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The experimentally discovered FeHs exhibits a structure built of atomic hydrogen that only has bonding
between hydrogen and iron atoms [C. M. Pepin, G. Geneste, A. Dewaele, M. Mezouar and P. Loubeyre,
Science, 2017, 357, 382]. However, its superconductivity has remained unsolved since its discovery. In

Received 9th December 2023, this work, we have synthesized /4/mmm-FeHs at 139 GPa combined with laser-heating conditions. The

Accepted 6th February 2024 electrical resistance measurements at ultrahigh pressures indicate that no evidence of superconducting
transition of FeHs is observed in the temperature range of 1.5 K to 270 K. These results indicate that /4/

mmm-FeHs does not exhibit superconductivity within the experimental temperature range, and the
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Introduction

Hydrogen has been predicted to be a superconductor with high
critical temperatures (7) at high pressures.' Theoretical calculations
indicate that the 7. of hydrogen will exceed 240 K or even close to
room temperature with a pressure above 500 GPa.”™* Although
extensive research on hydrogen has been conducted, scientists have
not obtained direct data in electrical transport experiments which
can prove the metallization and superconductivity of solid
hydrogen.”® Encouragingly, Ashcroft predicted that the introduc-
tion of heavier elements would enhance intermolecular interactions
between hydrogen. This process is known as ‘“chemical pre-
compression”, which would have a positive impact and can
realize the metallization and superconductivity of hydrogen at
lower pressures.’ For example, H;S has a T, of ~200 K at
~150 GPa™ and LaH,, has a T, of ~250 K at ~150 GPa."*"”
On the other hand, according to the observations in geo-
magnetism and seismology, iron is the most abundant element
in the Earth’s core.'®° However, if the Earth’s core consists of
pure iron, the density of it is ~2-5% more than reality at
relevant pressures and temperatures.>’>® Therefore, the
Earth’s core should have elements lighter than iron such as
nickel (it is definable exist in the Earth’s core), silicon, sulphur,
oxygen, carbon and hydrogen.>>*¢7?® The iron-water reaction,
Fe + O, — FeH, + FeO, could take place at pressures and
temperatures lower than the Earth’s core, which means that
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introduction of iron atoms is not beneficial to the formation of the superconducting phase.

iron hydrides are the prospective components of the Earth’s
core.”*! In this regard, conducting measurements of the
mechanical, electrical, and magnetic properties of iron
hydrides are of significant importance in exploring the Earth’s
core and gaining further insights into the Earth’s structure. For
example, FeH has been extensively studied: dhcp-FeH (¢'),
which can be stable in excess of 62 GPa, has been synthesised
at ~1000 °C and ~5 GPa;'**? two magnetic phase transitions
of dhcp-FeH were found theoretically and experimentally at
~26 GPa and ~43 GPa, respectively.>*?373°

Concurrently, iron hydrides with a higher hydrogen content
have been predicted or synthesized successively. In experi-
ments, Gavriliuk et al have synthesized I4/mmm-FeH, at
77 GPa and ~2000 K;*” Pepin et al have synthesized 14/
mmm-FeH, and Pm-3m-FeH; at 67 GPa and 86 GPa after heating
to ~1500 K, respectively,”® and they also first detected I4/mmm-
FeH; at ~150 GPa after heating to ~1500 K.** Gavriliuk et al. have
synthesized new iron hydrides with possible 7, of ~25 K and
27.7 K at ~178 GPa and 195 GPa respectively; unfortunately, they
did not determine their crystal structures.’® Theoretically, several
studies have reported new phases of the Fe-H system, including
FeH,,"* FeH,,"®> FeH"*™ and FeH,." Most of these and some
other iron hydrides are summarized in a phase diagram.’® Among
all the iron hydrides, I4/mmm-FeHs has the highest hydrogen
content in experiments and a very particular structure with puck-
ered hexagonal honeycomb layers. The H-H nearest-neighbour
distance of 14/mmm-FeH; is 1.32 A at 130 GPa and this phase only
has bonding between hydrogen and iron atoms. So, /4/mmm-FeH;
is regarded as a typical example of the “precompression”. Some
theoretical works have proposed that I4/mmm-FeHs is a potential
superconductor with a T;. of ~ 50 K,**”*® while others consider that
FeHj is not a superconductor.*>*® Considering the unique structure
of FeHs and controversial calculated results, it is necessary to
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conduct experiments to explore its superconductivity and provide
more clues for the high-temperature superconducting hydrides.

