
PHYSICAL REVIEW B 107, 184107 (2023)

Local structure of solid and liquid Au as a function of temperature by x-ray
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Accurate Au L-edge EXAFS (extended x-ray absorption fine structure) spectra of elemental Au have been
collected and analyzed in a wide range of temperatures from 80 to 1400 K in the solid and liquid phases.
Suitable samples for high-temperature measurements in the liquid phase were obtained by in situ reduction of
an organic precursor. The data analysis was carried out using reliable multiple-scattering calculations including
relativistic corrections (GnXAS), especially important for this heavy element. Simultaneous L1-, L2-, and L3-edge
refinements were performed and local structural results were compared with those obtained in previous studies
based mainly on x-ray diffraction experiments. In the solid phase, an increased asymmetry of the first-neighbor
distribution is observed for increasing temperatures while the average distance is found to be compatible with
present thermal expansion data. The structure refinement of liquid Au was carried out considering the short-
range contribution to the pair distribution function g(r), using available x-ray diffraction data as a constraint for
long-range order. We have shown that EXAFS is extremely sensitive to the local structure and that the g(r) of
liquid Au is characterized by a clear shift of the foot of the g(r) and a slight shortening of the position of the
maximum as compared with the previous data. The present data put to a test advanced computer simulations
based on embedded atom models.
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I. INTRODUCTION

Gold, with Z = 79 and electronic configuration
[Xe]4 f 145d106s1, is a noble metal (i.e., highly resistant
to oxidation or corrosion) with the larger mass within group
11 elements. Owing to the sd character of the conduction
band it is often regarded as a transition metal. Its importance
through several millennia of human history and civilizations
cannot be neglected, but still nowadays gold deserves a
strong scientific interest both in fundamental research and
applications. Gold condensed phases continue to attract
considerable attention. In the high-pressure domain, recent
advances were achieved by shock-wave [1,2] and diffraction
experiments [3] aimed at the phase diagram and melting
curve determination. Ultrafast experiments were able to probe
melting dynamics in the ps timescale [4]. In addition, the
possibility to produce a number of nanostructures including
clusters [5], nanoribbons [6], and nanopourus structures [7]
make such an element very interesting for applied research.

Gold represented a theoretical challenge for the accurate
prediction of electron affinity and ionization potential [8].
The theoretical prediction of structure and dynamical prop-
erties of gold at ambient pressure in the solid and liquid
phases was a traditional field of research where a number
of optimized interaction potentials were developed and ap-
plied, including tight binding models [9], embedded atom
method (EAM) [10,11], or bond order models [12]. First-
principles calculations were also exploited to predict the
high-pressure phase diagram [13] or structure and dynamical
properties [14].

The availability of an optimized interatomic potential
model, possibly of the EAM type, able to accurately predict
the experimental behavior in a wide range of thermodynamic
conditions has been one of the focus of the cited research.
Apart from a number of crystallographic properties the ability
of the potential to reproduce the radial distribution function of
the liquid state was often cited in the literature (Ref. [9] Fig. 8,
Ref. [10] Figs. 5, 6, 7, and Ref. [11] Fig. 12). Considering that
the most critical part of the potential is the pair repulsive core
[10] it can be understood that the comparison with structural
techniques able to provide information on the rising foot of
the atomic distributions for a wide range of thermodynamic
conditions is very useful. The only existing diffraction experi-
ment in the liquid state was performed by Waseda and Othani
back in 1974 [15,16]. Present knowledge on the temperature
evolution of the ambient pressure crystalline phase structure is
also obtained by x-ray diffraction (see Ref. [17] and references
therein). Owing to the onset of long-range order the type
of information obtained by diffraction on crystals is quite
different from the radial distribution function obtained in the
liquid case.

Another experimental technique suitable to investigate the
local structure around selected absorbing sites is the extended
x-ray absorption fine structure (EXAFS or simply XAFS)
[18]. One main advantage is that it can be applied indiffer-
ently to crystalline or disordered matter such as liquid or
amorphous systems (see, for example, Ref. [19]) obtaining
essentially the same information. In this work, we present the
analysis of high-quality multiple L1, L2 and L3-edge XAFS
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measurements on elemental bulk gold, performed using syn-
chrotron radiation in a wide temperature range both in the
solid and liquid phases, with the purpose to provide indepen-
dent profiles for the radial distribution function in liquid and
crystalline Au. The temperature evolution of the first-neighbor
distribution shape poses severe bounds to the potential mod-
els and may be useful for future theoretical research in this
fields. Modern XAFS data-analysis methods are based on
spectra simulations by means of multiple scattering (MS)
theory [18,20] within the Muffin tin (MT) approximation, in
which the electronic charge densities and potentials of each
scattering site are spherically averaged. Due to the high kinetic
energy of photoelectrons in the EXAFS region, the MT ap-
proximation is sufficiently accurate to describe the potential.
In a previous work [21], the importance of relativistic effects
in the XAFS of Au has been highlighted using the GNXAS

package [20,22], which is a software for XAFS structure
analysis based on MS calculations, including a new scheme
of relativistic corrections for the scattering t-matrix [21,23].
In this work, we took advantage of present advances in the
GNXAS data-analysis method [20] which offers the possibil-
ity of multiple-edge refinements [24] and proper account of
relativistic effects [21,23]. Moreover GNXAS is suitable for
reliable refinements of the local liquid structure as described
in previous publications (see Refs. [19,25] and references
therein), using the available g(r) data obtained by diffraction
techniques as a constraint for the medium and long-range
ordering. In this study, we refined the structure of crystalline
Au as a function of temperature from 80 to 1300 K and of
liquid Au at 1400 K (the melting point of Au is 1337 K [17])
using Au L-edge XAFS. There are presently few previous
works dealing with the XAFS analysis of the local structure
of crystalline gold (see Refs. [26,27] and references therein)
and no data at high temperatures both in the solid and liquid
phase.

