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Abstract
Weconducted Raman spectroscopymeasurements of 4H-SiC and 6H-SiC up to 69 GPa and 1023 K to
assess the stability and bonding of SiC at high pressure and temperature. Both optic and acoustic
modeswere observed at wide pressure and temperature ranges. The temperature shifts of the Raman
frequencies werefitted by the equationwith the Bose–Einstein distribution function, andwe found
that the shifts were almost insensitive to the pressure. ThemodeGrüneisen coefficients weakly depend
on the pressure and temperature, suggesting the sluggish transition of the crystal structure, unlike the
previous experiments showing the transition or decomposition of SiC at high pressure and
temperature conditions. Inert transitions are confirmed by Ramanmeasurements and annealing
experiments usingmultiple high-pressure apparatuses. The crystallinitymay be a hidden critical
parameter in the experiments to determine the stable polytypes of SiC under high pressure and
temperature.

1. Introduction

Silicon carbides (SiC) draw great attraction to the industry as semiconductors for power electronics because of
their wide band gaps and high blocking voltage [1]. Strong chemical bonding between silicon and carbon
induces high hardness, thermal conductivity, and chemical inertness in the SiC [2]. The crystalline SiC is known
to havemany polytypesmade by a combination of SiC4 tetrahedra. They are usually described by using the
Ramsdell notation [3]. SiC shows 3 C, 2H, 4H, 6H, 15 R, and so on at ambient pressure conditions. The
polytypes of SiC consist of identical silicon (or carbon) layers but have different arrangements of these layers.
The arrangements of the layers are formed by the twist of the SiC bonding, which rotates the SiC4 tetrahedra. The
crystal structures of 4H-SiC and 6H-SiC are illustrated infigure S1 usingVESTA software[4]. The polytypes of
SiC show awide range of band gaps, from2.39 eVof 3C-SiC to 3.33 eV of 2H-SiC [5]. The polytypism in SiC is
thought to result from similar free energy among the crystal structures [6].

Nowadays, high-pressure treatment creates a newway to explore the novel crystal structure of the
compounds [7]. One can expect that the underseen structure of SiC can be stable under high-pressure
conditions. Therefore, the stability of the SiC polytypes has been studied at high-pressure conditions bymeans
of in situ x-ray diffraction (XRD)measurements, Raman spectroscopy, and theoretical calculations (see [8] and
references therein). Nevertheless, the phase diagramof SiC at high-pressure and -temperature conditions is not
well constrained so far, likely because of the kinetics of the transition induced by strong covalent Si-C bonding
[8]. Earlier XRDmeasurements showed that the 3C-SiC undergoes a phase transition to rocksalt type B1
structure (space group Fm m3̄ ) at 100 GPawith a large decrease of the unit cell volume, in contrast to 6Hbeing
stable up to 95 GPa [9]. Later, the laser-heated diamond anvil cell experiments showed that the 3 Cundergoes a
phase transition to B1 structure at around 75 GPa and 2000K by in situXRDmeasurements [10]. On the
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contrary, a similar experimental study showed that 3 C is decomposed into Si andC at around 60 GPa and higher
temperature than 2000Kusing high-pressure XRDmeasurements with laser-heated diamond anvil cells [11]. A
previous study reported that the polytype of 6H-SiC partly keeps untransformedwhen a high-pressure
polymorph of rocksalt-type structure appears during laser heating experiments above 2000K [10]. The other
previous study did not observe any phase transition in 3 C and 6H at 1–80 GPa and 1600–2200 K in the laser-
heated diamond anvil cell experiments for a heating duration of∼14 min [12]. This discrepancymay be a result
of the kinetics of the transition and/or unexpected chemical segregation caused by a large temperature gradient
in the laser-heated diamond anvil cell [13]. Dynamic compression studies have been conducted to determine the
crystal structure of the SiC under ultra-high pressure [14–16]. Previous studies in the crystal structure of SiC at
high pressure were summarized in table S1. Togetherwith the phase relationships, the equations of states of SiC
were also studied in 3 C, 6H, and 4Hby high-pressure experiments and theoretical calculations [8–10,
12, 17, 18]. The structure of SiC is fundamentally important in understanding the nature of theVI group
semiconductors, which have broad applications [19].

