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Abstract
Black phosphorus has a strong Raman anisotropy on the basal and cross planes due
to its orthorhombic crystal structure. However, almost all the studies on black
phosphorus’ anisotropy focus on basal plane with the cross plane neglected. Here,
we performed a systematic angle-resolved polarized Raman scattering on both the
basal and cross planes of black phosphorus and obtained its integral Raman tensors.
It is discovered that when the polarization direction of excitation light is along
different crystal axes, the Raman intensity ratio (Ixx : Iyy: Izz) of A1g mode is 256:1:5.
Besides, via calculation, it is confirmed that the strong Raman anisotropy mainly
comes from different differential polarizability alone different directions. This
phenomenon is also observed when it comes to the A2g mode.
Keywords: Black phosphorus, Polarized Raman spectrum, Differential polarizability,
Raman tensor

Introduction
Recently, two-dimensional materials have attracted much attention [1, 2], especially its
polarization characteristics [3–7], for which the high directional charge and energy
transfer characteristics are important indicators to evaluate devices’ performance. The
directional selective characteristic of optoelectronic device originates from anisotropy
of atomic arrangement. Based on symmetry theory, black phosphorus (BP) belongs to
D2h space group, which suggests that BP has different atomic arrangements along zigzag and armchair directions [8–11]. Therefore, BP becomes one of the excellent candidates to fabricate directional selective optoelectronic devices.
Raman polarization characteristic, as an important branch of anisotropy, is limited
by corresponding Raman tensor which is a key index to evaluate Raman scattering intensity [12–14]. Thus, obtaining integral Raman tensor is significant to our understanding about physical properties of materials. Angle-resolved polarized Raman (APR)
spectroscopy, as an undamaged tool, is powerful to measure Raman tensor. It has been
performed in our previous work which studied the Raman polarization characteristic
of anisotropic crystal, such as MoS2, black arsenic and AlN [2, 15–21]. Recently, BP
has attracted much attention in the aspects of optical and electrical anisotropy. However, almost all the studies on the anisotropy of BP have put their focus on basal plane
rather than cross plane so far [22–28].
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In this work, we systematically analyzed APR spectra of cross and basal planes of BP
and discovered that A1g and A2g modes have strong Raman anisotropies. Raman intensity
ratio of A1g mode along different crystal axes (Ixx : Iyy: Izz) is up to 256:1:5, and that of
A2g mode is 10:1:5. Via ab-initio calculation, we confirmed that it is the different differential polarizability along different crystal axes that determines anisotropic Raman intensity of Ag mode.

Experimental details
Here, a backscattering geometry Renishaw spectrometer (inVia Reflx) was adopted to
measure APR spectra of BP, where 488 nm laser was equipped as excitation light and
focused on the basal or cross plane through 50× long focus quartz lens. Measured BP
sample is a commercial single crystal with the size of 2 mm, and the orientations of
crystal axes are shown in Fig. 1a and b, where the basal and cross planes are corresponding to (010) and (100) planes respectively. During the measurement, the
polarization directions of excitation light and scattering light were fixed and remained
the same orientation, and layered BP sample was rotated in the step of 10°. Besides, to
prevent local overheating from decomposition of sample, laser power density and acquisition time were set as 5 mW and 1 s respectively. In addition, integration number
was set as 10 times to smooth experimental curves.
Results and discussion
Two representative Raman spectra corresponding to basal and cross planes are plotted
in Fig. 1c and d. Collected APR spectra of the three modes (A1g (363 cm− 1), A2g (470

