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The exceptional thermal conductivities of these materials
has driven interest in the microscopic properties of the phonons
transporting heat. These microscopic properties, such as the
phonon mean free paths (MFPs), are typically inaccessible to
conventional thermal characterization methods as they yield
observables that average over the phonon distribution. As a
result, theoretical studies have sought to obtain this information using atomistic simulations such as molecular dynamics
(3, 24–26) or ab-initio calculations(27, 28). A recent work
reported an ab-initio calculation of the κ of a perfect PE
crystal accounting for quantum nuclear motion, predicting
an upper bound of 164 Wm−1 K−1 at room temperature(28).
The corresponding MFPs were predicted to be in the range of
10 nm to 1 µm. However, ab-initio calculations assume perfect
crystals, and actual samples are far more complex. For example, PE contains a non-negligible amorphous fraction spread
among the crystalline domains. These crystallites generally
have thicknesses on the order of 10 nm to 75 nm immediately
after synthesis (29–32). The precise size of crystalline domains
and their dependence on sample orientation can depend on
numerous factors such as molecular weight, sample fabrication,
and any post-processing such as rolling and stretching (18, 22).
These imperfections may lead to additional phonon scattering,
and therefore the actual MFPs in semi-crystalline PE are likely
different from ab-initio predictions for a perfect crystal.
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Thermally conductive polymer crystals are of both fundamental and
practical interest for their high thermal conductivity that exceeds that
of many metals. In particular, polyethylene fibers and oriented films
with uniaxial thermal conductivity exceeding 50 Wm−1 K−1 have
been reported recently, stimulating interest into the underlying microscopic thermal transport processes. While ab-initio calculations
have provided insight into microscopic phonon properties for perfect crystals, such properties of actual samples have remained experimentally inaccessible. Here, we report the direct observation
of thermal phonons with mean free paths up to 200 nm in semicrystalline polyethylene films using transient grating spectroscopy.
Many of the mean free paths substantially exceed the crystalline
domain sizes measured using small-angle x-ray scattering, indicating that thermal phonons propagate ballistically within and across
the nano-crystalline domains, with those transmitting across domain
boundaries contributing nearly a third of the thermal conductivity.
Our work provides the first direct determination of thermal phonon
propagation lengths in molecular solids, providing insights into the
microscopic origins of their high thermal conductivity.
Polymers | Polyethylene | Thermal Conductivity | Mean Free Path |
Ballistic Transport

hermal conduction in oriented polymers is of intense interest as their thermal conductivities rival those of many
covalent solids(1–4). While unoriented polymers typically exhibit isotropic and low thermal conductivity, κ, on the order
of 0.2 Wm−1 K−1 (5), oriented polymers may have uniaxial
thermal conductivity orders of magnitude larger due to conduction via stiff covalent bonds along the polymer backbone and
phonon focusing effects (6). Early studies of the κ of polymers
reported enhancements in oriented amorphous polymers (7)
and oriented semi-crystalline polymers like polyethylene(8–10)
and polypropylene (2). Since then, numerous works have examined the many factors contributing to increased κ in a variety
of oriented polymers, including amorphous polymers(11, 12),
polyethylene (1, 3, 6, 13–19), polyacetylene(20), and polymer
fibers like Kevlar (21).
Semi-crystalline polyethylene (PE) has received the most attention due to its ease of crystallization and stability. Bulk PE
is naturally semi-crystalline, composed of amorphous and crystalline domains with random orientation(1). When stretched
to a draw ratio (DR) of around 10, the increased alignment of
the individual crystalline domains along the draw direction can
improve κ by a factor of at least 20 (9, 10, 16, 18). Oriented
amorphous domains can also contribute to increased thermal
conductivity (1, 14) and at ultrahigh draw ratios exceeding
∼40 , growth in the crystalline domain size can lead to further
increases (17, 18, 22). The highest thermal conductivities
reported in bulk samples with draw ratios exceeding 100 are
around 65 Wm−1 K−1 (18, 23).
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The discrepancy between the perfect crystals of ab-initio
calculations and actual samples is best bridged by experiments
that can resolve microscopic heat transport properties. Mean
free path spectroscopy is now an established technique to ob-