Raman spectroscopy is an effectivemethod for understanding solids’ crystal structure and vibrationmodes
of solids. Thus, the pressure and temperature evolution of the Raman frequency helps to understand the stability
of the SiC polytypes. However, it has never been reported at high-pressure and -temperature conditions in the
SiC. Previous studies reported theRaman frequencies of 3C-SiC [18], 4H-SiC [17], and 6H-SiC [20] at ambient
temperatures up to 80, 55, and 95 GPa, respectively. A previous study suggested that Si-C bonding increases the
ionicity with increasing pressure up to around 40 GPa, and then the bonding changes from ionic to covalent
again at higher pressure based on the Raman spectroscopymeasurements [20]. The study further predicted that
6H is unstable above around 100 GPa based on the decrease ofmodeGrüneisen coefficient at high pressure [20].

Recently, SiC has also been interested in geophysics and astrophysics as constituentmaterials of the Earth
and planets [21, 22]. Enigmatic SiC found in nature is suggested to be created by the hydrogen-rich fluid arising
from the subductedmaterials in the Earth’s deep interior [21]. Although the Earth’smantle ismainly composed
of silicate and oxide, recent studies showed that some extrasolar planetsmight have a larger C/Oratio above 1
[22].While such carbon-rich planets are expected to be rare, SiCmay be themain constituentmaterial of the
carbon-rich planets. The structure and dynamics of such exotic carbon-rich planets have been largely controlled
by the stability and the physical properties of the SiC at high pressure [12, 23, 24]. However, the stability and
bonding character of the polytypes of SiC under high pressure and temperature corresponding to the planetary
interior are poorly understood.

Here, we havemeasured vibrational spectra of 4H-SiC and 6H-SiC at high pressure and temperature
conditions by combining externally heated diamond anvil cells and laser Raman spectroscopy. Both optic and
acousticmodes were observed at wide pressure and temperature ranges. Our new comprehensive Raman
frequency data can help further analysis of the SiC sample in nature and in the laboratory as a reference.We did
not observe any transition in the crystal structurewithin the experimental conditions. The Raman data and the
annealing experiments showed the inertness of the transition between polytypes at high pressure and
temperature, regardless of the heatingmethods.We conclude that the crystallinitymay be a hidden critical
parameter in the experiments to determine the stable polytypes of SiC.

2. Experimental procedures

Weconducted high-pressure and high-temperature experiments using two types of high-pressure apparatus: a
diamond anvil cell and amulti-anvil apparatus.

2.1.Diamond anvil cell experiments
WemeasuredRaman spectra of SiC at high pressure and temperature conditions using a newly designed
externally heated diamond anvil cell. Synthetic 4H-SiC and 6H-SiCwere used as startingmaterials. 4H-SiCwas a
semi-insulating type single crystal grownon-axis (0001)with no dopant (electrical resistivity>0.1 MΩ*cm) and
micro-pipe density of< 15 cm2. 6H-SiCwas a single crystal grown on-axis (0001)with a dopant of nitrogen
(∼5*1018 cm−3) and amicro-pipe density of< 30 cm2. The samples were loaded into a diamond anvil cell for
high-pressure experiments. The culets of the diamond anvils were 300 μm in diameter. The samples were put
into the holemade in the rhenium gasket without a pressuremedium tomaximize the Raman signal at high
temperature and high pressure (figure S2). The thickness of the gasket was initially∼50 μm.After compression
to the desired pressure, the samples were heated by an externally heated diamond anvil cell using a cylindrical
graphite heater. The high-temperature field is stable and homogeneous by using a newly designed cylindrical
heater. The diamond anvil cell was placed in thewater-cooling vacuumchamber with optic glass suitable for the
spectroscopicmeasurements to avoid the reaction of the heater with air. Thewater-cooling systemminimized
the pressure drift during heating, as shown in the previous study [25]. A stableDCpower source (ZX-S-400LA,
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Takasago)was used for heatingwith a ramp rate of about 10Kmin−1. It is known that the pressure possibly
decreases or increases with increasing temperature in the externally heated diamond anvil cell experiments,
likely because of the deformation of the gasket. In order to avoid the undesired change in the pressure, the cell
was heated to 500 K and kept for several tenminutes before each experimental run. After repeating the
procedure, the cell kept initial pressure after pre-heating experiments, suggesting the heatingwas an isochoric
process. Oncewe confirmed that the pressure keeps the initial pressure, we conducted high-temperature
experiments with Ramanmeasurements.We held each high-temperature condition for 5 min during Raman
measurements. Input powerwas 50Watmaximum for generating high temperatures up to 1023 K.Wehave
subtracted the baseline in theRaman spectra using SpectraManager software (JASCOCorporation). The
temperatures weremeasured by a thermocouple attached to the surface of the diamond anvil. Type-K andW3%
Re–W25%Re thermocouples were used for the experiments in 6H and 4H, respectively. The pressure was
determined by using Raman spectra of the diamond anvil at 300 K [26]. To release the stress of the sample
chamber,we conducted a pre-heating procedure<473 Kbefore experiments.Once thepre-heating procedurewas
done, the sample pressurewas the samebefore and after the heating experiments. The SiC sampleswere heated by
an externally heated diamond anvil cell using a cylindrical graphite heater up to 1023 Kat highpressure. Any
damage in the heater and thermocouplewas observed after heating experiments. Thermal pressurewas estimated
basedon themethods proposedby the previous studybased onan assumptionof the isochoric [27].Weused
thermoelastic parameters of SiC to beK= 243 GPa,K’= 2.79, dK/dT=−0.005GPaK−1, andα= 10–5 K−1 for
the estimation of the thermal pressure [12]. Raman spectroscopymeasurements were conducted by confocal
laser Raman spectrometer system (NRS-4500, JASCO) composed of a red enhancedCCDdetector (DR324B,
Andor) and Czerny–Turner type spectrometer (f= 200 mm)with 1800G/mmgrating. High spatial
resolution along the laser axis was achieved (∼1.5 μm) by the confocal microscope system used inNRS-4500.
This is important for eliminating thermal emissions from the background. The laser was a TEM00 singlemode
532 nm laser with an output of 50 mW. The exposure timewas 30–180 s. The laser spot was focused on the
sample surface to about 1 μm in diameter. The Si standard was used for the calibration before and after
experiments. After the heating experiments, we increased the pressure and then repeated the heating
experiments.We conducted heating experiments at 15, 30, 45, and 60 GPa in 4H and at 25 and 67 GPa in 6H
(table S2).We have conducted two separate runs, including six times of heating for the externally heated
diamond anvil cell experiments in total.

