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Abstract: In the present study, the high-pressure high-temperature equation of the state of iridium has
been determined through a combination of in situ synchrotron X-ray diffraction experiments using
laser-heating diamond-anvil cells (up to 48 GPa and 3100 K) and density-functional theory calcula-
tions (up to 80 GPa and 3000 K). The melting temperature of iridium at 40 GPa was also determined
experimentally as being 4260 (200) K. The results obtained with the two different methods are fully
consistent and agree with previous thermal expansion studies performed at ambient pressure. The
resulting thermal equation of state can be described using a third-order Birch–Murnaghan formalism
with a Berman thermal-expansion model. The present equation of the state of iridium can be used as
a reliable primary pressure standard for static experiments up to 80 GPa and 3100 K. A comparison
with gold, copper, platinum, niobium, rhenium, tantalum, and osmium is also presented. On top
of that, the radial-distribution function of liquid iridium has been determined from experiments
and calculations.

Keywords: iridium; equation of state; high pressure; X-ray diffraction; laser heating; density-
functional theory; melting; radial-distribution function

1. Introduction

Iridium (Ir) belongs to the family of the 5d transition metals. It exhibits a face-centered
cubic ( f cc) structure and its electronic structure is [Xe] 4 f 14 5d7 6s2. Similar to the other
elements of the 5d family (such as Re, W, Pt, and Ta), Ir has always attracted consider-
able interest in the scientific community due to its outstanding mechanical and thermal
properties. In particular, Ir is the most commonly used metal in high-temperature (HT) cru-
cibles, thermocouples, and encapsulators of nuclear-powered electrical generators in space
technology. Furthermore, thanks to its high shear modulus, chemical inertness, refractory
nature, and phase stability, Ir is ideally suited as gasket material in static experiments in
diamond-anvil cells (DAC) or as pressure standard for high-pressure (HP) experiments
(in both static and dynamic experiments). As it exhibits excellent mechanical properties
and high resistance to oxidation and corrosion at elevated temperature, Ir is also used in
numerous applications as a static component at high T and/or in aggressive environments.
In particular, Ir is notably inert in comparison to other transition metals [1], and it is largely
immune to chemical reactions in comparison to refractory metals such as rhenium [2] or
tungsten [3].

Despite the multiple technological applications of Ir, our current understanding of
its mechanical properties is rather limited and knowledge of its HP–HT phase diagram is
virtually non-existent. In particular, a solid–solid phase transition was observed in shock-
wave experiments [4] to occur between 140 and 180 GPa. In a previous DAC experiment,
performed under non-hydrostatic conditions using energy-dispersive X-ray diffraction
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(XRD), a distortion of the f cc lattice was observed at room temperature (RT) and 59 GPa [5]
and interpreted as a formation of a complex super-lattice. However, no phase transition
was observed at RT in a recent DAC experiment performed under hydrostatic conditions
(using helium as pressure medium) up to 140 GPa using angular-dispersive XRD [1]. A
phase transition has been predicted to happen at 2000 K and 150 GPa from a f cc phase to a
disordered hexagonal close-packed phase (rhcp) by a recent theoretical study [6] based on
ab initio simulations.

An additional interest in iridium was generated by predicted structural anomalies
attributed to an unusual electronic transition called core-level crossing (CLC). In fact, it is
known that electronic transitions are expected to strongly affect material properties, such as
elastic moduli, thermal expansion, resistivity and thermal conductivity. Such an electronic
transition has been recently observed for the first time in a double-staged DAC study of
osmium (another 5d metal), which compressed up to 770 GPa [7]. In particular, the CLC
electronic transition was correlated to a discontinuity in the measured c/a axial ratio of
the Os hcp structure at 440 GPa. Consequently, systematic theoretical studies have been
conducted to predict possible CLC transitions for all of the 5d transition metals. In the
case of Ir, such a transition was predicted to occur at 80 GPa [8]. However, a recent X-ray
absorption near-edge structure (XANES) experiment that aimed to obtain information on
the electronic structural evolution of Ir up to 90 GPa could not find any evidence of any
CLC transition [1].

