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We report Ni K-edge fluorescence x-ray absorption fine structure spectra �XAFS� for Fe0.75Ni0.05S0.20 and
Fe0.75Ni0.05Si0.20 ternary alloys from room temperature up to 1600 K. A high-temperature furnace designed for
these studies incorporates two x-ray transparent windows and enables both a vertical orientation of the molten
sample and a wide opening angle, so that XAFS can be measured in the fluorescence mode with a detector at
90° with respect to the incident x-ray beam. An analysis of the Ni XAFS data for these two alloys indicates
different local structural environments for Ni in Fe0.75Ni0.05S0.20 and Fe0.75Ni0.05Si0.20 melts, with more Ni-Si
coordination than Ni-S coordination persisting from room temperature through melting. These results suggest
that light elements such as S and Si may impact the structural and chemical properties of Fe-Ni alloys with a
composition similar to the earth’s core.
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I. INTRODUCTION

Nickel is an important alloying constituent together with
iron in the earth’s core and magmas, and understanding the
structure of molten Fe-Ni alloys has significant geophysical
implications. Nickel is expected to be found in both the inner
and the outer cores, and it is an important trace element in
the upper mantle, where it strongly partitions from silicate
melts to coexisting minerals.1,2 Understanding the geochemi-
cal behavior of Ni in these systems requires knowledge of its
structural environment in the melts and in crystals. Mao
et al.3 showed experimentally that an iron-nickel alloy,
Fe80Ni20, has virtually the same high-pressure compression
behavior �� vs P relationship� as pure iron up to 300 GPa at
300 K. In addition, the presence of Ni does not significantly
modify the hcp structure of pure Fe, and so it is generally
concluded that the presence of Ni is safely ignored in the
geophysical modeling of the core.3,4

The current understanding of the composition of the
earth’s core usually includes several wt % of light elements
�O, S, and Si�, though the details are a topic of active
research.5–7 The structural and chemical roles of these light
elements on the Fe-Ni alloy that makes up the bulk of the
earth’s core are not well understood, largely due to experi-
mental challenges of making direct, detailed structural mea-
surements at high temperatures. Importantly, a few studies
have examined the potential differences in the chemical re-
activity of Fe and Ni with such light elements. In an earlier
ultrasonic study, we found that liquid Fe-Ni alloy containing
8 wt % S exhibits an anomalous acoustic behavior �positive
temperature dependence of compressional wave velocity�,8
which is in contrast to the normal elastic behavior of liquid
Fe-Ni and Fe-Ni-Si.1,9 The contrasting results in the tempera-
ture dependence of the elastic properties could imply struc-
tural differences in these melts. Cuello et al.10 investigated
the static liquid structure S�Q� of one ternary Fe-Ni-S and

two binary Fe-Ni iron-rich �with �85% Fe� molten alloys by
using neutron diffraction and Monte Carlo simulations. They
observed that the presence of sulfur in Fe-Ni melts signifi-
cantly changes the melt structure. To our knowledge, no di-
rect structural studies of Fe-Ni-S/Si melts have been carried
out.

X-ray absorption fine structure spectroscopy �XAFS� is a
useful probe for determining the short-range atomic structure
in structurally disordered materials.11,12 Two inherent
strengths of XAFS are that it can be measured on extremely
disordered systems, such as melts, and on elements at a rela-
tively low concentration to give the isolated structure around
that selected element. To study low concentration elements,
the XAFS measurement must be done in fluorescence mode,
wherein the x-ray fluorescence of the absorbing element is
monitored. While several furnaces have been designed and
used for XAFS measurements at very high temperatures
�above, say, 700 K�,13–20 only a few of these furnaces allow
access to x-ray fluorescence, which is necessary for studying
dilute components. This limitation has been mainly due to
experimental difficulties in constructing a sample container
that is suitable for holding a melt sample in a vertical orien-
tation at extreme temperatures while also possessing large
enough x-ray windows in the furnace for fluorescence mea-
surements. While there are also some analytic challenges in
interpreting the heavily damped XAFS oscillation at high
temperatures, these have been largely overcome.21–24

