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ABSTRACT

The pressure dependence of the R1 and R2 peaks of the fluorescence spectra of high-pressure-synthesized corundum-type Ga2O3:Cr
3+ was

measured up to 50 GPa using a diamond anvil cell pressurized at room temperature in an argon medium. The temperature dependence of
the R1 and R2 peaks was measured at low temperatures under ambient pressure from 303 to 83 K. From the measurement results, the
pressure scale and low-temperature scale were determined using R1 and R2. X-ray diffraction experiments at high pressure, which were
performed to confirm the effective range of the pressure scale, showed that the corundum structure undergoes a phase transition to a
Rh2O3(II)-type structure at 54–65 GPa; this pressure scale is, thus, valid up to approximately 50 GPa. We also investigated the crystal growth
time to optimize the crystal size of Ga2O3:Cr

3+ for diamond anvil cell experiments.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0246260

I. INTRODUCTION

The ruby fluorescence method is widely used for pressure
measurement in diamond anvil cell (DAC) high-pressure devices.1,2

It is based on the pressure dependence of fluorescence peaks (R1

and R2) derived from Cr3+ in corundum crystals, and its pressure
scale has been determined and updated to higher pressures by
various reports.1,3–8 Instead of Al2O3 corundum, we have recently
synthesized corundum-type Ga2O3 doped with Cr3+ at high pres-
sure and have shown that it excites ruby-like fluorescence R1 and
R2.

9 We reported that not only is the fluorescence intensity stronger
than that of ruby, but also light at longer wavelengths than that of
ruby fluorescence can be used as the excitation light source. The
pressure scale was determined up to 11 GPa at room temperature
by measuring its pressure dependence under hydrostatic pressure.10

In terms of ionic radius, Ga3+ (0.620 Å) is slightly larger than
Al3+ (0.535 Å) but closer to Cr3+ (0.615 Å), making it suitable for
allowing Cr3+ as a dopant. Interestingly, the fluorescence wavelength

at ambient pressure indicates a high-pressure state of ruby of approx-
imately 10 GPa. This may be due to the effect of elemental substitu-
tion in the compound on the ligand field of Cr3+: the so-called
“chemical pressure” that has been recently proposed.11 This effect
also has a significant impact on the excitation spectrum. Because the
excitation spectrum is related to the absorption spectrum, it is very
striking that the Ga2O3:Cr

3+ crystal exhibits a green color under
white light, which is the opposite of its deep red fluorescent color.9

The pressure scale of the ruby fluorescence method has been
determined up to approximately 150 GPa.7,8,12 It deviates from lin-
earity as the pressure increases and is defined by a non-linear
equation.6–8 Therefore, in the present study, we also investigated
the pressure dependence of the fluorescence wavelength in
corundum-type Ga2O3:Cr

3+ under quasi-hydrostatic conditions at
higher pressures and attempted to determine the non-linear form
as a pressure scale.

In the case of ruby fluorescence, density functional theory
(DFT) calculations report that Al2O3 undergoes a structural phase
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transition from a corundum type (space group (SG): R�3c) to a
Rh2O3(II) type (SG: Pbcn) above 78–85 GPa:13–15 in high-pressure
experiments, this transition occurs at approximately 95–
130 GPa.16–19 This difference in the pressure values is particularly
large at room temperature, where it is not thermally activated. The
use of a pressure scale would be limited to the pressure at which the
phase transition occurs, but the pressure range would be extended at
room temperature, where the corundum structure is maintained in a
metastable state. It is also known that Ga2O3 undergoes a phase tran-
sition to the Rh2O3(II) type under high temperature and pressure.20

In previous research, the phase transition pressure to the Rh2O3(II)
type at high temperatures was experimentally determined to be
approximately 36 GPa at 2000 ± 100 K.20 This value was consistent
with the 30–33 GPa predicted by DFT calculations.20,21 However, the
pressure of the phase transition in the metastable state at room tem-
perature has not been investigated. Therefore, in the present study,
we performed in situ x-ray diffraction (XRD) experiments on the
structural phase transition pressure at room temperature to deter-
mine its applicable pressure range as a pressure marker.

