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Hexagonal AgszYClg was found to transform into a new phase by applying pressure above ~1.5 GPa via a
diamond anvil cell. In situ XRD analysis revealed that the phase is monoclinic AgsYCls. The bulk modulus of
the hexagonal and monoclinic phases was 37 GPa and 49 GPa, respectively. Computational investigations

also supported this phase transition and bulk modulus. After releasing pressure from 2 GPa, the diffraction
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Introduction

High-pressure chemistry in compressive matter is expanded
by X-ray diffraction (XRD) techniques with a diamond anvil
cell (DAC) and computational chemistry." The phase
transition of simple chlorides, such as NaCl and AgCl, has
been studied for model systems, which transformed above 30
GPa (ref. 2) and 6.6 GPa, respectively.” Higher pressure of the
Na-Cl system brings metal-rich subchlorides, such as Na,Cl
and NasCL* Moreover, the physical properties of simple
chlorides under high pressure have been recently explored,
such as the thermal conductivity of NaCl (ref. 5) and the ionic
conductivity of AgCL.°

On the other hand, the high-pressure chemistry of ternary
or more complex chlorides has yet to be explored, lacking the
fundamental understanding primarily because of the
experimental difficulty owing to the hygroscopic nature of
chlorides. By changing the charge balance with cations with
valence, complicated and defective structures afford
structural variety and exciting properties.

Among ternary chlorides, alkali-metal yttrium chlorides
construct rather complicated structures because of the rather
large trivalent Y** (0.90 A (ref. 7)) producing YCls octahedra
similar to NaClg ones but cation vacancies and/or distortion
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peaks of hexagonal AgszYCle were detected, indicating the reversibility of this phase transformation.

are essential to maintain charge balance. Na3;YCls presents
two polymorphs at ambient pressure, namely, monoclinic
and hexagonal. The hexagonal structure is a low-temperature
phase with low density, while the monoclinic one is a high-
temperature phase with high density.® As a result, the phase
transition by increasing temperature decreases the volume.®
Zirconium-doped Na;YCls analogous to the monoclinic Nas-
YCls phase has also been studied as an ionic conductor,"®
and Li;YClg with a variety of defective rock-salt structures
shows high ionic conductivity.'"**

Given the similar ionic radii of Ag" (1.00 A) and Na* (0.99
A), it is not surprising that the known structure of Ag;YCl, is
isostructural with the hexagonal form of Na;YCle.'*> However,
no observation has been made for Ag;YCls being isostructural
with the monoclinic Naz;YCls, which could potentially
function as an Ag ion conductor, akin to the Na;YCls
counterpart. While it is known that heating the hexagonal
Ag;YClg leads to phase transformation at 350 °C, the
resulting phase remains unsolved."*

In this study, we showed, for the first time, that high-
pressure phase transformation converts hexagonal Ag;YClg to
the novel, monoclinic Ag;YCls with the aid of synchrotron
XRD and atomistic calculations.

Experimental and computational
methods

All operations in the experiment were performed under non-
atmospheric conditions without exposure to moisture using
an Ar-filled glovebox. After mixing AgCl and YCl;, hexagonal
Ag;YClg was synthesized by heating at 800 °C for 3 hours,
cooling to 300 °C at 250 °C h™", and annealing at 300 °C for
10 hours.

This journal is © The Royal Society of Chemistry 2024
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For in situ XRD measurement under pressure, the
synthesized hexagonal Ag;YCls was pressurized in a diamond
anvil cell using helium gas as the pressure medium. The
pressure-induced phase transition was investigated on
BL10XU for the diamond anvil cell (DAC) at SPring-8
(approved numbers: 2022A1323 and 2023A1385)."> The
wavelength was 0.4127389 A, and the size of the X-ray beam
6.5 micrometers vertically and 9.5 micrometers
horizontally. Three pieces of rubies were installed in the
DAC. The applied pressure was calculated from the average
of the pressures obtained from three ruby fluorescence
measurements placed in the sample chamber of the DAC.
The pressure medium was He gas, and a hydrostatic pressure
of approximately 0.1 to 6 GPa was applied.

For ex situ XRD measurement, hydrostatic pressure was
applied to the synthesized Ag;YCls at 2 GPa using a multi-
anvil cell. The measurement was performed under ambient
pressure after the release of the pressure.

