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We present a new experimental technique for measurements of optical nonlinear e�ects
on surfaces of absorptive and transparent materials. This technique is similar to the RZ-
scan technique recently proposed, but uses an incidence angle close to the Brewster angle
for a polarized laser beam. A sensitivity enhancement of more than 30 times from the
perpendicular incidence case is experimentally observed.

Apresentamos uma nova t�ecnica experimental para medida de efeitos �oticos n~ao-lineares em
superf��cies de materiais absortivos e transparentes. Esta t�ecnica �e semelhante �a t�ecnica de
RZ-Scan recentemente desenvolvida, por�em emprega um feixe polarizado com um ângulo de
incidência pr�oximo ao ângulo de Brewster. Observamos experimentalmente um aumento de
30 vezes na sensibilidade comparado �a t�ecnica com incidência perpendicular do feixe.

The well-known Z-scan technique, introduced by

Sheik-Bahae in 1989 [1,2] has been widely used for

measurements of optical nonlinearities because of its

simplicity and high sensitivity. Several further exten-

sions of this technique have been developed [3,4,5,] and

applied to di�erent transparent materials. Recently,

the reection Z-scan (RZ-scan) method has been pro-

posed to investigate highly absorbing materials [6,7] in

which the negligible transmitted beam cannot be stud-

ied by the transmission Z-scan (TZ-scan) method. The

RZ-Scan method, besides its applicability to transpar-

ent materials with small absorption, is a useful tool

to study surface properties of high-absorbing materi-

als, like semiconductors.

In RZ-scan the nonlinear refractive index is obtained

by measuring the wavefront distortion of a laser beam

due to the photo-induced modi�cation in the reection

coe�cient. This modi�cation is smaller than the corre-

sponding one in conventional TZ-scan, where the laser

propagates along all the sample's length, and in many

cases is below the measurement sensitivity. This im-

poses severe limits to the applicability of the RZ-scan

technique, since often there are practical limits to the

available pump intensities. Moreover, for saturable ab-

sorptive media the nonlinear e�ect is limited due to the

saturation of the excited state population.

We present one new method for measuring the non-

linear refractive index and nonlinear absorption in sur-

faces and interfaces of opaque and transparent sam-

ples with an enhanced sensitivity compared to the RZ-

Scan technique. This method uses the fact that the p-

polarized reected beam intensity is reduced near the

Brewster angle and, as a consequence, the relative vari-

ation of this component is highly ampli�ed. The pro-

posed measurement scheme is shown in �g. 1. The

Gaussian beam from an Argon laser (514 nm) is fo-

cused by lens L3 on the sample surface S at a non-zero

incidence angle q. The sample and a folding mirror M

move together along the beam direction z, and the re-

ected beam is measured by detector D. A pair of lenses

L1, L2 provides a small waist where a mechanical chop-

per is located. The laser polarization is parallel to the
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incidence plane within a precision of 0.5o.

Figure 1. Enhanced RZ-Scan set-up: L1, L2, L3: lenses;
CH: mechanical chopper; D: detector; M: mirror; S: sample;
P: polarization direction of the beam; q: incidence angle.

The amplitude reection coe�cient of the p-

polarized beam for a medium with a complex refractive

index ~n is given by the well-known Fresnel expression

[8]:

r(�) =
~n2cos� �

p
~n2 � sin2�

~n2cos� +
p
~n2 � sin2�

(1)

Let us consider a mediumwith Kerr or thermal non-

linearities, in which the modi�cation �~n in the nonlin-

ear index depends on the intensity I : ~n = ~n0 +�~n(I);

where both the linear and nonlinear terms ~n0 and �~n

have a real dispersive part n and an imaginary absorp-

tive part k.

In a Gaussian beam the intensity I depends on the

distance z from the beam waist position along the prop-

agation direction, and on the radial position � across

the beam as I(�; z) = I0[w0=w(z)]
2 exp(�2�2=w(z)2),

where w0 is the beam waist and w(z) = w0[1 +

(z=z0)
2]1=2: To evaluate the reected beam intensity,

we expand the reection coe�cient in �rst order as

r(�) = r0(�) + �~n @r(�)=@~n, where r0 is the linear

term of the reection coe�cient and (�~n @r(�)=@~n) is

the nonlinear term.

