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ABSTRACT: In anisotropic two-dimensional materials, complex values of Raman tensors
are necessary to explain the abnormal linearly polarized Raman spectra. In this work, we
measured the helicity-changing Raman spectra of few-layer black phosphorus (BP) excited
by circularly polarized light. We observed that the polarized Raman intensities of the Ag
modes show a deflection angle that depends on the sample orientation, thickness, and laser
excitation energy. To understand the deflection, we calculated the resonant Raman spectra
by first-principles calculations, which give complex Raman tensors as a function of laser
excitation energy. In particular, the phase difference between the elements of the complex
Raman tensor is relevant to the deflection angle. The calculated results of monolayer BP
reproduce the experimental helicity-resolved Raman spectra of few-layer BP satisfactorily.

Black phosphorus (BP) is a layered semiconductor
material.1 The puckered structure relaxes restriction for

the bond angle, which makes BP the most stable allotrope
among the phosphorus materials.1−6 The bulk structure of BP
has an orthorhombic symmetry belonging to point (space)
group D2h (Cmca). Thus, the crystal structure has in-plane
anisotropy that is relevant to the optical properties of BP.1,3

Because monolayer and multilayer BP are direct band gap
semiconductors,5,7,8 we can discuss the optical properties of BP
as a function of the thickness of BP. Because the energy gap
decreases with an increase in the number of layers and we
expect many energy subbands near the Fermi energy, we can
control the optical properties of BP for photonic and
optoelectronic applications.6,9,10

Resonant Raman spectroscopy is a nondestructive character-
ization tool for analyzing the electronic and phonon structure
of low-dimensional materials. In particular, when we use
circularly polarized light (CPL), we can analyze the symmetry
of phonon modes by helicity-dependent Raman spectrosco-
py,11 in which the helicity of the scattered CPL either is
conserved or changes from that of the incident CPL depending
on the phonon mode.12 For example, the G-band of
graphene13 and the in-plane E mode of transition metal
dichalcogenides (TMD) such as MoS2

14,15 are helicity-
changing Raman modes, while the out-of-plane A mode of
TMD is a helicity-conserved Raman mode. We can generally
explain the helicity-changing or helicity-conserved Raman
spectra in terms of the Raman tensor.13,16,17

In this paper, we report the helicity-resolved Raman spectra
of BP by using CPL in which we report the unique helicity-
resolved behavior for the Ag mode. BP has two Ag Raman

active modes and one B2g Raman active mode.18−21 If we
adopted the real values of Raman tensors for the Ag and B2g
modes of BP, the Ag mode would be a helicity-conserved
Raman mode if the value of the diagonal elements are the
same, while the B2g mode would be a helicity-changing Raman
mode if the elements are non-zero. However, when we
measured the polarized Raman intensities of few-layer BP
excited by CPL, the angle of maximum peak intensity in the
polar plot shows a deflection angle for the Ag modes. The
deflection corresponds to the fact that the Ag mode of BP is
not completely helicity-conserved, and the degree of deflection
depends on the phonon mode, sample thickness, and laser
excitation energy. Ribeiro et al.22 discussed Raman spectra of
BP using linear polarized light by introducing the complex
Raman tensor, in which they investigated the complex values of
electron−phonon matrix elements and the energy denomi-
nator. Resende et al.23 explained the origin of the complex
Raman tensors for ReSe2 in terms of the anisotropy of the
electron−phonon coupling, also by using linearly polarized
Raman spectroscopy. In this paper, by using a homemade
program of resonant Raman spectra, we calculated the helicity-
resolved resonant Raman spectra of monolayer BP by first
principles13 by which we obtained the complex Raman tensor.
The calculated results of the phase difference between Raman
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tensor elements of monolayer BP satisfactorily reproduce the
observed deflection of the Ag mode of few-layer BP as a
function of laser excitation energy.
In Figure 1a, we show the experimental setup of helicity-

resolved Raman spectroscopy (HRRS). The atomic structure

of layered BP is shown in Figure 1b, and Figure 1c shows the
coordinate system for the HRRS measurements. θ denotes the
direction of the crystalline orientation of BP with respect to the
polarization direction of light, where a θ of 0° or 90°
corresponds to the zigzag (z) or armchair (x) edge direction,
respectively. The quarter-wave plate, whose optical axis
direction is set to be 45° from the polarization direction of
the incident light, is placed in the optical path for generating
either left-handed circularly polarized light (σ+, LCP) or right-
handed circularly polarized light (σ−, RCP). The back-

scattered Raman scattering light goes through the quarter-
wave plate again and then another linear polarizer II whose
direction between the incident light is denoted by the angle α.
If we observe the Raman intensity at α = 0° and zero intensity
at α = 90°, the scattered light corresponds to helicity-
conserving Raman spectra, and Raman intensity at α = 90° and
zero intensity at α = 0° for helicity-changing Raman spectra. If
we observe the Raman intensity for a general α between 0° and
90°, the scattered light is not pure LCP or RCP.
Few-layer BP samples with several thicknesses on a 300 nm

