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Synthesis of ruthenium hydride
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Ruthenium hydride was synthesized at a hydrogen pressure of about 14 GPa in a diamond-anvil cell. Energy-
dispersive x-ray diffraction was used to monitor the ruthenium crystal structure as a function of hydrogen pressure
up to 30 GPa. The hydride formation was accompanied by phase transition from the original hcp structure of
the pristine metal to the fcc structure. Our results confirmed the theoretical prediction of ruthenium hydride
formation under hydrogen pressure. The standard Gibbs free energy of the ruthenium hydride formation reaction
was calculated assuming the pressure of decomposition as the equilibrium pressure.
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I. INTRODUCTION

Transition-metal hydrides have attracted the attention of
many researchers due to their novel physical properties and
important technical applications as hydrogen and energy
storage materials. One of the most intriguing features of
these hydrides is superconductivity, discovered for the first
time in palladium hydride [1]. Due to the high-frequency
optical phonons of hydrogen vibrations, the superconducting
transition temperature in hydrides can reach as high as 200 K as
recently found in the sulfur-hydrogen system at a high pressure
of about 150 GPa [2].

Together with group III-V elements, palladium is the only
transition metal which forms a hydride at ambient pressure.
Many other transition metals form hydrides at high pressures
when the chemical potential of hydrogen in the gas phase
increases dramatically. There are three techniques available
for compressing hydrogen up to several GPa: piston-cylinder
chambers, used for the synthesis of Ni [3], Mn [4], and Cr
[5] hydrides; toroidal chambers [6], for the production of a
series of new hydrides of Fe, Co, Mo, Tc, Rh, and others
[7,8]; and diamond-anvil cells (DACs). Utilization of the DAC
technique for the compression of hydrogen has opened the
way to the synthesis of new hydrides of transition metals that
have been reluctant to react with hydrogen thus far. Recently,
DACs were successfully used for the hydride synthesis of Cu
[9,10], W[11,12],Re [13], and Pt [14,15]. Surprisingly, several
new polyhydrides were produced: RhH, [16], IrH3 [17], and
FeHj; [18].

Among the group III-X elements, only ruthenium and
osmium were not found to form hydrides. The only exper-
imental result to date on the ruthenium-hydrogen system at
high pressures has been reported by the research group of
Ponyatovsky [7]. They showed that the electrical resistance
of ruthenium, charged with hydrogen at pressures up to
9 GPa at 250 C, increases significantly compared with the
resistance of ruthenium in an inert medium. This behavior
results from an increase in hydrogen concentration in the
solid solution of hydrogen in ruthenium metal. However,
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they did not observe the formation of the hydride phase in
the pressure region available at that time with the maximum
solubility of hydrogen in ruthenium reaching H/Ru = 0.03.
Their studies on quenched hydrogen solutions have shown that
hydrogen suppresses superconductivity in ruthenium, and the
T, dependence on the hydrogen concentration can be expressed
as T. = 0.495K—(H/Ru) x 1.4K [19].

A theoretical assessment for RuH formation was performed
in the work of Gao er al. [20]. They used the CALYPSO
method [21,22] for crystal structure prediction to examine the
possibility of the formation of noble-metal monohydrides at
high pressures.

The calculations showed that with the exception of gold,
all other noble metals can form monohydrides and fcc RuH is
stabilized with respect to decomposition into constituents at
pressures above 10 GPa.

In the recent work of Liu et al. [23] the stabilities of various
hypothetical compounds in the ruthenium-hydrogen system
were analyzed by ab initio calculations in the pressure range
of 50-300 GPa. They found that NaCl-type RuH is stable
with respect to decomposition into constituents over the whole
pressure range. Under an excess of hydrogen they predicted
the stable compound between 50 and 100 GPa to be RuHg,
and RuHj is stable at higher pressures.

In this study, we used a DAC with gas loading and
in situ energy-dispersive x-ray powder diffraction to synthesize
ruthenium hydride and characterize its properties at hydrogen
pressures up to 30 GPa.

