
PHYSICAL REVIEW B 109, 115129 (2024)

Electrical conductivity of copper under ultrahigh pressure and temperature
conditions by both experiments and first-principles simulations

Bo Gan (��) ,1 Jun Li (��),2 Junjie Gao (���),2 Qiru Zeng (���),1 Wenhao Song (���),1

Yukai Zhuang (���),1 Yingxin Hua (���),2 Qiang Wu (��),2 Gang Jiang (��),1

Yuan Yin (��) ,3,* and Youjun Zhang (���) 1,4,†

1Institute of Atomic and Molecular Physics, Sichuan University, Chengdu 610065, China
2National Key Laboratory for Shock Wave and Detonation Physics, Institute of Fluid Physics, CAEP, Mianyang 621900, China

3State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China
4Key Laboratory of High Energy Density Physics and Technology of Ministry of Education, Sichuan University, Chengdu 610065, China

(Received 25 November 2023; revised 29 January 2024; accepted 23 February 2024; published 15 March 2024)

Copper (Cu) is ubiquitously utilized in industry owing to its exceptional electrical conductivity and serves
as a standard material in shock compression experiments. However, a comprehensive understanding of the
electrical and thermal transport properties of Cu under extreme pressure-temperature (P-T) conditions remains a
significant challenge due to limited experiments and theoretical constraints. In this work, we have developed
a robust methodology for achieving high-quality electrical resistivity measurements of transition metals at
ultrahigh P-T conditions under shock compression. We conducted electrical resistivity measurements on Cu
utilizing a four-probe method in a diamond anvil cell up to 50 GPa at ambient temperature, and in a two-stage
light-gas gun up to 118 GPa and 1800 K. Simultaneously, we computed the electrical and thermal conductivity
of face-centered cubic (fcc) Cu over a wide P-T range using first-principles molecular dynamics simulations.
Notably, our experimental and theoretical results are overall consistent with each other. Our results reveal that
the electrical resistivity of fcc Cu diminishes with increasing pressure and displays a linear augmentation with
rising temperature. The relationship between the electrical resistivity of fcc Cu and temperature can be described
by the Bloch-Grüneisen formula, indicating that electron-phonon scattering governs its electrical conductivity.
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I. INTRODUCTION

The electrical conductivity of transition metals under ex-
treme pressure-temperature (P-T) conditions is of significant
interest in condensed matter physics and has important appli-
cations in high-energy density physics, high-pressure science,
and planetary sciences [1–5]. Over the past four decades,
numerous experimental and theoretical efforts have been un-
dertaken to investigate the electrical conductivity of metals
in the solid and liquid states [6,7]. Theoretical simula-
tion techniques, including density functional theory (DFT),
first-principles molecular dynamics (FPMD), Korringa-Kohn-
Rostoker Green function method with coherent potential
approximation, nonequilibrium ab initio molecular dynam-
ics, real-time formalism of time-dependent DFT, and other
methods have been extensively applied to model electrical
conductivity and elucidate the effects of pressure and tempera-
ture on electronic structure [8–17]. However, some theoretical
approaches often yield divergent predictions because ac-
curately modeling the electron-phonon interactions under
extreme conditions remains challenging [18–25]. Conse-
quently, reliable experimental measurements of the electrical
transport properties of metals at high P-T are critically
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necessary to provide benchmarking data for simulations and
advance understanding in this domain.

High P-T conditions can be generated in the laboratory
employing both static and dynamic compression techniques.
Static techniques, including large-volume presses (LVPs) and
diamond-anvil cells (DACs), have been extensively used to
quantify electrical conductivity. However, LVPs are typi-
cally constrained to pressures of ∼25 GPa and temperatures
<2500 K due to limitations on their loading capacity [26–38].
Laser-heated DACs (LH-DACs) extend the accessible P-T
range of static techniques to a few Mbar and 5000–6000 K
[39–44], enabling electrical conductivity measurements up to
∼170 GPa and ∼3500 K [5,45–55]. Nevertheless, probing
the extreme P-T conditions found in planetary cores requires
accessing even higher pressures and temperatures.

Dynamic compression techniques harnessing multistage
gas guns or high-powered lasers to generate strong shock
waves provide a means to achieve ultrahigh P-T condi-
tions and conduct electrical resistivity measurements beyond
200 GPa and 5000 K. Prior investigations into electrical re-
sistivities of insulators [56–62], liquids [63–74], and metals
[75–84] under shock loading have employed various tar-
get designs. However, measurements on metals have faced
challenges attributable to the skin depth effect, wherein the
current is confined near the surface rather than permeating
the entire sample thickness [85]. Meanwhile, increased sam-
ple thickness introduces greater uncertainties in resistivity
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determination due to their diminished initial resistance. Re-
cent advances by Crum et al. [85] involved the use of thinly
deposited metal films as samples to mitigate the skin depth
effect. This approach not only improved the measurement
accuracy by ensuring a more uniform current distribution but
also aligned well with impedance-matched electronic systems
tailored for the particularities of resistivity experiments under
shock compression.