Significance Statement
Polymer crystals that are good conductors of heat are highly
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Fig. 1. Transient Grating (TG) schematics and measurements on polyethylene (PE) film. (a) Schematic of the pump beams forming an optical grating in a TG experiment
and the probe beams diffracting from it. (b) Diagram of the TG optical setup. Pump and probe beams are split at the phase mask, collimated by a pair of lenses, and focused
onto the sample to form the grating pattern. (c) Measured signal versus time for DR7.5 using a grating period of 5.4 µm. Inset: Optical image of a drawn polyethylene film
(DR5). (d) In-plane thermal conductivity versus angle relative to the film drawing direction for DR7.5. Error bars represent 95% confidence intervals. Uncertainty analysis is
discussed in the Methods section.
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tain this microscopic information by observing heat conduction
over length scales comparable to MFPs using an appropriate
experimental method(33–35). In particular, transient grating
spectroscopy (TG) is capable of performing the required measurements on thin films at sub-µm length scales(36). However,
this technique has not yet been applied to any polymer, and
the MFPs of phonons in semi-crystalline PE samples remain
unknown.
In this work, we report the direct observation of thermal phonons with MFPs as high as 200 nm in oriented semicrystalline PE using TG. The MFPs are comparable to or
exceed crystalline domain sizes measured with small-angle Xray scattering, indicating that phonons propagate ballistically
within and across the nanocrystalline domains. Our work
reveals the MFPs of thermal phonons in molecular solids for
the first time and demonstrates a general route to probe the
microscopic phonon transport processes in crystalline polymers.

Results
Transient grating spectroscopy. We used TG (36–42) to ob-

serve heat conduction in the plane of PE films over micron
length scales. In our implementation of this optical method, a
pair of pump laser pulses are interfered on a sample at angle
θ, creating a sinusoidal temperature profile with period d as
shown in Figure 1(a). A continuous probe laser diffracts from
2
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the thermal grating and is overlapped with a reference beam;
the intensity of this probe signal is then monitored in time.
The rate of decay of the signal provides information on the
thermal transport properties of the sample. The pump and
probe are focused to ensure a 4-beam overlap using a phase
mask and two lenses, as shown in Figure 1(b). Additional
experimental details are provided in the Methods section.

Samples were made by compression molding of nascent
disentangled Ultra-High Molecular Weight PE (UHMWPE),
further uniaxially rolled in a calender below the melting temperature (see Methods and Supplementary Information Section
S1). Figure 1(c) (Inset) shows a typical PE sample, which
incorporates a small concentration of ZnO. As TG requires
the sample to absorb light at visible wavelengths, and because
PE is almost entirely transparent at such wavelengths, trace
amounts of fillers were introduced before molding (See Experimental Methods for more information). ZnO nanoparticles
(NPs) and beta-carotene were both used in different samples
and found to be stable.
Figure 1(c) shows a representative transient measurement
on a PE film measured at a grating period of d = 5.4 µm. The
signal follows a single exponential decay with a decay time
τ = (αq 2 )−1 , where α is the thermal diffusivity and q = 2πd−1
is the grating wavevector. The thermal conductivity is calculated from the diffusivity using literature values for the heat
capacity of semi-crystalline PE(43). Because thermal transRobbins et al.
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Fig. 2. Quasi-ballistic thermal transport in polyethylene films. Thermal conductivity versus grating period for DR2.5, DR5, and DR7.5. No significant dependence
on grating period is observed for DR2.5, but clear decreases in the apparent κ with
decreasing grating period are observed in DR5 and DR7.5, indicating the presence of
ballistic phonons. As the draw ratio increases, both the maximum thermal conductivity
and grating-dependent trend increase. Error bars represent 95% confidence intervals.
Uncertainty analysis is discussed in the Methods section.

