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Brief introduction to metal – hydrogen systems 
investigated with application of the high hydrogen 

pressure.
Stanisław M. Filipek



• 1. Equipment used for high-pressure hydrogen treatment.

• 2. Hydrides of metals synthesized under high hydrogen 
pressure.

• 2.1. Nickel and its alloys. Palladium and “cold fusion”. Other 
transition metals (Mn, ZrNi5 etc)

• 2.2. Aluminium

• 2.3. Amorphous alloys

• 2.4. Novel hydrides from Laves type intermetallic compounds 
ZrFe2H4, ZrCo2H2, ReT2Hx (Re-rare earth: T – transition 
metal); unique YMn2H6 and ReMn2H6

• 3. Short comment about recent discovery of room 
temperature superconductivity in LuHnNy

Outline



In the same period Wigner and Huntington predicted, basing on quantum mechanical 

calculations, that molecular hydrogen at about 30 GPa would transform into the metallic 

state. Unfortunately the high pressure facilities capable to check this prediction were not 

available at that time. Nevertheless theoretical prediction of Wigner and Huntington 

together with experimental basis founded by Bridgman resulted in growing interest 

towards studies of hydrogen and hydrides under extended pressure conditions. 
E. Wigner, H.B. Huntington, J. Chem. Phys., 3, 764 (1935).

The next important step in this exciting challenge has been done by Baranowski who 

synthesized nickel hydride from elements what required hydrogen pressure of almost 1 

GPa. 

B. Baranowski, R. Wiśniewski, Bull. Acad. Polon. Sci., ser. sci. chem., 14, 273 (1966).

P.W. Bridgman (Nobel Prize 1946) initiated challenging studies of matter under very high 

pressure. His innovative constructions and ideas resulted in characterization and 

understanding of the behavior of hundreds of substances in extreme pressure conditions. 

However, he did not try to compress hydrogen neither metal hydrides. 

P.W. Bridgman, Physics of High Pressure (Dover Publications Inc.; New Edition, USA, 1971).

Hydrogen and Metal-Hydrogen systems under

High Pressure



Professor Bogdan Baranowski - discoverer of the 

nickel hydride and pioneer of hydrides syntheses

under high hydrogen pressure.



In this talk let us focus mainly on two issues:

1. The use of high hydrogen pressures for the synthesis of new 

hydrides.

2.  Investigation of the properties of hydrides subjected to high

hydrostatic pressure.

For these two topics, I will discuss mainly the results of the 

research done together with my colleagues.

In addition, I will briefly present the results of the most advanced 

research groups (unfortunately I have no part in it) obtained for an 

extremely difficult but very exciting and challenging problem which 

is the attempt to metallize hydrogen and check its possible 

superconductivity.



Experimental techniques

➢ High hydrogen pressure equipment:

- piston – cylinder system

- Bridgman anvils, belt type device, cubic press

- DAC (EOS and phase transitions)

➢ XRD and NPD

➢ Synchrotron (XRD and XANES)

➢ DSC



Piston-cylinder apparatus for high hydrogen 

pressure experiments

(1) – internal tube (berylium bronze); (2) and (3) –middle and 

external cylinders (high strength steel); (4a) and (4b) –tungsten 

carbide piston  and stopper; (5) and (6)- sealing rings; (8) -

thermometer; (9) – capilary inlet; (10) - mantyle

P(H2)  1.5 GPa

T  150oC



High Hydrogen Pressure Generating 
(our design)

A: Hydrogen gas cylinder, B: Oil pump and pressure gauge, C: Pressure intensifier (to 

increase the pressure of hydrogen gas from gas cylinder, the intensifier can increase the 

pressure up to 1 bar, equals to 1000 atm), D: Oil pump and pressure meter, E: Reactor, 

can increase the pressure up to 1.5 GPa ( 15 kbar)

A

B

C

E

D



High Hydrogen Pressure Generating System



H.T. Hall, Ultra-high pressure, 

high temperature apparatus: The 

"belt", Rev. Sci. Instrum. 31 

(1960) 125-131

Belt-type high pressure

apparatus



T. Irifune et al. High pressure generation in Kawai-type multianvil

apparatus using nano-polycrystalline diamond anvils, C.R. 

Geosciences (2019), 351 (2) 260.

Nano-polycrystalline diamond cubes

with an edge length of 6 mm have

been used as anvils for Kawai-type

multianvil apparatus. The maximum 

pressure of 88 GPa was confirmed

based on in situ X-ray diffraction

measurements.



Capsules for belt-type or cubic press
Sawaoka, Filipek

E.G. 

Ponyatovskii, 

V.E. Antonov and 

I.T. Belash, in 

Problems in Solid 

State Physics, 

edited by A.M. 

Prokhorov and 

A.S. Prokhorov 

(Mir Publ., 

Moscow, 1984) 

pp. 109-171.



DAC aparatus (H. Sugiura, 

Yokohama, Japan)

Powder samples were pressurized by using DAC apparatus with alcohol medium. 

Pressure was estimated according the ruby scale. Xray diffraction pattern was measured 

by energy dispersive type X-ray diffraction system with pure Ge detector. X-ray source 

was a W tube operated at 47.5kV and 27.5mA. Energy axis of energy spectrum and slit 

angle in diffraction were calibrated by using fluorescence lines and diffraction lines in 

cubic InAs patterns.