II. EXPERIMENTAL METHODS

We used a diamond-anvil cell of the modified brilliant
type with a culet diameter of about 400 gm. A 200-um hole
was spark drilled in a rhenium gasket of ~50-um thickness
after the indentation of a 250-um foil. Samples were made
compressing 99.99% purity ruthenium powder to a thickness
of about 10 um. The pressure was calculated, measuring the
shift of ruby luminescence [24] excited with a 633-nm HeNe
laser and recorded with a THR1000 monochromator equipped
with a Peltier-cooled CCD detector.

Hydrogen was loaded into the gasket hole at an initial pres-
sure of about 0.4 GPa by the technique described previously
[25]. Unless otherwise stated, hydrogen was in significant
excess in all the experiments. The presence of the H, vibron
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was monitored by a spectrometer. Thus, hydrogen served both
as areagent and as a pressure-transmitting medium.

X-ray powder diffraction was measured by the energy-
dispersive method with white radiation from a conventional
tungsten target tube [26] collimated down to about 100 ym to
avoid diffraction from the gasket material. The scattering angle
26 was set at about 20°, corresponding to Ed ~ 35 keV A.
The scattering angle was calibrated using the diffraction
pattern of hydrogen-free ruthenium metal. The energy scale
was calibrated independently for each diffraction pattern
by Ko and KB x-ray fluorescence lines of Ru assuming
a linear dependence between the channel number of the
multichannel analyzer and the photon energy. All experiments
were conducted at room temperature.

III. RESULTS AND DISCUSSION

The typical x-ray diffraction patterns of ruthenium in a
hydrogen atmosphere during compression and decompression
are presented in Figs. 1 and 2, respectively. The patterns were
arbitrarily renormalized to put them on the same intensity
scale because each pattern had a different accumulation time,
typically from 4 to 20 h. Pressure was measured by the
ruby fluorescence method before and after x-ray-diffraction
experiments. The markings above each pattern indicate the
pressures as measured after x-ray-diffraction experiments.

Ruthenium fluorescence lines, always present in the pat-
terns, were used as internal markers for the energy scale
calibration. The Ru KB fluorescence line on every pattern
had a shoulder towards the higher energies. Its presence did
not depend on the value of 20, showing that the shoulder was
a characteristic feature of the KB absorption edge, and was
not of diffraction origin. Coincidentally, the (102) diffraction
line from the hcp ruthenium was in the same energy range for
the chosen diffraction angle; however, its contribution to the
profile of the Ru K8 line is small.

A significant increase in the lattice volume of hcp ruthenium
was observed, starting from about 10 GPa of hydrogen pressure
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FIG. 1. Energy dispersive x-ray diffraction patterns of ruthenium
as a function of hydrogen pressure taken during pressure increase.
For clarity only selected patterns are presented here. The scattering
angle corresponds to Ed = 34.8keV A
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FIG. 2. Energy dispersive x-ray diffraction patterns of ruthenium
as a function of hydrogen pressure taken during pressure decrease.
The scattering angle corresponds to Ed = 34.9keV A.

up to 14 GPa when the phase transformation to the fcc structure
took place as a result of hydride formation. This behavior
was observed in two independent runs. The hydride formation
was accompanied by a pressure drop, resulting from hydrogen
consumption by the sample. As a result, in the first run the
pressure after the completion of hydride formation (14.3 GPa
in Fig. 1) was lower than that when the phase transition had
not yet started (14.4 GPa in Fig. 1). The cubic phase remained
stable up to the highest pressure of about 30 GPa, obtained in
the first run.

When the pressure was lowered from the highest value
down to 10 GPa a complete transition to the original hcp metal
structure was observed. We think that the hydrogen escaped
during the decompression process in this run as a result of
heavy plastic deformation of the gasket, which was subjected
to a pressure of 30 GPa.