Cu is a widely used transition metal with extensive appli-
cations in electronic industries [86] and serves as a standard
material commonly employed in shock wave physics. No-
tably, the investigation of its electrical resistivity at high
P-T conditions has attracted substantial attention. Matula
[87] consolidated the resistivity data of Cu from cryogenic
temperatures up to above its melting point at 1357 K at
ambient pressure utilizing Bloch-Grüneisen models. The re-
sistivity of Cu has additionally been quantified under static
and dynamic compressions up to ∼20 GPa and 2100 K
[33,34,80,88–90]. Some previous experiments conducted un-
der dynamic compression have revealed a significant increase
in its resistivity as pressure rises [80,90]. Conversely, other
experiments under static compression exhibited a contrasting
trend [33,34]. First-principles simulations have also been em-
ployed to understand the resistivity of Cu at high P-T, but
these simulations were conducted at relatively low pressures
and temperatures [88,91]. More recently, the resistivity was
estimated up to 100 GPa and 1350 K, utilizing a combination
of Bloch-Grüneisen theory, the Debye model, and a statistical
moment method (SMM) [92]. These findings indicate that an
increase in temperature leads to a rise in the resistivity of Cu,
while elevated pressure results in its reduction. However, the
pressure dependence predicted by the SMM exhibited signif-
icant deviation from both the first-principles simulations and
the static high-pressure experiments. As a result, significant
uncertainties persist due to the limited data available at high
P-T conditions, disparities between measurement techniques,
and unverified reliability of predictive models. These chal-
lenges represent a significant impediment to a comprehensive
understanding of the electrothermal transport properties of Cu
under extreme conditions.

In this study, we measured the electrical resistivity of Cu up
to ∼120 GPa and ∼1800 K utilizing both DAC and two-stage
light-gas gun techniques, supported by FPMD simulations.
The sample assemblies were strategically modified to miti-
gate the influence of the skin depth and gap effects inherent
in dynamic compression. The obtained results exhibit excel-
lent agreement with the FPMD simulations, demonstrating
adherence to the Bloch-Grüneisen formula. This conformity
suggests the prevalence of electron-phonon scattering as the
primary contributor to the electrical resistivity of Cu under the
current P-T conditions, with resistivity saturation exhibiting
negligible influence.

II. METHODS

A. Electrical resistivity measurements of Cu in a DAC

The electrical resistivity of Cu was measured up to a static
pressure of 50 GPa at room temperature utilizing a four-
probe configuration within a DAC equipped with 300 µm flat

culet diamonds (Fig. S1 in the Supplemental Material [93]).
A T-301 steel gasket was preindented to a pressure of
∼25 GPa. Within the preindented region, a culet-sized hole
(∼80%) was laser-drilled and subsequently filled with cubic
boron nitride (cBN) powder, serving as an insulating gas-
ket insert. The cBN was compressed to ∼20 GPa before
laser-drilling a sample chamber with a diameter of ∼100
µm diameter. A 5-µm-thick Cu foil (with 99.9% purity) was
shaped into a disc with a diameter of ∼40 µm. This sample
was placed into the prepared sample chamber, along with dry
SiO2 as the pressure-transmitting medium, and ruby chips
for in situ pressure determination via fluorescence shifts [94].
Four platinum (Pt) electrical leads were connected to the Cu
sample. Sample resistance was obtained using Ohm’s law,
applying a 100 mA direct current (DC) with a DC source
(Keithley 6221) and measuring voltage with a nanovoltmeter
(Keithley 2182A).

Three separate runs were conducted at high pressure and
room temperature. Previous work has demonstrated that the
shape and size of the sample and electrodes remained largely
unaltered during decompression [45,95]. Thus, we collected
the resistance of Cu during decompression. The electrical
resistivity (ρ) of Cu at high pressure was then derived from
the measured resistance (R) as

ρ = ρ0
R

R0

(
V

V0

)1/3

, (1)

where V is the pressure-dependent volume of Cu calculated
from its equation of state (EoS) [96,97]; ρ0, R0, and V0

are the electrical resistivity, resistance, and volume at am-
bient conditions, respectively, with ρ0 = 1.725 × 10−8 � m
[87]. Uncertainty was estimated based on the methods for
error analysis [5], yielding resistivity errors generally <5%.
Multiple runs enabled consistency verification and precision
resistivity determinations up to 50 GPa at room temperature.