SiO2/Si substrate were prepared by using mechanical
exfoliation. Figure 2a shows the atomic force microscopy
(AFM) and optical microscopy (OM) images of the BP
sample. The thickness of BP measured by AFM is 7 nm, which
corresponds to 13 layers. In panels b and c of Figure 2, we plot
the observed Raman spectra of the BP excited by 2.33 and 1.96
eV lasers, respectively, in which we observe three Raman active
modes, that is, Ag

1 (363 cm−1), B2g (440 cm−1), and Ag
2 (467

cm−1). The red (blue) spectra correspond to helicity-changing
(helicity-conserving) Raman spectra. As shown in panels b and
c of Figure 2, the B2g mode shows helicity-changing Raman
spectra while the Ag modes show intensities for both σ+σ+ and
σ+σ− configurations, and the relative intensity is not the same
for the two Ag modes and for the laser excitation energy.
To understand the unique helicity-resolved behavior of the

Ag modes, we have calculated the electronic and phonon
energy dispersions of monolayer BP by first-principles
calculations, as shown in Figure S1, which assign the Raman
active modes of Ag and B2g modes. The Ag modes oscillate in all
directions, while the B2g mode oscillates only in the x−z plane
(see Figure S1d). It is important to note that the x, y, and z
axes of the BP are set to the conventional notation in which the
in-plane direction is x, z (not x, y) and the out-of-plane
direction is y (not z). Thus, the B2g mode is the in-plane mode.

Figure 1. Experimental setup and coordinate system for a black
phosphorus (BP) sample. (a) Experimental setup for helicity-resolved
Raman scattering spectroscopy (HRRS). (b) Atomic structure of BP.
(c) Coordinate system for the HRRS measurements.

Figure 2. Optical microscopy (OM) and atomic force microscopy (AFM) characterization of a BP flake and experimental and calculated HRRS
results. (a) AFM image of few-layer BP on a 300 nm SiO2/Si substrate. The inset shows the OM image (the scale bar is 5 μm). HRRS results for Ag
and B2g modes of BP excited by (b) EL = 2.33 eV (532 nm) and (c) EL = 1.96 eV (633 nm) lasers. (d) Calculated helicity-dependent Raman
spectra of the monolayer BP for several laser energies (1.96, 2.33, 2.49, and 3.13 eV).
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In Figure 2d, we plot the calculated, helicity-dependent
Raman spectra of monolayer BP for the several laser energies
(1.96, 2.33, 2.49, and 3.13 eV). For the B2g mode, we can see
that the calculated Raman spectra show only helicity-changing
(σ+σ−) Raman spectra (red dashed lines) for the all-excitation
energies. For the Ag modes, the helicity-changing Raman
spectra (σ+σ−) are dominant for relatively higher EL values.
For a lower EL of 1.96 eV (or 2.49 eV), the helicity-conserved
Raman spectra (σ+σ+, blue solid lines) are dominant versus
(or comparable to) the helicity-changing Raman spectra.
Although we cannot directly compare the measured Raman
spectra for few-layer BP with the calculated results of
monolayer BP, the relative intensity of helicity-conserved
Raman spectra with respect to helicity-changing Raman spectra
reproduces the experimental results satisfactorily.
Because the Ag mode shows intensities for both σ+σ+ and

σ+σ− configurations, the scattered light of the Ag mode is not
pure LCP or RCP. In the following, we analyze the

polarization-resolved Raman scattering of the scattered light
after it had passed polarizer II by using a complex Raman
tensor.
The Raman intensity is expressed by the Raman tensor R as

follows

I Rs i
2σ σ∝ | · · |†

(1)

where σi (σs
†) denotes the Jones vector of incident (scattered)

light. The Jones vectors of LCP and RCP are given by

i i

1
2

1
0 , and

1
2

1
0σ σ= =

−
+ −

i

k

jjjjjjjj

y

{

zzzzzzzz

i

k

jjjjjjjj

y

{

zzzzzzzz
(2)

