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ABSTRACT: Raman spectroscopy is a fast and nondestructive characterization technique,
which has been widely used for the characterization of the composition and structure
information of various materials. The symmetry-dependent Raman tensor allows the detection
of crystallographic orientation of materials by using polarization information. In this
Perspective, we discuss polarized Raman spectroscopy as a powerful tool for determination of
the crystallographic orientation of various materials. First, we introduce the basic principles of
polarized Raman spectroscopy and the corresponding experimental setups; the determination
of crystallographic orientation of two-dimensional (2D) materials with in-plane isotropy and
in-plane anisotropy using linearly polarized Raman scattering are then discussed. Furthermore,
we discuss that using circularly polarized Raman spectroscopy, the azimuthal angle of materials
in three dimensions (3D) can be characterized. In the ﬁnal section, we show that the
orientation distribution of nanomaterial assemblies can be measured using polarized Raman
spectroscopy by introducing the orientation distribution function.

R

ization of low-dimensional materials including 2D materials
and nanomaterial assemblies using polarized Raman spectroscopy.

aman spectroscopy has gained widespread popularity
ranging from the characterization of materials to quality
tests in recent years.1−4 The detection limitation can be down
to the single-molecule level through the technique of surfaceenhanced Raman spectroscopy (SERS), which can signiﬁcantly
amplify the Raman scattering intensity.5 Moreover, Raman
spectroscopy is a powerful tool for characterization of doping,
layer numbers, defects, disorder, and strain for 2D materials
such as graphene, transition-metal dichalcogenides (TMDCs),
and anisotropic black phosphorus (BP).3 Speciﬁcally, the
orientation can be detected through the polarization-dependent Raman intensities.6−9
The assembly of nanomaterials into macrostructures endows
designed function to materials stemming from the superior
physical and chemical properties of unit nanomaterials.10−12
The performance of the macroscopic materials is closely
related to their microstructures, where the orientation of unit
nanomaterials is one of the most important factors.13 Typical
examples include carbon nanomaterial ﬁbers, polymer nanocomposites, and photonic crystals.14−17 Thus, the characterization techniques for the determination of orientation have
been of great importance to understand the relationship
between structure and performance in material science.
To date, various techniques have been used to characterize
microscopic structures, including X-ray diﬀraction (XRD),
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and atomic force microscopy (AFM).18−21
Among these techniques, Raman spectroscopy is a fast,
eﬀective, and nondestructive tool that has been widely applied.
In this Perspective, we focus on the orientation character© XXXX American Chemical Society

Raman spectroscopy is a fast,
eﬀective, and nondestructive tool
that has been widely applied.
The Raman scattering eﬃciency is related to the Raman
tensor R and the polarization conﬁguration:9
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where Jones vectors e⃗i and e⃗s represent the polarization
directions of incident and scattered light, respectively. For
example, the Jones vector is 10 or 10 when the polarization
of light is along the X or Y axis. For doubly degenerated Raman
mode such as the G mode of graphene, the Raman scattering

() ()

Received: June 14, 2021
Accepted: July 27, 2021

7442

https://doi.org/10.1021/acs.jpclett.1c01889
J. Phys. Chem. Lett. 2021, 12, 7442−7452

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Perspective

Figure 1. Schematic diagrams of typical polarization conﬁgurations for angle-resolved polarized Raman spectroscopy (a) and helicity-resolved
Raman spectroscopy (b).