This paper is organized as follows. In Sec. II, we report the
experimental details for sample preparation and collection of
Au L-edge XAFS data as a function of temperature; in Sec. III,
we discuss the details of the XAFS data analysis, the results
obtained for crystalline Au in a wide temperature range from
80 to 1300 K, and the determination of the local structure
of liquid Au at 1400 K by XAFS; Sec. V is devoted to the
conclusions.

II. EXPERIMENTAL DETAILS

The data subject to the present analysis were collected
in a dedicated run at the D42 beamline of the Laboratoire
pour l’utilisation du rayonnement électromagnétique (LURE,
Orsay France) back in 1994 and never previously analyzed or
published. The beamline, exploiting the bending magnet emis-
sion of the positron storage ring DCI, operating at 1.85 GeV
with typical 320 mA injection currents and long lifetime, was
equipped with a Si (311) channel-cut monochromator and two
ionization chambers to monitor the incoming I0 and transmit-
ted intensity I1 of the x-ray beam. The chambers were filled
with Ar-air mixtures optimized to achieve the best signal-
to-noise ratio for bulk samples in transmission geometry, in
a way to absorb (at ≈12 keV) about 30% of the beam in
I0 and most of the transmitted beam in I1. Between the two

FIG. 1. Reduction process of [(C6H5)3P]AuCl precursor pow-
ders dispersed in BN, observed in situ by measuring the Au L3-edge
spectra for increasing temperatures. In the 480–540 K tempera-
ture range, XAS spectra display Au reduction and coalescence into
metallic particles indicating the precursor decomposition in fine Au
particles. Final XAFS spectra were equivalent to those of Au thin
foils.

ion chambers we introduced the glass vessel of our (at the
time) newly developed furnace [28] equipped with two glued
polyimide (Kapton) windows. The top flange of the furnace
was equipped with two electrical feedthroughs connected to
a folded graphite resistive heater suitable to host the sam-
ple pellet. An additional feedthrough was used to house a
K thermocouple with the junction inserted in the graphite
pocket and used to monitor the sample temperature. After
sample loading the vessel was evacuated with a turbo pump.
The sample was processed in situ and successively measured
in thermodynamic equilibrium conditions. The reliability of
such historical facilities and experimental strategies make the
data presented in this paper still representative of the best
achievable quality for bulk samples measurements at high
temperatures.

Gold samples optimized for x-ray absorption spectroscopy
experiments in a wide temperature range were prepared
by mixing boron nitride (BN) high purity powder with
Chloro(triphenylphosphine)gold(I) [(C6H5)3P]AuCl precur-
sor powder in a 8:1 mass ratio. All chemicals were commer-
cial with nominal purity >99.9%. The micrometric powder
mixture was inserted into a 13 mm inner diameter pellet die
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and pressed to about 7 ton to obtain compact self-standing
sample disks. The disks were filed into rectangular shapes
and loaded in the furnace vessel. When the system was under
high-vacuum conditions the sample was processed to turn
the precursor compound grains into a dispersion of (sub)-
micrometric Au crystalline particles embedded in the BN
pellet matrix. The sample was progressively heated while
monitoring in situ the x-ray absorption near edge structure
(XANES) evolution at the Au L3-edge, as illustrated in Fig. 1.
In the initial scans the [(C6H5)3P]AuCl precursor spectrum
can be identified. In the temperature range 500–550 K, the
spectra display Au reduction and coalescence into metallic
particles indicating the precursor decomposition. In succes-
sive scans at higher temperatures, it is possible to follow
the absorption decrease associated with the vaporization of
the organic component. After recovering high-vacuum condi-
tions, the sample was heated up to above the melting point to
stabilize the gold particles shapes.

By considering that Au is about 2/5 of the molecular
weight of the precursor compound and that Au bulk den-
sity is about 10 times greater than that of [(C6H5)3P]AuCl,
the partial Au density increases by a factor 25 in the
reduction/coalescence process. Correspondingly the grain di-
ameter is reduced by a factor of about 25

1
3 � 3. This means

that precursor grains with size in the 1–3 µm range become
Au spherical particles with diameters in the 0.3–1 µm range,
still representative of bulk specimens. Such a dispersion is
mechanically stable through the Au melting and is sufficiently
fine grained to provide a homogeneous Au effective thickness
along the sample cross-section (see Ref. [29]).