For the present study, samples that have the composition
Fe0.75Ni0.05S0.20 and Fe0.75Ni0.05Si0.20 were synthesized and
studied at room temperature and at temperatures of up to
1600 K, a temperature that is estimated to be above the melt-
ing temperature for both compositions. For the S alloy, the
phase diagrams of Fe-Ni and Fe-S of Kubaschewski25 give
an estimated melting temperature of 1593 K for
Fe0.75Ni0.05S0.20. Waldner and Pelton26,27 estimated
Fe0.75Ni0.05S0.20 to be a mixed liquid+fcc phase at 1573 K
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and completely liquid at 1623 K. For the Si alloy, the phase
diagram of Ikeda et al.28 estimated the melting temperature
of Fe0.80Si0.20 to be 1608 K, with an uncertainty of 10 K.
With 5% Ni, we expect the melting temperature of
Fe0.75Ni0.05Si0.20 to be even lower than that of Fe0.80Si0.20.

In order to facilitate such studies of the local structure of
Fe-Ni-Si and Fe-Ni-S alloys in both solid and melt phases,
we have developed a high-temperature furnace for fluores-
cence XAFS measurements. This furnace incorporates a dif-
ferent sample holding arrangement and allows the collection
of high-quality fluorescent XAFS spectra from room tem-
perature up to 1600 K with a fluorescence detector at 90°
with respect to the incident x-ray beam. We present the
furnace design and Ni K-edge XAFS measured for
Fe0.75Ni0.05S0.20 and Fe0.75Ni0.05Si0.20 up to 1600 K with this
furnace, and we show the local environments of Ni to be
dramatically different between these two alloys.

II. EXPERIMENTAL HIGH-TEMPERATURE FURNACE
FOR X-RAY ABSORPTION FINE STRUCTURE

Our primary aim in optimizing the design for a furnace
for fluorescent XAFS studies on high-temperature melts was
to reduce the absorption of the incident and fluoresced x rays
by the furnace windows as much as possible and to keep the
melt sample vertical during the measurements. To our knowl-
edge, no transmission-mode XAFS measurements have been
made on Fe-Ni samples with Ni as low as 5 wt % mainly
because the Fe K edge is just below that of Ni �7112 eV for
Fe, 8333 eV for Ni�, so that the absorption from Fe will
dominate the total absorption from the sample at these con-
centrations. In contrast, Fe-Ni alloys with 5 wt % Ni are
well suited for fluorescence measurements, wherein the in-
tensity of the Ni K� emission is monitored and taken to be
proportional to the Ni K-edge absorption cross section.
XAFS measurements in the fluorescence mode present their
own challenges, including the presence of Fe K� fluores-
cence and the need for a large solid angle of collection due to
the isotropic nature of x-ray fluorescence. This, in turn, de-
mands large x-ray transparent windows.

Our high-temperature furnace consists of a vacuum fur-
nace with Be and Kapton® windows and a boron nitride
�BN� sample holder. It has been designed as a modification
of a Leitz 1760 microscope heating stage for measurements
up to 1700 K. Figure 1 gives a sketch of the side view of the
vacuum furnace, and Fig. 2 shows photographs of the fur-
nace installed in the x-ray beamline and details of the furnace
design. The furnace incorporates two x-ray transparent win-
dows, an inner Be window and an outer Kapton window, and
has a large opening angle for fluorescence mode XAFS, with
the x-ray fluorescence detector at 90° with respect to the
incident beam. The Be window �Brush-Wellman PF-60 grade
is used: 99.0% purity, with 800 ppm Fe; 25 mm in diameter
and 1 mm in thickness� is located between the heater and the
Kapton window and is used as the primary thermal shield,
which protects the outer Kapton window from thermal radia-
tion. The Kapton window keeps the sample under a rough
vacuum and is mounted on a copper plate with a 7
�20 mm2 slot to allow incident x rays in and fluoresced x

rays out. The outer copper plate is removable to facilitate
changing the sample and window. Both the Be and the Kap-
ton windows provide good x-ray transmission at the Ni K
edge. The outer furnace is water cooled to keep the Kapton
window at a relatively lower temperature. The x-ray win-
dows are sealed by an O-ring and the furnace is kept evacu-
ated to 10−3 torr.