In the second run, when the maximum pressure was
below 20 GPa, we were able to retain hydrogen during
decompression. In this run, we observed the cubic structure
down to 8 GPa, and then the next decompression step caused
almost complete decomposition of the hydride at a pressure
of 6.2 GPa. We think that this estimate of the decomposition
pressure is more accurate than that obtained in the first run.

The lattice volumes as a function of hydrogen pressure,
obtained from x-ray-diffraction experiments on the Ru-H
system, are presented in Fig. 3 (symbols) together with the
literature data [27] for pure Ru in an inert medium (blue curve).

The pressure-volume relationships for the fcc ruthenium
hydride and the pure hcp ruthenium were fitted in the pressure
region of interest by the Birch-Murnaghan equation of state
with the fixed pressure derivative of bulk modulus B, = 4.
Table I presents a comparison of structural parameters at
ambient pressure and bulk moduli of ruthenium hydride and
pure ruthenium.

Interestingly, the bulk modulus of ruthenium hydride B =
290(30) GPa was found to be close to that of pure ruthenium
B = 320(5)GPa. Evidently, there is no further hydrogen
concentration increase with pressure. Such behavior is typical
for stoichiometric transition-metal hydrides [28].
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FIG. 3. Pressure-volume relationships for the ruthenium-

hydrogen system (symbols and black curves) and pure ruthenium
(blue curve) [27]. The solid triangles denote compression data, and
the empty ones indicate decompression. The left Y axis corresponds
to the volume calculated per one metal atom, and the right axis shows
molar volumes.

Only limited data are available on the direct determination
of the hydrogen content of hydrides formed under high pres-
sure. Three methods are available for this purpose—volumetry
in piston-cylinder high-pressure chambers, thermal desorption
of quenched samples, and neutron diffraction on deuterides.
The typical accuracy of the latter method is on the order of
10%, and the other two methods provide accuracies of up to
a few percent. The second method requires samples weighing
at least a few milligrams, the former and the latte—hundreds
of milligrams. The two latter methods are applicable for the
samples synthesized with toroidal high-pressure chambers [6],
which can be used to compress hydrogen up to 9 GPa [29], but
none of them are applicable for hydrides synthesized with the
DAC, which provides space for 0.01 mg of the sample or less.

Instead of a direct determination of the composition of
hydrides, the hydrogen content can be estimated on the
basis of the volume expansion of the metal lattice during
hydrogen absorption. The expansion of a metal lattice during
monohydride formation for transition metals is typically

2047 per H atom [28]. However, this is only true for hydrogen
atoms occupying octahedral interstitial sites in a close-packed
metal lattice. For transition-metal dihydrides where hydrogen
occupies tetrahedral interstitial sites, the volume expansion

can vary from 2.2 A3 (for TiH,) to 3.2 IOA3 (for RhHy) [16] per
H atom.

TABLE 1. Structural parameters of ruthenium and ruthenium
hydride, extrapolated to ambient pressure.

Lattice Molar volume, Bulk modulus,
Material parameters, A cm’ GPa
Hcp ruthenium @ = 2.7058(1) 8.13(1) 320(5)
c =4.2816(1)"
Fcc ruthenium 3.98(1) 9.5(1) 290(30)

hydride

4Reference [39].
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The difference in lattice volumes of ruthenium hydride and
ruthenium, extrapolated to zero pressure, was measured to be

2.2(1)1&3 per metal atom. The composition of the hydride
was determined to be H/Ru = 1 on the basis of this volume,
and the hydrogen sites were determined to be octahedral,
corroborating the prediction of Gao et al. [20].

In all transition-metal-hydrogen systems there is a signifi-
cant gap between the pressure of formation and the pressure
of decomposition known as hysteresis. In the case of the
ruthenium-hydrogen system this difference reaches 8 GPa.