Angle-resolved polarized Raman spectroscopy (ARPRS) is
an important branch of Raman spectroscopy. The typical
polarization conﬁguration is that the polarizations of incident
light and scattered light are both along the x or y axis under
backscattering conditions. Usually we use V (vertical) or H
(horizontal) to separately denote the polarization directions of
incident and scattered light, and the typical conﬁgurations (VV
and HH) are as shown in Figure 1a. The polarization of
incident light and analyzer direction can rotate separately with
respect to the sample, and the sample can rotate in the plane as
well. The three typical conﬁgurations of ARPRS include (a) to
rotate the polarization of incident light, (b) to rotate the
sample in the plane, (c) to set a half-wave plate in the common
optical path to simultaneously vary their polarization direction,
which have been described in detail in ref 23. Moreover, when
excited by circularly polarized light, the Raman scattered light
may also be circularly polarized with the same or diﬀerent
helicity as the incident light. The spectrum for detecting the
helicity of Raman scattered light is termed helicity-resolved
Raman spectroscopy (HRRS). The experimental setup is
shown in Figure 1b.24 HRRS is advantageous in characterizing
the out-of-plane orientation because the in-plane orientation of
materials has no inﬂuence on the helicity of the Raman
scattering.25
Two-dimensional (2D) materials have attracted wide
attention because of their unique properties distinct from
their 3D counterparts. To date, various 2D materials have been
produced and investigated, such as graphene, black phosphorus
(BP), and transition-metal dichalcogenides (TMDCs). ARPRS
and HRRS have played signiﬁcant roles in 2D materials
research; for example, ARPRS can be used to study the
orientation as well as the Raman tensors for various 2D
materials,8,26−30 and HRRS has been used to characterize the
excitonic nature and electron−phonon coupling for
TMDCs.24,31 From the in-plane symmetry point of view,
these 2D materials can be divided into isotropic materials
(graphene, MoS2, h-BN, etc.) and anisotropic materials (BP,
ReS2, ReSn2, etc.). For in-plane isotropic 2D materials, the
mechanical, thermal, optical, and electric properties are

eﬃciency is the sum of the contribution of the two Raman
tensors.
It should be noted that the coordinate system of Raman
tensors must be consistent with that of the Jones vectors,
because R̃ and e⃗ diﬀer with respect to the coordinate systems.
We deﬁne the laboratory coordinate system as O-XYZ and the
specimen coordinate system as O-xyz. For linearly polarization
light along the Z-axis, the Jones vector can be expressed as
ij cosΦ yz
jj
zz
e ⃗ = jjj sinΦ zzz
jj
z
j 0 zz
k
{

(2)

where Φ is the angle between the polarization and the X-axis.
On the other hand, the orientation of the crystal can be
expressed by the Euler angle (θ, φ, ε), where θ, φ, and ε are
nutation angle, precession angle, and rotation angle,
respectively. Therefore, the Raman tensor of the laboratory
coordinate system (O-XYZ) can be written as
R̃(θ , φ , ε) = r tR̃ 0r

(3)

where R̃ 0 is the Raman tensor of the specimen coordinate
system (O-xyz), r and rt are the transformation matrix of
coordinate systems and its transposed matrix22
ij cosθ cosφcosε − sinφsinε −cosθ sinφcosε − cosφsinε sinθ cosε yz
zz
jj
z
j
r = jjjj cosθ cosφsinε + sinφcosε −cosθ sinφsinε + cosφcosε sinθ sinε zzzz
zz
jj
z
jj
sinθ sinφ
cosθ z{
− sinθ cosφ
k

(4)

Generally, the eﬃciency of Raman scattering can be
expressed by
I(θ , φ , ε , Φ) ∝ |es⃗ (Φ) ·R̃(θ , φ , ε) · ei⃗ (Φ)|2

(5)

So we can obtain the orientation of samples from the intensity
of Raman scattering according to eq 5, which is the principle
for the orientation determination. Speciﬁcally, the calculation
will be much easier for low-dimensional materials such as
graphene or carbon nanotubes where ε and ψ are invariables.
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Figure 2. (a−d) Polarization dependence of G mode for armchair edges and zigzag edges. Typical Raman spectra for incident laser with
polarization angles 0°, 30°, 60°, and 90° with respect to the armchair (a) or zigzag edges (c). Polar plots of the integrated intensity for the armchair
(b) or zigzag edges (d).36 (e) Raman images of D and G band intensities of graphene edges with 30° angle. The green arrow indicates the laser
polarization and the scale bar is 1 μm.37 Reprinted with permission from ref 36. Copyright 2010 American Chemical Society. Reprinted with
permission from ref 37. Copyright 2008 American Institute of Physics.

