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Superionic iron oxide-hydroxide in Earth’s deep
mantle

314 Bo Gyu Jang @4, Shichuan Sun?, Yukai Zhuang', Liwei Deng>,
8, Yue Meng?®, Vitali B. Prakapenka®1, Bin Chen’,
24 Qingyang Hu®'%, Chris J. Pickard ®"2,

Minggiang Hou®"2" Yu He
Ruilian Tang'é, Jiuhua Chen’, Feng Ke
Ji Hoon Shim#, Jin Liu®'®, Duck Young Kim
Richard J. Needs ®" and Ho-Kwang Mao'

Water ice becomes a superionic phase under the high pressure and temperature conditions of deep planetary interiors of ice
planets such as Neptune and Uranus, which affects interior structures and generates magnetic fields. The solid Earth, how-
ever, contains only hydrous minerals with a negligible amount of ice. Here we combine high pressure and temperature electri-
cal conductivity experiments, Raman spectroscopy and first-principles simulations to investigate the state of hydrogen in the
pyrite-type FeO,H, (x <1), which is a potential H-bearing phase near the core-mantle boundary. We find that when the pres-
sure increases beyond 73 GPa at room temperature, symmetric hydroxyl bonds are softened and the H* (or proton) becomes
diffusive within the vicinity of its crystallographic site. Increasing temperature under pressure, the diffusivity of hydrogen is
extended beyond the individual unit cell to cover the entire solid, and the electrical conductivity soars, indicating a transition
to the superionic state, which is characterized by freely moving protons and a solid FeO, lattice. The highly diffusive hydrogen
provides fresh transport mechanisms for charge and mass, which dictate the geophysical behaviours of electrical conductiv-
ity and magnetism, as well as geochemical processes of redox, hydrogen circulation and hydrogen isotopic mixing in Earth’'s

deep mantle.

the Earth"?, where its mobility and bonding properties are

altered dramatically from localized to globally itinerant with
increasing depth. At shallower depths, hydrogen bonds with oxy-
gen, the most abundant element in Earth, to form hydroxyls that
modulate the electrical®, thermal® and elastic® properties of the
host minerals and dictate redox, melting and isotope partitioning’.
Properties of hydroxyl groups have been extensively studied dur-
ing the past half century as a means to locate deep-water reservoirs
and to monitor water circulation for a broad range of applications
in interpretation of large geophysical and geochemical features
in depth®'°. Hydroxyl starts with an asymmetric configuration
O-H---O in which the hydrogen atom between two oxygen atoms is
bonded to one oxygen atom by a strong, short covalent bond (O-H)
and to the other oxygen atom on the opposite side by a weak, long
hydrogen bond (H::-O). With increasing depth and pressure (P),
the covalent bonds of hydroxyl are lengthened and the hydrogen
bonds are shortened until the two bond lengths become equal,
with H reaching the symmetrical centre of the two adjacent oxygen
atoms. The symmetrization of hydroxyl bonding was observed in
H,O ice VII to ice X transition at 60 GPa and room temperature
(T)". Theory further predicted that at high T, the H* (proton)

| | ydrogen plays an important role in the deep interior of

becomes itinerant in the ice crystal lattice and moves freely like a
fluid within a framework of oxygen, reaching the superionic state'’.
The challenging experiments of superionic ice have been actively
pursued during the past two decades'>" and observed very recently
with nanosecond X-ray diffraction (XRD) in laser-shocked high
P-T experiments'*".

Up to now, the exotic superionic state has been considered only
for pure H,O ice X, which is a minor phase in the Earth’s deep
interior. Hydrogen in the deep Earth is mostly hidden in hydrous
minerals. In this article, we investigate further P-T effects beyond
symmetrization and report the observations of new ‘relaxation’ and
superionic states that the protons are liberated from their localized
bonded states and become highly diffusive, moving freely through-
out the host phase. The dramatic changes of the fundamental bond-
ing nature and mobility mandate a re-evaluation of the role of
hydrogen in the deep Earth.

We initiate the research by focusing our investigation on the
newly discovered pyrite (Py) type FeO,H, (x<1), which is a
candidate hydrogen-bearing phase in the core-mantle bound-
ary (CMB)'*". FeO,H, (x<1) has the same Py-type structure as
FeO, but features an expanded volume due to the incorporation
of H. Previous experiments exhibit a range of x from 0.4 to 1.0 for
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Fig. 1| P-T phase diagram for ordered to superionic FeO,H,. Open

circles are data points in the FPMD simulation. Error bars are statistic
perturbations of T in each simulation. Uncertainty of P is within +2 GPa.
Upward and downward triangles represent the superionic and ordered
phases, respectively, on the basis of EC measurements. Inset figures are the
crystal lattice of FeO, with diffusive H (purple and green clouds represent
different H layers).

FeO,H, (Extended Data Fig. 1). Synthesized above 75GPa, the H
in Py-FeO,H, is already in the symmetric position (Extended Data
Fig. 2). Using first-principles computations and electrical conduc-
tivity (EC), XRD and Raman spectroscopic measurements in a
diamond-anvil cell (DAC) over a P-T range pertinent to the deep
lower mantle (DLM), we observed not only the superionic state
in Py-FeO,H, above 1,800 K and 121GPa, but also a previously
unknown intermediate bond-softening transition. The superionic
proton conduction induces remarkable increases in the charge and
mass transport that greatly impact the geophysical and geochemical
processes in the DLM and particularly near the CMB.