W.J. Nellis, Metallization of hydrogen

14



W.J. Nellis, Two stage gas-gun

15

Electrical pins on the target 

measure the velocity of the shock 

front as it passes through the 

target material. Velocity is 

determined by dividing the 

difference in pin position by the 

difference in shock arrival time.



Nellis, W.J., Metallic liquid hydrogen and likely 

Al2O3 metallic glass, European Physics Journal

(2011)

Dynamic compression has been used to synthesize liquid metallic 

hydrogen at 140 GPa (1.4 million bar) and experimental data and 

theory predict Al2O3 might be a metallic glass at ~300 GPa. –



1. M. I. Eremets, I. A. Troyan, A. P. Drozdov, Low temperature phase diagram of 

hydrogen at pressures up to 380 GPa. A possible metallic phase at 360 GPa

and 200 K. arXiv:1601.04479, (2016). 

2. Dias, R. P.; Silvera, I. F. (2017). "Observation of the Wigner-Huntington 

transition to metallic hydrogen". Science. 355 (6326): 715–718.

Metallization of hydrogen at 495 GPa

1. M. I. Eremets, A. P. Drozdov, P. P. Kong, H. Wang, Semimetallic molecular

hydrogen at pressure above 350 GPa. Nat. Phys. 15, 1246 (2019). 

2. M. I. Eremets, P. P. Kong, A. P. Drozdov, Metallization of hydrogen. (2021). 

3. P. Loubeyre, F. Occelli, P. Dumas, Synchrotron infrared spectroscopic evidence

of the probable transition to metal hydrogen. Nature 577, 631 (2020). 

4. A. P. Drozdov et al., Superconductivity at 250 K in lanthanum hydride under high 

pressures Nature 569, 528 (2019)

5. Gregoryanz, E. et al. Everything you always wanted to know about metallic 

hydrogen but were afraid to ask. Matter Radiat. Extremes 5, (2020) 038101

6. G. Gao et al., Superconducting Binary Hydrides: Theoretical Predictions and 

Experimental Progresses, Materials Today Physics, 21 (2021) 100546.

7. L. Monacelli, M. Casula, K.Nakano, F. Mauri, S. Sorella, Quantum phase 

diagram of high-pressure hydrogen, Nature Physics, March 2023.

Recent papers on metallization of hydrogen

https://en.wikipedia.org/wiki/Science_(journal)
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Searching (probably the first) for pressure

induced phase transition in metal hydrides

• Purely hydrostatic pressure (where 
pressure transmitting media is 
chemically inert) can substantially 
influence properties of materials. 
The hydrides are not exception. 
Very likely the first data related to 
this topic were presented by us 
during Japanese National High 
Pressure Conference in Sapporo in 
1976. Further development of 
diamond anvil cell technique and its 
application for studies of metal-
hydrogen systems revealed phase 
transformations in alkaline metal 
hydrides, in manganese hydride, 
phase separation in palladium 
hydride and revealed parameters of 
EOS (Equation of State), also for 
other hydrides.



Influence of high hydrostatic pressure on electrical properties of metal hydrides
S.M. Filipek, A. Sawaoka, K. Wakamori and S. Saito

Materials from the High Pressure Symposium, Sapporo, 1976



The study on Ytterbium hydride under high 

pressure is still attractive:

Tomasz Jaroń et al. Synthesis, Structure, and 

Electric Conductivity of Higher Hydrides of

Ytterbium at High Pressure, Inorganic Chemistry 

2022 61 (23), 8694-8702



Pressure induced phase transitions in the alkali metal 

hydrides



To determine formation pressure of metallic hydrides a 
very useful is measuring stationary electrical resistance as 

a function of hydrogen pressure
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B. Baranowski, S.M.Filipek, Roczniki Chem. 45 (1971) 1353.



Nickel and nickel alloyed

with p elements;

Change of resistance and 

thermoelectric power

during hydride formation

S.M. Filipek, A.W. Szafrański, P. Duhaj, J.Less-Comm. Met,

101 (1984) 299.



Ni-Mn-H system

The stationary relative electrical resistance of 
Ni-Mn allos as a function of hydrogen pressure 
at 298 K. 
R0 – resistance of sampe at normal pressure of 
an inert gas. Rp – resistance of sample at 
pressure p of gaseous hydrogen

Thermoelectric power of Ni-Mn allos as a 
function of hydrogen pressure at 298 K. 

S.M. Filipek; Polish J. Chem. 71, 1777-1786 (1997).



Nickel alloyed with 3d elements;

Hydrides formation

S.M. Filipek, Z. Phys. Chemie NF., 163 (1989) 627.



Nickel alloyed with 3d elements;

Hydrides formation

S.M. Filipek, H.J. Bauer, S. Majchrzak and H. Yamamoto, Z. Phys. 

Chemie NF., 163 (1989) 485.



Virtual levels and hydride formation

A.W. Szafrański, S.M. Filipek, Z.Phys. Chem. (N.F.) 147 

(1986) 15



Nickel alloyed with p and 

3d elements;

Hydrides formation

S.M. Filipek, Z. Phys. Chemie NF., 163 (1989) 627.