The annealing experiment was conducted by a laser-heated diamond anvil cell. The single crystal 6H-SiC
was put into the holemade in the rheniumgasket withNaCl as a pressuremedium. The culets of the diamond
anvils were 300 μm in diameter. After compression, the sample was heated froma single side using aCWFiber
laser (TruFiber 200 PCompact, Trumpf). Theflash heating experiment was conducted by the laserwith a
diameter> 100 μmto cover thewhole sample.We determined the temperature by a spectro-radiometric
method using an EMCCDcamera (ProEMHS: 512BX3, Princeton Instruments) attached to the spectrometer
(IsoPlane-160, Princeton Instruments). The pressure was determined by using Raman spectra of the diamond
anvil at 300 K [26]. The pressure was 16 GPa before and after the experiments. Raman spectroscopy
measurements were conducted after annealing experiments.We conducted the single crystal XRD
measurements in the recovered sample of∼100*60*10 μm3.Weusedmicro-focused x-ray diffractometers (D8
Venture, Bruker)with a target ofMo, set to 50 kV and 1.4 mA for single crystal XRDmeasurements. The
software package APEX4 (Bruker)was used for data processing after themeasurement, and SHELXLwas used
for crystal structure refinement [28]. During the analysis, the initial crystal structure, P63mc, for the refinement
was set to the same one reported by the previous study in 6H-SiC [29].

2.2.Multi-anvil experiments
Weused a reagent-grade SiC powder as a startingmaterial for themulti-anvil experiments. The powder XRD
measurements showed that the samplewasmostly 6H-type SiCwith aminor amount of 4H-type SiC (∼ 5%).
One in situhigh-pressure and high-temperature experiment at 10 GPa up to 2200 Kwas conducted using the 15-
MNKawai-typemulti-anvil press with theOsugi guide block system [30], SPEED-Mk.II [31], at the BL04B1
beamline, in the synchrotron radiation facility, SPring-8, Japan. TF05WCanvils with a truncation of 3.0 mm
were used for the experiment in combinationwith an 8-mmCr-dopedMgOpressuremedium. The cell
assembly used in this studywas designedwith essentially the same concept as that reported by [32]. A LaCrO3

cylindrical heater was set in a direction parallel to the incident x-rays. The starting sample was packed in a
graphite cylindrical capsule with graphite lids at both ends. The cylindrical capsulewas placed in the same
direction as the cylindrical heater. A 25-μm-thick Re cylindrical foil was placed out of the capsule. Electrical
insulation between the heater and theRe foil wasmade by aMgO sleeve. A ZrO2 thermal insulator was located
outside the heater. Ta foils were electrically linked between both ends of the heater and second-stage anvil tops.
MgO rodswere placed at both ends of the sample capsule. Temperatures weremonitored using a
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W97Re3–W75Re25 thermocouple at the surface of the Re foil, whichwas inserted into the heater normal to the
x-ray incidence with an electrical insulator of alumina tubes. The temperature variation in the sample was
estimated to be less than 5 K [33–35].

