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'e room-temperature bulk modulus of rhenium (Re) was measured in the pressure range 0 to 115GPa using a laser-annealing
diamond anvil cell and the synchrotron X-ray diffraction method. 'ermal properties of Re were investigated up to 4000K based
on first-principles molecular dynamics calculations, and the equation of state for Re was determined using experimental and
calculated data. A Vinet equation of state fitted to the 300K data yielded a bulkmodulus ofKT0 � 384GPa and a pressure derivative
of KT0′ � 3.26. 'e contribution of thermal pressure was determined to have the form ΔPth � [αKT(Va) + (zKT/zT)Vln(Va/V)]ΔT.
When αKT(Va) was assumed to be constant, the fit to the data yielded αKT(Va)� 0.0056GPa/K. In contrast, the volume de-
pendence of the thermal pressure was very small, and fitting yielded a value of (zKT/zT)V � −0.00042.

1. Introduction

Rhenium (Re) is a group VII transitionmetal that crystallizes
in a hexagonal close-packed (hcp) structure and has an axial
c/a ratio of 1.615, slightly less than the ideal hcp value of
1.633. 'e space group is P63/mmc, and two Re atoms
occupy the 2cWyckoff sites (1/3, 2/3, 1/2) and (2/3, 1/3, 3/4).
'e high-pressure behaviors of Re have been studied widely
as Re has a high bulk modulus value (∼350GPa) compared
with other metals. Bridgman [1] reported that Re was the
least compressible of all the metals, but it is now known that
Re has the second-highest bulk modulus value after Os. An
X-ray diffraction study carried out by Liu et al. [2] reported
that the bulk modulus was 336GPa at room temperature.
Recently, higher values of ∼353GPa have been reported by
Dubrovinsky et al. [3] and Anzellini et al. [4], obtained using
synchrotron X-ray diffraction at room temperature. Ultra-
sonic measurements by Manghnani and Katahara [5] gave a
value of 360GPa, which was in agreement with those

reported in recent X-ray diffraction experiments. In con-
trast, first-principles calculations have shown discrepancies
for the bulk modulus at 0 K. Fast et al. [6] reported a value of
447GPa, obtained by means of local-density approximation
(LDA). Steinle-Neumann et al. [7] calculated values of
382GPa using LDA and 344GPa using the generalized
gradient approximation (GGA). 'e LDA and GGA values
calculated by Lv et al. [8] were 389 and 376GPa, respectively.

Since Re is used as gasket material in diamond anvil cell
experiments, there is considerable interest in its high-
pressure behavior. Recently, the double-stage and the to-
roidal diamond anvil cells have extended the pressure range
over 600GPa [3, 9–11]. In such experiments, the equation of
state (EOS) for Re has often been used as a pressure marker
at extremely high pressures. An investigation of EOS could
therefore improve the reliability of high-pressure experi-
mental studies. Reliable data for high temperatures are still
not available as the uncertainty in the temperature is
nonnegligible in high-pressure experiments. Recently,
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theoretical studies using first-principles calculations have
investigated the physical properties of materials at high
pressures and temperatures. Although it is known that first-
principles molecular dynamics calculations have significant
advantages in terms of investigating the physical properties
of materials at high temperatures, first-principles molecular
dynamics calculations have been rarely used as they require
huge computational resources.

We used density functional theory to investigate the
thermal properties of Re and performed high-pressure ex-
periments to determine the room temperature EOS for Re.
'is combination of first-principles molecular dynamics
calculations and high-pressure experiments allowed us to
determine reliable values for the thermoelastic properties
over a wide range of pressures and temperatures.

2. Methods

First-principles calculations were performed using the
Vienna Ab Initio Simulation Package (VASP) [12].'e PBE-
sol functional for the exchange-correlation potential was
used in the GGA calculations [13]. 'e electronic wave
functions were expanded using a plane-wave basis set with a
cutoff energy of 600 eV, and the electron-ion interactions
were described using the projector augmented wave (PAW)
method. 'e PAW potential for Re had an outermost cutoff
radius for the valence orbital of 1.434 Å, with a valence
configuration of 5d56s2. We used a 54-atom supercell with
gamma-point Brillouin zone sampling and a time step of 1 fs
for first-principles molecular dynamics simulation at con-
stant volume. Simulations were run using a constant NVT
ensemble (i.e., conservation of numerical quantity, volume,
and temperature) with the Nosé [14] thermostat for 5–10 ps
after equilibration. A total of 37 different pressure-volume
conditions were taken into consideration in the calculations.
'e pressure and temperature ranges were 0–379GPa and
300–4000K, respectively, and the thermal pressure was
calculated for each volume.

