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Abstract
Experimental study of non-linear scattering (NLS) in nominally pure, Mg- and Zr-doped LiNbO3 crystals with a vary-
ing dopant concentration are reported in this paper. The study is undertaken by Z-scan technique with a cw-excitation at 
514.5 nm. A modified open-aperture Z-scan experimental setup is used to evaluate the contributions of NLS in the observed 
transmission attenuation. Study of these open-aperture Z-scan traces shows that NLS has marked magnitude at moderate 
and high light intensities in undoped, strongly Zr-doped and Mg-doped LiNbO3, and a very significant magnitude in the 
moderately Zr-doped LiNbO3 crystals even at low intensities. NLS is related to the photoinduced light scattering (PILS), 
which is explained by holographic amplification of the seed scattering due to photorefractive effect.

1  Introduction

Characterization of non-linear optical materials is a key step 
to choose the most adequate material for a given non-linear 
optical process. The value of index of non-linear refraction 
(NLR) n2 and non-linear absorption (NLA) β is interesting 
for high-intensity applications. In the case of some often 
used non-linear optical materials, like LiNbO3, photorefrac-
tion also presents additional non-linear effects, providing 
a significant extra contribution to NLR and inducing the 
non-linear scattering (NLS) [1]. The Z-scan technique is a 
well-established sensitive method to determine these non-
linearities of optical materials [2–5]. However, the hard limi-
tations in application of the Z-scan method for the determi-
nation of the NLR and NLA in photorefractive (PR) media 

should be expected. These limitations are essentially caused 
by the presence of NLS that can mask the true third-order 
non-linear response of the PR material, similar to the influ-
ence of thermo-optical effect on Z-scan experiments [6]. 
Even though this problem has been documented before, the 
widespread use of the Z-scan often leads to results obtained 
from naively interpreted Z-scan experiments that provide 
values for the NLR, NLA, and the third-order non-linear 
susceptibility, which are anomalously high [7–15] and, thus, 
are simply not trustworthy.

While the influence of PR effect on closed-aperture (CA) 
Z-scan measurements of NLR was studied experimentally in 
detail and explained theoretically [1, 10, 12, 16], no expla-
nation of influence of PR effect on the open-aperture (OA) 
Z-scan experiments is proposed yet. It is caused by the fact, 
that an OA detector within a standard Z-scan setup was con-
sidered [7–17] to be able to collect all light behind a sample 
under study. However, it is not valid for the case of strong 
NLS, when a significant part of the scattered light is not 
falling to the OA detector [18]. The solution of this task 
has practical importance, as it may allow for application of 
OA Z-scan methods in PR materials for evaluation of actual 
values of NLA and the third-order non-linear susceptibility, 
as well as for quantitative study of PR effect. This paper is 
devoted to the detailed experimental and theoretical study 
of PR effect contribution in integral non-linear response 
evaluated by Z-scan, here applied in the characterization of 
lithium niobate, pure and doped by Zr and Mg ions.
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2 � Experimental techniques and samples

2.1 � Modified open‑aperture Z‑scan technique

It has been established [18] that quantitative information 
about NLA and NLS may be obtained by the OA Z-scan 
experiments with a modified setup. The experimental 
arrangement corresponding to the modified OA Z-scan 
technique is represented in Fig. 1. Similar to the standard 
single-detector OA Z-scan method [2–5], the transmitted 
beam is collected with an open-aperture detector D1 at far 
field to reduce the scattered light falling on this detector. The 
detector D1 consists of lens with small aperture of 20 mm 
before a photodiode, that allows to avoid completely the 
influence of NLR caused by thermal and PR non-linearities, 
on an OA Z-scan trace detected [1, 6, 10]. This approach 
allows to avoid the effects of linear sample inhomogenei-
ties providing linear scattering losses, and gives information 
about NLA. However, Z-scan data obtained with detector D1 
will account for the extra non-linear scattering losses in PR 
media in addition to the expected NLA losses.

Detector D3 introduced immediately after the sample 
collects with the aid of lens L2 all transmitted light that 
includes scattered light. Detector D3 should, therefore, see 
only the losses due to linear and non-linear absorption of 
the sample. However, in some particular cases of the strong 
NLS, small part of scattered light may be not collected by 
detector D3, if numerical aperture of lens L2 is smaller than 
an angle of NLS. In these cases, NLS is still able to mask the 
NLA caused by third-order non-linearity. The scattering at a 
small forward scattering angle is collected using the detector 
D2. Thus, this detector will account some part of total scat-
tering, including linear and non-linear scattering [18, 19].

The samples were scanned in the vicinity of the L1 lens 
focus (z = 0) starting from a position ahead of focus (− z) 
and moving toward a position behind the focus (+ z). The 
scanning range was about ± 30 mm in all the experiments. 