In situ energy-dispersive x-ray diffractionwas performed usingwhite x-rays, whichwere collimated to
50 μmhorizontally and 400 μmvertically using two variable incident slits. Diffracted x-rays were collected at a
2θ angle of∼6° for 150–300 s for a pressuremarker ofMgOoutside the Re foil and the sample using a
germanium solid-state detector (SSD) in an energy range of up to 130 keV. The channel-energy calibration of the
SSDwasmade using the energies of the x-ray emission line (Kα) of 55Fe and the γ radiation from 57Co and 133Ba.
The press was oscillated around the vertical axis between 0° and 6° during the x-ray diffractionmeasurements to
suppress the heterogeneity of the intensities of the diffracted peaks [31]. Sample pressures were obtained from
volumes ofMgOusing theMgO equation of state proposed by Tange et al [36] based on the third-order Birch–
Murnaghan equation of state.

The sample wasfirst compressed to a press load of 2MN (∼10 GPa) and heated to 2200 K at a rate of 100K
min−1. During heating, wemeasured some x-ray diffraction patterns ofMgO and the sample. At 1400 K, the
sample pressure was decreased to∼9 GPa, and therefore we compressed it to 2.5MN to keep the sample pressure
of 10 GPa. At 2000K, we kept the temperature for 30 min and tookXRDpatterns of the pressuremarker and
sample.We then further heated to 2200 K. After 1 min at 2200 K, the heater became electrically unstable and
therefore we quenched the sample by switching off the applied electrical power. Then, the sample was
decompressed to roompressure for 1 h.

3. Results

3.1. Ramanmeasurements
Wehave obtained theRaman spectra of 4H-SiC and 6H-SiC at high-pressure conditions up to 69 GPa (figure 1).
Althoughwe did not use a pressuremedium in the externally heated diamond anvil cell, the full widths of the
halfmaximum (FWHM) of the Raman peakswere relatively small at high pressure (figure 1). The observed
Raman peakswere slightly asymmetric, possibly due to the Fano asymmetry [37, 38]. Although the asymmetry
analysis will provide further information in the SiC, it will be beyond our current target. Figure 2 showed the
Ramanwavenumber against pressure at ambient temperature. The frequency of transverse optic (TO),
longitudinal optic (LO), transverse acoustic (TA), and longitudinal acoustic (LA)modes are well consistent with
the previous studies at ambient temperature [17, 20, 39]. The Raman spectra of the SiC polytypes are understood
by large zones that extend in the axial direction to N c,/p where N is the number of layers in the polytype
stacking sequence and c is the axial dimension of the unit cell. N are 6 and 4 in the 6H and 4Hpolytypes,
respectively. Since c2 /p is a reciprocal lattice vector, the pseudo-momentum vectors x= q/qmax= 1/3, 2/3, 1
for 6H and x= 1/2, 1 for 4H are equivalent to the Brillouin zone. Thus, accessible Raman scattering
measurements are x= 1/2 and 1 for 4H, and x= 1/3, 2/3, and 1 for 6H [40, 41].We have observed several
acousticmodes in addition to TO and LO (figure 1). Observed acousticmodes were TA (x= 1/3 and 1) in the 6H
andTA (x= 1/2 and 1) and LA (x= 1) in the 4H. The irreducible representation for the phononmodeswere A1

for LO, E1 and E2 for TO, A1 for LA, E1 for TA1, and E2 for TA1/2 andTA1/3 [42, 43].We have fitted the
wavenumbers at high pressure and room temperature by the polynomial equations below

A P B P 1i P i, ,300 ,0,300
2 ( )w w= + +* *

where the iw is thewavenumber for i=TO, LO, TA, and LAmodes, A and B arefitting parameters, and P is
pressure inGPa. Fitting parameters are shown in table 1. TO, LO, and LAmodes increase with increasing
pressure, in contrast to TAmodes. The pressure dependence of the frequencies is consistent with the previous
studies [17, 20], while TA and LAmodeswere determined at high-pressure conditions for the first time in this
study. In particular, very small or negative pressure dependence of TAmodes have been noticed in 6H-SiC and
3C-SiC [42, 44]. Since the pressure dependences of thewavenumber are almost linear, we additionallyfitted the
data by a linear function.Wefitted all data, low-pressure data, and high-pressure data, separately (Table S3 and
figure S3).