The problem of equilibrium pressure determination for
hydride formation reactions is essential for the calculation
of the thermodynamic potentials of hydrides. According to
one concept, the equilibrium pressure Pgl is equidistant from
the formation and decomposition pressures [30,31]. However,
experimental evidence on several metal-hydrogen systems
[32,33] has shown that the decomposition pressure is much
closer to Pelj[' In the case of ruthenium hydride we accept

Pelfl = 6.2 GPa. This is in reasonable agreement with the

prediction of Gao et al. [20], where Pe‘; was estimated to be
10 GPa. Keep in mind, however, that the predicted formation
pressures for other hydrides differ significantly from the
experimentally observed values, e.g., theoretical estimation
of the platinum hydride formation pressure is about 3 GPa,
whereas the actual formation pressure is around 27 GPa
[15,14]. The explanation of this discrepancy by a kinetic
barrier seems to be rather unjustified and mostly comes
from the accuracy overestimation of the method used for the
calculations.

Gao et al. [20] tried to understand the formation of various
transition-metal hydrides at ambient pressure by comparing
the electronegativity of elements. This approach, however, can
hardly be adopted for the formation of noble-metal hydrides
at high pressures. Consider, for example, Ru, Pd, Os, and Ir,
which have the same electronegativity value of 2.2 [20], but
hydrogen pressure has a dramatically different effect on them:
Ru forms a monohydride at 14 GPa (the present result), Pd
forms a hydride at less than atmospheric pressure, Os hydride is
yet to be discovered (and if it exists, it would require pressures
higher than 9 GPa to form [8]), Ir reacts with hydrogen only at
a pressure as high as 55 GPa, forming an unusual compound
(tentatively a trihydride) with a simple cubic lattice of metal
atoms [17]. An even larger difference is observed for the
behavior of Pt and Rh, which have the same electronegativity
of 2.28. Rhodium forms a NaCl-type monohydride at a
hydrogen pressure of 4 GPa [34] when hydrogen atoms occupy
octahedral interstitial sites in the fcc lattice of the metal atoms;
at a pressure of 8 GPa [16] tetrahedral sites are filled instead,
forming a dihydride with a CaF,-type structure. Platinum
reacts with hydrogen at pressures no less than 27 GPa, forming
a NiAs-type monohydride [14].

The uncertain pressure effect on electronegativity adds
further difficulty to this approach.

Recently, Dong et al. [35] suggested redefining electroneg-
ativity so that its value at P =0 would be 4.44, 4.48,
5.02, 5.11, 5.51, and 5.87 for Ru, Rh, Pd, Os, Ir, and Pt,
respectively. However, no clear monotonic correlation between
electronegativity and behavior under hydrogen pressure can be
seen.
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The small sample size in a DAC does not allow for
calorimetric determination of the thermodynamic properties
of new materials, but it is possible to estimate them if the
equilibrium conditions are known. Particularly, as soon as the
Gibbs free energy of the formation reaction is zero in such
conditions and dG = AV dP at a constant temperature, the
standard Gibbs free energy can be calculated provided the
pressure dependence of AV is known.

The standard Gibbs free energy for the reaction
Ru+ 1/2H; — RuH at Py = I bar and T = 298K was es-
timated as follows:

Py Py 1
AGY :/ AV dP =/ <VRuH_VRu__VH2>dP
PH Py 2

eq eq
H

1 eq
~ —BuP,, + 3 / Vi,d P ~ +37(5)kJ/mol,
Py

where fy = 2.2 A3 /(Hatom) is the volume difference be-
tween RuH and Ru, taken from Table I, and the hydrogen
molar volume Vy, was calculated using the equation of state
from Ref. [36]. We neglected the solubility of hydrogen in hcp
ruthenium at 6.2 GPa, which is a few atomic percent.

Typical values of standard Gibbs energy for the for-
mation reactions of transition-metal hydrides are less
than 420 kJ/mol, e.g., AG%(NiH) = +12kJ/mol [37] and
AGY%(MoH) = +16kJ/mol [33]. The considerably higher
value obtained for RuH is consistent with the higher formation
pressure of this compound.