B. Electrical resistivity measurements of Cu
in a two-stage light-gas gun

The electrical resistivity of Cu at high P-T conditions was
measured up to 118 GPa and ∼1800 K using the four-probe
technique under dynamic compression in a two-stage light-gas
gun [98]. The experimental setup is shown in Fig. 1(a). A
DC pulse power supply applied a constant current through
the sample, and an oscilloscope recorded the voltage. Input
current was monitored using a Rogowski coil within the sup-
ply. Five 100 m� low-temperature coefficient resistors were
connected in parallel to check the power discharge charac-
teristics (Fig. S2(a) in the Supplemental Material [93]). The
result shows a quasiconstant between 0 and 400 A current
over ∼60 µs (Fig. S2(b) in the Supplemental Material [93]),
ensuring a constant current during shock loading (Fig. S2(c)
in the Supplemental Material [93]).

High P-T conditions were generated by hypervelocity pla-
nar impact in the two-stage light-gas gun with a 25 mm bore
tube at Sichuan University. The Cu flyer (24 mm diameter and
2 mm thickness) was accelerated to velocities up to several
km/s prior to impact with the target. The impact velocity (w)
was measured by an electromagnetic method within ∼0.5%
uncertainty [99]. Meanwhile, the electromagnetic signal was
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FIG. 1. Experimental configuration for the electrical resistivity measurements of Cu under shock compression. (a) Schematic of the
experimental setup. Triggering of the power supply and oscilloscope is synchronized by the induced voltage from the passage of the high-
velocity flyer through the magnetic ring. Measuring the transient voltage response under an applied constant current allows the determination
of the electrical resistance evolution induced by shock compression of the sample. (b) Schematic of the sample assembly. The sample assembly
consists of the Cu foil sample sandwiched between two anvils with insulating layers. Two configurations were used: Al2O3 as both anvils and
insulators (Type I), and Cu anvils with mica insulation (Type II). (c) Schematic of the sample structure. The length, width, and thickness of the
Cu sample are 12 mm, 1 mm, and 10 µm, respectively.

also used to trigger the power supply to discharge at ∼7–14
µs before impact.

For shock experiments, a 10-µm-thick Cu foil (99.9% pu-
rity) was cut into an H-shaped structure, with the sample
comprising a 12 × 1 mm rectangle. Two 6.5 × 32 mm Cu
strips seamlessly connected at each end of the sample, en-
abling four electrodes to be soldered. Voltage and current
leads were situated on opposite sample sides, with the volt-
age leads in closer sample proximity [Fig. 1(c)]. Each lead
was soldered to a coaxial cable center wire, while the shield
was grounded. Epoxy resin was used to electrically isolate
the exposed leads from the steel target body. Two sample
assembly designs were used as depicted in Fig. 1(b). In the
Type-I assembly, the Cu foil sample was sandwiched between
two sapphire (Al2O3) anvils that are excellent electrical insu-
lators at high P-T conditions [56]. The sapphire anvils were
25–30 mm in diameter and 2–3 mm in thickness. In the Type-
II assembly, the Cu foil sample was sandwiched between

two 50-µm-thick mica sheets and then clamped by two Cu
anvils.

The skin depth (δ) is an important consideration for resis-
tivity measurements under shock compression, which could
be estimated by the formula [85]:

δ =
√

2ρ

ωμ

√√
1 + (ρωε)2 + ρωε, (2)

where μ is the magnetic permeability (1.256 × 10−6 H/m for
Cu), ε is the permittivity (8.854 × 10−12 F/m for Cu [85]),
and ω is the angular frequency calculated as

ω = 2π f , (3)

where f is the current frequency. Equations (2) and (3) in-
dicate that the skin depth decreases with increasing current
frequency (Fig. S3 in the Supplemental Material [93]). Tak-
ing the duration from discharge initiation to peak current as
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TABLE I. Impact conditions and results for the resistivity measurements of Cu under shock loading. w is the measured impact velocity of
the flyer, and its uncertainty is ∼0.5%. �T is the temperature rise caused by the current before the shock wave reaches the sample. The pressure
(P) and compression ratio (η) in the shock-compressed sample are determined by the impedance matching method, and their uncertainties are
estimated by the methods for error analysis in previous shock compression studies [101]. The temperature (T) in the shock-compressed sample
is estimated from the Hugoniot P-T diagrams of Al2O3 and Cu (Fig. S5 in the Supplemental Material [93]), and its uncertainty is estimated to be
12–15%. RS0 is the initial resistance of the sample, and its uncertainty is estimated to be <0.5%. UH and U1 denote the voltage across the sample
in the shock compression and initial states, respectively, and the uncertainty in UH/U1 can be estimated from the measured voltage profiles.
ρ, σ , and κ are the electrical resistivity, electrical conductivity, and thermal conductivity of Cu in the shock compression state, respectively,
and their uncertainties are estimated from the errors in Hugoniot EoS, UH/U1, and the initial resistivity by using error propagation. Values in
parentheses are uncertainties given at 2σ levels.