There have been many reports on temperature dependence in
ruby fluorescence.22–27 The theoretical background explains that this
is caused by a shift in energy level due to the interaction of phonons
with the electronic state,22,25 and the electron–phonon coupling
constant has been determined from the temperature dependence of
the wavelength shift. In addition, the temperature dependence of the
fluorescence spectrum has practical implications in terms of con-
structing a temperature scale and is also important for clarifying the
effects of pressure measurements at low temperatures.24,28 Therefore,
we measured the temperature dependence of the fluorescence spec-
trum of corundum-type Ga2O3:Cr

3+ crystals below room tempera-
ture and compared it with the ruby fluorescence spectrum. We also
calculated the electron–phonon coupling constant.

As is often mentioned with respect to ruby fluorescence
spectra, differential stresses on the crystal have a significant effect
on the peak shape, especially on the R1 peak shift.12,29–31 They are
caused by uniaxial compression of the crystals in the limited
volume of the DAC, such as when the crystals are in contact with
the anvil. Therefore, it is recommended that smaller crystals be
used. Crushing of the crystals will also affect the internal strain and
influence the spectral shape. Rubies can be annealed at high tem-
peratures after pulverization to remove internal strain.32 However,
Ga2O3:Cr

3+ corundum-type crystals cannot be annealed at temper-
atures higher than 600 °C because their structure reverts to the
β-Ga2O3 structure.9 Therefore, synthetic crystals that are small
enough not to need crushing are required. It is believed that crystal
growth progresses with longer synthesis time, so we evaluated syn-
thesis for different holding times to find the optimal conditions for
crystal growth for use as a pressure marker in the DAC.

II. EXPERIMENTAL

Syntheses of corundum-type Ga2O3:Cr
3+ crystals were per-

formed at high temperature and high pressure using a belt-type
apparatus (FB30H) at the National Institute for Materials Science
(NIMS; Japan).33 Details of the synthesis method are described in a
previous paper.9 The starting sample was composed of Ga2O3

(Kojundo Chemical Laboratory; 99.99% purity) and Cr2O3

(Sigma-Aldrich; 99.99% purity) in a molar ratio of 99:1, mixed well
in an agate mortar, and dried in a vacuum electric furnace at
130 °C for 3 h. The sample was packed in a gold capsule and placed
in a high-pressure cell at 7.7 GPa and 1200 °C for 6, 60, 600 min, or
47 h, then quenched by turning off the heater current, and recov-
ered after decompression. The grain size analysis of the recovered
samples was performed for captured images of the crystals under
an optical microscope (LEICA Z16 APO) with CCD camera
(LEICA Flexacam C3) using ImageJ software.34

Structural identification of the synthetic samples by XRD was
performed at the Synchrotron Radiation Facility (AichiSR, Japan).
Monochromatic x rays (λ = 0.72301 Å) collimated to 100 μm in size
were irradiated onto samples fixed in polyimide capillaries.
Diffracted x rays were detected with a hybrid pixel array detector
(PILATUS 1M, Dectris, Switzerland). Cooling experiments were
performed by blowing nitrogen gas from a refrigerator onto the
capillary sample. XRD experiments were performed using the same
system operated at room temperature. The temperature was cali-
brated by diffraction lines from a small amount of gold powder
coated on the sample.35

The metastability of corundum-type Ga2O3:Cr
3+ structures

under high pressure at room temperature was investigated by XRD
experiments at the Photon Factory (BL18C and ARNE1), High
Energy Accelerator Research Organization (KEK), Japan. A gas
membrane was connected to a DAC with anvils of 300 or 250 μm
culet size in diameter, and pressure was applied from the rear of the
DAC. Experiments were conducted with and without a mixed
alcohol pressure media (methanol:ethanol:water = 13:3:1 by volume)
to examine the effect of differences in hydrostaticity on phase transi-
tion pressure. Monochromatic x rays (50 μm diameter) at a wave-
length of 0.62180 and 0.41700 Å were irradiated onto the sample in
the DAC, and diffraction lines were detected by a complementary
metal–oxide semiconductor (CMOS) flat panel (Teledyne Vison
Solutions Rad-icon 2022, USA) detector. The pressure was deter-
mined from diffraction lines of Au powder mixed with the sample
using an equation of state.36 All XRD profiles were converted to
intensity vs 2θ data using IPAnayzer software.37 The lattice parame-
ters were refined by profile fitting with PDIndexer software.37