It is therefore evident that an in-depth characterization of the structural and physical
properties of Ir at HP and HT conditions is still lacking. In the present work, the structural
evolution of Ir has been characterized up to 80 GPa and 4260 K through a combination of in
situ powder X-ray diffraction experiments and density-functional theory (DFT) calculations.
In particular, the structural domain of solid Ir (always f cc) in the investigated P-T range,
the melting point at 40.3 GPa, the radial-distribution function (RDF) of liquid Ir, and the
corresponding thermal equation of state (EoS) have all been established.

2. Materials and Methods
2.1. Experimental Details

Two membrane DACs with diamonds of culet sizes of 400 µm and 300 µm were
equipped with pre-indented and spark-erosion drilled Re gaskets. In order to prevent
any oxidation, the sample preparation and loading was performed in a glovebox under
an argon atmosphere. Samples were obtained from Ir powder sourced from Goodfellow
(99.9% purity). Grains of the powder sample were compressed between two diamond
anvils in order to create a foil. The obtained foil was then cut and loaded in the DAC
high-pressure chambers (see Figure 1) between two magnesium oxide (MgO) disks (99.9%
purity). The MgO, acting as insulating material (both thermally and chemically) as well as
pressure gauge, was oven dried at 200 °C for two hours before being loaded in the DAC to
remove any water or moisture.

Angular-dispersive powder XRD patterns were collected at the extreme conditions
beamline, I15, of the Diamond Light Source [9]. The polychromatic beam of the I15’s
wiggler was tuned to 29.5 keV and focused down to 6× 9 µm2 (full-width at half maximum
(FWHM)). A Pilatus 2M detector was used to ensure fast data collections with a good
signal/noise ratio. The sample-to-detector distance was measured following the standard
procedure from the diffraction rings of a CeO2 sample.

The loaded DACs were mounted on the laser-heating (LH) system of I15 [9]. Each
heating ramp was performed at a selected initial P. The sample inside the DAC was
heated in double-sided mode [10]. Before each heating ramp, the two Nd:YAG fiber lasers
were individually focused on the sample surface and their power was linearly increased
until a clear hot spot was observed on the camera. During the laser alignment procedure,
the exposure time of the cameras was maximized to be able to observe the hot spot at a
relatively “low T” (around 1000 K). In this way, it was possible to avoid any unwanted
damage of the sample. Furthermore, in order to prevent the X-ray beam from sampling a
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radial T gradient on the sample surface, the two lasers were intentionally slightly unfocused
to maximize the size of the hot spot at uniform T. Finally, the lasers were coupled together
and their relative positions were tuned to obtain a uniform hot spot of around 30 µm
in diameter.

Figure 1. Photograph of the DAC high-pressure chamber after sample loading at ambient conditions.
Despite the opacity of MgO, it is possible to observe the Ir embedded on it. The external ring is the
Re gasket.

During the experiments, the T on both sides of the sample was measured by spectral
radiometry following the procedure described in Benedetti and Loubeyre [11]. The error in
the T measurements was calculated as the maximum values between the difference in the
T measured on each side of the sample and the FWHM of the histogram of the two-colours
pyrometry [10]. The P experienced by the sample was measured from the thermal EoS of
MgO [12] (under the assumption of Ir and MgO being at the same T) using the measured
volume of MgO and the average between the T measured from both sides of the sample.
The errors in P measurement were estimated to be of the order of 5 GPa at 1500 K and of
7.5 GPa at 4260 K (the highest T reached in the present experiment). Such an estimation
was obtained considering the adopted MgO thermal EoS [12] and the thermal gradient
developed in the DAC high pressure chamber (therefore, inside the MgO), ranging from
the measured T to 300 K at the interface with the diamonds. Before and after each heating
ramp, the relative alignment of the X-rays with the lasers and the T reading were checked
following the procedure described in Anzellini et al. [13]

