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Talk	outline

•Black	phosphorus	(BP):	an	anisotropic	
layered	semiconductor

•Raman	response	in	BP
• Unusual	dependence	on	light	polarization
• Edge	phonons

•Nonlinear	optical	response	in	BP
• Third-harmonic	generation

•Conclusions
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(Graphene	and Nanomaterials Research Center)	



Black Phosphorus

• Highly anisotropic puckered structure 
• orthorhombic, point group D2h, centrosymmetric
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armchair



Highly	anisotropic	properties
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Mao et al., J. Am. Chem. Soc.138, 300−305 (2016)Fei et al., Nano Lett. 14, 6393−6399 (2014)

Angle	dependent	heat	&	
electronic	conduction

Birefringence	&	
linear	dichroism



• A	direct	bandgap semiconductor	from	bulk	to	the	
monolayer;	gap	increases	with	thickness	reduction
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Yang et al., Light Science and Applications 4, e312 (2015)
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Highly	bound	(room	temperature)	excitons

Black	Phosphorus



• Properties	suggest	important	applications	in
• Electronics
• Optoelectronics
• Photonics

• Thorough	characterization	of	the	crystal	is	imperative
• Here:

• Polarized	Raman	characterization	and	identification	of	
complex	Raman	tensor	elements

• Changes	in	Raman	mode	symmetries	at	the	crystal	edges
• Enhanced	nonlinear	optical	frequency	conversion	in	few-layer	
flakes
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Motivation	to	this	work
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Raman	spectroscopy	in	
black	phosphorus

H.	B.	Ribeiro	et	al.,	ACS	Nano	9,	4270	(2015) H.	B.	Ribeiro	et	al.,	Nature	Commun.	7,	12191	(2016)

Soon:	a	review in	Journal of Raman	Spectroscopy



• 6	Raman	active	modes

9

Raman	modes	in	BP

nm laser line are also well fitted by Eqs. 3 and 4 [Figs. 4(a) and (b)]. However, as shown

in Figs. 4(g) and (h), we cannot fit simultaneously the angular dependencies in the parallel-

and cross-polarization configurations for the A1
g mode and for the 633nm laser line. Also,

Figs. 4(e), (f), (k) and (l) show that the angular dependence of the A2
g is never well fitted

by Eqs. 3 and 4. Particularly for the parallel-polarization configuration, the experimental

data exhibit a secondary maximum at θ = 90◦ and θ = 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 B2g mode but clearly fails to explain the behaviour of the totally symmetric Ag

modes, in particular for the in-plane A2
g mode. As we will show below, this result is related

to the linear dichroism of BP.29

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 ϵij of the dielectric

function tensor has real and imaginary parts, and can be written as ϵij= ϵ′ij + iϵ′′ij. The

element Rk
ij of the Raman tensor is given by the derivative of the dielectric function element

ϵij with respect to the normal coordinate qk:28,30

Rk
ij =

∂ϵij
∂qk

=
∂ϵ′ij
∂qk

+ i
∂ϵ′′ij
∂qk

(7)

As 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, c and f as defined in Table I) can thus be written as

a = |a|eiφa , c = |c|eiφc , f = |f |eiφf , (8)
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Raman	tensors obtained from the dielectric tensor:	

scattered light with respect to the crystallographic axes, as shown in Fig.2(a). For the

incident beam êi =

(
sinθ 0 cosθ

)
, while for scattered light ês =

(
sinθ 0 cosθ

)
and

ês =

(
cosθ 0 −sinθ

)
for the parallel- and cross-polarization configurations, respectively.

The Raman cross-section, S, that gives the scattering intensity, is written as28

Sk ∝ |êi·
↔
Rk ·ês|2 (2)

where
↔
Rk is the Raman tensor for the different symmetry modes given in Table 1, which are

denoted by the index k .

We now analyze the data shown in Figs.2(c) and (d) using the conventional approach,

in which the elements of the Raman tensor assume real values only. Substituting in Eq. 2

the unitary vectors êi and ês defined above and the Raman tensors shown in Table 1, we

obtain the expressions for the angular dependences of the Ag and B2g intensities for both

polarization configurations:

S∥
Ag

= (asin2θ + ccos2θ)2 (3)

S⊥
Ag

= [(a− c)cosθsinθ]2 (4)

S∥
B2g

= (2fcosθsinθ)2 (5)

S⊥
B2g

= [fcos(2θ)]2 (6)

Figure 4 shows the Raman intensities as functions of the angle, θ, for the A1
g, B2g and A2

g

modes in the parallel- and cross-polarization configuration, obtained with the 532nm and 633

nm laser lines. The dots correspond to the experimental data and the solid curves represent

the best fits using equations 3-6. Notice that the angular dependences of the B2g mode, in

both polarization configurations and using the two different laser lines [Figs. 4 (c), (d), (i)

and (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 A1
g mode obtained with the 532
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Light	incident along y
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Polarized	Raman	spectroscopy