The R1 and R2 fluorescence spectra at room temperature and
high pressure were detected using a spectrometer equipped with a
diffraction grating with 1800 grooves/mm and a charge-coupled
device detector (CCD; Andor DU401A, USA) with a focal length
of 500 mm. A light-emitting diode (LED) laser with a wavelength
of 472.8 nm (LASOS, USA) focused at 3 μm diameter was used as
the excitation source. Measurements under high pressure were
carried out using a DAC with anvils of 300 or 400 μm culet size in
diameter. Single crystals of approximately 7 μm in size were placed
in a rhenium gasket and sealed in the DAC with an argon pressure
medium liquefied with liquid nitrogen. The argon pressure
medium would have relatively good quasi-hydrostatic properties at
pressures higher than the solidification pressure.10 Pressure mea-
surements were determined by the pressure dependence of the
Raman spectrum of the diamond anvil.38 These were measured
using a separate spectrometer system (Photon Design, Jupiter,
Japan) equipped with Ar-ion laser oscillating at 488 nm (Innova,
Coherent, USA). To minimize errors due to pressure distribution
in the sample chamber, the Raman spectrum of the diamond was
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measured directly above the crystal. Spectra at low temperatures
were also measured using this spectrometer, and measurements
were taken in 10 K increments using a microscope stage with a
liquid nitrogen cooling control system that operates at 303 to 83 K
(LINCAM THMS600, UK).

III. RESULTS AND DISCUSSION

A. Sample synthesis and crystal growth

The samples synthesized under high pressure were confirmed
by XRD to consist of crystals with a corundum-type structure

(Fig. S1 in the supplementary material). Micrographs of the synthe-
sized crystals are shown in Figs. 1(a)–1(d). The correlations between
synthesis time and averaged, maximum, and minimum grain sizes
are shown in Fig. 1(e). The crystals grew in proportion to the synthe-
sis time, indicating that large crystals can be synthesized by keeping
the sample in solid-phase reaction for a long time. After about 6min
synthesis time, the average grain size was about 16 μm and many
small crystals of less than 10 μm were produced, which were suitable
crystal sizes for pressure measurement in the DAC sample chamber.
The fluorescence spectra of these crystals were the same as those pre-
viously reported for a Cr concentration of 1.0%.9

FIG. 1. High-temperature high-pres-
sure-synthesized Ga2O3:Cr

3+ samples.
The synthesis times were (a) 6 min, (b)
60 min, and (c) 10, and (d) 47 h. The
photograph shows the exposed part
after the top of the sample capsule
was removed. (e) Particle size
distribution.
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B. Fluorescence spectra and x-ray diffraction at low
temperatures

In the XRD experiments in the low-temperature region down
to 84 K, no structural phase transition occurred, and the lattice
constant monotonically decreased (Fig. S2 in the supplementary
material). The peak wavelengths of the R1 and R2 fluorescence
shifted to the low-wavelength side as the temperature decreased
(Fig. 2). This is the same trend as the fluorescence peaks of ruby,
measured in this study and in previous reports,26 but the shift is
considerably larger for Ga2O3:Cr

3+ (1.70 nm) than for ruby
(0.95 nm) when cooled from 285 to 84 K. The same trend occurred
for the R2 peak.

According to the theoretical background based on electron–
phonon interactions,25 the wavelength variation with temperature
can be described by

ν0(T)� ν0(0) ¼ α(T/Θ)4
ð(Θ/T)
0

x3(ex � 1)�1dx, (1)

where ν0(T) is the wavenumber of R1 at temperature T at ambient
pressure and ν0(0) is the wavenumber at 0 K. α and Θ are an

electron–phonon coupling parameter and the effective Debye tem-
perature, respectively.

As shown in Fig. 3, fitting the wavenumber data measured for
ruby in this study to Eq. (1) yield α and Θ in ruby to be
−453 ± 13 cm−1 and 779 ± 13 K, respectively, which are almost
equivalent to the values (α =−400 cm−1 and Θ = 760 K) previously
reported.25 In Ga2O3:Cr

3+, α and Θ were determined to be
−643 ± 20 cm−1 and 701 ± 13 K, respectively, indicating that the
degree of electron–phonon coupling is significantly larger than that
in ruby.