Shot Sample Flyer/ w �T P T
No. assembly baseplate (km/s) (K) (GPa) (K) η RS0 (m�) UH/U1 ρ (µ� cm) σ (µ� dm)−1 κ [W/(mK)]

E1 Type II 2.360(12) 18(4) 59.9(0.6) 880(106) 0.793(24) 21.15 1.636(60) 2.40(17) 4.16(29) 556(77)
E2 Type I 2.817(14) 15(3) 64.5(0.7) 800(120) 0.785(24) 21.08 1.581(132) 2.27(23) 4.40(45) 530(96)
E3 Type II 3.042(15) 14(3) 84.3(0.8) 1380(166) 0.755(23) 20.92 2.016(125) 2.77(24) 3.61(31) 689(101)

Cu/Cu
E4 Type I 3.476(17) 12(2) 83.7(0.8) 1000(150) 0.756(23) 21.19 1.881(178) 2.57(29) 3.89(43) 543(101)
E5 Type II 3.489(18) 12(2) 101.9(1.0) 1790(215) 0.733(22) 21.13 2.264(175) 3.00(29) 3.33(32) 779(120)
E6 Type I 4.553(23) 9(2) 118.3(1.2) 1700(255) 0.717(22) 21.08 2.613(272) 3.35(40) 2.99(36) 638(122)

a half cycle yields an upper bound frequency estimate of
2.5 × 105 Hz for the quasidirect current from the DC pulse
power supply. The skin depth of Cu is then estimated to be
∼130 µm, substantially exceeding the 10 µm foil thickness
used in this study. Since the entire sample lies within the skin
depth, electrical resistivity measurements would be minimally
impacted in the following experiments. Thus, skin depth cor-
rections in data processing are unnecessary [85].

Prior to shock experiments, the initial electrical resistance
(RS0) of the sample was measured using the DC source (Keith-
ley 6221) and nanovoltmeter (Keithley 2182A) (Fig. S4 in the
Supplemental Material [93]). The measured RS0 ranged from
20.92 to 21.19 m� (Table I), agreeing well with the ideal
value of ∼20.70 m� calculated by

R = ρ
l

S
, (4)

where R is the electrical resistance; l and S are the length and
cross-sectional area of the sample, approximating 1.2 × 10−2

m and 1 × 10−8 m2 under ambient conditions, respectively. To
obtain input current and voltage profiles across the sample
under ambient conditions, the power supply was manually
triggered using identical settings as in shock experiments.

Six shots were performed with impact velocities spanning
2.36–4.55 km/s to measure the electrical resistivity of Cu.
The experimental conditions including shock pressures, shock
temperatures, and measured resistivities are listed in Table I.
For the Type-I assembly, the impedance mismatch between
Cu and Al2O3 results in the Cu sample equilibrating to the
Hugoniot state of the Al2O3 anvil. For Type II, the thick Cu
anvils and thin mica imply that the sample achieves an equilib-
rium state approximating the Hugoniot of the Cu anvil. Thus,
the pressure in the shocked Cu sample was determined via the
impedance matching method and the known Hugoniot rela-
tions for Al2O3 [100] and Cu [101,102]. The shock-elevated
temperature was estimated from the Hugoniot P-T diagrams
of Al2O3 [103–105] and Cu [106–112] (Fig. S5 in the Supple-
mental Material [93]).

C. FPMD simulations for electrical
and thermal conductivity of Cu

Based on the Kubo-Greenwood (K-G) method [113–115],
we performed first-principles calculations to investigate the
electrical resistivity and electronic thermal conductivity of
pure Cu under high P-T conditions spanning 60–122 GPa
and 1000–4000 K. To extend the P-T conditions beyond the
shock compression measurements, the deep potential molec-
ular dynamics (DPMD) approach was employed [116]. The
deep potential (DP) technique is a well-developed approach
for learning first-principles data via deep neural networks,
enabling the prediction of the potential energy and force of
each atom [116–118].

