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Local electronic structure rearrangements and
strong anharmonicity in YHs under pressures up to
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The discovery of superconductivity above 250 K at high pressure in LaH;q and the prediction
of overcoming the room temperature threshold for superconductivity in YH;o urge for a
better understanding of hydrogen interaction mechanisms with the heavy atom sublattice in
metal hydrides under high pressure at the atomic scale. Here we use locally sensitive X-ray
absorption fine structure spectroscopy (XAFS) to get insight into the nature of phase tran-
sitions and the rearrangements of local electronic and crystal structure in archetypal metal
hydride YH3 under pressure up to 180 GPa. The combination of the experimental methods
allowed us to implement a multiscale length study of YHs: XAFS (short-range), Raman
scattering (medium-range) and XRD (long-range). XANES data evidence a strong effect of
hydrogen on the density of 4d yttrium states that increases with pressure and EXAFS data
evidence a strong anharmonicity, manifested as yttrium atom vibrations in a double-well
potential.
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n recent years, a breakthrough in the field of high-temperature

superconductivity (SC) has been achieved due to the discovery

of a new class of materials, where the critical temperature for
superconductivity (T,) exceeds 200 K. This includes the so-called
superhydrides: LaH,, with T.=250 K12, YH, with T, =241 K3,
YHg with T.~ 220 K34 as well as SH; where T. =203 K°. These
are phonon-mediated superconductors, where the mechanisms
determining superconductivity are conceptually well understood.
Furthermore, there is a possibility that room and even higher T.
can be reached®’ (during the review process of this paper,
achieving T, =285 K at P ~ 270 GPa in the ternary C-S-H-system
has been reported®, see also comments by Lv et al.®). However,
this progress has been achieved at the cost of the application of
very high pressure. Typically, some 150-200 GPa are required,
which can be attained by the diamond anvil cell (DAC) techni-
que. These findings, together with advances in development of
computational methods (see Flores-Livas!? for the review), prove
the concept that high T, can be attained in systems containing
light elements (which promote high frequency of the lattice
vibrations)—hydrogen being an extreme case!l. However, it is
unclear how hydrogen under high pressure interacts with the
sublattice of heavy atoms in metal hydrides at the atomic scale.

Here, we address this fundamental but open question of how
hydrogen affects and reconstructs the yttium ionicity and local
crystal structure under high pressure through a study of stoi-
chiometric YH; as an archetypal metal hydride. This composition
is of particular interest for several reasons. First, it has as much
hydrogen (in atomic percentage) as SH; does—a superconductor
with an extremely high critical temperature of 200 K, remaining
stable up to 400 GPa (the highest studied)!?. Second, at ambient
pressure, a transition from metallic to insulating state occurs on a
change of the composition from YH, to YH; with concomitant
structural transition from fcc to hcp arrangement of Y atoms!3.
Under compression, the compound transforms back to fcc metal
at pressures of 8-20 GPal4 The high-pressure fcc phase, which
has hydrogen located in the octahedral and tetrahedral interstices
(Fm3m space group), is predicted to become a superconductor
with T, =40 K at P=17.7 GPa, which is the record low external
pressurel® for predicting superconductivity in hydrides!©.

However, superconductivity has not been observed
experimentally®17 (moreover, at 18 GPa the material does not
even adopt the expected fcc structure).

Several questions also arise concerning how the pressure-
induced insulator-metal (IM) transition occurs. While infrared
(IR) transmission spectrum collapses at 23.5 GPal®, electrical
resistivity gradually decreases and only reaches values typical for a
metallic state at~40 GPal”. The structural hcp — fcc phase
transition, although falling within this range, does not seem to
have an evident correlation with the IM transition. It also appears
to be sluggish with an intermediate state spanning the range from
8 to 20 GPa according to XRD datal41%20, The Raman signal that
is observed above 20 GPa?1:?? contradicts the centrosymmetric
Fm3m structure observed by XRD and predicted in the
calculations!®. Similarly, for the hcp structure the Raman mea-
surements at ambient pressure23 exclude the existence of a cen-
trosymmetric P3cl structure reported from neutron diffraction
studies?42>. Several models have been proposed to reconcile this
contradiction, which assume local distortions of the crystal lattice.
Meanwhile, both the nature of the insulating state and its exact
structure, including the hydrogen subsystem, are still under
debate?>26,

We used locally sensitive X-ray absorption fine structure
spectroscopy (XAFS) to clarify the features of the phase transitions
in YH; under pressure and, most importantly, understand the
hydrogen influence on the local electronic and spatial structure
rearrangement under high pressure.

