lett. 109, 
195901 (2012) 
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Henry and Chen Silicon Based on Molecular Dynamics Simulations and Lattice Dynamics

(a)

[1,0,0]

(b)

[1,1,0]

(c)

[1,1,1]

Fig. 3. Modified simulation cells. Modified unit cells indicated by red
lines along different crystallographic directions, (a) [1,0,0], (b) [1,1,0],
(c) [1,1,1] (indicated by dotted arrows) aligned to the longest edge of the
simulation domain.

Fig. 4. Phonon dispersion. Phonon dispersion relations using
frequencies extracted from MD simulations (symbols and dotted lines)
and calculated with lattice dynamics (solid lines) as compared with
experiments (diamonds). Reprinted with permission from [27], J. Hansen
and I. McDonald, Theory of Simple Liquids, 2nd edn. (1986). © 1986,
Academic Press, London.

6. RESULTS AND DISCUSSION

The frequencies extracted from the MD simulations and
calculated from lattice dynamics are shown in Figure 4
with experimental values.30 The calculated dispersion
matches the trends and magnitudes observed in experi-
ments, but shows that the potential is overly stiff, which
is a noted issue with many silicon potentials.29 To fur-
ther test the accuracy of the potential, we conducted
Green-Kubo simulations with 512 and 1728 atoms at ten
temperatures. The results shown in Figure 5(a) capture the
magnitude and trends observed in experiments,31 suggest-
ing that EDIP is adequately suited for studying the thermal
conductivity of bulk silicon. The thermal conductivities
calculated from Eq. (13) are shown in Figure 5(b). These
results use the density of states summed over the Brillouin
zone in combination with the group velocities and relax-
ation times extracted from the symmetry directions. When
averaged, the results from each direction vary between
15–30%. This acts as an estimate of the error associated
with the assumption of isotropic phonon properties, which
was employed in deriving Eq. (13).
The panels of Figures 6 through 9 show our results for

the relaxation times at the ten temperatures considered,
for each polarization in each of the symmetry directions.
Each figure shows that the relaxation times are not gener-
ally monotonically decreasing with increasing frequency.
Ladd et al.22 as well as McGaughey and Kaviany23 also
observed similar non-monotonic behavior in their relax-
ation times for solid argon. The acoustic relaxation times
show very strong frequency dependence, that approaches
Klemen’s2 prediction of ! ! ""2 at the lower frequen-
cies and higher temperatures. The more dispersive phonons
with higher frequencies, however, exhibit other nonlin-
ear characteristics that tend to relax as the temperature is

(a) (b)

Fig. 5. Thermal conductivity of bulk silicon. (a) Green-Kubo thermal
conductivity of a 512 atom (4#4#4 unit cell) and 1728 atom (6#6#6
unit cell system) compared with experiments. (b) Thermal conductivity
using the BTE approach compared with experiments. Reprinted with per-
mission from [28], R. Hardy, Phys. Rev. 132, 168 (1963). © 1963. The
plot shows results generated from the density of states, averaged over
the Brillouin zone, in combination with the phonon properties (group
velocities and relaxation times) extracted along each symmetry direction.
The average of the three directions is shown and the error bars indicate
the error (standard deviation) associated with assuming isotropic phonon
properties.
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zero near the Brillouin zone boundary. In Figure 11(a)
we show (in arbitrary units) the number of phonon states
corresponding to the range of MFPs, noting that at room
temperature most phonons have a MFP between 10 nm
and 1 micron. In Figure 11(b) we show the thermal con-
ductivity and its accumulation with respect to the average
phonon MFPs.9

1
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·
!

p

1
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" "!

0
C ·v ·#$"!% ·dv (18)

This plot shows that the relatively few states that have
MFPs much longer than 1 micron contribute "35% to
the thermal conductivity at room temperature. This con-
trasts the commonly held notion that thermally important
phonons only have MFPs on the order of micron at cryo-
genic temperatures. Our results show that only a small
number of phonon states carry energy beyond 1 micron,
yet they are large contributors to the thermal conductiv-
ity and are thus impacted by boundaries at the micrometer
length scale. Figure 11(b) shows that at room tempera-
ture phonons with MFPs between 100 nm and 10 micron,
which represent a minority of the phonon states, comprise
"70% of the thermal conductivity at room temperature.
Figure 12 shows the contributions to thermal conduc-
tivity with respect to polarization averaged wavelengths.
This figure shows that 80% of the thermal conductivity is
attributed to phonons with wavelengths less than 10 nm.

300 K

1000 K

1000 K

300 K

(b)

(a)

Fig. 11. Density of states and thermal conductivity accumulation with
respect to MFPs. (a) The density of phonon states (arbitrary units) with
respect to the average phonon MFPs at 300 K (solid line) and 1000 K
(dashed line). (b) Percentage of thermal conductivity accumulation at
300 K (solid line) and 1000 K (dashed line).

300 K

1000 K

Fig. 12. Thermal conductivity accumulation with respect to wavelength.
Percentage of thermal conductivity accumulation at 300 K (solid line)
and 1000 K (dashed line).

These results provide new explanation of the strong
size effects observed for silicon microstructures.17&18 Our
results in Figures 11 and 12 also indicate that even though
the MFPs are much shorter at 1000 K, the spectral depen-
dence is not a strong function of temperature and the same
phonons are responsible for the energy transport.

7. CONCLUSION

A major obstacle to analytical study of phonon–phonon
scattering has been the relative scaling of the contributions
from different polarizations. Although previous works
have generated semi-empirical expressions for relaxation
times, the fitting parameters could not be determined reli-
ably and questions have continued to linger. As an alterna-
tive we have presented a numerical simulation technique
that reliably provides the details of phonon transport prop-
erties and can be applied to any crystalline solid. In our
various simulations of bulk silicon we were able to extract
relaxation times for each polarization in different direc-
tions and investigated the spectral dependence of silicon’s
thermal conductivity. Our results indicate that the con-
tribution from longitudinal acoustic phonons is compara-
ble to that of the two transverse acoustic branches. Our
study of the spectral dependence showed that effective or
frequency averaged phonon transport properties can lead
to significant errors "20–40%, while anisotropy causes
properties to vary by 15–30%. Our MFP results indi-
cate also that relatively few phonons with MFPs greater
than 1 micron contribute 35% to the thermal conductiv-
ity. Such strong contributions from these phonons provide
explanation for the size effects observed in various silicon
microstructures.17&18 The relaxation time results also pro-
vide useful insight for understanding size effects in silicon
while providing more reliable input for other modeling
and simulation techniques to study micro/nanoscale heat
transfer.
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in bulk materials, suggesting that size effects more signifi-
cantly influence the transport in Si1!xGex films than does
alloying when 0:2< x< 0:8. This is further supported in
Fig. 3, where changes in thickness from 39 to 427 nm are
found to have a much greater effect on the thermal con-
ductivity than variations in Ge content. Last, this trend is
consistent with the previous computational work of Chen,
Zhang, and Li [19], where the thermal conductivities of
Stillinger-Weber–type Si1!xGex nanowires were relatively
insensitive to changes in composition for 0:2< x < 0:8.

To understand the degree to which the different scatter-
ing processes affect thermal conductivity, we analyze the
spectral contribution to thermal conductivity by calculat-
ing the integrand of Eq. (1). Figure 4 shows the spectral
thermal conductivity for the 427 and 39 nm films having a
Ge content of 20%. The spectral curve increases with
frequency reaching a peak at around 10 and 18 Trad s!1

for the 427 and 39 nm films, respectively, and decreases
thereafter. This demonstrates that low frequency (long
wavelength) phonons more significantly contribute to the
transport and thus the treatment of alloys as a dispersion-
less (i.e., Debye-like) system is valid. The inset reveals
that, in this low frequency regime, boundary scattering is
the dominant process, since the boundary scattering time
(!b) is shortest for the modes carrying the most heat. It is
only at high frequencies that alloy scattering is the limiting
mechanism. As a result, we conclude that the low thermal
conductivities of Si1!xGex alloy thin films arise primarily
due to the boundary scattering in the film rather than the
effects of the alloying in the material.

