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Pressure induced solid-solid reconstructive phase transition in LiGaO, dominated by ela

stic strain
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Pressure induced solid-solid reconstructive phase transitions for graphite-diamond, and wurtzite-rocksalt in
GaN and AIN occur at significantly higher pressure than expected from equilibrium coexistence and their transition
paths are always inconsistent with each other. These indicate that the underlying nucleation and growth mechanism
in the solid-solid reconstructive phase transitions are poorly understood. Here, we propose an elastic-strain
dominated mechanism in a reconstructive phase transition, f-LiGaO, to y-LiGaO,, based on in situ high-
pressure angle dispersive x-ray diffraction and single-crystal Raman scattering. This mechanism suggests that the
pressure induced solid-solid reconstructive phase transition is neither purely diffusionless nor purely diffusive,
as conventionally assumed, but a combination. The large elastic strains are accumulated, with the coherent
nucleation, in the early stage of the transition. The elastic strains along the (100) and (001) directions are too
large to be relaxed by the shear stress, so an intermediate structure emerges reducing the elastic strains and making
the transition energetically favorable. At higher pressures, when the elastic strains become small enough to be
relaxed, the phase transition to y-LiGaO, begins and the coherent nucleation is substituted with a semicoherent
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one with Li and Ga atoms disordered.
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I. INTRODUCTION

Solid-solid reconstructive phase transitions (PTs) abound in
nature. Understanding the underlying nucleation mechanisms
of the reconstructive PT at the atomic level is a key topic in de-
signing special function materials [1,2], geoscientific research
[3], and diamond synthesis [4,5]. Nevertheless, observing the
solid-solid PT in situ is a great challenge. In areconstructive PT,
the lack of group-subgroup relation between the phases causes
significant strains from the initial to the final phase. Hence a
priori apreferable way of mapping the positions from the initial
structure to the final becomes impossible [6]. Furthermore, the
solid-solid PTs are usually accompanied with elastic strains
generated by partial lattice misfits between coexisting phases,
making it more difficult to exactly calculate the total energy
for the phase transition [7,8]. Although several nucleation
mechanisms based on different intermediate phases in the
PT, wurtzite-rocksalt, were proposed through first-principles
calculations [9] and molecular dynamics simulations [10],
the underlying nucleation mechanism of the pressure induced
solid-solid PT still remains open. For instance, the actual
transition pressures for graphite-diamond [4,5,11], wurtzite-
rocksalt in GaN [9,12], and AIN [13-15] are significantly
higher than the calculated equilibrium coexistence pressure;
the transition path in pure GaN passes through a tetragonal
metastable configuration, while the wurtzite structure directly
transforms to the rocksalt phase at 5% of cation substitution
[16]. At low stress or hydrostatic pressure, the wurtzite CdS
is transformed to the rocksalt structure passing through a
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fivefold-coordinated intermediate structure, and at high stress
CdS directly transforms into the rocksalt phase [17]; however,
the wurtzitelike y-LiAlO, directly transforms to rocksalt-
like §-LiAlO, even at hydrostatic pressure of 3.7 GPa [18].
Stimulated by these open questions, we propose an elastic-
strain dominant mechanism in the solid-solid reconstructive
PT. Because of the underestimate or neglect of the elastic
strains, the calculated transition pressure is much lower than
experimental. At low stress, the appearance of the intermediate
structure can reduce the elastic strains at the solid-solid phase
interface making the transition energetically favorable; at high
stress, the external stress can directly relax the elastic strains.