X-ray absorption fine structure (XAFS) spectra were col-
lected at the L3, L2, and L1 edges in a wide energy range.
The solid phase was measured at the temperatures 300, 500,
700, 900, 1100, and 1300 K acquiring two spectra with a total
integration time of 4 s per point. Five spectra in the liquid
phase were collected at 1400 K with a total integration time
of 10 s per point. The 300 K L-edge spectra of the Au grain
dispersion resulted identical (within the noise) with reference
spectra collected on a 5-µm-thick Au foil sample measured at
300 and 80 K using a liquid nitrogen cryostat.

III. XAFS DATA ANALYSIS

A. Method

The data analysis has been performed using the GNXAS

package [20,22,24]. Multiple-Scattering (MS) calculations
have been performed following standard procedures. We used
the structure of face-centered-cubic (fcc) gold at room temper-
ature (lattice parameter a = 4.081 Å [21]) as a model for MS
simulations. Muffin-tin radii have been generated using the
Norman criterion and a complex Hedin-Lundqvist potential
has been chosen to account for energy-dependent exchange
effects and inelastic losses. Phase shift calculations for the
photoabsorbing (excited) and neutral Au atoms have been
performed using the relativistic correction introduced in PHA-
GEN [21], for the L1, L2 and L3 edges of Au. In phase-shift
calculations, we have neglected possible thermal effects for
the negligible dependence of t matrices (scattering amplitudes
related to the phase shifts) upon slight changes of the inter-
atomic distances (thermal expansion).

As usual in GNXAS data analysis, the scattering matrices
have been used to build up the irreducible MS signals re-
lated to the fcc gold structure relevant for the final XAFS
data-analysis refinement of the L1, L2, and L3 edges (see also
[21]). Those irreducible signals are two-body and three-body
MS terms up to the fourth shell: γ

(2)
1 (first-shell irreducible

two-body signal); γ
(3)

1 (irreducible three-body signal corre-
sponding to an equilateral triangle); η

(3)
2 , η(3)

3 , and η
(3)
4 (sum of

the two- and three-body signals of the long bond configuration
and the triangular configuration at respectively 90◦, 120◦,
and 180◦). For liquid Au, reference γ (2) signals have been
calculated for the first-neighbor distances. In addition, the
total γ (2) contribution associated with long-range distances
was calculated following procedures described elsewhere [19]
[tail of the pair distribution g(r)].

Refinements of XAFS experimental data of solid systems
require to take into account thermal (and in some cases static)
disorder. Indeed XAFS probes the average of MS signals
associated with the corresponding ensemble of instantaneous
atomic positions (see, for example, Refs. [18,22] and refer-
ences therein). This can be accomplished assuming a suitable
model for thermal broadening around an average configura-
tion. A standard Gaussian model can work at sufficiently low
temperatures, but at high temperature, an-harmonic effects
may be present as widely discussed elsewhere (see, for exam-
ple, Refs. [25,30,31]). For two-body signals, the bond-length
distribution may be conveniently modeled using a �-like func-
tion

p(r) = 2N

σ |β|�( 4
β2 )

[
4β−2 + 2(r − R)

βσ

](
4

β2 −1
)

× exp

[
− 4

β2
− 2(r − R)

βσ

]
(1)

successfully used in several crystalline systems accounting for
moderate deviations from a simple Gaussian shape. It should
be noted that this approach is equivalent to the cumulant ex-
pansion method but at variance with the latter accounts for the
entire cumulant series associated with the specific model. The
parameters appearing in Eq. (1) have an obvious structural
meaning: N is the coordination number; R is the average dis-
tance; σ 2 is the distance variance (the so-called Debye-Waller
factor); β is the dimensionless skewness parameter; �(x) is
the Euler Gamma function. In particular, the β parameter,
which is related to the third cumulant by β = C3

σ 3 , measures
the deviation from the Gaussian (harmonic, β = 0) limit and
is particularly interesting in the present data analysis for in-
creasing thermal vibrations. The �-like function [Eq. (1)] can
be also successfully used for modeling the main peak of the
pair distribution in liquids [19].

An important aspect of the XAFS data analysis is the
atomic background that for the Au L-edges is particularly
complex, being affected by the presence of multielectron
channels involving 4 f and 4d electrons (at respectively 110
and 370 eV above the L edges) as reported in Ref. [32].
The relative size of these additional features increases as the
amplitude of the XAFS signal decreases at high temperatures,
requiring to introduce additional steplike functions in the
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FIG. 2. (Left, upper curves) L3, L2, and L1 edges experimental XAFS data of crystalline gold at 300 K (purple dots) compared with the
results of the best-fit refinements (L3 edge only in green, multiple-edge in orange). (Left, lower curves) Individual two-body Au-Au and
three-body Au-Au-Au contributions as described in the text. Continuations of the signal of previous edges are reported as dashed lines. (Right)
Fourier transform (FT) of L3-edge XAFS experimental (purple dots) and L3 (green) or multiple-edge (orange) best-fit calculations at 300 K.

modeling of the atomic background as illustrated in previous
works [32,33].

