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Beam distortion due to photorefraction limits the usability of lithium niobate (LiNbO3) crystals for frequency con-
version applications. To prevent beam distortion in LiNbO3, 5mol:%magnesium-doped LiNbO3 (MgO:LN) is usual-
ly used. However, we show that strong beam distortion of green laser light can occur within seconds in MgO:LN,
starting at light intensity levels in the 100mW=cm2 regime, if the crystal is heated by several degrees Celsius during
or before illumination. Beam distortion does not occur in undoped congruent LiNbO3 (CLN) under the same con-
ditions. We show that the pyroelectric effect together with an elevated photoconductivity compared to that of CLN
causes this beam distortion and that this effect also influences frequency conversion experiments in the infrared
even if no external heating is applied. © 2011 Optical Society of America

OCIS codes: 190.4400, 160.3730, 160.5320, 190.4870.

1. MOTIVATION
Efficient frequency conversion of laser light is of interest for
numerous applications, especially for wavelengths where no
cheap and efficient laser light sources are available, e.g., for
green light or when broad wavelength tunability is desired.
One of the most popular materials for nonlinear frequency
conversion is lithium niobate (LiNbO3), due to its high non-
linear optical coefficient [1] and low optical absorption over
a wide wavelength range. With the development of quasi-
phase-matching and its implementation in periodically poled
LiNbO3 [2] (and other ferroelectrics), practical application of
frequency conversion became more widespread. Unfortu-
nately, congruent LiNbO3 (CLN) exhibits photorefractive da-
mage (PRD), i.e., light-induced refractive index changes that
alter the optical wavefronts and disturb the phase matching in
nonlinear optical applications. PRD leads to beam distortion
(often also called optical damage) and hence limits the max-
imum optical power that can be sent through a CLN crystal.
Much effort has been put into solving this problem: There are
several methods to reduce PRD, e.g., using thermoelectrically
oxidized CLN [3] or heating the CLN crystal up to a tempera-
ture of about 200 °C [4]. However, the most common solution
to this problem is to use magnesium-doped LiNbO3 (MgO:LN)
that contains at least 5mol:% magnesium oxide (MgO) [5].
MgO:LN does not show PRD at even very high light intensities
in the visible wavelength range [6,7]. The MgO doping changes
some of the crystal properties significantly, e.g., the photocon-
ductivity is 1–2 orders of magnitude larger in MgO:LN than in
CLN (using green laser light), and the bulk-photovoltaic field
is 2 orders of magnitude smaller in MgO:LN than in CLN
[8]. These property changes are believed to inhibit PRD in
MgO:LN; however, experiments in our labs indicated that

there are experimental circumstances when exactly these
property changes can lead to PRD.

In an optical parametric oscillator (OPO) based on a peri-
odically poled MgO:LN crystal that was pumped with 1064 nm
laser light, we observed characteristic PRD in the uniformly
poled parts of the crystal. The experiments indicated that the
pyroelectric effect in combination with parasitic green light
was related to this phenomenon.

This led us to the question if pyroelectrically induced PRD
can be observed in MgO:LN, even though it is known to show
no conventional bulk-photovoltaic PRD, by choosing a suita-
ble light intensity and creating a pyroelectric field [9–12].
Another open question was why damage was not observed
in CLN under similar conditions. In this paper we will first ex-
plore theoretically if pyroelectrically induced PRD is possible
in MgO:LN. Therefore, we will examine the problem in one
dimension and then extend the model to two dimensions in
order to simulate more realistic experimental conditions.
Second, we will also discuss the impact of our model on non-
linear optical applications, such as beam self-heating and in-
hibition of pyroelectrically induced PRD in MgO:LN. Finally,
we will present experimental data in order to test our theore-
tical model.

2. INTRODUCTION
For nonlinear optical applications it is very important that the
transmitted laser beam not be distorted or scattered. It is also
crucial that there is no slowly varying refractive index change
in the material along the propagation direction because this
variation would decrease the conversion efficiency of non-
linear optical processes due to dephasing. Hence, optically
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induced refractive index changes can be a serious obstacle in
many applications.

A. Photorefractive Effect in Bulk-Photovoltaic Media
Optically induced refractive index changes are commonly re-
ferred to as photorefractive effects. In the case where this
effect is unwanted, it is often referred to as PRD or optical
damage, which can result from the combination of several
effects.

Inhomogeneous illumination with light intensity IðrÞ (r is
the spatial coordinate) causes a charge migration process
due to drift, the bulk-photovoltaic effect, diffusion, or a com-
bination of these effects. In a simplified picture, the bulk-
photovoltaic effect can be described as a current taking the
form jphv ¼ βIĉ, where β ¼ α33 is the bulk-photovoltaic con-
stant of LiNbO3 and α33 is the 33-component of the contracted
third-rank bulk-photovoltaic tensor αijk [1] (note that implica-
tions of deviations from this simple model are discussed in
Subsection 4.C.2) and ĉ is the crystal c axis; we furthermore
assume ẑ∥ĉ in the following sections. The drift current is given
by jdrift ¼ σE, where σ is the conductivity and E is the electric
field. The diffusion current is given by jdiff ¼ ðkbT=eÞμe∇ν
where kb is the Boltzmann constant, T is the temperature,
ν is the carrier density, and μe is the mobility. Note that the
conductivity as well as the electronic mobility are in principle
second-rank tensors, however in LiNbO3 the tensor property
can be neglected due to the isotropy of the conductivity and
the electronic mobility tensors [13]. In contrast, in materials
such as barium titanate (BaTiO3) or Cr-doped strontium bar-
ium niobate mixed crystals [Cr:Sr0:61Ba0:39Nb2O6 (Cr:SBN)],
electric tensor properties cannot be neglected [14,15]. Since
we are focusing on LiNbO3, we will neglect the tensor prop-
erty of σ and μe. The charge transport can then be described
by the total current density j:

j ¼ jphv þ jdiff þ jdrift ¼ βIẑþ ðkbT=eÞμe∇νþ σE: ð1Þ

We assume intensities low enough that the photoconductiv-
ity is linear in the optical intensity, in which case the total
conductivity is given by

