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Application of RZ-scan technique for investigation of
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Abstract
The results of investigation of the nonlinear refraction of sapphire doped by Ag, Cu, and Au nanoparticles using the
reﬂection Z-scan technique are presented. The real parts of the third-order nonlinear susceptibility of Ag:Al2O3,
Au:Al2O3, and Cu:Al2O3 were measured using the fundamental wavelength of Nd:YAG laser radiation (k = 1064
nm, t = 55ps). It was shown that the Ag:Al2O3 possessed by self-focusing properties (n2 = 1.8 · 1011 cm2 W1),
whereas the Au:Al2O3 and Cu:Al2O3 showed the self-defocusing properties (n2 = 1.46 · 1010 and 1.7 · 1011
cm2 W1, respectively). The real part of third-order nonlinear susceptibility of Au:Al2O3 was measured to be 108
esu. The mechanisms of nonlinear refraction are discussed.
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1. Introduction
The high values of third-order nonlinear susceptibility (v(3)) [1–4] and fast response [1,5,6] have
drawn an interest on composite materials, in particular glass materials doped with metal nanoparticles. In order to achieve the high value of v(3)
one can use the resonant peculiarities of investigated materials, in particular surface plasmon resonance (SPR) of metal nanoparticles. The
investigations of v(3) in the vicinity of the SPRs
of metals doped in various matrices were carried
out in [1–5], and the values as high as
v(3) = 1.2 · 106 esu were reported for Au:Al2O3
at the wavelength of 532 nm [3]. The value of v(3)
for Ag nanoparticles doped in glass matrices at
the wavelength of the second harmonic radiation
of Ti:sapphire laser (k = 400 nm) was measured
to be 1.5 · 107 esu [4]. At the same time, for the
application of such materials one should know
their nonlinear optical characteristics at the lasing
wavelengths of commercial lasers (Nd:YAG (1064
nm), Ti:sapphire (800 nm), etc.).
There are diﬀerent approaches for the investigation of nonlinear optical parameters of materials
(degenerate four-wave mixing [7], nonlinear interferometry [8], Z-scan [9]). The latter technique allows determining both the value and the sign of
nonlinear optical parameters (nonlinear refractive
index n2 and nonlinear absorption coeﬃcient).
There are several modiﬁcations of the Z-scan technique, such as transmission Z-scan (TZ-scan) [9],
eclipsing Z-scan [10], reﬂection Z-scan (RZ-scan)
[11,12], time-resolved Z-scan [13], etc. The RZscan has an advantage with comparing to the
others that allows investigating the optical nonlinearities of samples possessing by limited transparency. This technique is based on the studies of the
surface properties of materials, whereas the others
are used for the investigation of bulk characteristics of media. The application of RZ-scan is presented in [14], where the nonlinear refraction was
investigated in GaAs crystal at the wavelength of
532 nm at which this semiconductor is fully opaque. On the other hand, this technique can also
be applied for transparent materials and can
be used for the comparison with conventional
TZ-scan.

We applied the RZ-scan for the investigation of
nonlinear refraction of copper-, silver-, and golddoped sapphire samples polished from one side
and characterized by limited transparency using
the laser radiation located far from the SPRs of
these metals (k = 1064 nm).