The XAFS structural refinement was thus performed using
standard procedures within the GNXAS programs. The differ-
ence between the raw XAFS experimental data and the model
including the MS simulations [22] was minimized in the space
of the structural, nonstructural and background parameters
using the FITHEO program. The refinement has been first per-
formed for powder crystalline gold (c-Au) at 300 K, checking
that the results were compatible within the errors with those
of the c-Au foil. It has to be noticed that XAFS nonstructural
empirical parameters (namely the amplitude reduction factor
S2

0 and the difference between the experimental and theoretical
energy scales E0) of the subsequent higher temperature fitting
have been first calibrated on the XAFS spectrum at room
temperature, in order to minimize fluctuations of the corre-
lated parameters. Single and multiple (simultaneous) L-edge
structural refinements in the entire temperature range were
carried out verifying the accuracy of the structural results
by evaluating the error bars on selected parameters. Contour
maps were also produced for highly correlated parameters like
those affecting the signal frequency (E0 and R).

B. Solid Au

In Fig. 2, we report, as an example, the series of L-edge
XAFS k2χ (k) experimental spectra (purple dots) of c-Au at
300 K compared with the present best-fit MS refinements

(green lines for L3-edge fit, orange lines for a multiple L-edge
fit including the L3, L2, and L1 spectra). The quality of the
refinement is extremely good for all the L edges under con-
sideration and the difference between L3 and multiple L-edge
refinement falls within the experimental noise. In this particu-
lar case of multiple-edge refinement of a monoatomic system,
the addition of L2- and L1-edge XAFS is simply increasing
the statistics for measuring the same observables (the Au
two-body and three-body distributions) but it is also show-
ing the accuracy of the present MS simulations. As outlined
above, MS signals with two and three body contributions up to
the fourth shell corresponding to γ

(2)
1 , γ

(3)
1 , η

(3)
2 , η

(3)
3 , and η

(3)
4

signals were used for the XAFS data analysis of solid c-Au in
the 80–1300 K temperature range.

The individual irreducible MS signals related to the two
and three-body configurations are also displayed for each
XAFS spectrum and clearly the strongest contribution is re-
lated to the first neighbors as also shown by the main peak of
the XAFS Fourier transform reported in the right-hand panel
of Fig. 2

The same data-analysis strategy has been applied to the en-
tire set of c-Au XAFS data collected at different temperatures.
In Fig. 3, we compare the c-Au L3-edge χ (k) experimental
data and their Fourier transforms with the best-fit results at
80, 300, 500, 700, 900, 1100, and 1300 K, respectively. The
agreement between experiments and simulations is excellent
in the whole range of temperatures.
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FIG. 3. Experimental L3 XAFS data of solid c-Au at 80, 300, 500, 700, 900, 1100, and 1300 K (purple dots) compared with best-fit MS
simulations (green line) obtained using the GNXAS package with scalar relativistic approximation for the phase shifts. Best-fit refinements
were obtained considering two- and three-body contributions up to the fourth shell.

The main structural parameters defining the first-neighbor
distribution in c-Au are listed in Table I and shown in Fig. 4.
No significant difference between L3-edge and multiple L-
edge refinements were found and we report the latter. Looking
at Fig. 4, we can notice that the best-fit structural param-
eter compare really well with estimates obtained by x-ray
diffraction (XRD) and simple models (lines; for more details,
see Sec. IV). For increasing temperatures, thermal expansion
occur and the average interatomic distance follows this trend
(left panel of Fig. 4). The mean square relative displace-
ment or bond variance σ 2

R is also increasing with temperature
slightly departing from a simple Einstein model at high tem-
peratures (middle panel of Fig. 4). The bond variance is well
below the uncorrelated limit 2u2 at low temperatures but

TABLE I. Best-fit first-neighbor parameters resulting from
present XAFS refinements of crystalline Au at various temperatures.
The columns report from left to right: sample type (Au foil or pow-
der dispersion), measured temperature T (typical uncertainty ∼1%),
average distance R, bond variance σ 2 and skewness β (errors in
brackets on the last significant digits). All results are obtained from
multiple L-edge refinements, except those of the 5-µm-thick foil at
300 K for which we measured only the L3-edge XAFS.

Sample T (K) R (Å) σ 2 (10−3 Å2) β

foil 80 2.876(2) 2.7(2) 0.15(2)
300a 2.886(3) 9.3(2) 0.36(4)

powder 300 2.886(3) 9.1(2) 0.35(4)
500 2.897(3) 15.2(3) 0.44(4)
700 2.906(5) 22.6(6) 0.49(4)
900 2.918(7) 32(1) 0.63(5)
1100 2.931(4) 43(2) 0.70(3)
1300 2.941(4) 52(3) 0.72(3)

aL3 edge data.

correlation is decreased at higher temperatures. Moreover, the
asymmetry of the distribution (monitored by β) increases at
high temperatures as also predicted by estimates of the trend
of the third cumulant C3 [39] (β = C3

σ 3 , right panel of Fig. 4).
For completeness, we mention our results for relevant XAFS
nonstructural parameters such as the amplitude reduction
factors S2

0 and the difference between the experimental and
theoretical energy scales E0 for each L edge under considera-
tion. Those parameters are usually correlated with those of the
local structure like R, σ 2

R , and β. We have found S2
0 = 0.78(2),

0.88(3), and 0.85(2) for L3, L2 and L1 edges, respectively,
at all temperatures under consideration. The uncertainty in
S2

0 values at different temperatures is mainly related to small
fluctuations in the normalization at edge energy (edge jump).
The E0 energy has been found to be a few eV above the
experimental edge energy EE calculated at the first inflection
point [E0 − EE (L3) = 7.7(8) eV, E0 − EE (L2) = 6(1) eV, and
E0 − EE (L1) = 2.8(8) eV] with small fluctuations (less than
1 eV) as a function of the temperature.

