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Abstract

Nickel oxide (NiO) with bulk crystalline size is an antiferromagnetic insulator correlated strongly
with crystal structure. A reduction in crystalline size causes a change in the magnetic sublattice,
resulting in the appearance of ferromagnetic moments. Furthermore, in the nano crystals fabricated
in mesoporous silica, there is a lattice distortion at the unit cell level that brings about the change
in the magnetic property, suggesting a prominent magneto-structural correlation. We investigate
anisotropic compression effects on nanocrystalline NiO with a crystalline size (D) of 11.4 nm
to observe this remarkable magneto-structural correlation. Magneto-crystalline anisotropy is at
its maximum when negative contraction occurs. The negative contraction appears even in a bulk
crystal under non-ideal hydrostatic compression, and its anomalous structural change is suppressed

with decreasing D.
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I. INTRODUCTION

The history of nickel oxide (NiO) is long in both theoretical and experimental studies.
In 1958, Roth studied the magnetic structure of NiO together with transition metal oxides,
such as MnO, FeO, and CoO [1]. In 1964, Rodbell and Owen reported sublattice magne-
tization and lattice distortions in MnO and NiO [2]: The cubic structure of NiO changes
to a rhombohedral structure below the Néel temperature Ty (=523 K) as shown in Fig. 1.
The temperature dependence of unit cell volume for the family material MnO has been con-
firmed to exhibit rapid change at Ty (~120 K) [3]. In 1984, this strong magneto-structural
correlation in NiO was actively discussed from the viewpoint of either the band insulator or
the Mott insulator through theoretical studies [4-6] and photoemission measurements |7, 8].
Since then, there have been many theoretical studies, such as supercell local-density cal-
culation in 1986 [9], spin-polarized band-structure calculation in 1990 [9], Ab inito study
in 1994 [10] and 2000 [11], and quasiparticle band structure in 2009 [12]. Given this back-
ground, when spin polarization is not considered, the electronic state becomes metallic.
The spin polarization stabilizes the insulating state, indicating that the electronic state is
strongly coupled with antiferromagnetic magnetic ordering.

The effects of the aforementioned strong magneto-electro-structural correlation appear
more prominently in nano-size systems: The magnetic sublattice changes from a two-
sublattice structure to an eight-sublattice one, resulting in the appearance of ferromag-
netic moments [13, 14]. Some of us investigated the magneto-structural correlation in NiO
nanocrystals synthesized in mesoporous silica [15]: At approximately 3 nm, the rhombohe-
dral structure of the nanocrystals is severely strained, and both the elongation of the unit
cell along the [111] direction and the unit cell volume are at their maximum values. The
nanocrystals with the above critical size exhibit the largest magnetic anisotropy, accompa-
nying magnetic hysteresis and magnetic dynamics with energy loss. Thus, for large surface
ratios, the magneto-structural correlation effect is further stimulated.

We imagine that, if the structural modification is performed on nano-sized NiO, re-
markable changes in both crystal structure and magnetic properties would be expected.
The experimental knowledge observed should be valuable for understanding the magneto-
structural correlation of NiO in more detail. The detailed strategy of the present study is

to conduct the structural manipulation artificially for nanocrystalline NiO with the mean



FIG. 1: Crystal structure of NiO, displayed in both manners of face-centered cubic (fcc) and
rhombohedral unit cells to present two kinds of layers stacking along the [111] direction of the fcc
lattice. Considering the antiferromagnetic spin structure, we should adopt the rhombohedral unit
cells displayed with red lines. For the sake of comparing our results with previous studies, however,
the hexagonal unit cell based on the rhombohedral system is displayed with green lines, and the

ratio of lattice constants, ¢/a, presents the elongation along the [111] direction of the fcc lattice.

crystalline size D of 11.4 nm, embedded in mesoporous silica with a pore diameter size of
approximately 7 nm, by the use of non-hydrostatic compression (i.e. “anisotropic compres-
sion permitting Poisson effect intrinsically”). The magneto-structural correlation is then
discussed. Further, the artificial structural change is also investigated for nanocrystalline
NiO with D = 8.6, 17.1, and 24.6 nm. The unique structural change under anisotropic com-
pression (Fig. 2(c)) observed is discussed through comparison with the bulk system under
“isotropic compression” (Fig. 2(a)) and “anisotropic compression” Fig. 2(b)).