The data were collected at every 0.2 mm on the lens axis, 
by translating the sample under test through the focal point 
using a computer-controlled stepper motor. High-speed 
silicon detectors (DET1100, rise time is 20 ns) were used 
for D1, D2, and D3. Signals from these detectors were 
processed by a digital oscilloscope InfiniiVision 2002A 
(integration time used was 0.2 s for single measurement). 
A Z-scan curve was plotted by averaging over 11 single 
measurement points. No any pronounced temporal change 
of an output signal was observed at the intensity level used 
by us for Z-scan experiments. Note, that this finding is 
in accordance with data on intensity dependence of PR-
response kinetics in undoped and doped LN crystals [10, 
17, 20–23]. An argon-ion laser Spectra Physics model 
2550 (Stabilite 2017) operating at 514.5 nm was focused 
with the 200 mm focal length L1 lens into a sample stud-
ied. This adjustable argon-ion laser generates a Gauss-
ian light beam with an output power ranging from 0.5 to 
143 mW, corresponding to a light intensity I0 at the focal 
point of the setup (i.e., at z = 0) in the range from 9 W/
cm2 to 2.5 kW/cm2. The thickness of samples was chosen 
in such a way that it was smaller than the Rayleigh range 
zR of the focusing lens. The beam diameter is W0 = 4f λ/
πW1 at the focal point (z = 0) in air [5], where f is the focal 
length of lens and W1 is the beam diameter at the aperture, 
i.e., W0 = 85 μm at λ = 514.5 nm.

For qualitative investigation of NLS at the high light 
intensities, including speckle pattern, we used visual 
observation of forward-scattered light on screen placed 
behind the crystal in far-field. The cw-radiation of a 
DPSS laser “Tekhnoscan Mozart-5s” with λ = 532 nm was 
focused with the same L1 lens into a LiNbO3 crystal. The 
output laser power was gradually varied within the range 
from 0.2 to 3.5 W that allows for the rough comparative 
study of threshold levels for moving speckle generation in 
the differently doped and undoped LiNbO3.

Fig. 1   Schematic diagram of the 
modified open-aperture Z-scan 
setup. AIL—Ar-ion laser, 
A—aperture, P—polarizer, S—
sample, F1, F2—neutral density 
filters, D1, D2, D3—detectors 
(D1 consists of a photodiode 
and lens with small aperture of 
20 mm), BS—beam splitter, L1, 
L2—lenses
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2.2 � Sample fabrication and characterization

The PR effect is disadvantageous in many fields of optics, 
since, for device applications, long-term stability of the 
beam is required. We carried out the experimental study 
of nominally pure, Mg- and Zr-doped congruent LiNbO3 
crystals. These dopants have practical significance, since it 
can change the magnitude and build-up time of PR effect 
within the very wide ranges [16, 20–23]. However, there are 
significant contradictions between the data reported for the 
general dependence of PR effect on dopant concentration 
[7, 16, 20–23].

Based on the Czochralski technique, a growth setup using 
a single platinum crucible with rf heating element in air 
atmosphere was used to grow a set of Zr-doped lithium nio-
bate crystals. To obtain directly during the growth process 
single-domain crystals, a dc electric current with a density of 
about 12 A/m2 was passed through the crystal-melt system. 
The starting materials used for sintering the lithium niobate 
charges of congruent composition were high-purity Nb2O5 
and LiCO3 compounds from Johnson-Matthey and Merck. 
ZrO2 was introduced into the melt with concentration equals 
to 0.625, 0.75, 0.875, 1.00, 1.25, 1.50, 2.00, and 2.50 mol%, 
respectively.

The several nominally pure congruent LiNbO3 samples 
were grown from a similarly prepared melt, but without the 
addition of ZrO2 compound. The latter samples were used 
to obtain the reference data in our study of Zr-doping effect. 
All samples were optical-grade polished with surfaces per-
pendicular to the corresponding crystallographic axes.

Besides these experimental samples grown by us, several 
commercially available samples of thin (1 mm) z-cut wafers 
have been also investigated: (1) nominally pure congruent 
LiNbO3 crystals (2) Mg-doped ([Mg] = 5 mol% according to 
supplier specification) congruent LiNbO3 crystals. The sup-
pliers were Gooch & Housego (G&H) and Yamaju Ceram-
ics Co (YCC). Measurements of the IR absorption spectra 
within the range of stretching vibration of OH bonds dem-
onstrate the significant difference between the two kinds of 
Mg-doped LiNbO3, Fig. 2. The OH absorption peak location 
is a good indicator of the photorefractive damage resistance. 
Crystal with a fully shifted OH absorption peak is “above 
PR damage threshold” (i.e., it is more resistant to PR dam-
age [24]) and, thus, expected to show a much smaller NLS 
in comparison with a MgO-doped crystal with unshifted or 
slightly shifted OH band.

