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We measure the thermal conductivity of solid and molten tungsten using steady state temperature
differential radiometry. We demonstrate that the thermal conductivity can be well described by application
of Wiedemann-Franz law to electrical resistivity data, thus suggesting the validity of Wiedemann-Franz law
to capture the electronic thermal conductivity of metals in their molten phase. We further support this
conclusion using ab initio molecular dynamics simulations with a machine-learned potential. Our results
show that at these high temperatures, the vibrational contribution to thermal conductivity is negligible
compared to the electronic component.
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The critical heat transfer mechanisms of materials sub-
jected to extreme heat fluxes and temperatures are rooted in
an interplay between conduction and radiation. For metals
in particular, the combination of their high thermal con-
ductivities and low emissivities make the conduction of
heat away from heated surfaces a relatively substantial
energy transfer process at thousands of Kelvin, especially
for high melting point refractory metals [1–3]. This makes
refractory metals ideal materials for use in nuclear fusion
and additive manufacturing processes, for example, due to
their ability to withstand the large temperature changes in
reactors or extreme heat fluxes imparted by laser heating,
respectively. A key thermal transport property of metals for
these high heat flux applications is thus the thermal
conductivity and, due to the large resultant temperature
excursions, concerns both solid and molten phases.
However, measurements of thermal conductivity during
these extreme conditions are particularly challenging. This
has led to a void in the fundamental understanding of the
conductive processes of metals at high temperatures and in
their molten phases leaving century-old theories, such as

the Wiedemann-Franz law for electronic thermal conduc-
tivity [4], unvalidated for metals in this regime, and in
particular in their molten state.
In this work, we report on a new measurement technique

that we develop to measure the thermal conductivity of
materials as a function of temperature at elevated temper-
atures including into their molten states. We measure the
thermal conductivity of W from ∼2000–4000 K using an
approach we call “steady state temperature differential
radiometry” (SSTDR), in which we heat the sample with
a continuous wave laser source to induce steady-state
conditions, and then measure the resulting temperature
changes as a function of laser power perturbations via
radiative pyrometry, which we then relate to the thermal
conductivity via Fourier’s law. By the nature of these
SSTDRmeasurements being conducted in near steady-state
conditions, the technique is a measurement of thermal
conductivity, as opposed to effusivity or diffusivity mea-
surements typical using transient or frequency domain
techniques, thus avoiding the requirement of knowledge
of the material’s heat capacity to calculate the thermal
conductivity. The nature of this technique being single
sided, where the heat is sourced and temperature is
measured from the same side, and the maximally heated
volume being constrained to the laser spot size, allows us to
induce a sustained molten pool in the middle of an
otherwise solid sample, thus enabling a versatile technique
for repeated measurement of thermal conductivity of
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materials in their molten states. We use this to measure the
thermal conductivity, k, of molten W, an exemplary metal
with the highest melting point of any elemental solid with
extensively studied high temperature radiative properties
allowing for a judiciously selected material for validation of
SSTDR measurements [1–3,5–18]. We validate this tech-
nique via measurements of k of solid W from 2000 K up to
its melting point with agreement with prior literature
[1,2,10], further supporting the utility of this technique.
Extending the measurement to molten W allows us to
demonstrate that the thermal conductivity can be well
described by application of Wiedemann-Franz law to
electrical resistivity data, thus also suggesting the validity
of Wiedemann-Franz law to capture the electronic thermal
conductivity of metals in their molten phase. We further
support this conclusion by calculating the vibrational
contribution to thermal conductivity of W up through its
melting point using ab initio molecular dynamics (MD)
simulations, where we develop a machine-learned (ML)
potential for W that is uniformly accurate from room
temperature through the melting point. Our results show
that at these high temperatures, the vibrational contribution
to thermal conductivity is negligible compared to the
electronic component, thus demonstrating that the
Wiedemann-Franz law can give an accurate prediction of
the thermal conductivity of W at high temperatures,
including in its molten state.
The details of the equipment used in our experimental