Hydrogen in amorphous alloys

A consistent interpretation of the results is given within the 

framework of a Fermi-Dirac statistics, developed and used 

recently for the interaction of hydrogen with defects in solids. 

Equivalent to electrons in metals, hydrogen is distributed among 

sites of different energy caused by the disorder in an amorphous 

metal. By assuming a gaussian distribution of site energies for an

amorphous metal it was shown by Kirchheim (j. Non-Cryst. Solids, 

70 (1985) 23) that the chemical potential of hydrogen should be 

related to the hydrogen concentration by the following equation:

µ = E’ + σ inverf (1 – 2c)

Where σ is the width and E’ the everage energy of the gaussian

distribution



Hydrogen in amorphous alloys

A. Szokefalvi-Nagy, S.M. Filipek and R. Kirchheim, .Phys.Chem.Solids Vol. 48 No7 (1987) 613-619.

Chemical potential of hydrogen in amorphous

Pd82Si18 at 295 K vs. inverse error function

erf /1 – 2x/. The dotted line corresponds to a 

chemical potential which contains H-H 

interaction term 0,12 x eV per hydrogen atom.



So colled „Cold fusion”

Thus the observations of Fleischman and 

Pons in are not confirmed at higher volume

concentration of deuterium in the palladium 

and nickel lattice as well in equilibrium as 

in dynamic conditions (phase transition, 

high pressure electrolysis)



S.M. Filipek, V. Paul-Boncour, Ru-Shi Liu, ZrNi5-based hydrogenated phases under high 

hydrogen pressure conditions, Appl. Surface Science, 257 (2011) 8237-8240



Manganese hydrides



Sample 1 

hcp MnH0.84

1.0 GPa (H2) and 500 K 

(during 48 hours) (a=2.700 Ǻ, c=4.378 Ǻ)

Sample 2

fcc MnH0.64

1.2 GPa (H2) and 800 K 

during 72 hours

non Ferromagnetic 

(a=3.827 Ǻ)

Sample 3

fcc MnH0.30N0.08

1.0 GPa (H2) and 600 K 

(during 50 hours). The small 

amount of nitrogen was 

added to the hydrogen gas.

Ferromagnetic

(a=3.856 Ǻ)
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X-ray diffraction pattern for fcc- MnH0.64

(sample 2) observed during the in situ 
measurements in DAC aparatus

Compression curves of manganese hydrides. For 
sample 2 the closed symbols correspond to 

reduction of pressure. For other samples data 
for pressure increase and reduction did not 

differ.

S.M. Filipek, H. Sugiura, T. Skoskiewicz: AIRAPT-17 Proc. Science and Technology of High Pressure (Murli H. 

Manghnani, William J. Nellis and Malcolm F. Nicol Eds.) Universities Press, Hyderabad, India 2000 p. 550-554.



hcp MnH0.64

fcc MnH0.64

non 

ferromagnetic

(a=3.827 Ǻ)

irreversible pressure induced 

phase transition 

fcc MnH0.30N0.08

Ferromagnetic

(a=3.856 Ǻ)

no structural 

changes

fcc 

Ferromagnetic
-Mn

pressure up to 30 GPa

Evacuation 

of hydrogen 

at 250oC

transformation around 8 GPa

Influence of hydrostatic pressure on MnH0.64 and MnH0.30N0.08

samples

no structural 

changes

hcp MnH0.84

(a=2.700 Ǻ, 

c=4.378 Ǻ)

compression up to 30 GPa 

S.M. Filipek, H. Sugiura, T. Skoskiewicz: AIRAPT-17 Proc. Science and Technology of High Pressure (Murli H. Manghnani, William 

J. Nellis and Malcolm F. Nicol Eds.) Universities Press, Hyderabad, India 2000 p. 550-554.



Aluminum hydride

AlH3 can be synthesized in a reaction between lithium aluminum hydride and aluminum

chlodride carried out in an organic solvent. Formation of AlH3 from elements required

pressure higher than 2.8 GPa(H2) and temperature T = 573 K.

M. Tkacz, S.M. Filipek, B. Baranowski, Polish J.Chem., 57 (1984) 651. 

Baranowski, B.; Tkacz, M.; Filipek, S. High pressure investigations of the Al-H system. Mater. Res. Soc. Symp. Proc. 1984,22, 53–

56.



Studies of Laves Phase Hydrides 
➢ Introduction and Experimental Techniques.

➢ Novel Laves phase hydrides synthesized under high 

hydrogen pressure;

- Simple lattice expansion case (ZrFe2H4, ZrCo2H2) 

- Derived by expansion and distortion of the parent 

lattice (ErFe2H5, YFe2H5)

- Derived by the total restructurization of the parent 

lattice (YMn2D6, ErMn2D6, DyMn2D6 and HoMn2D6)

Never observed before in Laves-based hydrides

➢ Selected  properties of novel RMn2D6 hydrides. 

➢ Studies under high hydrostatic pressures.

➢ Summary and Conclusions



Laves phases

➢ In recent decades, a large number of 
intermetallic compounds have been 
synthesized and their properties have been 
studied. Among them AB2 Laves phases attract 
especially great interest due to  their physical 
properties and possible practical applications. 
These phases can be formed from various 
elements of different groups of the Periodic 
Table. For instance they can contain Y, Zr or 
Rare - earth and a transition metal. 