Fig. 1 Schematic of ARP Raman scattering of basal and cross planes of BP. a ARP Raman scattering of basal
plane. θ is the angle between polarization direction of excitation light and c axis. b APR scattering of cross
plane. φ is the angle between polarization direction of excitation light and b axis. c and d denote
representative Raman spectra of basal and cross planes
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cm− 1) and B2g (434 cm− 1)) exhibit period changes when excitation light spreads along
b-axis [010]. The situation is similar when excitation light spreads along a-axis [100].
Based on the definition of Raman intensity, B2g mode will disappear in the Raman scattering process of cross plane, and B13g mode cannot be observed in the Raman scattering process of basal plane. Therefore, B2g and B13g modes can be used as a criteria to
distinguish crystal plane.
Based on the APR spectra of basal and cross planes, the Raman intensities of each
mode at different rotation angles can be obtained. As shown in Fig. 2b, d, f and h, when
the polarization orientation of excitation light locates on the basal plane, the Raman intensity ratio (Ixx : Izz) of A1g mode is 11.1, and that of A2g mode is 1.94. When the
polarization orientation of excitation light locates on the cross plane, the Raman intensity ratio (Izz : Iyy) of A1g mode is 23.1 and that of A2g mode is 4.9. Combining the APR
spectra of basal plane with those of cross plane, the Raman intensity ratios of A1g and
A2g modes along different crystal axes can be derived, which are 256:1:23 and 9.6:1:4.9.
It is obvious that there are strong Raman anisotropies of A1g and A2g modes, which can
be elaborated with Raman selection rule and the definition of Raman intensity [22, 23].
Specifically, according to classical Raman scattering theory, Raman intensity I for Raman active mode is given by [12].
I  jes Rei j2 ;

ð1Þ

where ei and es denote polarization direction vectors of excitation and scattering light
respectively. To explore the polarization characteristic of BP, ei is parallel to es throughout the whole measurement. R denotes Raman tensor, represented by a 3 × 3 matrix.
According to group theory, the Raman tensors format of A1g , A2g , B2g and B13g modes
can be written as [12, 23].

Fig. 2 ARP Raman scattering spectra of BP for (a)-(d) basal planes and (e)-(h) cross planes. ARP Raman
scattering intensities are fitted with Eq. (4) and (6), and the phase differences between Raman tensor
elements a and c, that is the ϕac, of A1g and A2g modes are 42° and 79° for basal plane. For cross plane, the
phase differences between Raman tensor elements b and c of A1g and A2g modes are 0° and 50° respectively
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Fig. 3 Calculated basal plane APR spectra of A2g mode with and without considering birefringence effect
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where a, b, c, d and f represent the amplitudes of Raman tensor element, ϕ (ϕ a1 , ϕ a2 ,
ϕ b1 , ϕ b2 , ϕ c1 and ϕ c2 ) is the phase angle of Raman tensor element.
When the polarization direction of excitation and scattering light locates on the basal
plane, ei and es can be written as.
0
1
0
1
sinθ
sinθ
ei ¼ @ 0 A;es ¼@ 0 A;
ð3Þ
cosθ
cosθ
where θ denotes the rotation angle between the a-axis of BP and the polarization
orientation of excitation (scattering) light. Based on Eq. (1), the function relations of
Raman intensity of A1g , A2g and B2g modes with respect to rotation angle θ are given by
I A1g  c21 cos4 θ þ a21 sin4 θ þ 2a1 c1 cos2 θ sin2 θ cosϕ a1 c1 ;
I A2g  c22 cos4 θ þ a22 sin4 θ þ 2a2 c2 cos2 θ sin2 θ cosϕ a2 c2 ;

ð4Þ

I B2g  d sin 2θ;
2

2

where ϕ a1 c1 ð¼ ϕ a1 − ϕ c1 Þ and ϕ a2 c2 ð¼ ϕ a2 − ϕ c2 Þ represent Raman phase differences between Raman tensor elements a and c.
When the polarization direction vectors of excitation and scattering light locate on
the cross plane, ei and es can be written as.
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0
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0
1
0
0
ei ¼ @ cosφ A;es ¼@ cosφ A;
sinφ
sinφ

ð5Þ

where φ denotes the rotation angle between the b axis of BP and the polarization
orientation of excitation light. Based on Eq. (1), the function relations of Raman intensity of A1g , A2g and B2g modes with respect to rotation angle φ are given by
I A1g  b21 cos4 φ þ c21 sin4 φ þ 2b1 c1 cos2 φ sin2 φ cosϕ b1 c1 ;
I A2g  b22 cos4 φ þ c22 sin4 φ þ 2b2 c2 cos2 φ sin2 φ cosϕ b2 c2 ;