setup are described in a prior work [19,20], which describes
the principles and additional specific considerations of our
equipment for pyrometric sensing of temperature of laser
heated solids to measure their melting point. We use this
configuration, the pertinent equipment from which are
shown in Fig. 1(a), and modify the laser heating profile
to measure the thermal conductivity. Our W sample is a
cylinder that is 1 cm in diameter and 2 mm thick. We use a
high power continuous wave laser (wavelength 1064 nm,
maximum power 2 kW) focused through the sapphire
window on the chamber (transmissivity 0.86) down to a
3.5 mm diameter with a top-hat intensity profile to heat the
sample and pressurize the chamber to 1.5 bar in Ar to
minimize convective losses [21]. The temperature of the
middle of the heated area on the surface of the W is
measured with a high speed pyrometer at 663 nm with a
0.8 mm field of view. We control the temperature of the
measured region of the laser heated W by changing the
laser power, and continue to heat the sample until quasi-
steady-state conditions are reached, as determined from a
relatively constant temperature in time. Prior to measure-
ments, we heat the W sample through its melting point and
cool to ambient several times to effectively clean and
smooth the W surface in the measurement volume to ensure
consistent surface conditions among measurements. We are
able to sustain the melt pool in the center of the W sample
for several minutes, effectively demonstrating that this

measurement approach uses the sample as a “self-crucible”
with the volume of the sample outside of the heat affected
zone remaining solid. In the exemplar data shown in
Fig. 1(b), we heat the W sample through its melting point,
and the molten volume reaches a quasi-steady state about
10–15 s after initiation of laser heating. The time it takes for
the sample to reach these quasi-steady conditions is related
to the thermal diffusivity and laser spot size, which we
discuss in detail in our prior works [22,23]. A clear thermal

FIG. 1. (a) Schematic of experimental setup. A key in this
approach is the ability to locally heat a region of the sample to its
molten state while pyrometrically sensing radiance temperature in
the middle of the heated region. This “self-crucible” approach
then allows for thermal conductivity measurements by just
sustaining melt only the middle of the sample during quasi-
steady-state conditions. Note, we refer to this state as a “quasi” or
“near” steady-state condition since the sample has not reached a
true steady state due to the slow heating of the chamber from both
conduction through the sample holder and radiation from the
sample surfaces; however, this temperature variation is small
during the time over which we collect data for thermal conduc-
tivity analysis, and we account for this slowly varying temper-
ature in our thermal conductivity analysis. (b) Typical
thermogram of the W sample heated to achieve quasi-steady-
state conditions with a molten center, with the specific onset
times of melting and resolidification (i.e., “freezing”) indicated in
the plot. The incident laser power generating these radiance
temperatures was 1.9 kW. The voltage response of our particular
pyrometer was not linear with temperature until above ∼1600 K
radiance temperature, indicative of the nonphysical cooling
response for times greater than 20 s. The minimum temperature
that the pyrometer would register was ∼900 K radiance temper-
ature, thus leading to this reading at all times when the sample
was below this temperature. (c) Close-up of data from (b) around
the melting temperature. (d) Close-up of data from (b) around the
freezing temperature. The temperature at which this thermal
arrest occurs is used to determine the melting temperature of the
sample.

PHYSICAL REVIEW LETTERS 132, 146303 (2024)

146303-2



arrest occurs in our temperature vs time profile when the
sample undergoes a phase change to/from its liquid state,
shown in Figs. 1(c) and 1(d). As detailed previously
[22,23], we use this thermal arrest associated with the
resolidification (i.e., “freezing”) of the W after the laser
turns off to determine the melting temperature. Using
Wien’s law, the true temperature can be calculated from
the radiance temperature Trad from