In addition to the above-mentioned electron–lattice interac-
tions under isochoric (constant volume) conditions, the cause of
the wavelength shift is also related to the thermal expansion of the
volume.2 This can be clarified by examining the change in lattice
constants at low temperatures. Figure 4 shows the degree of volume
contraction from the standard temperature in comparison with
corundum (Al2O3).

39,40 The method of deriving the coefficient of
thermal expansion using the volume at each measurement tempera-
ture is described in the supplementary material, and the linearly
approximated values of the coefficient of thermal expansion at each
temperature are shown in Fig. S3 in the supplementary material.
The coefficient of thermal expansion of Ga2O3:Cr

3+ is larger than
that of Al2O3. However, the effect of the volume change with tem-
perature on the wavelength shift is about Δν =∼−2.5 cm−1

FIG. 2. Temperature dependence of the peak wavelengths of the R1 and R2
fluorescence spectra of corundum-type Ga2O3:Cr

3+ and Al2O3:Cr
3+(ruby). The

filled circles and open squares are data from the present measurements, solid
lines are the results of fitting using Eqs. (4) and (5), and the broken lines are
reported values from Refs. 39 and 40.

FIG. 3. R1 fluorescence peak frequencies of corundum-type Ga2O3:Cr
3+ and

Al2O3:Cr
3+ as a function of temperature. The lines were obtained by fitting

Eq. (1).
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(Δλ∼ +0.12 nm) per ΔT = 100 K, which is very small compared
with the electron–phonon interaction shown in Eq. (1).

From a practical standpoint as a temperature scale, it is
helpful to present this as a simple equation. For the wavenumbers,
we used the same equation, R(T) = A1 + A2T + A3T

2 + A4T
3, as pre-

viously used in the low-temperature measurement of ruby fluores-
cence.26 The results for R1 and R2 in the measured temperature
range were as follows:

R1(T) ¼ 14363þ 10:185� 10�2 T � 9:430� 10�4 T2

þ 8:316� 10�7 T3cm�1, (2)

R2(T) ¼ 14396þ 9:346� 10�2 T � 9:047� 10�4 T2 þ 8:595

� 10�7 T3cm�1: (3)

Similarly, when converted to wavelength and fitted with a
third-order polynomial, R(T) = B1 + B2T + B3T

2 + B4T
3, the equa-

tions were determined as follows:

R1(T) ¼ 696:211� 0:493� 10�2 T þ 4:558� 10�5 T2

� 3:987� 10�8 T3nm, (4)

R2(T) ¼ 694:607� 0:450� 10�2 T þ 4:356� 10�5 T2

� 4:113� 10�8 T3nm: (5)

The errors in the coefficients of Eqs. (2)–(5) are listed in
Table I.

The change in the spectral profile at low temperatures is
shown in Fig. 5. As the temperature decreases, it can be seen that
R1 and R2 can be more clearly separated. Figure 6 shows a plot of
full width at half maximum (FWHM) and a comparison with that

of ruby. The temperature effect on the FWHM is greater than that
of ruby and is reversed below 113 K. Thus, the large temperature
dependence and improvement in resolution due to the decrease in
the FWHM indicates that Ga2O3:Cr

3+ is a more suitable tempera-
ture standard than ruby on the low-temperature side.

FIG. 4. Volume thermal contraction of Ga2O3:Cr
3+ at low temperatures. Data for

corundum (Al2O3) are shown for comparison.

TABLE I. Coefficients determined by the regression analysis of Eqs. (2)–(5) and
standard error and correlation coefficient (R).