2. Experimental apparatus
Fig. 1 presents the experimental set-up of the
RZ-scan measurements of nonlinear refraction.
We used the Nd:YAG laser (k = 1064 nm, t = 55
ps) operated at a 2-Hz pulse repetition rate. Laser
radiation was focused by a 25-cm focal length lens
(1). The maximum intensity and the beam waist radius in the focal plane were measured to be
I0 = 7 · 109 W cm2 and 72 lm, respectively. The
investigated sample (2) was ﬁxed on the translation
table (11) and moved along the Z-axis. The angle
of incidence of laser radiation on the surface of
sample was 30. A part of radiation was reﬂected
from the beam splitter (10) and measured by
photo-diode (3) to control the energy of laser
pulses. The radiation reﬂected from the surface
of sample was directed to the mirror (7) and than
collected by the lens (8) that allowed registering all
the reﬂected radiation by photo-diode (5). To decrease the inﬂuence of the instability of laser radiation, the ratio R(z) between the reﬂected signal
and the incident one was calculated.
In the case of RZ-scan the refractive nonlinearities are measured without aperture (for example,
see [14]). In RZ-scan scheme, the phase changes
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Fig. 1. Experimental set-up. 1: focusing lens; 2: investigated
sample; 3,5: photo-diodes; 4,6: voltage converters; 7: mirror; 8:
collecting lens; 9: neutral ﬁlters; 10: beam splitter; 11: translation table; 12: computer.
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are produced by absorptive nonlinearities and the
aperture is needed in this case. The refractive nonlinearities are responsible for the amplitude
changes of reﬂected radiation so there is no need
to use an aperture before the detector. The measurements of the refractive nonlinearities of samples (that are the subject of our studies) were
carried out without an aperture, thus neglecting
the inﬂuence of phase changes caused by nonlinear
absorption. A behavior of normalized reﬂection
Z-scans presented in Figs. 3, 5, and 7 indicates a
nonlinear refraction phenomenon.
The principles of RZ-scan can be described as
follows. The sample moves during the experiment
through the focal plane of focusing lens. The
amplitude and phase of reﬂected beam change
due to the inﬂuence of nonlinear refraction and
nonlinear absorption. No nonlinear eﬀects appear
when the sample is positioned far from the focal
plane, so the ratio R of the reﬂected and incident
laser radiation is constant. When the sample approaches focal plane, the laser intensity becomes
higher and the nonlinear eﬀects occur. In the case
of positive nonlinear refraction (n2 > 0), the movement of sample close to the focus leads to the
growth of R. After crossing the focal plane the
nonlinear refraction diminishes that leads to a decrease of R down to previous value. In the case of
self-defocusing (n2 < 0) the opposite feature will be
observed with the valley appearing in the R(z)
dependence. One can conclude about the sign of
n2 from the R(z) dependence.
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We analysed the variations of reﬂected beam
for the determination of the nonlinear refractive
properties of our samples using the RZ-scans.
The normalized reﬂected power could be presented
as follows [14]:
R1
4
jEðq; zÞj qdq
; ð1Þ
P ðzÞ ¼ 1 þ 2Re ½Rðn2 þ ik 2 Þ R01
2
Eðq; zÞj qdq
0 j
where q and z are the radial and axial coordinates,
k2 is the nonlinear extinction coeﬃcient, R is the
relative change in the reﬂection coeﬃcient, and
E(q, z) is the incident beam amplitude.
This equation describes the general case, when
both nonlinear refraction and nonlinear absorption appear simultaneously during the reﬂection
from the sample. However, the application of
open-aperture RZ-scan allowed neglecting the
inﬂuence of nonlinear absorption for the measurements of nonlinear refraction [15].
The artiﬁcial sapphire plates (10 · 10 · 1 mm)
were unpolished from one side. The ion implantation was carried out by Ag+, Cu+ and Au+ ions on
the polished side of plates. The parameters of
implantation and corresponding numbers of the
samples are presented in Table 1. The detailed
description of the synthesis of metal nanoparticles
in dielectrics using the ion implantation was published elsewhere [16,17]. The optical properties of
Ag:Al2O3, Cu:Al2O3 and Au:Al2O3 were analyzed
by the reﬂection spectroscopy using two-beam
spectrophotometer Perkin–Elmer Lambda 19.

Table 1
The preparation conditions for the synthesis of metal nanoparticles in Al2O3 and their nonlinear optical properties. I0 is the laser
radiation intensity in the focal plane, Re v(3) is the real part of third-order nonlinear susceptibility
No.

