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Identification of distortions to the Ni atomic potential at 100 GPa with temperature measurements
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Characterizing the temperature of materials in high-energy-density (HED) experiments is a major gap in the
benchmarking of HED matter, such as matter in the deep interiors of planets and low-mass stars. Extended x-ray
absorption fine structure (EXAFS) spectroscopy is one of the few techniques capable of determining temperature
at HED conditions, but the inferred EXAFS temperature depends upon the atomic potential, which itself is not
measured. This work compares simultaneous EXAFS and self-emission temperature measurements [S. Boccato
et al., J. Geophys. Res.: Solid Earth, 122, 9921 (2017)], to quantify the impact of atomic potentials implicit
in the EXAFS temperature analysis. Traditional EXAFS analysis employing a harmonic potential produces
systematically lower temperatures than from self-emission (∼35% at 100 GPa and 3000 K), while a sixth-order
distortion to the pair potential recovers agreement between the two measurements. These results highlight
and quantify the need and complexity of distortions or anharmonic corrections to atomic potentials at HED
conditions.

DOI: 10.1103/qzck-1qpn

I. INTRODUCTION

Temperature is one of the crucial thermodynamic pa-
rameters defining a state of matter, but its determination at
high-energy-density (HED) conditions is exceptionally diffi-
cult. Significant effort has focused on developing temperature
measurements including the use of extended x-ray absorp-
tion fine structure (EXAFS) spectroscopy [1–8], inelastic
x-ray scattering (IXS) [9], and streaked optical pyrome-
try (SOP) [10]. However, no work has been conducted
on comparing multiple temperature measurements at HED
conditions, meaning that there could be systematic issues
with the temperature inference that have not yet been
discovered. This work compares pyrometry and EXAFS spec-
troscopy, the latter of which uses modulations in the x-ray

*Contact author: dchin@lle.rochester.edu

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

absorption coefficient to constrain ion vibrations [11–13]. A
range of different atomic potentials have historically been
used in EXAFS analysis of HED matter, the simplest of which
is a harmonic potential [2,14]. However, at temperatures 5×
the Debye temperature, third-order anharmonic effects be-
come important [3] and even higher-order corrections are
required for temperatures �8× the Debye temperature [3,15].
Alternatively, molecular dynamics calculations can be used to
directly infer temperature by modeling the ion motion in a
simulated potential [5]. To quantify the systematic errors in
EXAFS analysis of HED matter, we have compared simul-
taneous EXAFS and pyrometry measurements [16], for Ni
from room temperature to the melt curve at pressures up to
100 GPa. By studying each of these atomic potentials, new
insight can be gained into how to model atomic potentials at
HED conditions.

In this work, we present a study of different EXAFS
temperature analysis techniques by analyzing a Ni dataset
with measured EXAFS spectra and self-emission tempera-
tures [17]. The harmonic or second-order EXAFS analysis
of these data systematically generates a lower temperature
than the self-emission temperature with discrepancies up to
∼35% at 100 GPa and 3000 K. A more tightly constraining or
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FIG. 1. (a) Experimental setup highlighting how the DAC was
heated from both sides and the self-emission temperature was also
measured on both sides [17]. (b) Example normalized EXAFS χ at
97 GPa at a range of temperatures.

localized pair potential is required to bring the two tempera-
tures into agreement. This is corroborated by ab initio molec-
ular dynamics (AIMD) calculations, which also show a tighter
pair potential than a harmonic oscillator. However, there is
still a small systematic discrepancy (∼10%) between the
AIMD and self-emission temperatures even when account-
ing for potential systematic uncertainties in the self-emission
temperatures [18].

II. EXAFS AND SELF-EMISSION MEASUREMENTS

The Ni EXAFS dataset was collected by compressing Ni
foils in a diamond anvil cell (DAC) up to 100 GPa and laser
heating the samples [17]. The EXAFS spectra were measured
in the heated state and the temperature was determined from
the sample self-emission. An example experimental setup and
subset of the EXAFS spectra are shown in Fig. 1, and fur-
ther details about the experiment can be found in Ref. [17].
Figure 2 shows the self-emission temperatures and pressures
of the analyzed data with the assumed 10% error bar [17]. A
subset of the published Ni dataset was chosen for this analysis
to only include spectra with a long k-range to properly capture
the damping in the EXAFS modulations at high wave number.