During the experiments at high temperatures, the frequencies of the optic Ramanmodes were observed to
decrease with increasing temperature (figure 3). The signal-to-noise ratios are sufficiently high for the
determination of the effect of temperature in the vibrational frequency at high pressure (figure 1). Figure 4 shows
the difference of high-temperature wavenumbers with respect to .LO P, ,300w It is clearly shown that the
temperature dependence of thewavenumbers is almost the same at any pressure conditions (figure 4). The
temperature shifts of thewavenumbers ( TD ) arefitted into the equations with the Bose–Einstein distribution
function n T ,( )w as shownbelow [43, 45]

T C n T D n T n T1 2 , 2 1 3 , 3 3 , 3 2i i i,0,0 ,0,0
2

,0,0/ / /[ ( )] [ ( ) ( )] ( )w w wD = + + + +
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n T h k T, 1 exp 1B/ /( ) [ ( ) ]w w= -

where the i,0,0w is wavenumber at 1 atm and 0 K,T is the temperature inK, h is the Plank constant, and kB is the
Boltzmann constant. The obtained results at high pressure are generally in good agreement with the previous
study at 1 atm [43]. Our newhigh-pressure data showed that the temperature parametersC andDwere
insensitive to the pressure (figure 4). The values ofC,D, and i,0,0w of 4Hwere−0.34,−7.7, and 974.8 cm−1

Figure 1.TheRaman spectra of (a) 4H-SiC at 15–16 GPa, (b) 4H-SiC at 45–46 GPa, and (c) 6H-SiC at 300 K and 12–57 GPa.
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(R2= 0.98) for LO, and 4.7,−5.5, and 779.9 cm−1 (R2= 0.99) for TO. The values of 6Hwere 52,−13, and
937.0 cm−1 (R2= 0.95) for LO and 29,−7.0, and 770.8 cm−1 (R2= 0.98) for TO. A recent study has shown that
the FWHMofRaman peaks contains information on the temperature [38]. Since it can be a goodmeasure of the
temperature using Raman spectroscopy, asymmetry analysis should be done in future studies.

During heating at a higher pressure than∼30 GPa, broadRaman peakswere observed at around 600 cm−1 in
addition to the initially observed peaks (figure 1). Thismay be second-order LApeaks around 500–700 cm−1 in
3 C [46], 4H [47], or 6H [42]. Since thewavenumbers of LO andTO are clearly different from the values of 3 C

Figure 2.The relationships between pressure and the Raman frequency at 300 K in the (a) 4H-SiC and (b) 6H-SiC. All symbols are
results obtained by this study. Black and red solid lines=fitted curves (this study); black and red dotted lines= previous studies in 4H-
SiC [17] and 6H-SiC [20]. Blue broken lines are 3C-SiC for comparison [18]. The lines are drawnwithin the experimental conditions.

Table 1.Pressure dependencies on the Ramanwavenumber of SiC.

A (cm−1*GPa−1) B (cm−1*GPa−2)

4H-SiC LO 3.8(2) −8.0(40)*10–3

TO 3.2(2) −4.1(40)*10–3

LA1 1.7(1) —

TA1 −1.3(1)*10–1 —

TA1/2 −6.7(7)*10–2 —

6H-SiC LO 4.2(4) −2.2(7)*10–2

TO 3.5(3) −1.4(7)*10–2

TA1 6.1(16)*10–2 —

TA1/3 9.3(32)*10–2 —
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[18], the 6H and 4Hpolytypes persist in their original crystal structure up to high temperatures of 773 K and
1023 K.