➢ The Laves AB2 compounds can crystallize in 
three structures: cubic - C15 (MgCu2) and two 
hexagonal - C14 (MgZn2) and C36 (MgNi2). 





Laves intermetallics RT2

C15 (Fd3m) C14 (P63/mmc)



Laves – Hydrogen absorption
➢ Hydrogen absorption in intermetallic compounds 

of rare earth and transition metal has raised 
interest in both fundamental and application field 
(H storage, batteries...). 

➢ In RT2 compounds, hydrogen absorption leads to 
the formation of several single-phase hydrides, 
which crystallize in different structures, derived 
from that of the parent compound. The lowering of 
the crystal symmetry has been related to hydrogen 
ordering in preferential interstitial sites. 

➢ In all the RT2 hydrides the modification of the 
crystal structure accompanied by an increase of 
the cell volume, leads to a change of the magnetic 
properties. The increase of the T-T distances and 
the change of the atomic bounds, due to various H 
surrounding explain this evolution. 



LAVES phases

AB2        A = Er, Y, Zr, RE

B = Fe, Co, Mn

The crystal structure of 

C15 Laves phase

A

B

H sites:

H
A2B2 96g 

5/16, 5/16, 1/8

AB3 32e 

9/32, 9/32, 9/32

B4 8b 

3/8, 3/8, 3/8



XRD and NPD measurements
• The X-ray diffraction (XRD) patterns were measured with a D8 

Brucker diffractometer equipped with a rear graphite 
monochromator in the range 10° < 2 < 120° with a step of 
0.02° using Cu K radiation. 

• The neutron powder diffraction (NPD) patterns of the deuteride 
have been registered at 2 K and 80 K on the 3T2 diffractometer 
and at 1.5 K, 80 K and 290 K on the G4.1 diffractometer at the 
Laboratoire Léon Brillouin (LLB) at Saclay. For the 3T2 
experiment the wavelength was 1.225 Å and the angular range 
6 ° < 2 < 125 ° with a step of 0.05 °. For the G4.1 
experiments the wavelength was 2.427 Å and the angular 
range was 2 ° < 2 < 82 ° with a step of 0.1 °. The deuteride 
sample was contained in a vanadium sample holder. All the 
XRD and NPD patterns were refined with the Rietveld method, 
using the Fullprof code. The line shapes were refined with a 
Pearson VII function.



Synchrotron Measurements
➢ Synchrotron XRD experiments were carried out in the BL 01C2 

beam line (National Synchrotron Radiation Research Center 
(NSRRC), Taiwan) by using a DCM monochromator with a 
wavelength of synchrotron radiation 1.3332Å. Structural 
refinements were made with X-ray data by using GSAS 
program. 

➢ The Mn and Fe K-edge XANES measurements were recorded 
in absorption mode for synthesized alloys and their hydride 
mounted on a scotch tape, at BL 17C Wiggler beam line 
(NSRRC) using a double-crystal Si (111) monochromator. The 
X-ray harmonic was rejected by mirrors. The ion chambers 
used for measuring the incident (I0) and transmitted (I) beam 
intensities were filled with a mixture of N2 and H2 gases and a 
mixture of N2 and Ar gases, respectively. Energy calibration 
was carried out by using the first inflection point of the spectrum 
of Mn and Fe metal foils as references (Mn K-edge: 6539 eV 
and Fe K-edge: 7112 eV). Reference spectra were 
simultaneously collected for each in situ spectrum by using Mn 
and Fe metal foils.



Hydrides formed by simple lattice 

expansion (ZrFe2H4, ZrCo2H2)



ZrFe2 - H2 system XRD

Compound Space group a (Å) V, Å3 ∆V/V (%)

ZrFe2 Cubic (Fd3m) 7.072 354 -

ZrFe2H4 Cubic (Fd3m) 7.637 445 26

P(H2)=0.35 GPa

T = 100oC
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S. M. Filipek, I. Jacob, V. Paul-Boncour, A. Percheron-Guegan, I. Marchuk, D. Mogilyanski, J. Pielaszek: Polish J. Chem., 75

12), (2001), 1921-1926.



ZrFe2 or ZrCo2

C15 (Fd3m)           C15 (Fd3m)

S. M. Filipek, I. Jacob, V. Paul-Boncour, A. Percheron-Guegan, I. Marchuk, D. Mogilyanski, J. Pielaszek: Polish J. Chem., 75, 

(12), (2001), 1921-1926.