The D peak at near 1350 cm−1 originates from the doubleresonance Raman process involving the scattering by defects.
The intensity of the D peak disappears for high-quality
graphene and is very high for amorphous carbon. The
orientation of edges can also be characterized through the D
band intensities. Theoretical studies show that the doubleresonance process of D mode can be fulﬁlled only at armchair
edges, while it is forbidden for zigzag edges.33 In other words,
the D band is strong for armchair edges while weaker or even
absent for zigzag edges.39 For example, Figure 2e shows the
Raman images of D and G band of a graphene sheet, where the
diﬀerent D band contrast of the two edges can be clearly
seen.37 In summary, armchair and zigzag edges can also be
distinguished from the diﬀerent polarization-dependence of the
D band.
The G band splits to G+ sub-band and G− sub-band under
strain, which can also be used to characterize the orientation of
graphene. Experiments show that the G band red-shifts and the
splitting increases as the strain increases. The two splitting G
sub-bands correspond to two orthogonal modes: G+ sub-band
is assigned as E+2g with carbon atom vibration perpendicular to
the strain, while G− sub-band is E−2g with vibration parallel to
the strain. For a graphene sheet under a uniaxial compressive
strain, the CC bonds parallel to the strain will be shortened
and hardened, leading to signiﬁcant red-shift of the G− subband, while the bonds perpendicular to the strain will be only
slightly aﬀected and the G+ sub-band is slightly shifted.40
The intensities of G+ and G− sub-bands under the uniaxial
strain are dependent on the incident laser polarization. Figure
3a shows the Raman spectra of the two sub-bands under
diﬀerent incident laser polarization. The polar plots of G+ and
G− intensity are shown in Figure 3b, in which the data can be
ﬁtted by IG+ ∝ sin 2(θin + 34°) and IG− ∝ cos2(θin + 34°).
Theoretical results34 show that the relative intensity of the
two sub-bands can be expressed as

isotropic; however, other properties, such as superconductivity,32 ferromagnetism,33 and quantum Hall eﬀect34 are closely
related to their localized edge states and are edge-dependent.
In this section, we will discuss the methods of Raman
spectroscopy to identify the edge types of isotropic 2D
materials using graphene as an example.
The intensity of the G mode of graphene has been proposed
to identify the orientation of the edge.36−38 The G band is the
ﬁrst-order Raman mode originating from the iTO and iLO
phonons (with the E2g symmetry) at the center of the ﬁrst
Brillouin zone. The Raman tensors of the G mode can be
described as
ij 0 d 0 yz
ij d 0 0 yz
jj
zz
jj
zz
j
z
R̃(E2g (1)) = jjj d 0 0 zzz and R̃(E2g (2)) = jjjj 0 −d 0 zzzz
jj
zz
jj
zz
k0 0 0{
k0 0 0{

(6)

According to the Raman selection rules, the Raman intensity of
G mode in the center of the graphene sheet shows no
polarization dependence. In contrast, opposite polar behaviors
of the armchair edge and zigzag edge have been reported and
proven to be an eﬀective way to identify the type of graphene
edges.36−38
Figure 2a−d shows diﬀerent polarization dependence for
armchair and zigzag edges of graphene. The Raman intensity of
the G band becomes lower (higher) with the increase of the
angle between incident polarization light and armchair (zigzag)
edge, as shown in the Figure 2a,c. Further study showed that
cos2 θ can be employed to ﬁt the angle dependence of
intensities of armchair edges (Figure 2b), and sin2 θ can be
employed for zigzag edges (Figure 2d). The diﬀerent
polarization dependence comes from the degeneration of the
iTO and iLO phonons for the armchair and zigzag edges.
Speciﬁcally, only the iLO phonons are active in the armchair
edges, whereas only the iTO phonons are active in the zigzag
edges. Therefore, the diﬀerent polarization dependence can be
understood through diﬀerent Raman tensors and diﬀerent
selection rules of iTO and iLO phonons in the armchair and
zigzag edges.36

IG−
= tan 2(θin + θout + 3ϕs)
IG+
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anisotropic 2D materials usually have crystal structures
belonging to orthorhombic (BP, SnS, SnSe, etc), monoclinic
(T′-MoTe2, ZrTe3, etc) and triclinic crystal system (ReS2,
ReSe2, etc).3 In this section, we will discuss the methods of
ARPRS to identify the crystallographic orientation of
anisotropic 2D materials using BP as an example. It should
be noted that there are more factors to be considered when
reducing crystal symmetry in comparison with BP.
Bulk BP belongs to orthorhombic crystal system (D2h) and
the primitive unit cell of monolayer BP includes 4 atoms
(Figure 4a). It follows that there are 12 normal vibration
modes at the Γ point of its Brillouin zone. Among these
modes, Ag, B1g, B2g, and B3g modes are Raman-active, and only
Ag and B2g modes could be observed under backscattering
conﬁguration. As we can see from Figure 4a, the representative
Raman spectrum of a few-layer BP sample shows three Raman
peaks, that is, Ag1 (366.3 cm−1), B2g (440.7 cm−1), and Ag2
(467 cm−1) modes. They correspond to intralayer modes in
BP, and their atomic displacements are illustrated in Figure
4b−d. P atoms for Ag1 mode mainly vibrate in the out-of-plane
direction, while the Ag2 mode is dominated by atomic
vibrations along the in-plane armchair direction. B2g is also
in-plane vibration mode with atoms vibrating along the zigzag
direction.
According to the Raman selection rule, polarized Raman
spectroscopy can be used to identify the crystalline
orientations of anisotropic crystal BP. Speciﬁcally, the Raman
tensors for Ag mode and B2g mode in BP have the general form
of

