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ABSTRACT Anisotropic materials are characterized by a unique
optical response, which is highly polarization-dependent. Of parti-
cular interest are layered materials formed by the stacking of two-
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dimensional (2D) crystals that are naturally anisotropic in the \/

direction perpendicular to the 2D planes. Black phosphorus (BP) is
a stack of 2D phosphorene crystals and a highly anisotropic

semiconductor with a direct band gap. We show that the angular
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dependence of polarized Raman spectra of BP is rather unusual and
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can be explained only by considering complex values for the Raman tensor elements. This result can be traced back to the electron—photon and

electron—phonon interactions in this material.
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namically stable allotrope of phos-

phorus that, similarly to graphite and
transition metal dichalcogenides, exhibits a
layered structure from which 2D crystals can
be obtained by mechanical exfoliation."”
In this work, we study the Raman spectra
and the angular dependence of the Raman
spectra in BP by analyzing the scattered
light at polarizations both parallel and per-
pendicular to the incident polarization and
using three different laser lines (488, 532,
and 633 nm). We show that, while the
angular dependence of the B,y Raman
mode is well-explained considering real
values for the Raman tensor elements, the
totally symmetric Raman modes with Ag
symmetry exhibit an anomalous angular
dependence, which only could be de-
scribed by assuming complex values for
the Raman tensor elements.? From the anal-
ysis of the angular dependence results, we
obtained the phase difference between the
Raman tensor elements of the totally sym-
metric modes. It was observed that the
relative phase for the in-plane Ag2 is much
larger than that of the out-of-plane Ag1.The
laser energy dependence of the absolute

B lack phosphorus (BP) is a thermody-
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values and phase differences of the Raman
tensor elements are presented, and our re-
sults are discussed in terms of the anisotropy
and of the linear dichroism of BP.

Since the Raman response is directly
related to the electron—phonon coupling,
our results put strigent constraints on the
way electrons and ions interact in BP. This is
of particular interest given that under pres-
sure BP changes from a direct band gap
semiconductor to an indirect band gap
semicondutor and eventually to a metal.’
In the metallic phase, BP undergoes a super-
conducting transition with critical tempera-
tures up to 11 K, which is still unexplained
but could be the result of the electron—
phonon coupling.'®™

The bulk structure of BP has an orthor-
hombic symmetry belonging to the point
(space) group D,,'® (Cmca),'® with four
atoms per unit cell (see Figure S1 in Sup-
porting Information). BP has a puckered
layered structure, with strong anisotropy in
the basal plane, which is reflected by its
physical properties.>> Unlike other layered
materials, BP is a direct band gap semi-
conductor'® in both bulk and single- and
few-layer forms, and the band gap energy
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increases with a decreasing number of layers. This
characteristic may lead to important optoelectronic
and photonic applications, and electronic and optical
properties of bulk BP are well reported in the lit-
erature,'¥7'6

Raman spectroscopy was extensively used in the
past to study the phonon structure and lattice dy-
namics of BP, and the assignment of the Raman modes
is well-established.’ 2> More recently, Raman spec-
troscopy became a very useful tool for the study and
characterization of two-dimensional BP.3>7?* The effect
of the incident light polarization on the BP Raman
spectra was reported recently,'®?> but polarized
Raman spectroscopy, with a complete angular depen-
dence characterization, which includes resolving the
polarization of scattered radiation, was still missing in
the literature. From the fitting of the angular depen-
dence of the polarized spectra, we could measure the
absolute values and relative phases of the Raman
tensor elements, and this result is associated with the
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Figure 1. Crystalline structure of black phosphorus, repre-

sented in a (a) perspective view, (b) side view, and (c) top
view for three stacked layers.
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linear dichroism in BP. Our results provide a deeper
understanding of the interaction between BP and light,
and therefore, they are helpful in advancing the possi-
ble use of this material in photonics and opto-
electronics. We note that, during the final preparation
stage of this article, another report on angle-resolved
polarized Raman spectroscopy of BP became
available.?® While most of the experimental results
reported therein agree with those presented here, no
attempt is made to quantitatively match the data to
theory, and therefore, no mention is made of the need
to take into account BP's dichroism during this task.

RESULTS AND DISCUSSION

Figure 1 illustrates the BP crystal structure from three
different perspectives. We will adopt in this work the
conventional definition of the crystallographic axes of
BP, where the y axis is perpendicular to the layer plane,
the x axis is along the armchair direction, and the z axis
is along the zigzag direction.'® The identification of the
x and z axes of our sample, shown in Figure 2a, was
done by comparison of the substrate's Raman band
as measured directly and through BP as a function of
6 and considering BP's linear dichroism as reported by
Asahina et al.””