It would be interesting to compare the AG% value with
the ab initio calculation result. Such a calculation would not
require an accurate reproduction of pure hydrogen properties
under high pressure, which is a major source of inaccuracy in
the ab initio calculations of P.

The best analog of the ruthenium-hydrogen system under
high pressure is the cobalt-hydrogen system [38]. In both sys-
tems hydride formation is accompanied by a phase transition
from a hydrogen solid solution in a hcp metal lattice to a mono-
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hydride with a NaCl-type structure. However, RuH should
be nonmagnetic, unlike CoH. Although the extrapolation
of the critical temperature dependence of superconductivity
in the ruthenium-hydrogen system derived from the study
of Bashkin et al. [19] at low hydrogen concentrations is
discouraging, stoichiometric ruthenium hydride may display
superconductivity. Therefore further studies, also carried out in
an extended pressure range, are required to clarify the behavior
of ruthenium hydride at low temperatures.

IV. CONCLUSIONS

We synthesized ruthenium hydride from ruthenium and
hydrogen at room temperature and a pressure of 14 GPa. The
hydride has a fcc structure of a metal lattice and a composition
close to H/Ru = 1, judging by the volume expansion of the
metal lattice. No further phase transitions were found up to
30 GPa. The bulk modulus of RuH is close to that of ruthenium.

The thermodynamic potential of RuH was accurately
estimated, providing grounds for the refinement of theoretical
calculations, which are important for the better understanding
of metal-hydrogen interactions and the design of new hydrogen
storage materials.

The possibility of the formation of unusual noble-metal
polyhydrides under high hydrogen pressure remains an inter-
esting open problem. So far only three polyhydrides of group
VI-XI transition metals have been found: RhH, [16], IrH;
[17], and FeHs [18], but the use of higher pressures and/or
high temperatures could help to synthesize more. Our results
demonstrate the importance of the high-pressure technique as
an instrument for the synthesis of new noble-metal compounds,
which can have unusual properties.

ACKNOWLEDGMENT

This work was supported by the Polish National Sci-
ence Centre (NCN) under the Grant Agreement No.
2011/03/B/ST4/02476.

[1] T. Skoskiewicz, A. W. Szafranski, W. Bujnowski, and
B. Baranowski, J. Phys. C: Solid State Phys. 7, 2670 (1974).

[2] A.P. Drozdov, M. I. Eremets, . A. Troyan, V. Ksenofontov, and
S. I. Shylin, Nature (London) 525, 73 (2015).

[3] B. Baranowski and R. Wisniewski, Bull. Acad. Pol. Sci., Ser.
Sci. Chim. 14, 273 (1966).

[4] M. Krukowski and B. Baranowski, Rocz. Chem. 49, 1183
(1975).

[5] B. Baranowski and K. Bojarski, Rocz. Chem. 46, 525 (1962).

[6] L. G. Khvostantsev, V. N. Slesarev, and V. V. Brazhkin, High
Pressure Res. 24, 371 (2004).

[7] E. G. Ponyatovsky, V. E. Antonov, and I. T. Belash, in
Problems in Solid State Physics, edited by A. M. Prokhorov and
A. S.Prokhorov (Mir, Moscow, 1984), pp. 109.

[8] V. E. Antonov, J. Alloys Compd. 330-332, 110 (2002).

[9] R. Burtovyy and M. Tkacz, Solid State Commun. 131, 169
(2004).

[10] C. Donnerer, T. Scheler, and E. Gregoryanz, J. Chem. Phys. 138,

134507 (2013).

[11] P. Zaleski-Ejgierd, V. Labet, T. A. Strobel, R. Hoffmann,
and N. W. Ashcroft, J. Phys.: Condens. Matter 24, 155701
(2012).

[12] T. Scheler, F. Peng, C. L. Guillaume, R. T. Howie, Y. Ma, and
E. Gregoryanz, Phys. Rev. B 87, 184117 (2013).