3.2. Annealing experiments
The results ofmulti-anvil experiments showed that the 6Hpolytypemostly keeps the original structure, up to
2000K at 10 GPa for 30 min (figure S4). Any additional phases, such as silicon and diamond, are not observed
during heating. Obtained unit cell parameters of 6H-SiCwere a= b= 3.065(1)Å, c= 15.00(3)Å, andV= 122.0
(7)Å3 at 10 GPa and 2000K. Theflash annealing experiment by laser-heated diamond anvil cell also showed that
the 6Hpolytype remains untransformed after heating at 16 GPa. The opticalmicroscopic images of samples are
shown infigure S5. The temperatures were 2400(300)K and 2200(100)Kon the laser-irradiated side and the
other side, respectively. The errors were the standard deviation of the temperature within the sample. The
pressure was estimated to be 22 GPa at 2300 K after the thermal pressure correction [27]. The heating duration
was∼150milliseconds according to the continuousmeasurements of the spectra-radiometry. Raman
measurements showed that no additional phases exist other than 6H-SiC after experiments.We conducted the
single crystal XRDmeasurements in the startingmaterial and recovered sample after laser-heated diamond anvil
cell experiments (Tables S4 and S5).We obtained 829 reflections, including 139 independent reflections for the
sample after heating. A reference structure of a= b= 3.0810(2)Å, c= 15.1248(10)Å, andV= 124.338(14)Å3

were taken fromCapitani et al [28].We obtained almost same crystal structures of the startingmaterials,
a= b= 3.08060(10)Å, c= 15.1151(9)Å, andV= 124.226(11)Å3 by a single crystal XRDmeasurement at
ambient condition. The results of the refinement analysis showed unit cell parameters were a= b= 3.0782(11)
Å, c= 15.102(8)Å, andV= 123.92(11)Å3 at ambient conditions with anR-value of 3.7%. The cell parameters
and atomic positionswere similar to the initial crystal structure, while the c-axis and volume of the unit cell were
slightly lower than that of the initial value [29].

Figure 3.The temperature dependences of the Raman frequency in the (a) 4H-SiC at 60–63 GPa and (b) 6H-SiC at 67–69 GPa. Solid
curves arefitted results by the equationswith the Bose–Einstein distribution function (see text).
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4.Discussions

4.1. Pressure dependence of the Raman frequency
Pressure dependence of the Raman frequency provides insight into the bonding of the Si andC at high-pressure
conditions.Moreover, it can be a pressure standard during high-pressure experiments. Peaks of opticmodes
(LO andTO) aremuch stronger than those of the acousticmodes and are sensitive to pressure (figures 1 and 2).
TO is always themost intense and sensitive to pressure; thus, it is themost suitablemode as a pressuremarker in
the diamond anvil cell. The LO-TOpeak splitting indicates the change in the covalent bonding in the SiC [20].
According to a previous study, the covalent character decreases with increasing pressure up to 70 GPa [20].
Current results showed a similar trendwith previous studies in the 6H and 4H (figure 5) [17, 20]. Figure 5(a)
summarizes the LO-TO splitting at high-pressure conditions and 300 K. 4H and 6H showed a similar trend in
the LO-TO splitting against pressure (figure 5(a)). Our newhigh-temperature data showed that LO-TO splitting
is less sensitive to temperature compared to the effect of pressure (figure 5(b)). The splitting keeps an almost
constant value orweakly decreases with temperature. The scattered data in 6H-SiCmay result fromuncertainty
in the pressure determination and undesired uniaxial stress [48], which are unfortunately not straightforward to
investigate with the experimental setup in this study and previous study [20]. The transverse effective chargewas
calculated by following previous literature [17, 20, 39].

e

V

4
3LO TO

T

a

2 2
2

( )w w
p

e m
- =

¥

*

where eT* is transverse effective charge, e¥ is the dielectric constant at high frequency, m is the reducedmass, and
Va is the volume per atom. 6.52e =¥ was used for the value at ambient pressure, and their pressure

Figure 4.The effect of the temperature on the Raman frequency of (a) 4H-SiC at 15–63 GPa and (b) 6H-SiC at 25–69 GPa. The
wavenumbers were normalized to the value of LO at 300 K at given pressures .LO P, ,300w The lines are fitted curves by the equations
with the Bose–Einstein distribution function (solid).

8

J. Phys. Commun. 8 (2024) 065001 SMaitani et al



dependences r d d Vln ln ae= ¥ were varied from0, 0.3, 0.6, to 1 [17] (figure 6). The obtained results clearly
showed that pressure plays an important role on the effective charge of SiC.However, it is also obvious that the
dielectric constant should be determined at high pressure for a better understanding of the ionic/covalent future
of the SiC.On the other hand, current results suggested that the covalency of the bonding is not altered at high
temperatures, at least up to 1023 K, in contrast to the effect of pressure [20].

