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The first-order Raman spectroscopy of diamond exhibits splitting and redshift after the burst of high-pressure (160—
200 GPa) and high-temperature (~ 2000 K). The observed longitudinal optical (LO) and the transverse optical (TO) splitting
of Raman phonon is related to the tensile-strain induced activation of the forbidden or silent Raman modes that arise in the

proximity of the Brillouin zone center.
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1. Introduction

Raman scattering can provide important information on
lattice vibrational properties of the chosen materials of inter-
est. For intrinsic crystals, only phonon modes in the proxim-
ity of the Brillouin zone (BZ) center are observed owing to
the phonon wave vector g ~ O selection rule. However, for
the conservation of momentum, relaxation of the q =~ 0 selec-
tion rule would be expected in small grain size, defect, impu-
rity, vacancies, and local structural disorder.!'! Diamond has
unique properties, such as wide bandgap, high bulk modulus,
and ultra-high hardness.!>* These interesting properties have
opened pathways to numerous applications of this material in
the areas of microelectronic devices, coatings, optics, super-
hard materials, etc.®] The Raman spectroscopy of diamond
has been extensively studied from a theoretical and experimen-
tal perspective. %)

The first-order phonons of diamond can be classified in

10.1] There are two carbon atoms

the space group Fd-3m.!
in the primitive unit cell and thus a single triply degener-
ate first-order phonon with symmetry Fpo.!'?l At the I" point,
the three optical branches are triply degenerate and the corre-
sponding phonons belong to the irreducible representation as
shown in Fig. 1(a).['3] In the absence of stress, the single crys-
tal diamond exhibits a first-order fingerprint Raman peak at
1332 cm™! which corresponds to the q = 0 triply degenerate
optical phonons F;, (Fig. 1(b)).1"%) The in situ high-pressure
Raman spectroscopy by using diamond anvil cell (DAC) has
shown great potential for investigating the properties of dia-
mond under stress, and the high-frequency edge of the Raman
band appears to be an excellent pressure-calibration standard
as an alternative to the ruby pressure scale.!'*"1% In the case
of the highly disordered diamond, there exists a pair of Raman
bands at ~ 1350 cm~! and ~ 1580 cm™!, which are designated
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as the D band and G band, respectively.!!%!7] The Raman line
width and D/G intensity ratio are related to the degree of struc-

ture order.17-19!
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Fig. 1. (a) Dispersion curves for diamond in the (100) and (111) direc-
tions and Brillouin zone of cubic diamond. (b) A first-order fingerprint
Raman peak at 1332 cm™! and the Raman vibrational motions Fag of
diamond.

Stress-induced lattice strain and distortion violates the
translational invariance and breaks down the phonon wave-
vector selection rule so that the phonon’s mode off the center

*Project supported by the National Natural Science Foundation of China (Grant No. 11774247).

Corresponding author. E-mail: lei@scu.edu.cn
© 2019 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

053102-1


http://dx.doi.org/10.1088/1674-1056/28/5/053102
mailto:lei@scu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 28, No. 5 (2019) 053102

of the BZ can be active in Raman scattering. The question of
whether or not the disorder-activated phonon behavior could
retain some in situ high-pressure characteristics after the shock
treatment has, therefore, to be addressed in order to better un-
derstand the dynamic of the aforementioned lattice distortion.

In this paper, we study the corresponding diamond
phonon behavior under the shock treatment of high-
temperature and high-pressure. We reveal the mechanism of
disorder-activated Raman (DAR) phonon originated from the
presence of tensile strain in the diamond lattice.

2. Experimental

The ultrahigh-pressure Raman scattering experiment and
double-sided laser-heated diamond anvil cell (LHDAC) exper-
iment of this work were performed in Sichuan University. The
pressure-generation experimental runs using a DAC were per-
formed with a gasketed high-pressure technique.?’! We used
the high-frequency edge of the diamond phonon as the pres-
sure scale.!'®! In this study, low-luminescence type IA dia-
monds with a culet diameter of 80-200 pm were used for
the anvils, and Re metal with the thickness of 20 um was
used as the gasket. The diamond anvils were pressurized
to the limit until catastrophic failure at the highest pressure
(160-200 GPa) soon after laser heating (above 2000 K) with
1064 nm fiber laser (Fig. 2). The sample chamber, typically
smaller than 9 x 9 umz, was close to the spot size of focused
laser beams. Some laser absorbing materials, such as high-
pressure amorphous nitrogen, were filled in the sample cham-
ber for laser heating. No pressure medium was used in all of
our LHDAC experiments. Laser heating temperatures were
either measured by the spectroradiometric method or esti-
mated. The recovered broadened diamond anvils were investi-
gated by scanning electron microscopy (SEM, Hitachi FESEM
S4800, Japan), micro-focused x-ray diffraction (XRD, Rigaku,
RAPIDII-V/DW, CuKj,), and micro-Raman spectroscopy.!!

diamond
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Fig. 2. Scheme of the double-side LHDAC experiments. There
is a small sample chamber for laser heating, typically smaller than
9 x 9 um?, and close to the spot size of focused laser beams. No pres-
sure medium was used in all of our LHDAC experiments.

Raman scattering experiments were carried out on a custom-
built confocal Raman spectrometry system in the backscat-
tering geometry based on triple grating monochromator (An-
dor Shamrock SR-303i-B, EU) with an attached electron mul-
tiplying charge-coupled device (EMCCD, ANDOR Newton
DU970P-UVB, EU); excitation was achieved by using a solid-
state laser at 532 nm (RGB laser system, NovaPro, Germany)
with a laser power of 50 mW for Raman measurement and
collection by a 20x, 0.28 numerical aperture (N.A.) objec-
tive (Mitutoyo, Japan). The spectral resolution was within
+1cm~!, and the spatial resolution was within =1 pm.