Although it is common to state only the MgO concen-
tration for a photorefractive resistant crystal, it has been 
established [23, 24] that even a small variation of the Li/
Nb ratio (i.e., molar fraction of Li2O) can change an actual 
value of the threshold MgO concentration. According to 
the suppliers’ specifications [25, 26] the Li2O molar frac-
tion is 48.38 and 48.5 mol% for Mg:LiNbO3 crystals from 

G&H (fabricated by CTI Inc. in 2005) and YCC companies, 
respectively. According to the finding reported previously 
[24], our IR spectroscopy data (Fig. 2) demonstrate that the 
studied samples supplied by G&H are slightly below PR 
damage threshold, in contrast to the samples from YCC.

3 � Experimental results

Within the standard approximation [2–5] the response of 
a sample in the OA Z-scan experiments is regarded to be 
insensitive to the self-defocusing and self-focusing effects 
induced by third-order non-linearity [2–5], thermal [27, 
28], and PR [1, 27] lensing effects. Therefore, the stand-
ard OA Z-scan technique, which is using only the one near-
field detector D1 (Fig. 1), was applied as the first approach 
to evaluate the NLS in the nominally pure LiNbO3 crys-
tals from our measurements with the cw-laser beams. The 
position-dependent change in the normalized transmittance 
ΔT(z) can be expressed by [3, 5]:

where

Δα is light-induced change in the attenuation coefficient, 
z the actual sample position relative to the focus, zR the Ray-
leigh range, deff = [1 − exp(− α0d)]/α0 the effective thickness 
of the sample, α0 the linear absorption coefficient, and d is 
the thickness of sample.

(1)ΔT(z) = T(z) − 1 = −q0∕(2
√

2),

(2)q0 = Δ�deff∕
(

1 + z2∕z2
R

)
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Fig. 2   IR-absorption spectra of Mg-doped congruent LiNbO3 with 
[Mg] = 5.0  mol%: for a crystal supplied by G&H (3″-wafer denoted 
by Crystal Technology Inc as MgOLN-10–05) is shown by dash-dot-
ted curve; for a crystal supplied by YCC (MgOLN-05–14) is shown 
by dashed curve. The spectrum of a nominally pure congruent crystal 
supplied by YCC (NOZe39X223, LN Z OPT) is shown by solid curve



	 S. Kostritskii et al.

1 3

160  Page 4 of 10

It has been established [2–5] that the depth of trans-
mission valley in Z-scan trace at z = 0 (or equivalently the 
largest change in the normalized transmittance, ΔT((0)) is 
not directly proportional to q0, when q0 ≥ 0.3. As a conse-
quence, for transmittance changes ΔT(0) ≥ 0.11 (i.e., for 
T(z = 0) ≤ 0.89), the data analysis of experimental Z-scan 
traces needs to be based on the more general equation [4]:

The observed changes of the attenuation coefficient Δα 
include the intensity-dependent contribution of NLS in addi-
tion to NLA contribution, i.e.,

where β is the true NLA coefficient related to the two-photon 
absorption (TPA) cross section, αnls the NLS coefficient, and 
I0 is the light intensity at a focus (i.e., at z = 0).

The PR effect in lithium niobate crystals induces the 
strong scattering, which is manifesting itself as NLS in 
Z-scan experiments [1, 7], if these crystals are exposed to 
a cw-laser coherent radiation. It means that all values of 
β* evaluated by standard approximation (β* = Δα/I0) in 
the many previous works [7–15, 17] represent some false 
(overestimated) values of non-linear absorption coefficient. 
Therefore, we introduce the other right term for this prod-
uct: the non-linear attenuation coefficient η(I0) = Δα/I0 (and 
η >  > |β|), which has a complex dependence on light inten-
sity I0.

Note, there is the uncertainty of the intensity I0 of the 
laser beams used in the Z-scan experiments. It is caused by 
the fact that the minimum beam width Wmin inside a crystal 
increases with increasing power compared to the minimum 
beam waist W0 in air [8]. It has been established also that 
Wmin increases with increasing input power Pin in full agree-
ment [8] with the change of non-linear refraction n2. The 
principal parameters (wavelength λ, focal distance of lenses 
f, laser type and, thus, width (aperture) W1 of beam at laser 
output) in our Z-scan experiments and study reported in Ref. 
[8] coincide. Therefore, we have used data from Ref. [8] on 
dependence of Wmin on Pin for the estimation of an actual 
value of light intensity I0 at quantitative evaluation of the 
NLS in undoped congruent LiNbO3 crystals.