FIG. 2. Temperature and pressure of Ni data points [17] used for
the EXAFS temperature analysis, where the Ni melt curve [17] is
shown as the blue line. Each data point is colored by the difference
between the self-emission temperature and the inferred harmonic
EXAFS temperature analysis. Contours of the self-emission temper-
ature divided by the Debye temperature are shown, where the density
was computed using SESAME 3101 and the Debye temperature
model is discussed in Sec. S2 of the Supplemental Material [27].

In this work, only solid Ni EXAFS spectra were considered
and all EXAFS spectra were assumed to be face-centered cu-
bic (fcc) Ni due to the experimental evidence of the stability of
Ni fcc up to 402 GPa [19,20]. This stability of the fcc structure
makes Ni an ideal candidate to study the EXAFS temperature
extraction because the spectra will not be complicated by
phase transitions.

It is an open question whether the signature of temperature
on thermal emission or EXAFS oscillations is well understood
at HED conditions. The EXAFS temperature will constrain
the bulk or interior ion temperature by measuring the ef-
fect of ion vibrations on the absorption spectra [21]. The
self-emission measurements constrain the surface electron
temperature by adopting a gray-body approximation [17]. For
the self-emission or electron temperature, the samples were
laser heated on both sides with a spot size of 20 µm. The EX-
AFS was measured using an x-ray spot size that was 2–3 times
smaller than the laser heating spot [17], and the x-ray probe
time began 50 ms after the laser probe was turned on [22].
One-dimensional thermal conduction calculations that solve
the heat equation using a finite difference method [23,24]
and assuming ambient Ni thermal conductivity [25], specific
heat [26], and a density of 10.75 g/cm3 with fixed boundary
temperatures of 3000 K show a steady-state temperature after
hundreds of nanoseconds—well before the x-rays turn on.
Therefore, there should not be a large temperature discrepancy
between the surface and the bulk of the Ni perpendicular to
the diamond culet surface. However, gradients in the sample
parallel to the culet surface due to the uniformity in the laser
heating and alignment of the x-ray probe with the laser heating
probe could lead to differences in the temperatures between
the self-emission and the EXAFS. Additional work [18] has
shown some potential discrepancies with the self-emission
temperature measurements due to the optics used during
the experiment indicating that the self-emission Ni tempera-
tures [17] could be 10% higher than the EXAFS temperatures.
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For the EXAFS or ion temperature, the choice of the EXAFS
atomic potential could lead to a systematic difference with the
self-emission temperature. In the remainder of this work, we
will focus the discussion on possible systematic issues with
the EXAFS temperature inference.

III. EXAFS ANALYSIS

The Ni EXAFS spectra, shown in Fig. 1(b) and Sec. S1
of the Supplemental Material [27], were initially analyzed
assuming the second-order EXAFS model to infer the second-
order cumulant (C2). The second-order EXAFS model is given
by [6,12,28–31]

χ (k) = S2
0

∑
j

Nj
Feff, j (k)e−2Rj/λ j (k)

kR2
j

× sin[2kRj + δ j (k)]e−2k2C2, j , (1)

where S2
0 is the amplitude reduction factor,

∑
j sums over

each scattering path, Rj is the distance between atoms, Nj

is the number of atoms in coordination shell j, Feff, j is the
scattering amplitude, δ j is the phase shift, and λ j is the elec-
tron mean free path. C2 is the second-order cumulant of the
effective distribution P(r) = p(r)/r2, where p(r) is the real
distribution [12]. Details of the inference procedure and the
fits to the data are discussed in Sec. S3 of the Supplemental
Material [27].

