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ABSTRACT

ARTICLE HISTORY

In situ X-ray diffraction and Raman scattering experiments using a
diamond anvil cell revealed that Im-3-type KSbO3 remains stable
up to 40.5 GPa with a bulk modulus K0 = 101.6 (7) GPa. Rietveld
structure refinements and mode Grüneisen parameters suggested
that the stability mechanism of this three-dimensional cubic
tunnel structure was attributed to the isotropic compression for all
types of Sb–O bonding in the unit of SbO6 octahedron. Isotropic
structure adjustment with external pressure reflected the nature
that Im-3-type KSbO3 model structure has a high ionic tolerance
with a change in the chemical pressure in the isomorphous
substitutions.
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1. Introduction
Isomorphous substitutions of model structures are widely applied to design the functional
materials in solid-state chemistry and crystal engineering. Im-3-type KSbO3 combined with
Pn3 and R-3-type KSbO3 are well-known model structures for the binary oxide materials.
Three structural skeletons have a unique and common SbO6 octahedron unit [1]. The
oxide materials consist of a big family with the composition changing from ABO3
[MSbO3 (M = Li, Na, K, Rb, Tl, and Ag), KBiO3, AgBiO3, BaOsO3, and KIrO3] [2–6], to ABO3.5
(Bi3Ge3O10.5) [7] and ABO3.667 (Bi3GaSb2O11, Bi3AlSb2O11, Bi2NaSb3O11, Bi3Ru3O11, La3Ru3O11, and Bi3Mn3O11) [8–13]. A large number of novel properties were harvested by the isomorphous substitution of cations, such as the photocatalysis of bismuthates [14,15], the
electrocatalysis of ruthenates [16], the photoluminescence of germanate [7], and the ion
conductivity of alkali metals [3,17], etc. In order to investigate the ionic tolerance and structural stability for these model structures, we employ the pressure variable to probe the
structural adjustment as isomorphous substitutions. In this work, high pressure in situ
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X-ray diffraction and Raman scattering measurements were carried out on the Im-3-type
KSbO3.

2. Experimental
The body-centered cubic KSbO3 sample used in this study was synthesized with a pistoncylinder apparatus at 2.1 GPa and 800°C for 2 hours, then at 700°C for 4 hours. The specimen was quenched subsequently to room temperature before the pressure release [2].
Analytical grade ilmenite-structured KSbO3 (Sigma-Aldrich) was used as the starting
material and sealed in a platinum capsule. The X-ray diffraction lines of the synthesized
specimen agree well with the reported body-centered cubic structure (SG: Im-3), and
accord with the systematic absences of reflection for h k l when (h + k + l) is odd [2].
Figure 1 shows the crystal structure viewed along the [111] direction. Pairs of SbO6 octahedron share one edge to form the unit of Sb2O10 clusters.
The high pressure experiments were carried out in a symmetric Mao-Bell-type diamond
anvil cell [18] with a flat 300-μm culet diamond. A hole with 100 μm diameter and 40 μm
thickness was used as the sample chamber, which was drilled at the center of the preindented T301 stainless steel gasket. The synthesized cubic KSbO3 crystal was ground
to fine powder and pressed into small pellets with the diamond anvils. A KSbO3 pellet
and a small ruby chip were loaded into the sample chamber. Two types of pressure-transmitting media Argon and the mixture of Methanol–ethanol–water (16:3:1) were used in
experiments.
In situ angular-dispersive X-ray diffraction (ADXRD) experimental measurements were
carried out at Beamline 4W2 of BSRF (Beijing Synchrotron Radiation Facility) and Beamline