Accurate determination of the hydrogen positions in hydrides
using the experimental XAFS (EXAFS - extended X-ray absorp-
tion fine structure + XANES - X-ray absorption near edge
structure) technique is a challenging task because the photo-
electron scattering amplitude for hydrogen is too small. None-
theless, hydrogen affects the structure, leading to lattice
rearrangements that can be detected by EXAFS as a variation of
the local interatomic distances between metal atoms?’-30 or
changes in the local density of unoccupied states that can be
probed by XANES?!-33. However, XAFS has not been used to
study hydrides at ultrahigh pressures until recently because strong
Bragg diffraction originating from the conventional single crystal
diamond anvil cells (DAC) that are used to generate pressure
introduces spike-like peaks called “glitches” into EXAFS spectra,
making the latter almost impossible to analyze. However, the
appearance of Nano Polycrystalline Diamond (NPD) anvils in the
field of high-pressure EXAFS has revolutionized the activity with
a tremendous increase in the data quality, resulting in glitch-free
spectra3*3°, The advantage of NPD anvils has since been con-
firmed in high-pressure XAFS studies of different compounds in
a number of works36-38 and the highest pressure above 300 GPa
was achieved in the Re metal studies®. However, until now, there
have been no attempts at XAFS studies of hydrogen-containing
compounds under pressure. We fill this gap and present the
high pressure XAFS data of the YH; hydride obtained using
nanodiamond anvils#0:41,

YH; was the best option for the first XAFS studies among the
metal hydrides considering that at the Y K-edge (17,038 eV) the
absorption of diamond anvils can be neglected. At that moment,
LaH;, the highest-temperature superconductor, was not optimal
because of strong X-ray absorption in diamond at the La L;-edge
(5483 eV). In addition, the synthesis of LaH;, required high
pressure of hydrogen at high temperature!, such as of YHs and
YH,3, which may be accompanied by strong diffusion of
hydrogen into nano-pores of nano-diamonds*2. In the future, we
plan to overcome these problems by using pulsed laser heating in
the synthesis process, and we hope that an increase in X-ray
intensity by more than an order of magnitude after the European
Synchrotron Radiation Facility (ESRF) upgrade in 2020 will allow
us to measure L;-La XANES spectra.

Thus, the goal of this study was to get insight into the nature of
the hep-fec phase transition and to clarify the role of hydrogen in
the local electronic and crystal structure rearrangements in YHs,
including cardinal yttrium charge changes, under pressure up to
180 GPa using XAFS spectroscopy, combined with X-ray dif-
fraction (XRD) and supplemented with resistivity and Raman
spectra measurements.

This combination of experimental methods have allowed us to
implement a multiscale length study of YH;: XAFS (short range),
Raman scattering (medium range), and XRD (long range). New
Raman scattering and resistivity measurements allowed us to
extend the previously available data, which covered a limited
pressure range up to 40 GPal®#19-21 These new data com-
plemented our careful X-ray (XRD, EXAFS, XANES) experi-
ments, and lead to a deeper understanding of the effect of strong
anharmonicity and local structure distortions in YH; under
pressure.

Results

We undertook two pressure runs, S1 and S2, using anvils with
culet size 60 and 150 um, in which XAFS spectra, combined with
XRD, were measured. Pressures of 176 GPa and 93 GPa have been
achieved, respectively (see the samples description in the Methods
section). We obtained glitch-free X-ray absorption spectra (XAS)
at the Y K-edge for YH; with high signal-to-noise ratio up to
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Fig. 1 Pressure-dependent XAS and XRD of YHs. a The normalized X-ray absorption spectra of YH3, measured above the Y K-edge at different pressures
up to 176 GPa; b The pressure dependence of the X-ray diffraction patterns for YHs.
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Fig. 2 The crystal structure of YHs. a Pressure dependence of the interatomic distance R(Y(0) — Y(1)) = a/ﬁ, (a is the lattice parameter) for fcc YH3
obtained from XRD versus Y K-edge EXAFS data; b Crystal structure of fcc YH3 phase. Y(0) and Y(2) denote yttrium atoms in the corners of the cube,
while Y(1) atoms are in the centers of nearest faces and Y(3) atoms are in the centers of the neighbor faces. Small white balls mark hydrogen atoms H; in

tetrahedral positions and yellow ones - H, in octahedral positions.