Superionic FeO,H, from first-principles calculation

We study the superionic state of the Py-FeO,H, by first-principles
molecular dynamics (FPMD) calculations and predict the phase
boundary of ordered crystalline and the superionic phase (Fig. 1
and Methods). We track the motions of atoms in the Py-FeO,H,
(x=1 and 0.5) supercell at 1,500-3,300K and 80-140GPa. The
length of each simulation is equivalent to 10 picoseconds (ps).
During initial heating, localized H diffusion is observed even at
relatively low temperatures, and the movements of protons are
described by small mean-square displacement (MSD) values and
low diffusion coefficients Dy (Extended Data Figs. 3 and 4). With
further heating (for example, 2,000 K and 80 GPa), the protons start
to become unbounded with a finite degree of localization, which
is signified by the monotonical increment of MSD with simula-
tion time and sudden improvement of Dy; (Extended Data Fig. 4).
The liquid-like motion of H* in the solid FeO, lattice suggests that
Py-FeO,H, enters a superionic state above 2,000K at 80-130 GPa.
The proton diffusivity further increases with T, and eventually, H*
is delocalized from the O-H-O triplet, promoting to the so-called
delocalized superionic phase with even faster proton diffusion®.
On the basis of our FPMD simulation, the Py-FeO,H, is predicted
to enter the superionic state above ~1,700K from 80-130 GPa that
covers even the coldest DLM geotherm (Fig. 1).

The O-H bonding in FeO,H,
The consequence of superionic state is multifold. Delocalized H
atoms break hydroxyl bonding, a signature of hydrous minerals.

Although it is technically challenging to recognize the motion of H
atoms by experiment, the evolution of O-H bonding is sensitive to
Raman spectroscopy. We collected the Raman spectra of Py-FeO,H,
at room T after it was synthesized at 2,200 K and 94 GPa and decom-
pressed to 51 GPa (Fig. 2). Below 73 GPa, the stiffening of O-H
stretching mode around 3,500 cm™ is consistent with the symmet-
ric O-H-0O bonds (Extended Data Fig. 2). However, above 73 GPa,
the same mode softens precipitously, indicating the enhancement
of H* mobility. The intensity of the O-H Raman peak is also weak-
ened by approximately 55%. The observations are consistent with
our FPMD simulation, which shows that protons are activated and
diffuse locally, thus weakening the symmetric O-H-O bonds. The
restrained diffusion of H* in the Py-FeO,H, at high P, low T can be
described by a relaxation state, which is regarded as a low-T precur-
sor of superionic state; high T is needed to increase the mobility
beyond the unit-cell level.

Observations of superionic state by EC measurement

In the superionic state, the intensities of the Raman signal from the
O-H bonds will be greatly reduced and no longer be an effective
probe. However, EC (o), which is the sum of FeO, lattice electron
mobility (EM) and ionic conductivity (IC), provides the diagnostic
of mobile H*:

0 = OpgM + O1C (1)

The contribution of o, directly relates to the mobility of H*,
while oy, stems mainly from electron-phonon (e-ph) and elec-
tron—electron (e-e) scattering in the FeO, lattice (Methods). We
calculated the IC in the predicted superionic regime by following
the Nernst-Einstein equation (Methods). In Fig. 3a—c, the IC from
the proton is on the order of 10>°~10*° Sm™" at ~3,000 K and further
boosted in the presence of an electrical field*'. While IC is negligible
compared with EM at low T, the delocalized superionic state will
substantially boost the IC, which will make a detectable contribu-
tion to the total EC.

We then conducted in situ four-probe EC measurements on
the Py-FeO,H,. The sample was initially synthesized at 113 GPa by
laser heating for one hour, and the EC experiment was performed
at 121 GPa during a heating cycle up to 3,300 (+200) K (Methods).
Note that the hydrogen content x and the chemical composition of
the sample are well kept before and after the EC experiment run,
checking by high-P XRD (Extended Data Figs. 5 and 6). In Fig. 3¢, a
kink with o surging by a factor of two was observed around 1,800-
2,000K. This is well explained by the onset of the superionic proton
conduction mechanism. Here, we included the effects of induced
electrical field (Methods) and estimated the contribution of IC from
first-principles calculations in the full T range. The IC contribution
accounted for roughly one-third of the total EC and plateaued above
~2,400K, which might be due to the saturation of both IC and EM
(Fig. 3¢). This observation indicates the total EC of Py-FeO,H., is of
the same order as 10*Sm™, exceeding the EC values of all known
anhydrous lower-mantle minerals, including bridgmanite (Brg)***,
post-perovskite (PPv)* and ferropericlase (Fp)** by at least two
orders of magnitude at CMB conditions (Table 1). Note that the
high EC of Py-FeO,H, is still several orders of magnitude lower than
that of metals using the same experimental scheme®, and its posi-
tive correlation with increasing T is opposite to metals.

