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Abstract: Measurements of refractive indices, electro-optic coefficients and 
photorefractivity are performed for a set of Zirconium-doped congruent 
lithium niobate (Zr:LN) crystals as functions of the dopant concentration in 
the range 0.0-3.0 mol%. The photorefractive properties are studied by 
measuring the green-light induced birefringence change and by direct 
observation of the transmitted-beam distortion. The index of refraction data 
show that the threshold concentration, above which there is a change in the 
Zr incorporation mechanism, is about 2.0 mol%, but photorefractivity 
results suggest that the concentration of ZrO2 required to strongly reduce the 
photorefractive effect is somewhat larger than the 2.0 mol% “threshold” 
concentration derived from index-of-refraction data. The electro-optic 
coefficients are little influenced by Zr-doping. All the reported results 
confirm that Zr:LN is a very promising candidate for the realization of 
efficient electro-optic and all-optical nonlinear devices working at room 
temperature. 

©2011 Optical Society of America 
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1. Introduction 

The synthetic crystal Lithium Niobate (LN) plays a key role in integrated optical devices for 
electro-optic (EO) signal modulation and frequency conversion. Unfortunately the insurgence 
of photorefractivity in such crystals, when illuminated by visible or near-infrared light, 
requires either high-temperature operation or the use of doped LN crystals. It is known that 
photorefractivity can be strongly reduced by employing stoichiometric LN or MgO-doped 
LN, but both approaches are not satisfactory because it is very difficult to grow crystals with 
high optical quality. Some recent papers have shown that the photorefractivity of congruent 
LN (cLN) can be strongly reduced by doping the crystal with a small amount of tetravalent 
ions, such as Hf [1–3], Zr [4] and Sn [5]. Since a key role in the photorefractive process is 
played by the presence, in the cLN crystal, of Li-sites occupied by Nb ions, the aim of doping 
is that of removing these native defects by incorporating the dopant ion at the Li-site [6]. It is 
customary to introduce the concept of a “threshold” concentration, corresponding to the 
minimum doping concentration required for the complete removal of NbLi defects. Above this 
concentration value the crystal photorefractivity is strongly suppressed. Several properties of 
the doped crystals present indeed, in correspondence of the threshold concentration, an abrupt 
slope-change in their dependence on dopant concentration, as shown in the case of Hf:LN by 
the behavior of the crystal birefringence and of the phase-matching wavelength for second-
harmonic generation [3]. The interesting aspect is that, in the case of tetravalent ions, the 
concentration required to obtain a substantial reduction of photorefractivity should be much 
lower than the value of 5.5mol% found with divalent ions, such as Mg [6]. Generally 
speaking, lower dopant concentrations make easier the growth of large homogenous crystals. 
A very recent report indicates that even lower dopant concentrations can be used by 
considering near-stoichiometric zirconium-doped LN crystals [7], even if the growth of non-
congruent crystals clearly adds some difficulty. 

In this work we concentrate on Zirconium-doped congruent LN crystals (hereafter 
indicated as Zr:LN). We performed measurements of the refractive indices in a wide 
wavelength range as functions of Zr concentration, with the aim not only to assess the value of 
the threshold concentration, but also to collect data useful for the design of optical devices 
based on Zr:LN crystals. Moreover, in order to set the ground for the utilization of these 
crystals in EO and nonlinear optical devices, we investigated the dependence of crystal 
photorefractivity on the incident power, which is a very important aspect, little studied in the 
literature concerning LN crystals. Finally, as photorefractive-resistant impurities may affect 
the electro-optical (EO) properties of LN crystals, specific investigations were performed to 
evaluate the EO-coefficients as a function of dopant concentration. Similar studies reported in 
the literature showed that the EO coefficients of Zn:LN varied by several pm/V as a function 
of Zn concentration, following a sort of oscillating trend [8]; conversely, for Hf doping no 
significant dependence of the EO coefficients on the doping concentration was revealed 
within the experimental error [9,10]. The same behavior is expected also for Zr, in force of its 
similarity with Hf; however, to the best of our knowledge, there are no reports on the EO 
response of Zr:LN. 
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Our light-induced birefringence experiments lead to conclude that, for intensity levels as 
in nonlinear optical devices, the concentration of ZrO2 needed to suppress photorefractivity is 
in the range 2.0-3.0 mol%, somewhat larger than the value of 2.0 mol% at which the kink in 
crystal linear birefringence is observed. On the other side, the EO response of over-threshold 
Zr:LN crystals is as large as in pure ones. The reported data confirm that Zr:LN is a very 
promising candidate for the realization of efficient all-optical nonlinear devices. 