The Raman tensors for the Ag mode and the in-plane B2g (xz)
mode are as follows.22

Figure 3. Circularly polarized Raman scattering of BP as a function of α with different crystalline orientations excited by an EL = 2.33 eV (532 nm)
laser. The red dots are the experimental data; the red curves are fits to eqs 12 and 13, and the blue curves are fits to eq 12 with φ = 0°. The red and
blue arrows show the direction of the maximum intensity for the red and blue curves, respectively.
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We note that the xz and zx components of RB2g
, f, should be

the same even though we consider the anisotropy. For the Ag
modes, on the contrary, the xx and zz components of the
Raman tensor elements are not equivalent (|a| ≠ |c|) and they
have different phases (σa ≠ σc).
The phases of σa, σb, and σc can be described by nonresonant

Raman theory22
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where εij″ and εij′ are the imaginary and real parts, respectively,
of the ij (ij = xx, y, zz, xz) component of the polarizability
tensor and q denotes the atomic displacement of the phonon
mode.
Before discussing the Raman intensity for the geometry of

Figure 3, we first consider the Raman intensity without
polarizer II. In Figure S2, we show the polar plots for σ+σ+ and
σ+σ− geometries without polarizer II as a function of sample
orientation θ. In this case, the results should not depend on the
sample orientation, because Raman spectra are excited by the
CPL. Using eqs 1−4, we obtain the Raman intensities of the Ag
mode for σ+σ+ and σ+σ− geometries as follows

I
a c

I
a ce

4
and

e
4A

i

A

i2 2

g g
∝ | | + | |· ∝ | | − | |·σ σ

φ
σ σ

φ
+ + + −

(6)

where φ is the phase difference described as

c aφ σ σ= − (7)

When we consider in-plane anisotropy (|a| ≠ |c|), we have non-
zero values for both IAg

σ+σ+ and IAg

σ+σ−. Thus, the condition under
which |a| ≠ |c| is sufficient to produce intensities for both σ+σ+
and σ+σ− configurations, though the intensities depend on φ.
If we assumed |a| = |c| and φ = 0, we would obtain only the
helicity-conserved Raman spectra. With respect to the B2g
mode, the Raman intensities for the σ+σ+ and σ+σ−
configurations are given by

I I f0 andB B
2

g g2 2
∝ ∝ | |σ σ σ σ+ + + −

(8)

Thus, the B2g mode is only helicity-changing, which is
consistent with the observed results.
As the Ag mode is not pure LCP or RCP, we now consider

the polarized Raman intensities after passing linear polarizer II
as shown in Figure 3. We will show how to obtain φ from this
configuration. Because both the incident light and scattered
light pass through the quarter-wave plate, the Raman intensity
is expressed by

I J e R e J( ) ( )1/4 s i 1/4
2∝ | · · · · |†

(9)

where ei (es) refers to the Johns vector of linear polarized light
of the incident (scattered) light after passing linear polarizer I
(II) and J1/4 refers to the Jones vector of the quarter-wave
plate. Because we define θ as the angle of the incident linear
polarization ei measured from the direction of the zigzag edge
of BP and α as the angle of scattered polarization measured
from the angle of ei (Figure 1c), ei and es can be given by
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The Jones vector for the quarter-wave plate is given by rotating
the optical axis by θ + π/424
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Using eqs 3, 4, and 9−11, we obtain the Raman intensities of
the Ag and B2g modes as a function of θ and α as follows.

I a c a

c a c

1
8

( ) sin ( ) sin ( )

2 sin( ) sin(2 ) cos(2 ) cos(2 )

cos( )

A
2 2 2 2 2

2

g
α θ α θ

φ α θ α

φ

∝ { | | − | | [ + − − ] + | |

+ | | − | || |[ −

× ]} (12)

I f sin ( )B
2 2

g2
α∝ | | (13)

It is clear that the intensity of the B2g modes has a maximum at
α = 90°, which is consistent with the experiment. For the Ag
modes, eq 12 gives a maximum intensity for a general α.
In Figure 3, we plot the observed polarized Raman intensity