Implications of H behaviours in Earth’s interior

The observed transitions from hydroxyl O-H to highly diffusive H in
oxideslead to paradigm changes in hydrogen cycles'® and reservoirs®
in the DLM. First, all previous implications related to hydration in
Earth’s interior would be enhanced in the DLM. For example, the
long-period electromagnetic data from length-of-day series and geo-
graphical-geomagnetic measurements [C-responses”’] combined
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Fig. 2 | Raman spectra of a decompressed Py-FeO,H, sample. a, Evolution

of the Raman spectrum by decompressing a Py-FeO,H, sample from 94 GPa.
The black arrow denotes the O-H Raman mode. Colour gradient represents
the change of P. b,¢, Change of O-H mode position and intensity. The

modes become softened from 77 to 94 GPa. Error bars are derived from
Gaussian-type peak fitting. The P medium was Ar. Uncertainty of Pis +2 GPa.

with laboratory high P-T EC data of lower-mantle minerals have
provided a powerful constraint on the thermo-chemical structure
of the lower mantle?. The unusually high EC and the positive cor-
relation between T and EC for superionic Py-FeO,H, enhance the
possibility of separating the thermal and hydration effects. They will
eventually help to detect hydrogen and oxygen reservoirs previously
proposed for the ultralow velocity zone on the basis of elasticity
measurements®. The high EC and superionic mass transport might
also contribute substantially to deep mantle thermal conductivity™.
Thorough mineral physical investigations of the superionic phases
would furnish a comprehensive geophysical insight into the enig-
matic D” layer.

Moreover, superionic Py-FeO,H, introduces a new geochemi-
cal scenario that has rarely been considered before. The Earth’s
interior was thought to consist of either solid minerals that were
immobile and only reached local chemical equilibrium or fluids that
were mobile and promoted equilibrium over an extended region.
Superionic Py-FeO,H, is a new type of solid consisting of fluid-like
mobile H* diffusing freely in the lattice framework of oxygen and
other cations. Unlike the upper mantle, in which the regional geo-
chemistry is dictated by the oxygen fugacity and redox state, the
DLM geochemistry would be characteristic of the regional homo-
geneous hydrogen fugacity and heterogeneous redox states. The
integer hydrogen stoichiometry in low-P hydrous minerals, such as
a- and e-FeO,H, shifts to a fraction, such as the Py-FeO,H, in the
superionic region. Hydrogen fugacity may become a measurement
of geochemistry in the superionic regions, where a very unusual
oxygen stoichiometry’, and distinct redox state, may appear’™.
Superionic proton conduction introduces a mass transport mecha-
nism, which also raises intriguing insights into the hydrogen iso-
tope geochemistry of the deep Earth. The 8D values collected from
mantle-derived rocks retain many geochemical signatures of Earth’s
deep-water cycles. Assessment of D/H isotopic fractionation from
oceanic basalts indicates that 8D is generally homogeneous (with
8D =—-60+5%0 compared with Standard Mean Ocean Water)*
after removing seawater contamination. Rapid mass transport and
isotope exchange by H and D diffusion could be one of the control-
ling factors at these depths.

The stability of FeO,H,, either partially (x<1) or fully (x=1)
hydrogenated, has been well established experimentally by at least
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Fig. 3 | Superionic transition in Py-FeO,H,. a, The evolution of proton
trajectories of FeO,H, s from the solid to superionic state. Trajectories

with different colours represent different H layers. b, Calculated IC of
FeO,H and FeO,H, . Black, red, blue and green symbols represent IC of
FeO,H at 80 GPa, FeO,H at 130 GPa, FeO,H, at 80 GPa and FeO,H, at
130 GPa, respectively. ¢, Total EC at 121GPa upon laser heating. Errors were
calculated and propagated on the basis of fluctuations in experimental
conditions, with details in the Methods. Experiment is compared with
simulation (blue curve), which summed up values of calculated EM
(dashed line) and IC under a static electrical field along the [100] direction.
d, Theoretical calculation predicts IC makes approximately one-third of
total EC in the superionic state. Errors were estimated from the FPMD
trajectories. MD, molecular dynamics.

four research groups'®'***. Superionic FeO,H, is a stable minor
phase along the relative cold deep subduction slabs (Fig. 1)*°. The
superionization depends mainly on the combined P-T effects on
the H* mobility in oxygen sublattices. Note that the Py-FeO,H, is
just the first example of superionic phases in the DLM. Very likely,
hydrogen in the recently discovered dense hydrogen-bearing oxides
that are stable under the DLM’s high P-T conditions, such as dense
hydrous phases, may also exhibit superionic behaviour. We are fac-
ing a new and refreshing view of DLM geophysics and geochemis-
try with answers lying in extensive mineral physics investigations of
their superionicity.