For reference, there is a previous study on the effects of “anisotropic compression per-
mitting Poisson effect intrinsically” on perovskite LaMnOgs,s nanocrystals, with a crys-

talline size of 10 nm and rhombohedral symmetry, embedded in mesoporous silica [16].



Finally, the presented results for nanocrystalline NiO are compared with previous results
for nanocrystalline LaMnOg3, 5 to demonstrate the characteristic magneto-structural corre-
lation in nanocrystalline NiO. In addition, an anomalous phenomenon induced by strain-
accumulation, observed in NiO, is compared with a recent study on a severely strained

superconductor Nb [17].
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FIG. 2: (Color online) Compression style in bulk (a, b) and nanocrystalline (c¢) NiO crystals:

(a) Isotropic compression for bulk crystal realized by ideal hydrostatic compression (ideal case
realized by the DFT calculation), (b) anisotropic compression for bulk crystal realized by quasi-
hydrostatic compression (realistic case realized in the high-pressure experiment using a certain
pressure-transmitting medium (PTM)), (c) anisotropic compression permitting Poisson effect in-
trinsically for nanocrystalline crystal synthesized in mesoporous silica (realized in the high-pressure
experiment using a certain PTM). The nanoparticles in the one-dimensional pores were crushed
in the direction parallel to the silica walls. Given a rectangular coordinate system, there are two

manners, such as compression along two directions and elongation along a residual direction.



II. EXPERIMENTAL PROCEDURE AND CALCULATION

NiO nanocrystals were synthesized according to the procedure described elsewhere [15].
The NiO nanoparticles were synthesized in one-dimensional pores of mesoporous silica SBA-
15, which has a well-ordered two-dimensional hexagonal mesoporous structure. In the
present study, we used SBA-15 with a pore diameter of approximately 7 nm as a tem-
plate to equalize particle size during the fabrication of NiO nanoparticles. NiO powder
was synthesized from the precursor solution for fabrication of NiO nanoparticles, which was
an aqueous solution of (CH3COO0)sNi-4H;0. The powder obtained by drying the aqueous
solution was calcinated in an air atmosphere at 650°C. The average crystallite size was
estimated based on the peak positions and the full width at half maximum of the Bragg
peaks using Scherrer’s equation. It has been confirmed through the powder X-ray diffraction
(XRD) and transmission electron microscope (TEM) experiments that the average crystal-
lite size for nanocrystals is nearly consistent with the crystalline size D [15]. Their physical
properties at ambient pressure have already been reported elsewhere [15].

The AC magnetic susceptibility was observed using a superconducting quantum inter-
ference device (SQUID) magnetometer equipped with an AC option. The amplitude of the
AC field was 3.9 Oe and the frequency covered 1 to 100 Hz. Furthermore, the magnetiza-
tion (M) curve was measured at 7" = 5 K, and the coercive field H. was evaluated. High
pressure was attained using a piston cylinder cell made of CuBe [18]. Apiezon-J oil, as a
pressure-transmitting medium (PTM), was mixed with the sample (18.0 mg for the mixture
of NiO and SBA-15), and the pressure value was evaluated according to the calibration data
between the load value and low-temperature pressure estimated from the superconducting
transition temperature of lead [18]. Herein the pressure value estimated here corresponds
to the magnitude of pressure which SBA-15 receives.

XRD analysis was conducted under hydrostatic compression of up to approximately 30
kbar (= 3 GPa) at room temperature using a synchrotron radiation XRD system with a
cylindrical imaging plate at the Photon Factory (PF) at the Institute of Materials Structure
Science, High Energy Accelerator Research Organization (KEK) [19]. The wavelength of
the incident X-rays in the pressure experiment was 0.88444 A. Pressure was applied using a
diamond-anvil cell, which consisted of two diamond anvils with flat tips having a diameter

of 0.8 mm and a 0.3 mm-thick CuBe gasket. The bulk NiO powders, passed through a sieve



with an aperture of 20 ym or a mesoporous silica SBA-15 containing the NiO nanocrystals,
were contained in a sample cavity with a diameter of 0.4 mm, along with a ruby used as a
manometer and fluorinated oil (Sumitomo 3M Ltd., FC-77) or a 4:1 mixture of methanol and
ethanol as PTM. The magnitude of pressure (P) was estimated by measuring the fluorescence
of the ruby [20]. The structural parameters were estimated by Rietveld analysis [21]. The
experiment was performed at a room temperature lower than 7;. (=523 K). According to the
previous studies for bulk NiO [2] and nanocrystalline NiO [15], the XRD pattern at room
temperature is analyzed with the rhombohedral system.