1

T
¼ 1

Trad
þ λ

c2
ln ½ελτλ�; ð1Þ

where λ is the wavelength, ελ is the spectral emissivity at λ,
τλ is the transmissivity of the sapphire window at the
pyrometer wavelength, and c2 ¼ 14 388 μmK, from which
we measure the melting temperature of our W sample as
using ελ¼663 nm ¼ 0.38 [Fig. 1(d)] from accepted values in
the literature [2], yielding Tmelt ¼ 3698 K in excellent
agreement with the literature (Tmelt ¼ 3; 707 K) [24].
When the sample reaches quasi-steady state at the target

temperature by applying a baseline incident power Q0, we
then change the incident laser power by a perturbative
ΔQ ¼ Q1 −Q0 until the sample reaches a new temperature
T1 ¼ ΔT þ T0. Repeating this procedure for multiple
ΔQ’s, as shown in Fig. 2, allows us to determine the slope

of the line ΔT ¼ AΔQ, which is related to the solution to
the steady-state heat equation. This problem can be solved
analytically assuming a semi-infinite sample, insulative
boundary conditions, and a circular heated region that is on
the surface of the sample with a radius of rL, given by [25]
ΔT ¼ ΔQA=ðπrLkÞ, which is the temperature increase in
the center of the heated region and QA is the absorbed
power. However, given the finite thickness of the sample
relative to the thermal gradient, and the radiative losses at
the front and back surfaces, we numerically solve the
cylindrical heat equation for a finite thickness slab in steady
state using an approach detailed previously [22,23], modi-
fied to account for a top-hat spatial profile of the laser
heater. The measured radiance temperatures are corrected
to true temperature values via the use of temperature
dependent spectral emissivity values at our pyrometer
wavelength from literature [2]. Under these quasi-steady-
state conditions, we assume the emissivity equals the
absorptivity A to determine the absorbed laser power at
the samples surface, which we take from the literature for
polished W [2]; note, our experiments for thermal conduc-
tivity are conducted after several iterations of melting theW
surface in situ to ensure a specular and clean surface.
In our experiments, the finite size of the sample and

radiative boundary conditions (i.e., radiation from surfaces)
must be taken into account. We utilize Stefan-Boltzmann’s
law to calculate the radiative losses emitted from the sample
surfaces. The measured temperature rise on the surface of
the sample is a result of the absorbed laser power. This
absorbed heat flux is split into two modes of heat transport,
conduction, and radiation, so that QA ¼ Qcond þQrad. In
order to determine the thermal conductivity of the material
we must determine Qcond. Based on the measured true
temperature rise ΔT, we use Stefan-Boltzmann’s law along
with an estimated distribution of radial temperatures to
determine the emitted power Qrad. For the small, perturbed
temperatures and the relatively fast measurement times of
our experiments, we assume the ambient temperature
difference between T1 and T0 is negligible. Thus,
Qrad ¼ εσðT4

1 − T4
0Þ. To account for these radiative surface

losses, we calculate the temperature distributions on the
front and back surfaces from solutions to the cylindrical
heat equation applied to a finite cylinder with a circular,
surface heat source that is detailed in prior works [26,27].
For solidW, we calculate the radial temperature distribution
by assuming a constant temperature (which is the temper-
ature measured by the pyrometer) from the center of the
laser spot to 0.55rL, and then use a logarithmic temperature
distribution for ΔTðrÞ that decays to 25% of the center
temperature at the outer edge of the 1 cm sample. We
assume the same radial temperature distribution for the rear
surface temperature, which is opposite the surface on which
the laser is applied, only the temperature is 1=3 that of the
front side. For the molten measurement, in which the
sample is only in its molten state in the laser heated volume,

FIG. 2. Thermograms of the radiance temperature response of
W subjected to various power perturbations above the baseline
power Q0, which was used to bring the sample up to a quasi-
steady baseline temperature. The ΔQ perturbations result in a ΔT
above the baseline temperature that is used to calculate the
thermal conductivity of the sample. We note that over the course
of collecting a series of data (various thermograms of ΔT), slow
temperature rises due to delayed equilibration of the chamber lead
to increases in the baseline temperature of the sample (T0). This is
apparent from the difference in radiance temperature of the W
from Q0;initial to Q0;final, which were collected using identical
powers after 10 successive scans spanning about 30 minutes.
Thus, ΔTrad is determined by interpolating between temperatures
at times before and after the change in temperature driven by ΔQ.
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the rear temperature is 1=4.5 that of the front side temper-
ature in the radial portion of the sample. With these front
and rear surface temperature gradients, we then integrate
Stefan-Boltzmann’s law over each surface while account-
ing for the temperature dependent total emissivity [2] of the
material to determine Qrad emitted by the sample.
The measured thermal conductivity of the W sample as a