In this work, we have successfully synthesized FeHs by
compression of Fe and NH;BH; at high pressures with laser
heating to ~1400 K. Electrical transport measurements indi-
cate that FeH; retains a metallic character without transform-
ing into the superconducting (SC) phase in the temperature
range of 1.5-270 K.

Experimental details

We conducted three runs to investigate the superconductivity
and structure of the Fe-H system at high pressure. Iron foil
(purchased from Alfa Aesar, purity 99.99%) was pre-compressed
and loaded into a diamond anvil cell (DAC) together with
NH;BH;, which was used as the pressure-transmitting medium
and hydrogen source.">° For electrical resistance measure-
ments, we used DACs made of NiCrAl alloy, and the diamonds
had a culet of 50, 60, and 80 um in diameter bevelled at 8° to a
diameter of about 300 pm. A near-IR laser (YLR-200, 1070 nm)
was used in our laboratory to heat the sample in the DAC with a
spot size of ~5 um.>" The electrical resistance was measured
using the four-probe method with the delta model of a Keithley
current source (Model 6221) and a voltmeter (Model 2182A).%*°*
Mo electrodes were sputtered on the surface of diamond anvils
to connect Pt electrodes and the sample, and MgO/epoxy was
used as an insulating layer to separate the tungsten gasket and
electrodes. The low temperature measurements were carried out
in a helium cryostat (1.5-300 K) equipped with a 0-9 T super-
conducting magnet. The pressure was calibrated by the Raman
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shift of the diamond anvil.>* All crystal structures were deter-
mined by in situ X-ray diffraction (XRD) on the beamline BL15U1
of the Shanghai synchrotron radiation facility (SSRF), with a
wavelength of 0.6199 A and a spot size of ~3 pm?. The XRD
patterns were analysed using Diopatas,> Jana2006>® and GSAS-
1.

Results and discussion
Experimental results

We conducted three runs (cells #1-3) of electrical transport
measurements on Fe-H compounds synthesized by laser heat-
ing at specific pressures. We have plotted the corresponding
electrical resistance data during the cooling process in Fig. 1. In
cell #1, three cycles of laser heating were carried out at 154, 160
and 164 GPa, respectively. Unfortunately, no superconducting
transition was detected in the electrical resistance measure-
ment apart from the drop of the electrodes (Fig. 1a). In cell #2
and cell #3, after heating the sample at the target pressures, no
superconducting transition was detected except the drop of the
electrodes as well (Fig. 1b and c).

To determine the possible phases produced in the electrical
cell, we have performed the synchrotron X-ray diffraction mea-
surements on the same sample. Considering the possibility of
synthesising non-superconducting Fe-H phases during the first
and second heating in cell #3, we obtained in situ XRD patterns
at 143 GPa. The XRD results showed that the sample was still
the pure P6;/mmc-Fe phase and no FeH compound was gener-
ated (Fig. 2a). Therefore, a third laser heating was performed at
139 GPa. After XRD characterization, it was found that the
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0 30 60 90 120 150 180 210 240
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Fig. 1 Optical micrographs of the sample chamber and electrical transport measurements of the Fe—H sample at high pressures. (a)-(c) Photographs of
cells after laser heating, and the edges of the sample are marked with red circles. (d)—(f) Resistance data in cell #1, cell #2, and cell #3, respectively. To
compare trends and kinks in each curve easily, the resistance of the samples was multiplied by the marked values.
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Fig. 2 Synchrotron X-ray diffraction (XRD) patterns (4 = 0.6199 A) of the synthesized sample at high pressures. (a) XRD pattern of the sample before
laser-heating at 143 GPa. The cell parameters of P6s/mmc-Fe area = b = 2.2527 A and ¢ = 3.6053 A. Grey hollow circles, grey solid circles, red lines and
blue lines correspond to the experimental data, Le Bail fitted data, Rietveld fitted data and the difference of experimental and Le Bail fitted data,

respectively. The signal of Mo electrodes in the bcc phase is also observed in the XRD pattern.