Ag:Al2O3

1
2
3

30
30
30

3
6
10

3.75
3.75
3.75

4.3
4.3
4.3

1.1
1.3
1.8

0.9
1.1
1.5

Cu:Al2O3

4
5

40
40

2.5
12.5

0.54
1.00

7.7
7.7

1.3
1.7

1.0
1.4

Au:Al2O3

6
7
8
9

160
160
160
160

0.6
0.6a
1
1a

2.3
2.8
2.3
1.8

9.4
12
12.8
14.6

7.8
10
11
12

a

Thermal annealing.

Implantation
energy, keV

Current
density,
lA/cm2

Re v(3), 109 esu

Sample

10
10
10
10

Implantation
dose,
1017 ion/cm2

I0,
109 W cm2

n2,
1011 cm2 W1
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The metal-containing sapphire is a very hard
material and its preparation for TEM analysis is
a complicated task. Because of this no TEM studies of metal-containing thin layers of sapphire can
be found in literature. This is a rarely studied composite material, and that is why it is interesting to
study a structure of nanoparticles in this matrix. In
practice, it was possible observing nanoparticles
structures in Au- and Cu-doped sapphires using
atomic force microscope. From these studies we
found that the implanted particles show a spherical shape, in agreement with a previous AFM
study of Au nanoparticles created by ion implantation in sapphire [18]. At the same time, we analyzed the absorption spectra of these composite
materials. The appearance of surface plasmon resonances in these spectra points out on the presence
of metal nanoparticles. Using the Mie theory, we
calculated the sizes of these particles and compared the experimental and theoretical spectra.
Based on this analysis, the estimated sizes of
nanoparticles in our samples were as follows: sample 1 – 10 nm, sample 2 – 15 nm, sample 3 – 20 nm,
sample 4 – 10 nm, sample 5 – 15 nm, sample 6 – 5–
8 nm, sample 7 – 10–15 nm, sample 8 – 10 nm, and
sample 9 – 15–20 nm. The size distributions are
likely to be quite broad based on the AFM measurements presented in [18].
Noting that the thermal annealing leads both to
the appearance of additional Au nanoparticles and
non-spherical particles that can cause an additional absorption in long-wavelength range.
Concerning the doses used in these studies, we
noting that they were chosen to achieve the nanoparticles formation. In particular, the bombardment using high-energy (130 keV–2.1 MeV)
copper ions did not lead to the nucleation of
copper nanoparticles. So we used the implantation
energy of 40 keV. The same can be said about
other species.

parameters of ion implantation are presented in
Fig. 2. Samples 1–3 were implanted at the ﬁxed
dose (3.75 · 1017 ion/cm2) and energy (30 keV) of
ions, but using diﬀerent values of current density
of ionic beam. The thickness of a layer containing
silver nanoparticles was 30 nm.
The implanted samples are characterized by a
presence of broad selective lines of reﬂection in visible range that are associated with absorption in
the range of 470 nm. The absorption of this band
increased for the samples synthesized at high values of ionic current density. The appearance of
absorption bands in the reﬂection spectra is an evidence of the formation of silver nanoparticles in
Al2O3. This absorption band corresponds to the
SPR of silver nanoparticles [16,17]. The sharp increase of the reﬂection in short-wavelength range
(below 300 nm) was caused by the absorption of
Al2O3 matrix and interband transitions of silver
nanoparticles [19].
The growth of the current density of ionic beam
at high implantation dose of silver ions in sapphire
leads to the enhancement of SPR absorption. As
the position of SPR maximum for all samples remains approximately the same, one can conclude
that the growth of ionic current results in an increase of nanoparticles density, but not their size.
The R(z) dependences for Ag:Al2O3 samples at
I0 = 4.3 · 109 W cm2 are shown in Fig. 3. One
1.0
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Fig. 2. The reﬂection spectra of pure Al2O3 and Ag:Al2O3
samples. The numbers in this and other ﬁgures correspond to
the numbers of the samples.
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and the values of optical nonlinearities are collected in Table 1.
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3.2. Cu:Al2O3
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Fig. 3. The normalized reﬂection as a function of the position
of Ag:Al2O3 samples. The solid lines in this and other ﬁgures
show theoretical calculations.