Figure 1. Crystal structure of body-centered cubic KSbO3 viewed along the [111] direction.
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15U1 of SSRF (Shanghai Synchrotron Radiation Facility). The X-ray of wavelength 0.6199 Å
was used in both Beamlines. The detector in Beamline 4W2 is Mar-345, and in 15U1 is Mar165. The program Fit2D was used for data analysis. The collected diffraction rings were
integrated over the azimuthal angle to obtain a conventional one-dimensional diffraction
pattern as intensity vs. diffraction angle 2θ. The pressures of the experiment were calibrated with ruby fluoresce technique [19]. Additional, 1 wt% gold powder was mixed
with KSbO3 sample in the experiment of SSRF. The gold was used as pressure scale for
in situ measurement of the sample pressure [20]. Peak (111) and (200) of gold were
mainly used for the pressure calibration. The Rietveld refinements of the ADXRD patterns
were carried out using the GSAS-EXPGUI program package [21].
Micro-Raman spectroscopy was measured with an inVia Renishaw spectrometer. A solid
laser with the wavelength of 532.4 nm was irradiated to the samples. The size of the laser

Figure 2. Representative X-ray diffraction patterns of the body-centered cubic KSbO3 at high pressures.
In the compression, the peak positions move to higher angles, and the peaks broaden with an increase
in pressure. No new additional diffraction peak was observed.
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beam was 1–2 μm. Rayleigh scattering light was cut by a Rayleigh filter. Raman spectra
were collected with a standard CCD array detector. Each spectrum was collected with
the accumulation of two 20-second exposures, i.e. the total collection time of each spectrum is 40 (20 × 2) seconds. The wavenumber of the Raman shift was calibrated with single
crystalline silicon.

3. Results and discussion
Figure 2 shows the representative ADXRD patterns of the Im-3-type KSbO3 from ambient
pressure to 40.3 GPa. The patterns of high pressures are similar to that of the starting bodycentered cubic structure, although the observed diffraction peaks are obviously broadened and some weak peaks lose their intensity with increase in pressure. In the patterns
of 22.9 and 40.3 GPa, the Argon (111) diffraction peak was also observed and marked with

Figure 3. Rietveld refinement on the X-ray diffraction patterns of KSbO3 at ambient pressure and
40.3 GPa. The observed (crosses), calculated (solid line), and the difference (dotted line) curves are
shown on the same scale. Background is subtracted. Tick marks represent the calculated positions of
the diffraction peaks of the body-centered cubic KSbO3. The reflections of Ar are indicated by arrows.
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an arrow. Figure 3 shows the typical Rietveld refinement patterns at ambient pressure and
40.3 GPa. The initial atomic model was obtained from the reported body-centered cubic
structure [22]. Table 1 lists the refined fractional atomic coordinates, unit cell lattice
parameters, bond distances, and indices. The good reliability factors of the refinements
indicate that the three-dimensional (3D) tunnel structure of KSbO3 remains stable up to
40.3 GPa. Carefully observing the difference curves for the refinement at 40.3 GPa, we
found the difference curves corresponding to the 200 and 310 reflections are shifted to
a high angle, while those to the 110, 211, 222, and 321 reflections are shifted to a lower
angle. Based on the effect of uniaxial stress on the cubic sample [23], it means the
stress state was changing worse due to the solidification of pressure-transmitting
medium in the diamond anvil cell experiments. The effect of non-hydrostatic stress was
also reflected in the broadening of diffraction peaks with the increase of pressure (see
Figure 2). Figure 4 shows the relative change of the Sb–O and K–O bonding distances,
which was calculated by the formula (droom pressure − dhigh pressure)/d room pressure. The
linear variation of bonding distances indicates all kinds of Sb–O and K–O bonding
except the K2–O2 bonding that has a similar compressibility.
A Birch–Murnaghan equation of state (EOS) was chosen to fit all 51 data points,
3
P = K0
2
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Table 1. Structural parameters and refinement indices as determined from the Rietveld analysis of Im3-type KSbO3 at typical pressures.
Structural parameters of KSbO3 (Im-3, Z = 12) at typical pressures
0.1 MPa
10.5 GPa
19.9 GPa
A
9.6131 (1)
K1 (8c)
x, y, z
0.25
K2 (16f)
x, y, z
0.1459 (7)
Sb (12e)
X
0.8428 (2)
Y
0
Z
0.5
O1 (12d)
X
0.3702 (27)
y, z
0
O2 (24 g)
X
0
Y
0.3534 (13)
Z
0.2967 (16)
K1–O1 [x6]
3.590 (4)
K1–O2 [x6]
2.639 (3)
K2–O1 [x3]
2.930 (6)
K2–O2 [x3]
2.837 (8)
K2–O2 [x3]
3.448 (7)
Sb–O1 [x2]
1.960 (5)
Sb–O2 [x2]
1.945 (7)
Sb–O2 [x2]
1.957 (6)
Refinement indices
Rwp
5.6%
Rp
4.2%
2
18.4%
R (F )