High-pressure X-ray diffraction experiments were car-
ried out using a diamond anvil cell (DAC) with a laser-
annealing system. 'e culet size of the diamond anvil was
300 or 150 μm, and Re reagent powder (99.9% purity) was
used as the starting material. Powdered sample was sand-
wiched between pellets of NaCl powder, which was used as
the pressure-transmitting medium and the pressure refer-
ence. 'e sample was loaded into a hole 50–100 μm in di-
ameter drilled into a Re gasket, which was pre-indented to a
thickness of 30–50 μm. 'e starting material was com-
pressed at room temperature using a symmetrical or motor-
driven DAC [15, 16]. An angle-dispersive X-ray diffraction
method was used to investigate the sample on two syn-
chrotron beamlines: AR-NE1A at the Photon Factory and
BL10XU at SPring-8. Experimental assemblies for these
synchrotron X-ray measurements have been described
elsewhere [17, 18]. 'e wavelength of the monochromatic
incident X-ray beam was ∼0.41 Å, and powdered X-ray

diffraction patterns were obtained on an image plate system
(Rigaku R-AXIS, Japan). Spectra of the sample were col-
lected over 1–10min to determine the cell parameters and
the volume of Re, and observed intensities on the imaging
plates were integrated as a function of 2θ to obtain con-
ventional, one-dimensional diffraction profiles. Sample
pressure was calculated from the NaCl unit cell volume,
using the EOS for NaCl developed by Dorogokupets and
Dewaele [19]. EOS parameters for Re were obtained from a
least-squares fit to the pressure-volume data of the Vinet EOS
[20]. 'e sample was compressed to the desired pressure at
room temperature, which was confirmed by the pressure scale
of the Raman spectra from the diamond [21]. Since the
differential stress during room temperature compression
causes a significant systematic bias in the relationship between
the pressure and structural properties, the samples were
heated after each change in pressure using an infrared laser, to
reduce any differential stress in the sample.

'e total pressure under high-temperature and
high-pressure conditions was estimated from the room-
temperature EOS obtained from experimental data and the
thermal pressure from the first-principles molecular dy-
namics calculations. 'e pressures of the solids can be
expressed as

P(V, T) � Pst(V, 300) + Pth(V, T), (1)

where P(V, T) is the total pressure P at volume V and
temperature T. 'e first and second terms on the right-hand
side represent the relationship between pressure and volume
at 300K and the thermal pressure at volume V, respectively.
In this case, the Vinet EOS [20] was used for the first term in
equation (1).
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where KT0 is the isothermal bulk modulus and KT0′ is
(zKT/zP)T at ambient temperature. In the thermal pressure
EOS [22], Pth can be written as follows:
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where α0, (zKT0/zT)V, and (z2P/zT2)V are the coefficient of
the volume thermal expansion at ambient condition, the
temperature derivative of the isothermal bulk modulus at
constant volume, and the second temperature derivative of
the pressure at constant volume, respectively. Finally,
equation (1) is expressed as
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Equation (4) was used to fit the pressure-volume-
temperature data from our experiments and calculations.

3. Results

'e room-pressure unit-cell parameters of the starting
material were a� 2.7620(1), c� 4.4592(2) Å, and
V� 29.460(2) Å3, values that are in good agreement with
those from previous studies in the literature. Typical dif-
fraction data are shown in Figure 1. After compression to the
desired pressure, stress broadening of each diffraction peak
was observed (Figure 1(a)), which decreased drastically after
laser annealing (Figure 1(b)). 'is indicates that the dif-
ferential stress under compression was released on
annealing. Diffraction data after annealing were used to
determine the EOS since the differential stress often causes
bias in the relationship between volume and pressure.
Figure 2 shows the changes in the volume and lattice
parameters as the pressure increased. 'e volumes and
pressure data were fitted to the Vinet EOS [20] using the
least-squares method, yielding values of V0 � 8.878(12)
cm3/mol, KT0 � 383(13) GPa, and KT0′� 3.26(30) (Table 1).
'e value of the bulk modulus obtained in our experiments
differs slightly from those reported from previous experi-
ments without annealing (Table 2). Figure 2 also shows the
comparison of volume and lattice parameters between ex-
perimental and calculated results. 'e calculated lattice
parameters of a-axis are in good agreement with the ex-
perimental values. In contrast, small discrepancies for c-axis
and volume are confirmed between the calculated and ex-
perimental values. 'is indicates that the experiments are
advantageous for the EOS study at room temperature.