[13] T. Scheler, O. Degtyareva, and E. Gregoryanz, J. Chem. Phys.
135, 214501 (2011).

[14] T. Scheler, O. Degtyareva, M. Marqués, C. L. Guillaume, J. E.
Proctor, S. Evans, and E. Gregoryanz, Phys. Rev. B 83, 214106
(2011).

[15] N. Hirao, F. Hiroshi, O. Yasuo, T. Kenichi, and K. Takumi, Acta
Crystallogr., Sect. A: Found. Adv. A64, C609 (2008).

[16] B. Li, Y. Ding, D.Y. Kim, R. Ahuja, G. Zou, and H.-K. Mao,
Proc. Natl. Acad. Sci. USA 108, 18618 (2011).

[17] T. Scheler, M. Marqués, Z. Konopkovd, C. L. Guillaume,
R. T. Howie, and E. Gregoryanz, Phys. Rev. Lett. 111, 215503
(2013).

[18] C. M. Pépin, A. Dewaele, G. Geneste, P. Loubeyre, and
M. Mezouar, Phys. Rev. Lett. 113, 265504 (2014).

064103-4


http://dx.doi.org/10.1088/0022-3719/7/15/015
http://dx.doi.org/10.1088/0022-3719/7/15/015
http://dx.doi.org/10.1088/0022-3719/7/15/015
http://dx.doi.org/10.1088/0022-3719/7/15/015
http://dx.doi.org/10.1038/nature14964
http://dx.doi.org/10.1038/nature14964
http://dx.doi.org/10.1038/nature14964
http://dx.doi.org/10.1038/nature14964
http://dx.doi.org/10.1080/08957950412331298761
http://dx.doi.org/10.1080/08957950412331298761
http://dx.doi.org/10.1080/08957950412331298761
http://dx.doi.org/10.1080/08957950412331298761
http://dx.doi.org/10.1016/S0925-8388(01)01532-8
http://dx.doi.org/10.1016/S0925-8388(01)01532-8
http://dx.doi.org/10.1016/S0925-8388(01)01532-8
http://dx.doi.org/10.1016/S0925-8388(01)01532-8
http://dx.doi.org/10.1016/j.ssc.2004.05.014
http://dx.doi.org/10.1016/j.ssc.2004.05.014
http://dx.doi.org/10.1016/j.ssc.2004.05.014
http://dx.doi.org/10.1016/j.ssc.2004.05.014
http://dx.doi.org/10.1063/1.4798640
http://dx.doi.org/10.1063/1.4798640
http://dx.doi.org/10.1063/1.4798640
http://dx.doi.org/10.1063/1.4798640
http://dx.doi.org/10.1088/0953-8984/24/15/155701
http://dx.doi.org/10.1088/0953-8984/24/15/155701
http://dx.doi.org/10.1088/0953-8984/24/15/155701
http://dx.doi.org/10.1088/0953-8984/24/15/155701
http://dx.doi.org/10.1103/PhysRevB.87.184117
http://dx.doi.org/10.1103/PhysRevB.87.184117
http://dx.doi.org/10.1103/PhysRevB.87.184117
http://dx.doi.org/10.1103/PhysRevB.87.184117
http://dx.doi.org/10.1063/1.3652863
http://dx.doi.org/10.1063/1.3652863
http://dx.doi.org/10.1063/1.3652863
http://dx.doi.org/10.1063/1.3652863
http://dx.doi.org/10.1103/PhysRevB.83.214106
http://dx.doi.org/10.1103/PhysRevB.83.214106
http://dx.doi.org/10.1103/PhysRevB.83.214106
http://dx.doi.org/10.1103/PhysRevB.83.214106
http://dx.doi.org/10.1107/S0108767308080409
http://dx.doi.org/10.1107/S0108767308080409
http://dx.doi.org/10.1107/S0108767308080409
http://dx.doi.org/10.1107/S0108767308080409
http://dx.doi.org/10.1073/pnas.1114680108
http://dx.doi.org/10.1073/pnas.1114680108
http://dx.doi.org/10.1073/pnas.1114680108
http://dx.doi.org/10.1073/pnas.1114680108
http://dx.doi.org/10.1103/PhysRevLett.111.215503
http://dx.doi.org/10.1103/PhysRevLett.111.215503
http://dx.doi.org/10.1103/PhysRevLett.111.215503
http://dx.doi.org/10.1103/PhysRevLett.111.215503
http://dx.doi.org/10.1103/PhysRevLett.113.265504
http://dx.doi.org/10.1103/PhysRevLett.113.265504
http://dx.doi.org/10.1103/PhysRevLett.113.265504
http://dx.doi.org/10.1103/PhysRevLett.113.265504