The melt samples must be contained in a cell made of
materials that are transparent to x rays and yet resistant to
chemical corrosion by the melts. In addition, the melt
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FIG. 1. �Color online� Schematic of a high-temperature furnace
for fluorescence XAFS. An outer Kapton window and an inner Be
window allow a large open solid angle of low Z material for inci-
dent x rays to get to the sample and fluoresced x rays to get from
sample to detector.

FIG. 2. �Color online� Photographs of the furnace for high-
temperature fluorescent XAFS. �A� furnace installed at the x-ray
beamline �APS station 13-BM-D� showing outer housing, vacuum
line, water-cooling lines, and fluorescence detector to the right of
the furnace. �B� Inside the furnace, with Be and Kapton windows
removed. �C� Details of the sample placed inside the heating
element.
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samples must be vertically held, as the incident x rays are
horizontal. The vertical orientation of the furnace is origi-
nally designed for high-temperature microscopy with the
sample horizontally held. To keep the liquid sample vertical
for XAFS experiment, we have developed a sample cell
made of hexagonal BN. The sample is ground into a fine
powder and is mixed with hexagonal BN powder and pressed
into a disk that is 3.5 mm in diameter. The disk is embedded
in the sample holder that is machined from rods of hexagonal
BN. The BN matrix, wherein the sample is mixed, serves to
sustain the liquid drop in the matrix. Special care is taken to
thoroughly homogenize the sample so as to keep the sample
disk stable during sample melting, and the x-ray measure-
ments used a large enough beam �approximately 1 mm2; see
below� to average over any remaining inhomogeneities. The
high-temperature cell is surrounded by two heating foils
�Fig. 2� and covered by the Be window a few millimeters
from the heater for thermal radiation shields and then placed
inside a vacuum chamber so as to minimize both the radia-
tive and convective heat losses. This provides a high degree
of temperature uniformity for the cell and its contents.

Heating is provided by a power supply �10 V and 200 A�.
The actual sample temperature is determined by a Pt-
Pt10%Rh �S type� thermocouple placed just behind the
sample, which is located within the BN holder and within a
millimeter from the actual sample. The diameter of the
sample surface exposed to x ray is approximately 3 mm. The
reproducibility and stability of the sample temperature are
estimated to be �3 K at 1600 K.

III. X-RAY ABSORPTION FINE STRUCTURE SPECTRA
ACQUISITION

X-ray absorption fine structure spectra were measured
on the Ni K edge �8333 eV� of Fe0.75Ni0.05S0.20 and
Fe0.75Ni0.05Si0.20 at the GeoSoilEnviroCARS bending magnet
beamline 13-BM-D, Advanced Photon Source �APS�, Ar-
gonne National Laboratory. The storage ring was operated at
7 GeV with an �100 mA current. The x-rays were mono-
chromatized by using a Si�111� double-crystal monochro-
mator. Harmonic rejection was achieved with a Pt-coated
mirror pitched at 3 mrad and by detuning the second crystal
of the monochromator to reduce the total intensity by �30%.
The Pt-coated mirror was also used to focus the beam in the
vertical to �0.5 mm, and slits were used to define the hori-
zontal beam size to 2.5 mm. Further details of the equipment
and x-ray optics of this beamline are described
elsewhere.29,30 The incident x-ray intensity was monitored
with a N2-filled ion chamber. XAFS spectra were measured
in the fluorescence mode by using a multielement solid-state
Ge detector, which allowed an energy window to be placed
around the Ni K� peak at 7480 eV. Due to the high Fe con-
tent of the samples and because the Ni K edge is at a higher
energy than the Fe K edge, the Fe K� fluorescence �at 6405
eV� was much more intense than the Ni K� fluorescence,
and because the solid-state detectors are limited in their total
count rate, 150 �m of Al foil were used to preferentially
absorb Fe K� over Ni K�. XAFS spectra were collected
within 15 min by scanning the monochromator energy from