In order to minimize the laser–sample interaction time (therefore, minimizing possible
chemical reactions and sample damaging), the heating ramps were performed in a “trigger
mode”; i.e., both lasers were set to a target power, after 0.3 s, a diffraction pattern and
a temperature measurement were collected simultaneously. Then, 0.3 s after the XRD
collection, both lasers were turned off synchronously. The XRD collection time was set to
1 s, whereas the acquisition time for the T measurements was adjusted according to the
signal saturation.
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During each run, the target power of the lasers was increased until a diffuse ring
(characteristic of a liquid sample) was detected in the diffraction pattern or it was not
possible to increase T any further. An accurate analysis of the diffraction patterns was
performed in order to detect the appearance of the melting and to obtain structural and
textural information about the sample and the insulating material. During the analysis
procedure, masks were applied on a per-image basis using the DIOPTAS suite [14]. The
images were azimuthally integrated and a LeBail analysis was performed using the TOPAS
suite [15] software in order to identify crystal structures and determine unit–cell parameters
at different P–T conditions. The EosFit suite [16] was used to determine the corresponding
thermal EoS from the obtained data. The melting at HP was determined by the appearance
of a diffuse scattering in the Ir diffraction signal.

2.2. Computational Methods

Calculations were performed using a quantum molecular dynamic (QMD) code and
the Vienna Ab initio Simulation Package (VASP) based on DFT. In particular, for the present
simulations of the equation of state of iridium, we used the local-density approximation
(LDA). The success of LDA applied to materials as dense as Ir was demonstrated with
the example of gold [17]. At low temperatures, the LDA error shifts the lattice constants
towards smaller values, but this shift appears to be very negligible for high density materi-
als. At these lattice constants the thermal pressure has a negligible volume dependence,
and, therefore, the effect of the LDA error is small. This explains why LDA is very success-
ful when applied to denser materials at low T. The absolute volume dependence of the
thermal pressure is rather similar for both LDA and its alternative generalized-gradient
approximation (GGA), and both show strongly increasing thermal pressure at larger vol-
umes. However, as the volume decreases (with increasing pressure), the LDA increase
of thermal pressure slows down, which causes LDA to deteriorate at smaller volumes
and higher temperatures. This will be discussed when comparing DFT results on Ir with
the experiments.

Ir was modeled by placing its nine outermost electrons (5d7 6s2) to the valence. These
nine valence electrons were represented with a plane-wave basis set with cutoff energy
of 300 eV, while the core electrons were represented by projector augmented-wave (PAW)
pseudo potentials. A 2 × 2 × 2 (32-atoms) super-cell was used in each case, with a very
dense k-point mesh of 35 × 35 × 35; this choice ensures full-energy convergence better
than 0.1 meV/atom, which was checked for each run. For finite-T simulations, we used
the algorithm of Nosé, which induces temperature fluctuations of approximately the same
frequency as the typical phonon frequencies of the material at the simulated P–T conditions.
The finite-T simulations typically require between 7500 and 10,000 time steps (of 1 fs) to
achieve full energy convergence and to produce sufficiently long output for the extraction
of reliable average for the value of pressure. An example of the time evolution of both
temperature and pressure during a Nosé algorithm run is shown in Figure 2.

To calculate the theoretical RDF of liquid Ir, we first prepared a liquid by melting fcc-Ir.
To this end, we used a 4 × 4 × 4 (256 atoms) f cc-Ir super-cell with a lattice constant of
4.0 Å, which was subject to initial T of 20,000 K and NVE-run for 10 ps (NVE means we
used a micro-canonical ensemble in which the total number of particles (N), the volume
(V), and the total energy (E) are assumed to be constant in the ensemble). The emerging
liquid that reached equilibrium at T ≈ 8000 K was slowly cooled down to 4260 K. The size
of the liquid super-cell was slightly decreased to correspond to ≈40 GPa. The adjusted
liquid super-cell was then NVT-run for 5000 ps (N, V, and T constant in the ensemble) to
extract its RDF, which was generated by VASP as part of the output of this run.
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Figure 2. Time evolution of pressure during the 10,000 time step run of fcc-Ir with a lattice constant
of 3.75 Å under a fixed temperature of 3000 K using the Nosé algorithm. The moving average is
shown as a black line. In the vertical axis, pressure is in GPa.