Spin density functional calculations with plane-wave basis sets were performed using the
xTAPP code [22], where the ultrasoft pseudopotential [23, 24] and the generalized gradient
approximation of the exchange correlation potential were employed [25]. The cutoff energies
in the wavefunction and charge densities were 169 and 676 Ry, respectively, and the atomic
and cell parameters with given external pressure were optimized with a 6x6x6 k-point
sampling. The spin ordering is assumed to be type-II antiferromagnetic, and the unit cell
contains four atoms (two nickel and oxygen atoms). In the cell optimization with constant
cutoff energy, electronic kinetic energies were corrected to not generate artificial discontinuity
of the total energy due to the different basis set size [26]. We note that highly accurate
convergence of stress within 107 (atomic units per atom) is needed to obtain correct cell
parameters with given external pressure.

In this study, we target the pressure scale of the pressure experiment as approximately
below 2 GPa. Thereby, we use kbar as the unit of pressure instead of GPa to keep a valid

number of the pressure value.

III. EXPERIMENTAL RESULTS OF NANO-SIZED NIO

A. Magnetic measurement

Figure 3(a) shows the temperature dependence of the out-of phase of AC magnetic sus-
ceptibility x” of nanocrystalline NiO with D = 11.4 nm at f = 1 Hz. The peak temperature
of x” is evaluated as a magnetic blocking temperature Tg. At f = 1 Hz, Ty hardly changes
at P of 2.7 kbar, and it prominently shifts for P > 6.2 kbar. The frequency dependence of

the inverse of Tp under pressure is shown against In(27f) in Fig. 3(b). The linear manner



in the so-called Arrhenius plot is reproduced with

ki
TiB = n(2nf) + In(n) (1)

where AF /kg is an activation energy, kg is the Boltzmann constant, and 7 is a pre-factor.
Figure 3(c) shows the pressure dependence of AE/kg: AE/kg exhibits the maximum at 3.5
+ 1.0 kbar. AF is proportional to effective magnetic anisotropy.

Figures 4(a) and 4(b) show the magnetization curve (a) and the pressure dependence of
the coercive field H. (b). As mentioned in Section I, the magnetic property for the bulk
NiO is antiferromagnetic. The magnetic hysteresis seen in (a) originates in the blocking
phenomenon of the single-domain magnetic structure stabilized by the decrease in D. H.,
exhibits a maximum at 4 + 1 kbar, suggesting that there is a maximum in effective magnetic
anisotropy there. This is consistent with the change in AFE/kg, suggesting the possibility of
any structural change. In the next section, we investigate the crystal structure of nanocrys-

talline NiO with D = 11.4 nm, along with the other three nanocrystalline samples.

B. Structural analysis

Figure 5 shows the XRD profiles of the rhombohedral (012) plane for the NiO nanocrystals
with D = 24.6 (a), 17.1 (b), 11.4 (c), and 8.6 nm (d) under pressure. At first, we focus on the
shift of the peak position for D = 11.4 nm (see Fig. 5(c)). Careful observation shows that
the reverse change in peak shift occurs at P = 1.6-3.6 kbar. Similar phenomena are observed
at approximately P = 9.2 kbar for D = 24.6 nm and 3.6 kbar for D = 17.1 nm. At D = 8.6
nm, diffraction peaks monotonously shift toward the higher angle side. Figures 6, 7, 8, and 9
show the pressure dependence of structural parameters estimated in the hexagonal unit cell
based on the rhombohedral system for D = 24.6, 17.1, 11.4, and 8.6 nm, respectively. The
results on the unit cell volume V' are of direct help for imaging whether the unit cell expands
or shrinks under pressures. Herein, we define the characteristic pressure P, where V' exhibits
a temporal increase.

As shown in Fig. 6(b), for D = 24.6 nm, the unit cell volume V" exhibits a small increase
at around P = 7 kbar within the decreasing trend. The increase in ¢/a with a magnitude
of more than 1 % suggests elongation along the [111] direction of the fcc cell. As seen in

Fig. 6(a), ¢ tends to increase, while a decreases. The small increase in V' originates in the



down-and-up in c at P = P..