Figure 3. (a) Raman spectra of G+ and G− sub-band with diﬀerent
angles between incident light polarization and the applied strain. (b)
Polar plot of the G+ and G− intensity as a function of the angle
between incident light polarization and the applied strain. The
analyzer is placed parallel to the strain axis. (c) Corresponding
polarization geometry. The hexagon represents the lattice of graphene
and the dark circles are the carbon atoms. The short black arrows
represent phonon displacements in the x and y axis.40 Reprinted with
permission from ref 40. Copyright 2009 American Physical Society.

ij a 0 0 yz
jj
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j 0 0 c zz
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where θin, θout, and ϕs represent the angle between incident
laser polarization and the strain axis, the angle between the
analyzer and the strain axis, and the angle between the strain
axis and the graphene crystal axis, as illustrated in Figure 3c.
Therefore, the angle ϕs can be calculated through ﬁtting the
experimental data, and the crystallographic orientation of
graphene can be easily obtained.40
Similarly, the 2D band red-shifts and splits to 2D+ and 2D−
sub-bands under strain too, which can be explained as a
deformation of the Dirac cone and a displacement away from
the K point of the graphene Brillouin zone. The intensities also
depend on the direction of both incident laser and analyzer
and graphene orientation as well, which can be used to detect
the direction of graphene orientation.41
These methods can also be employed to characterize the
crystallographic orientation of other two-dimensional materials
with in-plane isotropy. For example, the E12g mode of MoS2
1−
shows obvious red-shifts and splits into E1+
2g and E2g modes
when increasing strain like the G mode of graphene. The
intensities of the two modes orthogonally respond to the angle
between the direction of the analyzer and the strain axis, which
can be adopted to identify the crystallographic orientation of
MoS2.35
In-plane anisotropic 2D materials possess crystallographic
orientation-dependent optical, electronic, thermal, and mechanical properties.42,43 The rapid and eﬃcient characterization of their crystallographic orientation is important for
both fundamental studies and device applications. In-plane

(8)

(9)

According to the Raman selection rules such as eq 1, angledependent polarized Raman intensities with rotating samples
follow the relationship with θ as (the calculation details can be
seen in ref 30)
I

Ag

∝ (a cos2θ + c sin 2θ )2

(10)

I

B2g

∝ e 2 sin 22θ

(11)

I⊥ A g ∝ (a − c)sin 2θ cos2θ

(12)

I⊥ B2g ∝ e 2cos22θ

(13)

where θ is the angle between the incident polarization and
armchair direction of BP; I∥ is the Raman intensity under
parallel polarization (VV), and I⊥ is the Raman intensity under
perpendicular polarization (VH). Hence the intensities of both
Ag and B2g modes are closely related to the actual sample
orientation. For example, when the incident polarization is
along the zigzag direction where θ = 90° (or armchair direction
where θ = 0°), I A g is proportional to c2 (or a2) and I⊥ A g is 0.
For both conﬁgurations, I⊥ B2g is 0 while I⊥ B2g is proportional to
e2. Consequently, the angle-dependent Raman intensities could
be used to identify the crystalline orientation of BP. As shown
7445
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Figure 4. (a) Raman spectra of a few-layer BP sample. Si peak at 520.7 cm−1 is marked with asterisk. The inset is the atomic structure of monolayer
BP. Its unit cell is represented by the rectangular region. (b−d) The atomic displacements of Ag1, B2g, and Ag2 modes in BP. (e−h) Angledependent Raman spectra of bulk BP under parallel (e−h) and perpendicular polarization conﬁgurations (i−l). Green arrows indicate the
crystalline orientations of BP.30 Reprinted with permission from ref 30. Copyright 2015 Wiley.