The normalized power reection R is de�ned as the

ratio between the reected beam power with and with-

out the nonlinear e�ect:

R(z; �) =

R
1

0
jr(�)j2I(�; z)�d�R

1

0
jr0(�)j2I(�; z)�d�

(2)

For saturable absorbers the refractive index change

is given by [9] D~n(I) = ~n2I=(1 + I=Is), where Is is the

saturation intensity, and the normalized reection can

be expressed by:

c

R(z �) = 1 + 2 Re[r̂(�)]
4Is
I20w

2
0

Z
1

0

I2(�; z)

I(�; z) + IS
�d� (3)

d

where the normalized nonlinear reection coe�cient

r̂(�) is the ratio between the nonlinear and the linear

contributions of the reection coe�cient at z = 0 and

r0 = 0:

r̂(�) =
~n2I0
r0(�)

@r(�)

@~n

����
�~n=0

(4)

In non-saturable media, where the refractive index

change is proportional to the intensity (�~n(I) = ~n2I),

eq. (3) is reduced to the simpler form R(z; �) =

1 +Re[r̂(�)]=[1 + (z=z0)
2]:

For simplicity we have approximated the gaussian

beam wavefront as a plane wavefront. Considering that

the wavefront curvature is smaller than 0.5� for typical

values of z0 and �, if we measure the nonlinear term

of reection more than 0.5� apart from the Brewster

angle the error in such approximation is smaller than

10%. From eq. (4) it is clear that for measurements

closer to Brewster angle the nonlinear term in normal-

ized reection will be increased. But we cannot make

these measurements too close to this situation, due to

wavefront curvature. We must also consider the prob-

lem caused by misalignment of the polarization with

the incidence plane. This will introduce an undesirable

o�set in the reected intensity. Anyway, in the range

we suggest, we can achieve an enhancement factor of

30 times compared to the results for normal incidence,

without necessity of more complex description of the

nonlinear terms in reection.

Hence, measuring the reected power R for di�erent

positions z and �tting the results with eq. 3, we can

determine the normalized reection coe�cient (̂�) and

the nonlinear index n2. At normal incidence (� = 0)
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this corresponds to the technique proposed in [6], in

which case the normalized reection coe�cient is given

by r̂(0) = 2~n2I0=(~n20 � 1):

We have applied the proposed scheme for a Gadolin-

ium (GdAlO3:Cr+3) crystal, with linear refraction and

extinction coe�cients n0 = 2:0 and k0 = 6 10�6.

This crystal is transparent, allowing a direct compari-

son with the standard TZ-scan technique. In order to

eliminate the linear contribution of the reected beam

[10], we chop the incident beam and analyze the time

evolution of the reected signal. Immediately after the

chopper is opened the excited state population is very

small and the refractive index is purely linear. As this

population increases so does the nonlinear index, until

a saturation is achieved. Hence, dividing the �nal value

by the initial one we can eliminate the linear contribu-

tion of the refractive index and directly obtain R(z; �):

We have made the time resolved measurement with

the sample �xed at the waist. By tilting the sample

close to the Brewster angle �B = 63:4� the value of

jr̂(�)j is increased, making the nonlinear e�ect measur-

able, as shown in Fig. 2. In Fig. 2a the incidence angle

was smaller than the Brewster angle, which implies that

the reection coe�cient increases with the nonlinear ef-

fect. For incidence angles bigger than �B , the reection

coe�cient decreases with the nonlinear e�ect, and the

time evolution shows a decreasing curve for R(t) as we

can see in Fig. 2b.

The asymptotic value in Fig. 2 give us R(z = 0; �),

from which n2 can be obtained. We have used the sat-

uration intensity value [9] IS = 1600 W/cm2 to ob-

tain the nonlinear index value n2 = (4:4� 0:5)� 10�8

cm2/W. At normal incidence the time evolution ampli-

tude shown in Fig. 2a is 25 times smaller, which means

that it would be very di�cult or impossible to measure

this variation with the RZ-Scan.

