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ABSTRACT: Extreme pressure conditions reveal fundamental insights into the physical properties
of elemental metals that are otherwise not evident under ambient conditions. Herein, we use the
density functional perturbation theory to demonstrate that the change in thermal conductivity as a
result of large hydrostatic pressures at room temperature for aluminum is the largest of any known
material. More specifically, in comparison to ambient conditions, we find that the change in thermal
conductivity for aluminum is greater than the relative changes in thermal conductivities of diamond
and cubic boron nitride combined, which are two of the most thermally conductive bulk materials
known to date. We attribute this to the relatively larger increase in mean free paths and lifetimes of
electrons in aluminum as a result of weaker electron−phonon coupling at higher pressures. Our work
reveals direct insights into the exceptional electronic transport properties of pressurized aluminum
and advances a broad paradigm for understanding thermal transport in metals under extreme
pressure.

High-pressure studies provide insights into novel physical
phenomena of the condensed state that are otherwise

not discernible at ambient conditions. For example, high
pressures have been utilized to effectively increase the
superconducting transition temperature of elemental metals
that are not superconducting at ambient pressure,1−4 tune the
thermal conductivity for different phases of materials over a
wide range,5−8 and increase thermal boundary conductance
across two solids by increasing the interfacial bond stiffness.9,10

In terms of the fundamental scattering mechanisms of the
energy carriers, first-principles-based high-pressure studies on
nonmetallic solids (far from pressure-induced phase tran-
sitions) have shown that phonon−phonon (p−p) scattering
rates can either increase or decrease depending upon the
available scattering phase space for the acoustic phonons.8,11,12

Likewise, with the application of pressure on metallic solids,
electron−phonon (e−p) interactions can either increase or
decrease depending upon the type of electronic band
structure.2,13 These ab initio-based predictive studies lend
critical insights into the unique phenomenon of condensed
matter physics that are readily becoming accessible through
high-pressure diamond anvil cell experiments with pressures
reaching upward of 800 GPa.14

At ambient conditions, first-principles calculations based on
the linear response theory have elucidated the spectral e−p
coupling in several metals, demonstrating good agreement
between tunneling experiments and theory.15−18 Transport
calculations based on the lowest order variational principle,
which uses the spectral calculations as inputs to the
simplifications of the Boltzmann transport equation (BTE)
have also shown agreement with experimental results of
electrical resistivities and thermal conductivities, thereby

demonstrating the validity of the ab initio approaches.13,16,19,20

Recently, the separate contributions from p−p and e−p
scattering channels to the overall thermal conductivity of
various types of metals have been calculated by solving the
BTE in conjunction with density functional perturbation
theory (DFPT) predictions carried out on dense meshes of
phonon (q) and electron (k) wave vectors in the Brillouin
zone.21−23 Therefore, first-principles calculations offer the
prospect of quantitatively analyzing the mode-level descrip-
tions of microscopic mechanisms dictating energy transport
and conversion between and within different energy carriers
with high precision. This provides the opportunity for an in-
depth and accurate understanding of the effect of the pressure
on the various scattering mechanisms. However, to properly
account for interactions between all electronic states and
phonon modes in the entire Brillouin zone, fine meshes of
phonon and electron wave vectors are necessary, especially at
high pressures, to accurately predict the physical properties,
such as electrical resistivities, heat capacities, and super-
conducting transition temperatures.2,24,25 The recent develop-
ments in parameter-free first-principles-based calculations of
p−p and e−p scattering mechanisms have enabled such types
of calculations to be carried out in dense wave vector grids,
thus offering a feasible route to the comprehensive under-
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standing of the microscopic mechanisms dictating energy
transport in various types of materials.26−28