Experimental methodology
The multiple requirements of sample synthesis, hydrogen contain-
ment, conductivity measurements and in situ sample and hydrogen
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Table 1| EC values of mantle materials

Material P(GPa) T (K) EC(Sm™)
(Mg Fey;)SiO;, Brg? 17 2,660 3x1072
Pyrolite® 129 2,000 1.5%x10'
Mg 3. Fe0 1Al 06Sine O3, Brg? 82 2,000 71%x10
(Mg Fep,)Si0s, PPy 143 3,000 1.4x10?
(Mgo g1, Feq10)0, Fp™ 16 2,000 3.5%x10?
(Mgo51.Fe010)0, Fp* 131 2,730 5.5x10?
MORB* 133 3,000 5.6x10?
Py-FeO,Hx (this study) 121 3,000 6.6(5)x10*
FeO wiistite* 135 3,700 9.0x104

Values were taken at various P and T in the ascending EC values. The EC of Py-FeO,H, is of the
same order as metallic FeO at CMB conditions.

characterization under the extreme P-T conditions would normally
present a great challenge. Fortunately, such techniques have already
been well developed and perfected during the past two decades due
to the similar, but more stringent, experimental requirements in
the quests of metallic hydrogen and room-T superconductors up
to 400 GPa. Some very recent examples include the breakthrough
of near room-T superconductivity of hydrogen-rich systems syn-
thesized with or without laser heating above 200 GPa (refs. *%),
and semimetallic transition of hydrogen at 380 GPa (ref. *°) using
the four-probe method and c-BN insulating gasket as in the present
work, and x-ray crystallography of hydrogen phase III using c-BN
as alow-background gasket up to 254 GPa (ref. °). It has been estab-
lished that c-BN gasket can reliably seal bulk hydrogen with a small
amount of hydrogen lost by infiltrating into the gasket. Using this
matured ultrahigh-P technology, our present experiment at much
lower Ps (~120 GPa) is quite robust.

Our experiments consist of two stages. During the first synthesis
stage, the solid goethite sample and four electric leads were loaded
in c-BN/Re double gasket, compressed to 113 GPa and heated to
2,000K for approximately 1 hour to ensure complete conversion to
Py-FeO,H,. At room T under P, we scanned the sample with Raman
probe but could not find any sign of the H, vibron, presumably the
liberated H, infiltrating through the c-BN gasket and being sealed
by the outer Re gasket'. During our second-stage experiment, the
sample assemblage was laser-heated again with simultaneous EC
measurement (Fig. 3c). We took XRD patterns before and after the
EC experiment (Extended Data Figs. 5 and 6) and confirmed that
the sample remained stable as Py-FeO,H with x fixed to the maxi-
mum stoichiometry allowed by the structure, that is, 0.87(8) in the
present work (Methods).

The maximum amount of fluid hydrogen released to form
FeO,H, is approximately 0.5-2vol% of the solid volume. Because
our Raman detection limit is 0.2% H,, most H, is expected to be lost
through the c-BN gasket. However, combining XRD and Raman
scanning, we are confident that there is no obvious escape of H,
in the EC experiment run, which means our data in Fig. 3 were
reproduced under a chemically stable environment. Our experi-
ment results suggest the surge of EC occurs between 1,700 and
1,800K and at 121 GPa. At the corresponding P-T conditions, the
EC of fluid H, or superionic H,O is below that of FeO,H,, (ref. **
and Extended Data Fig. 7). Therefore, even if a small amount of
H, or H,O alloyed with the FeO,H, sample, the EC of the sample is
unlikely to be enhanced (Extended Data Figs. 8 and 9).
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Methods

Simulation. Theoretical structure optimization. To calculate the EC of FeO,H,, we
first optimized the pyrite-type structure of FeO,H, to the target P of 120 GP under
the framework of density functional theory. Using the Vienna Ab initio Simulation
Package (VASP), the structural optimization was performed by employing the
generalized gradient approximation functionals, in particular the Perdew-Burke-
Ernzerhof exchange-correlation functional®®. We treated eight electrons (six in

3d and two in 4s) of Fe, six electrons (two 2s and four 2p) of oxygen, and one s
electron of hydrogen as valence electrons explicitly. A plane-wave basis set cut-off
energy of 1,000eV and k-point sampling of 0.06 A~! were used. The geometry was
optimized until the interatomic force was less than 0.01eV A-'. The optimized
structure will be further applied to FPMD simulation, dynamical mean-field theory
calculation and FPMD simulation under external electric field.

FPMD simulation. FPMD simulations were performed using the VASP package*
and an increased cut-off energy of 800 eV. We used the same Perdew—Burke—
Ernzerhof functional as was implemented for structural relaxation. A single gamma
point was adopted for k-points sampling in FPMD. H vacancies in Py-FeO,H,
(x=0.5) were generated by removing H atoms from a large supercell of Py-FeO,H
comprising 2 X 2 X 2 conventional unit cells. FPMD simulation becomes equilibrated
after 2 ps at the target P-T with a constant number of atoms, volume and T
ensemble. Trajectories of the atomic motions were taken thereafter, with 1fs time
step, and the total time of simulation was equivalent to 10 ps. T was controlled by a
Nosé-Hoover thermostat”. This computational scheme was tested on superionic ice,
and the results are consistent with previous studies (Extended Data Fig. 7).

The velocity autocorrelation function C,,(t) in Extended Data Fig. 2 was
calculated on the basis of our FPMD data through the following relation**:

Colt) = 55 > i 0) - va(0)

where (vi1(0) - vi1(¢)) denotes the averaged value of the scalar products

vi(0) - v (t) for atom velocities, wy; is the weight coefficient of H ions, ¢ is the time
and N is the number of H ions in a supercell. The vibrational density of states is
calculated as the Fourier transform of the velocity autocorrelation functions.