H.	B.	Ribeiro	et	al.,	ACS	Nano	9,	4270	(2015)

• Parallel	configuration:	�̂�# ∥ �̂�%
• Orthogonal configuration:	�̂�# ⊥ �̂�%
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Polarized	Raman	spectroscopy:	
results

H.	B.	Ribeiro	et	al.,	ACS	Nano	9,	4270	(2015)



Figure 4: Angular dependence of the Raman intensities measured using the 532 nm laser
line (a)-(f) and the 633 nm laser line (g)-(l). 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 equations 3-6 for each
configuration and mode symmetry.
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Polarized Raman spectroscopy: 
conventional analysis

this configuration will only show the Ag and B2g modes, since the B1g and B3g modes only

have xy and yz non-null components, respectively.

Table 1: Raman tensor forms for all active modes in BP

Mode Ag B1g B2g B3g

Tensor

⎛

⎝
a 0 0
0 b 0
0 0 c

⎞

⎠

⎛

⎝
0 d 0
d 0 0
0 0 0

⎞

⎠

⎛

⎝
0 0 f
0 0 0
f 0 0

⎞

⎠

⎛

⎝
0 0 0
0 0 g
0 g 0

⎞

⎠

Figure 2(b) shows a typical Raman spectrum of BP in the 300-550 cm−1 range. The

three peaks at 360 cm−1, 436 cm−1 and 463 cm−1 are associated, respectively, with the A1
g,

B2g and A2
g modes, and these values are in good agreement with previous Raman results.20

Figures 2(c) and (d) show the angular dependence of the Raman spectra in the parallel-

and cross-polarization configurations, respectively. The low intensity peak at 525cm−1 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 one. As we will discuss below, the absolute values of the obtained Raman tensor

components for each laser line are solely dependent on this choice of normalization.

Figure 3: Atomic displacements of the Raman-active modes in BP.

For a quantitative analysis of the angular dependence of the Raman intensities, let us

first introduce the unitary vectors êi and ês that give the polarization of the incident and
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H.	B.	Ribeiro	et	al.,	ACS	Nano	9,	4270	(2015)



nm laser line are also well fitted by Eqs. 3 and 4 [Figs. 4(a) and (b)]. However, as shown

in Figs. 4(g) and (h), we cannot fit simultaneously the angular dependencies in the parallel-

and cross-polarization configurations for the A1
g mode and for the 633nm laser line. Also,

Figs. 4(e), (f), (k) and (l) show that the angular dependence of the A2
g is never well fitted

by Eqs. 3 and 4. Particularly for the parallel-polarization configuration, the experimental

data exhibit a secondary maximum at θ = 90◦ and θ = 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 B2g mode but clearly fails to explain the behaviour of the totally symmetric Ag

modes, in particular for the in-plane A2
g mode. As we will show below, this result is related

to the linear dichroism of BP.29

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 ϵij of the dielectric

function tensor has real and imaginary parts, and can be written as ϵij= ϵ′ij + iϵ′′ij. The

element Rk
ij of the Raman tensor is given by the derivative of the dielectric function element

ϵij with respect to the normal coordinate qk:28,30

Rk
ij =

∂ϵij
∂qk

=
∂ϵ′ij
∂qk

+ i
∂ϵ′′ij
∂qk

(7)

As 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, c and f as defined in Table I) can thus be written as

a = |a|eiφa , c = |c|eiφc , f = |f |eiφf , (8)
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Dichroism:	Complex	
values	of	the	Raman	
tensors

Unusual	angular	dependence	of	the	
Raman	response	in	BP

✔ ✔ ✔ ✔

1.96	eV 2.33	eV 2.54	eV
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H.	B.	Ribeiro	et	al.,	ACS	
Nano	9,	4270	(2015)



Unusual	angular	dependence	of	the	
Raman	response	in	BP

• Later work showed need to account also for
• Flake thickness [Kim et al., Nanoscale 7 , 18708 (2015)] [Ling et al., Nano 

Lett 16, 2260 (2016)]

• Same trend also observed in other layered 
materials

• ReS2/ReSe2 [Lorchat et al., ACS	Nano 10,	2752–2760	(2016)]

• WTe2 [Song et al., Scientific	Reports	6,	29254	(2016)]

14H.	B.	Ribeiro	et	al.,	ACS	Nano	9,	4270	(2015)



Edge	phonons	in	BP

• Polarized Raman maps across BP flakes revealed anomalous mode
appearance at the edges

• Mode appearance also depends on the edge type: zigzag or armchair
15H.	B.	Ribeiro	et	al.,	Nature	Commun.	7,	12191	(2016)



Bulk	phonons

Ag =>		(XX)	and	(ZZ)
B2g =>	(XZ)	and	(ZX)
B1g,	B3g not	visible

Zigzag

Edge	phonons	in	BP:	
experiment

• Selected flakes exhibit well defined edge character

Armchair

• Incident polarization X (// to a) or Z (// to c) 
• Analysed polarization X or Z
• Analysed polarization configurations