Peak Coefficient Values Standard error R-square

Eq. (2)
R1(T) A1 14 363 0.582 0.99995

A2 × 102 10.185 1.034
A3 × 104 −9.430 0.488
A4 × 107 8.316 0.796

Eq. (3)
R2(T) A1 14 396 0.675 0.99991

A2 × 102 9.346 1.201
A3 × 104 −9.047 0.584
A4 × 107 8.595 0.959

Eq. (4)
R1(T) B1 696.211 0.028 0.99995

B2 × 102 −0.493 0.005
B3 × 105 4.558 0.237
B4 × 108 −3.987 0.386

Eq. (5)
R2(T) B1 694.607 0.032 0.99991

B2 × 102 −0.450 0.006
B3 × 105 4.356 0.282
B4 × 108 −4.113 0.463

FIG. 5. Typical R1 and R2 spectra of Ga2O3:Cr
3+ measured at low

temperatures.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 137, 035902 (2025); doi: 10.1063/5.0246260 137, 035902-5

© Author(s) 2025

 16 January 2025 01:57:00

https://pubs.aip.org/aip/jap


C. Pressure dependence of fluorescence spectra and
structural stability under high pressure

The pressure scale in the previous paper9 was determined
under fully hydrostatic pressure conditions up to 11 GPa. In the
present study, the pressure dependence of the fluorescence spectra
was investigated up to higher pressures, with the aim of determin-
ing pressure scales up to 50 GPa. For this purpose, the Raman spec-
trum of the diamond anvil is used for the pressure determination,
where the pressure scale equation determined in Akahama and
Kawamura38 is used. This equation is in good agreement with the
recently published universal pressure scale by Eremets et al.41 in
the pressure range up to 50 GPa. Pressure determination by
diamond Raman spectra has one advantage over ruby in the non-
hydrostatic regime. Ruby and Ga2O3:Cr

3+ crystals cannot be placed
in the same position, and moreover, because of the effect of gasket
deformation due to pressurization, the error due to crystal position
becomes larger in the pressure region where non-hydrostaticity
increases. Therefore, to minimize errors due to pressure

distribution in the sample chamber, the Raman spectrum of the
diamond was measured directly just above the Ga2O3:Cr

3+ crystal.
The results of plotting the peak wavelengths of R1 and R2 are
shown in Fig. 7(a). These data were fitted to the following non-
linear form,8 which is used as a ruby fluorescence pressure scale, to
determine the coefficients and determine the fluorescence pressure

FIG. 6. Temperature dependence of full width at half maximum of the fluores-
cence spectra of corundum-type Ga2O3:Cr

3+ (filled black circles) and ruby
(open squares). (a) and (b) R1 and R2, respectively.

FIG. 7. (a) Pressure dependence of the peak wavelengths of the R1 and R2
fluorescence spectra of corundum-type Ga2O3:Cr

3+. The filled squares are from
a previous study,9 which was conducted under hydrostatic conditions with a
mixed alcohol pressure media, and the open circles and diamonds are from the
present study, which was performed with argon pressure medium. The dashed
line is the linear fit of the previous study.9 (b) Comparison of deviations from the
linear pressure scale. The dot-dashed straight line and the thin line show the
linear scale1 and the latest non-linear scale (IPPS-Ruby2020)8 of ruby,
respectively.
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scale,

P ¼ A� 103
Δλ

λ0

� �
1þ B

Δλ

λ0

� �� �
, (6)

where λ0 are the R1 and R2 peak wavelengths at ambient pressure
and A and B are the parameters determined by fitting the R1 and
R2 peak wavelengths. According to the data from this study,
A = 2.142 and B =−2.340 were determined for R1 and A = 2.063
and B = 0.345 for R2. The errors in the coefficients of Eq. (6) are
listed in Table II.

The deviation from the linearity of Eq. (6) is shown in
Fig. 7(a). The results show that, compared with the pressure scale
determined up to 11 GPa, the curve for R1 shifts upward as the
pressure increases and the wavelength pressure dependence
becomes slightly larger. Figure 7(b) also shows a deviation from
linearity in the pressure scale based on ruby fluorescence, which
shows the opposite trend.

In the previous paper,9 the degree of peak separation was
measured under hydrostatic pressure up to 11 GPa and showed a
tendency to improve as the pressure increased. The changes in

TABLE II. Coefficients determined by the regression analysis of Eq. (6) and stan-
dard error and correlation coefficient (R).

Peak Coefficient Values Standard error R-square

R1(T) A 2.142 0.015 0.99915
B −2.340 0.412

R2(T) A 2.063 0.013 0.99938
B 0.345 0.397

FIG. 8. Typical R1 and R2 spectra of Ga2O3:Cr
3+ with increasing pressures.