Our experimental data on transmittance modulation T(z) 
within open-aperture Z-scan trace measured with the D1 
detector (Fig. 3) in nominally pure congruent LiNbO3 at 
514.5-nm cw-excitation yield the η value of 5.35 cm/kW, 
Table 1. This value is found to be in quite satisfactory agree-
ment with the wide range of the previously reported values 
of β*, which were evaluated by the standard approxima-
tion with cw-laser beams for the undoped as-grown lithium 
niobate crystals. For example, values equal to 0.39 [17], 

(3)
ΔT(z) = 1−ln

(

1 + q0
)

∕q0, i.e.

T(z) = ln
(

1 + q0
)

∕q0.

(4)Δ� = �I0 + anls,

0.45 [7], 5.0 [8], and 6.8 [10] cm/kW were reported for cw-
excitation with λ = 514.5 nm, but values about 2.7 cm/kW 
were reported for cw-excitation with λ = 532 nm [11]. Thus, 
these values are related to the magnitudes of η, but not to 
TPA as was reported previously [7–15, 17]. It is important 
to note that the introduction of large amount of defects (by 
iron doping [14] and chemical reduction annealing [12]) or 
application of specific lens [15], or shorter-wavelength laser 
irradiation [9] provide negative values of η within the wide 
range from − 33 to − 3 cm/kW.

The very wide range of η values reported [7–15, 17] for 
LiNbO3 crystals at cw-excitation can be attributed to the 
significant dependence of the PR effect on specific excitation 
conditions [27, 28] and many uncontrollable crystal parame-
ters. The latter dependence is the inherent factor for undoped 
as-grown crystals [7, 12, 29, 30]. Besides, PR effect can 
be controlled (strongly suppressed) by introducing certain 
dopants (e.g., Mg, Zr) [10, 16, 20–24]. For example, our OA 
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Fig. 3   Open-aperture Z-scan trace measured by detector D1 (Fig. 1) 
for undoped congruent LiNbO3 crystal at input power Pin = 2 mW. 
The transmittance T(z) is normalized to transmittance in the linear 
region at ∣z∣ ≥ 25 mm

Table 1   Non-linear scattering coefficient αnls and the non-linear 
attenuation coefficient η determined at different input powers Pin for 
undoped congruent (cLN), Zr-doped congruent (Zr:cLN), and Mg-
doped congruent (cMg:LN, [Mg] = 5 mol%) LiNbO3 crystals

The values of η is determined from the experimental data on Z-scan 
obtained at Pin = 100 mW

Crystal cLN 
YCC​

Zr:cLN 
2.0 
mol%

Zr:cLN 
2.5 
mol%

Mg:cLN 
G&H

Mg:cLN 
YCC​

αnls, cm−1 at 2 mW 0.16 0 0 0 0
αnls, cm−1 at 100 mW 6.32 2.25 1.15 1.86 0.85
η, cm/kW 5.35 1.38 0.46 1.11 0.34
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Z-scan experiments with the Mg-doped ([Mg] = 5.0 mol%) 
and strongly Zr-doped (when [Zr] is equal or above pho-
torefractive damage threshold [20, 21]: [Zr]thr ≈ 2.0 mol%) 
congruent LiNbO3 crystals (Fig. 4) gave smaller values of η 
in comparison with undoped congruent crystals (Table 1). 
These experimental results indeed confirm our conclusion 
on photorefractive origin of the marked variation of η values 
in LiNbO3 crystals at cw-illumination. This conclusion is 
also supported by the fact that in the as-grown Mg-doped 
stoichiometric LiNbO3, with a Mg concentration about 
5 mol%, where PR effect is suppressed by three orders of 
magnitude, the η values are lower by three orders of mag-
nitude at similar experimental conditions (sample thickness 
and cw-laser wavelength) [10].

The PR effect in the crystal is largely suppressed under 
picosecond laser radiation and the third-order non-linearity 
contribution to the NLA coefficient becomes to be domi-
nating. The picosecond laser pulses are too short for the 
marked PR process to be observed, if the interval between 
the pulses is far greater than the PR relaxation time. Accord-
ing to the data on the dynamics of PR effect [31] in LiNbO3 
crystals, in the laser irradiance range of a typical Z-scan 
experiment, the PR effect takes at least 1 μs to manifest itself 
and takes 10 ms to relax. Thus, the magnitude of β for NLA 
induced by ps-pulses is about seven orders of magnitude 
lower than at cw-illumination. The values of β were reported 
to be 1.6 × 10−7 cm/kW [31], 2.5 × 10−7 cm/kW [32], and 

