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Spatial self-phase modulation (SSPM) was observed directly when a focused He-Ne laser beam at

633 nm went through liquid-phase-exfoliated graphene dispersions. The diffraction pattern of SSPM

was found to be distorted rapidly right after the incident beam horizontally passing through the

dispersions, while no distortion for the vertically incident geometry. We show that the distortion is

originated mainly from the non-axis-symmetrical thermal convections of the graphene nanosheets

induced by laser heating, and the relative change of nonlinear refractive index can be determined by

the ratio of the distortion angle to the half-cone angle. Therefore, the effective nonlinear refractive

index of graphene dispersions can be tuned by changing the incident intensity and the temperature

of the dispersions. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871092]

Graphene possesses not only remarkable mechanical1

and thermal properties2 but also unique electronic3 and pho-

tonic properties.4 The electrons near the Dirac point in gra-

phene have a linear dispersion between energy and

momentum,5 resulting in a continuously resonant optical

response over a broad spectral region from the visible to the

near-infrared.6 Owing to the strong interband p-p* electron

transitions, graphene has a large effective third-order nonlin-

ear susceptibility v 3ð Þ, which has been confirmed by four-

wave mixing7 and Z-scan experiments.6,8 Recently, Wu et al.
reported the characterization of v 3ð Þ for chemically exfoliated

graphene nanosheets using spatial self-phase modulation

(SSPM),9 a nonlinear optical phenomenon widely observed

in optical materials and nanomaterials.1,10,11 However, the

SSPM pattern was not stable, and it was distorted in a short

time, which, in general, is considered as a shortcoming for

characterizing v 3ð Þ of nonlinear materials. The distortion phe-

nomenon of SSPM has been reported in lots of nonlinear

materials, such as liquid crystals,12 carbon nanotubes,13 and

dye solutions.14 It is ambiguously attributed to the thermal

effect induced by the traversing laser beam. Ji et al. found the

gravitation dependence of SSPM in carbon nanotube suspen-

sions and estimated the change of the nonlinear refraction

due to the gravity.13 However, it is still unclear whether the

distortion is dominated by the thermal convection of suspen-

sion14 or the generation of bubbles in solvent.9 In this work,

we show that the distortion of SSPM pattern in graphene dis-

persions is originated from the non-axis-symmetrical thermal

convections induced by laser heating. The half-cone angle of

the diffraction patterns is independent on the linear refraction

of the graphene dispersions and is only proportional to the

effective nonlinear refractive index of the dispersions.

Confirmed by the pressure experiment, the generation of sol-

vent bubbles is tiny and can be neglected within our incident

laser power range. We also estimated the relative change of

effective nonlinear refractive index Dn2e=n2e, which could

span from �0.14 to �0.375 by tuning the incident intensity

or the temperature of the dispersions. The maximum change

of the effective refractive index, i.e., Dne ¼ Dn2eI, can be up

to �0.05. The significant tunability of the effective nonlinear

refractive index of the graphene dispersions manifests its

potential applications in optical switching,4 optical phase

modulation,15 optical limiting,6,16,17 etc.

The graphene dispersions in N-methyl-2-pyrrolidone

(NMP) were prepared using liquid phase exfoliation tech-

nique.18 Different from the chemical exfoliation method,19

the liquid exfoliation does not use any high-residual chemi-

cals or ions, which could result in a change of the physical

and chemical properties of the exfoliated graphene nano-

sheets,18 and thus can largely guarantee high quality of the

graphene used in the experiments. Owing to the nonlinear

SSPM effect, a series of concentric rings can be observed af-

ter a focused cw He-Ne (633 nm) laser beam transmitting the

graphene dispersions. The third-order susceptibility of gra-

phene monolayer can be determined directly from the dif-

fraction rings patterns.9 In this experiment, it was found that

the diffraction rings pattern was distorted rapidly after the

incident laser beam horizontally passing through the gra-

phene dispersions (see Figs. 1(a)–1(c)). As shown in Fig.

1(b), the initial diffraction pattern is nearly perfect concen-

tric circles right after the horizontal incidence of the laser

beam. In the subsequent few seconds, the upper half of the

diffraction rings was collapsed to the center of the patterns,

while the lower half retained the same (see Fig. 1(c)). Figure

1(d), in which diameters of the SSPM patterns along the two
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orthogonal directions are depicted as functions of time,

shows a dramatic reduction of the diameter in the vertical

direction after it increases to a maximum in 0.32 s. In con-

trast, the diameter in the horizontal direction decreases

slightly after the maximum. On the other hand, the laser

beam was designed to be incident at the graphene dispersions

along the vertical direction, as shown in Fig. 1(e). Under this

geometry, the SSPM patterns retain unchanged with time,

i.e., the collapse and deformation do not appear any more

(see Figs. 1(f) and 1(g)). Figure 1(h) shows the diameters

along the two orthogonal directions follow the same trend.

The SSPM is induced by the change of the intensity-

dependent effective refractive index of graphene dispersions,

which is expressed as ne ¼ n0e þ In2e,9,12 where n0e and n2e

are the effective linear and nonlinear refractive index, respec-

tively, and I is the incident laser intensity. Thus, the distortion

of the SSPM patterns should result from the change of n0e

and/or n2e. Hereinafter, we demonstrate that the change of n2e

dominates the distortion, rather than that of n0e.