6H is predicted to be unstable above∼100 GPa based on the anomalous decrease ofmodeGrüneisen
coefficient ig of the LO andTOphonons compared to the other tetrahedrally coordinated semiconductors, such
as diamond and cBN [20]. ThemodeGrüneisen coefficient for the discussion abovewas defined as

d

d V

ln

ln
4i

i ( )g
w

=

whereV is volume [20].We have used the equations of state of 6H [9] and 4H [17] to calculate .ig The obtained
values are summarized in table 2.Obtained slopes of the ig value of 4H and 6H as a function of the density are
much shallower than in the previous study (figure S6), suggesting that the LO andTOmodes are harder than in
the previous estimation under high pressure. Current results showed that the 4H and 6H are similar to the
diamond and cBN, showing constant ig value at high-pressure conditions. The constant ig value suggests that
the experimental pressure was not sufficiently high for the transition. This is supported by the experimental
results showing no transition in the crystal structure at high pressure and temperature, as shown by this study
and a previous study [12].We should note here that the ig valuemay have large uncertainties because it is the
second-order derivative of the experimental data, as already described in the previous study [17, 20].

Figure 5. (a)The LO-TO splitting in 4H-SiC (black) and 6H-SiC (red) at high-pressure conditions and 300 K (this study). The solid
line is taken from the previous study in 6H-SiC [20]. Typical error was estimated by the FWHMof the literature [20]. (b)The LO-TO
splitting in 4H-SiC (open symbols) and 6H-SiC (filled symbols) at high pressure and temperature conditions.
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The obtained value of TAmode (x= 1) does not largely change at high pressure and high temperatures to
69 GPa and 773 K (table 2,figure 7 and S7). The small negative ig value of TAmode (x= 1) suggests that the
transitions to other polytypes are sluggish because the TAmode (x= 1) corresponds to the intercell vibration of
the atoms [42]. The insensitive ig value against pressure and temperature of TA is an explanation for the inert
transition between polytypes in the high-pressure and -temperature experiments even above 2000K [10, 12].

4.2. Temperature dependence of the Raman frequency
Wehave obtained theRaman spectra at high temperatures up to 1023 K at high pressure. As temperature
increases, thewavenumber of LO andTOdecreases, and the temperature shifts are almost the same at any

Figure 6.Transverse effective charge of (a) 4H-SiC and (b) 6H-SiC at high pressure and 300 K. Symbols are data obtained by this
study, and lines are taken from the literature [17, 20, 39]. The datawith r= 0.6 (see text) are highlighted for a comparisonwith
previous data.

Table 2.ModeGrüneisen coefficients γi
of SiC.

4H-SiC 6H-SiC

LO 0.90(9) 0.97(20)
TO 0.96(11) 1.1(3)
LA1 0.53(7) —

TA1 0.0054(27) 0.044(24)
TA1/3 — 0.081(57)
TA1/2 −0.010(3) —
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pressure conditions (figure 4). The peak shifts aremore significant at higher temperatures in both 4H and 6H.
Themodel with the Bose–Einstein distribution functionwellfits the temperature dependences of the
frequencies in this study (figure 4). TOmode shows the peak shift of∼−10 cm−1 per 100 K. This value ismuch
higher than the zircon and quartz, which is widely used as a pressure and temperaturemarker in the diamond
anvil cell experiments [49, 50]. Therefore, TOmodemay be useful for a pressure and temperaturemarker in the
diamond anvil cell at a higher pressure than several 10 GPa. Although the peak shift against the pressure is
smaller than that of zircon and quartz [49, 50], SiC has a great advantage in thewide applicable pressure and
temperature range.Moreover, the SiCmay be stable under very reducing conditions compared to the oxides.
The SiCmay be a good pressure and temperaturemarker in the diamond anvil cell experiments in addition to
the 13C-enriched diamond and the cBN [51–53].

The anharmonicmode parameter ai is used to estimate the anharmonicity of themodes [54, 55].
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where a is the thermal expansion coefficient, and KT is the bulkmodulus.We have used a bulkmodulus of
213.61 GPa for 4H [17] and 260 GPa for 6H [9]. This time, a is assumed to be 1*10–5 for both 4H and 6H. The ai

parameters are summarized in table 3. In the harmonic and quasi-harmonic approximation, iT iPg g= and thus

Figure 7.ThemodeGrüneisen coefficient γi of the LO (solid lines), TO (broken lines), andTA (dotted lines and dash-dot-dash lines)
modes of (a) 4H-SiC and (b) 6H-SiC at high pressure and 300 K.
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a 0i = [54, 55]. Deviation of the ai parameters from zero indicates that the quasi-harmonic approximation is
inappropriate for themodes. Obtained ai parameters of SiC are comparable with the silicates, such asα-quartz
and coesite, reported previously [55]. The current results showed an apparent deviation of the parameters from
zero in the LO, TO, and LAmodes compared to the TA, suggesting that the anharmonic behavior is stronger in
the LO, TO, and LA. The harmonic and quasi-harmonic approximationmay not correctly predict the
thermoelastic parameters of the SiC under planetary interior conditions. Themodification ofmode in SiCmay
help understand the nature of theVI group semiconductors [19, 56].