3.8 × 10−7 cm/kW [3], at the 532 nm wavelength that is prac-
tically the same as in our experiments. This β value is in 
rather good agreement with the coefficient of 9 × 10−7 cm/
kW that has been theoretically derived for the two-photon 
absorption process [32]. However, the OA Z-scan experi-
ments with ns-pulses (6 ns) give [33] much larger values 
in the range of 2.7–2.8 × 10−5 cm/kW. It demonstrates that 
the Z-scan data reported previously [7–16] for cw-excitation 
are related to the magnitudes of η and, hence, αnls for NLS, 
but not to the magnitudes of β for TPA in LiNbO3 crystals. 
According to the fundamental findings [1, 3, 5], β does not 
depend on the pump conditions (cw- or pulse-excitation with 
various pulse duration), excluding fs-pulses regime due to 
the peculiarity of polaron excitation in LiNbO3 [34]. Thus, 
the large difference for magnitudes of Δα/I0 ratio observed 
between ns- and ps-excitations [30–33] allows for assump-
tion that the PR effect occurs even at ns-excitation.

To account for the NLS contribution to the total attenu-
ation coefficient, we have used simple empirical approach 
and introduced the NLS coefficient αnls as derived previously 
[16, 18]:

where α is the effective attenuation (extinction) coefficient, 
α0 the linear absorption coefficient, gs the parameter inde-
pendent on intensity but dependent on wavelength of light, 
Δn the micro-scale inhomogeneity in the effective refrac-
tive index of both linear and non-linear components, Δnl 
the spatial intensity independent (linear) inhomogeneity 
in the refractive index, and Δnnl is the inhomogeneity of 
light-induced changes in the effective refractive index, that 
is increasing with light intensity and responsible for NLS. 
Thus, αls and αnls are linear scattering and NLS coefficients, 
respectively. Note, that the linear absorption coefficient α0 is 
very small in any crystal studied (≤ 0.03 cm−1) at the excita-
tion wavelength of 514.5 nm. Thus, in our analysis, we have 
neglected the contribution of the linear absorption.

The values of Δα were evaluated from transmittance 
modulation ΔT(z) within an OA Z-scan trace with the 
aid of Eqs. (2) and (3). The values of Δα obtained for the 
undoped and Mg-doped samples at different values of I0 
are given in Table 1. The anomalously large values of β* 
evaluated by β* = Δα/I0 [7–15] and the small values of β 
reported previously for ps- and ns-pulsed laser excitation 
[3, 30–33] demonstrate that NLS contribution dominates 
over NLA contribution in transmission modulation for OA 
Z-scan experiments with cw-laser beams in LiNbO3 crys-
tals. It means that Δα ≈ αnls >  > βI0 (see Eq. (4)), and the 
sharp dependence Δα of on I (i.e. on Pin at low-power cw-
laser excitation) is caused by the increase of the photore-
fractive NLS with I0, i.e., by αnls(Pin) dependence, Fig. 5. 

(5)

dI∕dz = −aI − bI2, a = a0 + as, as = gs[Δn]
2,

Δn = Δnl + Δnnl, as = als + anls,
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Fig. 4   The experimental open-aperture Z-scan traces measured by 
detectors D1 and D3 (solid and dashed curves, respectively) in dif-
ferent LiNbO3 crystals: 1 and 1′—Zr-doped with [Zr] = 1.0 mol%, 2 
and 2′—Zr-doped with [Zr] = 0.88  mol%, 3 and 3′—Zr-doped with 
[Zr] = 0.625 mol%, 4 and 4′ - nominally pure LN, 5 and 5′ - Zr-doped 
with [Zr] = 2.0 mol%. Measurements were performed at Pin = 0.5 mW 
in cases (1–3), at Pin = 2 mW in case (4), and at Pin = 25 mW in case 
(5). The both Z-scan traces measured by D1 and D3 at Pin = 25 mW 
for the Mg-doped LiNbO3 crystals supplied by G&H and YCC coin-
cide with the traces 2′, 3′, 4′, and 5′
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This conclusion is verified also by comparison of the 
data obtained with the detectors D1 and D3, Figs. 1 and 
4. The significant magnitude of this NLS can be seen as 
an enhanced depletion in the transmitted beam (i.e., sharp 
decrease of T) collected by detector D1 in comparison with 
the beam collected by the detector D3 that is shown in the 
Z-scan curves given in Fig. 4.