30.3 GPa

40.3 GPa

9.3328 (2)

9.2027 (6)

9.0609 (6)

8.9040 (5)

0.25

0.25

0.25

0.25

0.1429 (4)

0.1389 (8)

0.1356 (6)

0.1323 (8)

0.8424 (3)
0
0.5

0.8419 (5)
0
0.5

0.8416 (4)
0
0.5

0.8414 (5)
0
0.5

0.3695 (28)
0

0.3689 (25)
0

0.3699 (27)
0

0.3697 (31)
0

0
0.3527 (14)
0.2957 (17)
3.483 (5)
2.558 (5)
2.834 (5)
2.765 (9)
3.382 (5)
1.910 (5)
1.884 (6)
1.909 (5)

0
0.3517 (14)
0.2948 (20)
3.433 (4)
2.518 (4)
2.784 (6)
2.744 (9)
3.379 (6)
1.890 (4)
1.856 (5)
1.891 (7)

0
0.3514 (22)
0.2941 (21)
3.383 (5)
2.477 (3)
2.743 (6)
2.719 (7)
3.365 (6)
1.8573 (5)
1.823 (6)
1.868 (6)

0
0.3508 (20)
0.2929 (23)
3.324 (3)
2.430 (2)
2.691 (5)
2.687( 7)
3.344 (6)
1.828 (4)
1.787 (6)
1.846 (5)

2.9%
1.9%
13.0%

9.3%
7.8%
19.4%

6.5%
5.0%
16.1%

2.6%
1.9%
20.3%

6

H. ZHAO ET AL.

Figure 4. The relative change of the bonding distances of the KSbO3 with increasing pressure. The
values were calculated by a fractional change of [(droom pressure − dhigh pressure)/d room pressure] in each
pressure.

where V0, K0, and K ′0 are the volume, the isothermal bulk modulus, and pressure derivative of the bulk modulus at zero pressure, respectively. Considering the non-hydrostaticity conditions in the sample chambers, which were induced by the solidification of
the pressure media of Argon above 1.4 GPa and methanol–ethanol–water (16:3:1)
above 10.5 GPa [24], The parameters of K0 and K ′0 in the third-order Birch–Murnaghan

Figure 5. Observed and calculated pressure–volume relationship of KSbO3. Filled and empty squares
represent the experimental data with the pressure media of Argon and Methanol–ethanol–water
(16:3:1) mixture, respectively. The solid curve is a fit using second-order Birch–Murnaghan EOS. The
estimated standard deviations of the unit cell volume (see Table 2) are smaller than the size of the
symbols.
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EOS were fitted with the fixed zero pressure volume V0 = 888.4 (3) Å3. We obtained the
bulk modulus K0 = 101.6 (7) GPa and its pressure derivative K ′0 = 4.85 (8). The bulk
modulus of 101.6 (7) GPa was slightly smaller than K0 = 109.6 (8) GPa as a hydrostaticity
condition with the K ′0 = 4. Figure 5 shows the experimental and calculated unit cell
volume of KSbO3 as a function of pressure. The solid line represents the theoretical
EOS of Im-3-type KSbO3. The fitted EOS is well in agreement with the empty
squares but has a clear deviation to the filled squares. This discrepancy indicates a
non-negligible effect of uniaxial stress in the sample chamber with an Argon pressure
medium.
The behavior of molecular and lattice vibrations under pressure contains useful information regarding structural stability. In this regard, we also carried out the high pressure
Raman measurements on Im-3-type KSbO3. The selected Raman spectra recorded at
ambient and high pressures are presented in Figure 6. At the ambient condition, a
total of 14 sharp Raman peaks are identified in the range 100–900 cm−1. They are
ascribed to the motion of the cations and SbO6 octahedron units. The internal vibration
modes of the SbO6 octahedron spanned the wavenumber range 450–700 cm-1. The