During the pressure induced solid-solid PT, the transforma-
tion strain is the main geometric characteristic that transforms
the lattice of the parent phase into the product phase [19].
Especially, in reconstructive PT the transformation strains are
so large that the product and parent phase can coexist at a
large pressure range; meanwhile, the shear stress should be
generated if the elastic modulus between the parent and product
phase are different [20,21]. In the early stage of the solid-solid
PT, the nucleus is often formed via coherent nucleation at
the dislocations, where the coherent nucleation happens at
lower energy cost [22]. Consequently, large elastic strains are
accumulated due to the lattice misfits between the nucleus
and the parent phase; i.e., each lattice would be elastically
deformed with respect to what it would be when the other
phase was absent [20,23,24]. These large elastic strains in turn
reduce the driving force for the nucleation [19]. In this case, if
the elastic strains can be relaxed by the shear stress generated
by transformation strain and/or the external stress, the critical
nucleus can be formed and the PT occurs. Therefore, the transi-
tion y-LiAlO; to §-LiAlO; occurs even at hydrostatic pressure
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3.7 GPa [18], in good agreement with the calculated one,
3.1 GPa [25], as the elastic strains only along the (001) direc-
tion are small and can be directly relaxed by the internal shear
stress generated by the volumetric transformation strain (21%).
If the elastic strains are too large to be relaxed, an intermediate
structure will emerge and even higher pressure and higher
temperature will be required to relax the elastic strains. This
situation can be found in the phase transitions of the graphite-
diamond [26-28] and the binary semiconductors [12—15]. Ad-
ditionally, the relaxation mechanism of the elastic strains can
not only significantly affect the thermodynamics and kinetics
of the solid-solid transformation but also determine the type of
microstructure such as dislocation, twinning, and disordering.
In this work, we present the in situ quasihydrostatic and
nonhydrostatic compression studies in a ternary wurtzitelike
structure, $-LiGaO,, using angle dispersive x-ray diffraction
(ADXRD) and Raman scattering (RS) techniques at room
temperature. Due to the significant elastic strains, 8-LiGaO,
(orthorhombic, space group Pna2,) firstly transforms to an
intermediate deformed structure above 8 GPa so as to reduce
the elastic strains, and then to y-LiGaO, (tetragonal, space
group /4/m) at about 11.1 GPa. Finally, the cation-disordering
structure grows with further relaxing elastic strains.

II. EXPERIMENTS

High pressure was generated using a symmetric-type
diamond-anvil cell (DAC) with 400-pum culets. The homo-
geneous samples or single-crystal plate were loaded in a
100-um hole which was drilled in a T301 steel disk indented
to about 30 um thickness. An ethanol-methanol mixture (1:4)
and NaCl were used as the pressure transmitting medium
for quasihydrostatic and nonhydrostatic, respectively. The
pressure was determined by the ruby fluorescence method
with an error of 0.1 GPa at lower pressure and an error of
less than 0.5 GPa at the highest pressure [29]. The ADXRD
measurements were performed at the 4W2 beam line of the
Beijing Synchrotron Radiation Facility (BSRF, China). A Si
(111) monochromator was used to tune the synchrotron source
with a wavelength of 0.6199 A. The incident x-ray beam
was focused to approximately 26 x 8 um? full width at half
maximum (FWHM) spot by a pair of Kirkpatrick-Baez mirrors.
The two-dimensional diffraction patterns were taken by a
Mar345 image plate detector and analyzed with the program
FIT2D [30]. The single-crystal high-pressure Raman scattering
experiments were carried out on a custom-built confocal
Raman spectrometry system in the backscattering geometry
based on triple grating monochromator (Andor Shamrock
SR-303i-B, EU) with an attached EMCCD (ANDOR Newton
DU970P-UVB, EU), excitation by a solid-state laser at 532 nm
(RGB laser system, NovaPro, Germany), and collection by a
20x, 0.28 NA objective (Mitutoyo, Japan).

II1I. RESULTS AND DISCUSSION
A. Structure of 8-LiGaO, under pressure: ADXRD results

Representative high-pressure ADXRD patterns are shown
in Fig. 1(a). During quasihydrostatic compression, the starting
B-LiGaO, phase persists up to 11.1 GPa and several new
peaks appear at 11.4 GPa, clearly indicating the onset of a
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FIG. 1. (a) ADXRD patterns for 8-LiGaO, at different pressures
at room temperature. The red asterisks mark the new peaks of
y-LiGaO;; (b) detailed ADXRD patterns of the (110) and (011) peaks;
(c) pressure dependence of the (110) and (011) peaks’ positions.

PT. The transition pressure is much higher than the calculated
one, 3.7 GPa [31]. The new peaks dominate the ADXRD
spectra at 15.9 GPa, suggesting the completion of the PT. It
is worth noting that the two dominated peaks of (110) and
(011) exhibit abnormal compressive behaviors at the range of
8—11 GPa [Figs. 1(b) and 1(c)]. With increasing pressure, the
(110) plane remains unchanged while the (011) plane shows
slight discontinuous compression, indicating that 8-LiGaO,
undergoes structural deformation before PT. The two typical
ADXRD patterns at 2.4 and 11 GPa and their Rietveld
refinements of both are presented in Fig. 2(a). Both of them
can be indexed with the orthorhombic structure (space group
Pna2y) [32]. The refined unit-cell parameters for these phases
are a = 5.3687(4) A, b = 6.3114(5) A, and ¢ = 4.9562(3) A
at 2.4 GPa and a = 5.28708) A, b = 6.1655(4) A, and ¢ =
4.8312(8)10\ at 11.1 GPa. The noticeable pressure induced
changes in the relative peak intensities of (110), (011), (210),
and (201) are mostly attributed to the variation of the oxy-
gen atom position. All the new diffraction peaks remain
after releasing pressure from 22.2 GPa, revealing that the
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FIG. 2. (a) Rietveld refinements for S-LiGaO, at 2.4 and
11.1 GPa, respectively; (b) Rietveld refinement for the quenched
y-LiGaO,; insets represent the atomic structures.
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FIG. 3. (a) Pressure-dependent lattice parameters of 8-LiGaO,;
(b) volume changes under high pressure for 8-LiGaO, and y-LiGaO,
are fitted to a third-order Birch-Murnaghan equation; the blue dots
represent experiments done with an ethanol-methanol mixture (1:4)
as the pressure transmitting medium and the red asterisks represent
experiments with NaCl; (c) Pressure dependence of d spacing of