The change of n0e of the graphene dispersions is mainly

from two possibilities: The possible solvent bubbles induced

by laser heating and the concentration variation of graphene

caused by thermal convection. The following pressure experi-

ment confirms that the change of n0e resulting from solvent

bubbles can be neglected. In the experiment, a cuvette with

the graphene dispersions was placed in a vacuum chamber, the

pressure of which can be controlled by a mechanical pump.20

The relationship between the bubble size rB and the air pres-

sure P can be estimated approximately by the equation6

2c ¼ 3MRT

4pr2
B

� PrB; (1)

where c is the surface tension, M is the number of moles of

gas, R is the universal gas constant, and T is the absolute

temperature in the bubbles. From Eq. (1), bubble size as a

function of atmospheric pressure can be deduced. As illus-

trated in Fig. 2(a), the bubble can increase dramatically when

the pressure decreases nearly to zero. For instance, when the

vacuum pressure changes from 1.00 atm to 0.02 atm, the cal-

culated bubble size rB can increase from 0.835 lm to 2.95 lm

(M was assumed to be 1:0� 10�16 mol). The volume of the

bubbles becomes 44 times greater, implying that a large vari-

ation of n0e of the graphene dispersions occurs and the distor-

tion pattern should change dramatically if n0e dominates the

process. However, from Fig. 2(b), it can be seen that the dis-

tortion time, distortion angle, and half-cone angle keep stable

when the air pressure decreases from 1.00 atm to 0.02 atm in

the experiment. The results indicate that the change of n0e

resulting from solvent bubbles is negligible within our inci-

dent laser power range (0–54 W/cm2).

The change of effective linear refractive index Dn0e of

the graphene dispersions caused by thermal convection is

also very tiny. Suppose the graphene nanosheets can be com-

pletely depleted during thermal convection, Dn0e should be

the maximum. It is noticed that the thickness of graphene

nanosheets is much smaller than the irradiation wavelength

and the observed scattering induced by the lateral size is also

negligible. Therefore, Bruggeman effective medium theory

is applicable to calculate the effective refractive index n0e of

the graphene dispersions,21–23 by considering the refractive

index and volume fraction of each composition

gNMP

n2
NMP � n2

0e

n2
NMP þ 2n2

0e

þ gG

n2
G � n2

0e

n2
G þ 2n2

0e

¼ 0; (2)

where nNMP ¼ 1:47 and nG ¼ 2:60 are the linear refractive

indices of NMP and graphene, respectively.24,25 gG and gNMP

are the volume fractions of graphene and NMP in the disper-

sion, respectively (gG þ gNMP ¼ 1). Here, we consider only

FIG. 1. (a) The horizontally incident geometry of the SSPM experiment. (b) An initial SSPM diffraction ring pattern and (c) the distorted pattern. (d)

Diameters of the outermost ring along the horizontal and vertical directions and Dn2e=n2e as functions of time. (e)–(h) The vertically incident case.

(Multimedia view) [URL: http://dx.doi.org/10.1063/1.4871092.1] [URL: http://dx.doi.org/10.1063/1.4871092.2]
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the change of n0e of the graphene dispersions within the

quasi-cylinder volume of the incident laser beam. The hyper-

bolic shape of the focused laser beam has less of an influence

on the result. Therefore, gG can be estimated by

gG ¼
Nef f Sdth

SL
¼ Nef f dth

L
; (3)

where Nef f � 48 is the effective number of graphene mono-

layer, which can be estimated by T
Nef f

monolayer ¼ Ttotal, where

Ttotal is the transmittance of the graphene dispersions

(�32.72% at 633 nm), and Tmonolayer � 97.7% is the transmit-

tance of graphene monolayer.9,26 S is the cross sectional area

of laser beam, dth ¼ 0:335 nm is the thickness of graphene

monolayer,27 and L¼ 10 mm is the thickness of quartz cuv-

ette. According to Eqs. (2) and (3), the n0e is calculated to be

(0:98� 10�6)nNMP, meaning that the order of magnitude of

the change of n0e caused by thermal convection of the gra-

phene nanosheets in NMP while irradiated by a cw He-Ne

laser should be smaller than 10�6nNMP. Thus, the contribution

of n0e to the distortion of SSPM pattern can be ignored in this

work.

The carriers within graphene nanosheets response in

phase in the light field while constructing the SSPM ring pat-

terns according to the theory of Wu et al.9 Although the top

half of the diffraction pattern distorts to a smaller amplitude,

the interference pattern can be seen in Fig. 1(c), implying

that the coherent response induced by graphene still remains.

As we discussed above, the smaller amplitude of the interfer-

ence pattern is largely induced by the change of effective

nonlinear refractive index n2e of the graphene dispersions,

resulting from the variation of local graphene nanosheets

concentration caused by the non-axis-symmetrical thermal

convections.14,28 Indeed, the diffraction ring diameter of the

graphene dispersions was decreased when the concentration

of graphene nanosheets was reduced, as shown in Fig. 3(a).