Statistical errors on structural parameters were evaluated
using standard techniques within GNXAS taking into account
the noise on the XAFS experimental data. Contour maps
among relevant parameters showing correlations were pro-
duced using the CONTOUR program. Typical contour maps
for c-Au L3 edge XAFS at 300 K are shown in Fig. 5 as an
example of evaluating uncertainty on the structure parame-
ters. The 95% confidence level corresponds to the first ellipse
in those plots. A contour map considering R, the first-shell
distance, and EL3

0 , the L3-edge energy, is shown in the left
panel of Fig. 5. In this case, the statistical error 2σ for the
first-neighbor distance R is found to be ±0.003 Å and for L3

edge energy E0 is found to be ±0.4 eV. In the right panel of
Fig. 5, a contour map considering the R and β first-neighbor
parameters is shown. The statistical error of β is determined
to be within ±0.04. As shown by the ellipsoid contour shapes
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FIG. 4. Structural parameters of the first shell distribution as a function of temperature for solid c-Au obtained by L3 and multiple L-
edge XAFS analysis [blue circle points - multiple L-edge (powder); orange square points - L3-edge (powder); yellow filled square points -
multiple L-edge (foil reference); light blue star points - L3-edge (foil reference)]. (Left) Comparison of the temperature dependence of the
first-neighbor bond length given by the XAFS data analysis, R (points with error bars), with the first-shell equilibrium distance given by XRD
[17], R0 = a/

√
2 (purple solid line), and with the estimate accounting for correlated vibrations, R0 + σ 2/R0 [see Eq. (5)] [34,35], σ 2 being

the bond variance. Middle panel: comparison of the first-neighbor bond variance given by XAFS, σ 2 (points with error bars), with the simple
correlated Einstein model [see Eq. (6); red continuous line] [36], and with the uncorrelated experimental XRD estimates given by twice the
mean-square displacement, 2〈u2〉 (red stars and red squares for the works of respectively Refs. [37] and [38]). (Right) Comparison of the
temperature dependence of the first-neighbor bond asymmetry parameter given by XAFS, β (points with error bars), with the estimation based
on Ref. [39] for the third cumulant of the vibrational amplitude, C3/σ

3 [see Eq. (7), green dashed line calculated using Einstein model variance
σ 2

E and green circle using σ 2 from our analysis], σ 2 being the XAFS bond variance.

reported in Fig. 5, there are strong positive correlations among
the chosen parameters (R and E0, as well as R and β).

C. Liquid Au

Elemental Au melting occurring at Tm = 1337 K [17] is
clearly displayed by our L-edge XAFS data as a discontinuous
change involving a rounding of the near-edge structures and
a shape/phase shift of the χ (k) signal. This effect can be

FIG. 5. Contour maps of the residual function for powder c-
Au L3-edge XAFS at 300 K. (Left) Contour map for E0 and R
(first-neighbor distance) parameter. The first ellipsoid include the
acceptable E0 and R values corresponding to 95% confidence level
(error of about 0.003 Å on R in this case). (Right) Contour map for
the first-neighbor asymmetry parameter β and distance R.

appreciated looking at Fig. 6 where we compare the kχ (k)
signals of crystalline Au (at T = 1300 K, below Tm) and liquid
Au (at T = 1400 K, above Tm). The two XAFS signals show a

FIG. 6. Comparison between the experimental (dots) and cal-
culated (solid lines) kχ (k) L3-edge XAFS signal of solid (c-Au,
T = 1300 K, black color) and liquid (T = 1400 K, red color) Au,
obtained using multiple-edge best-fit procedures described in the
text. The g(r) pair distribution functions of solid Au (derived from
present XAFS data) and liquid Au (obtained by XRD [15]) are also
shown in the inset.
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distinct change in phase indicating that the effective frequency
of the XAFS signal is slightly lower in the liquid phase.

Present knowledge about the structure of liquid Au (l-Au)
arises from the measurement of the pair distribution function
[g(r)] by Waseda [15,16], that has been obtained by Fourier
transform of the x-ray diffraction structure factor S(Q), where
Q is the scattering vector, at the temperature of 1423 K (the
corresponding atomic density being 0.0525 atoms/Å3);

g(r) = 1 + 1

2π2rρ

∫ ∞

0
Q[S(Q) − 1] sin(Qr) dQ (2)

and S(Q) is calculated from measured total intensity nor-
malised by number of atoms with atomic scattering factor.
Detail of liquid g(r) were written in Ref. [15,16]. It is quite
interesting to note that while the density decreases by about
6% upon melting, the position of the first-neighbor peak of
the g(r) is found slightly shifted to shorter distances. This
can be appreciated looking at the inset of Fig. 6, where we
compare the reconstructed first-shell g(r) of c-Au at 1300 K
with that of l-Au at 1423 K (XRD [15,16]). In this figure, the
pair distribution function g(r) of c-Au is obtained as

g(r) = N p(r)

4πρr2
, (3)

where N is the coordination number (N=12 for f.c.c. struc-
ture), ρ = 4/a3 is the density (atoms/Å3) obtained using the
lattice constant a = a(T ) [17] at T=1300 K, and p(r) is
given by Eq. (1) using the parameters of Table I (c-Au at
1300 K). It is worth mentioning that the similar function
G(r) = 4πrρ[g(r) − 1], called PDF, is frequently used espe-
cially for solid-state systems.