In this work, we calculate the thermal conductivity of Al
under high pressures of up to ∼200 GPa by accounting for
both e−p and p−p interactions from DFPT without any
adjustable parameters. We find that the drastic decrease in e−p
coupling with increasing pressure results in enhanced
electronic thermal conductivities. The application of pressure
is also shown to enhance phonon-driven thermal conductivity,
which culminates to ∼20% of the total thermal conductivity at
room temperature for pressures approaching 200 GPa, which is
much higher in comparison to ∼5% contribution at ambient
conditions. The contribution from lattice thermal conductivity
is further enhanced to ∼50% of the total thermal conductivity
at 100 K under hydrostatic pressures of 200 GPa and greater,
suggesting that lattice vibrations can substantially contribute to
heat conduction in metals for these conditions. At room
temperature, our results reveal that the electron-driven changes
in the thermal conductivity of Al are considerably larger in
comparison to the changes observed for the lattice-driven
thermal conductivities via pressure of some of the most
thermally conductive and electrically insulative materials.

Our calculations of the e−p coupling are based on DFPT
calculations as implemented in Quantum Espresso and the
electron−phonon Wannier (EPW) packages.25,29,30 The
second- and third-order force constants for the calculations
of p−p scattering are also determined by implementing
Quantum Espresso and solving the iterative solution to the
BTE. The strength of e−p coupling is generally represented by
the e−p mass enhancement parameter, λ.31 For accuracy, this
parameter is calculated with dense electron and phonon wave
vector grids utilizing the EPW package and is given as

F
2

( )d
0

2

=
(1)

where ω is the phonon frequency and α2F(ω) is the Eliashberg
function. Further details of the calculations are given in the
Supporting Information. The calculations for λ as a function of
the pressure (for pressures of up to 207 GPa) for Al are shown
in Figure 1a. The application of ∼20 GPa hydrostatic pressure
is shown to drastically reduce the coupling between the
electronic and vibrational states, leading to ∼50% reduction in
λ, whereas further application of the hydrostatic pressure
causes modest reduction of λ, thereafter to ∼18% of the
ambient value at pressures of up to 207 GPa.

In general, the application of pressure causes the spring
constant between the atoms to stiffen and leads to the
hardening of phonon modes, as shown in the phonon density
of states for four different pressures in Figure 1b. The stiffening
of the lattice is represented by the positive curvature of the
relative volume change, and consequently, the maximum
frequency increases monotonically with pressure (see Figure
S2 of the Supporting Information). The maximum frequencies
for both longitudinal and transverse polarizations monotoni-
cally increase (see Figure S4 of the Supporting Information)
along with the reduction in the heights of the high-frequency
peaks in the corresponding density of states (see Figure 1b). In
contrast to the density of states, the peaks in the Eliashberg
spectral function, α2F(ω), shift to higher frequencies,
suggesting that electrons preferentially scatter with longitudinal
phonons in Al for the entire pressure range, as shown in Figure
1c. Therefore, the reduction in the peak heights of the
Eliashberg spectral function along with the stiffening of the

phonon frequencies with pressure causes the e−p coupling
(quantified by λ) to decrease, as shown in Figure 1a.

Before we consider the effect of the pressure on the overall
thermal transport of Al as a result of e−p and p−p scattering
mechanisms, we consider the changes in the heat capacities,
Fermi velocities, phonon group velocities, and electron and
phonon lifetimes with pressure. Figure 2a shows the calculated
electron heat capacities and average Fermi velocities as a
function of the pressure for Al. The application of pressure
induces a slight increase in the heat capacities of the electrons
and has a negligible influence on the Fermi velocity.
Interestingly, the average Fermi velocity of ∼1.6 × 106 m s−1

at ambient obtained from our first-principles calculations
deviates considerably from the predictions based on the free-
electron theory (∼2 × 106 m s−1). This is surprising because Al
possesses a free-electron-like electronic structure and the
density of states follows the free electron gas model with a
parabolic band dependence.32 We note that our results are in-
line with prior predictions from first-principles calculations of
the mean free path of electrons in Al at ambient conditions.33