3. Results
3.1. Experiments

During the experiment, several heating ramps were performed on Ir starting from
two different initial pressures: 20 GPa and 30 GPa. The results obtained from the different
ramps were completely comparable with each other and an example of the observed
structural and textural evolution is reported in Figure 3 at selected T. In the investigated
P–T range, only peaks belonging to f cc Ir and MgO were observed with no evidence of any
solid–solid phase transitions or chemical reactions (such as IrO2 or MgIrO3). The texture of
both MgO and Ir showed a similar temperature-induced evolution, starting with a high
quality powder averaging at 300 K and showing increased recrystallization with the raising
T (see Figure 3).
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T=1526 K
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T=1703 K
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Figure 3. Selection of XRD patterns showing the (a) structural and the corresponding (b) textural evolution of an Ir sample
embedded in MgO PTM between ambient T and 2900 K, in a pressure range between 30 GPa and 41 GPa.
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During each heating ramp, a plateau in the temperature evolution was observed and,
despite the continuous increase in the lasers power, it was impossible to reach higher
T. During one particular heating ramp, together with the temperature plateau, it was
possible to observe a massive diffuse XRD signal (see Figures 4 and 5), characteristic of
the presence of molten material. An analysis of the textural evolution of this particular
ramp (Figure 4) shows how the signal coming from the Ir sample evolves with the raising
T: from a powder-like signal presenting several spots of higher intensities (at 1500 K) to a
single-crystal-like signal caused by T-induced growth of the grains [18] (at 4260 K) and,
finally, to a diffuse signal (at 4260 K) characteristic of the presence of liquid Ir. A better
visualization of the observed behavior can be obtained from the integrated signals of the
pattern reported in Figure 4. In fact, in Figure 5, it is possible to observe the amount of
diffuse signal observed in the red pattern (at 2649 K) compared to the other two patterns
obtained at lower T. Concerning the textural evolution of MgO, in Figure 4, it is possible
to observe how it does not change much in the reported T range. This confirms that the
measured liquid signal is actually from Ir and not from the insulating MgO material.

T=1500 K 
P=28 GPa

MgOIr MgOMgOIr Ir

T=2649 K 
P=32 GPa

T=4260 K 
P=40.3 GPa

a) b) c)

diffuse

Figure 4. Textural evolution of Ir sample and MgO-insulating material during the heating ramp
where melting was observed. (a) Both the sample and MgO are showing T-effects, characterized by
the presence of smaller (more intense) spots withing the powder rings. (b) While the MgO texture
remains quite similar to the previous case, Ir now exhibits the presence of single crystals caused by
the growth of Ir grains [18]. (c) Ir crystal peaks have essentially disappeared and have now converted
into an amorphous halo, whilst the XRD signal from the MgO is still similar to the previous case. In
all the reported images, the peaks belonging to Ir and MgO are labelled and the corresponding P–T
conditions indicated. In (c), the concentric red circles are used to assist the reader in identifying the
presence of the diffuse halo. The shadows observed on each image are caused by the presence of the
various optics of the LH system of I15 [9].

Due to the amount of liquid signal measured at 4260 K and 40.3 GPa, it was possible
to extract the experimental RDF (reported as g(r) in Figure 6), obtaining confirmation of the
melting of Ir and additional structural information. In particular, the two main oscillations
in the RDF signal (r1 and r2) are found at 2.81 Å and 5.31 Å. Considering the volume
expansion due to the solid/liquid transition, as expected in Ir from the slope of its Clausius–
Clapeyron curve simulated by Burakovsky et al. [6,19], a value of 2.81 Å for the radius
of the first coordination shell of liquid Ir is in good agreement with the first neighbour
distance of 2.64 Å obtained from the last measured diffraction signal of solid Ir. Comparing
the experimental and the theoretical RDF signals shown in Figure 6, it is possible to observe
that both the r1 and r2 peaks obtained from the DFT simulation are slightly shifted towards
lower r (by 0.01 nm) with respect to the experimental one. This is probably caused by the
slight underestimation of volumes (therefore, of atomic distances) caused by the use of
LDA (as mention above) compared to the experimental values. However, the experimental
r2/r1 ratio of 1.87 is in good agreement with the theoretical value of 1.81 obtained from the
DFT simulation. A similar value was also found for liquid Cu [20] (another f cc metal).
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Figure 5. Integrated diffraction signal of Ir embedded in MgO at three different Ts (the same as
those reported in Figure 4), before and after the melting of Ir. In particular, the appearance of the
characteristic diffuse signal from a liquid is clearly visible in the red pattern. MgO and Ir peaks
are labeled.