Note that for Z-scan traces recorded with detector D3, 
ΔT = 0 at Pin ≤ 100 W in undoped LiNbO3 and at any input 
power used in our OA Z-scan experiments (Pin(max) = 143 
mW) in the Mg-doped and heavily Zr-doped (i.e., with the 
largest [Zr] = 2.0 and 2.5 mol%) LiNbO3 crystals. It is the 
consequence of the evident fact that the Mg-doped and 
strongly Zr-doped crystals show a significantly smaller NLS 
in comparison with undoped crystals, Table 1. Note that the 
Mg-doped crystals supplied by YCC have the significantly 
smaller values of αNLS at the moderate Pin in comparison 
with the Mg-doped crystals supplied by G&H, Table 1. It 
has been established that the Zr doping of the LiNbO3 crys-
tal can strongly increase the NLS in the moderately Zr-doped 
LiNbO3 (0.625 ≤ [Zr] ≤ 1.5 mol%), Fig. 4. Analysis of differ-
ence between Z-scan curves measured with detectors D1 and 
D3 allows for evaluation of NLS in the Zr-doped LiNbO3 
crystals. For detector D1: Δα = αnls + βI, where β is the true 
NLA coefficient and αnls is the NLS coefficient, for detector 
D3: Δα = βI. Some part of this scattering is detected also by 
detector D2, Fig. 6.

We have collected the light scattered at a small forward 
scattering angle with respect to the beam propagation direc-
tion using detector D2 (Fig. 1). The NLS shows the pro-
nounced dependence on the crystal position z, i.e., on a light 
intensity I, evidencing PR origin of NLS in LiNbO3 crystals. 
Only in case, when z is close to focal point of lens L1, PR 
effect has a magnitude sufficient to induce a strong NLS.

In the cases of very strong NLS, occurring in the moder-
ately Zr-doped crystals (when ΔT ≥ 0.3), Eqs. (2) and (3) are 
allowing only for rough estimation [3–5] of Δα and, hence, 
αnls. The estimated values of NLS coefficient αNLS have 
been found to be non-monotonously dependent on Zr con-
centration with maximum values of αNLS at the intermediate 
doping level of 0.88 ≤ [Zr] ≤ 1.0 mol%, Table 2 Because of 
the approximate estimation of αnls values and uncertainty 
of the intensity I0 (we have no data about dependence of 
Wmin on Pin in Zr-doped crystals), a very rough estimation 
of η values is possible, only. At the same time, the strongly 
Zr-doped crystals (([Zr] are 2.0 and 2.5 mol%) have a much 
low level of NLS as compared with moderately Zr-doped 
and undoped crystals. According to our results, the weak 
Zr doping (≈ 0.625–1.25 mol%) could be a good advice to 
improve the photorefractive sensitivity of congruent lithium 
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Fig. 5   Dependence of non-linear scattering coefficient αnls = Δα on 
input power Pin in nominally pure LiNbO3 crystal

Fig. 6   Z-scan trace of small angle forward NLS measured by detector 
D2 for Zr-doped congruent LiNbO3 crystals with (a) [Zr] = 1.0 mol% 
at Pin = 25 mW, and (b) [Zr] = 1.5 mol% at Pin = 50 mW
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niobate for some applications, similar to the case of slightly 
In-doped (≤ 0.6 mol%) crystals [35]. Note that the both 
dopants have been established to be the optical damage-
resistant impurities at the much higher doping levels in the 
congruent LiNbO3 crystals [7, 20, 21, 35].

I f  a  Y-cut  c r yst a l  wi th  appropr ia te  [Zr] 
(0.625 ≤ [Zr] ≤ 1.25 mol%) is placed in a fixed position z 
near focal point of the lens L1 (Fig. 1), and it is illuminated 
by a focused extraordinary polarized laser beam, the output 
power transmitted through the crystal begins to oscillate at 
a moderate input power (20 ≤ Pin ≤ 80 mW, but an actual 
power level depends on [Zr] and z). A typical plot of this 
self-pulsing phenomenon reported in Fig. 7 for the moder-
ately Zr-doped LiNbO3 shows a noisy quasi-periodic time 
dependence. Both the amplitude and period of the trans-
mitted power oscillations depend on input power. The spe-
cific period of these oscillations is typically of the order 
of seconds. The self-pulsation is observed also in undoped 
LiNbO3, but at much higher powers. Thus, the threshold 
level of input power from which we observe oscillation of 
output signal is about 1.5 W, that in 18 ÷ 75 times higher than 

in Zr-doped LiNbO3, depending on [Zr]. It is important to 
note that in our stronger Zr-doped ([Zr] ≥ 2.0 mol%) sam-
ples, the temporal evolution of NLS is different from what 
was observed in the moderately Zr-doped samples. Thus, the 
output power is static at steady state (no any oscillations) in 
the samples having [Zr] ≥ 2.0 mol%, similar to Mg-doped 
crystals studied, even at the largest input power level (3.5 W) 
used by us.