2. Experimental methods 

The Zr:LN crystals were grown by the Czochralski technique and subsequently poled at high 
temperature, at the University of Padova. The samples were cut and polished so as to obtain 
rectangular prisms with optical grade facets. The principal axes are perpendicular to crystal 
facets, and the sample size is about 10 × 4 × 8 mm (X × Y × Z). Details about the growth 
method and the crystal characterization can be found in [11]. 

2.1 Refractive index measurement 

The ordinary and extraordinary refractive indices, no and ne, were measured at 23C in a wide 
wavelength interval by the method of interference refractometry [12], which consists in 
illuminating with a broadband light source a thin parallel crystal plate and observing the 
transmission peaks in the output spectrum due to the Fabry-Perot effect. The used broadband 
light source is an incandescence lamp, emitting in the wavelength interval 400 - 1700 nm. The 
details of both the experimental procedure and numerical analysis used to determine crystal 
refractive indices, as well as birefringence, can be found in [13]. 

2.2 Photorefractivity measurement 

We call Δno and Δne the photo-induced changes of the ordinary and the extraordinary index of 
refraction respectively. The light-induced birefringence change, δΔn = Δne - Δno, was 
measured by using the Sénarmont method [1,14]. The photorefractive effect was induced by a 
532-nm laser beam, linearly polarized along the c-axis and propagating along the crystal y-
axis, and probed by a He-Ne laser beam, with λ = 632.8 nm. By using a phase-sensitive 

scheme, the δΔn detection sensitivity of 10
6

 was achieved. Birefringence variations were 
measured at intensity levels varying from 155 W/cm

2
 to 1800 W/cm

2
. As the raw data contain, 

besides the contribution due to photorefractivity, a significant contribution coming from the 
temperature change of the crystal; repeated illumination cycles were applied to the crystals, 
making it possible to separate the thermal contribution from the photorefractive effect [1]. 

In order to investigate the photorefractive behavior at beam-intensities larger than those 
compatible with our Sénarmont-based experimental setup, we exploited the following 
qualitative approach [2]. The 532-nm laser beam was focused by means of a convex lens onto 
the 4-mm thick crystal sample placed in the focal plane and we observed the distortion of the 
spot produced, in the far-field, by the light beam transmitted through the crystal. In fact, when 
the laser intensity induces a significant photorefractive effect, the change of the crystal 
refractive indices produces a significant defocusing of the beam, so that beam smearing and 
elongation along the c-axis is observed. 

2.3 Measurement of the electro-optic response 

The EO response of the Zr:LN crystals was measured at λ = 632.8 nm, within the wide 
transparency region of the material. An AC electric field was applied along the c axis of the 
crystals through silver paint electrodes. The electric field frequency was 400 Hz, well below 
the piezoelectric resonance, leading to the constant stress EO coefficients. When a laser beam 
is launched into the crystal sample with the linear polarization at 45° with respect to the 
crystal c axis, the two components of the polarization accumulate an EO-induced mutual 
phase delay Γm given by Eq. (1), λ being the beam wavelength, L the optical path in the 
sample, d the electrode spacing, Vm the amplitude of the applied voltage, and  
rc = r33 - (no/ne)