8233 to 8977 eV by using 5 eV steps before the main edge,
0.5 eV steps within �20 eV of the main edge, and 0.05 Å−1

steps in photoelectron wave number above the main edge. At
each energy point, the signals from the ion chamber and the
Ni K� for each of the 13 Ge detector elements were recorded
for 2 s. Several scans were collected at each temperature and
averaged for the analysis.

The two alloy samples were measured at room tempera-
ture first then at a series of temperatures of up to 1600 K.
The samples were cooled by turning off the power supply,
which reached room temperature within several minutes. The
samples were optically examined to assess sample integrity.
Figure 3 shows the Fe0.75Ni0.05S0.20 sample before and after
data acquisition. Both the Fe0.75Ni0.05S0.20 and the
Fe0.75Ni0.05Si0.20 samples were clearly melted within the BN
matrix, forming small molten balls, as seen in Fig. 3. XAFS
recorded on the cooled samples showed similar spectra to
those obtained prior to melting, which indicates little or no
Ni oxidation during the experiment. There appeared to be
some loss of S or Si, as evidenced by the surface color of the
Be plate above the molten sample, but these samples stayed
intact for several hours during the high-temperature measure-
ments. No evidence of Ni oxidation or reduction was de-
tected either from changes in the x-ray absorption near-edge
spectra �XANES� or in the sample color.

FIG. 3. Photograph of Fe0.75Ni0.05S0.20 sample before �top� and
after �bottom� melting. The sample stayed intact and did not greatly
segregate from its BN matrix.
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IV. X-RAY ABSORPTION FINE STRUCTURE DATA
ANALYSIS AND INTERPRETATION

XAFS data processing and analysis were performed with
the ATHENA and ARTEMIS programs31 of the IFEFFIT

package.32 Data were averaged and the slowly varying back-
ground was subtracted by using ATHENA, which gives ��k�
for each temperature. Theoretical models for the XAFS were
constructed with FEFF �Refs. 33 and 34� by using crystallo-
graphic atomic positions of NiS2, bcc Fe with Ni substitu-
tion, and fcc Fe with Ni substitution. The models were fitted
to the data by using ARTEMIS,31 which also performs an error
analysis and calculates the goodness-of-fit parameters.

Figure 4 shows the k2-weighted ��k� XAFS spectra for
Fe0.75Ni0.05S0.20 and Fe0.75Ni0.05Si0.20 at room temperature
and at 1600 K. No filtering or smoothing was applied to the
data. The oscillations in k2��k� for Fe0.75Ni0.05S0.20 and
Fe0.75Ni0.05Si0.20 show different amplitudes and frequencies
at both room and high temperatures, which indicate that Ni
has different local environments in both the solid and melts
of these two alloys. These differences, even in the room tem-
perature data, suggest that the Ni coordination is affected by
the species of light element in the alloy.

As expected, the XAFS oscillations are greatly damped in
the melt phases due to the increased thermal vibrations. Dis-
tinct oscillations of up to k=8 Å−1 are observable for
Fe0.75Ni0.05Si0.20 even in the melt. This suggests that strong
interatomic bonds remain in the Fe0.75Ni0.05Si0.20 melt. The
larger reduction in the amplitude for the Fe0.75Ni0.05S0.20 melt
and the changes in the XAFS frequency imply a more sig-
nificant change in Ni coordination in the melt.