grating period for PE films with a DR = 2.5, 5, and 7.5,
denoted as DR2.5, DR5, and DR7.5, all shown in Figure 2.
The measured κ for DR2.5 shows the thermal conductivity is
nearly independent of grating period, indicating that MFPs
are all smaller than the minimum thermal length scale accessible in the experiment. However, for DR5, κ exhibits a
modest decrease below 1 µm. Finally, for DR7.5, the thermal
conductivity is nearly double those of the other samples and
exhibits a clear grating period dependence, with a noticeable
decrease below 1.5 µm. This trend provides direct experimental evidence of ballistic thermal phonons over the thermal scale
defined by the grating period.(36, 40, 47) From the observed
decrease in κ, we can roughly estimate (47, 48) that phonons
with MFPs as high as ∼ d/2π ≈ 200 nm exist, though a quantitative analysis will follow. It is notable that these ballistic
phonons are present in samples with relatively small DR and
substantial microstructural imperfections.
We next use the experimental data to obtain the thermal
conductivity accumulation versus MFP, F (Λ). This function
can be obtained from measurements by solving an inverse
problem(47, 48). However, the inverse problem is essentially a
deconvolution, an ill-posed problem, and thus lacks a unique
solution. To overcome this difficulty, we use Bayesian inference and a Metropolis-Hastings Markov chain Monte Carlo
algorithm to quantify a posterior distribution and credible
interval for F (Λ)(42, 49). The method finds distributions of
F (Λ) that reproduce the measured data while also imposing
a prior that incorporates physical knowledge of the solution.
Here, the physical constraint encoded in the prior is that F (Λ)
is a smooth function. Details on the algorithm and its implementation can be found in Supplementary Information Section
S4.
The inputs to this algorithm are the measured thermal conductivities for DR5 and DR7.5. For each data set, we perform
Bayesian inference to obtain a posterior distribution and a
credible interval for F (Λ). The reconstructed MFP spectra
for each sample are given in Figure 3(a). The intensity in the
plot is directly proportional to the probability distribution
for F (Λ). The solid lines correspond to mean of the posterior
distributions for each sample, and the dotted lines show the
respective 95% credible intervals for the distributions. The
predicted thermal conductivity versus grating period from
Bayesian inference for each sample is overlaid on the measured
data in Figure 3(b), demonstrating good agreement.
These results provide quantitative microscopic insight into
the properties of the thermal phonons transporting heat. We
first consider DR5 and examine how much of the thermal
conductivity contribution is due to phonons with MFPs above
90 nm. Figure 3(a) shows that 11% of the contributed thermal
conductivity is due to phonons with MFPs exceeding 90 nm
according to the mean MFP distribution, while that for DR7.5
is 39%. The uncertainty can be quantified from the 95%
credible interval of the posterior distribution, which gives
a range from 0% to 24% for DR5 and from 23% to 53%
for DR7.5. Even with the given uncertainties, the MFPs of
phonons carrying heat are clearly larger in DR7.5, with some
MFPs up to 200 nm.
To place these results in context, we compare them with
prior estimations and calculations for polymer crystals. Our
measured MFPs are far longer than prior estimates based on
anisotropic kinetic theory (6, 21), which predicted MFPs of
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port occurs along a single direction defined by the grating,
the measured thermal conductivity of highly anisotropic semicrystalline PE varies with in-plane rotation angle. Figure 1(d)
shows the angle-dependent thermal conductivity measurement
for PE with a draw ratio of 7.5, with a maximum value of
9.3 Wm−1 K−1 . Similar values for comparable draw ratios
were measured by laser-flash thermal analysis (18), thus suggesting that the presence of low amounts of either ZnO or
beta-carotene do not significantly affect the thermal conductivity value. This result should be expected considering that
the filler will reside only in the amorphous phase and, at the
low draw ratio examined, the thermal conductivity will be
mainly dependent on the orientation of the crystalline domains.
The presence of particles in oriented amorphous domains may
become relevant at higher draw ratios.
Quasiballistic Heat Transport in Polyethylene. The grating pe-