A. Second-order potential

This second-order cumulant was first related to temper-
ature using the correlated Einstein (CE) model [21], which
assumes a second-order pair potential of the form

V (u) = 1
2 k2u2, (2)

where k2 = μω2
E, ωE = 3

4ωD is the Einstein frequency [21],
ωD = kB�D/h̄ is the Debye frequency, �D is the Debye tem-
perature, h̄ is Planck’s constant (h) divided by 2π , μ is the
reduced mass, and u = r − R represents the variation from the
nominal distance between atoms (R). From this potential, C2

was related to temperature (T ) [21,32,33]:

C2,CE = h̄

2μωE
coth

(
h̄ωE

2kBT

)
, (3)

where kB is the Boltzmann constant. For ions of the same
mass, μ = m/2, where m is the atomic mass. The Debye
temperature for Ni was estimated using classical molecular
dynamics calculations, discussed in Sec. S2 of the Supple-
mental Material [27].

The resulting harmonic EXAFS temperatures are shown in
Fig. 3(a). In Fig. 3(a), the dashed black line corresponds to
where these two temperatures would be equal. With increasing
temperature, the EXAFS temperature from the harmonic CE
analysis is systematically lower than the self-emission temper-
ature. These results show a difference in the two temperatures
of a few hundred kelvin for T/�D ∼ 3 and the discrepancy
is most pronounced for the highest pressures, reaching a dis-
crepancy greater than 1000 K for T/�D > 6. Furthermore,
an adjustment to the self-emission temperature by 10% [18]
would not account for this discrepancy.

FIG. 3. Comparison of the EXAFS and the self-emission tem-
peratures showing how the sixth-order potential provides the best
agreement. (a) Second-order EXAFS analysis shows systematically
lower EXAFS temperatures, (b) sixth-order potential EXAFS brings
the two temperatures into agreement, and (c) AIMD EXAFS analysis
shows systematically lower EXAFS temperatures, where the color
corresponds to the pressure in GPa. Only a few points were analyzed
with the AIMD surrogate model due to the reduced temperature
and density AIMD ranges. The dashed black line corresponds to
where the EXAFS and self-emission temperatures would be equal.
The dotted gray line represents the correction to the self-emission
temperature measurements [18], where the data would sit on this line
if the self-emission temperatures were 10% lower.

This discrepancy between the EXAFS and self-emission
temperatures is most likely due to the assumption of a
harmonic pair potential. There are two other possible expla-
nations for the discrepancy: (1) The second-order EXAFS
analysis does not extract the true underlying C2 or (2) the
Debye temperature is not correct. First, from previous studies
of Ni synthetic spectra [6], it was found that the second-order
EXAFS analysis can capture the width or C2 of the real distri-
bution. Second, increasing the Debye temperature to bring the
higher temperature data into agreement with the self-emission
temperature would result in a discrepancy at ambient temper-
ature. Therefore, it is unlikely that the discrepancy between
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the self-emission and EXAFS temperatures is solely due to
an issue with the Debye temperature, but instead due to the
assumption of a harmonic potential.

B. Higher-order potential

To improve the agreement between the EXAFS and
self-emission temperatures, higher-order pair potentials were
explored. As shown in Fig. 3(a), the second-order EXAFS
and self-emission temperatures agree at ambient conditions;
however, at high temperatures, the second-order EXAFS tem-
perature is lower than the self-emission temperature with
a larger discrepancy at higher pressures. Therefore, at low
temperatures, the pair potential is reasonably described by
a harmonic potential, but at higher temperatures when the
atomic motion can access more of the atomic potential, a
deviation from a harmonic potential is required. This is further
emphasized in Fig. 4(a), which shows C2 from the second-
order model and the data at 91 GPa. Only data along one
isobar are shown because the figure assumes a density of
11 g/cm3, which is close to this dataset. The data and the
second-order model are consistent at ambient conditions but
then diverge at higher temperatures. This implies that the
pair potential should be more tightly binding than a harmonic
potential at these higher temperatures because a more tightly
binding potential would confine the atomic motion more, lead-
ing to higher temperatures for a given second-order cumulant.