For D = 17.1 nm, both a and ¢ have a maximum at approximately P = 4 kbar (Fig. 7(a)),
so that V exhibits prominent maximum at P = P, (Fig. 7(b)). On the other hand, ¢/a keeps
the value of 2.449 4+ 0.004 (within 0.2 % of the average) (see Fig. 7(b)).

For D = 11.4 nm, ¢ decreases, while a exhibits a temporal increase below P = 2 kbar
(see Fig. 8(a)). Both seem to be constant for P > 10 kbar. As seen in Fig. 8(b), V' shows
a similar pressure dependence to that of a, and it has a maximum at approximately P = 2
kbar. Below 10 kbar, the unit cell shrinks along the [111] direction of the fec lattice.

For D = 8.6 nm, V decreases with increasing pressure, and there is a small change in the
slope at around 5 kbar (see Fig. 9(b)). There a has a maximum, while ¢ has a minimum
(see Fig. 9(a)). ¢/a has a minimum at this pressure. Nevertheless, V' continues to exhibit
monotonous decrease, and it does not exhibit a remarkable change in the pressure region up
to more than 20 kbar.

It is stressed that the manner of structural change in the unit cell level depends on the
crystalline size. The mechanism of the V' expansion also depends on the crystalline size.
Figure 10 shows the D dependence of the characteristic pressure P, for the temporal expan-
sion in the unit-cell volume. In the D region covered by the experiments of nanocrystals, P,
decreases with decreasing D as P, [kbar] = 0.43 x D [nm] - 3.43. The pressure value pro-
duced by DAC increases with decreasing temperature [27]. In each nanocrystal, anomalous
structure-change at liquid helium temperature will appear above P, estimated by the XRD

analysis at room temperature.

IV. EXPERIMENTAL RESULTS OF BULK NIO ~ ABOUT VOLUME EXPAN-
SION ~

We confirm whether the characteristic expansion of the unit cell at low pressure, observed
in nanocrystals with D > 11.4 nm, would occur in bulk crystal or not. Here, we prepare three
kinds of situations: (1) an experiment for quasi-hydrostatic (anisotropic) compression, (2)
an experiment for good hydrostatic (quite isotropic) compression, and (3) a DFT calculation
for ideal hydrostatic (perfectly isotropic) compression.

(1) Quasi-hydrostatic compression. We observed the change in the XRD profile of the

rhombohedral (012) plane at pressures up to P = 31 kbar in the case of using a transport



fluorinated FC77 as PTM. The behavior of bulk NiO observed there is similar to that for
the NiO nanocrystals with D = 24.6 nm. It is known that FC77 solidifies below 1 GPa
at room temperature [28], similar to the Apiezon-J oil used in the magnetic measurements.
When being pressurized at room temperature, isotropic compression is not guaranteed (i.e.
anisotropic compression is imaged in Fig. 2(b)). Below 5 kbar, its diffraction peak shifts
toward higher angle sides, whereas at approximately 5 kbar, the change in its peak reverses.
Above 7 kbar, it again exhibits systematical shifts toward higher angle sides. The structural
parameters of the hexagonal unit cell estimated on the basis of the rhombohedral system are
shown as a function of P in Fig. 11(a)-(d), along with the results of the other two situations.
For P < 6 kbar, the structural parameters a, ¢, and V decrease with increasing P, whereas
at approximately P = 7 kbar, all of them exhibit prominent jump. a/c only exhibits the
stagnation in its decreases with increasing P at around P = 4-7 kbar.

(2) Good hydrostatic compression. PTM is changed to a mixture of methanol and ethanol
with the ratio of 4:1 (abbreviated as ME) that maintains a liquid state in the considered
pressure region [29]. There it is expected that good hydrostatic compression close to an ideal
case could be realized. There is no anomalous expansion of the unit cell, and ¢/a hardly
changes with compression.

(8) Ideal hydrostatic compression. As for ideal hydrostatic compression, the DFT cal-
culation is conducted. All of a, ¢, and V' decrease linearly against pressure, and a/c keeps
a constant. They reproduce the trend of the change in lattice parameters observed in (2).
Thus it is noted that the unit cell expansion observed experimentally originates in anisotropic

compression maybe due to the change in viscosity or the solidification of PTM.