can conclude from these dependences about the
positive sign of nonlinear refraction for all samples. Note that the maximum of R(z) dependence
is higher for the samples implanted at higher ionic
current density. The same experiments were carried out for pure Al2O3 and no changes of the normalized reﬂection were observed until the optical
breakdown.
The simulations and ﬁtting of R(z) dependences
were carried out using Eq. (1). The ﬁtting of these
dependences and experimental results allowed calculating the values of n2 and Re v(3) for samples 1,
2, and 3. The ﬁtted dependences are presented in
Fig. 3 as well as in other ﬁgures by solid lines

Samples 4 and 5 were produced by the ion
implantation of copper ions in sapphire (sample
4: implantation dose 0.54 · 1017 ion/cm2, ion current 2.5 lA/cm2, and sample 5: implantation dose
1017 ion/cm2, ion current 12.5 lA/cm2). The energy
of implantation in both cases was 40 keV. The
thickness of the layer containing copper nanoparticles on the surface of Al2O3 was 40 nm [20].
The linear reﬂection spectra of samples 4 and 5
are presented in Fig. 4. The absorption bands were
corresponded to the SPR of copper nanoparticles.
The diﬀerence in position of the SPR of copper
nanoparticles was discussed in [21] and can be explained by the presence of larger nanoparticles in
sample 5 in comparison with sample 4.
The experimental and ﬁtted R(z) dependences
for Cu:Al2O3 samples are presented in Fig. 5. A
decrease of reﬂectivity of copper-containing samples approaching to the focus was caused by the
self-defocusing of laser radiation. Note that the
same diﬀerence in the signs of nonlinear refractive
indices of Cu:Al2O3 and Ag:Al2O3 was previously
observed for copper and silver nanoparticles
doped in SiO2 at the wavelength of 1064 nm [22].
The calculated values of n2 and Re v(3) of Cu:Al2O3
samples are presented in Table 1.
3.3. Au:Al2O3
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Fig. 4. The reﬂection spectra of Cu:Al2O3.

1200

In the case of gold-containing samples, we used
two diﬀerent doses (0.6 · 1017 and 1017 ion/cm2) as
well as in the case of Cu:Al2O3, however, the
implantation was carried out at considerably
higher energy (160 keV). The accumulation of
implanted impurities in that case created a layer
possessing by higher density of nanoparticles in
comparison with low-energy implantation [23].
The implantation was carried out at high ionic
current (10 lA/cm2) to increase the mobility of implanted ions and stimulate nanoparticle nucleation. The thickness of a layer containing gold
nanoparticles was 30 nm. In order to increase
the sizes of nanoparticles, some of gold-coating
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results have been previously observed in the case
of silver colloids [24].
There are no reported studies, to the best of our
knowledge, on the nonlinear optical properties of
gold nanoparticles implanted in solid matrices
and measured in near-infrared range (1064 nm).
The results of our studies of nonlinear optical
parameters of Au:Al2O3 samples are presented in
Fig. 7. The observed R(z) dependences show selfdefocusing properties for all gold-containing samples. The data on n2 and Re v(3) of these samples
are presented in Table 1.

Z, cm

Fig. 5. The normalized reﬂection as a function of the position
of Cu:Al2O3 samples.

samples were treated by a thermal annealing in
oven during 1 h at 800 C. The preparation conditions of Au:Al2O3 samples treated with (Nos. 7
and 9) and without (Nos. 6 and 8) thermal annealing are presented in Table 1.
The optical reﬂection spectra of Au:Al2O3 samples are shown in Fig. 6. The presence of gold
nanoparticles was conﬁrmed by the appearance
of SPR spectral band near 610 nm. The appearance of wide reﬂection shoulder (sample 9), or
even additional maximum (sample 7) can be
caused by the re-distribution of metallic phase in
dielectric volume after thermal annealing resulting
in a formation of metal aggregates. The same
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Fig. 6. The reﬂection spectra of Au:Al2O3 samples 6–9.