ð6Þ

I B13g  f sin 2φ;
2

2

where ϕ b1 c1 ð¼ ϕ b1 − ϕ c1 Þ and ϕ b2 c2 ð¼ ϕ b2 − ϕ c2 Þ represent Raman phase differences between Raman tensor elements b and c.
According to the outline of the definition of Raman intensity, the Raman intensities
of A1g , A2g , B2g and B13g modes satisfy the variation of Eq. (4) and Eq. (6) with the change
of rotation angle. By fitting the APR spectra of A1g , A2g , B2g and B13g modes, the ratio relationship of Raman tensor elements can be observed, as shown in Table 1. For A1g
mode, the ratio of Raman tensor elements amplitudes a1 to c1 is 3.33, and that of c1 to
b1 is 4.8. Consequently, Raman tensor elements amplitudes a1, b1 and c1 satisfy the relationship of a1 > c1 > b1. Similarly, for A2g mode, its diagonal Raman tensor elements
amplitudes also satisfy the relationship of a2 > c2 > b2.
Raman tensor element Rqij is also defined as the derivative of susceptibility χij with regard to atom position [12], thus
Rqij ¼ V prim

XN X3
μ¼1

∂χ ij eql ðμÞ
pﬃﬃﬃﬃﬃﬃﬃ ;
l¼1 ∂r ðμÞ
Mμ
l

ð7Þ

where Mμ and Vprim represent the atomic mass of μ th atom and volume of unit cell respectively; rl(μ) is the position of μ th atom along l direction and eql ðμÞ is the eigenvector of qth phonon of μth atom. Since polarizability αij is linear with susceptibility χij
(αij = ε0χij), Raman tensor element Rqij can be written as
Rqij ¼ V prim

XN X3
μ¼1

∂αij eql ðμÞ
pﬃﬃﬃﬃﬃﬃﬃ :
l¼1 ∂r ðμÞ ε
Mμ
l
0

ð8Þ

where ∂αij/∂rl(μ) can be defined as the differential polarizability with Raman intensity
directly reflected. Take A1g mode as an example, the differential polarizability along aaxis is larger than that along c-axis, which determines that there will be a larger Raman
intensity when the polarization direction of excitation light is parallel to a-axis.
In addition, the susceptibility χij and relative permittivity εij are interrelated (χij = εij −
1). Thus, Raman tensor element can also be written as
Rqij ¼ V prim

XN X3
μ¼1

q

∂εij el ðμÞ
pﬃﬃﬃﬃﬃﬃﬃ :
l¼1 ∂r ðμÞ
Mμ
l

ð9Þ

More importantly, the relative permittivity εij can be calculated by ab-inito calculation. The Raman tensor elements of A1g and A2g modes can be calculated by the vari-
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Table 1 Raman tensors obtained via APR scattering spectra and first-principle calculation
Mode