Figure 5. (a) Three-dimensional orientation of a graphene sheet can be expressed by the Euler angle (θ, φ, ε). The left part is the cross-sectional
SEM of a vertical graphene (VG) array with an oblique angle θ0. (b) Schematic of tilting the substrate with an angle α. The graphene sheets in the
right are vertical to the horizontal plane. (c) Helicity-resolved Raman spectra of the sample with tilting angle 0° and 30°. (d) Correlation of circular
polarization ratio ρ for G mode with the tilting angle α. The formula inside is used to ﬁt the data.25 Reprinted with permission from ref 25.
Copyright 2021 American Chemical Society.
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in Figure 4(e-l), the Raman spectra of bulk BP are indeed very
sensitive to the sample rotation angle under both parallel and
perpendicular polarization. Both Ag1 and Ag2 show local
maximum intensities when the incident polarization is along
the crystalline orientations of BP under parallel polarization,
where either one could be the global maximum intensity,
depending on a2/c2 (Figure 4f,h). The B2g mode has its
maximum intensity with the incident polarization along the
crystalline orientations of BP under perpendicular polarization
(Figure 4k).
It is worth noting that the a2/c2 ratio for the Ag mode is
dependent on the thickness of the BP sample and excitation
energy. The dependence of the a2/c2 ratio on the sample
thickness and excitation energies is mainly attributed to the
intrinsic anisotropic electron−photon and electron−phonon
coupling in BP, thickness-dependent electronic band structure
evolution, and interference eﬀect.44
It should be noted that the Raman intensity polar plot of
totally symmetric Ag mode actually cannot be ﬁtted nicely with
the formula deduced from the Raman selection rule
quantitatively. Two models were propsed to explain the
abnormal polarized Raman selection rule. One is the
semiempirical model considering the complex Raman
tensor,44,45 and the other is based on the birefringence eﬀect
and linear dichroism of BP.46,47
BP is the simplest biaxial crystal, acting as a prototype of
anisotropic 2D materials. The discussions in this section on
identifying the crystalline orientations of BP using polarized
Raman spectroscopy and models to explain the abnormal
angle-dependent Raman intensities are generally applicable to
other anisotropic 2D crystals.8,48
For macro materials assembled from units of nanomaterials,
the performance is strongly dependent on the orientation of
the unit nanomaterials. Hence, the fast and in situ characterization of the orientation distribution is of urgent need.
Vertical graphene (VG) arrays have been considered as a
promising candidate of thermal interface materials because the
in-plane thermal conductivity of graphene is extremely high.49
The oblique angle (out-of-plane orientation) is an important
factor for the thermal conductivity of VG arrays.18,50 Recently,
we developed a technique of helicity-resolved Raman spectroscopy (HRRS) to quantitatively characterize the oblique
VG arrays, which proved to be simpler and more reliable than
the conventional linearly polarized spectroscopy.25
The three-dimensional orientation of graphene sheet can be
expressed by the Euler angle (θ, φ, ε), as shown in Figure 5a.
According to the Raman selection rules, the Raman intensities
of G mode for a graphene sheet can be written as
Iσ +σ + ∝ (cos θ 2 − 1)2 = sin θ 4

(14)

Iσ +σ − ∝ (cos θ 2 + 1)2 + 4cos θ 2

(15)

Perspective

0.375sin(α − θ0)4 − sin(α − θ0)2 + A =

4 sin(α − θ0)2
(ρ − 1)
(16)