Diffusion analysis. To calculate the proton diffusion coefficient, we performed FPMD
simulations using a 22 X 2 supercell for Py-FeO,H,. Note that using a larger supercell
does not change the simulation results. The simulations used the canonical ensemble
with a time step of 1fs, with the simulations lasting 7 and 15 ps at temperatures from
1,500 to 3,500 K. This approach is suitable for evaluating the activation enthalpy of
ion migration and identifying the ion transport mechanism. To study superionic
transport rigorously, we calculated the diffusion coefficient for proton transport and
the MSD of the ionic positions. The diffusion coefficient is defined as

D= jim [ 1 (01|

where d is the dimension of the lattice on which ion hopping takes place. The MSD

N

(O = D ([ + 1)~ 7))

i=1

is averaged over all protons, and 7; (¢) is the displacement of the ith proton at time
tand N is the total number of protons in the system. In practice, the value of D
obtained at various temperatures can be fitted with an Arrhenius equation:

D=4 —AH
= Aexp( ———
Pl )
where AH is the activation enthalpy, A is a pre-exponential factor, k is the

Boltzmann constant and T is the temperature. The EC was calculated using the
diffusion coefficients and the Nernst-Einstein equation:

_fDeg?
T kT

in which o is the EC, fis a numerical factor approximately equal to unity, c is the
proton concentration, g is the electrical charge of proton, k is the Boltzmann
constant and T is the temperature. Although this approach is a widely used
approximation, it is also known to underestimate IC, for example, by a factor of
one-third in superionic H,O (ref. **). In superionic FeO,H, the Fe ions can change
their valance states during proton conduction; thus, it is valuable to consider the
polarization effect to predict the IC more accurately. Therefore, our calculated IC is
likely to stand on the lower bound.

We also calculated the proton diffusion coefficients Dy, as a function of T'
(Extended Data Fig. 4). The change in proton diffusion coefficient is continuous
over the P-T region we have studied. The relation between diffusion coefficient
and T still obeys the Arrhenius relation as mentioned previously.

Hydrogen diffusion under static electric field. Simulation under a static electric field
is to explain IC values in an induced ionic current with the superionic state. Note

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

that the original proton diffusion rate (without electric field) still applies to the
scenario in Earth’s deep interior as a global electrical field is unlikely to be sustained
in the Earth. FPMD under an external electrical field was conducted in CP2K™. We
used the same Perdew—Burke-Ernzerhof functionals for the exchange-correlation
part of the Hamiltonian and employed the double-zeta valence basis set optimized
for the Goedecker—Teter—Hutter pseudopotentials™ to describe the wave function.
The system is studied in the canonical (number of atoms, volume and T) ensemble
with 0.5fs time step and 5-ps-long productive FPMD simulations. A cubic 2X2X2
supercell containing 128 atoms (32 Fe, 64 O and 32 H) was fixed at lattice parameter
a=8.719 A, which corresponds to a P of 120 GPa taken from our previous FPMD
simulation without an electrical field. The propagation of FPMD simulation is
controlled by the optimal-sampling generalized Langevin equation thermostat™ with
frequency centred at 3,500 cm™', which approximates the typical vibration frequency
of the ionic O-H bond in FeO,H,. Systems studied at each T were equilibrated by
5ps FPMD runs to ensure that the system is fully equilibrated before the productive
run. The homogeneous static electric field was uniformly applied along the [001]
direction across the supercell, within periodic boundary conditions, using the Berry
phase formulation™.

The intensity value of the electrical field is not straightforward to determine
by experiment™. Previous experiments on water ice established a nonlinear
relation between ionic voltage and current and indicated ionic current is in the
microampere level in ice. The intensity of the electrical field excited by proton
conduction can be estimated as follows:

where I, is the ionic current, o, is the EC related to proton condition and S refers
to the lattice plane perpendicular to the direction of current in our simulation. By
estimating ~5-30% of total EC coming from IC, E. is derived to be on the order

of ~0.05-0.5V A"\, Here, we tried intensities of 0.12, 0.26 and 0.5V A as well

as zero-field conditions (Fig. 2b). We found the value of 0.26 V A"! can correctly
reproduce the trend of EC in experiment. This is also a sensitive value that has
previously described the electrical properties of ice I, ice XI"* and superionic H,0*.

Calculation of EM. The EM makes an essential contribution to the total EC,
especially at relatively low T. Here we computed both e-ph and e-e contributions
to the EM in superionic FeO,H,. We have used a dedicated method for each
contribution. First, we computed the e-ph contribution on the basis of the
FPMD simulations we previously conducted for FeO,H at ~120 GPa and various
temperatures. The contribution was calculated using the Kubo-Greenwood
formula™. At each T, 30-40 FPMD simulation snapshots were selected every
0.2 ps to maintain statistically independent atomic configurations. As averages of
selected configurations with a post-processing tool, kgd4vasp was implemented in
VASP“". For the electronic structure calculation, a denser k-points mesh of 2x2x2
was used in the Monkhorst-Pack scheme.

We computed the e-e scattering contribution to EM using the density
functional theory 4+ dynamical mean-field theory with continuous time
quantum Monte Carlo impurity solver’® and the Kubo-Greenwood formula
with the EDMFTF code”. This method was successfully used to calculate the e-e
contribution in high-P iron®.

We sum up the separately computed e-ph and e-e contributions in the following
formula, known as the Matthiessen’s rule:
1 1 1

+

OEM Oc¢—ph

Oe—e

The Matthiessen’s rule was used in a variety of systems, including strongly
correlated metals and oxides®*'. The EM contribution will be finally added to the
IC contribution as the total EC.