5859 (b) XRD pattern of synthesized 14/mmm-FeHs at

139 GPa. (c) XRD patterns of the synthesized sample measured across the sample with a step of 3 um. The red point indicates the initial laser focus position.

heated sample reacted with a large area (Fig. 2c) and generated
the I4/mmm-FeH; phase (Fig. 2b), which was consistent with the
previous work.>® The cell parameters of I4/mmm-FeH; in this
work at a pressure of 139 GPa are a = b = 2.4172 A, and ¢ =
11.6647 A. The crystal structures of P6;/mmc-Fe and I4/mmm-
FeHs are shown in Fig. 3a and b, and the refined lattice
parameters and R-values in this work are shown in Table S1
(ESIt). P6s/mmc-Fe is a typical hexagonal close packed (hcp)
structure with an ABAB stacking of Fe layers. I4/mmm-FeH;
exhibits a structure consisting of quasi-cubic FeH; unit layers
and four-plane slabs of thin atomic hydrogen, and it can also be

P6,/mmc Fe

14/mmm FeH,

considered as a combination of Fe layers and puckered hex-
agonal honeycomb hydrogen layers. The comparison of the unit
cell volume in Fig. 3c also certifies the synthesis of FeHs in
agreement with ref. 39. However, after conducting electrical
transport tests, it was found that there was no superconducting
transition attributed to FeH; (Fig. 1c).

In addition, there is a small drop in 14 K at 143 GPa in cell
#3, and to confirm whether the drop was the superconducting
transition of FeHs, the second cooling process was made; but
unfortunately the result could not be repeated (Fig. S2, ESIT),
and other cooling measurements had not detected the similar
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Fig. 3 Structures and pressure—volume data of the Fe—H samples at different pressures in cell #3. (a) and (b) Crystal structures of Fe and FeHs,
respectively. Green and red balls represent Fe and H atoms, respectively. (c) Pressure dependence of the unit cell volume (per f.u.). Brown solid squares
and red solid and hollow circles represent the experimental data of P6s/mmc-Fe from ref. 23 and the experimental and calculation data of /4/mmm-
FeHs from ref. 39, respectively. Experimental data in this study are represented by solid stars with error bars of pressure.
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signal yet. On the other hand, there are obvious some bends in
the front of the curves. We attribute it to the superconducting
transition of Mo electrodes or MoC, because the diamonds
were heated to ~1000 K to prepare the Mo electrodes in
magnetron sputtering equipment. Another reason is that the
Mo electrodes may react with diamonds in laser heating of the
sample. Two curves, representing the resistance data of Fe and
FeH; at 143 GPa and 139 GPa respectively, are put together to
verify whether the bends are from the superconductivity of
FeH; (Fig. S3, ESIT). Vertical reference lines indicate that all the
bends of the resistance curve of FeH; can correspond to the
curve of Fe, so they are not evidence of superconducting
transitions of FeHs.