where A is a constant representing equal intensities of Iσ σ and
Iσ+σ−, which may come from impurities like amorphous carbon.
The left part in Figure 5a is the cross-sectional scanning
electron microscopy (SEM) image of a VG array with an
oblique angle θ0, which was measured by SEM to be 24° ± 2°.
In order to measure the oblique angle θ0 through HRRS, the
VG array has been tilted by an angle α as shown in Figure 5b.
The corresponding HRRS is shown in Figure 5c, which
indicates that Iσ+σ+ < Iσ+σ− for tilting angle 0°, while Iσ+σ+ ≈ Iσ+σ−
for tilting angle 30°. The oblique angle can be characterized
accurately by ﬁtting α-dependent circular polarization ratio
(Figure 5d) using eq 16. We can get θ0 = 28.8° ± 1.8° and A =
1.49 from curve ﬁtting, which means the error is less than 5°
compared with the value measured by SEM. The result implies
that the HRRS technique is highly reliable and accurate for the
determination of out-of-plane orientation. The HRRS can be
extended to various nanomaterials assemblies, and if combined
with ARPRS, the characterization of three-dimensional
orientation for more complex system can be implemented.
For nanomaterial assemblies like ﬁbers of single-walled
carbon nanotubes (SWNTs), polymers, or polymer nanocomposites reinforced by graphene/SWNTs, it is necessary to
introduce the orientation distribution function (ODF) to
describe the orientation distribution of nanomaterials
assemblies. In this section, we will introduce the basic theory
of ODF as well as the orientation distribution coeﬃcients Plmn
for the specimen with uniaxial symmetry; we then will give
practical applications of ODF for the Raman spectroscopic
study of typical sample with uniaxial orientation.
According to the study of Bower,22 the orientation
distribution function N(θ, φ, ε) is introduced to describe
molecular orientation distribution, in which N(θ, φ,
ε) sin θ dθ dφ dε denotes the fraction of scattering units
having orientation within a solid angle sin θ dθ dφ dε. The
function N(θ, φ, ε) can be written by the following equation as
a function of cos θ:
+ +

∞

N (θ , φ , ε ) =

l

l

∑∑ ∑

vlmnZlmn(cosθ )e−imεe−inφ

l = 0 m =−l n =−l

=

∑ vlmnZlmn(cosθ)e−imεe−inφ
lmn

(17)

where the term vlmn and Zlmn are the expansion coeﬃcients and
the lmn orders generalized Legendre polynomials, respectively
(more details about ODF can also be found in ref 6).

Raman spectroscopy can be
compared with other techniques
such as X-ray diﬀraction and
birefringence measurements for
determining molecular orientation distributions.

Iσ+σ+ represents the intensity of helicity-conserved Raman
scattering, and Iσ+σ− is the intensity of helicity-changed
scattering. One thing to notice is that the intensities under
(σ+σ+) and (σ+σ−) conﬁgurations depend on only out-of-plane
angle θ (oblique angle). For VG arrays with an oblique angle
θ0, if assuming that the in-plane angle φ is arbitrary, the
relationship between oblique angle θ0, the tilting angle α
I +−
(Figure 5b), and the circular polarization ratio ( ρ = Iσ+σ+ ) can

It is important that polarized Raman spectroscopy can be
compared with other techniques such as X-ray diﬀraction and
birefringence measurements for determining molecular orientation distributions. In these techniques, the molecular

σ σ

be expressed as
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Figure 6. Schematic orientation representation of SWNTs in a SWNT ﬁber (a) and the ﬁber arrangement in the lab coordinate system O-x′y′z′(b).
Z is the SWNT ﬁber axis, and z is the SWNT tube axis. (c) Normalized Raman scattering intensity of magnetic ﬁeld aligned bucky paper and
PMMA/SWNT composite ﬁber. (d) Orientation distribution functions (ODF) of SWNTs in various SWNT bulk samples constructed with the
orientation parameters ⟨P200(cos θ)⟩ and ⟨P200(cos θ)⟩.7 Reprinted with permission from ref 7. Copyright 2003 Elsevier.

this section, we will discuss the practical applications of ODF
for the study of orientations of carbon nanomaterials, taking
SWNT ﬁber as an example.
A generalized spherical harmonics expanded ODF has been
used to study the orientation of SWNTs by Liu and Kumar in
2003.7 For an individual SWNT, its orientation related to the
XYZ coordinate ﬁxed onto bulk sample can be described by
three Euler’s angles (θ, φ, ε), as shown in Figure 6a. Moreover,
the f(θ, φ, ε)sin θ dθ dφ dε represents the probability of
locating an individual nanotube with the orientation between
(θ, φ, ε) and (θ + dθ,φ + dφ, ε + dε). An arbitrary ODF f(θ,
φ, ε) can be expressed by a series of generalized spherical
functions according to a previous section. However, the
expression of ODF can be simpliﬁed greatly because SWNTs
possess cylindrical symmetry and only uniaxial orientation has
been considered here. For such cases, the ODF can be given by
eq 19.
Because of the resonance enhancement of Raman scattering,
the Raman intensity of SWNT is determined by its
polarizability tensor rather than the Raman tensor (the
derivation of the polarization tensor).7

orientation distributions are usually described by molecular
orientation distribution coeﬃcients Plmn, where l, m, and n are
integers. The details discussed in this section will be mainly for
a specimen with uniaxial symmetry for which the calculation
can be much simpliﬁed.
For a sample with uniaxial symmetry, the Plmn values are
nonzero only when m = n = 0 and l is even, and they are
related with the ODF f(θ) as6
π