16.5A~1 in momentum space. The XAS spectra of the S1 and
S2 samples were normalized following the conventional proce-
dure, as presented in Fig. la (the initial spectra are shown in the
Supplementary Note 1).

Our XRD data (see Fig. 1b and Supplementary Note 2), which
were obtained concomitantly with the XAFS measurements,
confirm the previously reported hcp — fcc phase transition with
an intermediate state between 8 and 20 GPa!419:20, In addition,
the Raman data (see Supplementary Note 3) can be interpreted as
the appearance of intermediate C2/m-type structure in the range
20-40 GPa attributed to the consecutive Peierls distortions?! in
accordance with the theoretical prediction?3,

The pressure dependence of the lattice parameter for fcc YH;
structure, obtained from the combined XRD and EXAFS data, is
presented in Fig. 2a. The pressure dependences of the lattice
parameter obtained by these independent methods, sensitive for
the long range scale and the local scale, are in good agreement.
The crystal structure is shown in Fig. 2b, where the X-ray
absorbing yttrium atom is pointed as Y(0).

XANES results. The experimental Y K-edge XANES spectra of
YH; (samples S1 and S2) measured at pressures up to 176 GPa
are compared in Fig. 3a with the XANES spectrum of yttrium foil.
The impact of pressure can be seen in both the XANES spectra
and their first derivative, which exhibit three main features that
are denoted as A, B, C in Fig. 3b.

The X-ray absorption cross-section at the Y K-edge arises from
the electric dipole transitions 1s— 5p,np*%. The feature B is
attributed to the multiple scattering contribution and shows a
small energy shift of ~2.5 eV to higher energies which is typical
for other compounds under pressure>® and attributed to a
decrease in the lattice parameter. The feature C arises from the
appearance of the first EXAFS oscillation combined with multiple
scattering features and shifts with pressure to higher energies in
accordance with the increase in the EXAFS frequency at the
lattice compression.

Our full-multiple-scattering calculations of XANES for yttrium
metal foil are presented in Supplementary Note 4 and suggest that
yttrium atoms, which are located in the first coordination shell of
the absorber, produce the main contribution to the experimental
XANES. In addition, the analysis of partial densities of states
(DOS) indicates that the shoulder located at the absorption edge
~17040 eV can be ascribed to the transition to the hybridized
state composed of p(Y) and d(Y) orbitals. Upon compression, the
ionicity of YHj is decreased and a significant amount of electronic
charge is transferred back to the Y atoms*3.

Thus, we attribute the shift of feature A of the yttrium
absorption edge (E4) on the absolute energy scale (Fig. 3a, b) to a
change of the effective charge of yttrium ions in YH;. The edge
position shifts to the lower energies by ~5.5 eV upon increasing
pressure, which suggests a decrease of the yttrium ion charge.
Note that the edge position also changes abruptly upon phase
transition from hcp to fcc YH; phase ~20-30 GPa (Fig. 3c). This
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Fig. 3 Pressure-dependent XANES spectra of YH3. a Pressure-dependent Y K-edge XANES spectra of YH3. The XANES of yttrium foil at normal pressure
(dashed line) is shown for comparison, and the position of its edge is indicated by the vertical dashed line. b The first derivative of the normalized XANES
spectra shown in a; ¢ Pressure dependence of the Y K-edge shift AE, relative to its position in the hcp phase.

can be related to the transition at high pressure to a more
conductive state with de-localized electrons (i.e., the insulator-to-
metal transition), which efficiently screens the positive charge of
the 1s(Y) core-hole during the photoabsorption process and thus
reduces the electron binding energy at high pressure.