As explained in the Methods section, all experiments
were performed in a backscattering geometry. The
incident light was polarized always along the horizon-
tal direction, as shown in Figure 2a, and an analyzer,
placed before the entrance of the spectrometer,
allowed for the analysis of the scattered light polarized
parallel and perpendicular to the incident light polari-
zation (parallel and cross-polarization configurations,

400 500
Raman Shift (cm™)

Figure 2. (a) Optical microscope image of the measured flake, showing the crystallographic axes, the directions of the
incident and analyzed scattered light, and indicating the angle 6 between the incident light and the z axis. (b) Raman
spectrum for an arbitrary configuration showing the Ag1, B,y and A92 modes. Angular dependence of the Raman intensity
spectra measured in the (c) parallel and (d) cross-polarization configurations.
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Figure 3. Atomic displacements of the Raman-active modes
in BP.

TABLE 1. Raman Tensor Forms for All Active Modes in BP

mode Ay Byg Byg Bq
a 0 0 0 do 0 0 f 0 00
tensor { 0 b O d 00 0 0O 0 0 g
0 0 ¢ 0 00 f 00 0 g o

respectively). The angular dependence of Raman re-
sponse was obtained by rotating the sample in the xz
plane, but the system of Cartesian coordinates adopted
here remained parallel to the crystallographic axes.
According to the choice of crystallographic axes, the
Raman-active modes of BP?? are given by

2Ag+B1g +Bzg+233g (1)

The atomic displacements for the Raman modes in BP
are schematically shown in Figure 3, and the Raman
tensors for these modes are shown in Table 1. Since we
have used a backscattering geometry and the laser
beam propagates along the y direction, we can only
analyze the polarized light in the xz plane. From the
Raman tensor elements in Table 1, the spectra in this
configuration will only show the Ay and B,y modes
because the B4 and Bsg modes only have xy and yz
non-null components, respectively.

Figure 2b shows a typical Raman spectrum of BP in
the 300—550 cm ™' range. The three peaks at 360, 436,
and 463 cm™' are associated, respectively, with the
Ag1, B,y and Ag2 modes, and these values are in good
agreement with previous Raman results.>° Figure 2c,d
shows the angular dependence of the Raman spectra
in the parallel and cross-polarization configurations,
respectively. The low-intensity peak at 525 cm ™' is a
Raman mode of the substrate. The intensities of the
peaks are represented by the color scale shown in the
right-hand side of these figures. The intensities of all
spectra in each graph have been normalized by a
single constant, so that the most intense peak has its
intensity equal to 1. As we will discuss below, the
absolute values of the obtained Raman tensor compo-
nents for each laser line are solely dependent on this
choice of normalization.

For a quantitative analysis of the angular depen-
dence of the Raman intensities, let us first introduce
the unitary vectors ; and & that give the polarization
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of the incident and scattered light with respect to
the crystallographic axes, as shown in Figure 2a.
For the incident beam, & = (sin@ 0 cos6), while
for scattered light, & = (sinf 0 cos6f) and e, =
(cos® 0 —sin6) for the parallel and cross-polarization
configurations, respectively. The Raman cross section,
S, that gives the scattering intensity, is written as?®

-

Skoclei- R -e 2

where R is the Raman tensor for the different symme-
try modes given in Table 1, which are denoted by the
index k.

We now analyze the data shown in Figure 2c,d
using the conventional approach, in which the ele-
ments of the Raman tensor assume real values only.
Substituting in eq 2 the unitary vectors & and e,
defined above and the Raman tensors shown in
Table 1, we obtain the expressions for the angular
dependencies of the Ay and B,q intensities for both
polarization configurations:

Sh, = (asin?6+ccos®6)? (3)
Sy, = l(@ — ) cosB sin6)? @)
Sg,, = (2 fcosf sin6)* (5)
Sg,, = [f cosO)? (6)

Figure 4 shows the Raman intensities as functions
of the angle, 6, for the Ay, Byg, and A,”> modes in the
parallel and cross-polarization configurations, ob-
tained with the 532 and 633 nm laser lines. The dots
correspond to the experimental data, and the solid
curves represent the best fits using eqs 3—6. Notice
that the angular dependencies of the B,g mode, in
both polarization configurations and using the two
different laser lines (Figure 4c,d,i,j), are nicely fitted by
eqs 5 and 6, and from these fits, we can obtain the
value of the Raman tensor element f. The angular
dependencies of the Ag1 mode obtained with the
532 nm laser line are also well fitted by eqgs 3 and 4
(Figure 4a,b). However, as shown in Figure 4g,h, we
cannot fit simultaneously the angular dependencies in
the parallel and cross-polarization configurations for
the Ag1 mode and for the 633 nm laser line. Also,
Figure 4efk,| shows that the angular dependence of
the Ag2 is never well-fitted by eqs 3 and 4. Particularly
for the parallel polarization configuration, the experi-
mental data exhibit a secondary maximum at 6 = 90°
and 6 = 270°, which is never reproduced by the fitting
curves. We therefore conclude that the conventional
Raman approach, which considers the Raman tensor
elements to be real, can nicely describe the angular
dependence for the B,y mode but clearly fails to
explain the behavior of the totally symmetric Aq
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Figure 4. Angular dependence of the Raman intensities measured using the 532 nm laser line (a—f) and the 633 nm laser line (g—1).
The polarization configurations (parallel or cross) and the different Raman modes are indicated in each panel. Dots are experimental
data, and solid curves correspond to the best fits to the data using eqs 3—6 for each configuration and mode symmetry.