In comparison to the changes in Fermi velocities and
electron heat capacities, the pressure-induced changes in the
lifetimes and mean free paths of the electrons are much more
pronounced for Al, as shown in Figure 2b, where we plot the
average carrier lifetimes and mean free paths as a function of
energy by accounting for e−p interactions at five different
pressures. The average mean free path of electrons near the
Fermi level is ∼16 nm with a lifetime of ∼10 fs at ambient
conditions for Al, which are smaller than those for noble
metals; for Ag and Au, the mean free paths of electrons near
the Fermi level are ∼50 and ∼40 nm with lifetimes of ∼30 fs,
respectively.34 In comparison to the ambient pressure, the
lifetimes and mean free paths of electronic energy states

Figure 1. (a) Calculations of the electron−phonon coupling
parameter (λ) versus applied hydrostatic pressure for Al from the
density functional perturbation theory. The effect of the pressure is
shown to drastically lower the electron−phonon scattering. (b)
Phonon density of states for Al at four different pressures showing the
monotonically increasing spectrum of frequencies as a result of
application of hydrostatic pressure leading to lattice stiffening. (c)
Calculated Eliashberg spectral functions [α2F(ω)] at four different
pressures. The effect of the hydrostatic pressure is shown to not only
increase the maximum frequency but also shown to drastically lower
the heights of the peaks in both the density of states and the spectral
functions.
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around the Fermi level can increase by more than a factor of 5
with the application of ∼207 GPa hydrostatic pressure.
Furthermore, the lifetimes are much longer for energy carriers
near the Fermi level and are solely dictated by e−p interactions
because, at the temperatures considered in this work,
electron−electron interactions can safely be ignored.

In contrast to the electronic subsystem, the group velocities
of the phonons increase for the entire vibrational spectrum
with the application of hydrostatic pressure, as shown in Figure
2c. Therefore, unlike the electrons, the increase in the average
group velocities of phonons has substantial contributions to
the increase in the lattice thermal conductivity, as will be
discussed in more detail below. Furthermore, the lifetimes of
phonons are comparably longer and span a broader range
compared to the lifetimes of electrons, as shown in Figure 2d.
However, at ambient conditions, the phonon lifetimes are
much shorter compared to that in a semiconductor, such as Si,
which has an atomic mass similar to Al, but the strong covalent
bonds and low anharmonicity give rise to longer phonon
lifetimes and, therefore, higher phonon thermal conductivity in
Si.22 Surprisingly, the longest mean free paths of phonons in Al
are similar to the mean free paths of electrons at ambient
conditions (see Figure S5 of the Supporting Information).
However, the mean free paths in the 1−10 nm range
contribute ∼90% of the phonon thermal conductivity, whereas
the range of mean free paths for electrons is much smaller,
which validates the gray approximation to calculate electron-
driven thermal conductivity, κe. As the pressure is increased,

the lifetimes of phonons in Al increase and become
comparable to that of the phonons in Si.22

Figure 3a shows the average lifetimes of electrons at the
Fermi level as a function of the hydrostatic pressure for 100
and 300 K. The application of pressure monotonically
increases the average lifetimes of electrons and leads to a
qualitatively similar increase in the electron thermal con-
ductivity, as shown in Figure 3b for the two temperatures.
Although the lifetimes are higher at 100 K compared to 300 K,
the electron thermal conductivity is higher at 300 K as a result
of the larger electron heat capacity (see Figure 2a). This is in
contrast to the 1/T dependence of lattice thermal conductivity,
which is largely driven by anharmonic Umklapp scattering
processes, as shown in Figure 3c at ambient pressure. For
comparison, we also plot the separate contributions from κep
and κpp to the total thermal conductivity in Figure 3c. At room
temperature, the contribution from κpp to the total thermal
conductivity is ∼5% because the electrons are the dominant
heat carriers at relatively higher temperatures. The contribu-
tions from κpp are greater at relatively lower temperatures. We
also plot the experimentally measured temperature-dependent
thermal conductivity of Al in Figure 3c. Our first-principles-
based results match very well with the experimental results for
temperatures of >150 K. However, at lower temperatures, our
calculations underpredict the measured thermal conductivities
considerably. This could be due to contributions from
electron−electron scattering channels to the overall heat
transport at lower temperatures, which have been ignored in
our calculations and are beyond the scope of the current work
but clearly deserve further investigations. At low temperatures,
the lattice contribution increases with the application of
pressure, as shown by the inset of Figure 3c for ∼82 GPa
pressure and will be discussed in more detail below.