This large energy shift of the yttrium absorption edge is
observed for the first time. It can be presumably related to the
cardinal change of the density of 4d(Y)-state from 4d° to 4d!, due
to the approach of the hydrogen atom H, to yttrium atom upon
compression. Thus, we believe that Y(4d')H, complexes are
formed at high pressure by analogy with LaH;32, where hydrogen
atom captures an electron from La ion and forms a two-electron
singlet states as an anion H™.

Resistance and Raman scattering data. Several separate pressure
runs were undertaken where resistance as a function of pressure
and temperature was measured for both YH; and YD;. Both
isotopes behave identically. Similar to previous datal’, at room
temperature we observe about four orders in magnitude drop in
resistance between ~10 and ~40 GPa. However, we do not con-
firm the maximum in R(T) at 50 GPa, reported in Matsuoka
et al.1”. From our data, resistance monotonically decreases until it
reaches a minimum ~100-120 GPa, it then slightly increases up
to the highest pressure studied (Fig. 4a). The semimetal-type
behavior of resistance as a function of temperature holds until
~40 GPa, which is followed by a transition region spanning over
20 GPa where the resistance-versus-temperature curves exhibit

random not reproducible behavior similar to that observed in
Matsuoka et al.l”7. The metallic-type behavior appears above
~50 GPa (Fig. 4a, insets). We have not found superconductivity in
YH; at pressures up to 180 GPa and temperatures down to 5K,
which agrees with the results by Kong et al.3.

In the Raman scattering studies, we observed a monotonic shift of
the Raman modes up to pressures of 190 GPa (see Fig. 4b). The
intensity of the peaks in the Raman spectra decreases mono-
tonically, and their width increases with an increase in pressure to
80 GPa (Fig. 4c). In the range of 80-100 GPa, the spectral curves
are almost completely smoothed out, but at pressures above
110 GPa the Raman modes emerge again as pronounced narrow
intense peaks in the spectra. Additional information concerning
Raman scattering is presented in Supplementary Note 3.

EXAFS results. Some typical EXAFS functions y(k)k? and their
Fourier transform (FT) moduli for YH; samples S1 and S2
at room temperature at different pressures are shown in Fig. 5.
The Fourier transform undergoes significant changes during
the phase transition from the hcp to the fcc phase at ~20 GPa
(compare curves at 16 and 39 GPa). The main FT peak at 2-4 A,
corresponding to the first yttrium Y(0)-Y(1) shell, is split into two
peaks in the hcp phase (0 and 16 GPa) but merges into one peak
in the fcc phase (39 and 93 GPa). The pressure range from 31 to
93 GPa is characterized by the strong increase in the amplitude of
the Y-Y FT peak and its shift to shorter distances. As the pressure
increases from 110 to 176 GPa, the Y-Y FT peak splits again into
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two peaks at shorter distances with considerably smaller
amplitudes while remaining in the fcc phase according to the
XRD data.

In addition to the RT measurements, we studied a temperature
effect in the fcc phase at 39 GPa by cooling the sample down to
10 K. The use of the advanced analysis approach based on the
reverse Monte-Carlo (RMC) method*> with an evolutionary
algorithm (EA)#® (Supplementary Note 5) allowed us to extract
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the temperature dependences of the pair radial distribution
function (PRDF) gy y(R) and the mean square relative displace-
ment (MSRD) ¢%(Y-Y) for the first nearest Y(0)-Y(1) coordina-
tion shell (Fig. 6). In addition, the MSRD (blue open square) for
the first yttrium shell in fcc YH; phase at 93 GPa and 300K is
shown for comparison in Fig. 6b. It is worth noting here that the
MSRD of the first Y-Y shell for 93 GPa is essentially less than for
39 GPa, which points to a more ordered structure.
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As one can see from Fig. 6a, b, the amplitude of the PRDF
increases while the MSRD of the first Y(0)-Y(1) shell decreases
when the temperature decreases from 300 to 80 K. The MSRD
behavior can be described by the Einstein harmonic model?” as
o? =02, + %écoth [9%], where 02,
disorder, ®; denotes Einstein’s characteristic temperature, kg
denotes Boltzmann constant, and y denotes the reduced mass of
the Y-Y atom pair.