⟨Pl 00⟩ =

∫0 f (θ)Pl00(cosθ)sinθ dθ
π

∫0 f (θ)sinθ dθ

(18)

The θ here represents the angle between the z-axis of the
specimen coordinates and Z-axis of the laboratory coordinates,
as shown in the right of Figure 6. ⟨Pl00⟩ here means the average
values of Pl00(cos θ). The Pl00(cos θ) are Legendre polynomial
functions of cos θ.
Therefore, for a uniaxial-oriented specimen, the ODF f(θ)
can be expressed by the orientation distribution coeﬃcients
Pl00(cos θ):51
i 2l + 1 yz
zz⟨Pl 00⟩Pl 00(cosθ )
k 2 {

∑ jjj
∞

f (θ ) =

l=0

(19)

∼(θ , φ , ε) · e ⃗ (Φ)|2
I ∝ | es⃗ (Φ) ·α
i

In practice, a diversity of materials has been examined using
the orientation distribution function for the evaluation of
molecular orientation distribution, as well as for the conformational and microstructure study.6 In recent years, the technique
is still quite open for more materials, such as D-FF molecule
within a nanotube and various nano-carbon materials.7,52−54 In

(20)

Because of the angle-dependent resonance enhancement, the
polarizability tensor α of the SWNT in its principal coordinate
is dominated by the component parallel to the tube axis (αzz).
The polarization tensor α̃ is approximated by
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Figure 7. (a) Schematic illustration of the Cartesian coordinate system with the sample geometries used in the Raman spectroscopic analysis in the
three directions. (b) View with the laser beam along the Z axis. (c) View with the laser beam along the X and Y axes. The red arrows represent the
laser propagation directions, and the green arrows represent the directions of polarization of the incident and scattered light. (d) Relationship
between the coordinate systems of the GO ﬂake (x, y, z) and the nanocomposite sample (X, Y, Z), which is deﬁned by Euler angles (θ, φ, ε). (e) IG
variation with angle Φ for GO/PVA nanocomposites with the laser beam in X (black) and Z (red) directions. (f) Orientation distribution functions
(ODFs) for the studied materials. (g) Correlation of the Krenchel factor η0 with the reported dωD/dε of GO/PVA (black circle), GO/epoxy (blue
triangle), and GO/PMMA (red square).54 Reprinted with permission from ref 54. Copyright 2016 Elsevier.

ij αxx 0 0 yz i 0 0 0 y
jj
zz jj
zz
j
z j
z
∼
α = jjjj 0 αyy 0 zzzz = jjj 0 0 0 zzz
z
jj
zz jjj
jj 0 0 α zz k 0 0 1 zz{
zz
k
{

perfectly aligned, while ⟨P2(cos θ)⟩ = ⟨P4(cos θ)⟩ = 0 for
randomly aligned SWNTs. Figure 6c is the normalized Raman
intensities of aligned bucky paper and a PMMA/SWNT
composite ﬁber. The orientation parameters up to fourth order
through ARPRS are shown in Figure 6c. Moreover, a complete
orientation distribution function can be derived through
⟨P2(cos θ)⟩ and ⟨P4(cos θ)⟩, by following the maximum
entropy formalism:

(21)

Therefore, the Raman intensity for an individual SWNT can be
expressed as
VV
ISWNT
∝ [cosθ cosϕ − sinθ sinϕsinφ]4
VH
ISWNT

(22)

f (θ ) = A exp[− (λ 2P2(cos θ ) + λ4P4(cos θ ))]

2

∝ [cosθ cosϕ − sinθ sinϕsinφ]