To quantitatively gauge the effect of the pressure on the
relative contributions from κpp on the total thermal
conductivity, we plot κpp and κtot as a function of the
prescribed hydrostatic pressure for 100 and 300 K in Figure 3d.
Although κpp at 100 K is higher than at 300 K, the total thermal
conductivities from e−p and p−p scattering mechanisms are
similar at the two temperatures. Furthermore, the contribu-
tions from κpp to the overall thermal conductivity increase from
5% at ambient to ∼18% at 300 K, as shown in Figure 3e. The
phonon contributions to κtot are increased at 100 K for all
pressures with an increase from ∼20 to 50% from ambient
pressure to 207 GPa hydrostatic pressure. This suggests that
the lattice contributions to thermal conductivity in Al cannot
be ignored at high pressures.

In Figure 4a, we compare the pressure-dependent total
thermal conductivity of Al with three semiconductors (i.e.,
diamond, cubic boron nitride, and boron arsenide) with some
of the highest known thermal conductivities at room
temperature determined via first-principles-based calcula-
tions.8,11,12 Not surprisingly, the thermal conductivity of the
isotopically pure diamond as calculated by Broido et al.11

represents the highest attainable thermal conductivity through-
out the pressure range for any known material. The first-
principles-predicted thermal conductivity of cubic boron
nitride (c-BN) follows the qualitative monotonic increase in
thermal conductivity of a diamond with slightly lower values.12

The monotonic enhancement is attributed to stiffening of the
phonons with acoustic velocities and reduced p−p scattering
rates. Moreover, the increase in optic mode frequencies with
pressure in these insulators is shown to weaken the coupling

Figure 2. (a) Variation of the electronic heat capacity (at 100 and 300
K) and Fermi velocity with pressure for Al. The electronic heat
capacity increases slightly with the pressure for the temperature range
studied in this work, whereas the hydrostatic pressure has a negligible
influence on the Fermi velocity. The Fermi velocity at ambient
conditions (1.6 × 106 m s−1) is ∼20% lower than the predictions of
the free-electron theory (2× 106 m s−1). (b) Average electron
lifetimes and mean free paths as a function of the electron energy for
five different pressures. The left axis measures the lifetime (blue) and
the right axis measures the mean free path (red) of electrons as a
result of electron−phonon scattering. (c) Spectral phonon group
velocity at three different pressures for Al. Along with broadening of
the phonon spectrum, the group velocities of the phonon modes also
increase with the pressure. (d) Spectral phonon lifetimes as a result of
phonon−phonon scattering at three different pressures for Al.
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with the heat carrying acoustic modes, thus leading to the
increase in the lattice thermal conductivity.11 In contrast, a
nonmonotonic decrease at high pressures is predicted for BAs,
which has been attributed to the large mass difference between
the constituent atoms in the unit cell of BAs, leading to
significant frequency gaps between acoustic and optic
phonons.8 More specifically, Lindsay et al.8 have shown that
as a result of the significant gap between the acoustic and optic
phonon modes, the three phonon scattering processes are
exclusively dominated by acoustic modes for which the
scattering phase space increases as a result of hardening of
acoustic modes with pressure. This leads to the reduction of
thermal conductivity with pressure in BAs. In comparison to
these electrical insulators, the electron-dominated thermal
conductivity of Al surpasses that of BAs at higher pressures and
shows a monotonic increase similar to a diamond and c-BN,
even though the quantitative values are lower than these
insulators for the entire pressure range. However, the unique
pressure dependence of thermal conductivity in Al is observed
when we compare its relative increase from ambient
conditions. In Figure 4b, we plot the normalized thermal
conductivity with respect to the thermal conductivity at
ambient pressure as a function of the hydrostatic pressure for
Al, diamond, c-BN, and BAs. The thermal conductivity of Al at
207 GPa is ∼8× higher than that at ambient pressure, whereas
the increase for a diamond and c-BN is only ∼3×. The higher
rate of increase in the thermal conductivity for Al with pressure
is a direct consequence of the large increase in electron