Figure 5 shows ���R��, which is the amplitude of the
XAFS Fourier transform of k2��k�, by using a k range from
1 up to 12 Å−1 for room temperature spectra and up to
9 Å−1 for the 1600 K spectra, and Hanning windows. These

k ranges were chosen to obtain a Fourier transform with
negligible spurious peaks below the anticipated lowest Ni-S
and Ni-Si distances. For Fe0.75Ni0.05Si0.20, ���R�� at room
temperature shows two strong peaks below 3 Å, which
correspond to Ni-Si and Ni-Fe contributions. In the
Fe0.75Ni0.05Si0.20 melt, the peak at 1.7 Å due to Ni-Si re-
mains, while the peak at 2.3 Å due to Ni-Fe essentially dis-
appears. For Fe0.75Ni0.05S0.20, ���R�� at room temperature
shows one strong peak at R�2.1 Å and higher coordination
shells. In the Fe0.75Ni0.05S0.20 melt, essentially all these peaks
disappear and only a small peak near 1.6 Å remains.

A quantitative analysis of the XAFS performed on the
first shell of ���R�� for these spectra provides the qualitative
observations above. The data were analyzed in R space, be-
tween R=1.0 and 3.0 Å, with the theoretical scattering path
generated by using FEFF and used with ARTEMIS to determine
the best match to the experimental data. The structural pa-
rameters shown in Table I are obtained from the ARTEMIS

analysis in terms of the first scattering paths of Ni-S, Ni-Si,
and Ni-Fe from NiS2, NiSi2, bcc NiFe, and fcc NiFe at room
temperature and at 1600 K, respectively. For the shift in pho-
toelectron energy origin, E0 was set the same for Ni-S and
Ni-Fe, while the coordination number N, distance R, and
mean-square displacements �2 were treated as free param-
eters in the fit. Due to the small data range in k and R for the
melt data, there was insufficient information35 to accurately
determine the anharmonicity in the Ni coordination shell.
Because of this limited data, a more complex modeling of
the partial pair distribution function24,36 g�R� around Ni was
not attempted. The results presented here for R may thus
have a slight ��0.02 Å� systematic inaccuracy in represent-
ing the peak of the g�R� distribution. For the present work,
we are satisfied with such distance accuracies, as the typical
distances found for Ni-S, Ni-Si, and Ni-Fe differ by much
more than this systematic error.
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FIG. 4. XAFS k2��k� for Fe0.75Ni0.05S0.20 and Fe0.75Ni0.05Si0.20

at room temperature and at 1600 K.
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FIG. 5. XAFS Fourier transform ���R�� for Fe0.75Ni0.05S0.20 and
Fe0.75Ni0.05Si0.20 at room temperature and at 1600 K.
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As shown in Table I, the Ni in Fe0.75Ni0.05S0.20 is mainly
coordinated by Fe at room temperature, which is consistent
with Ni being incorporated into the bcc Fe structure. In the
Fe0.75Ni0.05S0.20 melt, the very weak XAFS gives lower co-
ordination numbers and higher �2 values, which is consistent
with Ni being in a “fully melted” metal phase,21 although
there is a suggestion of a small amount of Ni-S bonding
persisting in the melt. In contrast, the Ni in Fe0.75Ni0.05Si0.20
at room temperature has considerably more Ni-Si near-
neighbor bonds and fewer Ni-Fe bonds than would be ex-
pected from a random substitution of Ni and Si into the bcc
Fe structure. These Ni-Si bonds persist into the melt phase,
while the Ni-Fe bonds essentially disappear. The Ni-Si dis-
tance is significantly longer in the melt than in the solid
phase and somewhat longer than the Ni-Si distance �2.34 Å�
found in room temperature NiSi2.37