In order to show the dependence of the enhance-

ment with the tilting angle, we have performed several

measurements like the one of Fig. 2 for di�erent angles,

as shown in Fig. 3. As we approach a range 0.50 apart

of Brewster angle from both sides in the �gure, we see

a big enhancement in the nonlinear e�ect, close to 30

times the one obtained for normal incidence. Fitting

R(0; �) to the experimental data of Fig. 3 (continuos

line), we obtain n2 = (4:2� 0:5)� 10�8 cm2/W.

Another way of performing the n2 measurement is

to keep the incidence angle �xed at a value close �B

and perform a tilted RZ-scan. The result obtained is

shown in Fig. 4. In this �gure each point is an aver-

age of 250 points obtained by the temporal evolution

as in Fig. 2. The time evolution os used here only as a

normalizationmethod to increase the set up sensitivity.

The continuous line in this �gure shows the �tted theo-

retical expression for R(z; �), equation (3), from which

the value n2 = (4:0� 0:4)� 10�8 cm2/W is obtained.

Figura 2. Time evolution of the reected beam for a)
� = 62:60 and b) � = 64:10. Each point is an average over
1000 cycles of the chopper. I0 = 10 kW/cm2, w0 = 50�m.
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Figura 3. Sensitivity enhancement for di�erent incidence
angles. I0 = 10 kW/cm2, w0 = 50 �m.

Figura 4. Tilted RZ-Scan measurement, performed with an
incidence angle � = 650 � I0 = 10 kW/cm2, w0 = 50�m.

The values of n2 obtained from these measurements

agree with that measured by the conventional TZ-Scan

technique within the experimental errors. Those re-

sults show that our method can consistently be used

to measure small variations in the refractive index.

This method may be applied for both optical crystals

and highly absorbing materials like semiconductors or

doped glasses. The method presented here enables us to

study nonlinear e�ects in surfaces and interfaces with a

simple single beam technique with high sensitivity. We

can also use this technique to distinguish surface from

bulk nonlinear e�ects.

In the same way as in the RZ-scan technique, this

method can be used also to determine the nonlinear ab-

sorption coe�cient. In order to do so, we should place

an aperture in front of the detector, converting by this

way phase variations in the reected beam into inten-

sity variations as in the usual TZ-Scan method.

The technique demonstrated here gives a 30 times

enhancement in the observable nonlinear e�ect in the

reection. Higher enhancements can be obtained, since

we take care about the plane wave aproximation. Con-

sidering the curvature of the beam wavefront, we must

consider the reection dependence on the incidence an-

gle in equation (4). If we work in a region where the

change of r̂(�) is small within the curvature angle, we

can use the simple plane wave aproximation sugested

here.

The authors acknowledge the �nancial support from

Funda�c~ao de Amparo �a Pesquisa do Estado de S~ao

Paulo (FAPESP) and Funda�c~ao Coordena�c~ao de Aper-

fei�coamento de Pessoal de N��vel Superior (CAPES).

References

1. M. Sheik-Bahae, A. A. Said and E. W. Van Sty-

land, Opt. Lett., 14, 955 (1989).

2. M. Sheik-Bahae, A. A. Said, T. Wei, D. J. Ha-

gan, and E. W. Van Styland, IEEE J. Quantum

Electron., QE-26, 760 (1990).

3. H. Ma, A. S. L. Gomes and Cid B. Ara�ujo, Appl.

Phys. Lett., 59, 2666 (1991).

4. M. Sheik-Bahae, J. Wang, R. DeSalvo, D. J. Ha-

gan and E. W. Van Styland, Opt. Lett., 17, 258

(1992).

5. W. Zhao and P. Pal�y-Muhoray, Appl. Phys.

Lett., 63, 1613 (1993.

6. D. V. Petrov, A. S. L. Gomes and Cid B. Ara�ujo,

Appl. Phys. Lett., 65, 1067 (1994).

7. D. V. Petrov, A. S. L. Gomes and Cid B. Ara�ujo,

Opt. Commun., 123, 637 (1996).

8. M. Born and E. Wolf, Principles of Optics (Perg-

amon Press, London, 1959) p. 614.

9. T. Catunda and L. A. Cury, J. Opt. Soc. Am. B,

7, 1445 (1990).

10. L. C. Oliveira and S. C. Zilio, Appl. Phys. Lett.,

65, 2121 (1994).