High-quality training data were prepared via FPMD simu-
lations using the plane-wave code VASP [119], which utilizes
the projector augmented-wave (PAW) method to model
ion-electron interactions [120,121]. The PAW_PBEsol pseu-
dopotential [122] with a 3d10 4s1 valence configuration for
Cu was implemented within an isothermal-isobaric ensemble
(NPT) coupled with a Langevin thermostat [123]. Utilizing a
cutoff energy of 400 eV and supercells comprising 256 atoms,
convergence was achieved through �-point sampling. The lat-
tice parameter of face-centered cubic (fcc) Cu was predicted
to be 3.2868 Å using 256-atom cells at 84 GPa and 1350 K,
which is overall consistent with the measurements (3.2886 Å)
by shock wave experiments [101,102]. Our training dataset
includes 28 000 configurations of fcc Cu derived from FPMD
simulations under pressures of 60, 84, 102, and 122 GPa and
temperatures of 1000, 2000, 3000, and 4000 K, respectively.
The DeepMD-kit package [116] was then utilized to deter-
mine the machine learning potential (MLP) with a descriptor
type of se_e2_a. The embedding network, comprising three
hidden layers with 32, 64, and 128 nodes, was used to param-
eterize the descriptor. The fitting network, consisting of three
layers with 240 nodes each, utilized a radius cutoff of 4 Å, em-
ploying conventional loss function parameters. The training
process, spanning 400 000 steps, yielded root-mean-square
errors of 0.88 meV/atom, 40 meV/Å, and 30 meV/atom for
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energies, forces, and virial stresses, respectively. As shown in
Fig. S6 in the Supplemental Material [93], the energies and
forces predicted by MLP match perfectly with DFT.

The DP approach [124] was employed to compress the
MLP. With a modified LAMMPS package [117,125], we ran the
DPMD simulation with cells containing 256 atoms. As shown
in Fig. S7 in the Supplemental Material [93], the volumes of
the simulated unit cells agree well with the shock compression
data [101,102]. The effect of size ranging from 256 to 1950
atoms on the unit cell volume was investigated, showing a
marginal difference of merely 0.8%. The radial distribution
function, computed for fcc Cu at 84 GPa and 1000 K us-
ing DPMD within a canonical ensemble, demonstrates strong
concordance with the FPMD results (Fig. S8 in the Supple-
mental Material [93]), thereby validating the precision of our
MPL.

Supercells comprising 108 Cu atoms were constructed
with the EoS predicted by DPMD at the targeted P-T con-
ditions. Subsequent FPMD simulations, utilizing a canonical
ensemble (NVT) with the Nosé-Hoover thermostat [126,127],
facilitated the acquisition of ionic configurations. The
Brillouin zone was sampled by the � point, and the electronic
states were occupied according to Fermi-Dirac statistics. The
cutoff energy and pseudopotential file were 400 eV and
PAW_PBE type, respectively. The simulation continued run-
ning for 10 ps after an initial 1 ps for equilibration. Snapshots
of nuclear positions were extracted every 500 MD steps dur-
ing the final 5 ps. A modified KG4VASP package [128] was
used to compute the electrical resistivity and thermal con-
ductivity of Cu through the K-G method. Dirac δ functions
were approximated as one Gaussian function with a spreading
of 20 meV. The transport properties at zero frequency were
obtained by linear extrapolation. Results were averaged over
snapshots with the standard deviation taken as uncertainty.
In comparison with the 256-atom cell, a 108-atom supercell
equipped with a dense 5 × 5 × 5 k-points grid was adequate
for computing the electrical conductivity of Cu at the P-T
conditions investigated in this study, with the difference being
<5% (Fig. S9 in the Supplemental Material [93]). The thermal
conductivities exhibit nearly identical values between the 108-
and 256-atom cells, indicating a minor impact stemming from
cell size. Additionally, we validated the electrical resistivity of
Cu at 0 GPa and 1350 K, yielding a value of 22.9(6) µ� cm
(Fig. S10 in the Supplemental Material [93]), consistent with
the FPMD result of ∼23 µ� cm reported in Ref. [34].