Figure 6. Comparison between the RDF signals of liquid Ir experimentally obtained at 40.3 GPa and
4260 K (black line) and the RDF signal obtained from DFT simulation at 4200 K and 40 GPa (red line).

In Figure 7, the experimental points obtained in the present study (solid and liquid) are
compared to the phase boundaries calculated in Burakovsky et al. [6]. As it is possible to
deduce from the figure, the present results (melting point included) are in good agreement
with the previous calculation and far below the melting curve of MgO as reported in
Kimura et al. [21] (confirming that the observed liquid signal is from Ir and not from the
insulating material).

The unit–cell parameters of Ir at different P–T conditions were determined from
a LeBail analysis of the measured XRD patterns. The present results corresponding to
different isotherms are reported in Figure 8, together with the RT isotherms determined for
experiments preformed using helium (He) [1], neon (Ne) [22], argon (Ar) [23] as pressure-
transmitting media up to 140, 70, and 65 GPa, respectively. Results from HT experiments
conducted at ambient pressure [24] are also reported in the figure for comparison.

The present RT results agree well with the experiments of Monteseguro et al. up
to 10 GPa [1]. However, at higher pressures, they show a smaller compressibility, which
becomes more similar to that determined from the experiments performed under Ar [23]
and Ne [22].
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Figure 7. Ir phases as observed at the present experimental P–T conditions (solid symbols) compared
to the DFT predicted phase diagram of Ir [6]. The melting line of MgO by Kimura et al. [21] is also
reported for comparison. Errors in the T measurement are reported for all the experimental point
obtained during laser heating. For simplicity, only the minimum and the maximum errors in P are
reported for clarity reasons.

Figure 8. Unit–cell volume of Ir versus pressure for different temperatures. Diamonds correspond
to the experiments of the present work. Circles are results from ambient-pressure experiments [24].
The black, blue, and red solid lines are the EoS determined from experiments carried out under
He [1], Ne [22], and Ar [23]. The dashed lines are the isotherms obtained from the P–V–T EoS we
determined.

A third-order Birch–Murnaghan (BM) equation of state [25] was fitted to the present
data. The obtained volume at ambient pressure (V0), bulk modulus (B0), and its pressure
derivative (B0’) are summarized in Table 1. They are compared with previous studies
following the results from the present calculations.
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Table 1. EoS parameters (at 300 K) determined from present and previous studies whose references
are indicated in the center column. In the upper part, we show results from experiments indicating
the pressure medium and the maximum P reached during the experiment. In the lower part, we
show results from calculations.

V0 [Å3] B0 [GPa] B0’ Method Pressure Medium P Max

56.48 339 (3) 5.3 (1) XRD [1] Helium 140 GPa
56.58 383 (14) 3.1 (8) XRD [23] Argon 65 GPa

56.64 (24) 341(19) 4.7 (3) XRD [22] Neon 70 GPa
56.69 306 (23) 6.8 (1.5) XRD [5] MgO 65 GPa

56.48 (9) 360 (5) 6.0 (5) XRD (this work) MgO 35 GPa

56.58 366 5.0 DFT [6]
56.17 377 5.3 DFT (this work)

From the P–V–T data shown in Figure 8, it was possible to determine a thermal EoS
taking advantage of the EosFit7 package [16]. For the analysis, we used diffraction data
measured at 300 (2) K, 1500 (20) K, 1900 (20) K, 2300 (30) K, 2700 (50) K, and 3100 (50) K, as
well as previous ambient-pressure results [24,26]. During the fitting procedure, the third-
order BM EoS generated from the RT compression experiment was used as the isothermal
part of the P–V–T EoS. In addition, a Berman equation was used as the thermal-expansion
model [27], assuming a linear variation of B0 with T. The pressure derivative of the bulk
modulus was assumed to be P-independent. On the other hand, the thermal expansion
was considered to be P-independent and to have a linear T-dependence. This simple
model properly describes all the available experimental results, as can be seen in Figure 8.
The obtained parameters are dB0/dT = −0.015(9) GPa/K, volumetric thermal expansion
α = 1.6(2)× 10−5 K−1, and dα/dT = 8.0(7)× 10−10 K−2.