function of temperature is shown in Fig. 3 up to and above
its melting temperature. For the solid phase, we plot the
recommended values for the thermal conductivity of W
tabulated in the literature [1], which agree well with our
measurements. We are not aware of any prior measure-
ments of the thermal conductivity of molten W that were
not derived from electrical resistivity measurements via the
Wiedemann-Franz law, and thus our measurement offers a
unique opportunity to validate the Wiedemann-Franz law
for molten tungsten. Tolias et al. and Pottlacher [9,10]
report recommended values for the electrical resistivity of
molten W at temperatures near the phase transition of ρ ¼
134 μΩ cm and ρ ¼ 137 μΩ cm, respectively. Using L0 ¼
2.443 × 10−8 WΩK−2 as the Lorenz number in the
Wiedemann-Franz law (ke ¼ L0T=ρ, where ke is the
electronic thermal conductivity) [4] yields a thermal con-
ductivity of 68–70 Wm−1 K−1. Tolias et al. [10] further
expounds upon their molten W thermal conductivity report
to recommend a value of 66.6� 8.2Wm−1 K−1 and dis-
continuity in k across the solid-liquid phase transition of
20.4 Wm−1K−1. This is in agreement with our measured
value of 57.0� 11.0 Wm−1 K−1 with a similar reduction in
thermal conductivity from the solid to molten state
within our experimental uncertainty. Taken together, our

measurements strongly support the validity of the
Wiedemann-Franz law and the use of L0 applied to W
in its molten state.
We further validate our assertion that the Wiedemann-

Franz law is suitable to calculate the thermal conductivity
of high temperature W by determining the lattice contri-
bution to the total thermal conductivity of W through
ab initioMD simulations, where we develop aML potential
for W that is uniformly accurate over the entire range of
temperatures from room temperature up through the melt-
ing point (see Supplemental Material for details) [28–36].
These ML-MD simulated phonon thermal conductivities of
W are shown in Fig. 4, and only contribute < 5% to the
total thermal conductivity of W at these high temperatures
with the phononic contribution decreasing with increasing
temperature up to the melting temperature. In the
molten state, the vibrational thermal conductivity is
∼0.5 Wm−1K−1, contributing < 1% to the thermal con-
ductivity. Note, this relatively negligible vibrational con-
tribution is not the case at lower temperatures (i.e., room
temperature) where the phonon contribution to the thermal
conductivity of W can contribute ∼30%, as predicted by
our ML-MD simulations and consistent with prior works

FIG. 3. Measured thermal conductivity of solid and molten W
from this work (fill and open circles, respectively) compared to
accepted values from the literature for both solid [1] and molten
states [10]. The previously reported accepted value for the
thermal conductivity of molten W from Tolias et al. [10] is
derived from the Wiedemann-Franz law applied to electrical
resistivity data.

FIG. 4. ML-MD simulated vibrational thermal conductivities of
solid (phonons) and molten (vibrations) W compared to data
presented in Fig. 3 (data symbols the same as in Fig. 3). The
vibrational component to the thermal conductivity of W only
contributes < 5% to the total thermal conductivity above 2000 K
with the phononic contribution decreasing with increasing
temperature up to the melting temperature, indicating the pho-
nonic thermal conductivity at these elevated temperatures is
decreasing due to anharmonic phonon-phonon interactions. In
the molten state, the vibrational thermal conductivity is
∼0.5 Wm−1 K−1, contributing < 1% to the thermal conductivity.
At these elevated temperatures above Tmelt=2, the vibrational
contribution is effectively suppressed leading to the thermal
conductivity of W being dominated by electrons, thus resulting in
the Wiedemann-Franz law proving an accurate route to calculate
the thermal conductivity.
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[8]. This dramatically high phonon contribution to thermal
conductivity in tungsten is attributed to the high degree of
symmetry of its Fermi surface. However, at these elevated
temperatures above Tmelt=2, the vibrational contribution is
effectively suppressed leading to the thermal conductivity
of W being dominated by electrons, thus resulting in the
Wiedemann-Franz law proving an accurate route to calcu-
late the thermal conductivity. Above Tmelt, the absence of
long-range order precludes phonons from being supported,
the vibrational contribution to thermal conductivity is
effectively suppressed, and heat transfer is limited to the
effects of nearest neighbor potentials on acoustically
propagating density fluctuations [37]. However, at these
elevated temperatures of interest in this work, the absence
of long-range order precludes traditional phonons from
being supported by the metal lattice. This ∼1.5Wm−1K−1