SYNTHESIS OF RUTHENIUM HYDRIDE

[19] I. O. Bashkin, V. E. Antonov, and E. G. Ponyatovsky, in Studies
of High Temperature Superconductors, edited by A. V. Narlikar
(Nova Science, New York, 2003), Vol. 45, pp. 171.

[20] G. Gao, H. Wang, L. Zhu, and Y. Ma, J. Phys. Chem. C 116,
1995 (2012).

[21] Y. Wang, J. Lv, L. Zhu, and Y. Ma, Phys. Rev. B 82, 094116
(2010).

[22] Y. Wang, J. Lv, L. Zhu, and Y. Ma, Comput. Phys. Commun.
183, 2063 (2012).

[23] Y. Liu, D. Duan, F. Tian, C. Wang, Y. Ma, D. Li, X. Huang, B.
Liu, and T. Cui, Phys. Chem. Chem. Phys. 18, 1516 (2016).

[24] H. K. Mao, P. H. Bell, J. Shaner, and D. Steinberg, J. Appl. Phys.
49, 3276 (1978).

[25] M. Tkacz, Pol. J. Chem. 69, 1205 (1995).

[26] M. Tkacz, S. Majchrzak, and B. Baranowski, High Pressure Res.
6, 85 (1990).

[27] R. L. Cledenen and H. G. Drickamer, J. Phys. Chem. Solids 25,
865 (1964).

[28] Y. Fukai, The Metal-Hydrogen System, 2nd ed. (Springer- Verlag,
Berlin/Heidelberg, 2005).

PHYSICAL REVIEW B 93, 064103 (2016)

[29] V.E. Antonov, T. E. Antonova, N. A. Chirin, E. G. Ponyatovsky,
M. Baier, and F. E. Wagner, Scr. Mater. 34, 1331 (1996).

[30] C. Wagner, Z. Phys. Chem 193, 386 (1944).

[31] T. B. Flanagan and J. D. Clewley, J. Less-Common Met. 83,
127(1982).

[32] E. Wicke and J. Blaurock, J. Less-Common Met. 130,
351(1987).

[33] V. E. Antonov, A. I. Latynin, and M. Tkacz, J. Phys.: Condens.
Matter 16, 8387 (2004).

[34] M. Tkacz, J. Chem. Phys. 108, 2084 (1998).

[35] X. Dong, A. R. Oganov, G. Qian, X.-F. Zhou, Q. Zhu, and H.-T.
Wang, arXiv:1503.00230.

[36] M. Tkacz and A. Litwiniuk, J. Alloys Compd. 330, 89
(2002).

[37] V. E. Antonov, A. S. Ivanov, M. A. Kuzovnikov, and M. Tkacz,
J. Alloys Compd. 580, S109 (2013).

[38] M. A. Kuzovnikov and M. Tkacz, J. Alloys Compd. 650, 884
(2015).

[39] W. B. Pearson, Handbook of Lattice Spacings and Structures of
Metals and Alloys (Pergamon, Oxford, 1967), Vol. 2, p. 87.