Data-analysis of liquid Au L-edge XAFS spectra has
been performed using standard procedures within GNXAS

[19,25,40] using multiple-edge refinements [24]. Within these
procedures, a robust reconstruction of the pair distribution at
short distances is obtained taking into account the asymptotic
properties of a model pair distribution function (here mea-
sured by XRD [15,16]) and the compressibility limit which
result in proper constraints for the structural parameters defin-
ing the first peak of the g(r). To this purpose, the model g(r)
[15,16] has been decomposed into two short-range peaks in
order to get an adequate parametrization of the first-neighbour
peak of the pair correlation function. This decomposition has
been done by means of two �-like functions [25], in the
distance range between 2.0 and 3.4 Å, as also reported in
other cases [24,41]. The graphical result of the decomposi-
tion of the model g(r) is reported in Fig. 7. Best-fit values
for the coordination number N , average distance R, variance
σ 2, and dimensionless skewness β are reported in Table II
(XRD). As described elsewhere [19,25,42], useful constraints
for the structural parameters used for XAFS refinements of a
monoatomic liquid are


(N1 + N2) = 0,



[
N1

(
R2

1 + σ 2
1

) + N2
(
R2

2 + σ 2
2

)] = 0, (4)

which preserve the total coordination number and the correct
compressibility limit. In this case those sum-rule con-
straints are respectively: N = N1 + N2 = 12.356 and M (2) =
N1(R2

1 + σ 2
1 ) + N2(R2

2 + σ 2
2 ) = 123.683.

FIG. 7. Decomposition into two �-like peaks (dashed lines) and
a long-range tail (squares) of the model pair distribution function g(r)
as obtained by XRD [15,16] (red dots). The best-fit curve is shown
as a red continuous line.

We have thus calculated the irreducible two-body multiple-
scattering γ (2) signals to be used in the refinement of the
XAFS L-edge data of l-Au at 1400 K. Calculations were done
using relativistic phase-shifts as described in Sec. III A for
both the two �-like distributions (γ (2)

1 and γ
(2)

2 for peaks 1
and 2 respectively) and the long-range tail reported in Fig. 7.
The tail contribution was calculated using a maximum cut-off
distance of 14.0 Å and a Gaussian window [19] to avoid
termination ripples, and resulted to be negligible.

Figure 8 shows a comparison between the experimental
and calculated XAFS signal in l-Au at 1400 K. Calculated
XAFS signals were evaluated directly from the model pair
distribution function (light blue lines) by XRD [15,16] and
were subsequently optimized using multiple-edge refinements
accounting for the constraints of Eq. (4) (XAFS best-fit
signals shown as orange lines). Clearly, the XAFS signals
derived directly from the model g(r) are not able to reproduce
the experimental XAFS signals. The lower amplitude of the
XRD-based signals can be appreciated looking both at the
XAFS spectra and Fourier transform in Fig. 8.

Structural refinements of the L-edge XAFS spectra of l-Au
were carried out considering the constraints of Eq. (4) and
the estimates of the atomic background and nonstructural
parameters optimized for the XAFS analysis of c-Au de-
scribed in the preceding section.

TABLE II. Parameters defining the two �-like functions repro-
ducing the first g(r) peak of liquid Au, as derived by XRD data
and multiple-edge XAFS data. Typical error bars on first-neighbor
distances Ri, variances σ 2

i , and skewness βi obtained by XAFS are
reported in brackets. Coordination numbers are defined by the con-
straints reported in Eq. (4).

Peak Ni Ri (Å) σ 2
i (Å2) βi

XRD [15,16] 1 6.612 2.839 0.0420 0.397
2 5.744 3.472 0.149 0.365

XAFS L edge 1 4.864 2.816(5) 0.035(3) 0.78(3)
2 7.492 3.34 (2) 0.16(1) 0.76(9)
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FIG. 8. (Left panels, upper curves) L3, L2, and L1 experimental XAFS k2χ (k) data of liquid Au at 1400 K (expt., purple dots) compared
with calculations based on the g(r) model (XRD [15,16], light blue) and present multiple-edge refinements (best-fit, orange). (Left panels,
lower curves) Individual Au-Au contributions related to the decomposition of the first-neighbor g(r) peak as described in the text (same colors
as above). Continuations of the signal of previous edges are reported as dashed lines. (Right) Comparison of the Fourier transforms of L3

XAFS experimental (purple dots) and calculated (model XRD [15,16], light blue and XAFS best-fit, orange) signals.

The best-fit structural parameters describing the first peak
of the g(r) in l-Au are reported in Table II (XAFS L-edge).