As an additional check on these XAFS results, we use the
XANES portion of the XAFS spectra, which provides infor-
mation about the valence state and local symmetries of the
absorbing atom.38 Figure 6 shows the Ni K-edge XANES
spectra of Fe0.75Ni0.05S0.20 and Fe0.75Ni0.05Si0.20 as well as
those of Ni foil, NiO, and NiS2.39 It is evident that the
XANES spectrum of Fe0.75Ni0.05S0.20 at room temperature is
fairly similar to that of NiS. On melting, the spectra for
Fe0.75Ni0.05S0.20 show little change and no sign of significant
oxidation—the position of the main absorption edge does not
shift to a higher energy as would be expected for Ni2+. Al-
though the XANES spectrum for Fe0.75Ni0.05Si0.20 at room
temperature is significantly different from that of the sulfide
phase, the edge position still suggests that Ni has a metallic
character. As for the Fe0.75Ni0.05S0.20, the Fe0.75Ni0.05Si0.20
shows no sign of oxidation on melting.

V. CONCLUSION

We have described a recently designed high-temperature
furnace, which works up to 1600 K and has allowed us to
obtain Ni K-edge XAFS spectra in the fluorescence mode for

low concentrations �5 wt %� of Ni in Fe0.75Ni0.05S0.20 and
Fe0.75Ni0.05Si0.20 in both solid and melt phases.

We observe relatively strong XAFS oscillations in the
Fe0.75Ni0.05Si0.20 melt and much weaker oscillations in the
Fe0.75Ni0.05S0.20 melt. An analysis of the XAFS also shows
different local structural environments of Ni atoms in
Fe0.75Ni0.05S0.20 and Fe0.75Ni0.05Si0.20 melts. The Ni in the
Fe0.75Ni0.05S0.20 solid phase is mainly coordinated by Fe and
is consistent with a simple substitution of Ni in the bcc phase
of Fe. In contrast, the Ni in Fe0.75Ni0.05Si0.20 shows a signifi-
cant preference for Si at room temperature and persists into
the melt. The different Ni coordination environments in the

TABLE I. Local structural parameters for Ni in Fe0.75Ni0.05S0.20 and Fe0.75Ni0.05Si0.20 solid �300 K� and
melt �1600 K�. The results are derived from FEFF calculations for the XAFS scattering factors and by using
the ARTEMIS fitting program. The columns show the sample composition, temperature T, atomic species of the
neighbor, number N of bonds, distance R of the bond, mean-square displacement �2 in this distance, and
goodness-of-fit parameter R. The uncertainties are given in parentheses.

Sample
T

�K� Species N
R

�Å�
�2

�Å2� R

Fe0.75Ni0.05S0.20 300 S 3.2�0.9� 2.36�0.03� 0.010�0.008� 0.01

Fe 7.6�2.0� 2.49�0.02� 0.009�0.002�
Fe 5.6�2.0� 2.82�0.02� 0.017�0.003�

Fe0.75Ni0.05S0.20 1600 S 2.2�1.1� 2.34�0.04� 0.035�0.021� 0.02

Fe 3.4�2.0� 2.53�0.03� 0.030�0.010�
Fe0.75Ni0.05Si0.20 300 Si 4.1�0.8� 2.26�0.03� 0.004�0.002� 0.03

Fe 4.1�1.0� 2.23�0.04� 0.011�0.005�
Fe 3.1�1.0� 2.82�0.02� 0.007�0.003�

Fe0.75Ni0.05Si0.20 1600 Si 4.1�1.0� 2.41�0.04� 0.031�0.020� 0.07

Fe 1.8�1.5� 2.52�0.03� 0.017�0.010�
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FIG. 6. Ni K-edge XANES of Fe0.75Ni0.05S0.20,
Fe0.75Ni0.05Si0.20, Ni metal, NiO, and NiS. The solid lines show the
data collected at room temperature; the white dashed lines show the
data at 1600 K.
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presence of S and Si in Fe-rich alloys that have compositions
similar to those proposed for the earth’s core support earlier
acoustic measurements in suggesting important differences
in the chemical and physical properties of these proposed
core compositions.
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