3
 r13 the effective electro-optic coefficient. 
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A polarizer is set after the crystal, at - 45° with respect to the crystal optical axis. The intensity 
of the light beam transmitted through the polarizer, Iout, depends on the total phase delay, 
including the phase delay originated via the natural birefringence and the EO phase delay Γm. 
According to the method outlined in [15], Γm can be measured by recording Iout as a function 
of the total phase delay. As Γm varies linearly with the applied voltage, the rc coefficient was 
conveniently retrieved from the slope of the line interpolating the experimental Γm, measured 
at several voltage amplitudes, ranging from 10 to 110 V. The overall experimental uncertainty 
on the rc values was estimated to be about 5%. Different regions of each sample were tested, 
and the spread of values of the EO coefficients was less than 5%, thus confirming the sample 
homogeneity. 

3. Results and discussion 

3.1 Refractive indices and birefringence 

We present in Fig. 1 the measured behavior of both refractive indices as a function of λ for 
four LN crystals (one pure and three Zr-doped). When comparing measurements performed 
with samples from the same crystal boule, but with different thickness, the uncertainty on the 
refractive-indices is lower than ± 0.003. It should be noted that the largest source of error in 
our experiment is the correct evaluation of samples thickness. 

 

Fig. 1. no (left) and ne (right) versus λ for different Zr concentrations in the melt. A significant 
increase of both refractive indices is observed when the crystal doped with 3.0 mol% is 
compared with the undoped one. 

We report in Fig. 2 the dependence of no and ne on ZrO2 concentration at two specific 
wavelengths: 1550 nm and 1064 nm. We find that both no and ne are slightly decreasing when 
the Zr content in the melt is increased from 0 to 2.0 mol%. Conversely, an increase of both 
indices, more marked for ne, is observed when the dopant concentration is 3.0 mol%. It is 
interesting to note that the extraordinary refractive index of the 3.0mol% sample is larger than 
that of the congruent LN crystal. 
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Fig. 2. Dependence of the refractive indices on the Zr content, at two different wavelengths. 

Starting from the data in Fig. 2, we have also calculated the change of the crystal 
birefringence, Δn, as a function of the Zr concentration. Also in this case we estimate our 
relative error to be lower than ± 0.15%. The values of Δn relative to λ = 1550 nm are plotted 
in Fig. 3. 

 

Fig. 3. Birefringence versus Zr content in the melt, calculated at the wavelength λ = 1550 nm. 

It should be noted that, although Fig. 3 looks very similar to Fig. 2 of [11], the numerical 
values of Δn are different. The reason is that the data analysis performed in this work takes 
fully into account the optical dispersion of the Zr:LN crystals, whereas in [11] we used a 
simplified analysis aimed at finding the value of the Zr concentration corresponding to the 
kink, without having the aim to give the absolute value of Δn. 

3.2 Photorefractivity 

The measured birefringence variation due to the photorefractive effect is shown in Fig. 4, for 
undoped cLN and some doped Zr:LN crystals. The left part shows, for four different values of 
the pump-beam intensity, the measured birefringence variation (δΔn) as a function of the 
dopant concentration. The plot clearly suggests the existence of a threshold concentration, at 
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about 2.0 mol%. A different visualization is proposed in the right part of Fig. 4, where the 
logarithm of δΔn is plotted as a function of the logarithm of the pump beam intensity 
(expressed in W/cm

2
), and the lines show a linear interpolation. It can be easily seen that for 

crystals with a dopant concentration above 2.0 mol%, the amount of induced damage is much 
smaller than that for pure cLN. Moreover the slope of the interpolating line corresponding to 

the 3.0 mol% crystal is significantly lower than that of the undoped crystal (0.6 for Zr 3.0 

mol% and 1 for undoped sample), thus indicating a smaller sensitivity of photorefractivity to 
the beam intensity, as previously demonstrated in the case of Hf-doped LN crystals [14]. 