Figure 6. Representative Raman spectra of KSbO3 at ambient and high pressures.
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bending vibration modes and the lattice vibration modes of SbO6 octahedron and KO9–
−1
[25]. According to the
12 polyhedron spanned the wavenumber range 100–450 cm
relative intensities of the modes in the high and low wavenumber ranges, the Raman
modes at 644.7, 634.3, 560.8, 476.2, and 449.4 m−1 are assigned to the symmetric and
antisymmetic stretching of SbO6 octahedron. The Raman modes at 435.6, 375.0,
308.8, 240.6, 225.1, 202.6, 179.6, 142.0, and 130.0 cm−1 are associated with symmetric
bending, antisymmetic bending, and the lattice vibrations of SbO6 octrahedron and
KO9–12 polyhedron. Further identification of the Raman modes is difficult owing to
the lack of polarized Raman experimental data and theoretical calculations for Im-3type KSbO3 and other related antimonates. Under high pressures, all modes except
the 240.6 cm−1 mode shift to higher wavenumbers. The change of Raman intensity
for the internal modes is distinctly different with the increase of pressure. For the
shoulder peaks 644.7 and 634.3 cm−1, their intensity firstly became weak in the range
of 0–16.5 GPa owing to the splitting of the overlapping peaks, then became strong
with pressure above 16.5 GPa. The peak of 560.8 cm−1 has a marked decrease of intensity in the whole pressure ranges, while the peak 449.4 cm−1 maintains its constant
intensity to 40.5 GPa. The change of Raman intensity for the internal modes indicates
the distortion of SbO6 octahedron under pressures.

Table 2. The experimental pressure–volume data of Im-3-type KSbO3 using the media of Argon and
Methanol–ethanol–water (16:3:1) mixture.
Argon
Pressure (GPa)#
1 atm.
2.1 (1)
3.1 (1)
4.8 (1)
6.3 (2)
7.8 (2)
9.4 (2)
10.6 (2)
12.2 (2)
13.7 (2)
15.3 (2)
18.7 (2)
19.9 (2)
21.2 (3)
23.7 (3)
24.9 (3)
26.6 (3)
28.5 (3)
30.3 (3)
32.1 (4)
33.8 (4)
35.1 (4)
36.6 (4)
37.1 (4)
38.2 (4)
40.3 (4)

Methanol–ethanol–water (16:3:1) mixture
Volume (Å3)

Pressure (GPa)$

Volume (Å3)

888.4 (3)
872.8 (4)
862.2 (5)
847.6 (5)
835.0 (3)
824.6 (5)
816.7 (7)
812.9 (3)
809.6 (4)
804.5 (5)
794.1 (6)
785.2 (11)
779.3 (12)
774.7 (14)
764.5 (18)
760.6 (20)
753.9 (23)
746.6 (21)
739.0 (14)
731.8 (24)
724.4 (21)
721.5 (14)
714.8 (10)
713.6 (11)
710.6 (11)
705.9 (11)

0.1 (1)
0.8 (1)
2.2 (1)
2.5 (1)
2.9 (2)
3.5 (2)
6.7 (2)
6.8 (2)
7.8 (2)
8.9 (2)
10.3 (2)
10.8 (2)
11.1 (2)
11.4 (2)
11.4 (2)
11.6 (3)
12.2 (2)
12.9 (2)
15.0 (2)
16.1 (3)
16.9 (3)
18.6 (3)

885.6 (2)
882.0 (2)
866.4 (3)
866.1 (2)
861.0 (1)
851.8 (2)
839.7 (4)
833.5 (3)
827.5 (3)
820.9 (4)
818.9 (3)
814.3 (2)
812.6 (2)
810.6 (3)
809.0 (4)
804.0 (6)
802.8 (9)
800.3 (8)
794.4 (9)
787.7 (9)
779.0 (11)
775.4 (10)