However, at 10 K, the MSRD experiences a sharp jump from
the harmonic curve by ~0.003 A2, even exceeding the amplitude
of thermal vibrations 07 at 300 K. This points to an anomalous
increase in the amplitude of thermal vibrations with a decrease in
temperature. This low-temperature anomaly in the temperature
dependence of MSRD indicates strong anharmonicity, similar to
that observed earlier in high temperature superconducting
cuprates®¥->0, BaBiO;-based superconducting oxides®!*2, and
Fe-based HTSC?3, which was successfully explained by vibration
of oxygen ions in a double-well potential.

To take an anharmonicity into account, we treated the Y K-edge
EXAFS spectra of YH; for 39 GPa at 10K in real space in
the strong anharmonicity approximation, as in Menushenkov and
Klementev®2 (see Supplementary Note 6) using the VIPER
program®, and we obtained the shape and the parameters of
the potential for Y atom vibrations in the first Y(0)-Y(1)
shell (Fig. 7). The resulting potential includes the combination
of double- and single-well potentials, similar to that in
Bay 6Ko4BiO3°2. Moreover, the analysis has shown that the shape
of the PRDF for 39 GPa at all the other temperatures, including
300K, also differs from the Gaussian one, which is typical for
harmonic oscillations. Therefore, we used the strong anharmoni-
city approximation in the treatment of the EXAFS spectrum,
measured at room temperature, and to determine the shape and
parameters of the vibration potential, as shown in Supplementary
Note 6.

The PRDFs of the first Y(0)-Y(1) shell in the pressure range
from 1 to 176 GPa, obtained for samples S1 and S2, are presented
in Fig. 8a. The PRDF peak is split in the hcp phase (curves for 1
GPa and 16 GPa), while the splitting is absent in the fcc phase, in
which the amplitude of the peak increases with an increase in
pressure and the position shifts towards shorter distances. At the
same time, the MSRD is growing for all three nearest Y-Y shells
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Fig. 7 Strong anharmonicity in YHs. The results of the Y K-edge EXAFS
spectra treatments for YH3 at 39 GPa and 10 K. a The raw experimental
(black) and filtered (red) EXAFS function y(k)k? after back Fourier
transform (BFT) in the real-space range (2.2-3.8 A) with the model
(green); b The Fourier transform (FT) modulus of EXAFS function y(k)k2
(black) and the result of fitting (green) of the first Y(0)-Y(1) shell in the
real-space range (2.2-3.8 A); ¢ The double-well and single-well potentials
(blue solid curves) of Y atom vibrations and their PRDF's (dark magenta)
for the first Y(0)-Y(1) shell. The resulting PRDF is shown in bold dark
magenta curves, the energy levels for the single-well potential are yellow,
and the energy levels for the double-well one are dark cyan.

upon an increase in pressure from 20 to 40 GPa (Fig. 8b). This
points to the local atomic rearrangement inside the fcc structure,
which may be related to the local C2/m- type distortions in this
pressure range.

The pressure increase in the range from 40 to 80 GPa is
characterized by a monotonous decrease in the MSRD of all three
nearest Y-Y shells around the absorbing atom Y(0), and a
simultaneous increase in the amplitude and a decrease in the
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Fig. 8 Pressure dependences of PRDF and MSRD. a The pair radial distribution function (PRDF) of the first Y(0)-Y (1) shell at different pressures up to 176
GPa; b The MSRD pressure dependence for the three nearest Y-Y shells around Y(0) atoms obtained for YHs samples S1 and S2.

width of the PRDF of the first Y(0)-Y(1) shell (Fig. 8a, b). It is
accompanied by the cardinal changes in the shape of the atomic
vibrational potential. At~80 GPa, two wells in the double-well
potential merge to a single one, and yttrium atoms vibrate in the
well-defined single-well (harmonic) potential shown in Supple-
mentary Note 6. Thus, in the range 80-100 GPa, we observe the
emergence of the most symmetric and ordered Fm3m (225)
structure in the fcc phase of YH;. This result is strongly
supported by the data of Raman spectroscopy, indicating the
complete disappearance of all Raman active modes for both the
vibrations of hydrogen and yttrium atoms (see Supplementary
Note 3). A further increase in the pressure from 110 to 176 GPa
causes a gradual decrease in the PRDF amplitude of the first Y(0)-
Y(1) shell along with a shift of its peak towards shorter distances
(Fig. 8a), while the MSRD increases for all three nearest Y-Y
shells (Fig. 8b). At very high pressures (176 GPa), the PRDF
maximum again splits into two peaks, which we attribute to the
recurrence of the double-well potential for yttrium atom
vibrations, as presented in Supplementary Note 6.

