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We report polarized and resonant Raman scattering of single-crystal boron carbide (B4C) at high pressures.
Significant intensity enhancements of 270 and 1086 ¢cm™' Raman bands of B,C have been observed at quasi-
hydrostatic pressures higher than ~20 GPa. The pressure-induced intensity change of the 1086 cm™! band is
mainly due to the resonance between excitation energy and electronic transition, whereas the intensity change
of 270 cm™! band is caused by the depolarization effect. Importantly, the first-order phase transition has not
been found at high quasihydrostatic pressures and all the Raman intensity changes along with the correspond-
ing high-pressure lattice distortion can be recovered during unloading.
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Low-density and ultrahard boron carbide (B4C) possesses
outstanding ballistic properties and has been widely used as
an armor ceramic for protection against high-pressure
impact.'3 Extensive investigations on microstructure and
properties of B,C have been conducted and, in particular,
mechanical performances at high pressures and high loading
rates have been the subject of much intense work over the
last 30 years.>* B,C has a complex atomic configuration,
i.e., 12 atom icosahedra at the rhombohedral polar sites
linked with each other through a linear three-atom chain par-
allel to the hexagonal C axis (see the inset in Fig. 1).>° Each
atom at the two ends of the chain bonds to three boron atoms
in the icosahedra. Accordingly, six equatorial sites (forming
bonds with the linear chain) and six polar sites (forming
bonds with the neighboring icosahedra) coexist in the 12
atom icosahedra. This intricate structure along with much
open internal space in the less-symmetric unit cell has led to
the supposition of possible equilibrium phase transitions at
high hydrostatic pressures. Although recent studies have
demonstrated localized amorphization in B,C loaded by non-
hydrostatic pressures,> the equilibrium high-pressure phase
transitions of B,C remain undecided. High-pressure Raman
studies have found unusual intensity changes of B,C Raman
bands at a pressure of ~20 GPa,”!? which is coincident with
the observation of the dramatic loss of B,C shear strength at
an impact pressure of ~20 GPa.>*® The concurrence has
brought about the suggestion of a rhombohedron to wurtzite
phase transition at high pressures.'®!! However, this interpre-
tation on the high-pressure Raman intensity changes does not
reconcile with other experiments, such as x-ray diffraction
and neutron scattering, in which this first-order phase transi-
tion has not been detected with the pressures up to 50
GPa.'213 Besides phase transitions, it is known that pressure-
induced lattice shrinkage and distortion can also give rise to
the intensity changes of Raman bands because of the varia-
tions in symmetry selection rules and types of lattice vibra-
tions. In this study, we systematically investigate high-
pressure Raman scattering of single-crystal B4C and
demonstrate that the unusual Raman intensity changes at
~20 GPa are mainly caused by depolarized and resonant
Raman scattering, not the first-order phase transition.
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A diamond-anvil cell (DAC) combined with micro-
Raman spectroscopy was employed to investigate the high-
pressure Raman scattering of single-crystal B,C with a se-
lected orientation of (223). A mixture of methanol-ethanol
(4:1) was used as the pressure transmitting medium and the
R1-line emission of a tiny ruby chip was used for pressure
calibration. Raman spectra were in situ acquired under pres-
sures using a Renishaw micro-Raman spectrometer equipped
with a charge-coupled device detector and a microscope for
focusing the incident laser beam to a ~2 um spot size. Both
514 nm (Ar ion laser) and 633 nm (He-Ne laser) excitation
lines were used as excitation sources. The spectra have been
collected at a lower laser power in order to avoid local heat-
ing effects. Polarization analyzer is placed before the en-
trance of slit to allow the detection of the scattered light
either parallel (II) or perpendicular ( L) to the excitation la-
ser. The ratio of the peak intensity (/) of the perpendicular
and parallel components, known as the depolarization ratio
(p), is obtained by p=I, /1. Since the measured depolariza-
tion effect is always interfered by diamond window of the
pressure cell, p of B,C is corrected by the depolarization
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FIG. 1. (Color online) Raman spectra from (223) B,C single
crystal with 514 nm (Ar ion laser) and 633 nm (He-Ne laser) exci-
tation sources, respectively. The inset shows the atomic configura-
tion of B4C.
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FIG. 2. (Color online) High-pressure Raman scattering of B,C under the excitation of (a) 514 and (b) 633 nm laser lines. Pressure
dependence of the intensities of Raman bands at (c) 1086 and (d) 270 cm™'.