This interpretation is further demonstrated through an
examination of temperature dependence of the thermal con-
ductivity presented in Fig. 5. The 427 and 202 nm Si0:8Ge0:2
films exhibit reasonable agreement with our model over a
range of 141–300 K. We also plot temperature-dependent
thermal conductivity of a Si/Ge superlattice of 462 nm total
thickness from Ref [4]. Moreover, we plot our model assum-
ing the thickness and average composition of the superlat-
tice in Fig. 5. The agreement between the superlattice data,

our 427 nm Si0:8Ge0:2 film, and a Si0:5Ge0:5 alloy model of
the same superlattice total thickness (462 nm) further sug-
gests the existence of similar phonon scattering mechanisms
that contribute to the thermal conductivity based on the
overall sample size. In addition, we plot the thermal con-
ductivities of amorphous silicon [2], bulk Si0:8Ge0:2 alloy
[2], dilute alloys with 0.13%, 0.25%, and 1.0% Ge compo-
sitions [32], and bulk Si [33]. The thermal conductivities of
the Si1!xGex films and Si/Ge superlattice have similar
temperature trends to that of amorphous Si and the bulk
Si1!xGex alloy, indicating the strong effect of alloy scatter-
ing over this temperature range. The reduction of thermal
conductivity in the alloy film and superlattice compared to
the bulk alloy is attributed to the additional scattering
mechanisms of long wavelength phonons with the sample
boundaries, as discussed throughout this Letter. In this
regime, the thermal conductivity of bulk Si and dilute
SiGe alloys show a clear trend indicative of umklapp scat-
tering (" / 1=T). This umklapp behavior is absent in
nondilute alloyed systems. This further alludes to the fact
that alloy scattering is the dominant high frequency phonon
scattering mechanism over this temperature range, whereas
boundary scattering is affecting the low frequency phonons
in these nanosystems. This is further analyzed in our dis-
cussion and analysis pertaining to Fig. 4.
In conclusion, we have shown that the reductions in

thermal conductivity in silicon-germanium alloy thin films
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FIG. 4 (color online). Spectral thermal conductivity for the
427 and 39 nm Si0:8Ge0:2 films at room temperature. The inset
shows the alloy, umklapp, and the boundary scattering times
versus angular frequency for the 427 and 39 nm films.
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FIG. 5 (color online). Thermal conductivity of various SiGe
and Si systems. Symbols represent our data on 427 nm Si0:8Ge0:2
(up open triangles) and 202 nm Si0:8Ge0:2 (down open triangles),
Si=Ge SL of 14 nm period thickness and 462 nm total thickness
(filled circles) from Ref. [4], bulk Si0:8Ge0:2 (open squares) from
Ref. [2], amorphous Si (open pentagons) also from Ref. [2], and
dilute alloy films of 0.13% (right open triangles), 0.25% (open
stars), and 1% (left open triangles) Ge concentrations from
Ref. [32]. Lines correspond to predictions of the model presented
in Eq. (1) for 427 nm Si0:8Ge0:2 film (dashed line), 202 nm
Si0:8Ge0:2 (dash-dotted line), and 462 nm Si0:5Ge0:5 (solid line)
and bulk Si (dotted line) from Ref. [33].

PRL 109, 195901 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

9 NOVEMBER 2012

195901-4

Phonon	  physics	  in	  solids	  (alloys/disorder)	  

Disordered/amorphous solids 
•  Mass impurity scattering resistance in 

disordered alloys 
•  Different modes contributing to 

transport than crystalline solids 
•  Amorphous limit implies aperiodicity 

Cheaito et al. Phys. Rev. Lett. 109, 
195901 (2012) 

e.g., a-Si and a-SiO2: Regner et al. Nat. Comm. 4, 1640 (2013)   

Increased 
disorder 

phonon-like modes have a MFP spectrum that lies below 60 nm.
The thermal conductivity of amorphous materials also has a
contribution from non-propagating modes that have been called
diffusons30. Because these modes do not propagate, there will be
no observable transition between diffusive and ballistic transport
as the BB-FDTR heating frequency is increased. This frequency-
independent data is consistent with measurements of SiO2 thin
films where there was no observed thermal conductivity
reduction from bulk due to boundary scattering24,31. In Pt,
electrons with MFPs B10 nm (ref. 32) are the dominant heat
carriers, and strong electron–phonon coupling ensures that they
are in thermal equilibrium with the lattice33. Thus, the thermal
conductivity of Pt shows no Lp dependence.

In intrinsic c-Si, we probe Lp from 0.3–8.0 mm and find that
phonons with MFPs longer than 1 mm contribute 40±5% to the
bulk thermal conductivity. We also note that 95±6% of the bulk
thermal conductivity is obtained at the lowest heating frequency
(200 kHz, LpE8 mm). This result underscores the importance of
using low heating frequencies or steady-state measurements when
attempting to measure bulk thermal conductivities. Relative to
direct thermal conductivity measurements of c-Si thin films12 and
nanowires8, kaccum at the film thickness or wire diameter is lower.
In these nanostructures, phonons with MFPs greater than the
limiting dimension are not excluded (as they are in BB-FDTR)
and contribute to thermal conductivity with a MFP similar to the
limiting dimension. Compared with intrinsic c-Si, the MFP
spectrum of doped c-Si has a reduced slope, indicating that
dopants broaden the MFP spectrum by adding an additional
phonon scattering mechanism. Phonons scattered by dopants are
forced to contribute to the thermal conductivity at a shorter MFP
then they would in the intrinsic crystal.

The nature of thermal transport in amorphous solids is a long-
standing question in solid-state physics34. Often, as in our results
for SiO2, the thermal conductivity can be described in terms of
diffusons (that is, non-propagating modes). In contrast, our MFP
spectrum for the 500 nm a-Si film shows that 35±7% of its bulk
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Figure 2 | BTE predictions for the BB-FDTR experiment. (a) Spatial
variation of the temperature oscillation amplitude for diffusive transport
(corresponding to the lowest heating frequency in b and c) and ballistic
transport (corresponding to the highest heating frequency in b and c) from
the Fourier law (dashed line) and the LBM solution to the BTE for a grey
material (solid line), all for a periodic surface heat flux. (b) Amplitude of the
surface temperature oscillation and (c) perceived thermal conductivity
plotted versus normalized penetration depth. When Lp4MFP, the Fourier
and BTE predictions match, and BB-FDTR experiments measure a bulk
thermal conductivity. When LpoMFP, the Fourier law underpredicts the
surface temperature oscillation amplitude, which is perceived as a reduced
thermal conductivity, here and in BB-FDTR experiments.
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Figure 3 | Material-dependent phonon MFP spectra. MFP spectra for
intrinsic c-Si, doped c-Si, a-Si (500 nm film), amorphous SiO2 and Pt near
room temperature. The thermal conductivity of SiO2 is independent of Lp,
suggesting that the MFPs of energy carriers are shorter than 60 nm. The
MFP spectrum of Pt is independent of Lp because of short electron MFPs
(B10 nm) and strong electron–phonon coupling in the metal. The MFP
spectra of intrinsic c-Si and doped c-Si increase with Lp and show that
micron-long MFPs contribute significantly to bulk thermal conductivity at
T! 300 K. The MFP spectrum of the 500 nm a-Si film shows that
propagating phonons with MFPs 4100 nm contribute 35±7% to its
thermal conductivity (for a-Si, we have used our maximum value for
normalization).
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conductivity increases with thickness, we can safely say that
the reduction is not due to film dislocations. Intriguingly,
the thermal conductivities of the alloy thin films measured
in this Letter are among the lowest of any of the previous
measurements on SiGe-based thin-film systems. We note
that the only previous data that approach our lowest mea-
sured value are those in which the authors admit that the
measured samples have poor crystal quality (black filled
squares in Fig. 2) [2].

To quantify this effect, we turn to a model originally
proposed by Wang and Mingo [31], in which thermal
conductivity ! is given by

! !
Z @!c=kBT

0

k4BT
3

2"2v@3 #"T; y#y4 exp"y#
$exp"y# % 1&2 dy; (1)

where kB is Boltzmann’s constant, @ is Planck’s constant
divided by 2", T is temperature, and y ! @!=kBT
is a dimensionless parameter. The average velocity v is
calculated by v ! $"1% x#v%2

Si ' xv%2
Ge &%1=2, where x is

the Ge concentration and vSi and vGe are the average
speeds of sound in Si and Ge, respectively, as calculated
by Wang and Mingo [31]. The scattering time for a given
frequency, #, is related to the individual processes via
Mattheissen’s rule # ! "#%1

U ' #%1
a ' #%1

b #%1, where #U,

#a, and #b are the umklapp, alloy, and boundary scattering
times, respectively. These are given by

#U ! $"1% x##%1
U;Si ' x#%1

U;Ge&%1; (2)

#a ! $x"1% x#A!4&%1; (3)

and
#b ! d=v; (4)

where
#%1
U;Si"Ge# ! BSi"Ge#!

2 exp"%CSi"Ge#=T#: (5)

The constants A, B, andC are taken from Ref. [31], and d is
the film thickness.
Our model is thus identical to that in Ref. [31] except

for the cutoff frequency, which we define as !c ! 2"v=a,
with a being the lattice constant of the Si1%xGex film
approximated by Vegard’s law: a ! "1% x#aSi ' xaGe,
where aSi and aGe are the lattice constants of silicon and
germanium, respectively. Equation (1) assumes a disper-
sionless, Debye system. This is acceptable for Si1%xGex
systems with nondilute alloying compositions, since the
dispersive phonons scatter strongly with the alloy atoms
due to their high frequencies. This assertion is substanti-
ated by the reasonable agreement found between this
model, our data, and previously reported measurements
on thin-film alloys in Refs. [2,7,23] as shown in Fig. 2.
To first assess the role of alloy composition, Fig. 3

shows the measured thermal conductivity versus Ge
concentration and the predictions of the thermal conduc-
tivity for bulk and thin-film Si1%xGex of three different
thicknesses at room temperature using Eq. (1). For
Si1%xGex with 0:2< x< 0:8, we found that the thermal
conductivity is almost flat and in agreement with our
experimental results. This lack of dependence on the Ge
concentration is much more pronounced in thin films than
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FIG. 2 (color online). Thermal conductivity measurements on
Si0:8Ge0:2 of the thickness series along with previously reported
values of different Si/Ge superlattices, alloy-based superlattices,
and alloy films at room temperature. Closed symbols represent
superlattices; open symbols represent Si1%xGex films. The ther-
mal conductivity is plotted versus (a) period or film thickness
and (b) total sample thickness. The figure also shows the model
presented in Eq. (1).
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FIG. 3 (color online). Predictions of the thermal conductivity
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Mini-band formation leads to a 
minimum in the superlattice 

thermal conductivity 
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Minimum Thermal Conductivity of Superlattices

M.V. Simkin and G.D. Mahan
Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996-1200

and Solid State Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831
(Received 23 July 1999)

The phonon thermal conductivity of a multilayer is calculated for transport perpendicular to the layers.
There is a crossover between particle transport for thick layers to wave transport for thin layers. The
calculations show that the conductivity has a minimum value for a layer thickness somewhat smaller
then the mean free path of the phonons.