III. RESULTS AND DISCUSSION

A. Electrical resistivity of Cu at high pressure
and room temperature

The electrical resistivity of Cu was measured up to a
static pressure of 50 GPa in the DAC at room temperature
(Fig. 2). Our results show that the resistivity of Cu gradually
diminishes with increasing pressure, decreasing by ∼45%
at 50 GPa. The smooth change in resistivity indicates that
no electronic or structural phase transitions occur within
the measured pressure range, consistent with previous stud-
ies [129,130]. For a metal at high pressures without phase
transitions, the resistivity at room temperature (300 K) can

FIG. 2. Electrical resistivity of Cu as a function of pressure at
room temperature (300 K) within a diamond-anvil cell (DAC). The
blue rectangles, circles, and diamonds represent distinct runs con-
ducted in this study; the red curve depicts a fitted model to our
collected data; the orange circles and carmine diamonds are mea-
surements performed by Ezenwa and Yoshino [33] and Ezenwa et al.
[34] using the large-volume press (LVP) with different assemblies,
respectively.

be fitted by [45]

ρ(V, 300 K) = F1 ×
(

F2 − V

V0

)F3

, (5)

where F1, F2, and F3 are fitting parameters. Our data are well
fitted by Eq. (5) with F1 = 4.58(25) µ� cm, F2 = 1.19(7),
and F3 = −0.81(13) (Fig. 2).

The measured resistivities in our DAC experiments are
overall consistent with the results up to ∼5 GPa in the
early LVP experiments conducted by Ezenwa et al. [34].
However, a noticeable deviation is observed in comparison
with results obtained by Ezenwa and Yoshino [33] at pres-
sures up to ∼16 GPa in the LVP with a different assembly.
This divergence may arise from disparities in experimental
methodologies and sample geometries. Specifically, the use of
varied assembly configurations in the LVP experiments could
lead to different responses and may be susceptible to errors in
determining the geometry of ex situ recovered samples [33].
Additionally, variations in pressure calibration, measurement
techniques, sample environment, and the scale of samples
between the LVP and our DAC measurements could con-
tribute to the observed discrepancies in resistivities [6]. These
factors highlight the sensitivity of resistivity measurements
to specific experimental setup, particularly under high P-T
scenarios.

B. Normalized resistance of Cu in dynamic
compression measurements

Typical voltage and current profiles for resistivity measure-
ments of Cu under shock compression are shown in Fig. 3(a).
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FIG. 3. Typical voltage profiles and electrical resistivity of Cu under shock compression. (a) Typical voltage and current (Rogowski coil)
profiles in shot No. E1 obtained by using the Type-II sample assembly. (b) Enlargement of the boxed region in (a), highlighting the sharp
voltage change during shock loading. (c) The voltage profile in shot No. E2 obtained by using the Type-I sample assembly. The vertical black
dashed lines are presented to show the experimental timings of the shock wave front. (d) Normalized resistance (R/R1) of Cu under shock
compression. The red rectangles and circles are the results of our dynamic measurements using Type-I and II sample assemblies, respectively,
in a two-stage light-gas gun; the violet rectangles [89] and diamonds [90] are the results of previous measurements using the noncontact
method and the four-probe method, respectively, in the high explosive shock apparatus. The red dashed line is a guide to the eye, showing the
trend of the normalized resistance in this study.

The DC pulse power supply was triggered at t0 = 0 µs. The
current and voltage rapidly increased in 0–2 µs and then re-
mained essentially constant. The voltage and current profiles
overlapped between the test run at ambient conditions and the
shock experiments until the shock wave reached the sample
at t1 = ∼14 µs. The detailed voltage changes under shock
loading for the Type-II and I sample assemblies are shown
in Figs. 3(b) and 3(c), respectively. The voltage increased
quickly and then fluctuated within a small range, showing that
an equilibrium Hugoniot state lasted for ∼70–100 ns. Similar
fluctuations were observed by Crum et al. [85] using the Type-
I assembly with thin tin (Sn) film samples. Shock temperature
measurements show that tiny gaps (∼1 µm) between the sam-
ple and window dramatically affect results [131–133]. Thus,
the fluctuations likely arise from gaps between the sample and
the Al2O3 anvils. Achieving near-ideal contact is challenging
due to the high sapphire hardness. To minimize gap effects, we
employed soft mica as an insulating layer placed between the
sample and the Cu anvils in the Type-II sample assembly. This
significantly reduced the magnitude of the voltage fluctuations
[Figs. 3(b) and 3(c)].