(red dots) of BP with a thickness of 7 nm as a function of α,
for several values of crystal orientation θ. Figure 3 corresponds
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to 532 nm laser excitation, and the experimental data recorded
with a 633 nm laser are shown in Figure S3. The red curves are
fits to eqs 12 and 13 for the Ag modes and the B2g mode,
respectively, while the blue curves are fits to eq 12 with φ = 0°.
The red and blue arrows show the direction of the maximum
intensity for the red and blue curves, respectively. We can see
that the red curves reproduce the observed Raman intensity.
For the B2g mode, because the observed polar plot intensity

reaches its maximum at α = 90°, the B2g mode gives helicity-
changing Raman spectra, which is consistent with eq 13.
However, the Ag modes appear at both 0° and 90°, which
corresponds to the fact that the scattered light is now not pure
LCP or RCP. The red and blue arrows in Figure 3 refer to the
direction of the intensity maxima for the red and blue curves,
respectively. It is clear that there is a deflection angle between
the red and blue arrows. Thus, it is necessary to introduce the

complex Raman tensors to explain the deflection for the Ag
modes.
In Figure 4, we show the dependence of the thickness on the

polarized Raman intensity of BP for thicknesses of 7, 43, 61,
78, and 144 nm as a function of α with the sample direction
fixed to θ = 0°. The blue lines show the results simulated by
real values of the Raman tensor (φ = 0), and the red dots and
curves denote the experimental data and data fitted to eq 12,
respectively, where φ is involved.
In Figure S4, we show the experimental data recorded with

an EL = 1.96 eV (633 nm) laser. Compared with Figure 4,
when we increase EL, the deflection angle changes, the origin of
which will be discussed further by first-principles calculations.
In Figure S5, we show the polarized Raman intensity of BP for
several thicknesses as a function of α at the sample orientation
θ = 90°. Comparing Figure 4 with Figure S5, we find that the
deflection angles of polarized Raman spectra have the

Figure 4. Polarized Raman signal of BP flakes with thicknesses of 7, 43, 61, 78, and 144 nm as a function of the angle of polarizer II. The spectra
were recorded with an EL = 2.33 eV (532 nm) laser. The sample orientation is set to be θ = 0°. The red curves are fits to eqs 12 and 13. The blue
curves are fits to eqs 12 and 13 with φ = 0°.
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opposition sign for the two sample directions for θ = 0° and θ
= 90°. Interestingly, we find that the value of φ can be obtained
from the deflection angle.
In particular, if we set θ equal to 0° and 90° in eq 12, we

obtain

I a c a c( 0 )
1
8

2 cos(2 )A
2 2

g
θ α φ= ° ∝ [| | + | | + | || | + ]

(14)

I a c a c( 90 )
1
8

2 cos(2 )A
2 2

g
θ α φ= ° ∝ [| | + | | + | || | − ]

(15)

We define α as α0 and α90 when the signal has a maximum
Raman intensity for θ = 0° and θ = 90°, respectively. When θ =
0° and θ = 90°, α0 and α90 have opposite signs; thus, the polar
plots of Figure 4 and Figure S5 are symmetric to each other.
Panels a and b of Figure 5 show the relationship between α0

(α90) and φ; that is, φ = −2α0 (φ = 2α90). In addition, α0 (α90)
can be obtained by the deflection of the polar plot, which is
shown in panels c and d of Figure 5. In Table S1, we show the
fitted φ values for different BP thicknesses and 1.96 and 2.33
eV lasers using eq 14.
In Figure 6, we show the calculated results of the complex

phase φ as a function of EL for the Ag modes for monolayer BP.
As one can see in Figure 6, the values of φ for Ag

2 are larger
than those for Ag

1, which is consistent with the fitted φ values
listed in Table S1. When φ is large, we obtain a large shift in

the angle in the polar plot, which is consistent with the Raman
tensor analysis. We can also see that the value of the Ag

1 mode
is larger for 2.33 eV excitation than for 1.96 eV excitation, and
the values of the Ag

2 mode also agree well with experimental
results. Although the calculated results reproduce the EL
dependence of the relative intensity and polarized Raman
spectra for the two Ag modes as a function of EL, we should
mention that the fitted φ values for some EL values are not
consistent with the calculated results. The possible reason for
the discrepancy might be the fact that the calculation is for
monolayer BP and the measurement is for multilayer BP. In
addition, we adopted the assumption that the lifetime of the
photoexcited electron does not depend on EL. Evaluating the
lifetime of the photoexcited carrier is difficult because we
should consider all possible electron−phonon matrix elements
even though we take the electron−phonon interaction into
account. Nevertheless, the overall behavior of the relative
intensity of helicity-changing or -conserving Raman spectra as
a function of EL is consistent with the calculated results.
We now discuss the origin of the complex Raman tensor in

the resonant Raman spectra. The resonant Raman intensity is
calculated by time-dependent perturbation theory, in which
the Raman scattering amplitude F is given by12