3.2. Computer Simulations

In Figure 9, the isotherms obtained from the present DFT calculations are presented
and compared to the ones obtained from the experimental data (described in the previous
section). According to the data reported in the figure, it is possible to observe how the
present calculations underestimate the experimental volume at ambient P by less than
1%. Regarding the volumetric evolution with pressure, despite the underestimated value
of V0, at lower pressure the calculations give a slightly smaller compressibility than the
experiments (larger bulk modulus). However, beyond 20 GPa and for temperatures up to
1000 K, calculations and experiment provide very similar volumetric compressions, with
isotherms running nearly parallel to each other, as a consequence of the slightly smaller
calculated B0’. The RT EoS parameters obtained from the calculated isotherm at 300 K are
summarized in Table 1. A detailed comparison with the experimental results is presented
in the next section.

The calculated HT isotherms are well described using the same model employed to
analyze the experiments. The parameters determined from the present computer simula-
tions are dB0/dT = −0.03 GPa/K, α = 1.6 × 10−5 K−1, and dα/dT = 8.0 × 10−10 K−2.
The agreement with the experimental results is reasonably good. Only the effect of T on
the bulk modulus is larger in the calculations than in the experiments, causing a stronger
predicted compressibility for T higher than 1000 K. This is clearly visible in Figure 9, where
the comparison of calculations with experiments shows that as both P and T go up, the
theoretical p values start lagging behind their experimental counterparts; at the highest P
and T of this work, the shift is as high as ≈20 GPa at 80 GPa and 3000 K.

Regarding the melting temperature, as previously discussed, the DFT calculations
provide a melting curve in agreement (within the uncertainties) with the measured liquid Ir
at 40 GPa. Furthermore, the calculated and the measured RDF are also in good agreement,
with a difference in the position of the peaks of the first and second coordination spheres
of ≈0.01 Å.



Crystals 2021, 11, 452 10 of 13

0 2 0 4 0 6 0 8 04 8

5 0

5 2

5 4

5 6

5 8

6 0

Vo
lum

e (
Å3 )

P r e s s u r e  ( G P a )

D F T  C a l c u l a t i o n s
 0  K
 1 0 0 0  K
 2 0 0 0  K
 3 0 0 0  K

E x p e r i m e n t a l  E o S  
 E x p .  0  K
 E x p .  1 0 0 0  K
 E x p .  2 0 0 0  K
 E x p .  3 0 0 0  K

Figure 9. Calculated unit–cell volume of Ir versus P at different T (solid lines). The theoretical results
are compared with the P–V–T EoS obtained from the experiments (dashed lines).

4. Discussion

Now we will compare the bulk modulus and its pressure derivative obtained from
experiments and calculations in this work with those of the literature. Given the fact that
B0 and B′0 are correlated, a proper comparison can only be made by plotting B′0 versus B0,
as reported in Figure 10. Results from different works are included in the figure, including
the error bars when available. Confidence ellipses are also represented in the figure to
visualize the correlation between B0 and B′0 of the present experiment.
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Figure 10. B0’ versus B0. Values from different studies are included; see inset. Confidence ellipses
from the present experiments are shown.
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The theoretical values (from present and previous state-of-the-art calculations [6])
are within the 95.5% confidence level ellipse of the experimental ones. This means that
they are only two sigmas away from the experimental results, which can be considered
as a good match. The results from Monteseguro et al. [1] and Yusenko et al. [22] slightly
underestimate the bulk modulus. Notice that the experiment of Monteseguro et al. [1]
was done under hydrostatic conditions and in a larger pressure range. This can explain
the small differences in the EoS parameters. Regarding other experiments, the results
from Cynn et al. [23] overestimate B0 and underestimate B′0. On the other hand, the
study by Cerenius et al. [5] reports an extremely low value for B0 but a reasonable value
for its pressure derivative. This could indicate a systematic error in the bulk modulus
determination not affecting the pressure derivative, which could be related to the sample
bridging between the two diamond anvils.