3. Results and discussions

With applied pressure, the Raman shift of the culet cen-
ter of loaded diamond anvils is found to exhibit asymmet-
ric broadening and blue-shift (due to the normal compres-
sive stress). In marked contrast to the intrinsic Raman line
at 1332 cm ™!, the Raman band of the diamond anvils loaded
at 157 GPa exhibits significant broadening and blue-shift
(Fig. 3). The high-frequency edge comes from the singlet
mode with a larger frequency shift to 1617 cm~! at 157 GPa.
In our experiments, some of the diamond anvils experienced
catastrophic breakdown upon heating by laser at ultra-high
pressures. High temperature could relieve the stress, which
is produced by cold compressing at room temperature. Typi-
cally, the pressure drops by 2—5 GPa after the laser heating at
above 100 GPa. In this experimental run, the diamond anvils
are pressurized up to ~ 200 GPa until catastrophic breakdown.
The SEM images of recovered diamond anvils (Fig. 4) show
that the top of the recovered diamond anvils are completely
damaged after the uncontrollable burst.

Figure 5(a) shows Raman spectra of a recovered dia-
mond anvil for different sample regions. The sharp Raman
line at 1332 cm™! is the characteristic signature of the in-
trinsic diamond. The triply generate first-order Raman band
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Fig. 3. Typical Raman spectra from the center of the diamond anvil
culet at 0 GPa and 157 GPa.
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Fig. 4. The SEM images of recovered diamond anvils. The white number
calibrates the test points of the sample, which corresponds to the Raman and
micro-XRD measurements.
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Fig. 5. (a) Raman spectra of the recovered diamond anvil for different sam-
ple regions and first-order Raman band splitting into a doublet band of 1316—
1331 em~!. Tt is a consistent one-to-one match between the positions in
SEM image (Fig. 4(a)) for measurement and the Raman data. (b) The split-
ting of LO and TO in the first Brillouin zone. The inset corresponds to the
Raman peak of the rightmost LO and TO.

of the diamond is split into a doublet band of 1316-
1331 ecm™ 1.
originates from the stress-induced lattice tensile strain, and

The red shift of the Raman phonon modes

this tensile stain is attributed to the carbon bond-stretching
among the mass of the atoms after the high-pressure and high-
temperature burst.

Considering that Raman excitation light has a very large
wavelength (532 nm) when compared to the distance between
neighboring atoms in a diamond crystal (~ 0.154 nm), the mo-
mentum conservation selection rule basically implies that only
phonons at BZ center (g ~ 0) are Raman active.l?>>3] There
are two main aspects that could change the Raman signature of
a crystalline material. The first is the breakdown of momentum
conservation, in conditions of translational symmetry break-
ing. This symmetry selection rule relaxation can give rise to
DAR modes, which could result in new peaks in the Raman
spectrum of the diamond. The second aspect is the increase in
the Raman peak linewidths due to the phonon confinement. In
a perfectly ordered system, the frequency uncertainty is gov-
erned by the phonon lifetime in the crystal lattice (Heisenberg
uncertainty principle). Defects induced by tensile strain could

generate boundaries that can confine the phonons within a re-
gion of length, thus generating an uncertainty in the phonon
momentum value. The atomic vacancies, distortion, disloca-
tions, and line-extension can introduce an sp> bond disorder
into the sp>-bond dominated diamond system.?*? Thus, the
diamond bands can be broadened by the disorder or dimin-
ished phonon lifetimes resulting from lattice strain.2%-7]

The phonon modes (lattice vibrations) are usually pre-
sented by the irreducible representation based on the symme-
try group of the crystals, which are essential to the interpreta-
tion of Raman spectra. The Raman shift is given by the phonon
vibrational frequency, which is governed by the mass of the
atoms and the strength of the chemical bonds. In our exper-
iments, the first-order Raman peak splitting induced by ten-
sile strain is consistent with the splitting of transverse optical
(TO) and longitudinal optical (LO) in the first Brillouin zone,
as shown in Fig. 5(b). The structural distortion induces relax-
ation of the g ~ 0 selection rule at the center of the BZ and
allows detection of the phonons away from BZ center. >3]
In the case of diamond, this results in separation of TO mode
and LO mode. Therefore, the phonon splitting in the low fre-
quency corresponds to the LO-TO phonon splitting near the
center of BZ.

Further evidence on tensile strain in the diamond lattice
is provided by micro-focused XRD measurements. Figure 6
shows that (111) and (220) crystal faces of diamond shift
to lower values of 20 degrees in different sample regions.
According to the equation 2dsin @ = kA, the carbon—carbon
bonding is stretched and C—C stretching mode exists under the
condition of high degree of disorder. This phenomenon also
supports the phenomenon of Raman redshift and the TO-LO
splitting of phonon.
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Fig. 6. Micro-focused XRD of the recovered diamond anvil for dif-
ferent sample regions. It is a consistent one-to-one match between the
positions in SEM image (Fig. 4(a)) for measurement and the micro-
XRD data.

4. Conclusions

The phonon splitting behaviors of diamond after a burst
of high-pressure and high-temperature have been investigated
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by micro-Raman spectroscopy, micro-focused XRD, and SEM

analysis. The double-splitting peak of diamond is due to the

presence of tensile strain in the diamond lattice.
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