Experiment. Sample preparation. High-purity a-FeOOH powder samples

are commercially available through Alfa Aesar (CAS 20344-49-4). The EC
measurements were conducted in a symmetric DAC. The bevelled culet size is
150/300 pm in diameter. The Re gasket was pre-indented to 25-30 GPa, and a
hole of 280 pm was drilled by laser ablation. For the EC experiment, we packed
cubic boron nitride powder in the hole to isolate the four platinum (Pt) electrodes
from the gasket. An a-FeOOH petite was sandwiched between two lithium
fluoride layers of the thermal insulator and P medium.

Synthesis of Py-FeO,H, using laser heating. A continuous wave ytterbium-doped
fibre laser was used to heat the sample in a DAC at the Center for High Pressure
Science and Technology Advanced Research (HPSTAR). The wavelength of the
laser is 1,070 nm.

We applied laser heating opposite to the Pt leads such that the Pt leads were
heated less to avoid Pt ion diffusion into the sample. The laser beam size (as small
as 30 pm in diameter) covered the whole sample area (Extended Data Fig. 8). The T
was determined by fitting the spectrum (600-800 nm at High-Pressure Collaborative
Access Team (HPCAT) and HPSTAR and 700-900 nm at GeoSoilEnviroCARS
(GSECARS)®) with Planck radiation function using the grey-body approximation®.
The spectra and fitting results were reduced by t-rax software®. The uncertainty of the
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T measurement is around 100K throughout the experiments. Using this set-up, the
sample was synthesized by heating a cold-compressed goethite sample at 113 GPa and
up to 2,000 K with total heating duration of approximately 1 hour. The samples were
then compressed to 121 GPa, and EC measurements were performed thereafter.

High-P Raman spectroscopy. In situ high-P Raman measurements were conducted
on a customized system at HPSTAR. In a separate run, we loaded goethite and Ar
P medium in a new DAC. The Py phase was synthesized at 94 GPa and 2,200 K.
Raman spectrums were collected during decompression. Spectrums were taken for
the back-scattering geometry using an Argon laser (633 nm and power <1 mW)

in the range 1,000-4,000 cm™' with a spectral resolution of 1.0cm™', and the
resolution of laser spot was around 10 pm. The acquiring time for each spectrum
was 60s and each collection was repeated ten times to eliminate the effects of
fluorescence and cosmic rays. Raman spectra were fitted by using Peakfit v4.12
software to determine the position of each Raman mode.

The four-probe van der Pauw method. The four-probe Pt electrodes were kept
separated throughout the measurement, which is seen from an extended cryogenic
experiment (Extended Data Fig. 9). The initial thickness of the sample was 5.21(5) pm
measured by the interferometry method. We used the equation of state of goethite,
e-FeOOH and FeO,H, to estimate the in situ thickness of the sample'®*’. The volume
collapse at the phase transition was set as 12%'°. The calculation of thickness was
verified by the X-ray absorption method in a separate experiment (Extended Data
Fig. 8). Here, we estimate 7% error in thickness. Offline P was determined from the
Raman spectrum of the diamond edge with an uncertainty up to 3 GPa (ref. ©). A
high-precision source meter (Keithley-6212 DC current source and Keithley-2182A
nanovoltmeter) was used to measure the resistance of the sample. The uncertainty
from the machine is less than 0.1%. Under high P, the sample would no longer
sustain its ideally flat condition. The roughness and unevenness of the sample relate
to the paired reading from four electrodes. The total error of resistance is estimated
from the difference between R,, and R,,. The EC was calculated according to the
classic van der Pauw method based on the measured resistances®. For high-T EC,
we applied continuous laser heating up to the highest T. Heating at each T typically
stayed for 5minutes, and resistance values were recorded and averaged over time. T
fluctuations were within +50K during the entire heating cycle.

High-P XRD. XRD images were taken before and after EC experiments to verify
the sample composition. XRD patterns are generally dominated by signature
diffraction peaks from the Py phase (Extended Data Figs. 5 and 6). By calculating
the lattice volumes of the Py phase, the hydrogen content x stayed statistically
unchanged, namely from 0.87(8) before the EC experiment to 0.86(8) after the
experiment. XRD experiments were conducted at both beamlines 16ID-B (sector
16) and 13ID-D (sector 13) of the Advanced Phonon Source, Argonne National
Laboratory and have reached consistent results. A highly monochromatized
incident X-ray beam was used with a wavelength 0.4066 A (16ID-B) and 0.3344 A
(13ID-D) and was focused down to a beam size of 5X 8 pm and 3 X4 pm,
respectively, in the full width at half maximum.

Data availability

The data supporting the findings of this study have been deposited at the 4TU
Center for Research Data (https://doi.org/10.4121/13487643.v1). Any additional
data can be requested by e-mailing the corresponding author. Source data are
provided with this paper.