V. DISCUSSION

The pressure effects on bulk NiO had been investigated in terms of the magneto-structural
correlation by many scientists. The pressure region exceeded 100 GPa [30-32], and the
pressure transmitting medium (PTM) has variety including being not used. Indeed, their
interests have been paid to more than 10 GPa as presented in the maximum pressure of 8
GPa (NaCl as PTM) [33], 9 GPa (4:1 ethanol-methanol mixture) [34], 30 GPa [35], 67 GPa
(tungsten powders) [36], 141 GPa (4:1 ME) [30], and 280 GPa [31]. Recently the insulator-
metal transition in highly-compressed NiO without PTM was observed at 240 GPa [32]. We



stress that the structural change at pressures of below 1 GPa has never been investigated
in detail.

The preliminary DFT calculation for pressures of up to 50 GPa suggests that the rhom-
bohedral structure remains stable even for P < 50 GPa. The aforementioned temporal
expansion of the unit cell cannot be concluded as a simple structural change like the transi-
tion from cubic to rhombohedral. Anomalous unit-cell expansion should be discussed in the
frame of rhombohedral unit cells. It becomes unstable with decreasing the crystalline size as
shown in Fig. 10, and it vanishes at approximately 8 nm. It is imaged by watching the change
in the lattice parameters in the unit cell. For instance, in D = 8.6 nm for P < 10 kbar,
large contraction along the c-axis overcomes small elongation along the a-axis, whereas for
P > 10 kbar, contraction along the a-axis under keeping c constant determines the decrease
in V. An aspect of temporal unit-cell expansion for D = 11.4 nm was also observed via the
magnetic measurements, suggesting that it brings about the change in magneto-crystalline
anisotropy.

It had been known that the nanocrystalline NiO has a multi-sublattice different from
a two-sublattice, resulting in the appearance of large magnetic moments [13]. In the NiO
nanocrystals synthesized in mesoporous silica, at around 3 nm, the rhombohedral structure of
the nanocrystals is severely strained, and the unit cell volume has the maximum value [15].
There the magnetic anisotropy is greatest, suggesting the remarkable magneto-structural
correlation.

It is stressed that the spin system is strongly coupled with the crystal structure. The
change in magnetic properties such as AE and H. is more prominent than that in the crystal
structure. Effective magnetic anisotropy can become a window to observe the anomalous
unit-cell expansion. The detailed mechanism is not clear. We suppose that the spin-orbit
interaction might bring about the strong magneto-structural correlation.

Some of us had investigated anisotropic compression effects on LaMnOj3, s nanocrystals
synthesized in SBA-15 [16]. The nanocrystals with D ~ 10 nm consist of ferromagnetic
and antiferromagnetic particles. The structural system of LaMnOs,s is a rhombohedral
structure as well. The lattice constants were found to reduce anisotropically, and the values
saturated above a critical pressure. The magnitude of the change in ¢/a is comparable with
those observed in the present NiO nanocrystals. Both the ferromagnetic and antiferromag-

netic transition temperatures initially increased with increasing pressure and then remained

10



constant at around the critical pressure. The change in those transition temperature is
approximately 10 K. In previous literature, anisotropic stress was related with distortion
of the shape of the nanocrystals, which induces an increase in the lattice strain and the
anisotropic compression of the crystal structure. Now, in NiO, through the prominent unit-
cell expansion induced with anisotropic compression, we can modify the magnetic anisotropy
of magnetic nanocrystals.

Recently we have observed similar anomalous deformation in the unit cell in a supercon-
ductor [17]. In severely strained Nb under non-hydrostatic compression using such PTM
as FCT77, bee structure brings about non-isotropic deformation: In a pressure region, unit
cell volume hardly changes. At least along a direction, the lattice constant increases. This
experiment has a starting material that has heavy strain. The artificial compression by
pressure apparatus has more accumulated residual strain. However, the unit cell with high
symmetry cannot accumulate large strain forever. At a characteristic pressure, P,, the strain
is released, so that structural symmetry is lowered. The above structural change might be
seen often in the unit cell structure with high symmetry. In the case of NiO, the decrease
in D brings about the decrease in the capacity of accumulating strain, resulting in the de-
crease in P.. Fortunately, nanocrystalline NiO has ferromagnetic moments, and the release

of accumulated strain can be observed via magnetic measurements.