• Parallel: XX, ZZ
• Orthogonal: XZ, ZX

16H.	B.	Ribeiro	et	al.,	Nature	Commun.	7,	12191	(2016)



Edge	phonons	in	BP:	
results

17H.	B.	Ribeiro	et	al.,	Nature	Commun.	7,	12191	(2016)



Armchair Zigzag

Modelling	the	edges	with	density	
functional	theory	(DFT)

• BP slabs with zigzag and armchair surfaces simulated by DFT
• Atomic rearrangements

18H.	B.	Ribeiro	et	al.,	Nature	Commun.	7,	12191	(2016)



Origin	of	edge	phonons

19

• Atomic	rearrangements	è deviations	in	atomic	displacements	at	
the	edges

H.	B.	Ribeiro	et	al.,	Nature	Commun.	7,	12191	(2016)



Raman	tensors	at	BP	edges
calculated	by	DFPT

Polarized Raman edge effects reproduced:

• Using density functional perturbation theory (DFPT), the
dielectric tensor and the Raman intensities for the relaxed
structures were evaluated for each mode

20H.	B.	Ribeiro	et	al.,	Nature	Commun.	7,	12191	(2016)

XX ZX
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Nonlinear	optical	frequency	
conversion	in	black	phosphorus

M.	Rodrigues	et	al.,	Adv.	Mater. 28,	 10693	(2016)
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Sample	preparation	&	
experimental	setup

• Experimental	setup

M.	Rodrigues	et	al.,	Adv.	Mater. 28,	 10693	(2016)
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Nonlinear	optical	
characterization	- thick	flake

• Consistent	with	THG

Spectra Power	dependence

M.	Rodrigues	et	al.,	Adv.	Mater. 28,	 10693	(2016)
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Nonlinear	optical	
characterization	- thick	flake

• Consistent	with	THG	for	point	group	D2h

Polarization	dependence

M.	Rodrigues	et	al.,	Adv.	Mater. 28,	 10693	(2016)
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Nonlinear	optical	
characterization	- few-layer	BP

• Luminescence	consistent	with	4-5	BP	layers	
[J.	Yang	et	al.,	Light:	Science	&	Applications	4,	e312 (2015)]

• THG	intensity	an	order	of	magnitude	higher	in	the	
few	layer	region	à resonant	process?

Optical	image THG	map Luminescence	
spectrum
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Nonlinear	susceptibility	
quantification

• Intensity with BP	3	orders of magnitude	higher

• 𝜒(
(*)in BP ~28× higher	than	in	graphene

few-layer
BP

graphene

M.	Rodrigues	et	al.,	Adv.	Mater. 28,	 10693	(2016)
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Laser	thinning	and	
simultaneous	THG	monitoring

• Fluences >	0.9	mJ/cm2 found to thin
BP	flakes down

• THG	can be simultaneously
monitored:

AFM

Time	(a.u.)M.	Rodrigues	et	al.,	Adv.	Mater. 28,	 10693	(2016)
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Laser	thinning	and	simultaneous	
THG	monitoring

• Average thinning rate	calibrated from IR	
absorption

Resonance
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The	origin	of	the	enhanced	
nonlinearity

• Density functional theory suggests that the single	
particle picture is unable to reproduce resonance

• Preliminary exciton analysis,	on the other hand,	
indicates a	quasi-resonance for	the few-layer
thickness regime

M.	Rodrigues	et	al.,	Adv.	Mater. 28,	 10693	(2016)
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Conclusions

• Black	phosphorus	presents	a	series	of	unusual	
properties

• Unusual	polarized	Raman	scattering
• Linear	dichroism	leads	to	complex	Raman	tensors

• Observation	of	edge	phonons	with	anomalous	
symmetries

• Local	atomic	rearrangement	near	the	edges	change	atom	
displacements,	generating	new	tensor	elements

• Third-harmonic	generation	with	drastic	efficiency	
increase	for	few-layer	thicknesses

• (Quasi)	resonance	with	excitonic states

H.	B.	Ribeiro	et	al.,	
ACS	Nano	9,	4270	(2015)

H.	B.	Ribeiro	et	al.,	Nature	
Commun.	7,	12191	(2016)

M.	Rodrigues	et	al.,	Adv.	
Mater. 28,	 10693	(2016)
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Truncated	versus	relaxed	structure

• No edge effects observed in the truncated structure
• Edge phonons are, indeed, due to lattice relaxation

33H.	B.	Ribeiro	et	al.,	Nature	Commun.	7,	12191	(2016)



Edge	phonons	versus	flake	thickness

• Edge phonons still observed in the few-layer limit, even
though with lower relative intensity

34

XZ

H.	B.	Ribeiro	et	al.,	Nature	Commun.	7,	12191	(2016)

B1g

Ag
1 Ag

2

B2g