Code availability

The Vienna Ab Initio Simulation Package is a proprietary software available for
purchase at https://www.vasp.at/. CP2K is freely available under the GPL license at
https://www.cp2k.org/. Peakfit is available for purchase at https://systatsoftware.
com/products/peakfit/.
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Extended Data Fig. 1| Volumes of Py-FeO, and Py-FeO,Hx under pressure and room temperature. Open circles are experimental volumes in literature.
Measurement uncertainties from XRD are generally less than the symbol size. Dash curves are volumes of FeO,Hx with x=0, 0.25, 0.5, 0.75 and 1.0 from
theoretical calculation (see Methods). The stability and stoichiometry of FeO,-FeO,H in pyrite structure. In eight different experiments converting FeO,H
to the Py-phase at 86.0-133.5 GPa and 1500-2500K, Hu et al. observed a wide variation of the unit-cell volume, that was attributed to the variation of x
from 0.43 to 0.81in Py-FeO,Hx due to the difference in the P-T of their synthesis. The set of curves for the volume dependence on x and P as shown in Fig.
S1. Nishi. et al. conducted a set of experiments with all P-V data correspond to the maximum of Hu's volume. Subsequent investigations by Yuan et al. from
Tohoku University synthesized a Py-FeO,Hx with unit-cell volumes 2% larger than Nishi. et al. approaching the full hydrogenation of x=1. Many additional
publications in 2017-2019 further showed variation of volume and thus H. Most importantly, all experiments of four different groups consistently
demonstrated that Py-FeO,Hx (x<1) is stable under DLM pressures and is at least thermodynamically stable up to 2500-2600K at 110 GPa. While the
exact stoichiometry of the H and its relation to P, T, and hydrogen fugacity remain interesting, it is not the subject of the present work which focuses on the
superionization behavior in hydrogen in the Py phase regardless of its stoichiometry. Therefore, our FPMD simulation chose x=0.5 and 1.0 because they
mainly cover the range of x obtained from XRD experiments.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Covalent to ionic bonding transition. a, The evolution of Ry, as a function of O-O distance R, . Magenta triangles: a-FeOOH;
green squares: e-FeOOH; red circles: pyrite FeO,H; orange inverted triangles: 5-AIOOH (Tsuchiya, Geophys. Res. Lett. 2002); cyan stars: Phase D
(MgSi,O,H, Tsuchiya, Am. Mineral. 2005); grey diamonds: ice (VI to X) at 100K simulated by M. Benoit et al. (Benoit, Nature 1998); purple solid line: line
with symmetric O-H-O bonds (Ry.;=Rq.o/2). The lower panel is the electron localization function (ELF) distributions viewed along [001] direction for
e-FeOOH and [111] direction for Py-FeO,H. Yellow, white, and red spheres represent Fe, H and O atoms, respectively. Once synthesized at high pressure,
the Py-FeO,Hx already features symmetric O-H-O bonding (Gleason Earth Planet. Sci. Lett. 2013). The change of Ry../Ro.o pairs indicated the delocalization
of H between the two O atoms in both e-FeOOH and Py-FeO,H when pressure raised above 50 GPa. b, Distribution of Electron localization function. H in
the symmetric bonding partially loss its electrons and form a stronger ionic bond with O atoms. The stiffen of O-H-O bonds results in the blueshifts of
hydroxyl Raman peaks (Fig. 2). ¢, Calculated VDOS of FeO,H at 300K and pressures of 68.9 (black curve), 93.1 (red curve), and 114.8 GPa (blue curve).
The movement of vibration modes is consistent with experiment.
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Extended Data Fig. 3 | The evolution of MSDs, trajectories and melting of FeO,H, .. Black, red and blue curves represent MSDs of H, Fe and O ions in
FeO,H,:. a, Ordinary solid FeO,Hx. b, The skyrocketing MSD of hydrogen indicate the onset of superionic state in Fig. 1. Uncertainties of pressure and
temperature are sampled from the trajectories. ¢, Calculated melting temperature using Z method. The open circles show the pressures and temperatures
of our simulations. The connection of these circles presents a shape like letter Z. The transition from the solid superheating state to liquid state is pointed