 

Fig. 4. Birefringence variation induced on Zr-doped LN crystals by the photorefractive effect. 
Left: δΔn as a function of the ZrO2 concentration in the melt. Each dashed line corresponds to a 
fixed value of the pump-beam intensity. Right: the δΔn value is plotted as a function of the 
pump-beam intensity (measured in W/cm2) on a Log-Log scale to highlight the different impact 
of intensity on pure and doped samples. 

In order to demonstrate the behavior of doped crystals at larger beam intensities, we show 
in Fig. 5 the transmitted light spots obtained irradiating the samples with a laser power density 
of 7 kW/cm

2
 for a few minutes. The images were recorded in the far-field, about 1 m away 

from the beam focus, and then rendered using a color-map, indicating in blue the low-
intensity regions, and in red those with higher beam-intensity. We see that the 3.0 mol% 
Zr:LN crystal can withstand such a large intensity without noticeable beam smearing, whereas 
the beam propagating in the 2.0 mol% sample still presents some distortion, even if on a much 
smaller scale than that observed in the undoped sample, thus indicating that the threshold 
value given by the data in Figs. 2–4 should be somewhat exceeded in order to completely 
suppress photorefractivity. 
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Fig. 5. Beam distortion observed in the far-field when a pump beam of intensity 7 kW/cm2 is 
sent on the different crystals. 

3.3 Electro-optic response 

The measured constant-stress rc coefficient is reported in Fig. 6 versus the concentration of 
ZrO2 in the melt. The rc coefficient appears to be very slightly influenced by Zr doping, 
consistently with the behaviour observed in Hf:LN crystals [9,10]. 

 

Fig. 6. Effective EO coefficient of Zr:LN as a function of Zr concentration (λ = 632.8 nm, AC 
electric field frequency = 400 Hz). 

The minimum value of the EO coefficient was measured to be 19.2 pm/V in the case of 
the 2.0 mol% Zr doped sample. It could suggest the existence of a doping-induced lattice 
reorganization, in coincidence with the above mentioned photorefractive concentration 
threshold. However no firm conclusion can be derived because of the overlapping error-bars. 
It should be noted that the piezoelectric contribution to the constant stress effective EO 
coefficient is below our experimental uncertainty [16], so that the reported EO coefficient 
values are expected to hold even when high frequency electric fields are applied, as in EO 
modulators for optical communication systems. 

4. Conclusion 

The presented results offer a complete characterization of Zr:LN crystals in view of their 
exploitation as substrates for low photorefractivity wavelength conversion devices. 

The low-intensity and high-intensity data, presented in Fig. 4 and Fig. 5 respectively, show 
that the doping concentration of Zr:LN crystals to be used in a photorefractivity-free device 
should be somewhat larger than 2.0 mol%. It is worth noting that the theoretical threshold 
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concentration of dopant, measured inside the crystal, should correspond to the minimum 
concentration needed to remove all NbLi defects [6]. 

The constant stress EO response of Zr:LN was investigated within the wide transparency 
window of the material and the effective EO coefficient rc resulted to be fairly comparable 
with that of pure congruent LN. This result demonstrates that Zr doping, besides being 
efficient for suppressing the photorefractive optical damage, does not negatively affect the EO 
response of LN crystal, one of the most relevant functional properties of LN. 

Considering that the growth of good quality Zr:LN crystals, doped above threshold, should 
be easier than for Mg:LN, the overall scenario presented in this work and in [4], [7], and [11], 
clearly indicates that Zr-doped LN could represent the optimal choice for the realization of 
room-temperature devices, such as EO-modulators and all-optical wavelength converters. 
Moreover the refractive-indices results suggest that, similarly to Titanium indiffusion, it will 
probably be possible to fabricate low-photorefractivity optical waveguides by local Zr-
indiffusion, without going through the step of growing doped LN crystals. 
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