First-principles molecular dynamics calculations were
carried out at 0–428GPa and 300–4000K (Figure 3). A total
of 35 volume-pressure-temperature data points for hcp Re
were used to analyze the EOS. Figure 4 shows the volume
dependence of thermal pressures. At low temperatures
(<1000K), the dependence of thermal pressure on volume
was small, but the volume dependence increased with
temperature.'e significant dependence of thermal pressure
on temperature indicates that the Grüneisen parameter has a
large temperature dependence at higher temperatures
(>2000K). Similar behavior has been reported for metals,
ionic crystals, and rare gas solids [23–25]. Figure 5 shows the
fitted isothermal compressibility curves at 300, 2000, 4000,
and 8000K. As the pressure increases, the dependence of the
pressure on the thermal expansion decreases: this result is in
good agreement with the typical properties of condensed
materials.

4. Discussion

'e bulk modulus for Re and its derivative have been de-
termined previously through experiments and calculations
(Table 2), and the discrepancies in the calculated value are
larger than those for the experimental values. In the case of
calculations, the differences in the approximations used in
the first-principles method have led to different values for
the elastic properties since the uncertainty in the approxi-
mation is nonnegligible. It is known that the value of the
bulk modulus obtained using LDA is higher than that ob-
tained from GGA. According to previous studies, calculated
values for the bulk modulus have a tendency to be higher
than experimental values.

Our experimental value for the bulk modulus of
383 GPa is slightly higher than those reported in previous
experimental studies (Table 2). 'e difference between our
experimental method and the approaches used in previous
studies is related to the use of annealing before the ac-
quisition of X-ray diffraction data. It is known that dif-
ferential stress accumulates in the sample chamber during
room-temperature compression, and this stress often has
an influence on the measurement of the elastic properties
of solids. In our study, laser-heated annealing was per-
formed to minimize the influence of the differential stress
at each pressure increment. 'e differences between our
value and those reported in previous studies are therefore
likely to be due to the differential stress in the sample
chamber.

Vohra et al. [26] reported a variation in the axial ratio
(c/a) with the pressure of up to 216GPa. 'e value of the c/a
ratio is remarkably constant, with values of 1.615 and 1.614
at 0 and 216GPa, respectively. In contrast, recent experi-
mental studies [3, 4] have shown a reduction in the c/a ratio
with increasing pressure. Our experimental results indicated
a reduction in the c/a ratio of about 0.2% up to 120GPa,
which was in general agreement with the value reported by
Anzellini et al. [4]. A reduction in the c/a ratio has also been
reported for other hcp metals, such as osmium, beryllium,
cobalt, samarium, and dysprosium [27–30]. 'eoretical
investigations [31, 32] have predicted a minimum in the c/a
ratio at very high pressures (V/V0 0.75); however, no evi-
dence for this minimum c/a ratio was observed in our ex-
perimental study. 'is discrepancy might be due to the
differences in the pressure conditions between our experi-
ments and previous theoretical calculations. We investigated
the variation in the c/a ratio at pressures corresponding to
V/V0> 0.8. To assess this interesting behavior of structure, it
will be necessary to perform experiments at higher pressures
in future work.
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Figure 1: Comparison of powder X-ray diffraction data, before and after annealing. 'e upper and lower data show the results before and
after annealing, respectively. Labels for the diffraction peaks are as follows: R–Re with hexagonal structure; S–B1-type NaCl. Numbers on the
labels correspond to the indices of hexagonal or cubic symmetry. Monochromatic incident X-ray beam wavelength: λ� 0.4110 Å.
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Figure 2: Experimental data on lattice parameters and volume of Re at 300K. Circles represent the lattice parameters and unit cell volumes
of Re with a hexagonal structure, obtained from high-pressure experiments. Dashed lines show the fitted curves. Solid lines show the
calculated lattice parameters and unit cell volumes at 300K.

Table 1: 'ermoelastic parameters of Re.

Parameter
Experiment
V0 (cm3/mol) 8.878(12)
KT0 (GPa) 383(13)
KT0′ 3.26(30)
First-principles molecular dynamics
αKT (GPa/K) 0.0056(1)
(zKT/zT)V (GPa/K) −0.0042(2)
(z2KT/zT2)V (10−8 GPa2/K2) 6.0(26)
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