out with arrows.
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Extended Data Fig. 4 | Proton diffusion coefficients of superionic Py-FeO,H and Py-FeO,H,. a, Black, red, blue and green symbols represent proton
diffusion coefficients of FeO,H at 80 GPa, FeO,H at 130 GPa, FeO,H, ; at 80 GPa and FeO,H, s at 130 GPa, respectively. b, The localized superionic phase
with protons distributed between two nearby O ions. ¢, The delocalized superionic phase with protons delocalizing from O-H-O triplet. Small grey and pink
spheres denote the trajectories of the H and O ions, respectively. The intermediate phase was previously studied by Hernandez and Caracas in ice as ice
phase VII". Protons in ice VII" delocalize from the O-H-O triplet and become even more diffusive. The intermediate phase may explain the further raising
of the EC in Py-FeO,Hx above ~2000K and 121 GPa. We have been inspired to conducted FPMD simulations and have also observed the delocalized phase
in Py-FeO,H at temperatures above 3000 K. We compared the trajectories of H and O ions at 2000 and 3000K in FeO,H. At 2000K, the protons are
mostly distributed between two nearby O ions, and they diffuse in the lattice by hopping between two symmetrized hydrogen sites. At 3300 K, movement
of protons no longer binds to the nearest O atoms but travels to any possible interstitial sites in the entire lattice. The greater movement of protons can be
described by the delocalized superionic phase. Similar to ice VII", this intermediate phase helps to raise the ionic conductivity from the order of 10'-10? to
above 103Sm~"and becomes visible in EC experiments.
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Extended Data Fig. 5 | X-ray diffraction pattern of FeO,Hx at 113 GPa and quenched from 2000 K. Pressure is measured using the equation of state of Pt.
The sample completely transformed into the Py-FeO,Hx phase. The top panel is an integrated pattern from the 2D unrolled x-ray diffraction pattern at the
bottom. The wavelength of the x-rays is 0.4066 A. The strong diffraction peaks from the Py-phase confirmed that the majority of the sample is Py-FeO,Hx.
The lattice parameter of the Py-phase is a=4.392 A, standing for x=0.87(8) from ref. 6. The remaining diffraction peaks could be indexed to the pressure
medium (LiF) and very tiny amounts of e-FeOOH. After heating, the pressure was equilibrated at 113 GPa and the electrical leads were checked by
immersing the DAC into a liquid nitrogen cryostat. The slope of the temperature versus EC plot was positive, clearly showing four electrodes were safely
connected to the non-metallic sample without a short circuit (Extended Data Fig. 9).
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Extended Data Fig. 6 | X-ray diffraction pattern of FeO,Hx at 121 GPa and quenched from 3000-3400K. In the left panel, the pattern taken at the center
of heating is still dominated by the Py-phase with lattice parameter a=4.379 A and corresponding x=0.86(8) (ref. '¢). The minor peaks in the pattern
may associate with dhcp-FeHx and/or Cmcm-type Fe,O,. The reference lattices parameters are dhcp-FeHx (a=2.458 A, c=8.046 A); Cmcm-type Fe,0,
(a=2.559A,a=8.257A, c=6.164 A). Pressure is measured by the equation of state of Pt. The wavelength of the x-ray is 0.3344 A. The right panel is an
XRD mapping contour around the heating area. We first divided the heated portion of sample into (21x21pm?) a 7 x 7 matrix. We collect one XRD pattern
on each grid point with the same 10-seconds’ exposure time. Colors on the color bar are proportional to the intensity of Py-phase 111 peak. The contour is
then constructed by interpolating those intensities.
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Extended Data Fig. 7 | Electrical conductivities of superionic ice from experiments and simulations. The calculated proton conductivities of superionic
ice under the P-T conditions shown in the previous figure are compared with previous experimental (Yakushenv J. Exp. Theor., 2000 and Chau J. Chem.
Phys., 2001) and simulations (French, Phys. Rev. Lett. 2011).

NATURE GEOSCIENCE | www.nature.com/naturegeoscience


http://www.nature.com/naturegeoscience

TICLES NATURE GEOSCIENCE

Step axis: Z (mm)

Extended Data Fig. 8 | Image of x-ray absorption for the sample with four Pt electrodes. The sample was sandwiched by two LiF layers acting as the
pressure medium and thermal isolation. Cubic-BN was used as the electrical isolator. In left panel, the shaded area corresponds to the actual sample,
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whose geometry was later used to determine electric conductivity. The mapping image of the x-ray absorption showed that the samples were individually
connected by four Pt electrodes. The inset is the corresponding microscopic image of the sample assembly. The right panel shows the x-ray absorption
along the radial side of diamond anvil cell (perpendicular to the compression axis) to access the thickness of the sample. We took this figure in a separate

experiment with LiF as the pressure medium and cubic-BN isolation. Unlike the EC experiment, we used a Be gasket such that it is transparent to x-ray.
The image was taken at 110 GPa after laser heating at 2000 K for 45 minutes. The directly measured thickness of 4.8 pm is consistent with the one we

calibrated in EC run (4.5 pm, 113 GPa). Here, we estimate 7% of uncertainty derived from the thickness difference in these two approaches.
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Extended Data Fig. 9 | Temperature versus resistance for the FeO,Hx sample at 113 GPa. The negative T-R slope indicates that the sample is an
insulator. Data points were collected every 1second. The process of warming up from 80K to room temperature took around 60 minutes. Systematic
error for resistance is less than 1073 Q. We estimated 5% error in temperature, due to the temperature gradient from the thermal couple to the sample.
We conducted cryogenic experiments and measured the electric conductivity of FeO,H, synthesized at 113 GPa. The purpose of cryogenic experiments

is two-folded. First, we attempted to clarify whether FeO,H, is an insulator or a conductor at room temperature. Secondly, we check the connection of
4-electrode system. It is also known that compression shrinks the available space in the sample chamber. In the worst-case scenario, it might squeeze the
electrodes and shorts the circuit. This would lead to a fake metallized loop. In our cryogenic experiments, the insulating nature of the sample eliminates
the possibility of electrode contact contamination. These observations secured our measurements taken for the sample instead of touching the platinum
electrodes. The appearance of insulating FeO,H, would guarantee that the van der Pauw four probe system was working. Compared with laser-heated
measurements, data points collected in cryogenic experiments were controlled by a cryogenic cooling system. Two thermal couples were attached to the
exterior of the diamond anvil cell and the cell was immersed in a liquid nitrogen box. The temperature was completely equilibrated around 80K, before
we removed the liquid nitrogen. The cell slowly warmed up while we measured the resistance (R) from the sample at every second. According to lattice
thermal expansion of the sample, sample pressure in the cryogenic cycle is 113+ 5 GPa.
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