(201)g and (101),; (d) pressure-dependent lattice parameters of
y-LiGaO,.

pressure induced PT is irreversible. This high-pressure phase
can be indexed with a tetragonal structure, y-LiGaO,, with
cation disordered (space group 14/m) [33,34]. The quenched
ADXRD pattern and the Rietveld refinement are presented
in Fig. 2(b). The refined unit-cell parameters of y-LiGaO,
are a = 2.8723(3) Aandc = 4. 1691(9) A,in good agreement
with our previous results in large-volume press experiments
[35]. During nonhydrostatic compression, $-LiGaO, shows
similar behaviors (see the Supplemental Material [36]).
Figure 3 shows the evolution of lattice parameters with
increasing pressure. The compression of S-LiGaO, is non-
isotropic, the a axis being the less compressed and even ex-
panding above 9 GPa [Fig. 3(a)]. Interestingly, at the transition
pressures, 11.4—14 GPa, 8-LiGaO, becomes uncompressible
in the a axis while y-LiGaO, shows anomalous expansion both
in the a and c axes [Fig. 3(d)]. Figure 3(b) shows the relative
unit-cell volumes of both phases as a function of pressure in
quasihydrostatic and nonhydrostatic conditions. We analyzed
the volume changes in the quasihydrostatic condition using
a third-order Birch-Murnaghan equation of state (EOS) in
the normal range [37]. The obtained bulk modulus By and
its pressure derivative B’ for 8-LiGaQ, are 58.3(4) GPa and
4.5(5), respectively. The value of By is well consistent with
the value of resonance-antiresonance measurement, 60 GPa
[38], and is smaller than the calculated ones, 80 GPa [31] and
95GPa [39]. The bulk modulus, By, and its pressure derivative,
B’, for y-LiGaO, are 127.2(6) GPa and 3.8(3), respectively.
The obtained bulk modulus, By, is smaller than the calculated
value, 164 GPa [31]. It is worth noting that the volume
compression reaches up to 17.8% from B- to y-LiGaO,.
This large volume change and the big difference in By will
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FIG. 4. (a,b) Lattice strains for §-LiGaO, and y-LiGaO, with
increasing pressure; (c,d) pressure dependence of the microscopic
elastic strains for 8-LiGaO, and y-LiGaO,.

generate significant shear stress in the solid-solid interface,
which in turn plays an important role in softening the material.
Figure 3(c) shows that the (101) plane of y-LiGaO; is coherent
with the (201) plane of B-LiGaO,. Because of the different
plane distances, d(201)g < d(101),,, the two planes are sub-
jected to a stress imposed by the other phase. As a result, each
phase is elastically deformed with respect to what it would be
when the other phase was absent. Thus d(201)4 expands while
d(101), contracts. These elastic strains are magnified in the
unit-cell volume.

InFig. 4, we present the evolution of the lattice strain and the
microscopic elastic strains. We specify two lattice strains in the
orthorhombic $-LiGaO;, a/b and c¢/b, and one lattice strain in
the tetragonal y-LiGaO,, c/a. The microscopic elastic strains
can be derived from the Scherrer equation, deconvoluting
grain size and the microscopic strain effect on the diffraction
linewidths [40],

1\ 2
Qupkicosth)* = (E) + o2sinOp, (1)
where 2wy, denotes the full width at half maximum (FWHM)
on the 26 scale of the reflection (hkl). The symbols d, A, and
o denote the grain size, x-ray wavelength, and microscopic
strains, respectively.