PACS numbers: 66.70.+f, 68.65.+g

The thermal conductivity is a fundamental transport pa-
rameter [1]. There has been much recent interest in the
thermal conductivity of semiconductor superlattices due to
their possible applications in a variety of devices. Efficient
solid state refrigeration requires a low thermal conductivity
[2]. Preliminary experimental and theoretical work sug-
gests that the thermal conductivity of superlattices is quite
low, both for transport along the planes [3,4], or perpen-
dicular to the planes [5–8]. The heat is carried by exci-
tations such as phonons and electrons. Most theories use
a Boltzmann equation which treats the excitations as par-
ticles and ignores wave interference [7,9]. These theories
all predict that the thermal conductivity perpendicular to
the layers decreases as the layer spacing is reduced in the
superlattice. The correct description using the Boltzmann
equation would be to use the phonon states of the superlat-
tice as an input to the scattering, but this has not yet been
done by anyone.
We present calculations of the thermal conductivity per-

pendicular to the layers which include the wave interfer-
ence of the superlattice. These calculations, in one, two,
and three dimensions, always predict that the thermal con-
ductivity increases as the layer spacing is reduced in the
superlattice. This behavior is shown to be caused by band
folding in the superlattice. It is a general feature which
should be true in all cases. The particle and wave calcu-
lations are in direct disagreement on the behavior of the
thermal conductivity with decreasing layer spacing. This
disagreement is resolved by calculations which include the
mean free path (mfp) of the phonons. For layers thinner
than the mfp, the wave theory applies. For layers thicker
than the mfp the particle theory applies. The combined
theory predicts a minimum in the thermal conductivity, as
a function of layer spacing. The thickness of the layers for
minimum thermal conductivity depends upon the average
mfp, and is therefore temperature dependent.
The particle theories use the interface boundary resis-

tance [10] as the important feature of a superlattice. A su-
perlattice with alternating layers has a thermal resistance
for one repeat unit of RSL ! L1!K1 1 L2!K2 1 2RB,
where "Lj , Kj# are the thickness and thermal conductiv-
ity of the individual layers, and RB is the thermal bound-
ary resistance. For simplicity assume that L1 ! L2 $ L,

which is often the case experimentally. The effective ther-
mal conductivity of the superlattice is then

KSL !
2L
RSL

!
2L

L"1!K1 1 1!K2# 1 2RB
. (1)

This classical prediction is that the thermal conductivity
decreases as the layer thickness L decreases [9].
The wave theory calculates the actual phonon modes

vl"k# of the superlattice, where l is the band index. They
are used to calculate the thermal conductivity from the
usual formula in d dimensions [1],

K"T # !
X

l

Z ddk
"2p#d h̄vl"k# jyz"k#j!l"k#

!n"v, T #
!T

,

(2)
where n"v, T # is the Bose-Einstein distribution function.
A rigorous treatment uses Boltzmann theory applied to
the transport in minibands to find the mean free path
!l"k#. At high temperatures, one can approximate n %
kBT!h̄vl"k#, which gives the simpler formula

K"T # ! kB

X

l

Z ddk
"2p#d jyz"k#j!l"k# . (3)

The above formula is quite general. There are two im-
portant special cases of constant relaxation time "Kt# and
constant mfp "K!#

Kt"T # ! kBt
X

l

Z ddk
"2p#d yz"k#2, (4)

K!"T # ! kB!
X

l

Z ddk
"2p#d jyz"k#j . (5)

Both of these formulas can be related to the distribution
P"yz# of phonon velocities perpendicular to the layers

P"yz# !
X

l

Z ddk
"2p#d d"yz 2 jyz"k#j# , (6)

Kt ! kBt
Z

dyzP"yz#y2
z , (7)

K! ! kB!
Z

dyzP"yz#yz . (8)

Wave interference leads to band folding [11,12]. Band
folding leads to a reduction of the phonon velocities. Both
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Figure 1 | Measured thermal conductivity values for superlattices as a function of 
interface density at room temperature. a, (STO)m/(CTO)n superlattice, b, (STO)m/
(BTO)n superlattice. The black line represents the modified Simkin-Mahan model with 
disorder correction for (STO)m/(CTO)n superlattices and the blue dots represent the 
Simkin-Mahan model with disorder and volume fraction corrections for (STO)m/(BTO)n 
superlattices. The blue line is used as a guide to eye. The dotted black horizontal lines 
refer to the alloy limits for STO/CTO 50:50 alloy and the STO/BTO 25:75 alloy.  
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Figure 3 | Structural and microstructural characterization of superlattice 
samples from both series. High-resolution, short angular-range q‑2q XRD 
scan of a, an (STO)6/(CTO)6 superlattice centred on the NGO 220 substrate 
peak and b, (STO)74/(BTO)1 superlattice peaks centred on the STO 002 
substrate peak. Both the superlattice peaks and the thickness fringes suggest 
the high degree of interface abruptness in the samples. c, A high-resolution 
reciprocal space map of the (STO)2/(CTO)2 superlattice centred on the NGO 
332 substrate peak. The map clearly shows that the superlattice film is 
coherently strained to the substrate. d, Surface topography of a 200 nm (STO)2/
(CTO)2 thick superlattice film on an STO 001 substrate. The image clearly 
shows the presence of smooth step edges with unit cell height. STEM images of 
e, (STO)2/(CTO)2  and f, STEM-EELS image (dimensions 35 nm X 3.6 nm) of a 
(STO)30/(BTO)1 superlattice revealing the presence of atomically sharp 
interfaces with minimal intermixing in the samples studied along with a 
schematic of the crystal structures on the right. Chemical formulas of the 
component materials of the superlattice are colour-coded to match the false-
colour of the STEM-EELS image on the left (Sr – orange, Ba – purple, Ti – 
green). 
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was adopted to model those SLs with larger period length,
since for longer period, the phonon-phonon scattering within
each period will destroy the coherence and phonon transport
can be treated as particle transport. If the period length is
smaller, the above described treatment is not adopted since
the wave nature of phonons may be important. Instead, the
simulation domain size was increased until thermal conduc-
tivity was no longer dependent on the total length. We found
that a total length of 128 UCs is enough to make the finite
size effect marginal for SLs with period length less than
8 UCs.

To explore the effect of phonon mean free path, we assign
the SL with parameters as listed in Table I. The phonon mean
free path is evaluated from the extrapolation method de-
scribed above. Figure 1 shows the thermal conductivity of
SLs at 40 K versus period length. The period length ranges
from 2 UCs to 32 UCs. The two materials A and B have the
same equilibrium distance in the LJ potential, which means
that they have the same lattice constants and the two mate-
rials have ideal interfaces. The only difference between the
two materials is their atomic masses. The atomic mass ratio
of B to A is 1.2. The results show that if the strength of the
LJ interatomic potential is the same as that of solid argon, the
lattice thermal conductivity increases monotonically with the
period length. However, if the interatomic potential strength
is increased, the thermal conductivity will first decrease with
increasing period length, then increase, yielding a minimum
thermal conductivity in simulation case II. As shown in Table
I, larger well depths correspond to longer phonon mean free
paths. Case II shows that the value of the thermal conductiv-
ity reaches a minimum when the period length is about the
same as the phonon mean free path in the bulk materials A or
B. As the phonon mean free path of the bulk materials A and
B further increases, the minimum shifts to longer period
lengths and cannot be observed for case III in Fig. 1. This
result supports Simkin and Mahan’s lattice dynamics model,
i.e., if the layer thickness is smaller than the phonon mean
free path, SL thermal conductivity will show a minimum
with respect to period length.

If phonons are treated as waves, the thermal conductivity
reduction in SLs arises from two reasons. Both are due to

band folding or miniband formation. When zone folding oc-
curs, the overall phonon group velocity decreases with in-
creasing period length, leading to a decrease of thermal con-
ductivity as the period length increases. In addition, the zone
folding leads to stop bands in the phonon dispersions for
SLs. These stop bands filter the phonons with energies in the
stop bands and prevent their transport through the SL. The
phonon transmission coefficients can be calculated with
transfer matrix techniques.18–20 Figure 2 shows the phonon
transmission coefficients for SLs of different masses and dif-
ferent well depths. The physical parameters are listed in
Table II. In Fig. 2, the phonon transmission coefficients for
cases II, case IV and V are depicted together to compare the
width of the stop bands. The acoustic impedance difference
between the two alternating layers, which is computed from
the mass and the phonon group velocity, is the smallest for
case II, larger for case IV, and the largest for case V. The
calculated results demonstrate that the width of the stop band
increases with increasing acoustic impedance mismatch.
Wider stop bands indicate enhanced phonon reflection at the
interface and reduced energy transport.