drop in vibrational thermal conductivity does not, however,
account for the ∼20–30 Wm−1 K−1 reduction observed in
the total thermal conductivity. Since the resulting total
thermal conductivity of W is thus dominated by electrons,
the Wiedemann-Franz law proves to be an accurate route to
calculate the change in thermal conductivity across the
molten transition temperature.
In general, given the relatively low phononic contribu-

tion to thermal conductivity in most metals, the changes in
thermal conductivity across the melting temperature of
metals will be mostly dominated by the changes in electron
thermal conductivity, which will be driven, at least in part,
by changes in electron-phonon scattering rates. While W
exhibits a relatively modest decrease in thermal conduc-
tivity due to its already relatively high electron-phonon
scattering rates in the solid phase [38], the highly con-
ductive, free electron metals with intrinsically low electron-
phonon scattering rates in their solid phases [38], such as
gold and copper, exhibit dramatically greater drops in
thermal conductivity across solid to liquid transitions
[39], exceeding a 50% reduction, due to the larger increase
in electron-ion scattering rates.
In conclusion, we measure the thermal conductivity of

solid and molten tungsten using SSTDR. We demonstrate
that the thermal conductivity can be well described by
application of the Wiedemann-Franz law using the Lorenz
number L0. We further support this conclusion using
ab initioMD simulations with a machine-learned potential.
Our conclusions are enabled through the development of
SSTDR as a measurement technique for determination of
thermal conductivity, which allows for a measure of
thermal properties without relying on the interpretation
of electrical resistances. This technique could offer an
approach to measure the thermal properties of electrically
insulating materials at high temperatures, including during
melting and in their molten states. With the integration of
additional spatial and spectral pyrometric sensors with
increased temporal resolution into this apparatus, this
technique can be extended to measure heat capacity,

emissivity, and latent heat of materials at high temperatures
and during solid-liquid transitions.

We appreciate support from the Office of Naval
Research, Grants No. N00014-22-1-2139, No. N00014-
21-1-2622, and No. N00014-23-1-2630. P. E. H. acknowl-
edges support from the Alexander von Humboldt
Foundation for partially supporting his work at the
European Commission, Joint Research Centre in
Karlsruhe, Germany.

*These two authors contributed equally.
†Present address: Delft University of Technology, Faculty of
Applied Sciences, Department of Radiation Science and
Technology, Delft, 2628, Netherlands.

‡phopkins@virginia.edu
[1] C. Y. Ho, R. W. Powell, and P. E. Liley, J. Phys. Chem. Ref.

Data 1, 279 (1972).
[2] Y. S. Touloukian and D. P. DeWitt, Thermophysical Proper-

ties of Matter–Thermal Radiative Properties: Metallic
Elements and Alloys (IFI/Plenum, New York, 1970), Vol. 7.

[3] R. D. Allen, L. F. Glasier, and P. L. Jordan, J. Appl. Phys.
31, 1382 (1960).

[4] G. Wiedemann and R. Franz, Ann. Phys. (N.Y.) 165, 497
(1853).

[5] A. J. Sievers, J. Opt. Soc. Am. 68, 1505 (1978).
[6] G. Grimvall, M. Thiessen, and A. F. Guillermet, Phys. Rev.

B 36, 7816 (1987).
[7] L. G. Wang, A. van de Walle, and D. Alfe, Phys. Rev. B 84,

092102 (2011).
[8] Y. Chen, J. Ma, and W. Li, Phys. Rev. B 99, 020305(R)

(2019).
[9] G. Pottlacher, High Temperature Thermophysical Proper-

ties of 22 Pure Metals (edition keiper, 2010).
[10] P. Tolias and EUROfusion MST1 Team, Nucl. Mater.