064103-5


http://dx.doi.org/10.1021/jp210780m
http://dx.doi.org/10.1021/jp210780m
http://dx.doi.org/10.1021/jp210780m
http://dx.doi.org/10.1021/jp210780m
http://dx.doi.org/10.1103/PhysRevB.82.094116
http://dx.doi.org/10.1103/PhysRevB.82.094116
http://dx.doi.org/10.1103/PhysRevB.82.094116
http://dx.doi.org/10.1103/PhysRevB.82.094116
http://dx.doi.org/10.1016/j.cpc.2012.05.008
http://dx.doi.org/10.1016/j.cpc.2012.05.008
http://dx.doi.org/10.1016/j.cpc.2012.05.008
http://dx.doi.org/10.1016/j.cpc.2012.05.008
http://dx.doi.org/10.1039/C5CP06617D
http://dx.doi.org/10.1039/C5CP06617D
http://dx.doi.org/10.1039/C5CP06617D
http://dx.doi.org/10.1039/C5CP06617D
http://dx.doi.org/10.1063/1.325277
http://dx.doi.org/10.1063/1.325277
http://dx.doi.org/10.1063/1.325277
http://dx.doi.org/10.1063/1.325277
http://dx.doi.org/10.1080/08957959008203200
http://dx.doi.org/10.1080/08957959008203200
http://dx.doi.org/10.1080/08957959008203200
http://dx.doi.org/10.1080/08957959008203200
http://dx.doi.org/10.1016/0022-3697(64)90098-8
http://dx.doi.org/10.1016/0022-3697(64)90098-8
http://dx.doi.org/10.1016/0022-3697(64)90098-8
http://dx.doi.org/10.1016/0022-3697(64)90098-8
http://dx.doi.org/10.1016/1359-6462(95)00656-7
http://dx.doi.org/10.1016/1359-6462(95)00656-7
http://dx.doi.org/10.1016/1359-6462(95)00656-7
http://dx.doi.org/10.1016/1359-6462(95)00656-7
http://dx.doi.org/10.1016/0022-5088(82)90176-X
http://dx.doi.org/10.1016/0022-5088(82)90176-X
http://dx.doi.org/10.1016/0022-5088(82)90176-X
http://dx.doi.org/10.1016/0022-5088(82)90176-X
http://dx.doi.org/10.1016/0022-5088(87)90129-9
http://dx.doi.org/10.1016/0022-5088(87)90129-9
http://dx.doi.org/10.1016/0022-5088(87)90129-9
http://dx.doi.org/10.1016/0022-5088(87)90129-9
http://dx.doi.org/10.1088/0953-8984/16/46/024
http://dx.doi.org/10.1088/0953-8984/16/46/024
http://dx.doi.org/10.1088/0953-8984/16/46/024
http://dx.doi.org/10.1088/0953-8984/16/46/024
http://dx.doi.org/10.1063/1.475587
http://dx.doi.org/10.1063/1.475587
http://dx.doi.org/10.1063/1.475587
http://dx.doi.org/10.1063/1.475587
http://arxiv:1503.00230
http://dx.doi.org/10.1016/S0925-8388(01)01488-8
http://dx.doi.org/10.1016/S0925-8388(01)01488-8
http://dx.doi.org/10.1016/S0925-8388(01)01488-8
http://dx.doi.org/10.1016/S0925-8388(01)01488-8
http://dx.doi.org/10.1016/j.jallcom.2013.03.021
http://dx.doi.org/10.1016/j.jallcom.2013.03.021
http://dx.doi.org/10.1016/j.jallcom.2013.03.021
http://dx.doi.org/10.1016/j.jallcom.2013.03.021
http://dx.doi.org/10.1016/j.jallcom.2015.08.062
http://dx.doi.org/10.1016/j.jallcom.2015.08.062
http://dx.doi.org/10.1016/j.jallcom.2015.08.062
http://dx.doi.org/10.1016/j.jallcom.2015.08.062