FIG. 9. X-ray diffraction patterns of Ga2O3:Cr
3+ under high pressure (a) using a

mixed alcohol medium and (b) without a pressure medium. The bars at the
bottom show the position of the diffraction lines representing corundum-type
Ga2O3:Cr

3+ (upper) and gold (lower) as a pressure marker. The arrow indicates
the 211-diffraction line of the newly appeared Rh2O3(II) (see the supplementary
material). The red broken lines show the estimated transition pressure from
corundum to the Rh2O3(II) phase. (c) The relative intensity ratio of the Rh2O3(II)
211 peak and the corundum 104 peak indicates a degree of conversion from
corundum to Rh2O3(II).
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the fluorescence spectrum up to 50 GPa under quasi-hydrostatic
conditions are shown in Fig. 8. The peak separation worsened
slightly as the pressure increased due to increasing non-
hydrostaticity, but the R1 and R2 peaks could still be separated,
even at 50 GPa.

To confirm the maximum applicability of this pressure
scale, structural changes in Ga2O3:Cr

3+ were investigated by in
situ XRD experiments. Changes in the diffraction patterns in
experiments with and without a mixed alcohol pressure medium
are shown in Figs. 9(a) and 9(b), respectively. Both results con-
firmed that the corundum structure initiates a transition to a
Rh2O3(II)-type structure, and the phase transition progresses
slowly with increasing pressure and is not fully converted in the
measured pressure range. The phase transition pressure occurred
at 54–65 GPa, depending on the presence of the pressure
medium. This difference is similar to the kinetic effect reported
for the transition in Al2O3, where there is also a large difference
between the room-temperature phase transition pressure
(109 GPa),17 the calculated phase transition pressure (78–
85 GPa),13–15 and the phase transition pressure of high-
temperature high-pressure experiments (96 GPa).17–19

More interestingly, differences in the transition pressure were
observed in the present study depending on whether a pressure
medium was used or not. When the pressure medium was used,
the stability of the corundum structure was ensured up to approxi-
mately 65 GPa; the structural phase transition started at approxi-
mately 54 GPa in the experimental results obtained under
conditions without a pressure medium. The corundum and
Rh2O3(II)-type structures are linked by a structural relationship of
certain twinning-like defects and explained by a displacement-type
phase transition.42 Therefore, this difference may be the effect of
non-hydrostaticity promoting a displacement-type phase transition.
Thus, we can conclude from these results that the effective range of
the pressure-scale equation determined in this study is approxi-
mately 50 GPa.

IV. SUMMARY

The pressure dependence of the fluorescence spectrum of
Ga2O3:Cr

3+ was measured up to 50 GPa in the argon pressure
medium at room temperature, and the pressure scale was deter-
mined by fitting with a nonlinear curve equation. The curve shifted
upward from linear with increasing pressure. The results of XRD
under high pressure at room temperature indicate that the corun-
dum structure is stable up to 54 or 65 GPa, depending on the
degree of non-hydrostaticity, and then begins to transition to the
Rh2O3(II) structure. Therefore, this pressure scale is applicable up
to at least 50 GPa. The temperature dependence of the fluorescence
wavelength was measured in the range 303–83 K. The temperature
dependence was found to be about twice as large as that of ruby,
which can be explained by differences in electron–phonon coupling
rather than thermal expansion. We investigated the size of crystals
produced by changing the synthesis time under high-temperature
and high-pressure synthesis conditions at 7.7 GPa and 1200 °C and
found that crystals less than 10 μm in size, suitable for DAC experi-
ments, could be grown in 6 min.

SUPPLEMENTARY MATERIAL

See the supplementary material for the XRD profiles of syn-
thesized crystals at different crystal growth times and the calcula-
tion of the coefficient of thermal expansion of corundum-type
Ga2O3:Cr

3+ and the temperature function formula. All data for the
regression analysis of Eqs. (1)–(6) are summarized in Tables SIII–
SV, and furthermore, the details of the peak fitting analysis for
determining the phase transition of Ga2O3:Cr

3+ from corundum to
Rh2O3(II) type are summarized. Lattice parameters of Au and pres-
sure values determined by the equation of state in the compression
experiment of Ga2O3:Cr

3+ are also given in Table SVI.
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