Energy 13, 42 (2017).
[11] T. Matsumoto, A. Cezairliyan, and D. Basak, Int. J.

Thermophys. 20, 943 (1999).
[12] R. Bedford, G. Bonnier, H. Maas, and F. Pavese, Metrologia

33, 133 (1996).
[13] A. Cezairliyan, A. P. MIller, F. Righini, and A. Rosso, in

Temperature. Its Measurement and Control in Science and
Industry (American Institute of Physics, New York, 1992).

[14] A. Cezairliyan and J. McClure, J. Res. Natl. Bereau Stand.
A 75, 283 (1971).

[15] A. Cezairliyan, S. Krishanan, and J. L. McClure, Int. J.
Thermophys. 17, 1455 (1996).

[16] A. P. Miiller and A. Cezairliyan, Int. J. Thermophys. 14, 511
(1993).

[17] R. D. Larrabee, J. Opt. Soc. Am. 49, 619 (1959).
[18] E. Brodu, M. Balat-Pichelin, J.-L. Sans, and J. Kasper, Acta

Mater. 84, 305 (2015).
[19] D. Manara, L. Soldi, S. Mastromarino, K. Boboridis, D.

Robba, L. Vlahovic, and R. Konings, J. Vis. Exp. 14, 54807
(2017).

[20] O. Cedillos-Barraza, D. Manara, K. Boboridis, T. Watkins,
S. Grasso, D. D. Jayaseelan, R. J. M. Konings, M. J. Reece,
and W. E. Lee, Sci. Rep. 6, 37962 (2016).

PHYSICAL REVIEW LETTERS 132, 146303 (2024)

146303-5

https://doi.org/10.1063/1.3253100
https://doi.org/10.1063/1.3253100
https://doi.org/10.1063/1.1735847
https://doi.org/10.1063/1.1735847
https://doi.org/10.1002/andp.18531650802
https://doi.org/10.1002/andp.18531650802
https://doi.org/10.1364/JOSA.68.001505
https://doi.org/10.1103/PhysRevB.36.7816
https://doi.org/10.1103/PhysRevB.36.7816
https://doi.org/10.1103/PhysRevB.84.092102
https://doi.org/10.1103/PhysRevB.84.092102
https://doi.org/10.1103/PhysRevB.99.020305
https://doi.org/10.1103/PhysRevB.99.020305
https://doi.org/10.1016/j.nme.2017.08.002
https://doi.org/10.1016/j.nme.2017.08.002
https://doi.org/10.1023/A:1022699622719
https://doi.org/10.1023/A:1022699622719
https://doi.org/10.1088/0026-1394/33/2/3
https://doi.org/10.1088/0026-1394/33/2/3
https://doi.org/10.6028/jres.075A.027
https://doi.org/10.6028/jres.075A.027
https://doi.org/10.1007/BF01438679
https://doi.org/10.1007/BF01438679
https://doi.org/10.1007/BF00566049
https://doi.org/10.1007/BF00566049
https://doi.org/10.1364/JOSA.49.000619
https://doi.org/10.1016/j.actamat.2014.10.050
https://doi.org/10.1016/j.actamat.2014.10.050
https://doi.org/10.3791/54807
https://doi.org/10.3791/54807
https://doi.org/10.1038/srep37962


[21] T. R. Pavlov, D. Staicu, L. Vlahovic, R. J. M. Konings, P.
Van Uffelen, and M. R. Wenman, Int. J. Thermal Sci. 124,
98 (2018).

[22] J. L. Braun, D. H. Olson, J. T. Gaskins, and P. E. Hopkins,
Rev. Sci. Instrum. 90, 024905 (2019).

[23] J. L. Braun, C. J. Szwejkowski, A. Giri, and P. E. Hopkins, J.
Heat Transfer 140, 052801 (2018).