Figure 3 shows the thermal conductivity versus period
length for the three cases listed in Table II at 40 K. The
thermal conductivities in Fig. 3 are normalized with the ther-

FIG. 3. Superlattice thermal conductivity for different mass ra-
tios and interatomic potential strength. The parameters are listed in
Table II.

FIG. 4. Period length dependence of thermal conductivity at
different temperatures.

FIG. 5. Relationship between thermal conductivity and period
length for 4% lattice mismatch.

CHEN et al. PHYSICAL REVIEW B 72, 174302 !2005"

174302-4

•  Much like previous MD (left) that exhibit more 
pronounced minimum at low T, STO/CTO SLs (right) also 
exhibit larger “upturn” at low T 

•  From MD simulations, coherent mini-band formation 

Figure 2 | Measured thermal conductivity values for (STO)m/(CTO)n superlattices 
as a function of interface density at different temperatures. The minimum in 
thermal conductivity becomes deeper at lower temperatures and the interface density 
at which the minimum occurs moves to smaller values at lower temperatures as 
expected. The solid lines are guides to the eye. The shift of the minimum is shown 
using dotted lines projected onto the x-axis for different temperatures. 
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of 1850 cm-1. Localization apparently reduces the thermal
conductivity by almost a factor of 2 at T ! 300 K in the
harmonic limit.
Though the normal modes above 150 cm-1 are localized,

anharmonicity gives rise to finite lifetimes of the normal modes,
which we have seen to be on the order of 1-10 ps for these
modes. Energy localized to a normal mode is transferred to other
modes on this time scale. To estimate the role of anharmonicity
in thermal diffusion, we adopt a hopping model used to describe
energy transfer among localized modes of glasses.15,19,20 If, near
a given frequency, the localization length has a typical value
!("), then energy can diffuse this distance before a transition
to other modes takes place. If the anharmonic transition rate,
W("), is sufficiently slow, then !(") is effectively the distance
over which energy spreads in a time W-1("). The mean free
path is then the localization length, !, and the time before energy
can transfer elsewhere is the mode lifetime, W-1. The diffusion
coefficient due to anharmonic transitions is then

where the subscript a indicates energy transfer because of
anharmonic coupling of normal modes. If, however, W-1(") is

sufficiently short, then a vibrational excitation will not have
spread as far as !(") before a transition to other modes takes
place. When anharmonic decay is rapid, transitions occur before
the effects of localization influence diffusion of energy. In this
case, D(") is given by Dh(").
We can estimate which diffusion coefficient to use in the

regime of localized normal modes, Da(") or Dh("), for " > "l
! 150 cm-1, by calculating the time for a vibrational excitation
to diffuse a distance !("). This time, t*, can be estimated as

where for Dh(") we use eq 13. Then for " > 150 cm-1, where
normal modes are localized, we take the energy diffusion
coefficient to be

where t*(") is calculated using eq 16. Equation 17a represents
the case where rapid anharmonic decay allows energy diffusion
to occur without the restriction of localization, because mode
lifetimes are shorter than the time it would take for energy to
diffuse the length of the normal mode. We note that in principle,
W could be so large as to establish the mean free path, which
would then be about csW-1. However, with cs ! 20 Å ps-1 and
W < 1 ps-1 for thermally accessible modes, the mean free path
due to anharmonic decay is greater than the localization length
of the modes and so does not influence energy diffusion.
Equation 17b represents the case of slow anharmonic decay,
which turns out to play a relatively small role in heat flow. In
the limit W ) 0, there is no anharmonic decay of localized
modes, and only the extended modes contribute to thermal
transport.
At frequencies above the crossover to localization in myo-

globin, the localization length decays fairly quickly and is
usually 2-5 Å at frequencies above about 500 cm-1. For such
short localization lengths, we find t* using eq 16 to be 1-2 ps,
similar to but somewhat shorter than the typical time for
anharmonic decay from our calculations, about 2-5 ps. Thus,
for " > 500 cm-1, the energy diffusion coefficient is usually
Da("). However, between the crossover to localization near 150
and 500 cm-1, both !(") and W(") are often sufficiently large
that eq 17a is satisfied and D(") ! Dh("). Thus, for most
thermally accessible modes, we can approximate D(") !
Dh("), despite the fact that many of these normal modes are
localized. Anharmonic decay of the thermally accessible local-
ized modes is sufficiently rapid for energy to transfer to other
modes before localization would influence energy flow.
In Figure 9a, we plot !, which has been calculated by

integrating eq 9 over the full band of frequencies of myoglobin.
In the extended regime, i.e., for " < 150 cm-1, D(") ) Dh("),
given by eq 13. For " > 150 cm-1, we calculate D(") using
the criterion of eq 17. The localization lengths that enter into
the calculation of t* in eq 16 are those plotted in Figure 3b,
and the energy transfer rates, W("), are those plotted in Figure
8 at T ) 135 K, apart from a correction that we make for the
temperature. To account for the temperature variation of W("),
we assume that W(") is independent of temperature for " !
500 cm-1, whereas we assume it is proportional to temperature
for " < 500 cm-1, fairly reasonable given the temperature
variations we observed in our calculation of W(") at T ) 15,
45, and 135 K, shown in Figure 8. The value of the thermal

Figure 9. Coefficient of thermal conductivity calculated for myoglobin
from T ) 20-320 K is plotted as a solid curve in (a). The dashed
curve gives the thermal conductivity if no anharmonic coupling of
normal modes is included in the calculation. The dot-dashed curve
gives, for reference, the coefficient of thermal conductivity for
myoglobin if all normal modes were extended over the protein. (b)
Thermal diffusivity calculated for myoglobin is plotted from 20 to 320
K.
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The normal modes of myoglobin, their lifetimes, the speed of sound, and mean free path are calculated to
determine the coefficient of thermal conductivity and thermal diffusivity for the protein. A propensity is
found for frequency differences of pairs of normal modes localized to nearby regions of the protein to be
several hundred cm-1. As a result, the anharmonic decay rate of higher frequency, localized normal modes,
calculated by perturbation theory, is typically nearly independent of temperature, consistent with results of
pump-probe studies on myoglobin. The thermal diffusivity of myoglobin at 300 K is calculated to be 14 Å2
ps-1, the same as the value for water. The thermal conductivity at 300 K is found to be 2.0 mW cm-1 K-1,
about one-third the value for water.

1. Introduction

Anharmonic decay of vibrational modes in the amide I band
of globular proteins occurs in about 1 ps,1-3 a time that is
essentially independent of temperature from below 10 K to over
300 K.3 Atoms oscillating with appreciable amplitude in a given
vibrational mode of the amide I band, which ranges from about
1600 to 1700 cm-1, span a limited region of the protein
backbone. Indeed, already at far lower frequencies, starting from
around 150 cm-1, the normal modes of proteins are localized
to particular segments of the molecule.4-8 At physiological
temperatures, a significant fraction of thermally accessible
vibrational modes are therefore localized. Because proteins
generally function in only fairly narrow temperature ranges, it
is vital that excess heat produced in a reaction be transported
efficiently. Because a large fraction of thermally accessible
modes are localized, they cannot carry heat without anharmonic
transfer of energy to other modes. To transport heat efficiently,
anharmonic decay of vibrational modes of a protein should be
rapid over a significant range of temperatures, and the observed
lifetimes in the amide I band indicate this to be the case, at
least at these rather high frequencies.
In this paper, we calculate the coefficient of thermal

conductivity and thermal diffusivity for myoglobin based on
the normal modes, the speed of sound in the protein, mean free
path, localization length, and energy transfer rates among the
normal modes. The speed of sound, which is found to be 23 Å
ps-1 at low frequency, is calculated by matching low frequency
modes of the protein to the nearest plane wave in three-
dimensional space. The mean free path is estimated as the
correlation length of the direction of atomic displacements in
normal modes. The rate of anharmonic decay of normal modes
is calculated by perturbation theory in terms of low-order
anharmonic coupling of the modes. We assume, then, that the
protein oscillates around a local minimum in the potential, and
thereby focus on vibrational dynamics in a given configuration
of the protein. Below the glass transition temperature of about
200 K, conformational changes are slow and vibrations alone
account for thermal transport. We assume that vibrations largely

account for heat conduction at higher temperatures, too. Because
our focus is on vibrational energy transport and heat conduction
in the protein alone, we consider for now the protein free of
any solvent molecules.
Normal modes of globular proteins have been calculated for

some two decades, and a clear picture of the extent of atomic
displacements in normal modes as a function of frequency has
long emerged.4-8 Anharmonic matrix elements coupling some
of the normal modes of bovine pancreatic trypsin inhibitor9 and
myoglobin10 have also been calculated. Here, we report calcula-
tions of the lifetimes of normal modes of myoglobin. We have
recently calculated the anharmonic decay rates of the normal
modes of helical and coil segments of myoglobin consisting of
10-24 amino acids.11,12 The structure of myoglobin is shown
in Figure 1, and the five largest R helices and two largest coil
segments which were studied are indicated there. One striking
property of the normal modes of both proteins and these peptide
sequences is the extent of spatial localization, the onset of which
occurs below 200 cm-1, with atomic displacements usually
increasingly restricted with higher frequency. In this respect,
the vibrations of proteins resemble those of one-dimensional
(1D) glasses,13-15 for which almost all normal modes are
localized; only at low frequency are the normal modes extended
over a finite, 1D disordered object. In contrast, most vibrational

* To whom correspondence should be addressed. E-mail: dml@
chem.unr.edu.