We used PreFerred Potential (PFP)'® version 4.0.0 with D3
correction with the aid of the atomic simulation environment
(ASE)" to optimize crystal structures and evaluate the bulk
modulus. The initial crystal structures of hexagonal and
monoclinic Na;YClgs were retrieved from the Inorganic Crystal
Structure Database. After the isomorphic substitution of Na
with Ag, structure relaxation was performed without external
pressure until the maximum force became less than 0.001 eV
A, The optimized structures were used as inputs for
structure optimization under different hydrostatic pressures
until the maximum force became less than 0.02 eV A™. The
enthalpy H was computed from the volume V and the total

was
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energy E of the structures optimized under the pressure P,
using the relation H = E + PV. Density functional theory (DFT)
calculations were also conducted to assess the density of
states using VASP version 6.2.1 at the optimized structures
obtained by PFP. DFT calculations were performed by
employing the PBE functional along with the D3 correction. A
cutoff energy of 520 eV was employed. The k-point sampling
was carried out using the Monkhorst-Pack method with a 20
X 20 x 20 grid.

Results and discussion

The XRD patterns of the synthesized products showed the
diffraction of hexagonal Ag;YCls and residual AgCl. The
lattice parameters of the synthesized hexagonal Ag;YCl, were
determined to be a = 6.8822(10) A and ¢ = 18.338(3) A, which
are consistent with the previously reported values (a =
6.8669(14) A and ¢ = 18.3050(50) A)."*

Upon the application of hydrostatic pressure, a clear
phase transition was observed around 1.5 GPa in the in situ
XRD pattern (Fig. 1a and S1t). All the peaks except for AgCl
can be assigned to the monoclinic phase, which is
isostructural with monoclinic Na;YCly (Fig. 1b). The intensity
of the diffraction peaks did not match the simulated
intensity. This can be attributed to the focused micro-sized
beam that acquired only a specific position of the crystalline
powder and could not obtain the information on the
averaged structure.

The application of pressure has led to the broadening of
the peak, as shown in Fig. 1a. This can be attributed to 1)
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Fig. 1 Phase transition of hexagonal AgszYClg under pressure. a) In situ XRD patterns of AgszYClg under hydrostatic pressure (1 = 0.412739 A). b)
Comparison of the XRD pattern of hexagonal AgsYClg under 2.0 GPa and the simulated pattern of monoclinic AgsYCle.'®
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more inhomogeneous pressure detected in the differences of
the Raman spectrum of ruby crystals (Table S17), 2) lattice
strain-induced broadening, and 3) lowering of the crystallite
size by large volume shrinkage during the phase
transformation from the hexagonal structure to the
monoclinic structure. Above the pressure of 6.5 GPa, no other
distinct phases are observed except for AgCl. This can be
attributed to the formation of a low-crystalline or amorphous
phase. While pressure-induced amorphization has been
reported in various metals, oxides, and van der Waals'
solids, amorphization under high pressure in ionic
compounds such as chlorides is rare. AgCl and NaCl do not
undergo a phase transition into an amorphous phase at
pressures below 16.1 GPa. Thus, further study is necessary to
clarify this transition.

From the results of in situ XRD measurements, the lattice
parameters at each pressure of monoclinic Ag;YCls and
hexagonal Ag;YCls were determined (Tables S2 and S37).
Fig. 2a illustrates the pressure-dependent change in lattice
volume for the monoclinic structure isostructural with Naj-
YCls and hexagonal phases. Despite minor differences in
lattice parameters, the slope of experimental data aligns with
that of computational values. The experimentally determined
bulk modulus was 37 GPa for hexagonal Ag;YCls and 49 GPa
for monoclinic Ag;YCls. Meanwhile, atomistic simulations
determined the bulk modulus to be 32 GPa for hexagonal
Ag;YClg and 49 GPa for monoclinic Ag;YCls. The agreement
between the experimental and simulated values implies the
reliability of the bulk modulus. The lower bulk modulus of
hexagonal Ag;YCls can be attributed to the Ag split sites in
the low-density hexagonal Ag;YCle.

The phase transition of hexagonal Ag;YCls
rationalized by calculating its enthalpy relative to monoclinic
Ag;YCls under varying pressures, using an atomistic
simulation technique (Fig. 2b). At lower pressures, the
hexagonal structure was more stable than the monoclinic
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form, aligning with experimental observations that identify
the hexagonal structure as the stable phase under ambient
conditions. As the pressure increased, the enthalpy difference
between the two structures decreased linearly. Fig. 2b reveals
that the monoclinic structure surpasses the hexagonal
structure in stability beyond a pressure of 1.29 GPa. This
indicates that the theoretical phase transition pressure is
1.29 GPa, remarkably consistent with the
experimentally determined phase transition range of 1.0-1.6
GPa (Fig. 1a).