modes, in particular for the in-plane Ag2 mode. As we
will show below, this result is related to the linear
dichroism of BP.?

In order to explain our results, we need to consider
the impact of light absorption on the Raman tensor
elements. In absorptive materials, each component ¢;
of the dielectric function tensor has real and imaginary
parts and can be written as € = ¢;/ + ie;”. The element
Rf} of the Raman tensor is given by the derivative of
the dielectric function element ¢; with respect to the

normal coordinate g*:?%3°

K _ € _ e’ iae,-,-”
U] aqk aqk aqk

7)

As a consequence, when there is absorption of light,
the Raman tensor elements also present complex
values, with real and imaginary parts. The Raman
tensor elements relevant to this work (a, ¢, and f as
defined in Table 1) can thus be written as

a = |ale?s, c = |cle, f = |f|e"r 8

where the phases of the Raman tensor elements are
given by

o€, o€, o€y,
aghe aghe aqgBs
¢, = arctg az;x , ¢, = arctg ai’;z , ¢f = arctg aci;z
ang ang anlg
9)
RIBEIRO ET AL.

Substituting in eq 2 the unitary vectors &; and &; and
the complex values of the Raman tensor elements
defined in eq 8, the angular dependencies for the Aq
and B4 mode intensities, in the parallel and cross-
polarization configurations, are now given by

S, = (alsin® 0 + [c[cos o cos” 6)* + [c[*sin” ¢, cos* O

(10)

S, = [(la] — c|cosge,)? + [c[*sin’ p,lsin® Ocos” 6

(1
B, = (2[f|sinfcoso)’ (12)
Sg,, = [[flcos20)? (13)

Note that the expressions for the B,y mode given by
eqs 12 and 13 are identical to those obtained consider-
ing only real values for the Raman tensor elements
(egs 5 and 6). This is due to the fact that the phase ¢ris
canceled out when we take the square modulus of the
Raman efficiency expressions. However, this phase
cancellation does not occur for the totally symmetric
Agy modes, and we have now, in eqs 10 and 11, a term
¢car Which is the phase difference ¢, — @g.

Figure 5 shows the experimental angular dependen-
cies for the two Ay modes, together with the best fits
provided by egs 10 and 11. Figure 5a,b shows the
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Figure 5. Angular dependence of the Raman intensities measured with the (a—d) 633 nm, (e,f) 532 nm, and (g,h) 488 nm laser
lines. The polarization configurations (parallel or cross) and the different Raman modes are indicated in each panel. Dots are
experimental data, and solid curves correspond to the best fits to the data using eqs 10 and 11 for each configuration and
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4100

()70

Tensor Element Amplitudes

E

Laser (eV)

ELaser (eV)

Figure 6. (a) Laser energy dependence of the absolute values of Raman tensor elements (|a|, |c|, or f). (b) Laser energy
dependence of the phase diference ¢.q = ¢ — ¢, for the Ag1 and Ag2 modes.

angular dependence of the Ag1 mode in the parallel
and cross-polarization configurations obtained with
the red laser line (633 nm). Figure 5c—h shows the
angular dependencies of the Ag2 mode in both parallel
and cross-polarization configurations, obtained with
the three laser lines (633, 532, and 488 nm). Notice that
all angular dependencies are nicely fitted by introduc-
ing the phase difference ¢

Figure 6a shows the absolute values of the Raman
tensor elements for the Ay', By, and A,> modes as
functions of the laser energy. Those values are depen-
dent solely on our choice of normalization of the peak
intensities, where we attributed the unity value for the
most intense peak for each laser line. We can observe in
Figure 6a that the absolute values of the Raman tensor
elements exhibit a laser energy dependence, which is,
in fact, an expected result since the modulus of the
Raman tensor elements depends on both the real and
imaginary parts of the dielectric function, which are
dispersive near electronic resonances. For the Ag'
mode, the |c| parameter is always larger than the |g]

RIBEIRO ET AL.

parameter, showing that the component zz of the
dielectric constant (zigzag direction) is more modu-
lated by this specific phonon mode than the xx com-
ponent. For the A;> mode, |c| is larger than |a| for the
red (633 nm) and green (532 nm) laser lines, but there
is an inversion at higher energies, and |c| becomes
smaller than |a| using the blue laser line (488 nm).