Based on this structural refinement, we have reconstructed
the short-range g(r) of l-Au, which is shown in Fig. 9 (orange
line) as compared with the model g(r) obtained by XRD
[15,16] (red dots). We also report in Fig. 9 the error bars evalu-
ated using a suitable statistical analysis of the multiparametric
nonlinear fitting procedure. This analysis included corre-
lations between relevant parameters for the present XAFS
calculation namely E0; Ri, σ 2

i , βi (with i = 1, 2 for the two
asymmetric peaks of the g(r) decomposition); S2

0 .
Looking at the results of Figs. 8 and 9, we can clearly see

that the XAFS signals are extremely sensitive to the shape
of the first-neighbor peak of the pair distribution g(r). In
particular, the steeper foot of the distribution and the small
shift of the first-peak position as compared to the model g(r)
are quite accurately measured by XAFS and represent a robust
structural refinement that we discuss further in Sec. IV.

IV. DISCUSSION

Our results on crystalline gold should be placed in the
context of the present knowledge about the static and dynam-
ical properties of the Au crystal as a function of temperature.
Clearly, lattice expansion properties are measured accurately
by diffraction experiments so we have reliable information
about the evolution of the lattice constant a of the Au f.c.c.
lattice (see Ref. [17] and references therein). XAFS exper-
iments probe the pair and high order distribution functions
so measuring averages of the interatomic distances which

are different quantities as compared to the distance between
equilibrium positions related to the lattice constant a.

FIG. 9. Reconstruction of the liquid Au (continuous orange line)
pair distribution g(r) obtained by XAFS compared with: XRD data
[15,16] (red dots), MD simulation with QSC potential [43] (con-
tinuous purple line) and with EAM potential [11](continuous green
line). The individual contributions to the first g(r) peak reconstructed
by XAFS are also shown (orange dashed lines and dots). Estimated
error bars on the present XAFS reconstruction allow us to detect
differences with previous XRD data and MD models and appears to
be in quite good agreement with QSC simulations at short distances.
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In particular, the average distance R measured by XAFS
results to be slightly longer than the corresponding distance
R0(a) between the atom equilibrium sites in the lattice. This is
an effect of the thermal vibrations which also involve distance
fluctuations orthogonal to the bond direction, that we can
indicate as σ 2

⊥ [34]. For an isotropic distribution σ 2
⊥ = 2σ 2

[35] where σ 2 is the bond variance:

R ∼ R0 + σ 2
⊥

2R0
= R0 + σ 2

R0
. (5)

The limiting values for the bond variance at any tempera-
ture can be estimated by assuming an uncorrelated limit for
which σ 2 is just the sum of the mean square displacements
of the atom equilibrium positions 〈u2〉 usually measured by
diffraction techniques (see Refs. [37,38] for Au). Literature
values for 2〈u2〉 are reported in the middle panel of Fig. 4.

The σ 2 variances of the first-neighbor bonds are much
smaller as compared to the limiting 2〈u2〉 values, as an effect
of the correlated motion of the couples. The trend of the bond
variances with temperature can be estimated using a simple
Einstein model for vibrations [36]

σ 2(T ) = h̄

μωE
coth

βT h̄ωE

2
, (6)

where βT = 1/kBT and μ is the reduced atomic mass of
the couple. This model is based on the definition of an ef-
fective Einstein frequency ωE (σ 2). A useful approximation
[36] was found to be ωE (σ 2) � 3

4ωD, so related to the De-
bye frequency ωD = kB�D/h̄ of the system, where �D is the
Debye temperature (�D = 188 K [17] in Au, the present
case).

In the left and middle panels of Fig. (4), we compare
multiple-edge XAFS results for, respectively, the first-
neighbor distance R and variance σ 2 with the relevant data
obtained from literature. The first-neighbor average distance
R is found to be systematically larger than the corresponding
value R0 = a/

√
2 as expected, and we obtain a reasonable

agreement within the errors with the approximation R0 + σ 2

R0

described above. The bond variances σ 2 resulting from XAFS
structure refinement reported in the middle panel of Fig. 4
are consistent with the predictions of a simple Einstein model
[red solid line, see Eq. (6)] at moderate temperatures below
500 K. At higher temperatures, they depart from this simple
model still being much below the uncorrelated limit 2〈u2〉 as
estimated by diffraction [37,38].

The deviation from a simple Einstein model at high tem-
perature can be understood considering that all phonon modes
are activated and deviations from a simple harmonic approxi-
mation are gradually larger with temperature. This fact can be
appreciated looking also at the trend of the β parameter, mea-
suring the skewness of the bond distribution, for increasing
temperatures. In fact, β = 0 in the harmonic approximation is
expected to work fine at low temperatures. This is confirmed
by the trend reported in Fig. 4, right-hand panel, where β

is found to increase at high temperatures indicating large
deviation from a simple Gaussian distribution of distances.
The trend is found to be in qualitative agreement with the
relationship based on the correlated Einstein model of
Ref. [39] between the linear thermal expansion coefficient

(α = 1
R0

dR0
dT , determined in our case from a numerical deriva-

tion of the XRD data of Ref. [17]) and the second and third
cumulants of the vibrational amplitude,

β = C3

σ 3
= αR0T

σ

(
3z(1 + z)ln(1/z)

(1 − z)(1 + 10z + z2)

)−1

, (7)

where z = e−�E /T , with �E = 3
4�D, as mentioned before for

Eq. (6); σ 2 is the bond variance as given by the present XAFS
data analysis. Systematic deviations of the dimensionless
skewness parameter between the correlated Einstein model
and the present XAFS data analysis are observed at both low
and high temperatures.