Before the PT, the two lattice strains increase linearly with
increasing pressure. Interestingly, the lattice strain a /b starts to
increase steeply at 9 GPa and is locked at 11.1 GPa [Fig. 4(a)].
At this point, we can infer that 8-LiGaO, is transformed
into an intermediate structure by expanding along the (100)
direction. Above 11.1 GPa, the lattice strain ¢ /b shows a drastic
decrease, suggesting that the intermediate structure transforms
into y-LiGaO, through contraction along the (001) direction.
Meanwhile, huge microscopic elastic strains are generated
above 8 GPa [Fig. 4(c)], indicating that the intermediate
structure is coherent with 8-LiGaQ,. The elastic strains should
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FIG. 5. (a) Typical Raman spectra of B-LiGaO, at different

pressures. The red asterisks denote the occurrence of the intermediate

structure; (b) pressure dependence of the Raman modes in both
structures.

be even larger if -LiGaO,; directly transforms to y-LiGaO,.
At the transition pressures, the lattice strain c¢/a in y-LiGaO,
decreases swiftly [Fig. 4(b)], suggesting that the great elastic
strains remain in the high-pressure phase and are relaxed by
some mechanism. In the energetic crystal [CH, — N(NO»)]4
(HMX), the internal stress generated by the transition strains
can cause virtual melting along the interface at the temperature
significantly below the melting point [19,41], which leads to
release of the internal elastic strains. For -LiGaO,, the great
transition strains (17.8%) and the significant difference in the
bulk modulus should generate significant internal shear stress,
which will soften the solid-solid interface and cause the cations
to be disordered, and then relax the elastic strains [Fig. 4(d)].

B. High-pressure Raman scattering study of single -LiGaO,

The length scales and the time scales of the nucleation
process are equivalent to the vibrational frequency of atoms, so
in situ high-pressure Raman scattering can shed more light on
the atomic picture during the PT. In 8-LiGaO,, since 16 atoms
exist in the cell, there are 48 modes in total. Removing the zero-
frequency pure translation along x, y, or z at the Brillouin-zone
center, we can retain the optical modes: I' = 11A; 4+ 12A; +
11B; + 11B,. The Raman spectra from ambient to 20 GPa
are depicted in Fig. 5(a). Five strong Raman modes can be
followed during compression. Our previous study showed that
these five modes can be assigned as A;V, A|® A|® A@),
and A;® [42]. Upon pressure increase, the high-frequency
modes shift to higher frequency while the lowest mode A"
shifts to lower frequency [Fig. 5(b)]. This negative shift is
considered as a common characteristic of the quasiacoustic
mode among binary and ternary wurtzite semiconductors [43].
The A;® and A|®, A;™®, and A|® cannot be distinguished
above 7.5 GPa. Concurrently, a new broad peak emerges at the
shoulder of A;®, suggesting that a new structure has formed.
Above 15 GPa, all the Raman modes disappear, suggesting
that the transition to the Raman silent y-LiGaO, is completed.
These high-pressure behaviors are consistent with the ADXRD
studies.

Raman shift (cm™) Pressure (GPa)

FIG. 6. Evolution of the Ao and Ao modes at varying pres-
sures; (a) Lorentzian fits for the Ajro and Ao modes at different
pressures; the red asterisk represents the new peak of the intermediate
structure; (b) Raman shift of the A o and A1 o modes as a function of
pressure; the red asterisks represent the new peak values, associated
with the intermediate structure; the inset is the atomic displacement
for the two modes in the (100) and (100) directions.

The A;® and A;® modes at 494 and 502 cm™! exhibit
an interesting behavior, as clearly shown in Fig. 6(a). Below
7.5 GPa, the A;® mode increases its intensity while the
A;® mode decreases it. Finally, the A;® mode disappears at
7.5 GPa. A lattice-dynamical study shows that the A;® and
A;® modes can be identified as Ao and Ao, respec-
tively [39]. In Fig. 6(b), we draw the atomic displacement
for A;® and A;®. For Aito, the Li and Ga atoms, and
the O; and Oy atoms move in antiphase along the (100)
direction. For Ao, the Li and Ga atoms all mainly move
in phase along the (010) direction. Also, the O; and Oy atoms
move in phase but opposite to the Li and Ga atoms. Upon
compression, the distances between the Li and Oy atoms and
the Ga and Oy atoms get shorter. Therefore, the frequencies
of the Ajro and Ao modes increase with increasing pres-
sure. New bonds form along the (010) direction above 7.5
GPa as a consequence of the a/b strain increasing, which
leads to the disappearance of the related A; o mode. Thus
the Ajto becomes the strongest Raman mode and shows a
discontinuity in frequency, which suggests that 8-LiGaO,
transforms into an intermediate structure. Above 11.1 GPa, the
PT to y-LiGaO, starts with the structure contracted along
the (001) direction. Finally, the Ao mode disappears when
the PT is completed at 15 GPa.

