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Fig. 1. (a) Crystal structure of black phosphorus; (b) atomic displacements of phonon modes in black phosphorus; (¢) phonon dis-

persion, vibration density of states (VDOS) and schematic diagram of first Brillouin zone of bulk black phosphorus. Raman modes

at the Brillouin zone center are labeled!®!,
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tensity excited by different wavelengths. The solid lines indicate fitting results.
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Fig. 3. (a) Raman spectra of black phosphorus excited by six excitation wavelengths between 473-671 nm. Raman spectra at

0; = 0° and 6; =90° are given for each excitation. Three main first-order Raman peaks and eleven high-order Raman peaks

(P—Py,) are marked by vertical dotted lines; (b) the fitting result of P,~P;; for Raman spectra by six excitations at 6; = 0°.
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Fig. 4. Polarization-dependent Raman intensity of P;—P;; Raman modes, excited by 488, 532 and 633 nm lasers.
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Peaks Raman shift /cm ! Assigned mode Assigned mode in Ref. [13] Calculated frequency/cm !
Py ~688 AZ(I) + B3, (I) A? + Bi, 689
P, ~T14 Bag(I') +2 - B1g(X) - 715
Py ~747 2- AZ(I)-Bi,(I) 2-AZ - By, 749
Py ~819 Bag(I') + B1e(S) + B3y (S) - 821
P; ~831 2 A2(near Y) - 832
P, 839 2. A2(S) - 842
P, ~855 2. BZ,(I') - 858
Py ~864 2 - Bog(X) - 864
P, ~872 2. Bog(T or S) - 874
P ~836 Ag(X) + AZ(X) 888
Py ~895 2 - Bog(between X and S) - 896
AN e /\ LS, —= —= P79
Brfr @i, 255 Mukn s asthZ | S A%

JE | Bl SR AN RE B PR E W | RS b
FIXSFRIE AT A5 B O, Xt PR e B P 2 0 A 7
T RGEPERHRIN. ARBFFE R AR R B
UHIX RSSO RO R A FHEH D).

N SCAE B XU SR 3500 o T 2 i R R ) ) 15
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Abstract

Black phosphorus (BP) has been attracting intense interest due to its unique anisotropic properties. The
investigations on phonon dispersion and electronic band structure could expand the understanding of the
properties of BP and promote its application on next generation nano-electronic devices. As the fingerprint of
materials, Raman spectroscopy can provide the information of their phonon dispersion and electronic band
structure. According to the Raman selection rule, Raman process involving multiple (two or more) phonons can
be used to probe the phonon density of states within the whole Brillouin zone. However, the intensity of high-
order Raman modes is much lower than that of the first-order Raman mode. To break through the limit of low
intensity, here, we measured the resonant Raman spectroscopy of BP excited by several wavelength lasers and
observed rich information about high-order Raman modes in the spectral range of 680-930 cm. To further
investigate high-order Raman modes and avoid the birefringence effects from optical anisotropy on Raman
intensity, we employ a special polarization configuration to obtain resonant Raman spectra and Raman
intensity as a function of excitation wavelength. All the observed high-order Raman modes are certainly
assigned, according to the phonon dispersion and symmetry analysis of related phonons. This indicates the great
contribution of phonons within the Brillouin zone to the second- and third-order Raman scattering. This work
proposes a general and systematical method to investigate high-order Raman modes, and paves ways for the

researches of phonon dispersion and resonance Raman spectroscopy in other anisotropic materials.

Keywords: black phosphorus, second-order Raman mode, third-order Raman mode, resonant Raman

scattering, optical anisotropy
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