We would like to emphasize that the MSRD of the second
nearest neighbor Y-Y shell significantly exceeds the value not only
of the first, but also of the third ones (Fig. 8b). As can be seen
from Fig. 2b, the second nearest Y-Y shell, with radius equal to
the lattice parameter a, includes Y(0)-Y(2) and Y(1)-Y(1)
interatomic bonds, which strongly differ from Y(0)-Y(1) and Y
(0)-Y(3) ones because of the presence of the bonding hydrogen
atom H,. As a rule?®*> in the EXAFS studies, the MSRD
monotonously increases with as the interatomic distance
increases. Therefore, the observed anomaly is an additional
evidence of the effect of the hydrogen sublattice on the local
structure of the yttrium one.

Discussion

The multiscale length analysis of XAFS (short range), Raman
(medium range), and XRD (long range) data allowed us to get
insight into the nature of the phase transformations of the YH;
structure in the pressure range up to 180 GPa, concomitantly with
the local electronic and atomic structure rearrangements.

Given that YH; was predicted to be a superconductor with
rather high T, = 40 K at record low pressures of ~17 GPa in the fcc
phasel®, it could be placed into the same series together with other
yttrium hydrides, which exhibit superconductivity at much higher
pressures: T. ~ 90 K in the YH, phase at 120 GPa>?, 227 K in YHg
and 243 K in YH, at pressures above 200 GPa3. However, in YH3,
the relatively strong electron-phonon coupling (A = 1.516), which

is a prerequisite for superconductivity, results in crystal lattice
destabilization due to the Jahn-Teller (J-T) effect preventing
superconductivity, as we discuss below. The possibility of such a
scenario was mentioned previously for other materials®®>7.

The pressure-dependent Y K-edge XANES (Fig. 3a,b) indicates
that the compression of the YH; lattice is accompanied by a
reduction of the effective charge of yttrium ions and consequently
leads to the insulator-to-metal transition. This behavior of YHj is
attributed to the pressure-induced formation of the Y(4d)H,
complexes. The 4d'(Y2t) cations, which are formed above 20
GPa according to our XANES spectra, are J-T ‘active™$>%, Then it
is the J-T effect that may have led to the absence of super-
conductivity in YH;, opening up a pseudo-gap in the DOS at the
Fermi level due to the local distortions of C2/m- type at the
hcp — fec structural phase transition.

In more general terms, wondering why the seemingly promising
MeH,, hydrides do not exhibit superconductivity, one should
account for the charge balance between the metal and hydrogen
atoms as well as the disorder and phase purity®. In particular,
recent ab initio calculations indicate that when hydrogen atoms
approach heavy metal atoms in hydrides under compression, the
changes in the charge states arise for both metal and hydrogen
atoms®!, For example, it was reported that in LaH,, the electronic
states near Ep exhibit a strong hybridization of the La 4f and H s
orbitals, giving rise to a peculiar electrical charge characteristic of
anionic La and both anionic H; and cationic H, atoms®l.

EXAFS analysis has shown how the rearrangement of the
nearest local environment of yttrium occurs with increasing
pressure in the hcp — fcc phase transition region. Two yttrium
positions in the hcp phase gradually merge into one, which is
typical for the fcc phase, passing via the locally distorted nanos-
tructure of the C2/m- type while XRD data on the long rage scale
demonstrate the simple fcc structure. This manifests itself in the
form of an increase in the MSRD of the three nearest yttrium
coordination shells around the absorber atom (Fig. 8b), reaching
maximum values at pressures near ~40 GPa. This corresponds to
the completion of the hcp — fec transition.