Here, we discuss the crystal structures and phase
transition. The crystal structures of the hexagonal and
monoclinic phases are shown in Fig. 3. Because we could not
experimentally determine the atomic position of the
monoclinic cell, the proposed monoclinic structure is the
calculated one (Table S4t), which is supported by the volume
change shown in Fig. 2. Monoclinic Ag;YCls has a cryolite-
type structure, isostructural with monoclinic NazYClg. This
monoclinic structure is composed of two silver (Ag) sites,
three chlorine (Cl) sites, and one yttrium (Y) site. The Ag at
the Ag; site has a disordered tetrahedral shape with four-
coordination, while the Ag at the Ag, site has an octahedral
shape with six-coordination of AgCle. Y also takes a six-
coordinated YClg octahedron. By the calculation, the shortest
Ag—Cl bonding in the monoclinic cells is 2.62 A, which is
shorter than that in the hexagonal cells (2.68 A).

The occupancy of Ag is the primary difference between the
crystal structures of the hexagonal and monoclinic phases. In
the hexagonal structure, the Ag occupancy of Ag; and Ag,
sites is 0.5, whereas in the monoclinic structure, the Ag
occupancy of all the Ag sites is 1. Consequently, the
monoclinic structure is denser, supporting the phase
transition from hexagonal to monoclinic with increasing
pressure.

Because Ag;YClg and NazYClg are isostructures, we
can expect that the phase transformation of Ag;YCls is
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Fig. 2 a) Pressure-dependent lattice volumes of hexagonal AgszYCls and monoclinic AgsYClg (experiment: circle, simulation: triangle). b) Pressure-
dependent calculated enthalpy of hexagonal AgsYCle relative to the monoclinic phase.
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Monoclinic AgzYClg

Fig. 3 Crystal structure models of hexagonal and monoclinic AgzYClg. In the monoclinic phase, the Ag occupancy of Agl and Ag; sites is 0.5. The
crystal structure of the monoclinic phase was optimized by atomic simulation at 0 GPa and was drawn using VESTA.X®

similar to that of NazYClg in a previous report.” During
phase transformation, the positions of atoms at the Y
and Ag; sites in the hexagonal phase and the Y and
Ag, sites in the monoclinic phase do not change
significantly.” On the other hand, the partially occupied
Ag; and Ag, sites in the hexagonal phase are largely
different from the Ag; sites in the monoclinic phase,’
indicating that the phase transition is correlated with
the migration from the partially occupied positions to
the fully occupied position.

This phase transformation likely resulted in changes in
the electronic structure properties such as the band
structures. To demonstrate this, we assessed the density of
states (DOS) of hexagonal Ag;YCls and monoclinic Ag;YClg
using DFT calculations, as depicted in Fig. S2.f The
calculated band gap of 2.56 eV for the starting hexagonal Ag;-
YClg slightly decreased to 2.51 eV for monoclinic Ag;YCls.
Given that the band gaps are composed of covalent Ag-Cl
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Fig. 4 Ex situ XRD patterns of AgzYCle before and after pressurization
using CuKa radiation.
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bonds, the reduction in the band gap can be attributed to the
shorter bonding in the monoclinic cell.

To investigate the reversibility of the phase
transformation, we carried out ex situ XRD analysis for
samples before and after pressurization of 2 GPa. As
shown in Fig. 4, both samples show the patterns for
hexagonal Ag;YCls. Because 2 GPa is above the phase
transition pressure shown in Fig. 1 and 2, Ag;YCls should
be transformed into the monoclinic phase, but only the
hexagonal phase was observed after applying 2 GPa under
ambient pressure, suggesting that the transition is
reversible. The diffraction peaks of the hexagonal phase
significantly broadened compared to the peaks before
pressurization. This can be attributed to the crystalline
strain and/or reduced crystallite size. The crystal sizes
obtained before and after pressurization from the 102
peaks using Scherrer's formula were 51.9 and 26.5 nm,
respectively.

Conclusion

By using in situ and ex situ XRD with different pressures
together with computational investigation, we showed that
novel monoclinic Ag;YCls can be obtained by pressure-
induced phase transformation of monoclinic Ag;YCls. The
low-pressure  stable phase of hexagonal Ag;YCls
transformed into the high-pressure stable phase of
monoclinic Ag;YCls above ~1.5 GPa. The monoclinic Ags-
YCls phase could not be detected under atmospheric
conditions, suggesting the backward transition to the
hexagonal Ag;YCls phase. The bulk modulus of hexagonal
Ag;YClg was lower than that of monoclinic Ags;YCle.
Further increase in pressure above 6 GPa diminished the
diffraction peaks of Ag;YCle.
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