Figure 6b shows the laser energy dependence of the
phase differences ¢, for the Ay' and A,> modes. First
notice that ¢, is larger for the Ag2 mode than for the
Ag1 mode. In fact, this phase difference is practically
zero for the A;' mode with the 532 and 488 nm lines
and about 64° when using the 633 nm line. On the
other hand, ¢, is quite large for the A92 mode (around
90°), and this value slightly decreases with increasing
laser energy.

Our results above show that the angular depen-
dence of polarized Raman spectra of BP is rather
unusual and can only be explained by considering
complex values for the Raman tensor elements. These
complex values are related to the fact that the material
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absorbs the laser light. However, the phase of the
complex values appears only in Raman spectra for
the totally symmetric phonons and only for crystals
with orthorhombic, monoclinic, or triclinic symmetries.
For higher symmetry crystals, the phase of the totally
symmetric modes disappears when we take the square
modulus in eq 2, and therefore, they exhibit the usual
angular dependence.

The complex values of the Raman tensor elements
can be traced back to the electron—photon and
electron—phonon interactions. The Raman scattering
process described so far in this paper is based on the
so-called semiclassical model. In this approach, the
electronic polarizability depends only on the two
electron—radiation processes (absorption of the in-
cident photon and emission of the scattered photon).
In this case, Raman scattering comes from the first-
order term in the Taylor expansion of the polarizabil-
ity with respect to the vibrational normal coordinates.
The electron—phonon coupling is only explicitly
taken into account in a full quantum description of
Raman scattering, which corresponds to a third-order
process involving two electron—radiation interac-
tions and one electron—phonon interaction. A more
in-depth discussion about the semiclassical and full
quantum descriptions is presented in the Supporting
Information.

Figure 6 shows that the relative phases ¢, of the
Raman tensor elements are different for the two totally
symmetric modes (A, and A4°). This difference can
only be due to the electron—phonon interaction

METHODS

Since BP is well-known to be susceptible to oxygen, e
samples were prepared by mechanical exfoliation in a pure
nitrogen environment, being transferred onto 300 nm silicon
dioxide on silicon wafers. Polarized Raman experiments were
performed in individual BP single-crystal flakes with thicknesses
of hundreds of nanometers (the results shown are for a 360 nm
thick flake) using a confocal microscope spectrometer (WITec
Alpha 300R) with a 100x objective lens and using 488 nm
(2.54 eV), 532 nm (2.33 eV),and 633 nm (1.96 eV) laser lines. The
laser power and spectrometer integration time were 2.0 mW
and 0.5 s, respectively, for all measurements. We used a back-
scattering geometry, and the sample was continuously purged
with nitrogen during the experiments.

The incident laser beam is polarized, and an analyzer was
placed just before the spectrometer entrance, allowing the
investigation of the scattered light polarization along direc-
tions parallel and perpendicular to the incident light polariza-
tion. Throughout the paper, these two polarization con-
figurations are called, respectively, the parallel and cross-
polarization configurations and are represented in Figure 2a,
where the angle 6 between the incident light polarization and
the crystalline z direction is also defined. The sample was
rotated 360° about the microscope optical axis in 44 steps,
allowing the measurement of the angular dependence of the
Raman intensities in both polarization configurations. In every
step, the flake position was adjusted in order to ensure that the
same point was always probed, and the microscope focus was
optimized.

32-34 th
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because the electron—radiation matrix elements are
the same for both totally symmetric modes. As also
shown in the Supporting Information, the electron—
phonon and electron—radiation matrix elements can
also have complex values for BP, which are related
to the amplitudes and phases of the Raman tensor
components.

CONCLUSIONS

In this work, we presented an extensive polarized
Raman characterization of black phosphorus using
three different laser lines. The angular dependence of
the polarized Raman spectra for the A,', Ay% and By
modes in both parallel and cross-polarization config-
urations was measured, and an unusual behavior for
the angular dependence of the totally symmetric
mode intensities was observed. Our analysis, which
accounts for the linear dichroism of black phosphorus,
led us to conclude that the Raman tensors exhibit
complex elements. This approach allowed us to mea-
sure the phase differences between Raman tensor
elements for each mode and for each laser line, and
it was observed that the phase differences are much
larger for the in-plane totally symmetric Ag2 than for
the out-of-plane A;' mode. The unusual form of the
Raman tensor is interpreted as the result of the parti-
cular band structure, electron—radiation interaction,
and electron—phonon coupling in this material, the
latter of which is still poorly understood but of great
importance for the understanding of the electronic
phases of BP, especially superconductivity.
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