The obvious light-induced speckle pattern is observed 
simultaneously with appearance of these oscillations. We 
observed that forward-scattered patterns usually exhibited 
temporarily fluctuating tiny speckles. Morphology of such 
speckle patterns changed as a function of the position z 
between the focal point and the sample. After initial very fast 
conical defocusing, the pattern continues to evolve in time 
into a picture of random moving speckles even in a steady-
state, where no any large-scale structures can be resolved.

The pronounced moving speckle pattern is observed at 
− 6 ≤ z ≤ 29 mm with the laser beam power above some 
threshold value depending on [Zr]. When the crystal was 
located at a distance that is much far from the focal point 
of the lens L1 (− 8 ≥ z ≥ 32 mm), the temporally fluctuat-
ing speckle-like light scattering does not occur. In this 
case, the incident beam was defocused during the initial 
illuminating time. At these crystal positions, the scattered 
light intensity became weaker, the scattering cone angle 
was reduced, and the speckle pattern became static and 
less pronounced. This phenomenon is seemingly similar to 
the previously reported observation [1, 36], that forward-
scattered speckle patterns were dependent on the spot size 
of a laser beam (controlled by variation of shift from focal 
point) in PR LiNbO3:Fe crystals.

4 � Discussion

These experimental results unambiguously prove that holo-
graphic light scattering is reflected in a Z-scan trace through 
a decrease in the transmittance near the focal point. The 
related decrease in the transmittance can be understood, 
if we recall the geometric setup that was used when we 
recorded the Z-scan trace: the apex angle in which trans-
mitted probe light can be detected is given by the distance 
between the LiNbO3 crystal and the photodetector, and the 

Table 2   The values of NLS parameters estimated roughly by Eqs. (3) and (4) from the OA Z-scan data for the moderately Zr-doped congruent 
LiNbO3 crystals at Pin = 2 mW

[Zr], mol % 0.625 0.75 0.88 1.0 1.25 1.5

Tmin 0.71 0.55 0.3 0.16 0.44 0.60
αnls, cm−1 2.25 4.95 17.47 46.10 7.82 3.80
η, cm/kW 14.67 29.47 81.87 184.36 44.66 24.08
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Fig. 7   Temporal dependence of self-pulsing phenomenon for for-
ward-scattered laser beam measured by the detector D1 in Zr-doped 
LiNbO3 ([Zr] = 1.0 mol%) for the various input powers at fixed crys-
tal position (z =  + 5 mm, i.e., crystal is shifted in right direction from 
focal point z = 0, see Fig. 1). Laser beam with extraordinary polariza-
tion propagates along crystallographic Y-axis of sample
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effective size of the detector area. In our setup, the trans-
mitted light of the probe beam can be detected by D1 (see 
Fig. 1) within an apex angle of ± 2.9°, whereas the holo-
graphically scattered light appears within a cone [37, 38] 
of ≥ 16°. This means that some part of the probe beam 
propagates into directions outside the detection area. Thus, 
the decrease in the transmittance is due to diffraction from 
parasitic holograms. Holographic light scattering appears 
if photorefractive media are exposed to coherent light [37, 
38]. It emerges from initial scattering of the incident beam 
by inhomogeneities within the crystal. Through the pho-
torefractive effect, incident and scattered waves record a 
multitude of holographic gratings at which the pump beam 
is subsequently diffracted. If the originally scattered wave 
and the diffracted pump beam are in phase, the scattering 
increases continuously by amplification.

The photoinduced light scattering (PILS) is observed in a 
multitude of PR materials: illumination with a focused laser 
beam leads to the build-up of scattered light into a wide apex 
angle around the directly transmitted laser beam. Hereby, the 
pump beam intensity is decreased, which can be as effec-
tive as 99% with respect to the incoming laser light power, 
i.e., the incoming pump beam is nearly completely scattered. 
Two characteristic properties of this scattering process have 
to be emphasized: (1) The build-up of the scattered light is 
comparable to the temporal behavior known from the record-
ing of holographic gratings in such materials, and (2) PILS 
is observed with coherent light, only [37–39]. Therefore, the 
elementary process can be understood in the frame of the 
interference of the pump beam with initial scattered waves: 
if a coherent laser beam propagates through a PR crystal, it 
is scattered at inhomogeneities, such as striations, defects 
or imperfections.