Magnetic measurements

ZrFe2H4

Magnetization curves 

of ZrFe2 and ZrFe2H4

Thermomagnetization curves 

of ZrFe2 and ZrFe2H4

ZrFe2: Ms = 1.78 µB/Fe

ZrFe2H4: Ms = 1.88 µB/Fe
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ND

A2B2 and AB3

x = 2.70 D/ZrFe2

RESULTS:

12 % ZrFe2 a = 7.062 Å

Cubic Fd3m

88% ZrFe2Dx a = 7.564 Å

Cubic Fd3m

V/V = 22.8 %

ZrFe2 - D2 system

Refined ND pattern of a  ZrFe2D4 (270 K)

V. Paul-Boncour, F. Bouree-Vigneron, S.M. Filipek, I. Marchuk, I. Jacob, A. Percheron-Guegan, 356-357 (2003) 69
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XRD

P(H2) = 1.0 GPa

T = 100oC

ZrCo2 - H2 system

Compound Space group a (Å) V, Å3 ∆V/V 

(%)

ZrCo2 Cubic (Fd3m) 6.945 335 -

ZrCo2H2 Cubic (Fd3m) 7.267 384 14
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V. Paul-Boncour, F. Bouree-Vigneron, S.M. Filipek, I. Marchuk, I. Jacob, A. Percheron-Guegan, J.Alloys and Comp.. 356-357 (2003) 



ND

ZrCo2D2

A2B2

x = 1.65 D/ZrCo2

RESULTS:

ZrCo2 a = 6.993 Å

Cubic Fd3m

ZrCo2Dx a = 7.191 Å

Cubic Fd3m

ZrCo2Dx

a = 2 7.191 = 14.382Å

Cubic F43m

Refined ND pattern of a  ZrCo2D2 (10 K)
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V. Paul-Boncour, F. Bouree-Vigneron, S.M. Filipek, I. Marchuk, I. Jacob, A. Percheron-Guegan, J. Alloys Comp. 356-357 (2003) 69



Stabilization effect of V addition
N. Takeichi, H. Tanaka, N. Kuriyama AIST

I. Marchuk, R. Sato S.M. Filipek – IPhChem. PAS 



Hydrides derived by expansion 

and distortion of the parent 

lattice (ErFe2H5, YFe2H5)



Synthesis of YFe2H5
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• Synthesis at 10 Kbar (H2), 397 K, 7 days, but!!!

a) with rapid exposition, without cooling, to high 
hydrogen pressure – SEGREGATION!

b) appropriate hydrogenation resulted in synthesis of 
YFe2H5 – SYNTHESIS OF NOVEL HYDRIDE!!
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YFe2H5

a) b)

V. Paul-Boncour, S.M. Filipek, A. Percheron-Guegan, I. Marchuk, J. Pielaszek: Journ. Alloys Comp., 317-318 (2001) 83-87.



Er

Fe

YFe2/ErFe2 (Cubic Fd3m)

Er

Fe

YFe2H5 (Orthorhombic Imm2)

K. Shashikala, P. Raj, A. Sathyamoorthy, Mat. Res. Bull., 31, (1996), 957 .

Paul-Boncour V, Filipek S M, Marchuk I, André G, Bourée F, Wiesinger G, Percheron-Guégan A. J. Phys.:Cond. Matt. 2003; 15:  4349-59



XRD

Compound Space group

Lattice parameters  (Å) V, Å3

a b  c  

YFe2 Cubic (Fd3m) 7.36 - - 398

YFe2H5 Orthorhombic(Imm2) 5.437 5.850 8.083 257

YFe2H5
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Paul-Boncour V, Filipek S M, Percheron-Guégan A, Marchuk I, Pielaszek J. J. Alloys Compds 2001; 317-318:  83-87



Magnetic measurements

Temperature dependant 

magnetization of YFe2Hx compounds 

for x= 3.3 and 5 H/f.u.)

YFe2H5

Magnetization versus fields of  YFe2H5   

(T=6K)

YFe2 M= 2.9 μB/YFe2

YFe2H5 Ms= 0.8 μB/YFe2

V. Paul-Boncour, S.M. Filipek, A. Percheron-Guegan, I. Marchuk, J. Pielaszek: Journ. Alloys Comp., 317-318 (2001) 83

0 100 200 300
0

1

2

3

4

M
 (

µ
B
)

 

 

 YFe
2
H

3.3

 YFe
2
H

5.0

T (K)

0 5000 10000 15000 20000
0,0

0,2

0,4

0,6

0,8

M
 (

µ
B
)

 

H (Oe)



-4 -2 0 2 4

T=4.2 K

T=200 K5 %

T=100 K

YFe
2
D

5
  

 

 

re
l.
 t

ra
n

s
m

is
s
io

n
 /

 %

velocity / mms
-1

Mössbauer spectrum 

recorded from YFe2D5 at 

various temperatures; 

O - experimental points; 

Solid line - total spectrum.

G. Wiesinger, V. Paul-Boncour, S.M. Filipek, Ch. Reichl, I. Marchuk, A. Percheron-Guéguan - 2004



ErFe2D5

Results:

3.8 % ErFe2D4

a = 7.781 Å
Cubic (Fd3m)

96.2% ErFe2D5

a = 5.418 Å, b = 5.732 Å, 

c = 7.936 Å
orthorhombic (Pmn21)

Neutron diffraction

A2B2 and AB3

4.62 D/ErFe2

Refined ND pattern of a ErFe2D5

compound measured on the 3T2 

spectrometer at 270 K. 
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YMn2D6

Hydride derived by the total 

restructurization of the parent lattice 

Never observed before in

Laves - hydrogen systems



YMn2 (C15 Laves) and YMn2D6
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Annick Percheron-Guegan, Hwo-Shuenn Sheu, Ling-Yun Jang, Jin-Ming Chen, and Hung-Duen Yang, Solid State Communications 130

(2004) 815-820.