Regarding the calculations, in addition to the previous study of Burakovsky et al. [6],
there were previous DFT and tight-binding calculations. Calculations using a Klein-
man–Bylander separable non-local pseudopotential [28] give an overestimated bulk modu-
lus (B0 = 385 GPa) and the same happens for calculations using a Hartwigsen–Goedecker-
Hutter semi-core potential (B0 = 399 GPa) [29]. On the other hand, tight-binding calcu-
lations that underestimate the bulk modulus [30] give an underestimated bulk modulus
(B0 = 341 GPa).

In conclusion, Figure 10 and the comparison with previous studies show that the RT
EoS reported here gives the most accurate description of the volumetric compression of Ir.
This, and the agreement with previous studies and calculations of the thermal-expansion
behavior of Ir at HP, reinforce confidence regarding the accurate determination of the
present P–V–T EoS of Ir. In summary, the associated parameters are: V0 = 56.48 (9) A3,
B0 = 360 (5) GPa, B0’ = 6.0 (5), dB0/dT = −0.015(9) GPa/K, α = 1.6(2)× 10−5 K−1, and
dα/dT = 8.0(7)× 10−10 K−2.

Compared to the other transition metals (such as Au, Cu, Pt, Nb, Re, Ta, etc.), which
have been proposed as pressure standards in the literature [31], Ir results less compressible
than most of them (with the exception of Os [32]). In fact, their bulk moduli are ranging
from 136 GPa (Cu) to 320 GPa (Ru) [33–36]. However, Ir has several advantages compared
to the other metals, for example, it has a much higher melting temperature than Au, Cu,
and Pt [13,37,38], which makes it more suitable for HP–HT experiments. On the other
hand, it is much more inert than Re, Ta, and W, making it a better candidate as standard for
HP–HT experiments where chemical reactions are a sensitive issue [2,3]. In addition, the
thermal expansion of Ir (α = 1.6(2)× 10−5 K−1) is one third of that of Au and Cu [39,40]
and around 30% smaller than that of Pt and Ru [33,41]. This fact makes Ir a more interesting
metal for pressure calibration at HT, since the smaller thermal expansion makes it more
accurate, providing smaller thermal pressure (being it proportional to α × B0 [10]). In the
case of Ir α × B0 = 0.0058 GPa K−1, while in Au, Cu, Pt, and Ru, the same magnitude ranges
from 0.0062 to 0.0074 GPa K−1. In conclusion, Ir can be considered as an ideal standard
used for pressure calibration in high P–T XRD experiments due to its simple structure,
phase stability, strong signal, inert chemical properties, high melting temperature, and
thermal expansion properties.

5. Conclusions

In the present study, a thermal pressure–volume equation of state for iridium valid up
to 80 GPa and 3100 K has been obtained combining HP–HT laser-heating powder XRD
experiments and molecular-dynamic DFT calculations. The stability of the f cc phase of
iridium was also explored experimentally, confirming it as the only solid phase observed in
the investigated P–T region (48 GPa and 3100 K). The melting temperature of Ir at 40 GPa
was also determined to be 4260 (200) K. Results are compared with previous experimental
and theoretical studies. The reliability of the present results is supported by the consistency
between the values yielded for EoS parameters by the two methods. In particular, we
found that the EoS parameters determined from the present experiments agree very well
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with the calculated ones (within 95.5% confidence level ellipse). The experimental param-
eters are V0 = 56.48 (9) A3, B0 = 360 (5) GPa, B0’ = 6.0 (5), dB0/dT = −0.015 (9) GPa/K,
α = 1.6 (2)× 10−5 K−1, and dα/dT = 8.0 (7)× 10−10 K−2. The reported results will allow
the use of Ir as calibration standard for high-pressure and high-temperature experiments.
The comparison with other metals (Au, Cu, Pt, Nb, Re, Ta, and Os) shows that Ir is a reliable
pressure standard for high-pressures and high-temperatures DAC experiments. Finally, the
radial-distribution function of liquid iridium at HP and HT has been reported for the first
time. Information on the first and second coordination shells of liquid iridium is reported.
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