Experimental

A1g

/

Calculated
0
0:064ei0:24π
@
0
0

a1/c1 = 3.33

a1/c1 = 1.94

b1/c1 = 0.21

b1/c1 = 0.76

φa1 c1 ¼ 0:23π

φa1 c1 ¼ 0:23π

φb1 c1 ¼ 0

φb1 c1 ¼ 0:03π
0
1
0
0 0:08
@ 0
0
0 A
0:08 0
0

B2g

/

B13g

/

d

1
0
A
0
0:033∙ei0:01π

d = 0.08
0
1
0
0
0
@0
0
0:03 A
0 0:03
0

/

f = 0.03
0
0:43ei0:29π
@
0
0

f
A2g

0
0:025ei0:05π
0

0
0:0045ei0:04π
0

a2/c2 = 1.39

a2/c2 = 1.54

b2/c2 = 0.45

b2/c2 = 0.016

φa2 c2 ¼ 0:44π

φa2 c2 ¼ 0:01π

φb2 c2 ¼ 0:28π

φb2 c2 ¼ 0:26π

1
0
A
0
0:28ei0:3π

ation of relative permittivity before and after corresponding vibration. Here, the Raman
tensor elements of various vibration modes are calculated via Vienna Ab-initio Simulation Package (VASP) [29–40] and phonon calculation software PHONOPY. During the
density functional perturbation theory (DFPT) calculation, a 3 × 3 × 3 supercell was
adopted to obtain the force constants. A projector augmented wave (PAW) basis set
with 500 eV cutoff was adopted, and Perdew-Burke-Ernzerhof functional was used as
pseudopotentials. The relaxation of electron cannot be stopped until the free energy
change is smaller than 10−8 eV and the force between two steps is smaller than 10 − 3
eV =Å . A high-density k-mesh of 50 × 1 × 50 was performed for self-consistent calculation to obtain inductance coefficient tensors, as shown in Table 1. For A1g mode, the
calculated Raman tensor elements amplitudes ratio of a1 to c1 is 1.94, and that of c1 to
b1 is 1.32. Therefore, a1, b1 and c1 satisfy the relationship of a1 > c1 > b1, which is in accordance with measured result. Similarly, the relationship among Raman tensor elements amplitudes a2, b2 and c2 also satisfy a2 > c2 > b2. Based on ab-initio calculation, it
can be concluded that the strong Raman anisotropies of A1g and A2g modes come from
different differential polarizabilities along different crystal axes.
Besides, the phase angle of Raman tensor element can also be calculated via ab-initio
calculation. As we have claimed above, Raman tensor element is proportional to the derivative of the relative permittivity εij with respect to spatial position of atoms. How0

ever, relative permittivity εij is usually composed of a real part εij and an imaginary part
0

εij0 , leading to a correction of the expression of Raman tensor element, that is
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ð10Þ

Calculated results are shown in Table 1, where the Raman phase differences (ϕ a1 c1 ,
ϕ b1 c1 , ϕ a2 c2 , ϕ b2 c2 ) of A1g and A2g are 0.23π, 0.03π, 0.01π, 0.26π respectively.
By fitting the APR spectra of A1g and A2g modes based on Eq. (4) and Eq. (6), the phase
angels can also be derived. The Raman phase differences ϕ a1 c1 and ϕ b1 c1 of A1g modes
are 0.23π and 0, and those of A2g mode are 0.44π and 0.28π. Compared with the calculated ϕ a2 c2 , the experimental ϕ a2 c2 is much larger, which has puzzled us for a long time.
In the Raman scattering process, except for Raman tensor, test environment and the
property of materials will also affect the Raman scattering intensity. It seems difficult to
find an acceptable reason to explain the large difference between experimental and theoretical values of ϕ a2 c2 .
Recently, a birefringence theory [41, 42] has been proposed to elaborate the Raman
phase difference in transparent crystal, which has been confirmed by the materials such
as AlN, GaN [16, 43, 44]. It is generally believed that due to a nearly negligible penetration depth, the theory is invalid in narrow band-gap materials. However, this understanding may be incomplete. For opaque optical crystals, the birefringence effect may
also have a significant modulation influence on Raman phase difference. According to
the definition of Raman scattering intensity and the deduction in Supporting Information, a phase factor ϕ and a constant w could be introduced into the Raman scattering
intensity expression of A2g mode in Eq. (4). Thus, when excitation light propagates
along b-axis, Raman scattering intensity of A2g mode can be written as


I A2g  c22 cos4 φ þ a22 sin4 φ þ 2a2 c2 ∙w∙ cos2 φ sin2 φ cos ϕ a2 − ϕ c2 − ϕ ;

ð11Þ

where ϕ and w are functions respect to refractivity and extinction coefficient, given by


nxr nzi − nxi nzr
ϕ ¼ arctg
;
ð12Þ
nxi nzr þ nxr nzi
nxr nzi − nxi nzr


n2xi þ n2xr n2zi þ n2zr
;
w¼
sinϕ


ð13Þ

where nxr and nzr denote refractive index along x and z directions respectively, and nxi
and nzi are extinction coefficients along x and z directions respectively. As shown in
Fig. 3, considering the birefringence effect, the theoretical value of Raman phase difference ϕ a2 c2 of A2g mode is 83°, which is close to experimental Raman phase difference
79°. Although BP is an opaque material relative to 488 nm and its penetration depth is
very small, the effect of birefringence on the modulation of Raman phase difference
cannot be ignored.

Conclusions
In this work, we analyzed the APR spectra of basal and cross planes of BP systematically with complete Raman tensors obtained. In addition, the strong Raman anisotropies
of A1g and A2g modes were discovered in this research. Via first-principle calculation, the
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strong anisotropy has been confirmed as originating from the different differential polarizability along different crystal axes. Besides, it is found that when excitation light
propagates along b-axis, the calculated Raman phase difference of A2g mode is different
from the experimental value, which may be owing to the modulation of birefringence
effect.
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