lifetimes, as discussed above, demonstrating the larger
tunability of electron-driven thermal properties with external
stimuli compared to the phonon-driven processes in semi-
conductors. We note that, while metals, such as Al, Ag, and Au,
demonstrate a decreasing e−p coupling strength with
pressure,13 some metals, such as K and Li, show an increasing
trend in e−p coupling strength for a range of pressure
conditions.2 This suggests that the electron-driven thermal
conductivity increases with pressure as a result of reduced e−p
coupling that we observe for Al in this work might not be
generalized to all metals. Moreover, for some transition metals,
such as Ni and W, the purely phonon-driven thermal
conductivity has a more significant contribution to the total
thermal conductivity in comparison to Al.21,36 As such, the
drastically increased electron thermal conductivity that we
observe for aluminum might not be transferable to those
metals. Therefore, a detailed investigation of both phonon and
electron thermal conductivities utilizing dense electron and
phonon wave vector grids for accurate predictions of the e−p
scattering matrix should be carried out for all metals to fully
understand their pressure-dependent thermal conductivities.

In summary, we have demonstrated the unique pressure
dependence of aluminum; i.e., the relative change in the
thermal conductivity as a result of large hydrostatic pressures at
room temperature for aluminum is the largest of any known
material. More specifically, in comparison to ambient
conditions, we find that the change in thermal conductivity
for aluminum is greater than the relative changes in the

Figure 3. (a) Average lifetime for electrons as a result of electron−phonon scattering at the Fermi level as a function of the applied hydrostatic
pressure for 100 and 300 K. The lifetimes increase monotonically for pressures up to ∼100 GPa and start to plateau at higher pressures. (b)
Calculated electron thermal conductivity for 100 and 300 K versus hydrostatic pressure. The electron thermal conductivity shows trends similar to
the electron lifetimes at the two different temperatures. Even though the lifetimes are higher at lower temperatures, the electron thermal
conductivities are higher at 300 K compared 100 K as a result of the larger electronic heat capacities at higher temperatures. (c) Temperature-
dependent thermal conductivity as a result of electron−phonon (blue squares) and phonon−phonon (green dashed line) scattering mechanisms at
ambient pressure. The total thermal conductivity as a result of the two mechanisms is also shown (red dotted line). For comparison, we also plot
the experimental thermal conductivity of Al taken from ref 35, which shows remarkable agreement with our first-principles-based calculations for
relatively higher temperatures (>200 K). (Inset) Temperature-dependent thermal conductivity as a result of electron−phonon (blue squares),
phonon−phonon (green dashed line), and total thermal conductivity (black line) for Al at 82 GPa. (d) Thermal conductivity as a result of
electron−phonon and phonon−phonon scattering as a function of the pressure for two different temperatures. (e) Phonon-driven thermal
conductivity normalized by the total thermal conductivity as a function of the pressure for 100 and 300 K. The lattice contribution to the total
thermal conductivity is higher at 100 K compared to room temperature and can reach ∼50% at extreme pressure conditions.
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thermal conductivities of a diamond and cubic boron nitride
combined, which are two of the most thermally conductive
bulk materials known to date. Our results reveal the enhanced
potential of tuning the electron-driven thermal conductivity of
metals via pressure compared to pressure-dependent changes
in the lattice thermal conductivity of electrical insulators at
moderate temperatures (from ∼100 to 600 K) studied in this
work. We attribute this to the relatively larger increase in the
mean free paths and lifetimes of electrons in aluminum as a
result of weaker electron−phonon coupling at higher pressures.
Furthermore, at hydrostatic pressures of ∼200 GPa, the
contributions from the lattice thermal conductivity in
aluminum increases from ∼20 to ∼50% as the temperature
decreases from 300 to 100 K, suggesting that the lattice
contributions cannot be ignored in aluminum with the
application of large hydrostatic pressures.
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