VI. CONCLUSION

NiO has strong magneto-structural correlation that induces ferromagnetic moments in
nano-sized crystals. The nanocrystalline NiO with D = 11.4 nm, synthesized in one-
dimensional pores, was compressed without stress in a direction parallel to the silica walls.
At low pressures, the magnetic blocking phenomenon peculiar to the single-domain magnet
is strengthened, and the coercive field in the magnetization curve is also enhanced. These
behaviors are related to the unit-cell expansion. Thus, the magnetic anisotropy of nano-sized
crystals can be modified by external stress. As a candidate, the enhancement of spin-orbital
interactions may trigger the increase in the magnetic anisotropy. Temporal unit-cell expan-
sion originates in non-hydrostatic compression, and indeed the bulk crystal also exhibits
similar change at around 7 kbar under similar circumstances. As the crystalline size de-

creases, the characteristic pressure for negative compression decreases, and the anomalous

11



negative contraction vanishes at approximately 8 nm. Thus, by utilizing unit-cell expansion,

we can increase the magnetic anisotropy of nanocrystalline NiO artificially.
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FIG. 3: (a) Out-of phase of ac magnetic susceptibilities x” of nanocrystalline NiO with D = 11.4
nm, (b) Arrhenius plot exhibiting the pressure change in the frequency dependence of the blocking
temperature T, and (c) pressure dependence of activation energy F/kg. In (a), the magnitude
of x” is normalized with the mass of the sample consisting of SBA-15 and NiO. The number
beside each pressure value in (a) and that beside each symbol in (c¢) indicate the measurement trial

number. The solid curves in (a) and (c) are guides for the eyes, and the solid lines in (b) express

Eq. (1).
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each pressure value in (a) and that beside each symbol in (b) stand for the order in which the

measurements were taken.
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FIG. 5: XRD profile of the rhombohedral (012) plane of nanocrystalline NiO with D = 24.6 (a),
17.1 (b), 11.4 (c), and 8.6 nm (d) under pressure. Only the profiles at around the characteristic
pressure P, are shown with the solid curves (the others are broken curves). The pressure value
was increased gradually up to the maximum. The expression of 0 kbar (A) represents the data at

ambient pressure after releasing the maximum pressure.
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FIG. 6: Pressure dependence of structural parameters such (a) lattice parameters a (red circle) and
¢ (blue triangle) and (b) unit cell volume V' (green square) and ¢/a (black hollow square) under
the rhombohedral structure for the NiO nanocrystals with D = 24.6 nm. For all data, error bars
are attached, whereas they are too small to visible. For each parameter, the characteristic pressure

related to anomalous lattice expansion is marked by a closed circle with the corresponding color.
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FIG. 7: Pressure dependence of structural parameters such (a) lattice parameters such (a) lattice
parameters a (red circle) and ¢ (blue triangle) and (b) unit cell volume V (green square) and
¢/a (black hollow square) under the rhombohedral structure for the NiO nanocrystals with D =
17.1 nm. For each parameter, the characteristic pressure related to anomalous lattice expansion is

marked by a closed circle with the corresponding color.
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FIG. 8: Pressure dependence of structural parameters such (a) lattice parameters such (a) lattice
parameters a (red circle) and ¢ (blue triangle) and (b) unit cell volume V (green square) and
¢/a (black hollow square) under the rhombohedral structure for the NiO nanocrystals with D =
11.4 nm. For each parameter, the characteristic pressure related to anomalous lattice expansion is

marked by a closed circle with the corresponding color.
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FIG. 9: Pressure dependence of structural parameters such (a) lattice parameters such (a) lattice
parameters a (red circle) and ¢ (blue triangle) and (b) unit cell volume V' (green square) and c¢/a
(black hollow square) under the rhombohedral structure for the NiO nanocrystals with D = 8.6 nm.
For each parameter, the characteristic pressure related to anomalous lattice expansion is marked

by a closed circle with the corresponding color.
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FIG. 10: Crystalline size dependence of P, that is a characteristic pressure for temporary volume

expansion of the unit cell. The solid lines for > 7 kbar stands for P, [kbar] = 0.43 x D [nm] - 3.43.
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FIG. 11: Pressure dependence of structural parameters such lattice parameters a (a), ¢ (b), ¢/a (c),

and unit cell volume V' (d) under considering the hexagonal structure based on the rhombohedral

structure in the case of using FC77 and ME as PTM. For reference, we also plot the DFT calculation

results assuming ideally isotropic compression. The lattice parameters under pressure such as a(P),

¢(P), and V(P) are normalized with those values at P = 0, respectively. In the DFT calculation,
22

a/c keeps a constant.