Rietveld refinement for XRD pattern 
of YMn2D6.

Phases: 1) YMn2D6, 2) Y2O3, 
3) YMn2D4.5
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Sample Space 

group

Lattice parameters

YMn2 Fd3m a=7.681 Å 400.06 Å3

YMn2D6 Fm3m a=6.709 Å 299.34 Å3

Table : XRD results for YMn2D6

V. Paul-Boncour, S.M. Filipek, M. Dorogova, F. Bourée, G. André, I. Marchuk, A. Percheron-Guégan, R. S. Liu , J. Sol.State Chem. 178 (2005)



a

b

c

Mn (4a)

D(24e) 

Y-Mn 

(8c)

Formation of YMn2D6 (cubic Fm3m)

from YMn2 (C15) .



New hydride YMn2H6

• A new phase YMn2D6 was synthesized by submitting YMn2 to 
1.7 kbar deuterium pressure at 473 K. According to X ray (XRD) 
and neutron powder diffraction (NPD) experiments, YMn2D6

crystallizes in the K2PtCl6-type cubic structure with a =6.709(1) 
Å at 300 K. The Y and half of the Mn atoms occupy statistically 
the 8c site whereas the other Mn atoms are located in 4a site 
and surrounded by 6 D atoms (24 e). No ordered magnetic 
moment is observed in the NPD patterns and the magnetization 
measurements display a paramagnetic behaviour. The study of 
the thermal stability by Differential Scanning Calorimetry and 
XRD experiments indicates that this phase decomposes in YD2

and Mn at 625 K, and is more stable than YMn2H4.5.

V. Paul-Boncour, S.M. Filipek, M. Dorogova, F. Bourée, G. André, I. Marchuk, A. Percheron-Guégan, R. S. Liu, , J. Sol.State Chemistry 

178 (2005) 356 



Evolution of the DSC signal versus 
temperature for YMn2H2, YMn2H3, YMn2H4.5

and YMn2D6
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Differential Scanning Calorimetry TA-Q100 DSC apparatus

The large endothermic peak observed in YMn2D6 (Tmax= 664 K and  H=2002 J/g) can 

be attributed to the decomposition into YD2 and -Mn which is complete at 673 K

V. Paul-Boncour, S.M. Filipek, M. Dorogova, F. Bourée, G. André, I. Marchuk, A. Percheron-Guégan, R. S. Liu, , J. Sol.State Chemistry 178 

(2005) 356



Evolution of the YMn2D6 patterns after various DSC 
treatments. The temperatures correspond to the DSC 

experiment maximum temperatures. 
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Tmax (K) phase % cell parameter Remarks

298 YMn2D6

YMn2Dx

Y2O3

91
7
2

a =6.709  Å
a =8.210 Å

523 YMn2D6

YMn2Dx

Y2O3

87
8
5

a =6.707  Å
a =8.200 Å

573 YMn2D6 100 a= 6.7050 Å Additional lines have disappeared

593 YMn2D6

YD2

62
38 

a= 6.705 Å

623 YMn2D6

YD2

Mn 

22
35
42

a =6.688 Å small particles

673 YD2

Mn    
44
55

broad lines due to the small size of 
the diffracting domain

723 YD2

Mn
44
55

873 Y2Mn2O7

Table: XRD results for YMn2D6 after DSC experiments

V. Paul-Boncour, S.M. Filipek, M. Dorogova, F. Bourée, G. André, I. Marchuk, A. Percheron-Guégan, R. S. Liu, , J. Sol.State Chemistry 178 

(2005) 356 



New hydride YMn2H6

➢ The random (Y, Mn) substitution on the 8c site is rather 
surprising due to the difference of the metallic atomic 
radius between the Y (1.80 Å) and the Mn (1.35 Å) atoms. 
However this can be related to the fact that this phase has 
been obtained with a complete reorganization of the atom 
location under pressure. 

➢ The deuterium atoms are not located into interstitial sites 
(A2B2 or AB3) like in other YMn2Hx hydrides but form 
octahedra around the Mn2 atoms. The distances between 
the D atoms (d=2.34 Å) are larger than the Switendick 
criterium d=2.1 Å, whereas the Mn2-D distances (1.65 Å) 
are shorter than the sum of the atomic metallic radius (1.75 
Å). The Mn1 and Y atoms have 12 D neighbors at 2.37 Å. 

V. Paul-Boncour, S.M. Filipek, M. Dorogova, F. Bourée, G. André, I. Marchuk, A. Percheron-Guégan, R. S. 

Liu, , J. Sol.State Chemistry 178 (2005) 356



New hydride YMn2H6; Mn-H bonding 

➢ The Mn2-D distances (d(Mn-D) = 1.65 Å) are close to 
those observed in other M2TH6 hydrides. For example, 
in Mg2FeH6 , d(Fe-D) = 1.556 Å and in Mg2OsH6, d(Os-
D) = 1.682 Å. These short distances are indicative of 
covalent bonding. These hydrides can therefore be 
considered as coordination compounds rather than 
interstitial metal hydrides. In addition these M2TH6
compounds are described as complex anions TH6

4-

surrounded by a cage of divalent M2+ cations.  
Assuming the same type of electronic configuration 
for YMn2D6, one should suppose that the Mn atoms 
surrounded by the D atoms (Mn2) are Mn2+ whereas 
the Mn on the 8c site (Mn1) should be Mn+, if we 
consider that the Y atoms are Y3+. 