Figure 1. Ribbon diagram of sperm whale myoglobin. The five largest
R helices of myoglobin, labeled A, B, E, G, and H, and the two largest
coil segments, labeled CD and EF, are indicated in the figure for
reference to earlier work.
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Solid proteins thermal conductivity = insight into fracton thermal processes 

Fracton theories (Orbach) difficult to experimentally study in amorphous 
solids due to contributions from “non fractal” vibrations 

of the frequency-dependent energy diffusion coefficient, the
product of the speed of sound and mean free path. To com-
pute this, we estimated the speed of sound using a represen-
tative value, i.e., the group velocity of a wave packet built up
of normal modes was assumed to be independent of mode
frequency. However, the group velocity of a wave packet
propagating in a protein varies nonlinearly and in a predict-
able way with wave number or vibrational mode frequency.30
Similarly, the mean free path scales as length scales with
mode frequency and so does not require explicit calculation
over many frequencies, as was carried out in Ref. 8. A major
aim of this paper is to incorporate the scaling of energy dif-
fusion with vibrational mode frequency in the calculation of
thermal transport coefficients for proteins. We shall see that
the approximations made in the calculation of the energy
diffusion coefficient in Ref. 8 lead to an overestimate of the
decrease in the thermal diffusivity of myoglobin with in-
creasing temperature.

Since the vibrations of proteins resemble those of fractal
objects, we turn to the latter to describe thermal conduction
in macromolecules. The theory of vibrations on fractals is by
now well developed, but the theory of thermal transport in
proteins or other objects whose vibrations resemble those of
fractals is less so. Building on their pioneering work33 in
describing vibrations on fractals, Alexander, Orbach and
their co-workers proposed a theory for thermal conductivity
in fractal objects.35,39–42 The central component of their
theory is the role that anharmonicity plays in transferring
energy among the object’s localized modes. Similarly, many
thermally accessible vibrational modes of a harmonic protein
are localized in space, and so cannot carry heat; we thus
expect anharmonicity to enhance heat flow by transferring
vibrational energy. We shall see that the theory of Alexander,
et al.39,40 serves as a useful starting point for thermal con-
duction in proteins, but two essential contributions are still
needed. These are !1" transport of energy by extended vibra-
tional modes whose scaling properties resemble those of
fractal objects, which were assumed localized in Refs. 39
and 40 and !2" transport of energy among localized modes of
the protein by anharmonic coupling that is not simply
phonon-assisted !vide infra". The second consideration was
addressed in Ref. 8 in a calculation of the thermal conduc-
tivity of myoglobin. Our aim in this paper is to address !1",
and then to apply both !1" and !2" to the calculation of ther-
mal transport coefficients for myoglobin and GFP.

In the following section we discuss the method that we
use to compute the transport of vibrational energy in har-
monic proteins, the rate of energy transfer by anharmonicity,
and thermal transport coefficients for proteins. In Sec. III, we
report calculations for two structurally distinct proteins, GFP
and myoglobin. Concluding remarks are presented in Sec.
IV.

II. COMPUTATIONAL METHODS
A. Vibrational modes

Structures for GFP and sperm whale myoglobin were
obtained from the protein data bank and are shown in Fig. 1.
These proteins were chosen in part because their dominant

structural elements are distinctly different; GFP is largely #
barrel and myoglobin helical. The force fields used in the
computational work that follows are the combination of AM-
BER, OPLS, and CHARMM employed by the program
MOIL.43 The GFP chromophore was parametrized using the
force fields of Ref. 44. Each protein was immersed in water
at 1 gm/cm3 modeled by the TIP3 potential in a cubic box of
50 Å on each side, and molecular dynamics simulations were
run for 10 ps at 300 K to allow the protein structure to adjust
to the potential. After quenching each protein, such that the
norm of the gradient was 0.002 kcal mol!1 Å!1, the RMS
difference from the crystal structure of myoglobin and GFP
was on average 0.136 and 0.085 Å, respectively, for each
C$ . Normal modes, their lifetimes, and thermal transport
coefficients were computed after removing all water mol-
ecules apart from the 12 water molecules inside the GFP #
barrel !Fig. 1", which were retained in our computations.

In describing the normal modes of a protein, it is instruc-
tive to compare them conceptually with those of a simple
model of a polymer, such as a chain of atoms, both periodic
and aperiodic. In a harmonic periodic chain, the normal
modes carry energy without resistance from one end to the
other. On the other hand, the vast majority of normal modes
of an aperiodic chain are spatially localized.45 If normal
mode $ is localized, the vibrational amplitude in mode $
decays from the center of excitation, R0 , as

!e$!Rn"!%exp!!!Rn!R0!/&", !1"

where !e$(Rn)! is the magnitude of the displacement of atom
n, located at Rn ; & is the localization length; and R0 is the
position of the atom overlapping the largest component of
the normal mode vector. Values of & as a function of vibra-
tional mode frequency for myoglobin and GFP will be pre-
sented in Sec. III.

B. Energy diffusion in the harmonic approximation
Our main focus in computing thermal transport coeffi-

cients, which will be detailed in Sec. II E, is calculation of
the frequency-dependent energy diffusion coefficient D(').
We begin with the harmonic approximation and describe in

FIG. 1. Ribbon diagram of !a" green fluorescent protein !GFP" and !b"
myoglobin. Dots indicate the location of water molecules inside the GFP #
barrel.
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•  Thermal conductivity: the typical picture of 

phonons and nanostructuring 

•  Coherent phonon transport in CaTiO3/SrTiO3 
superlattices: minimum thermal conductivity and 
the wave-particle crossover 

•  Thermal transport in fractal structures: anharmonic 
or harmonic fractons in proteins? 

•  Einstein vibrations in polymers: exceptionally low 
thermal conductivity of PCBM 
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produced in irradiation experiments and
the high grain abundances (for example,
50% with respect to H20) predicted by
interstellar chemistry models. Given inter-
stellar cloud lifetimes, slight warming
should suffice to convert the H2CO to POM
derivatives. These may be detectable as
substructure near 1000 cm` (10 gxm) on
the interstellar silicate feature at the precise
peak positions listed in Table 1. Further-
more, the compounds produced could par-
ticipate in other reactions, providing a new
set of complex organics not previously con-
sidered. In dense, hot cores where ice grains
would evaporate, some of the products
might be observable in the gas phase (13).

There are already applications for these
results to comet science. We can use the
H2CO and NH3 abundances determined for
Comet Halley from ground-based and in
situ measurements by Giotto and Vega to
estimate that -3% of the organic in Comet
Halley are produced by thermal H2CO re-
actions in the nucleus. These molecules
would be very oxygen-rich (C/O - 1) and
would have alcohol-, ether-, and amine-
type properties. The nature of the products
and their relative abundances strongly de-
pend on the initial ice composition and
would therefore be a sensitive tracer of the
chemical conditions inside the nucleus.
Furthermore, these materials could contrib-
ute to the IR emission already detected
from comets. Several of their CH stretching
bands peak at positions spanned by the
"3.4-pm" cometary emission feature (14).

Chemical analysis of the products of
low-temperature H2CO reactions are nec-
essary to better characterize the molecules
that are expected under astrophysical con-
ditions. Such studies are essential to under-
stand the origin of the organic molecules
observed in the interstellar medium and in
comets as well as the processes and the
chemical conditions in the ices where they
were formed.
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Specific Heat and Thermal Conductivity
of Solid Fullerenes

J. R. Olson, K. A. Topp, R. 0. Pohl*
Evidence is presented that the lattice vibrations of compacted Cd/C7O fullerite micro-
crystals consist predominantly of localized modes. Vibrational motions of the rigid mole-
cules ("buckyballs") have been identified as well as their internal vibrations. Debye waves
play only a relatively minor role, except below -4 kelvin. By comparison with other
crystalline materials, for these materials the Einstein model of the specific heat and thermal
conductivity of solids, which is based on the assumption of atoms (in this case, buckyballs)
vibrating with random phases, is in much better agreement with the measurements than
the Debye model, which is based on collective excitations.