The input current was the same during test runs at am-
bient conditions and shock experiments (Fig. 3). Based on
Ohm’s law, the voltage change directly relates to the resistance
change. Thus, the normalized resistance (RH/R1), defined as
the ratio of the resistance under shock loading to that before,
is obtained from the measured voltage profile as

UH

U1
= IH RH

I1R1
= RH

R1
, (6)

where U and I are the voltage across and current through the
sample, respectively; subscripts H and 1 denote the equilib-
rium Hugoniot state and the initial state when the shock wave
arrives, respectively. Overall, the measured normalized resis-
tance increased with increasing shock pressure [Fig. 3(d)]. For
comparison, we also show previous dynamic measurements
at lower pressures using noncontact [89] and four-probe [90]
methods in Fig. 3(d), which have a steeper increase. Extrapo-
lating our data suggests significantly lower resistivities than
those previous work [89,90]. For example, they obtained a
normalized resistance of ∼2.2 at a shock P-T condition of
20 GPa and ∼460 K [89,90], whereas the temperature rise of
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FIG. 4. Electrical resistivity of solid Cu at high P-T. (a) Pressure-dependent electrical resistivity of solid Cu at high temperatures. The
red rectangles and circles are our measured resistivity of Cu using Type-I and II sample assemblies, respectively; the solid red line is the
fitting results of our diamond-anvil cell (DAC) measurements at 300 K; the blue diamonds are the results of our first-principles molecular
dynamics (FPMD) simulations; the gray curves [92] are the results of statistical moment method (SMM) calculations. The red dashed and
blue dotted dashed lines are guides to the eye, showing the trend of our measured and simulated electrical resistivity, respectively; the numbers
of the same color next to the lines and legends represent the temperature. (b) Temperature-dependent electrical resistivity of solid Cu at high
pressures determined by FPMD simulations. The orange, blue, carmine, and violet circles are the calculated results at 60, 84, 102, and 122 GPa,
respectively, and the corresponding solid lines are the resistivity of face-centered cubic (fcc) Cu fitted by the Bloch-Grüneisen formula.

∼160 K would only increase the resistivity of Cu by a factor
of ∼1.6 [87]. This indicates previous dynamic measurements
substantially overestimated the resistivity.

In the noncontact method, the attenuation of eddy currents
of Cu under shock compression in a finite-sized foil disk
sample was measured to derive the resistivity [89]. However,
their induction sensor signals changed slightly under shock
loading. Additionally, the procedure for processing the low
signal-to-noise data is rather complex, further inducing un-
certainty. Although the four-probe method has been used in
some previous experiments [90], plate movement between the
explosive and sample perturbed the magnetic field, reducing
the voltage [134] and abnormally increasing the normalized
resistance. Here, the Cu baseplate used in this study could
avoid such flyer-induced perturbations.

C. Electrical and thermal conductivity of Cu under high
pressure and temperature conditions

Combining Eqs. (4) and (6) gives the electrical resistivity
(ρH) and conductivity (σH) in the equilibrium Hugoniot state:

ρH = 1

σH
= ηρ1

UH

U1
, (7)

where η is the compression ratio and ρ1 is the electrical resis-
tivity at t1. Here, η was estimated via the Rankine-Hugoniot
equations [101]:

η = d0

dH
= SH

S0
, (8)

where d is the density. Here, ρ1 depends on the initial tem-
perature rise (�T) from Joule heating before shock arrival,
estimated as

�T = Q

mc
, (9)

where m and c are the mass and heat capacity of the Cu
sample, respectively, with c = 0.385 × 103 J/(kg K) [135];
Q is the heat generated:

Q =
(U0+U1

2

)2

R0
(t1 − t0), (10)

and �T ranged from 9 to 18 K (Table I). With known ρ1

[87], the measured normalized resistance gives ρH in the P-T
range of 60–118 GPa and 800–1800 K [Table I, Fig. 4(a)].
Here, ρH increases overall from 2.27–2.40 µ� cm at 60–65
GPa and 800–900 K to 3.00–3.35 µ� cm at 100–120 GPa
and 1700–1800 K. The Type-I assembly gave slightly lower
ρH than the Type II at fixed pressures, likely due to different
shock-elevated temperatures in the anvils.

The resistivity obtained from our shock experiments at
high P-T is significantly higher than that extrapolated from
our DAC experiments due to the shock-elevated temperature.
We performed FPMD simulations to elucidate the separate
effects of pressure and temperature on the transport properties
of fcc Cu in the P-T range of 60–122 GPa and 1000–4000
K. As expected, the simulated resistivity exhibits a pressure-
induced decrease and a temperature-induced increase (Fig. 4).
Overall, the FPMD simulations agree well with our dynamic
measurements, supporting our methodology for probing ultra-
high P-T resistivity. We compared our resistivity data at high
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TABLE II. Parameters for the Bloch-Grüneisen formula in the
electrical resistivity of Cu under high P-T conditions.