V. Paul-Boncour, S.M. Filipek, M. Dorogova, F. Bourée, G. André, I. Marchuk, A. Percheron-Guégan, R. 

S. Liu, , J. Sol.State Chemistry 178 (2005) 356



Under influence of hydrogen the Laves phases 

C15+C14 (DyMn2,HoMn2) and C14 (ErMn2) 

would transform into…?



…the same structure as YMn2D6 (Fm3m) through 

complex rearrangement of the (C15 or C14!!) 

lattice!!!

YMn2D6

ErMn2D6

DyMn2D6

HoMn2D6
a

b

c

Mn (4a)

D(24e) 

R-Mn (8c)

(R=Y,Er,Dy,Ho)

S.M. Filipek, H. Sugiura, V. Paul-Boncour, R. Wierzbicki, I. Marchuk Studies of Novel Deuterides RMn2D6 (R – Rare Earth) 

compressed in DAC up to 30 GPa submitted to J. Phys.C.; Condens. Matter
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Novel ErMn2D6 deuteride

➢ A new phase ErMn2D6 has been prepared by applying high 
hydrogen pressure on C14 ErMn2. This phase is isostructural to 
YMn2D6 and crystallizes in a disordered fluorite structure with 
Er and half the Mn atoms randomly substituted on the same 8c 
site and the other Mn atoms forming octahedral MnD6 units. 
This complex hydride is very stable and decomposes into ErD3
and Mn at about 630 K. The reverse susceptibility follows a 
Curie Weiss law with an effective moment of 10 µB similar to 
that of ErMn2. But although a saturation magnetization of 4 µB, 
which is half that of ErMn2 at 2 K is observed, no long range 
magnetic order was found in the NPD patterns. However short 
range order corresponding to both ferromagnetic and 
antiferromagnetic correlations are observed up to 5 K. The 
chemical disorder of Er and Mn atoms on the 8c site should 
prevent the long range order and favours a distribution of Er 
spins orientation.

V. Paul-Boncour, S.M. Filipek et al.  J. Phys.: Condens. Matter 18 (2006) 6409–6420



DSC curves of YMn2D6 and ErMn2D6

measured with a speed of 20 K/mn.
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Table. Structural properties of RMn2 and RMn2D6 compounds (R= Er, Y, Ho and Dy)

Compound Structure;

percentage

A (Å) c(Å) V(Å3) Z V/Z  (Å3) ΔV/V0(%)a

YMn2 C15; 100% 7.6791 452.82 8 56.60

YMn2D6 Fm-3m, 100% 6.7083 301.89 4 75.47 33.33c

DyMn2

C14; 4% 5,3606 8,7343 217,36 4 54,34

C15; 95% 7.5872 436,76 8 54,59

DyMn2D6

Fm-3m; 100% 6.720 303.52 4 75.88 39,63b

38.98c

HoMn2

C14; 19% 5,3269 8,6885 213,51 4 53,38

C15; 80 % 7,5430 429,17 8 53,65

HoMn2D6

Fm-3m; 100% 6.677 297.78 4 74.44 39,46b

38.77c

ErMn2
C14, 100% 5.2949 8.6446 209.90 4 52.47

ErMn2D6
Fm-3m, 100% 6.6796 298.04 4 74.51 42.00b

aVariation of the molecular volume: ΔV/V0 = (Vdeuteride- Vparent)/Vparent
bValue calculated with respect to the parent C14 structure.
cValue calculated with respect to the parent C15 structure.



The YMn2D1.15 and YMn2D2 undergoes spinodal like phase separation; at the highest 
pressure limit (30 GPa) the amount of hydrogen enriched phase is estimated at 34% 
for YMn2D1.15 and 59% for YMn2D2, respectively. YMn2Dx (where x=3.4 or 4.0) do not 
decompose but high value of K0` at initial pressure range is still observed just like in 
its parent (hydrogen free YMn2) compound. The bending near 8 GPa observed in the 
compression curves reflects that the bulk modulus of these compounds should change

H. Sugiura, S. M. Filipek, V. Paul-Boncour, I. Marchuk, R.-S. Liu, S.I. Pyun, Nukleonika 2006;51 (Supplement 1): S73-S77.



Energy dispersive patterns of 

YMn2D6; ErMn2D6; DyMn2D6

and HoMn2D6 taken at 

different pressures



Pressure dependence of the molar 

volume of  HoMn2D6, ErMn2D6 , 

DyMn2D6 and YMn2D6.



EOS parameters of RMn2 and RMn2Dx deuterides (R = Y, Dy, Ho and Er) K0 and K0’ are bulk 

modulus and its first derivative

Sample 
Vo

cm3/mol
Ko [GPa] Ko' n Remarks Refer.