The first model for lattice vibrations of
solids was proposed in 1907 by Einstein,
who applied the quantum concept to the
mechanical motion of individual atoms in a
crystal lattice that he assumed to be vibrat-
ing with random phases (1). He subse-
quently found that this model was inade-
quate, its most drastic shortcoming being
that it led to a thermal conductivity that
disagreed with the observation on crystals
both in magnitude and in temperature de-
pendence (2). This disagreement was re-
moved by Debye (3) and by Born and von
Karman (4), who demonstrated that in
crystalline solids the atoms vibrate collec-
tively as elastic waves. This picture has
been tested extensively and is now general-
ly accepted. Exceptions have been noted,
however. In amorphous solids and certain
disordered crystals, for example, the ther-
mal conductivity above -50 K can be well
described with Einstein's picture (5, 6)
(although the cause for the random phase of
vibration of the neighboring atoms, the
crucial assumption in Einstein's picture, is
not yet understood). Also, in some crystal-
line polymeric solids, the specific heat has
been shown to be well described over a wide
temperature range with a set of Einstein
modes consisting of vibrational motions of
certain molecular units (7). However, in
crystal lattices of simple atomic constitu-
ents, the model of collective wave motion
has always been found to be correct.
We report here on a polycrystalline dis-
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ordered solid of a rather simple composition
in which the lattice vibrations are predom-
inantly localized. Above -4 K, both its
specific heat and its thermal conductivity
can be quantitatively described with Ein-
stein's model, thus showing clearly the lim-
itations of the commonly used picture that
is based on plane waves.

The starting material was microcrystal-
line (-1 gm) commercial (8) fullerite pow-
der containing -85% C60 and -15% C70
molecules (buckyballs), which had been
extracted with toluene. Without any fur-
ther treatment, the powder was compressed
in a pellet press at 3000 atm, which resulted
in pellets of a strength comparable to that
of soft pencil graphite. This procedure en-
abled us to prepare samples of sufficient size
to perform the measurements. Their mass
density p = 1.54 g cm-3 (± 10%) was close
to the theoretical density (Ptheor = 1.676 g
cm-3) of the face-centered-cubic (fcc) lat-
tice. From Debye-Scherrer x-ray diffraction
measurements, an fcc lattice constant of a
= 14.1 ± 0.1 A was determined, near the
accepted value for pure C60 (a60 = 14.186
A) (9). X-ray line shapes of the powder as
received and of the compact solid were
virtually identical. We also investigated the
thermal properties of compacts made of C60
starting material and obtained similar re-
sults (10). Thus, the presence of C70 ap-
pears to be irrelevant as far as the observa-
tions reported here and their interpretation
are concemed. To avoid any ambiguity,
however, we refer to the samples studied
here as C,/C70 compacts. Small changes of
the low-temperature specific heat were also
observed when the starting material or the
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produced in irradiation experiments and
the high grain abundances (for example,
50% with respect to H20) predicted by
interstellar chemistry models. Given inter-
stellar cloud lifetimes, slight warming
should suffice to convert the H2CO to POM
derivatives. These may be detectable as
substructure near 1000 cm` (10 gxm) on
the interstellar silicate feature at the precise
peak positions listed in Table 1. Further-
more, the compounds produced could par-
ticipate in other reactions, providing a new
set of complex organics not previously con-
sidered. In dense, hot cores where ice grains
would evaporate, some of the products
might be observable in the gas phase (13).

There are already applications for these
results to comet science. We can use the
H2CO and NH3 abundances determined for
Comet Halley from ground-based and in
situ measurements by Giotto and Vega to
estimate that -3% of the organic in Comet
Halley are produced by thermal H2CO re-
actions in the nucleus. These molecules
would be very oxygen-rich (C/O - 1) and
would have alcohol-, ether-, and amine-
type properties. The nature of the products
and their relative abundances strongly de-
pend on the initial ice composition and
would therefore be a sensitive tracer of the
chemical conditions inside the nucleus.
Furthermore, these materials could contrib-
ute to the IR emission already detected
from comets. Several of their CH stretching
bands peak at positions spanned by the
"3.4-pm" cometary emission feature (14).

Chemical analysis of the products of
low-temperature H2CO reactions are nec-
essary to better characterize the molecules
that are expected under astrophysical con-
ditions. Such studies are essential to under-
stand the origin of the organic molecules
observed in the interstellar medium and in
comets as well as the processes and the
chemical conditions in the ices where they
were formed.
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crystalline materials, for these materials the Einstein model of the specific heat and thermal
conductivity of solids, which is based on the assumption of atoms (in this case, buckyballs)
vibrating with random phases, is in much better agreement with the measurements than
the Debye model, which is based on collective excitations.

The first model for lattice vibrations of
solids was proposed in 1907 by Einstein,
who applied the quantum concept to the
mechanical motion of individual atoms in a
crystal lattice that he assumed to be vibrat-
ing with random phases (1). He subse-
quently found that this model was inade-
quate, its most drastic shortcoming being
that it led to a thermal conductivity that
disagreed with the observation on crystals
both in magnitude and in temperature de-
pendence (2). This disagreement was re-
moved by Debye (3) and by Born and von
Karman (4), who demonstrated that in
crystalline solids the atoms vibrate collec-
tively as elastic waves. This picture has
been tested extensively and is now general-
ly accepted. Exceptions have been noted,
however. In amorphous solids and certain
disordered crystals, for example, the ther-
mal conductivity above -50 K can be well
described with Einstein's picture (5, 6)
(although the cause for the random phase of
vibration of the neighboring atoms, the
crucial assumption in Einstein's picture, is
not yet understood). Also, in some crystal-
line polymeric solids, the specific heat has
been shown to be well described over a wide
temperature range with a set of Einstein
modes consisting of vibrational motions of
certain molecular units (7). However, in
crystal lattices of simple atomic constitu-
ents, the model of collective wave motion
has always been found to be correct.
We report here on a polycrystalline dis-
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ordered solid of a rather simple composition
in which the lattice vibrations are predom-
inantly localized. Above -4 K, both its
specific heat and its thermal conductivity
can be quantitatively described with Ein-
stein's model, thus showing clearly the lim-
itations of the commonly used picture that
is based on plane waves.

The starting material was microcrystal-
line (-1 gm) commercial (8) fullerite pow-
der containing -85% C60 and -15% C70
molecules (buckyballs), which had been
extracted with toluene. Without any fur-
ther treatment, the powder was compressed
in a pellet press at 3000 atm, which resulted
in pellets of a strength comparable to that
of soft pencil graphite. This procedure en-
abled us to prepare samples of sufficient size
to perform the measurements. Their mass
density p = 1.54 g cm-3 (± 10%) was close
to the theoretical density (Ptheor = 1.676 g
cm-3) of the face-centered-cubic (fcc) lat-
tice. From Debye-Scherrer x-ray diffraction
measurements, an fcc lattice constant of a
= 14.1 ± 0.1 A was determined, near the
accepted value for pure C60 (a60 = 14.186
A) (9). X-ray line shapes of the powder as
received and of the compact solid were
virtually identical. We also investigated the
thermal properties of compacts made of C60
starting material and obtained similar re-
sults (10). Thus, the presence of C70 ap-
pears to be irrelevant as far as the observa-
tions reported here and their interpretation
are concemed. To avoid any ambiguity,
however, we refer to the samples studied
here as C,/C70 compacts. Small changes of
the low-temperature specific heat were also
observed when the starting material or the
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produced in irradiation experiments and
the high grain abundances (for example,
50% with respect to H20) predicted by
interstellar chemistry models. Given inter-
stellar cloud lifetimes, slight warming
should suffice to convert the H2CO to POM
derivatives. These may be detectable as
substructure near 1000 cm` (10 gxm) on
the interstellar silicate feature at the precise
peak positions listed in Table 1. Further-
more, the compounds produced could par-
ticipate in other reactions, providing a new
set of complex organics not previously con-
sidered. In dense, hot cores where ice grains
would evaporate, some of the products
might be observable in the gas phase (13).

There are already applications for these
results to comet science. We can use the
H2CO and NH3 abundances determined for
Comet Halley from ground-based and in
situ measurements by Giotto and Vega to
estimate that -3% of the organic in Comet
Halley are produced by thermal H2CO re-
actions in the nucleus. These molecules
would be very oxygen-rich (C/O - 1) and
would have alcohol-, ether-, and amine-
type properties. The nature of the products
and their relative abundances strongly de-
pend on the initial ice composition and
would therefore be a sensitive tracer of the
chemical conditions inside the nucleus.
Furthermore, these materials could contrib-
ute to the IR emission already detected
from comets. Several of their CH stretching
bands peak at positions spanned by the
"3.4-pm" cometary emission feature (14).

Chemical analysis of the products of
low-temperature H2CO reactions are nec-
essary to better characterize the molecules
that are expected under astrophysical con-
ditions. Such studies are essential to under-
stand the origin of the organic molecules
observed in the interstellar medium and in
comets as well as the processes and the
chemical conditions in the ices where they
were formed.
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crystalline materials, for these materials the Einstein model of the specific heat and thermal
conductivity of solids, which is based on the assumption of atoms (in this case, buckyballs)
vibrating with random phases, is in much better agreement with the measurements than
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The first model for lattice vibrations of
solids was proposed in 1907 by Einstein,
who applied the quantum concept to the
mechanical motion of individual atoms in a
crystal lattice that he assumed to be vibrat-
ing with random phases (1). He subse-
quently found that this model was inade-
quate, its most drastic shortcoming being
that it led to a thermal conductivity that
disagreed with the observation on crystals
both in magnitude and in temperature de-
pendence (2). This disagreement was re-
moved by Debye (3) and by Born and von
Karman (4), who demonstrated that in
crystalline solids the atoms vibrate collec-
tively as elastic waves. This picture has
been tested extensively and is now general-
ly accepted. Exceptions have been noted,
however. In amorphous solids and certain
disordered crystals, for example, the ther-
mal conductivity above -50 K can be well
described with Einstein's picture (5, 6)
(although the cause for the random phase of
vibration of the neighboring atoms, the
crucial assumption in Einstein's picture, is
not yet understood). Also, in some crystal-
line polymeric solids, the specific heat has
been shown to be well described over a wide
temperature range with a set of Einstein
modes consisting of vibrational motions of
certain molecular units (7). However, in
crystal lattices of simple atomic constitu-
ents, the model of collective wave motion
has always been found to be correct.
We report here on a polycrystalline dis-

Laboratory of Atomic and Solid State Physics, Cornell
University, Ithaca, NY 14853.