F
f m m H m m i

E E i E E i( )( )i m m mi m i, ,

el ph

L L
∑

ω
=

⟨ |∇| ′⟩⟨ ′| | ⟩⟨ |∇| ⟩
− − Γ − ℏ − ′ − Γν′

−

(16)

where EL stands for the laser energy and i, m, and m′ denote
the initial, intermediate, and scattered states, respectively. Emi
≡ Em − Ei denotes the energy difference between states m and
i. Hel−ph denotes the electron−phonon interactions, and ⟨m|∇|
i⟩ and ⟨f |∇|m′⟩ correspond to the electron−photon interaction
of the optical absorption and emission, respectively. ⟨m′|Hel−ph|
m⟩ is the electron−phonon interaction matrix element. ων is
the frequency of an emitted phonon, and Γ is the spectral
width. The Raman intensity is given by I = |F|2. The scattering
amplitude consists of two electron−photon matrix elements
and one electron−phonon matrix element. The electron−
photon interaction is given by the A·∇ inner product, where A

Figure 5. Illustration of the variation of the Raman intensities with rotational angle α for polarizer II and the complex phase φ when the sample
orientation is (a) θ = 0° or (b) θ = 90°. Relationship between complex phase φ and α when the sample orientation is (c) θ = 0° or (d) θ = 90°. α0
and α90 refer to the deflection angle for θ = 0° and θ = 90°, respectively.

Figure 6. Calculated phase difference φ plotted as a function of laser
energy for the Ag

2 and Ag
1 modes for monolayer BP.
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denotes the vector potential associated with light and the
direction of A is parallel to the polarization vectors ei and es.
Because the wavelength of the light is much longer than the
atomic wave functions, we can take ⟨m|A·∇|i⟩ = A·⟨m|∇|i⟩,
which is called the dipole approximation. Thus, when we
consider the directions of A as ei and es, the expression of eq 16
becomes the Raman tensor (see eq S2 of the Supporting
Information) by selecting

x
∂
∂
,

y
∂
∂
, or

z
∂
∂

from ∇ in eq 16. In

addition, when we assumed m′ ∼ m for the intermediate states
for optical absorption and emission, we obtained ⟨f |∇|m′⟩ =
⟨m|∇|i⟩*, which means that the product of the two electron−
photon matrix elements can be approximated to be a real value.
On the contrary, the electron−phonon matrix element ⟨m′|
Hel−ph|m⟩ can be a complex value when we sum the matrix
elements over several intermediate states m as shown in Figure
S1a. In addition, the origin of φ is the anisotropic oscillation in
the directions of x and z. We obtain a non-zero value of α
because BP has a complex Raman tensor whose matrix
elements have different phases. When we consider multilayer
BP, we expect more conduction bands, which is consistent
with the experimental results that show that the shift of the
angle becomes larger. In addition, when we increase EL, we
expect that there will be more intermediate states that enhance
the contribution of helicity-changing Raman spectra for Ag
modes, which is also consistent with the experimental results.
We should mention that the calculation is performed for only
monolayer BP while the experiment is done for multilayer BP.
In multilayer BP, the conduction and valence band split into
several energy subbands, and we should consider each
contribution of the Raman scattering amplitude. However,
the observed Raman spectra show only three Raman active
modes for which we cannot discuss the contribution of each
subband. Thus, although we do not obtain the perfect
correspondence of the EL dependence of helicity-changing or
-conserving Raman spectra, the analysis works satisfactorily.
In summary, we report the helicity-resolved Raman spectra

of few-layer BP using CPL. We find that the Ag Raman active
modes show intensities for both σ+σ+ and σ+σ− config-
urations, and the relative intensity depends on the thickness of
BP, crystal orientation θ, and laser excitation energy EL. When
we observe the polarized Raman spectra as a function of the
angle of the linear polarizer for the scattered light, the mixing
of helicity-conserving and helicity-changing Raman spectra is
expressed by a deflection angle, which can be explained by
introducing the complex Raman tensor. First-principles
calculations confirm the complex Raman tensor whose origin
comes from the complex value of electron−phonon matrix
elements in anisotropic materials. Using the polarization-
resolved Raman scattering by circular polarization excitation,
we can experimentally obtain the information for phase factor
φ of BP, regardless of the sample thickness and excitation
lasers, which is consistent with the calculated results.
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