C. Mechanism of elastic-strain dominated solid-solid PT

We first consider the standard classical analysis of ho-
mogeneous coherent nucleation in solids. The transformation
criterion for solid-solid PT in elastic materials can be presented
as follows [44,45]:

AG =(Ag + Ag)V +yS <0, 2

where Ag, is the positive elastic-strain energy per particle
volume caused by the transition strain and coherent misfit
strain, A g, is the negative chemical free-energy density change
which is the driving force for the PT, y is the interfacial
free-energy density, V is the volume of the nucleus, and S
is the surface area of the nucleus.
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FIG. 7. Mechanism of the structural transformation from S- to
y-LiGaO;; the small arrows in the intermediate structure show the
directions to which the internal atomic coordinates are shifted. The
coherent (201)g and (101), planes are presented before and after the
transition.

For the pressure induced reconstructive PT in 8-LiGaO,,
our studies show that the coherent nucleation occurs at the early
stage, accompanied with huge microscopic strains. With the
nucleus growing, great elastic-strain energy Ag, is generated
due to the big lattice misfits between the nucleus and the parent
phase, which in turn inhibits the phase transition. Then the
nucleus will be locked at an intermediate structure. With the
pressure increasing, Ag, becomes smaller and the chemical
free-energy | A g, | increases, and then the incoherent nucleation
will occur if the elastic strain can be relaxed by the shear stress
generated by the transformation strain and/or external stress.
In this case, the criterion for solid-solid PT in 8-LiGaO, can
be rewritten as

AG =(Age — Ags + Ag)V + (¥in —¥o)S <0, (3)

where Ag, is the positive shear strain energy per particle
volume caused by the transition strain and/or external stress,
¥in 18 the incoherent interfacial free-energy density, and y, is
the coherent interfacial free-energy density.

Now, we present the changes of atomic configuration in
B-LiGaO; during the PT. Figure 7 shows the positions of the
atoms in the initial 8-LiGaO, structure (left), the intermediate
structure (middle), and y-LiGaO; structure just after the trans-
formation (right). There are two necessary strains a/b (100)
and ¢/b (001) during the reconstructive PT from B-LiGaO,
to y-LiGa0;. In the early nucleation process, 8-LiGaO, first
undergoes local coherent distortions that bring the oxygen
atoms into an appropriate stacking sequence in the (201) plane
and form new bonds along the (010) direction, which leads to
the disappearance of the A o mode and expanding along the
(100) direction. Then the y-LiGaO, nucleus begins to form

via coherent nucleation based on (101),,//(201)4. Because the
distance of (101), is larger than (201)g, they are elastically
deformed with respect to what it would be when the other
phase was absent; i.e., the (201) expands and (101),, contracts.
These elastic strains will cause significant elastic-strain energy
Ag. between the nucleus and the parent phase, which will
inhibit the growth of the y-LiGaO, nucleus. Therefore, the
system stays in the coherent intermediate structure. At higher
pressures, when these elastic strains become small enough to be
relaxed by the shear stress, the cation and oxygen atoms begin
to move in opposite direction and then the y-LiGaO, nucleus
grows through incoherent nucleation with the Li atoms and Ga
atoms disordered.

IV. SUMMARY

The pressure induced reconstructive PT in -LiGaO, was
investigated through in situ high-pressure ADXRD and Raman
scattering experiments. $-LiGaO; transforms into y-LiGaO,
at about 11 GPa via an intermediate structure accompanied
with significant elastic strain. We propose an elastic-strain
dominated mechanism to elucidate the underlying process
governing the nucleation and growth in solid-solid recon-
structive PT. In the early stage, the new nucleus is formed
through coherent distortion. This deformation leads to huge
elastic strains with the nucleus growing, which in turn inhibits
the phase transition. The elastic strains are too large to be
relaxed by the shear stress generated by the transition strain
and/or the external stress. As a consequence, an intermediate
structure emerges to reduce the elastic strain at the solid-solid
phase interface making the transition energetically favorable.
At higher pressure, the elastic strain becomes smaller and can
be relaxed by shear stress. Then the PT to y-LiGaO, begins
and the coherent nucleation is substituted with a semicoherent
one with the Li and Ga atoms disordered.
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