Notes: The estimated standard deviations of the fitted unit cell volume are given in parentheses. The uncertainties of
pressure given in parentheses are estimated by the reading uncertainties of the R1 line of Ruby and the reflection
peaks (111) and (200) of Gold standard, respectively. The # and $ symbols represent the Ruby and Gold pressure
scales, respectively.
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Table 3. Observed Raman modes, their pressure dependences (dνi/dP), and mode Grüneisen
parameters γi of Im-3-type KSbO3.
Wavenumber (cm−1)
Vibrational mode

0.1 MPa

20.5 GPa

40.5 GPa

dνi/dP (cm−1/GPa)

γi

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Strong, Shoulder
644.7
717.6
771.5
3.36
0.53
Strong, Shoulder
634.3
733.4
793.2
4.32
0.69
Strong
560.8
648.4
694.9
3.76
0.68
Medium
476.2
547.4
596.9
3.18
0.69
Strong, Shoulder
449.4
511.7
562.7
2.95
0.67
Weak, Shoulder
435.6
–
–
5.97
1.39
Weak
375.0
430.1
496.8
3.00
0.81
Weak
308.8
–
–
1.28
0.42
Medium
240.6
240.4
212.0
-0.25
-0.11
Weak
225.1
–
–
3.04
1.37
Medium
202.6
231.6
–
1.38
0.67
Weak
179.6
219.8
–
1.87
1.06
Weak
142.0
–
201.7
1.62
1.16
Weak
130.0
153.6
167.7
1.03
0.80
Notes: Here, dνi/dP is obtained through a linear fitting of νi-P data between 0 and 40.5 GPa. The calculated mode Grüneisen
parameters γi are based on bulk modulus K0 = 101.6 GPa, obtained from this work.

The evolutions of the Raman shifts for the identified modes are shown in Figure 7. All
modes except the 240.6 cm−1 mode harden under pressures, although with somewhat
different slopes and curvatures. Table 3 lists the observed Raman modes, their pressure
dependences (dνi/dP), and the mode Grüneisen parameters γi. The mode Grüneisen parameters were obtained through the below equation:
 
dlnni KT dni
=
,
gi = −
dlnV
ni dP

(2)

where νi is the frequency of the ith phonon mode, V is the volume, KT is the isothermal bulk

Figure 7. Evolution of the Raman shifts with pressure. Solid lines are linear fits to the data in the range
0–40.5 GPa.
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modulus at a given pressure, and ν and dν/dP are obtained from this study. KT denotes the
value of bulk modulus (K0 = 101.6 GPa) calculated by Equation (1). The internal modes νi =
644.7, 634.3, 560.8, 476.2, and 449.4 cm−1 have similar Grüneisen parameters γi = 0.53,
0.69, 0.68, 0.69, and 0.67, respectively. In contrast, for the modes of bending and lattice
vibrations, their Grüneisen parameters are distinctly different; the 240.6 cm−1 mode
even has a negative value γ0 = −0.11. According to Equation (2), similar Grüneisen parameters of internal modes are derived from the equipotent change between the νi
phonon modes of SbO6 octahedron and the unit cell volume V. This isotropic compress
between the internal SbO6 octahedron and whole unit cell volume ensures that the Im3-type KSbO3 keeps its original structure under high pressure. It also means that the
model Im-3-type KSbO3 structure is stable even with changes in the chemical pressure
in the substitutions with various cations.

4. Conclusions
A pure body-centered cubic KSbO3 phase was synthesized at 2.1 GPa and 700–800°C with
a piston-cylinder apparatus. In situ X-ray diffraction and Raman scattering data show that
the 3D tunnel structured KSbO3 remains stable up to 40.5 GPa owing to the isotropic compression for all kinds of the Sb–O bonding in the SbO6 octahedron. This isotropic compression mechanism reveals the nature why Im-3-type KSbO3 model structure has high
structural stability and ionic tolerance while isomorphous substitutions occur.
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