ratio of 1330 cm™' peak of diamond. To 1330 cm™! peak of
stressed diamond, the focus plane of the laser beam is placed
at the bottom of the diamond anvil where the window dia-
mond is subjected to the highest stresses. The measured de-
polarization ratio change of the diamond window with pres-
sures is of ~-0.05/GPa, about 10-20 times smaller than
those observed in B,C. Figure 1 shows typical Raman spec-
tra of the single-crystal (223) B,C at ambient pressure with
two excitation wavelengths of 514 and 633 nm, respectively.
The spectra in the range of 150—2000 cm~! with a series of
characteristic Raman bands represent the complex atomic
structure of B,C, which are in good agreement with previous
observations.”%14-16 In the low-frequency region, two bands
at ~270 and ~320 cm™! have been attributed to bond bend-
ing between the three-atomic chains and icosahedra due to
chain rotating and icosahedra wagging.'* Apparently, the two
bands are sensitive to the excitation lasers and have higher
intensity at 633 nm excitation compared with the 514 nm
laser. The sharp band at 481 cm™' is associated with the
stretching of three-atom chains and the 531 cm™' mode rep-
resents the rigid rotation of icosahedra.'*!” In the high-
frequency region, the multiple Raman bands ranging from
700 to 900 cm™! have been assigned to the intraicosahedral
or intericosahedral B-B bonds. The peaks at 900—1000 c¢cm™'
are related to the modes of chain stretching and rotating, and
the 1086 cm™! peak corresponds to the breathing modes of
the icosahedra.'*!” Apart from the vibration modes of B,C, a
weak and broadband at 1570 cm™' was observed in the Ra-

man spectra. This peak is attributed to the so-called G peak
(graphite peak) due to the presence of small amount of free C
on the surface of B,C specimens.!®!3

Figures 2(a) and 2(b) show Raman spectra of B,C with
the applied pressures gradually increasing from the ambient
up to ~36 GPa under the excitations of 514 and 633 nm
lasers, respectively. In both cases the changes in the Raman
peak shift and intensity can be readily observed. With the
increase in pressures, the B,C Raman bands at 270 and
320 cm™! slightly shift to lower frequencies, implying soft
phonons associated with B,C lattice distortion at high
pressures.'? In contrast, the modes in the region between 400
and 1200 cm™! gradually shift to higher frequencies. The
most noticeable changes are the sharpening and intensity in-
crease of the 270 and 1086 cm™' bands at the pressure above
~20 GPa, which has been attributed to the possible struc-
tural phase transition.'®!" However, the dramatic enhance-
ment of the 1086 cm™! band at ~20 GPa, which is observed
with 514 nm excitation, is absent with 633 nm excitation
wavelength as shown in Fig. 2(c). The dependence of inten-
sity increment on the excitation wavelength and the absence
of new Raman bands unambiguously demonstrate that the
intensity change of the 1086 cm™' band is not associated
with any first-order phase transition. The 1086 cm™' band
has a symmetry assignment of A;, and originates from icosa-
hedral breathing modes. The relatively weakly bonded icosa-
hedron cages are expected to undergo the most compression
according to the distinct blueshift of this mode with
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pressures.?’ In general, the energy of the exciting photon in
linear Raman spectroscopy is much lower than the energy of
the lowest electronic transitions in solids and molecules. If
the latter energy is tuned to approach the energy of the ex-
citing photons, the vibrational modes associated with the
electronic transitions exhibit greatly enhanced Raman scat-
tering intensity due to the resonance between electronic and
vibrational excitations.?! For B,C, the band gap and thereby
electronic transition of icosahedra can be dramatically modi-
fied by high pressures®” and, as the pressures increase, the
band gap between the excited and ground states is tuned for
matching the energy of the exciting photons. The resonance
enhancement can be achieved in advance by the 514 nm
laser due to its higher excitation energy (2.41 eV) compared
to 1.69 eV of the 633 nm laser.