4. Discussion
The possibility of the modiﬁcation of metal
nanoparticles-containing samples under the action
of laser radiation during Z-scan studies was analysed in [25,26]. In our case, the experimental
dependences showed a good reproducibility that
is a conﬁrmation that no structural modiﬁcations
of samples occurred during experiments.
We analyzed the inﬂuence of thermal eﬀect on
observed nonlinear refraction. The appearance of
thermal lens can be due to (‘‘fast’’) acoustic density
changes [27] and (‘‘slow’’) thermal accumulation
eﬀects caused by heat accumulation between pulses
[28]. In former case, the nonlinear thermal eﬀect is
a result of acoustic wave propagation due to matter density changing after local heating. The rise
time (s1) that is necessary for observing the density
variation and further the refractive index change
determines by a ratio of beam waist radius at focal
point to sound velocity in the medium (Vs):
s1 = wo/Vs. Taking into account our experimental
conditions, a rise time can be estimated as
s1  80 ns. Qualitatively, the former process can
be explained by the consideration of individual
picosecond pulse entering the medium and absorbing due to diﬀerent mechanisms of absorption. Another process involved in this case is the thermal
accumulation due to linear and/or nonlinear
absorption. The time required for thermal conduction eﬀects to become signiﬁcant deﬁnes as
s2 ¼ w2o q0 cp =4j [8], where cp is the speciﬁc heat,
q 0 is the density, and j is the thermal conductivity.
For our experimental conditions s2  1 ms.
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Fig. 7. The normalized reﬂections as functions of the position of Au:Al2O3 samples (a) 6 and 7, and (b) 8 and 9.

For the thermal eﬀect to be important, it is necessary that the material possessed by high linear
and/or nonlinear absorption. Another requirements are the, respectively, long pulse duration
of probe radiation and/or high pulse repetition
rate. The wavelength of used laser radiation was
1064 nm, which is far from the SPR and interband transitions, and the linear absorption was
estimated to be in the range of 5%. We could not
measure the transmittance of our samples because
they were unpolished from one side. This estimation (5%) was taken from the measurements of
analogous transparent glass samples doped with
metals at the same concentration. The pulse duration was 55 ps, which is over than three orders of
magnitude shorter than the time necessary for the
propagation of acoustic wave through the focal
area (80 ns). Finally, our laser operated at a 2Hz pulse repetition rate, while for the appearance
of thermal lens it is necessary to operate at the
pulse repetition rate of the order of tens megahertz
[28,29]. From above comments, we could assume
that the thermal eﬀects did not play important role
in our experiments.
Our measurements have shown relatively high
value of the real part of third-order nonlinear susceptibility (108 esu) in the case of gold-implanted sapphire measured in near-infrared
range, far from resonance lines. There were no
changes in the normalized reﬂection of pure
Al2O3 up to the maximum intensities used in these
experiments (I0 = 7.7 · 109 W cm2), therefore, the
observed nonlinear refraction was caused by metal

nanoparticles. Previously reported value of n2 for
pure Al2O3 was 3 · 1015 cm2 W1 [30] that is
more than four orders of magnitude smaller than
the values of n2 of metal-implanted sapphire layer
measured in our studies (n2 = 1.8 · 1011 cm2 W1
for Ag:Al2O3, n2 = 1.46 · 1010 for Au:Al2O3,
and n2 = 1.7 · 1011 cm2 W1 for Cu:Al2O3
samples).
Optical Kerr eﬀect (in the case of picosecond
and femtosecond pulses) and thermal eﬀect (in
the case of nanosecond pulses) are the dominant
processes responsible for the nonlinear refraction
in such structures. The value of n2 strongly depends on the type of laser interaction with medium
(resonant or non-resonant). Note that non-resonant contributions to the refractive index are
mostly positive [31].
The sign of n2 in such composite structures is
determined by a relation between fundamental
(x10), or two-photon (x20) frequencies of laser
radiation and any frequency of the resonances that
may be presented (in the case of metal nanoparticles it is a SPR frequency xp). If one assumes that
two-photon transitions are enhanced in the vicinity of the SPR, then there could be resonant contributions to n2 that involve x20 = 2x10. One can
apply the relation for n2 containing some terms
that can considerably enhance a nonlinear refraction in the vicinity of resonance lines [32],
n2 ðx10 Þ /