Pressure θR(V) ρres(V) αel−ph(V)
(GPa) V/V0 (K) (µ� cm) (µ� cm) n

60 0.783 532 1.98(20) 1.89(23) 5
84 0.738 584 1.85(25) 1.81(28) 5
102 0.713 616 1.75(21) 1.76(25) 5
122 0.689 650 1.65(27) 1.73(32) 5

P-T with the SMM predictions [Fig. 4(a)] [92]. Our data are
generally consistent with the SMM predictions at 60–84 GPa
and 800–1000 K. However, at higher P-T conditions, SMM
may underestimate resistivity, possibly due to underestimation
of the Debye temperature and/or overestimation of the cell
volume.

Our results show that the resistivity of fcc Cu increases
linearly with increasing temperature at high pressures, which
can be described by the Bloch-Grüneisen formula:

ρ(V, T ) = ρres(V ) + ρBG(V, T )

= ρres(V ) + αel−ph(V )

(
T

θD(V )

)n

×
∫ θR (V )/T

0

[
xn

(ex − 1)(1 − e−x )

]
dx, (11)

where ρres(V) represents the residual resistivity arising pri-
marily from the defect scattering, intrinsically independent
of temperature; the pressure-dependent and temperature-
dependent component ρBG(V,T) arises from electron-phonon
interactions; αel−ph(V) denotes a material constant; the con-
stant n is typically an integer number (2, 3, and 5), which can
be taken as 5 for Cu given its reasonable mean free path [136];
θD(V) corresponds to the Debye temperature, which varies
solely with volume per the Debye model:

γ = −d ln [θD(V )]

d ln V
, (12)

where the Grüneisen parameter γ and the volume V of Cu
at high pressures are available from the literature [96,137].
The Debye temperature of Cu under ambient conditions is
343 K [33]. Solving this equation yielded the θD(V) of Cu at
high pressures, which increases with increasing pressure from
∼532 K at 60 GPa to ∼650 K at 122 GPa (Fig. S11 in the
Supplemental Material [93]).

The excellent fit of our data to the Bloch-Grüneisen for-
mula confirms the electron-phonon scattering as the primary
resistivity mechanism for fcc Cu at high P-T [Fig. 4(b)].
The fitted parameters at each pressure are shown in Table II
and Fig. S11 in the Supplemental Material [93]. Both ρres(V)
and αel−ph(V) decrease with increasing pressure, showing
that the temperature-dependent resistivity weakens at higher
pressures. This indicates that elevated pressures reduce the
impedance to free electron migration in Cu, consistent with
other metals [3]. Notably, resistivity saturation in solid Cu was

not observed within our investigated P-T range, implying that
the mean free path of the electrons is not yet comparable with
their wavelength [138].

The electrical conductivity also provides insight into the
thermal conductivity via the Wiedemann-Franz law [139]
(Fig. S12(a) and Text S1 in the Supplemental Material [93]).
However, our computed thermal conductivity exceeds the re-
sults converted from experimental resistivity, indicating the
breakdown of the ideal Wiedemann-Franz law for Cu under
high P-T conditions. In this regime, the calculated Lorentz
number (L) of fcc Cu at high P-T is higher than the ideal Som-
merfeld value (L0 = 2.445 × 10−8 W�/K2) [140,141] (Fig.
S12(b) in the Supplemental Material [93]), like other fcc
structural transition metals such as platinum (Pt) [21]. The de-
viation of the Lorentz number may be related to the electronic
specific heat [142]. At high temperatures, the electronic spe-
cific heat for copper, gold, and iron exhibits a faster increase
than the Sommerfeld value with rising temperature, resulting
in a higher Lorentz number than the ideal Sommerfeld value
[143]. This elevated Lorentz number suggests enhanced elec-
tronic contributions to thermal conductivity, emphasizing the
significance of considering the dynamic nature of electron-
phonon interactions at extreme conditions.

IV. CONCLUSIONS

In summary, we investigated the electrical and thermal
conductivity of Cu up to ∼120 GPa and 4000 K by both
in situ experiments and FPMD simulations. The results ob-
tained through both avenues exhibit excellent agreement.
Specifically, we observed a gradual decrease in the electrical
resistivity of Cu with increasing pressure and a corresponding
increase with rising temperature. The relationship between
electrical resistivity and temperature for fcc Cu overall
follows the Bloch-Grüneisen formula, confirming electron-
phonon scattering as its predominant resistivity mechanism.
Notably, the Lorenz number of fcc Cu at high P-T exceeds
the ideal Sommerfeld value (2.445 × 10−8 W�/K2), indicat-
ing the breakdown of the ideal Wiedemann-Franz law under
extreme pressure-temperature conditions. In conclusion, our
complementary studies provide insight into the electrical and
thermal transport properties of transition metals under ex-
treme P-T conditions.
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