We notice that the low-frequency peak at ~270 cm™!
shows strong pressure dependence for both excitation wave-
lengths, which is different from the 1086 cm™' mode. To
explore the underlying mechanisms, polarized Raman spec-
tra were measured to characterize the high-pressure polariz-
ability of lattice vibrations, which is sensitive to the lattice
distortion. The parallel and perpendicular spectra of B,C at
ambient pressure and 36 GPa as well as the recovered
samples are shown in Fig. 3. It is perceptible that the peak
intensity of the ambient-pressure Raman spectra, particularly
270 and 320 cm™! bands, shows strong dependence on the
polarized orientations regardless of the excitation wave-
lengths, demonstrating that these two bands are highly polar-
ized with low depolarization ratios. At the high pressure of
36 GPa, the relative intensity change of 270 and 320 cm™!
bands with polarized orientations becomes small, although
the peak intensity ratio between 270 and 320 cm™' bands
increases with pressures. Since polarized Raman spectros-
copy can provide information about the symmetry of the
vibration, it can facilitate the observation of the pressure-
induced lattice changes. The 270 and 320 cm™' doublets in
the lower frequency range are related to the chain-
icosahedral linkages (A;,) (Ref. 16) and are sensitive to the
structural change at the end sites of the chains. Noticeably,
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the next two narrow peaks (at 481 and 531 cm™!) show the
opposite changing tendency of polarizability with pressures
in comparison with the 270 and 320 cm™! bands. These two
bands are associated with the stretching of three-atom chains
and the rigid rotation of icosahedra, respectively. Eigenvec-
tors associated with these two modes belong to the E,, irre-
ducible representation. This phenomenon is consistent with
the Raman selection rules that the relative intensity of the E,
modes varies inversely with that of A;, modes between par-
allel and perpendicular polarizations.”*%4 In addition to reso-
nance excitation due to the variations with respect to pres-
sures, 1086 cm~' Raman band is also slightly polarized. It is
worth noting that the bandwidth of 1086 cm™' mode de-
creases noticeably under pressures. This is in contrast with
the behavior of the other Raman bands which either show
very little change in the bandwidth or become broader at
higher pressures. More symmetrical icosahedra under pres-
sures may explain the much narrower 1086 cm~! band in
compression. The similarity in the polarized Raman spectra
between the pristine samples and the recovered B,C crystals
that are taken out from the DAC reveals that the lattice
changes at high quasihydrostatic pressures are elastically re-
versible.

When Raman spectra are excited by plane-polarized ra-
diation, the scattered radiation will be polarized to various
degrees depending on the type of vibration responsible for
the scattering. The intensity of resulting Raman bands will be
stronger in certain spatial directions. In general, if the depo-
larization ratio p for a particular peak is less than 0.75, the
peak arises from a totally symmetric vibrational mode. This
peak or vibration is called a polarized band. If nonsymmetri-
cal modes have a depolarization ratio larger than 0.75, they
are called depolarized bands. The Raman bands at 270 and
320 cm™! are Ajg-type totally symmetric modes for equato-
rial pentagons of three icosahedra and the corresponding at-
oms move approximately parallel to the plane of the equilat-
eral triangle. The local lattice polarizability, which is
responsible for the Raman intensity, strongly depends on the
immediate surrounding of the active center and is attributed
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FIG. 4. (Color online) Pressure dependence of the depolariza-
tion ratios of the Raman band at 271 cm™.

to a total symmetrical vibration of pentagonal pyramids of
icosahedra relative to the end atoms of the chain.?> The de-
polarization ratio of the 270 cm™! band at various pressures
has been determined from the integrated Raman intensity
obtained with perpendicular polarization (/,) and parallel
polarizations (). The depolarization ratio as a function of
pressures has been plotted in Fig. 4. The variations of depo-
larization ratios reflect various polarization configurations
and disposition of the vibration relative to the crystal axes.
The ratio first decreases with the increase in pressure up to
~25 GPa and then dramatically increases with the continu-
ous augment of loading pressures. The totally symmetric
mode is first polarized with a depolarization ratio close to
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zero at ~20-25 GPa and then the significant increase in
depolarization ratios at higher pressures suggests that the
symmetric vibration changes from isotropic to anisotropic.
This can be attributed to the “wrong” geometry to a small
violation of the selection rules coming from the changes in
the local ordering at the linkages between icosahedra and
chains, which should be the cause of the discontinuous in-
tensity change of 270 cm™! band at the pressure of
~20 GPa.3926

In summary, we systematically investigate the pressure
dependence of the polarized and resonant Raman scattering
of B4C. The Raman band at 1086 cm™! is resonantly en-
hanced due to the resonance between excitation energy and
the electronic transitions varied with applied pressures. De-
polarization effect is proved to be the main cause of the
significant intensity enhancement of the Raman band at
270 cm™! at high pressures. Importantly, the first-order
phase transition suggested before has not been found in our
study and all the Raman intensity changes along with corre-
sponding high-pressure lattice distortion can be recovered
after removing the quasihydrostatic stresses.
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