*To whom correspondence should be addressed.
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ordered solid of a rather simple composition
in which the lattice vibrations are predom-
inantly localized. Above -4 K, both its
specific heat and its thermal conductivity
can be quantitatively described with Ein-
stein's model, thus showing clearly the lim-
itations of the commonly used picture that
is based on plane waves.

The starting material was microcrystal-
line (-1 gm) commercial (8) fullerite pow-
der containing -85% C60 and -15% C70
molecules (buckyballs), which had been
extracted with toluene. Without any fur-
ther treatment, the powder was compressed
in a pellet press at 3000 atm, which resulted
in pellets of a strength comparable to that
of soft pencil graphite. This procedure en-
abled us to prepare samples of sufficient size
to perform the measurements. Their mass
density p = 1.54 g cm-3 (± 10%) was close
to the theoretical density (Ptheor = 1.676 g
cm-3) of the face-centered-cubic (fcc) lat-
tice. From Debye-Scherrer x-ray diffraction
measurements, an fcc lattice constant of a
= 14.1 ± 0.1 A was determined, near the
accepted value for pure C60 (a60 = 14.186
A) (9). X-ray line shapes of the powder as
received and of the compact solid were
virtually identical. We also investigated the
thermal properties of compacts made of C60
starting material and obtained similar re-
sults (10). Thus, the presence of C70 ap-
pears to be irrelevant as far as the observa-
tions reported here and their interpretation
are concemed. To avoid any ambiguity,
however, we refer to the samples studied
here as C,/C70 compacts. Small changes of
the low-temperature specific heat were also
observed when the starting material or the
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specific heat can be calculated; see the solid
curve above ~10 K in Fig. 1, which agrees
well with our measurements.

Below -4 K, the specific heat decreases
less rapidly than predicted for Einstein os-
cillators, and at the lowest temperatures of
our measurements the specific heat ap-
proaches a linear temperature dependence.
In this temperature range (<4 K), the
specific heat resembles that of amorphous
solids, as shown in Fig. 2 through the
comparison with the specific heat of amor-
phous SiO2 and polystyrene (22). In amor-
phous solids, the low-temperature (T < 1
K) specific heat C can be described well by
a polynomial of tlde form (23)

C =clT+c3T3 (1)
The same polynomial can also be used to fit
our data below 0.7 K (Fig. 3). By plotting
(CJF) versus T2 on linear scales, we obtain
a straight line. The intercept at T = 0
yields cl = 2.5 x 10-6j g-' K-2. The slope
of the straight line yields c3 = 5.3 x 10-6

-

k
0

10c

E

0.01 0.1 1 10
Temperature (K)

100 1000

Fig. 4. Thermal conductivity of carbon in its
three phases: diamond (diamonds) (29); sin-
gle-crystal C60 (solid line) (30) and single-
crystal graphite, heat flow in the ab plane (filled
stars) and perpendicular to it (open stars), that
is, along the c axis (31), compared to that of
C6JC70 compacts (filled circles and squares as
in Fig. 1). In all single crystals, heat transport by
lattice waves (phonons) is observed. The
dashed line is the thermal conductivity based
on Einstein's theory, assuming that only the
rigid buckyballs carry heat in a random walk,
and not phonons.

J g` K-4. The solid curve in Fig. 1 is an
extension of Eq. 1 up to 2 K. The magni-
tude of c1 lies in the range found in all
amorphous solids (23). Although such low-
energy excitations [believed to be caused by
tunneling (24)1 have also been observed in
certain chemically disordered crystalline
solids [reviewed in (6) 1, they have not been
observed previously in a solid of a single
chemical species. As mentioned above, the
presence of C70 molecules appears to be
unimportant, we are thus led to conclude
that some other form of disorder causes the
glasslike behavior in our compacts. In our
measurements, both c1 and c3 are somewhat
sample dependent (to within -20%); the
origin of this effect is under investigation
(10).

From the cubic term, c3, we determine
the Debye temperature OD = 80 K of the
bulk solid with zero porosity (based on the
theoretical number density of buckyballs),
and the Debye velocity V0 = 2.39 x 105 cm
s51. From low-temperature measurements
of the Young's modulus on single crystals of
C60, Hoen et al. (25) determined a Debye
temperature of -80 K. Preliminary ultra-
sonic measurements on compacts in our
laboratory (26) at 300 K have yielded a
transverse velocity vt = 1.9 X 105 cm S-1
and a longitudinal velocity ve = 3.3 x 105
cm s 1. Shi et al. (27) recently reported an
increase of the Young's sound velocity of

Temperature (K)
Fig. 5. Thermal conductivity of polycrystalline
C6JC70 compacts (filled circles and squares)
compared with that of amorphous SiO2 (open
circles) and amorphous As2S3 (asterisks); solid
circles, dc measurements; solid squares, 3w
measurements. The dashed line shows a T2
dependence, drawn to show the smallest ther-
mal conductivity known for an amorphous solid
(Ca, KNO3) (32). The T2 thermal conductivity of
the C6dC70 compacts is approximately one-
quarter as large.
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22% as the single-crystal C60 was cooled
from 300 to 10 K. Assuming the same
stiffening in our samples and allowing for a
porosity of 8%, we calculate a low-temper-
ature Debye velocity of 2.68 X 1i0 cm s-1
in the zero-porosity solid, in satisfactory
agreement with the VD determined from the
specific heat. From V0 a dominant phonon
wavelength Xdom (the wavelength of the
phonons carrying the bulk of the heat at a
given temperature in the Debye approxima-
tion) can be determined from hxdom = 4.25
kBT, that is, (0dom/2Tr = (90 GHz K-1)T (h
= h/2lr, where h is Planck's constant) (28).
Values for Xdom in the C6JC70 compacts are
shown at the top of Fig. 1.
On the basis of the specific heat mea-

surements, we conclude that the thermally
excited vibrations below -4 K, correspond-
ing to a dominant phonon frequency of 400
GHz, are predominantly collective excita-
tions and tunneling states as characteristic
for amorphous solids. Above this tempera-
ture, the specific heat is dominated by
Einstein oscillators, which are believed to
be the vibrational motions of the rigid
buckyball molecules, and, above 40 K, by
surface modes, which are normal modes
within the molecules. These conclusions
can be verified through thermal conductiv-
ity measurements (Fig. 4), which are shown
together with measurements on diamond
(29), on a single crystal of C60 (30), and on
graphite for heat flow both in the tightly
bonded ab plane and in the direction per-
pendicular to it (31). Except for the C6/
C70 compacts, all crystals show the decrease
of the thermal conductivity with increasing
temperature near 300 K, which is charac-
teristic for crystals and which results from
the increased probability for phonon scat-
tering by Umklapp processes. In the com-
pacts, by contrast, the conductivity in-
creases with increasing temperature and is
practically temperature independent above
-10 K. This behavior suggests a different
mechanism for the heat transport. In Ein-
stein's theory, the heat is transported in a
random walk among harmonically coupled
localized oscillators, assumed to vibrate
with random phases (2). In that case, the
jump time of the elastic energy is close to
one-half of the period to of that oscillation
(to = 2'rr/AE). This model leads to a thermal
conductivity AEins (5):

kB2n 1/3 X2ex
AEi.. = 2 if 0 (ex_ 1)h 'rr (2)

where nv = (N/60) p is the number density
(per unit volume) of the buckyballs, OE is
the Einstein characteristic temperature,
and x = OEiT. In applying this theory, we
consider only vibrations of the rigid mole-
cules and ignore their surface modes, be-
cause we do not believe that surface modes
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PCBM	  –	  fullerene	  derivaBve	  

PCBM adds an additional variable to C60: the “tail” 
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But still….why is this so low? 
Why lower than C60? 
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Ultralow	  (and	  ultrahigh!)	  thermal	  conducBvity	  of	  carbon	  

Various measurements of 
PCBM and other 

derivatives 
 

κ = 0.03 – 0.06 W m-1 K-1 
(no size effects to 20 nm) 

•  Duda et al. Phys. Rev. Lett. 110, 
015902 (2013) 

•  Duda et al. Appl. Phys. Lett. 102, 
251912 (2013) 

•  (Cahill’s group) Wang et al. Phys. 
Rev. B 88, 075310 (2013) 
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Conclusions	  and	  summary	  

Figure 2 | Measured thermal conductivity values for (STO)m/(CTO)n superlattices 
as a function of interface density at different temperatures. The minimum in 
thermal conductivity becomes deeper at lower temperatures and the interface density 
at which the minimum occurs moves to smaller values at lower temperatures as 
expected. The solid lines are guides to the eye. The shift of the minimum is shown 
using dotted lines projected onto the x-axis for different temperatures. 
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Crossover from incoherent to coherent phonon
scattering in epitaxial oxide superlattices
Jayakanth Ravichandran1,2†‡, Ajay K. Yadav2,3‡, Ramez Cheaito4‡, Pim B. Rossen3,
Arsen Soukiassian5, S. J. Suresha2, John C. Duda4, Brian M. Foley4, Che-Hui Lee5, Ye Zhu6,
ArthurW. Lichtenberger7, Joel E. Moore2,8, David A. Muller6,9, Darrell G. Schlom5,9,
Patrick E. Hopkins4, Arun Majumdar10, Ramamoorthy Ramesh1,2,3,8,11* and Mark A. Zurbuchen12,13,14*
Elementary particles such as electrons

1,2

or photons

3,4

are

frequent subjects of wave-nature-driven investigations, unlike

collective excitations such as phonons. The demonstration of

wave–particle crossover, in terms of macroscopic properties,

is crucial to the understanding and application of the wave

behaviour of matter. We present an unambiguous demon-

stration of the theoretically predicted crossover from diffuse

(particle-like) to specular (wave-like) phonon scattering in

epitaxial oxide superlattices, manifested by a minimum in

lattice thermal conductivity as a function of interface density.