The theoretical and experimental findings obtained previ-
ously for PILS [38, 39] can be used to describe transmission 
attenuation caused by NLS at OA Z-scan measurements:

Tmin is a minimum value of the transmittance T(z) 
observed at z = 0 normalized to T at ∣z∣ ≥ 25 mm within a 
same Z-scan trace, Γ the gain coefficient for holographic 
amplification of the scattered waves, leff the effective cou-
pling length, i.e., it is the distance between the points where 
the scattering component emerges from the scattering center 
and leaves the illuminated area, and m0 is the seed scattering 
ratio [38, 39]. According to Ref. [39], leff can be calculated 
as

(6)Tmin =
(

1 + m0

)

∕(1 + m0 exp(Γleff ))

leff = d∕cosΘin
s
forΘin

s
< arctan(𝜔0∕2d),

(7)leff = w0∕
(

2 sinΘin
s

)

for Θin
s
≥ arctan(�0∕2d),

where d is the crystal thickness and ω0 is the pump beam 
waist width near the focal point. A decrease in leff with 
increasing angle means that scattering components propagat-
ing at angles Θs

in ≥ arctan(ω0/2d) leave the illuminated area 
that is already in the crystal volume. The larger the scatter-
ing angle is, the smaller the effective interaction length is.

The gain coefficient Γ describing the efficiency of the 
direct coupling between the pump and scattered waves is 
[37–39]:

where Γ and Δn are the corresponding steady-state values 
for gain factor and light-induced refractive index change 
caused by the PR effect.

Thus, the gain factor Γ may be evaluated from the 
experimental data on Tmin with following expression:

However, quantitative evaluation of Γ values from the 
Z-scan data on Tmin requires to know the values of m0 
and leff that are impossible to determine only from OA 
Z-scan data, according to Eq. (6). Meanwhile, the experi-
mental data obtained (Fig. 5, Table 1) show clearly that Γ 
is monotonously increasing with Pin (i.e., with I0), in full 
accordance with Eq. (8) and the well-established depend-
ence of Δn on I0 [40]. Besides, Γ values at a given level of 
Pin depend on the dopant type and concentration (Fig. 4, 
Tables 1, 2).

The recent data [41] show that refractive index modula-
tion is in good agreement with captured carriers’ distribu-
tion and not with distribution of space-charge field per-
formed by photovoltaic effect in lithium niobate crystals. It 
means that the refractive index modulation in PR LiNbO3 
is not caused only by macroscopic charges separation as 
it is supposed by standard model PR effect [27, 40], but 
it is caused by local changes of the polarization (dipole 
moment) of the traps when they capture an electron. The 
latter creates the field responsible for the dynamic-state 
PR effect, and it is due to the photoexcitation of defect-
centered dipoles [41]. The photoexcited electrons are, 
indeed, still tied to the defect centers and relax back to the 
ground state when the light is turned off. Furthermore, the 
speckle pattern for output beam is changing in time ("self-
pulsing" phenomenon [42]) as a result of the formation of 
dynamic gratings due to the dynamic-state PR effect. The 
local changes of polarization induce microscopic-scale 
inhomogeneities of the refractive index in LiNbO3 causing 
the seed scattering for holographic amplification [41, 42].

As shown in the previous study [43], the average level 
of residual amplitude modulation (RAM) in electro-optic 
phase modulators and the fluctuations of RAM display 
a linear dependence on the maximum PR index change. 
Thus, our approach to apply the Z-scan data on evaluation 

(8)Γ = 4�Δn∕
(

� cosΘin
s

)

,

(9)Γ =
(

1∕leff
)

[ln{
(

1 − Tmin

)

∕(Tmin × m0)}].
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of NLS may be used to deduce a general behavior of RAM 
in electro-optic modulators utilizing the differently doped 
and/or processed LiNbO3 crystals.

5 � Summary

It has been established that the wide-angle polarization-
isotropic PILS represents a dominating contribution to the 
NLS in LiNbO3 crystals and gives the significant transmis-
sion modulation observed by the OA Z-scan technique. 
Therefore, the measurement of the third-order non-linear 
optical susceptibility of LiNbO3 by the Z-scan method 
with cw-laser excitation is hindered by NLS, even when 
low intensities are used. It has been established that the 
OA Z-scan data reported previously for cw-excitation are 
related to the magnitudes of NLS, but not to the magni-
tudes of TPA in LiNbO3 crystals. The modified OA Z-scan 
experimental technique is proposed to obtain quantitative 
information about NLS, and, hence, about PILS. NLS 
has a significant magnitude in the undoped, Mg-doped, 
and strongly Zr-doped ([Zr] ≥ 2 mol%) LiNbO3 crystals 
at moderate and high light intensities, but the NLS has a 
larger magnitude even at low intensities in the moderately 
Zr-doped LiNbO3. Appearance of such a strong NLS (i.e., 
PILS) correlates with observation of the moving speckle 
pattern and self-pulsation of output signal at a moder-
ate input power of the extraordinarily polarized cw-laser 
beams in the moderately Zr-doped LiNbO3 crystals. The 
NLS is explained by holographic amplification of the seed 
scattering due to photorefractive effect. The gain factor 
for this amplification process is found to increase with the 
input power (i.e., with the light intensity).
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