YMn2

34.02 21.6 13.2 21 Cubic C15 (low pressure segment P<8GPa)

[1]

31.24 83.1 7.13 29 Cubic C15 (high pressure segment P>8Gpa)

YMn2D3,4

40.11 60.28 4.0 fixed 11 Cubic C15 (low pressure segment P<8GPa)

37.80 133.9 4.0 fixed 20 Cubic C15 (high pressure segment P>8Gpa)

YMn2D4

41.65 46.07 4.0 fixed 27 Rhombohedral (low pressure segment)

38.22 153.0 4.0 fixed 17 Rhombohedral(high pressure segment)

YMn2D6 45.35 68.05 6.28 cubic Fm-3m (whole range)

DyMn2 33,01 63.2 6.1 Cubic (C15) [2]

DyMn2D6 45.69 83.8 4.59 60 cubic Fm-3m (whole range)

HoMn2 32,31 C15 + C14

HoMn2D6 44.83 73.2 5.85 23 cubic Fm-3m  (whole range)

ErMn2 31,6 C14

ErMn2D4.6 40.65 79.2 (2)
4

fixed
hexagonal [3]

ErMn2D6 44.97 76.1 5,20 50 cubic Fm-3m (whole range)

n –number of points

[1].Sugiura H, Paul-Boncour V, Percheron-Guégan A, Marchuk I, Hirata T, Filipek S M, Dorogova M 2004 J. Alloys  
Compd, 367 230.

[2] Reiss G,  Dissertation, February 2000 University of Paderborn
[3] Makarova O L, Goncharenko I N and  Le Bihan T 2004 Sol. State Comm. 132 329,



Cubic (Fd3m)

ZrFe2H4

ZrCo2H2

Orthorhombic

(Pmn21)
ErFe2D5

YFe2D5

Cubic (Fd3m)

YMn2D6

Cubic (C15, Fd3m)

ZrFe2

ZrCo2

ErFe2

YFe2

YMn2

Hydrogenation under high pressure hydrogen

Novel Hydrides in Laves 

phases 
S.M. Filipek et al. J.Phys, Cond.Matter, 

14 (44) 11261 (2002) 



Summary and Conclusions
• Treatment of RMn2 Laves phases by using high hydrogen 

pressure resulted in discovery of novel hydrides including group 
of isostructural hydrides RMn2D6 formed in a process of 
dramatic rearrangement of the parent metallic lattice.

• RMn2D6 hydrides have complex structure of Fm-3m symmetry 
with (MnID6)

5- anions and disordered location of R and Mn1 
atoms in 8c positions independently of the parent structure.
Such hydrides have never been obtained from Laves 
compounds. 

• RMn2D6 phases have unusually high stability due to bonding 
character different from interstitial hydrides. Compression 
curves of this new family of hydrides goes smoothly excluding 
possiblity of phase transitions. All EOS curves are located close 
each other but differ from those received for hydrides with 
smaller H (D) content. Bulk moduli of all RMn2D6 do not differ 
much and have values comparable with those of the parent  
compounds. 

• Further work: Search for new hydrides/deuterides (RMn2D6
and other) also in pseudobinary systems.



Short comment about recent discovery of room temperature 

superconductivity in LuHnNy

Drozdov, A. P., Eremets, M. I., Troyan, I. A., Ksenofontov, V. & Shylin, S. I. Conventional

superconductivity at 203 kelvin at high pressures in the sulfur hydride system. Nature 

525, 73 (2015)

M. Kostrzewa, K. M. Szczęśniak, A. P. Durajski, R. Szczęśniak, From LaH10 to room–

temperature superconductors, Scientific Reports (2020) 10:1592 

F. Peng et al., Hydrogen Clathrate Structures in Rare Earth Hydrides at High Pressures: 

Possible Route to Room-Temperature Superconductivity, Phys. Rev. Lett. (2017) 119, 

107001

A. Majumdar et al. Superconductivity in FeH5, Phys. Rev. B 96, 201107(R) (2017) and 

Phys. Rev. Materials 4, 084005

T. Palasyuk, M. Tkacz, Pressure-induced structural phase transition in rare-earth 

trihydrides. Part I. (GdH 3, HoH 3, LuH 3), Solid State Communications (2005) 

133(7):481-486

High-pressure X-ray diffraction studies of gadolinum, holmium and lutetium trihydrides 

have been carried out in a diamond anvil cell up to 30GPa at room temperature. A 

reversible structural phase transformation from the hexagonal to cubic phase has been 

observed for all the hydrides investigated.



Short comment about recent discovery of room temperature 

superconductivity in LuHnNy

N. Dasenbrock-Gamon et al., Evidence of near-ambient supercoductivity in a N-doped lutetium

hydride, Nature (2023)

More than a hundred samples (metallic Lu or LuH2); samples were loaded into the DAC with the 

H2/N2 gas mixture (99:1) and pressed to 2 GPa. The sample was heated overnight at 65 C. After

24 hours the DAC was released to recover the sample.

Success rate of measuring a sample with superconducting properties was about 35 %.

The exact amount, location and nature of the nitrogen is not specified.

It was not explained what was the difference between the samples (there were 

35%) in which the occurrence of superconductivity was found and the 

remaining samples.

Recently, a number of papers have been published in which the authors 

negatively verified the report on superconductivity in lutetium hydride.
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