riod on the sample can be tuned by changing the interference angle, θ. When d is small enough relative to the
MFPs, heat transport occurs quasiballistically rather than
diffusively(34, 36, 44–46). However, the MFPs of PE samples
are likely smaller compared to those probed in prior works (36)
, and so we need to access smaller grating periods. We use
large diameter aspherical lenses that support large values of
θ > 20°, and thus enable grating periods d on the sample ranging from 577 nm to 15.7 µm. Quasiballistic effects lead to the
measured thermal conductivity differing from the bulk value
and appearing to depend on the grating period(34, 36, 44–46).
Prior work has established that the thermal conductivity accumulation function versus MFP can be extracted from these
measurements by solving an inverse problem (47).
We measured the apparent thermal conductivity κ versus
Robbins et al.
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Fig. 3. Mean free path (MFP) reconstruction for PE samples. (a) Posterior probability distribution of reconstructed MFP spectra from (red) DR7.5 and (blue) DR5 PE films.
The intensity of the shaded regions corresponds to probability density, reflecting the likelihood that the accumulation function passes through that region. The solid lines
represent the mean MFP spectra. The dotted lines correspond to the 95% credible interval. Phonons with MFPs on the order of 100 nm contribute substantially to heat
conduction. (b) Thermal conductivity versus grating period along with the calculated grating-dependent thermal conductivity corresponding to the posterior distributions of the
MFP spectra from (a).
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only tens of nanometers. We additionally compare to a recent
ab-initio calculation for a perfect PE crystal, which reported
a κ of 164 Wm−1 K−1 (28) at room temperature. While the
magnitude of the conductivities is clearly very different, owing
to the different microstructures considered in each case, the
calculations predict the MFPs in the range of 10 nm to 1 µm,
with significant contributions from phonons with MFPs on the
order of 100 nm. The typical MFPs contributing to thermal
conduction obtained here are in the same general range but
shorter, mostly less than 200 nm, as expected from structural
and defect scattering in a semi-crystalline, partial aligned
sample.
Microstructure characterization of Polyethylene samples. We

next seek to place these measurements in context with the
microstructural properties of the samples. Measurements
of the temperature dependence on thermal conductivity can
provide insight into the dominant scattering mechanism and
thereby provide evidence of the impact of structural disorder.
We conducted temperature-dependent measurements of κ with
a grating period of 6.4 µm so that heat conduction occurs by
diffusion for DR7.5. The results, given in Figure 4(a) exhibit an
increasing trend characteristic of thermal conductivity limited
by structural disorder. Note that the non-monotonic region
near 200 K overlaps with the glass transition temperature of
amorphous PE(50, 51).
These measurements suggest that structural disorder is the
dominant scattering mechanism. As is well-known, oriented
PE has a microstructure consisting of crystallites surrounded
by amorphous regions, with crystal domain sizes typically ranging from 10 nm to 75 nm (29–32). Diffuse phonon reflections
may be expected to occur at the domain boundaries, leading
to a temperature-independent scattering mechanism that is
qualitatively consistent with the temperature dependence of
4
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the thermal conductivity.
To characterize these microstructural features, we first used
Small-Angle X-ray Scattering (SAXS) to measure the average
crystalline size. Figure 4(b) shows curves for 3 PE films prepared at the same time as the present samples, corresponding
to the same draw ratios and ZnO nanoparticles as the filler,
obtained through azimuthal integration of the two-dimensional
SAXS patterns (inset). The results are consistent for the various samples prepared for this work and indicate that over
the range of draw ratios studied, the average lamellar spacing
(d = 2πq −1 ) is on the order of 35 nm to 50 nm in the direction
of the oriented chains, with only a slight increase over this
range of draw ratios. Corresponding Wide-Angle X-ray Scattering (WAXS) measurements (Figure S1 and S2) indicate that
the crystallinity is in the range of 70% to 80% and increases
with increasing drawing ratio. The orientation of PE chains in
the stretching direction was found to increase with increasing
drawing ratios, as indicated by the decrease in the full width
at half maximum of the (200) reflection (Figure S2). These
observations provide an explanation for the increase in crystal
size and therefore lamellar spacing observed by SAXS as the
samples are stretched further. A distribution of the lamellar
spacing was estimated from Figure 4(b) by fitting a log-normal
distribution to the DR = 7.5 sample data. This procedure
yielded a standard deviation of ∼10 nm. Taking this value
as an estimate of the size distribution of the crystallites, the
results indicate that the crystalline domain sizes likely do not
exceed 60 nm.