Wedo so by synthesizing superlattices of electrically insulating

perovskite oxides and systematically varying the interface

density, with unit-cell precision, using two different epitaxial-

growth techniques. These observations open up opportuni-

ties for studies on the wave nature of phonons, particularly

phonon interference effects, using oxide superlattices asmodel

systems, with extensive applications in thermoelectrics and

thermal management.

Macroscopic coherent transport of particles in materials takes
advantage of their wave rather than their particle nature. Such
phenomena are the consequence of the quantum-mechanical
nature of particles such as electrons, photons and phonons.
Despite widespread and versatile demonstrations of coherent wave
transport of electrons1,2 and photons3,4, demonstrations of coherent
wave transport of phonons have been limited to spectroscopic
experiments5,6. Typical experiments on the wave nature of phonons
have focused on the generation and detection of short-lived,
largely monochromatic optical and acoustic phonons using laser
pump–probe techniques5 and superconducting tunnel junctions6,
or, alternatively, the ballistic wave nature of phonons at length scales
comparable to their wavelength7–9. Despite these advancements in
accessing coherent phonons using spectroscopic techniques, owing
to the short coherence length of phonons, demonstration of wave
effects onmacroscopic thermal transport quantities has been elusive
so far. The presence of defects, interfaces, surface imperfections,

1Applied Science and Technology Graduate Group, University of California, Berkeley, California 94720, USA, 2Materials Sciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720, USA, 3Department of Materials Science and Engineering, University of California, Berkeley,
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University, New York, New York 10027, USA. ‡These authors contributed equally to this work. *e-mail: rramesh@berkeley.edu; mark_z@mac.com

anharmonicity and mode conversions can lead to decoherence of
phonons, making the unambiguous observation of wave behaviour
extremely challenging.

Superlattices10,11 are the ideal model systems for the realization
and understanding of coherent phonon effects on macroscopic
thermal properties, particularly the wave–particle crossover. Ther-
mal transport in superlattices has been the subject of several
experimental10–17 and theoretical investigations18–23. One of the
important and long-standing predictions regarding thermal trans-
port across superlattices (that is, along the layering axis) is the
existence of aminimum in thermal conductivity as a function of the
interface density, an indication of the crossover from particle-like
to wave-like transport of phonons18. So far, conventional semi-
conductors such as silicon/germanium or GaAs/AlAs have been
employed as model systems in pursuit of the experimental obser-
vation of the thermal conductivity minimum, owing to decades
of perfecting their growth by molecular-beam epitaxy (MBE).
These efforts have been largely fruitless owing to the presence
of electronic charge carriers11,14 and/or imperfect interfaces or
defects such as dislocations12,13,16,17. The most promising system,
GaAs/AlAs, has not shown a clear minimum in thermal conduc-
tivity as a function of interface density that would highlight the
wave–particle crossover24.

There are a couple of materials parameters, which can guide us
in selecting an ideal superlattice for the thermal conductivity mini-
mum. The maximum in bulk thermal conductivity as a function of
temperature signifies the temperature at which the Umklapp scat-
tering becomes dominant and occurs at⇠100K for SrTiO3 (ref. 25)
and ⇠30–50K for silicon26 and GaAs (ref. 27). Another parameter
that could be relevant is the phonon coherence length23. The
calculated coherence length for longitudinal and transverse modes
is⇠2 nmand 1 nm forGaAs (ref. 23) and⇠4.5 and 3 nm for SrTiO3,
respectively (more information on the calculations is available in
the Supplementary Information). Thus, the longer phonon coher-
ence length and favourable Umklapp peak suggest that perovskite
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Exceptionally Low Thermal Conductivities of Films of the Fullerene Derivative PCBM
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We report on the thermal conductivities of microcrystalline [6,6]-phenyl C61-butyric acid methyl ester

(PCBM) thin films from 135 to 387 K as measured by time domain thermoreflectance. Thermal

conductivities are independent of temperature above 180 K and less than 0:030! 0:003 Wm"1 K"1 at

room temperature. The longitudinal sound speed is determined via picosecond acoustics and is found to be

30% lower than that in C60=C70 fullerite compacts. Using Einstein’s model of thermal conductivity, we

find the Einstein characteristic frequency of microcrystalline PCBM is 2:88# 1012 rad s"1. By comparing

our data to previous reports on C60=C70 fullerite compacts, we argue that the molecular tails on the

fullerene moieties in our PCBM films are responsible for lowering both the apparent sound speeds and

characteristic vibrational frequencies below those of fullerene films, thus yielding the exceptionally low

observed thermal conductivities.

DOI: 10.1103/PhysRevLett.110.015902 PACS numbers: 66.70."f, 63.22."m, 65.80."g

As a field of study, thermal transport is both ubiquitous
and pervasive, as many technologies face a thermal man-
agement challenge at some point in their lifetimes [1].
Beyond application, the topic of thermal conductivity of
the solid state has long been one of general scientific
interest [2–4], and a large and ongoing effort has been
set forth to expanding the limits of heat conduction [5,6].
On one end of the spectrum, the so called ‘‘lower limit’’ of
thermal conductivity is typically observed in amorphous
phases of materials, where conductivities are much lower
compared to that of their single crystalline counterparts [7].
In these phases, heat conduction is described by a random
walk of vibrational energy on the time and length scales of
atomic vibrations and interatomic spacing, respectively
[2,8]. In addition, one can approach this lower limit by
creating multilayer, nano-crystalline, or porous films in
which the spacing between interfaces, grain boundaries,
or pores is on the order of several nanometers [9–16]. In
these nanostructured materials, boundaries impede thermal
transport by scattering phonons, thereby shortening their
mean-free paths and yielding lower thermal conductivities.

Yet another advantage of nanostructuring is the possi-
bility of creating an amorphouslike network of large,
repeating unit cells. In such materials, low thermal con-
ductivities can be realized not only by limiting phonon
mean-free paths, but also through the localization of vibra-
tions. For example, the low thermal conductivities of com-
pacted C60=C70 fullerite microcrystals reported by Olson
and Pohl [17] were attributed to the largely independent
and poorly coupled oscillations within each of the fuller-
enes. This explanation was further supported by low tem-
perature heat capacity measurements that demonstrated
Einstein-like behavior despite the microcrystallinity of

the compacts. More recently, Chiretescu et al. [18]
reported a large reduction in the thermal conductivity of
a homogeneous solid through growth of layered WSe2, in
which weak interlayer bonding led to a decrease in thermal
conductivity below that of a single crystal of WSe2 along
the c axis by a factor of thirty, and below the corresponding
theoretical minimum limit by a factor of six. There, too, the
authors noted that localization of vibrations could be partly
responsible for the observed behavior.
In this Letter, we report on thermal conductivities of the

fullerene derivative [6,6]-phenyl C61-butyric acid methyl
ester (PCBM) from 135 to 387 K. Thermal conductivities
of PCBM thin films were measured via time-domain ther-
moreflectance (TDTR), a noncontact, pump-probe optical
thermometry technique. Above 180 K, thermal conductiv-
ities were independent of temperature and less than
0:030! 0:003 Wm"1 K"1, a factor of three less than
that of C60=C70 fullerite microcrystals [17]. In addition,
no significant dependence on the type of substrate on
which the film was deposited, subsequent heat treatment,
or film thickness over the range 22 to 106 nm was observed.
Microcrystallinity was confirmed by transmission electron
microscopy and electron beam diffraction. As with the
aforementioned works, we attribute these exceptionally
low thermal conductivities to highly localized vibrations
with low characteristic frequencies, as well as low longitu-
dinal sound speeds (2300! 100 m s"1 as measured by
picosecond acoustics, $ 30% lower than those measured
in compactedC60=C70 fullerite microcrystals). Last, we note
these films exhibit the lowest reported room-temperature
thermal conductivity of any fully dense solid [6,18].
PCBM thin films were prepared according to the follow-

ing procedure: indium tin oxide (ITO) coated glass
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