In the following part, we show theoretically that the

half-cone angle of the diffraction pattern is only proportional

to n2e and is independent on n0e. As a result, the change of

n2e can be estimated by studying the distortion dynamics. As

illustrated in the inset of Fig. 3(c), we define hD as the distor-

tion angle to measure the degree of distortion for the SSPM

patterns and define hH as the half-cone angle. The half-cone

angle of the diffraction ring can be expressed as12

hH �
k

2p
dDw
dr

� �
max

; (4)

where DwðrÞ ¼ ð2p
k Þ
Ð L

0
n2eI r; zð Þdz is the corresponding phase

shift of the laser beam after traversing the graphene disper-

sions with the effective pathlength of L. k is the wavelength

of the laser, r is the transverse position in the beam. For a

Gaussian beam, Eq. (4) can be rewritten in a compact form of

hH � n2eC; (5)

where C ¼ ½� 8IrL
w2

0

expð� 2r2

w2
0

Þ�max; r 2 ½0;þ1Þ is a constant.

Equation (5) implies that the half-cone angle hH is only pro-

portional to the effective nonlinear refractive index n2e and

is independent on n0e. According to Eq. (5), Dn2e, the change

of n2e before and after the distortion, can be deduced in the

form of

Dn2e=n2e ¼ hD=hH; (6)

where hD and hH can be measured readily at different inten-

sities in the experiment. As shown in Fig. 3(b), hD as well as

hH increases quasi-linearly as the incident intensity increases,

implying a more severe distortion of the patterns at the higher

intensities. Figure 3(c) gives the deduced Dn2e=n2e, which

increases from 14% to 28% when the incident intensity

increases from 17.3 to 54.0 W/cm2.

From Eq. (6), we can directly see that the distortion

originates from the change of n2e, which is ascribed to the

laser induced thermal convections,9,14 rather than the change

of n0e. The convection induced by laser beam is analogous to

the onset of convection near a suddenly heated horizontal

wire, which was investigated in details by Vest and

Lawson.28 Since graphene possesses high thermal conductiv-

ity and optical absorption coefficient,5,26 the dispersions can

be effectively heated by the incident cw laser beam and the

temperature gradient along the vertical direction arises,

resulting in strong thermal convections near the focus in the

dispersions, as illustrated in the inset of Fig. 3(d). Density of

graphene nanosheets in the upper part of the beam becomes

less dense when strong convections occur, resulting in a

reduction of the effective nonlinear refractive index.28

According to Ref. 9, the total third-order nonlinear suscepti-

bility v 3ð Þ
total � N2

ef f v
3ð Þ

monolayer. When the local concentration of

graphene dispersions in the laser beam changes, Nef f and

hence v 3ð Þ
total will be changed correspondingly. As v 3ð Þ

total is pro-

portional to the effective nonlinear refractive index n2e,

n2e ¼ ð1:2� 104 � p2=n2
0cÞv 3ð Þ

total, n2e can then be tuned by

FIG. 2. (a) Bubble size as a function of atmospheric pressure P. (b) The dis-

tortion time, distortion angle, and half-cone angle as functions of P. L is the

thickness of the quartz cuvette.
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the change of graphene concentration caused by the thermal

convection. Half of the laser beam is diffracted by the disper-

sions with reduced n2e, leading to the upper part of the dif-

fraction rings distorting to the center of the patterns. On the

contrary, the non-axis-symmetrical thermal convection is

eliminated in the vertical incident geometry and the distor-

tion phenomenon disappears, as shown in Fig. 1(g). The vari-

ation of Dn2e=n2e with time is also calculated and depicted in

Figs. 1(d) and 1(h) for the two incident geometries.

In addition, we measured the distortion angle and half-

cone angle of the SPM patterns at different temperatures. As

shown in Fig. 3(d), when the temperature of the graphene

dispersions increases from 20 �C to 100 �C, Dn2e=n2e is

�20% at 20 �C and increases gradually to �37.5% at

100 �C. n2e of the graphene dispersions can be calculated via

the relation between the diffraction ring number and the inci-

dent intensity,9 and it is 1:13� 10�5 cm2/W in our experi-

ment. Thus, Dne can be tuned up to 0.05 (Dn2e=n2e ¼ 0:375)

when Nef f is set to 700, larger than carrier induced one

(�0.01) in InP, GaAs, InGaAsP29 and electric field induced

one (�0.01) in some organic materials, say, ATOP dyes.30

In summary, we show that the distortion of the diffrac-

tion rings patterns in the horizontal incident geometry, while

eliminated in the vertical one, is mainly attributed to the

change of local graphene nanosheets concentration induced

by the non-axis-symmetrical thermal convections. The rela-

tive change of local nonlinear refractive index Dn2e=n2e can

be obtained directly by measuring the distortion angle and

half-cone angle. Tuned by the incident intensity and disper-

sion temperature, the relative change of the effective refrac-

tive index of graphene dispersions Dn2e=n2e can be spanned

from �0.14 to �0.375, implying potential applications in

nonlinear optical modulation devices.
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