Discussion
Considering these results, we can draw two primary conclusions. First, based on the temperature-dependent thermal
conductivity, it is apparent that structural scattering domiRobbins et al.
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Fig. 4. Temperature-dependent thermal conductivity and SAXS measurements of PE film. (a) Thermal conductivity versus temperature for DR7.5 with d = 6.4 µm. An
increase in thermal conductivity with increasing temperature is observed, indicating scattering dominated by structural disorder. The bump around 200 K corresponds to the the
glass transition of polyethylene.(50, 51) (b) Lorentz-corrected Small-Angle X-ray Scattering (SAXS) curves for PE films filled with ZnO NPs and stretched at drawing ratios DR =
2.5, 5, 7.5. These curves are obtained from the azimuthal integration of the corresponding two-dimensional SAXS patterns (inset) over the sector where the lamellar spacing
signal can be detected (drawn in red). The stretching direction corresponds to the horizontal direction (equator) in the images. From the main peak in the corrected SAXS
curves, the average distance between crystalline lamellae can be estimated as d = 2π/q , being 40.5 nm, 42.3 nm, and 47.3 nm for draw ratios 2.5, 5.0, and 7.5, respectively.
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nates in our samples. This conclusion is further supported
by the MFP and SAXS measurements, which found that a
majority of phonon MFPs were on the order of the crystalline
domain size. Together, these results indicate that domain
boundary scattering is the dominant mechanism limiting thermal conductivity rather than phonon-phonon scattering or
atomic defect scattering.

Second, despite the dominance of boundary scattering, our
results suggest that a non-negligible fraction of phonons are
able to transmit across domain boundaries and traverse multiple grains, as evidenced by the portions of the MFP spectrum
in Figure 3(a) well above the upper limit to the crystal domain
sizes of ∼60 nm. For DR7.5, this fraction is at least 45% for
phonon MFPs exceeding 60 nm. While the precise structure
of the interface between amorphous and crystalline regions
is unclear, this result suggests that the amorphous regions,
which are also oriented, are able to support the propagation
of low energy thermal phonons despite their lack of crystalline
order. Increases in thermal conductivity of oriented amorphous polymers has been observed,(1, 7, 11, 12, 14) however
the microscopic transport processes of thermal phonons at
amorphous-crystalline boundaries remains poorly understood.
Our results provide evidence that the amorphous regions support the propagation of some thermal phonons and transmit
them between crystalline regions. This contribution from
phonons transmitting through amorphous regions is a substantial portion of the total thermal conductivity; for example,
if the MFPs were limited to the grain size as is typically assumed, DR7.5 would have a reduction in thermal conductivity
of nearly a third.
Robbins et al.

Conclusion

In summary, we report the first direct measurements of the
MFPs in thermal phonons in semi-crystalline PE. Despite the
relatively low draw ratio and crystallinity, phonons were found
to propagate up to 200 nm. Microstructural analysis of the
crystallite sizes indicates that phonons ballistically propagate
within and across the nanocrystalline domains, suggesting
that the amorphous regions can support the propagation of
thermal phonons. Our work provides the first direct experimental window into the microscopic transport processes in an
oriented polymer, and further demonstrates a general experimental route to study the microscopic transport properties of
molecular solids.
Materials and Methods