In order to further confirm the change of the sample, the
electrical resistance as a function of temperature at different
pressures was fitted by the form of R(T) = R, + AT*,** where R, is
the residual resistance and A and o are the coefficient of power
function and the power exponent of temperature, respectively.
After the first heating in cell #1 (154 GPa) and second heating in
cell #3 (143 GPa), the low temperature resistance is related to
the second power of temperature, indicating that the sample
may not be reacted with hydrogen and remains pure iron
obeying Fermi liquid theory (Fig. 4a and c). But as shown in
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Fig. 4b, « had a noticeable change after the second heating in
cell #1 (160 GPa). Furthermore, the sample colour changed
from metallic to black and a distinct Raman signal of hydrogen
(see Fig. S1, ESIT) occurred after the third heating. All these
phenomena point to the formation of new hydrides.™** In
Fig. 4a and b, the parameter « is changed from 2.027 to 0.980
after the second heating, probably indicating the strange metal
(SM) character in the formed iron hydride.**** And, in Fig. 4c
and d, the parameter « is changed from 1.960 to 2.122 after the
third heating, indicating that FeH; behaves like a normal metal
corresponding to Fermi liquid theory. Future electrical trans-
port measurements will provide more detailed information on
various iron hydrides.

Discussion

Because the positions of H atoms cannot be determined by XRD
experiments at high pressures, the bonds of H-H atoms are
controversial. Pepin et al. consider that the structure of FeHs is
similar to two-dimensional materials, in which Fe-H atoms
form bonds while H-H atoms do not form bonds.>® However, in
some theoretical work, the structure of FeH; can be seen as two

1.12 v T v T v T
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.10k 154 GPa Fitting 160 GPa Fitting
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Fig. 4 Resistance as a function of temperature at different pressures and corresponding fits by the form of R(T) = Ro + AT”. (a) and (b) The fitting of
resistance data after the 15 heating (154 GPa) and 2" heating (160 GPa) in cell #1. Data in curves are the actual data multiplied by a number as shown in
blue marks. (c) and (d) The fitting of resistance data after the 2™ heating (143 GPa) and 3" heating (139 GPa) in cell #3.
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independent graphene-like puckered hexagonal honeycomb
hydrogen atom layers inserted between iron atom layers, with
weak electron localization between H atoms.*®*° Furthermore,
the high pressure hydrogen phase with the space group Cmca is
similar to the I4/mmm-FeHs structure and the theoretical pre-
diction reveals that Cmca-H, has a T, of 242 K at 450 GPa.>®®
And, it has also been predicted in hydrides that SrH;, with the
similar structure has a T. of 259 K. Because the puckered
honeycomb layer structures have strong mixing of stretch and
bent vibrations, strong electron-phonon coupling easily occurs
and can increase the superconducting transition temperature.®”
But the superconductivity of I4/mmm-FeH; is controversial.
Some theoretical works predicted that FeHs has a T, of ~50 K
at ~150 GPa,*»*”*® but others consider that FeHs is not a
superconductor.***° Although conclusions are different, there
are some similarities in their theoretical calculations, and it can
be seen from the density of electron states and phonon
states.***>*"*% The electrons of iron atoms play a major role
near the Fermi surface; the only band with appreciable Fe-H
hybridization and electron-phonon (e-ph) coupling lies above
the Fermi level rather than near the Fermi level; for the phonon
modes below 650 cm™", iron still plays a dominant role and
contributes the most to the e-ph coupling interaction. In sum-
mary, FeH; behaves just like elemental metals rather than other
high T. superconducting hydrides in band structure like H3S
and LaH;,, and exhibits a strong e-ph coupling near the Fermi
level and hydrogen plays a dominant role in phonon density of
states (PHDOS).">'” So, it is obvious that the introduction of
iron atoms cannot benefit superconductivity with similar struc-
tures compared with pure solid hydrogen.

Conclusions

In conclusion, we have successfully synthesized FeHs by com-
pression of Fe and NH3;BH; at 139 GPa with laser heating to
about 1400 K. The refined XRD results confirmed the crystal
structure of FeHs as reported in the I4/mmm-FeHs phase, and
no superconductivity evidence is observed in electrical trans-
port measurements within the range of 1.5-270 K. Through
function fitting in low temperature resistance, FeHs behaves as
a typical metal in consistent with Fermi liquid theory. Our
results indicate that the chemical precompression of iron
atoms is not beneficial to the superconductivity even though
it has a similar structure to pure atomic hydrogen. We hope
that this work can end the debate on the superconductivity of
FeHs and provide more insights into the study of supercon-
ducting transition metal hydrides.
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