A
;
ðxp  x10 Þðxp  x20 Þ

where A is the independent constant.

ð2Þ

212

R.A. Ganeev et al. / Optics Communications 253 (2005) 205–213

In the used model, we considered not the atomic
levels but the surface plasmon resonance and analyzed the frequency detuning of laser radiation from
SPR of metal nanoparticles. Since the laser radiation frequency is far from the resonances in metal
nanoparticles we took into account the possibility
of two-photon process (for copper and gold). Note
a good correlation between the signs of nonlinear
refractive indices obtained experimentally and theoretically both in these and other studies of metal
nanoparticles embedded in dielectric matrices
[33,34]. However, the application of such a model
should be analyzed further to conﬁrm a connection
with microscopic mechanisms that deﬁne the sign of
the n2 of our nanocomposites.
The values of xp of investigated metal-doped
sapphires are in the range of 21,276 cm1 (Ag,
kp  470 nm), 15,384–16,393 cm1 (Cu, kp 
610–650 nm), and 16,129–16,393 cm1 (Au,
kp  610–620 nm). In the case, when the singlephoton process is considered as a dominant one
in laser–matter interaction (x10 = 9398 cm1,
k = 1064 nm) one can obtain from Eq. (2) the positive sign of n2 for all the samples. This result
coincides with our data for silver-containing sapphire, but contradicts our observations of selfdefocusing properties in the cases of Cu- and
Au-containing Al2O3. Taking into consideration
the two-photon interaction of laser radiation
(x20 = 18,797 cm1, k = 532 nm) one can get from
Eq. (2) the negative sign of n2 for Au:Al2O3 and
Cu:Al2O3, while the sign of n2 for Ag:Al2O3 remains the same as in previous consideration
(n2 > 0), both results in good agreement with our
measurements (see Table 2). The inclusion of
two-photon process in the consideration of nonlinear refractive properties of our samples seems reasonable since the frequency of two photons of laser
radiation is closer to the SPRs of investigated samples comparing to the fundamental frequency.

5. Conclusion
The RZ-scan technique was applied for the
investigation of the nonlinear optical refraction
of metal nanoparticles-containing sapphire samples characterized by limited transparency caused

Table 2
The signs of frequency detuning taking into account the singleand two-photon processes in diﬀerent metal-containing samples
and their nonlinear refractive indices
Sample

D10

ntheor
2

D20

ntheor
2

nexp
2

Ag:Al2O3
Cu:Al2O3
Au:Al2O3

+
+
+

+
+
+

+



+



+



n2 was estimated from Eq. (2); D10 = xp  x10; D20 = xp  x20.

by unpolished back surface. The values of n2 for
silver-, copper- and gold-containing sapphire samples were determined (1.8 · 1011 cm2 W1 for
Ag:Al2O3, 1.46 · 1010 cm2 W1 for Au:Al2O3,
and 1.7 · 1011 cm2 W1 for Cu:Al2O3). The
signs of nonlinear refractive indices of these samples coincide with the estimations of the model
taking into account the prevailing inﬂuence of
two-photon processes on self-interaction properties of media.
The growth of ionic current stimulated the
mobility of implanted ions and nanoparticles
nucleation. The last process also led to the growth
of the nonlinear refraction of samples. Our measurements showed high value of the real part of
third-order nonlinear susceptibility in the case of
gold-implanted sapphire in the near infrared range
(108 esu).
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