We have revealed that thermal vibrations of Y atoms in YH;
are strongly anharmonic at all pressures, except for the range
80-100 GPa. We consider the Jahn-Teller effect of 4d'(Y2t) (J — T)
ions to be the origin of an anharmonicity because the Jahn-Teller
‘active’ 4d'(Y2T) ions are dynamically unstable, which creates
distortion in the cubic lattice®>>°.

The increase in pressure from 40 to 80 GPa leads to the
transformation of 4d!(Y2t) ions to the stable ones 4d%(Y!*) and
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the double-well potential disappears (see Supplementary Note 6).
Thus, we observe the most ordered fcc phase at a pressure range
80-100 GPa. The double-well potential appears again above
110 GPa (Supplementary Note 6), which is probably due to the
appearance of the next 4d3(Y?) unstable Jahn-Teller ions.

In the pressure range 110-176 GPa, our XRD data show the
appearance of partly unidentified XRD peaks (Supplementary
Note 2). However, taking into account the XANES data, indi-
cating the conservation of the fcc phase up to 176 GPa (Fig. 3),
and the recurrence of a double-well potential of yttrium oscilla-
tions from the EXAFS spectra (Supplementary Note 6), we believe
that the high-pressure structure should be associated with a
dynamically distorted fcc phase. Moreover, we observed the
appearance of sharp Raman hydrogen and deuterium modes in
YH; and YD3, respectively, with the predicted ratio 1.4 of fre-
quencies at high pressure (Fig. 4c) while the samples were
metallic (resistivity measurements data in Fig. 4a). This is an
intriguing phenomenon and requires further study. Therefore, it
cannot be ruled out that we have observed the starting process of
the phase separation with the appearance of a small amount of
nonmetallic Raman active phase (e.g. of C2/m- type) in the total
metallic sample volume with the fcc structure.

Thanks to the combined XANES and EXAFS studies, we
elucidated the nature of the hcp — fcc phase transition arising
through Peierles-like local distortions in the range of 20-40 GPa,
which is manifested by the appearance of the broad Raman lines
that are forbidden in the perfect fcc structure of YH; but allowed
in the theoretically predicted disordered structure C2/m*3. In the
pressure range 0-20 GPa, the phase hcp — fcc transformation of
YH; structure detected by XRD on the long range scale is not
completed. At ~20 GPa, the bandgap closes, but local distortions
of the Peierls type give rise to additional scattering centers, due
to which the resistance does not drop abruptly, but decreases
gradually reaching minimum value at ~100-120 GPa instead. At
both the medium range (Raman data) and short range (EXAFS
data) scale, the transition C2/m — fcc stretched up to ~50 GPa
accompanied with a gradual insulator-metal transition.

XANES analysis points to the pressure effect on the local
electronic structure of YH; via an increase in the density of
yttrium d — p hybridized states accompanied by a change of
formal yttrium valence from Y3+ to Y27, which is due to effect
of H™ anions and appearance of the dynamically unstable Jahn-
Teller ‘active’ 4d'(Y2™) ions. This allowed us to explain the charge
balance between the metal and hydrogen subsystems®®®! and the
strong anharmonicity that manifests itself as vibrations of yttrium
atoms in a double-well potential in our EXAFS analysis.

Anharmonicity is an important issue for understanding the
mechanisms determining superconductivity in hydrides!%:62-6>,
However, until now it has only been studied theoretically. For
example, in SH;, considered to be a strongly anharmonic super-
conductor by Errea et al.%2, the anharmonicity and quantum effects
lead to a high symmetry structure®® and to a 30% decrease in the
electron-phonon coupling®2. Besides, as it was pointed by Struzhkin
et al.%, the difference between experimental and calculated T, values
in YH4 may be due to strong anharmonicity and quantum effects, as
recently discussed for LaH |, in Errea et al.%. In all these cases, the
influence of strong anharmonicity was considered and attributed
mainly to the hydrogen vibration. We suggest that not only
hydrogen but also rare-earth ions vibrate in strongly anharmonic
potential, as we experimentally showed above in YH; from EXAFS.

In summary, we have demonstrated high efficiency of multi-
scale length analysis (XANES, EXAFS, XRD, and Raman scat-
tering) complemented by resistivity measurements for the
complex studies of metal hydrides under high pressures using
archetype metal hydride YH; as an example.