Continuing the expansion out to a third-order potential
would allow the wave functions to expand more at a given
temperature, increasing the discrepancy between the EXAFS
and self-emission temperatures. A third-order potential model
has been previously used to analyze iron at HED condi-
tions [3] and a summary of the third-order model is shown in
Sec. S4 of the Supplemental Material [27]. Using this third-
order potential model, the resulting relationship between the
second-order cumulant and temperature is shown in Fig. 4(a)
as the dashed green line. This third-order model would result
in even lower temperatures for a given second-order cumulant
value further increasing the discrepancy.

To expand the potential to higher order, we turned to
directly solving for the wave functions of higher-order poten-
tials. An nth-order potential of the form

V (u) = 1
2 k2u2 + κnk2un (4)

was assumed, where k2 = μω2
E. By construction, only the

nth-order term (κn) is added, mitigating the risk of intro-
ducing many free parameters for higher orders. To solve
for the wave functions of this potential and ultimately the
relationship between C2 and temperature, we employed the
phase method [34], which numerically solves for the energy
levels (En) and wave functions (ψn) of a given potential (V ).
From the wave functions, the partition function is given by
Z (β ) = ∑

n e−βEn , where β = 1
kBT , and the real distribution

(p) can be computed using

p(T, r) =
∑

n

e−βEnψn(r)2

Z
. (5)

FIG. 4. (a) The second-order cumulant (C2) as a function of
temperature highlighting how the sixth-order potential model is most
consistent with the data: the harmonic (black line), third order (green
dotted line), fourth order (orange dash-dotted line), sixth order (red
dashed line), and AIMD (blue dash-dotted line). These cumulants
were calculated for a density of 11 g/cm3, ωE = 4.9261 × 1013 Hz,
κ4 = 1 Å−2, and κ6 = 25 Å−4. The third-order potential was com-
puted assuming C3 = 1.6 × 10−3 Å3 at 3000 K [6]. (b) Comparison
of the second-order (solid black) and sixth-order (dashed red) poten-
tials. (c) Real distribution for the harmonic (solid black) and modified
pair potential (dashed red) at 300 K. (d) Real distribution for the
harmonic (solid black), modified pair potential (dashed red), and
AIMD (dash-dotted blue) at 3250 K.

From the real distribution, the second-order cumulant is given
by [12]

C2(T ) =
∫

(r − R)2 p(T, r)dr. (6)

033372-4



IDENTIFICATION OF DISTORTIONS TO THE Ni … PHYSICAL REVIEW RESEARCH 8, 033372 (2026)

Even-order potentials were considered to more tightly con-
strain the motion and gain an idea of what potential shape
would generate EXAFS temperatures that are consistent with
the self-emission temperature. The results for a fourth-order
potential are shown in Fig. 4(a), where κ4 was assumed to be 1
Å−2 because this brought the fourth-order potential into agree-
ment with the second-order potential at ambient conditions.
However, this fourth-order potential does not constrain the
ion motion enough and would still result in temperatures that
are too low. Therefore, a sixth-order potential was considered,
where κ6 was assumed to be 25 Å−4 because this brought
the sixth-order potential into agreement with the second-order
potential at ambient conditions. This sixth-order model con-
strains the ion motion enough to become consistent with the
data at all temperatures. A comparison of this sixth-order
potential with the harmonic potential is shown in Fig. 4(b),
showing how the sixth-order potential is a tighter potential
because the sixth-order potential has a higher potential energy
further away from the origin. The real distributions for the
harmonic and sixth-order potentials are shown in Figs. 4(c)
and 4(d) for 300 and 3250 K, respectively. As expected, at
low temperatures, the two potentials are indistinguishable, but
at higher temperatures, the sixth-order pair potential results
in a more tightly constrained real distribution relative to a
second-order potential.