4.3. Stability of the SiC polytypes under high pressure and temperature
ObtainedTA (x= 1)mode, corresponding to the intercell vibration, was insensitive to the pressure and
temperature in both 4H and 6H (figure 7 and S7). This suggests that the transition of the crystal structure of SiC
may require higher pressure and temperature than the experimental conditions [42]. The obtained ig value also
indicates the strong kinetic barrier hindering the phase transition in the crystal structure of SiC polytypes.We
conducted annealing experiments using themulti-anvil and laser-heated diamond anvil cell to test the inertness
of the transition further. It is known that themulti-anvil can generate a stable and homogeneous temperature
field compared to the laser-heated diamond anvil cell experiments. Themulti-anvil press experiment showed
that 6H-SiCmostly remains the crystal structure at 10 GPa and 2000K for 30 min. The result is consistent with
the earlier quench experiments by large-volume press (Whitney et al 1969). The laser-heated diamond anvil cell
experiments showed that the crystal structure of the 6H-SiCwas very similar to the original structure even after
being annealed under a relatively large temperature gradient (Table S4 and S5). Our results are consistent with a
previous study using laser-heated diamond anvil cells [12], while they contradict the other studies [10, 11]. The
discrepancy among the diamond anvil cell studiesmay be due to chemical heterogeneity caused by the laser
heatingmethod [13], in addition to the kinetics of the transition between the polytypes having similar free
energy [57].

The sluggish phase transition is commonly observed in highly covalentmaterials, such as diamond and
related phases [58]. By analogywith the diamond, the transition of SiC is controlled by various experimental
conditions, such as heating duration, heterogeneity in the temperature, stress, and the crystallinity of the starting
materials. Althoughwe have conducted single-sided laser heating experiments to enhance the effect of the
heterogeneity in the temperature, we did not observe the transition. This result indicates that the temperature
gradientmay not be a dominant factor, at least to the degree of several hundredKper 10micrometers. In
addition to the temperature heterogeneity, the crystal disorder, such as dislocation and stacking fault, can also be
an important factor in the transition, although previous studies did not paymuch attention to the crystallinity of
the startingmaterials.We used a single crystal with very low dislocation density (micro-pipe density of<15 cm2)
as a startingmaterial this time. The density of dislocation or stacking faultsmay increase due to the deformation
under uniaxial compression in the diamond anvil cell, in contrast to themulti-axial compression in themulti-
anvil press. Accordingly, the crystal disordermay be the dominant factor in the transition of the SiC in the high-
pressure experiments.

5. Conclusions

Weconducted Raman spectroscopymeasurements in 4H-SiC and 6H-SiC up to 69 GPa and 1023 K. Both optic
and acousticmodes were observed at wide pressure and temperature ranges. The pressure and temperature
shifts of the Raman frequencies were fitted using the polynomial and the Bose–Einstein distribution functions,
respectively. SiCmay be a good pressure and temperaturemarker in the diamond anvil cell experiments. The
modeGrüneisen coefficients were insensitive to the pressure and temperature, suggesting the inert structural

Table 3.ModeGrüneisen coefficients (γiT and γiP) and anharmonic parameter of SiC.

4H-SiC 6H-SiC

γ iT γ iP ai (10
–5) γ iT γ iP ai (10

–5)

LO 0.76(34) 9.5(8) −8.7(9) 0.84(25) 3.8(20) −3.0(20)
TO 0.84(16) 10(1) −9.5(6) 0.90(2) 3.4(26) −2.5(25)
LA1 0.53(7) 8.0(6) −7.5(7) — — —

TA1 0.0050(30) 0.21(30) −0.20(30) 0.044(20) 1.5(52) −1.5(51)
TA1/3 — — — 0.081(52) 1.0(12) −1.0(13)
TA1/2 −0.010(3) 1.8(4) −1.8(4) — — —
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transition in 4H-SiC and 6H-SiC at high pressure and temperature. The results of annealing experiments also
supported inert transitions.
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