Taking into account the progress in the synthesis of LaH;,
YHg, YH, in nanodiamond anvils using pulsed laser heating and
an increase in the X-ray intensity of the ESRF by an order of
magnitude after the 2020 upgrade, in the next stage we plan to
study the La L;-edge XANES spectra of LaH;, and the Y K-edge
XANES and EXAFS spectra of YHg and YH,. This will make it
possible to establish a deeper understanding of the connection
between the local peculiarities of the electronic and crystal struc-
tures, and the mechanism of high-temperature superconductivity
in superhydrides.

Methods

Sample preparation and characterization. The YH; powder samples were syn-
thesized from 99.9% purity metallic yttrium by saturation with hydrogen under
pressure about 100 bar and temperature 200 °C. The stoichiometry was YH, g5(s), as
measured by the gravimetric method. The pressure was generated using the dia-
mond anvil cells equipped with nano-polycrystalline diamonds (NPDs)4041. Two
pressure runs, named samples S1 and S2, in which the single-bevel anvils with the
culet size of 60 and 150 pm, respectively, were undertaken. In both runs, the gasket
was made from MgO powder mixed with epoxy, which was confined into the steel
T301 holder and preindented down to 15 um thickness. The YH; sample about 1/3
of the culet in size was placed into the gasket hole with no pressure medium.

Given that the samples S1 and S2 were of different effective thickness, their
absorption coefficient y had different jump values at the K-edge of yttrium (see
Supplementary Note 1). The jump value of 0.5 for sample S2 turned out to be
almost two times greater than for sample S1 (0.3), so most measurements under
pressures up to 93 GPa were carried out on S2 run. With a further increase in
pressure and cooling down to 10 K the NPDs broke. Therefore, measurements at
higher pressures up to 176 GPa were carried out on sample S1. It should be noted
here that the results obtained on both samples in the pressure range 0-93 GPa
agree well.

The pressure was evaluated from the known equation of state (EOS) for
YH;(Supplementary Note 2). The lattice parameters of the sample were determined
from X-ray diffraction (XRD) data collected at 20 keV (1 = 0.62 A) before each
XAFS spectrum measurement. For sample S2, we performed the temperature-
dependent XAFS measurements in the temperature range 10-300 K. Pressure was
fixed as 39 GPa at room temperature and was not measured at low temperatures
because of the small angle aperture of the cryostat. Based on our previous
experience with this DAC design, we cannot rule out that at low temperature the
pressure increases by 5-10 GPa. Nevertheless, at room temperature, both before
and after the temperature run, the pressure was exactly the same: 39 GPa. Our XRD
data, Raman, and resistivity measurement results are presented in Fig. 1a, b and
Supplementary Notes 2 and 3.

XAFS technique. X-ray absorption spectra above the Y K-edge (17038 eV) were
collected at BM-23 microXAS beamline of European Synchrotron Radiation
Facility (ESRF, Grenoble, France)®® in transmission mode. The double-crystal Si
(111) monochromator was used for measurements, which allowed us to record
EXAFS spectra with a very high signal-to-noise ratio of up to 16.5 A1 in
momentum space. The energy step was 0.5V for XANES and 2 eV for EXAFS
measurements. For low-temperature XAFS studies, the nano-diamond anvil cell
was mounted in a liquid helium continuous flow cryostat with temperature control
of +1 K. To achieve maximum intensity and for higher harmonic rejection, a Pt
coated mirror system in Kirck-Patrick-Baez geometry inclined to 3.5 mrad was
used to focus the synchrotron radiation into a spot with a size of 5.7 um x 7.4 um
FWHM, which was less than the size of the sample. Processing of the EXAFS
spectra was carried using the ATHENA code®. Structural parameters were
extracted by the Reverse Monte-Carlo (RMC) technique®>4® and in the case of
strong anharmonicity we used the VIPER program package*. A brief description
of these methods for the EXAFS spectra treatment is given in the Supplementary
Notes 5 and 6. The XANES simulations for yttrium foil were performed within the
full-multiple scattering formalism by the ab initio real-space FDMNES code®8:6?,
and the results are presented in the Supplementary Note 4.

Data availability
All data supporting this study and its findings are available within the article and its
Supplementary Information or from the corresponding authors upon reasonable request.
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