The results of the sixth-order potential analysis are shown
in Fig. 3(b), where the second-order cumulant as a function of
temperature was computed using Eq. (6) with the lowest ∼40
wave functions. The results show good agreement between the
EXAFS and self-emission temperatures as shown in Fig. 3(b),
while maintaining consistency with the ambient temperature
data points. For this temperature model, κ6 was determined
empirically from the data to be 5 Å−4 for datasets with pres-
sures less than 30 GPa and 25 Å−4 for datasets above 90 GPa.
The need for the larger κ6 term for the higher-pressure data
indicates a larger deviation from the harmonic potential with
increasing pressure.

There are a wide range of different pair potentials that
would result in the agreement shown in Fig. 3(b). Higher tem-
peratures or pressures may also result in the need for further
modifications to the pair potential because the atoms will sam-
ple additional portions of the potential. Future work should
include identification of the family of potentials that produce
the same EXAFS temperature by including the impact of
lattice vibrations along different crystal lattice vectors [33]
or extracting more information about the real distribution
from the EXAFS spectra [6]. However, this result highlights
the need for a more constraining potential, which is sur-
prising at these extreme conditions. Previous work suggests
that the potential should become less constraining at HED
conditions [3], allowing the atoms to spread out further for
a given temperature. The need for a tighter potential would
significantly impact the equation of state of the material.
For example, a tighter pair potential would lead to a smaller
specific heat than estimated by the Dulong-Petit limit [35].

C. Ab initio molecular dynamics potential

To investigate a potential that includes the effect of all
neighboring atoms, the EXAFS spectra were also directly

analyzed with AIMD calculations [5]. From these calcula-
tions, the ion positions were input into FEFF [36] to generate
the synthetic EXAFS spectra at the given condition. By gen-
erating a grid of spectra from 10.25 to 11.75 g/cm3 and 1500
to 3250 K, a surrogate EXAFS model was built and fit to
the EXAFS data [5]. Details on the AIMD calculations are
discussed in Sec. S5 of the Supplemental Material [27] and
the inferred temperatures are shown in Fig. 3(c).

The AIMD analysis improves the temperature agreement
relative to the harmonic analysis. However, there is still a dis-
crepancy between the AIMD and self-emission temperatures.
If the self-emission temperatures were lowered by 10% [18],
there would still be a systematic offset between the EXAFS
and self-emission temperature on the order of ∼10%. This is
possibly because the AIMD potential is not as constraining
as the sixth-order potential, resulting in a wider real distri-
bution [shown in Fig. 4(d)]. It is interesting that the AIMD
real distribution resembles the tighter distribution at the left
side, while overlapping with the harmonic distribution at the
right side as shown in Fig. 4(d). This wider real distribution
results in larger cumulants at a given temperature, where this
discrepancy is largest at the highest temperatures as shown
in Fig. 4(a). Studying different exchange functionals in the
AIMD analysis may help reduce the discrepancy between the
self-emission and AIMD temperatures. These results indicate
additional corrections are needed in either the self-emission
or the AIMD analysis to bring the two temperatures into
agreement.

IV. CONCLUSIONS

In this work, we analyzed a Ni EXAFS dataset with a cor-
responding self-emission temperature to characterize different
EXAFS temperature analysis techniques. EXAFS tempera-
tures inferred using a second- or third-order pair potential
are systematically lower than the self-emission temperature.
Better agreement is found for both an analytic sixth-order pair
potential and ion positions from AIMD simulations, suggest-
ing that a tighter pair potential (compared to second or third
order) is needed at these extreme conditions. There is no guar-
antee that the pair potential supported here is universal for all
materials or at all conditions, emphasizing the need to investi-
gate other materials using the method presented in this paper.
Furthermore, additional optimization of the AIMD calcula-
tions is needed to bring the AIMD EXAFS temperatures into
agreement with the self-emission temperatures. Future work
should include developing the techniques to further constrain
the pair potential by extracting the full real distribution from
the EXAFS spectrum [6], and continuing to cross-benchmark
temperature measurements with available HED temperature
diagnostics, including EXAFS, IXS [9], or dynamic SOP [10].
These steps are critical to improve the ability to measure tem-
perature and better constrain the thermodynamic parameters
of compressed materials.
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