Sample fabrication. The ZnO nanoparticles (NPs) (particle size <
100 nm, surface area between 15 and 25 m2 g−1 , assay ∼80%) and
beta-carotene (assay > 97%) were purchased from Sigma Aldrich
and used as received. Nascent particles of disentangled Ultra High
Molecular Weight Polyethylene (UHMWPE) were synthesized according to Rastogi et al.(22). Mw , calculated by means of melt
plate-plate rheology (52) is 6.4 × 106 g mol−1 and the molecular
weight distribution, MWD, is 6.8. UHMWPE was suspended in acetone, and then either ZnO (suspended in acetone) or beta-carotene
(dissolved in toluene) were added under stirring. The filler concentration was kept at 0.035% w/w for both. This small percentage
minimizes any effect of the filler on the overall thermal properties,
which was verified by comparing to previous results, measured by
other means, that did not use fillers(18). Solvent was removed by
evaporation overnight and samples were further dried at 50 ◦C in
a vacuum oven for one hour. After compression molding(53), the
sintered slabs were uniaxially oriented by means of twin-rolling at
a speed of 0.1 rpm. Both procedures were performed at 125 ◦C to
retain a low entanglement density in the UHMWPE. The draw ratio
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of each sample was measured which, according to Ronca et al.(18),
is the important quantity affecting thermal conductivity, rather
than the choice of stretching. Rolled samples had a thickness on
the order of 100 µm. We note that compression molding produces
samples that are relatively optically smooth compared to some
alternative methodologies such as stretching under uniaxial tension.
Stretching under tension can produce striations in the resulting film
that strongly scatters transmitted light, complicating measurement
of the probe light in TG. Efforts to obtain usable TG signals from
such samples are the subject of ongoing work.
Small-(SAXS) and Wide-(WAXS) Angle X-ray Scattering Experiments.
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Simultaneous small-(SAXS) and wide-(WAXS) angle X-ray scattering measurements were made using a Xenocs Xeuss 2.0 equipped
with a micro-focus Cu Kα source collimated with Scatterless slits.
The SAXS signal was measured using a Pilatus 300k detector
with a pixel size of 0.172 mm x 0.172 mm. The distance between
the detector and the sample was calibrated using silver behenate
(AgC22 H43 O2 ), giving a value of 247 cm.
WAXS was measured on a Pilatus 100k mounted at an angle of
36° to the beam direction at a distance of 162 mm. The magnitude
of the scattering vector (q) is given by q = 4π sin θ/λ, where 2θ
is the angle between the incident and scattered X-rays and λ is
the wavelength of the incident X-rays. This gave a q range for
the detector of 1.3 A−1 to 3.3 A−1 . An azimuthal integration was
performed on the 2D scattering profile and the resulting data corrected for the absorption and background from the sample holder.
The full width at half maximum (FWHM) was calculated by radial
integration over a narrow q range around the (200) reflection to
obtain its azimuthal profile and fit with a Lorentzian distribution.
WAXS data is discussed in Supplementary Information Section S2.

thors wish to thank Dr. Giuseppe Forte for providing disentangled
UHMWPE.
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Transient Grating (TG) and Data Analysis. A full description of the
TG experiment can be found in prior work(36, 40, 41). The implementation described by Vega-Flick et al. in particular closely
resembles the setup employed in this work. In our setup, the
pump laser used to generate the thermal grating is a Coherent
FlareNX laser with wavelength λ = 515 nm, a ∼1 ns pulse width,
a pulse repetition rate of 200 Hz, and a maximum pulse energy of
∼300 µJ. Pump energies are attenuated to 15 µJ for data collection
to minimize steady heating, and the beam diameter is magnified to
∼520 µm at the sample position. The probe laser is a continuous
wave (CW) Coherent Sapphire laser with wavelength λ = 532 nm
a maximum power of 330 mW. The power is set to 100 mW, and
the beam is mechanically chopped with a duty cycle of 3.2%, thus
minimizing steady heating. The beam diameter at the sample is
∼470 µm. Unless otherwise specified, all reported thermal conductivity values are along the draw direction, corresponding to 0°. The
grating period d was tuned from 577 nm to 15.7 µm using a variety
of phase masks with binary patterns of period ranging from 2.4 µm
to 60 µm. The telescope lenses are large diameter aspheres (Thorlabs AL100100 and AL100200). The actual grating periods formed
on the samples were directly measured by burning the patterns into
a heat-sensitive polymer and measuring the grating period under a
microscope.
The relaxation of the thermal grating is described by a single
exponential decay, with the decay time τ being given by τ = (αq 2 )−1
where α is the thermal diffusivity and q is the grating wavevector
where q = 2πd−1 . Additional fitting details are provided in the
Supplementary Information Section S3. Temperature-dependent
experiments were conducted in a Janis ST-100 optical cryostat
under vacuum with P < 1 × 10−5 mbar.
Contact the corresponding authors to access the data used in
this article.
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