A striking change of the L-edge Au XAFS spectra
was observed upon melting as it can be appreciated in
Fig. 6. This change reflects the important modification in
the short-range distribution of distances (see also inset of
Fig. 6) and shows how sensitive XAFS can be to phase
transitions.

Our current knowledge of the average Au liquid struc-
ture was mainly associated with the pair distribution g(r)
obtained by high-temperature XRD (x-ray diffraction) exper-
iments [15,16]. As it is well known, XAFS is very sensitive
to short-range ordering but it is almost blind to medium and
long-range correlations to which XRD is sensitive so the two
techniques are highly complementary. We have thus applied
a highly-reliable XAFS data-analysis method to refine the
first-neighbor g(r) peak of liquid Au at 1400 K for which the
results are reported in Figs. 8 and 9. Looking at Fig. 8, it is
quite evident that the XAFS signals associated with the model
g(r) (obtained by XRD, light blue) is unable to explain present
multiple-edge XAFS data (shown in purple). The average
amplitude of the model is much lower as also shown by the
comparison of the Fourier transforms. Moreover, a slight shift
of the frequency in k space is observed.

The XAFS signal is extremely sensitive to the very short-
range distances as it can be also appreciated looking at the
different amplitudes of the signals associated with the two �-
like functions reproducing the first peak of the g(r). The peak
corresponding to the shortest distances (peak 1 in Table I)
gives actually the dominant contribution to all L-edge XAFS
spectra. As a consequence, our constrained XAFS refinement
of the g(r) of liquid Au, shown in Fig. 9, resulted in variations
of the g(r) shape at very short range. In particular, a clear
shift of the foot of the distribution to longer distances of
about 0.1 Å and a slight shortening of the position of the
maximum (from 2.80 to 2.77 Å) is observed. The rise of
the first-neighbor distribution is found to be much steeper
as compared to that previously obtained by XRD. This be-
havior is similar to that of solid g(r) at high temperatures,
as shown in Fig. 6. Comparing with MD calculation, EAM-
based Quantum Sutton-Chen(QSC) potential [43] shows
better agreement with our g(r) than other interatomic potential
models [9–11]. The XAFS L-edge spectra are extremely sen-
sitive to these details of the distribution as can be appreciated
looking at the quality of the best-fit refinement shown in
Fig. 8.
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V. CONCLUSIONS

In this work, we investigated the local structure of solid
and liquid gold using Li-edge (i = 1, 2, and 3) multiple-edge
XAFS refinements in the temperature range 80-1400 K. High-
quality data at high temperatures in solid and liquid phase
were obtained producing suitable gold samples as a dispersion
of submicrometric Au particles, by in situ reduction of an
organic precursor.

XAFS data-analysis was carried out using reliable
multiple-scattering calculations including relativistic correc-
tions (GnXAS), especially important for heavy elements like
Au. Multiple Li-edge (i = 1, 2, and 3) XAFS refinements were
performed using suitable procedures including proper back-
ground functions incorporating double-electron contributions.

Results concerning the local structure were compared with
present knowledge related to previous studies based mainly
on x-ray diffraction data. In the solid phase, we have stud-
ied the trend of the first-neighbor structural parameters in
a wide temperature range 80–1300 K. The average first-
neighbor distance was observed to increase with temperature
and results were found to be compatible with the known
thermal expansion and with the effect of vibrations orthogonal
to the bond direction. The bond variance (or mean-square
relative displacement) σ 2 was also found to increase with
temperature, departing from a simple Einstein model at high
temperatures (above 500 K). An increased asymmetry of
the first-neighbor distribution was observed for increasing
temperatures showing clearly the effect of anharmonic vibra-
tions. A detailed error analysis including correlations among

fitting parameters was performed to assess the accuracy of our
results.

Refinement of the average structure of liquid Au at 1400 K
has been carried out considering the short-range contribution
to the pair distribution function g(r), using present x-ray
diffraction data [15,16] as a constraint for long-range order
within well established procedures for XAFS data-analysis of
liquids [19].

We have shown that XAFS is extremely sensitive to the
first-neighbor distribution and that the g(r) is characterized by
a shift of the foot of the distribution to longer distances (∼0.1
Å) and by a slight shortening of the position of the maximum
(from 2.80 to 2.77 Å), with a much steeper rise of the first-
neighbor g(r) peak, as compared to previous experimental
results. The XAFS sensitivity to local structure was found to
be very high and present data are thought to be very accurate,
improving present knowledge of the structure in liquid Au. In
particular, the shape of the first g(r) peak is strongly related
to the model of the repulsive interatomic potential used in
typical MD simulations so we were able to test the validity
of different potential models. In general, the improvement in
structure knowledge obtained in this work poses constraints
to theoretical and computer simulation works attempting to
develop reliable model interactions able to describe elemental
Au in a wide temperature range.
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