[24] D. R. Lide, CRC Handbook for Chemistry and Physics,
89th ed. (Internet Version, CRC Press/Taylor and Francis,
Boca Raton, FL, 2008).

[25] H. S. Carslaw and J. C. Jaeger, Application to surface
heating of a semi-infinite region. III. Heat supply at the
rate q per unit time per unit area for t > 0 over the circle
x2 þ y2 < a2, z ¼ 0, p. 264, in Conduction of Heat in
Solids, 2nd ed. (Oxford University Press, New York, 1959),
Sec. 10.5, p. 264.

[26] N. Y. Olcer, Br. J. Appl. Phys. 18, 89 (1967).
[27] W. T. Laughlin and R. C. Vrem, Air Force Weapons

Laboratory Technical Report No. AFWL-TR-72-236,
1973.

[28] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.132.146303 for details
on density functional theory-molecular dynamics (DFT-
MD), training dataset, training, standard MD, Green-Kubo
simulations, and thermal conductivity vs electrical conduc-
tivity of tungsten, which includes Refs. [10,29–36].

[29] P. Giannozzi et al., J. Phys. Condens. Matter 21, 395502
(2009).

[30] R. Martoňák, A. Laio, and M. Parrinello, Phys. Rev. Lett.
90, 075503 (2003).

[31] H. Wang, L. Zhang, J. Han, and E. Weinan, Comput. Phys.
Commun. 228, 178 (2018).

[32] M. Abadi et al., TensorFlow: Large-scale machine learning on
heterogeneous systems (2015), software available from
https://www.tensorflow.org/.

[33] A. P. Thompson, H. M. Aktulga, R. Berger, D. S.
Bolintineanu, W.M. Brown, P. S. Crozier, P. J. in’t Veld,
A. Kohlmeyer, S. G. Moore, T. D. Nguyen et al., Comput.
Phys. Commun. 271, 108171 (2022).

[34] K. He, X. Zhang, S. Ren, and J. Sun, in Proceedings of the
IEEE Conference on Computer Vision and Pattern Recog-
nition (2016), pp. 770–778.

[35] Q. Zheng, A. B. Mei, M. Tuteja, D. G. Sangiovanni, L.
Hultman, I. Petrov, J. E. Greene, and D. G. Cahill, Phys.
Rev. Mater. 1, 065002 (2017).

[36] R. E. B. Makinson, Math. Proc. Cambridge Philos. Soc., 34,
474 (1938).

[37] A. Z. Zhao and J. E. Garay, Prog. Mater. Sci. 139, 101180
(2023).

[38] Z. Lin, L. V. Zhigilei, and V. Celli, Phys. Rev. B 77, 075133
(2008).

[39] G. Pottlacher, J. Non-Cryst. Solids 250–252, 177 (1999).

PHYSICAL REVIEW LETTERS 132, 146303 (2024)

146303-6

https://doi.org/10.1016/j.ijthermalsci.2017.10.008
https://doi.org/10.1016/j.ijthermalsci.2017.10.008
https://doi.org/10.1063/1.5056182
https://doi.org/10.1115/1.4038713
https://doi.org/10.1115/1.4038713
https://doi.org/10.1088/0508-3443/18/1/314
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.146303
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.146303
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.146303
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.146303
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.146303
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.146303
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.146303
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1103/PhysRevLett.90.075503
https://doi.org/10.1103/PhysRevLett.90.075503
https://doi.org/10.1016/j.cpc.2018.03.016
https://doi.org/10.1016/j.cpc.2018.03.016
https://www.tensorflow.org/
https://www.tensorflow.org/
https://www.tensorflow.org/
https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1103/PhysRevMaterials.1.065002
https://doi.org/10.1103/PhysRevMaterials.1.065002
https://doi.org/10.1017/S0305004100020442
https://doi.org/10.1017/S0305004100020442
https://doi.org/10.1016/j.pmatsci.2023.101180
https://doi.org/10.1016/j.pmatsci.2023.101180
https://doi.org/10.1103/PhysRevB.77.075133
https://doi.org/10.1103/PhysRevB.77.075133
https://doi.org/10.1016/S0022-3093(99)00116-7