× [cosθ sinϕ + sinθ cosϕsinφ]2

Figure 6d shows the ODF coeﬃcients of PMMA/SWNT ﬁber
and bucky paper, which indicates that most SWNTs’
orientations are below 30° for PMMA/SWNT ﬁber while a
lower orientation of SWNTs in a magnetic ﬁeld aligned bucky
paper can be seen.
In addition to one-dimensional carbon nanotubes, the ODF
of two-dimensional graphene has been studied widely.53,54
Young53,54 has quantiﬁed the three-dimensional spatial
orientation of high-ordered pyrolytic graphite and graphene
paper as well as the GO ﬂakes in diﬀerent nanocomposites, in
terms of a generalized spherical expanded harmonics ODF
based on the model Liu and Kumar developed. The spectra
were obtained from both the transverse sections and the top
surfaces of the graphene using the VV polarization, as shown in
Figure 7a−c. Similarly, the three-dimensional orientation of
graphene can be expressed by Euler’s angle (θ, φ, ε), as shown
in Figure 7d. Figure 7e presents IG variation with angle Φ for
GO/PVA nanocomposites with the laser beam in X (black)
and Z (red) directions, from which we can see that IG is
independent of ϕZ in the case of the direction of laser parallel
to the Z axis, while there is a strong dependence of IG on the
angle ϕX in the transverse section. Similar to the model of

(23)

where ϕ represents the angle between the polarization of
incident light and the tube axis.
Taking the sum of the intensity of all SWNTs with diﬀerent
orientations, the Raman intensity of the SWNT ﬁber can be
calculated by integration:
i
6
3 yz
VV
zz⟨P4(cosθ )⟩
ISWNT
∝ jjjcos 4Φ − cos2Φ +
7
35
k
{
2 yz
1
ij 6 2
+ jj cos Φ − zz⟨P2(cosθ )⟩ +
7
7
5
k
{

i
4 zy
VH
zz⟨P4(cosθ )⟩
ISWNT
∝ jjj−cos 4Φ + cos2Φ −
35
k
{
1
1
+
⟨P2(cosθ )⟩ +
21
15

(26)

(24)

(25)

It should be noted that only the second- and fourth-order
orientation parameters appear in eqs 24 and 25, speciﬁcally,
⟨P2(cos θ)⟩ = ⟨P4(cos θ)⟩ = 1 for a specimen with SWNTs
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eﬀect have been reported for some in-plane anisotropic 2D
materials like BP or ReS2. This makes the determination of
crystallographic orientation more complicated because the
selection rules after correction are related to the excitation
wavelength and the layer numbers of 2D materials. Second,
most of the orientation characterization methods apply only to
in-plane orientation. However, the spatial orientation in threedimensions is also of great signiﬁcance for nanomaterials such
as molecular ﬁlms or nanomaterial arrays, and the characterization of spatial orientation retains great challenges to date.
Third, the orientation distribution function is a useful model to
describe the orientation of nanomaterial assemblies, which can
then be linked to the orientation with their device performance. However, the calculation is still too complicated,
especially for specimens without uniaxial symmetry, and
needs simpliﬁcation. On the other hand, an oversimpliﬁed
ODF will lose some orientation information. The ODF model
requires further optimization for more orientation characterization of materials without uniaxial symmetry. Last but not
least, circularly polarized Raman spectroscopy provides an
opportunity to study the out-of-plane orientation of nanomaterials, and theoretical models that combine circular and linear
polarization in Raman scattering should be developed and may
have high impact for the study of spatial orientation in three
dimensions.

carbon nanotubes above, the Raman scattered intensity of a
specimen like GO/PMMA for the polarization angle Φ relative
to the sample can be expressed as
i
8
8 yz
zz⟨P4(cosθ )⟩
IGVV ∝ jjjcos 4Φ − cos2Φ +
7
35
k
{
16 yz
8
ij 8 2
zz⟨P2(cosθ )⟩ +
+ jj cos Φ −
7
21
15
k
{

(27)

The ⟨P2(cos θ)⟩ and ⟨P4(cos θ)⟩ can be derived from the
Raman intensity as shown in Figure 7e, and the ODF as
indicated previously in eq 19 can be obtained as shown in
Figure 7f.
One of the most important applications of the order
parameters ⟨P2(cos θ)⟩ and ⟨P4(cos θ)⟩ is to determine the
Krenchel orientation factor η0 which deﬁnes the eﬀect of the
orientation of materials like graphene upon the mechanical
properties of reinforced composites. For example, η0 = 1 for
perfectly aligned nanotubes, but η0 = 3/8 for nanotubes
oriented randomly in 2D plane and η0 = 1/5 for 3D
composites.13 For a single reinforcement element

η0 = cos 4ζ

Perspective

(28)

where ζ is the angle between the element orientation and the
axis the stress applied. Through the integration over the ODF,
the Krenchel factor η0 can be written as
3
8
8
η0 =
⟨P4(cosθ )⟩ +
⟨P2(cosθ )⟩ +
(29)
35
21
15
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