σ ¼ κI þ σd; ð2Þ

with κ being the specific photoconductivity and σd being the
dark conductivity. Again, tensor properties of κ and σd can be
neglected for LiNbO3. The photoconductivity σphoto can be de-
scribed by σphoto ¼ κI. Note that the electric field E can also be
determined by the electric potential ϕ through E ¼ −∇ϕ. In
this case Eq. (1) becomes

j ¼ −σ∇ϕþ ðkbT=eÞμe∇νþ βIẑ: ð3Þ

If a constant external potential difference is applied at the
boundaries, e.g., the þ and −z faces, ϕ splits up into an exter-
nal and internal potential, i.e., ϕ ¼ ϕext þ ϕint. If the bound-
aries are far away from the beam and if the illuminated
region is small compared to the dimensions of the crystal, the
externally applied potential difference creates a constant elec-
tric field E0 ¼ −∇ϕext. The total electric field can then be
described as E ¼ E0 − ∇ϕint, and the boundary condition
∇ϕint → 0 for jrj ≫ w, where w is the characteristic size of
the beam such as the beam radius, has to be fulfilled.

The electro-optic effect creates a refractive index change
according to

Δno;e ¼ −n3
o;er13;33

Ez

2
; ð4Þ

with no;e being the refractive indices for ordinarily and extra-
ordinarily polarized light, respectively and r13;33 being the ele-
ments of the electro-optic tensor (13 and 33 are contracted
indices) with r33 ≈ 3r13 in LiNbO3. The variable Ez is the z

component of E. In the following section we only consider
extraordinarily polarized light; thus, Δn ¼ −n3

er33Ez=2 unless
otherwise noted. If the electric field E is inhomogeneous, as
will be the case for any finite-diameter beam, the resulting re-
fractive index distribution will be as well. This refractive index
inhomogeneity leads to focusing or defocusing of the whole
beam. It can also drive the evolution of smaller-scale index
inhomogeneities that cause light scattering and characteristic
dynamic light patterns in the far field [16]. These dynamic
patterns together with the beam distortion are commonly re-
ferred to as PRD or optical damage. Asmentioned in Section 1,
PRD due to the bulk-photovoltaic effect is a serious problem
for applications using CLN, but it is suppressed in MgO:LN
crystals.

Note that, although the refractive index change is a whole-
beam effect, the characteristic pattern formation, especially
the dynamical substructures, might be caused on a micro-
scopic scale. The exact mechanism by which these patterns
build up is still under discussion. The theory most discussed
in literature is photoinduced or so-called holographic light
scattering; i.e., inhomogeneities such as the refractive index
change cause weak initial scattering centers, which then
act as seeds for subsequent holographic amplification [16,17].
However, it is beyond the scope of this article to go into detail
concerning the dynamic substructure formation; here we
focus on whole-beam effects, i.e., how the refractive index
changes are caused on a macroscopic scale.

B. PRD Due to an Externally Applied Electric Field E0

It has been shown that PRD is caused not only by the
bulk-photovoltaic effect but also by externally applied
potential differences, i.e., external electric fields E0, under
simultaneous illumination; e.g., in LiNbO3 doped with iron,
bulk-photovoltaic photorefraction can be enhanced by appli-
cation of an external electric field [18]. In the case where a
homogeneous electric field E0 is applied to a non-bulk-
photovoltaic (or only weakly bulk-photovoltaic) but photo-
conductive medium such as SBN, the refractive index is
changed homogeneously according to Eq. (4) first, but as soon
as the crystal is illuminated with, e.g., a Gaussian beam at a
visible wavelength with E0 being present, the photoconductiv-
ity in the center of the beam becomes larger than in the outer
wings of the beam or the dark parts of the crystal. Thus, the
increased photoconductivity together with E0 causes a drift
current that leads to screening of E0 in the center of the beam
[9,19]. According to Eq. (4) this leads to a refractive index
change within the beam profile, and, depending on the param-
eters of the beam, this can lead to beam distortion or even
beam self-trapping. In the case of beam self-trapping, a so-
called spatial bright screening soliton is formed [20].
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C. Pyroelectrically Induced PRD
The pyroelectric effect in LiNbO3 can generate an electric
field, the so-called pyroelectric field Epyro, that influences
photorefraction similarly to an externally applied electric field
E0. The pyroelectric effect is the change in spontaneous po-
larization PS of the crystal resulting from a change in tempera-
ture. In open-circuit condition a change in the spontaneous
polarization results in a surface polarization charge, which,
according to Gauss’ law, generates an electric field Epyro.
The pyroelectric coefficient p3 ¼ dPS=dT forLiNbO3 is −6:4 ×
10−5 CK−1m−2 [21]. The pyroelectric field in a z-cut plate,
assuming homogeneous heating, is then given by

Epyro ¼ −
1

ϵ33ϵ0
p3ΔT ẑ; ð5Þ

where ϵ0 is the permittivity of vacuum, ϵ33 is the tensor
element of the static permittivity tensor ϵ̂, and ΔT is the tem-
perature change. Equation (5) means that a temperature
change of 1 °C leads to jEpyroj ¼ 2:6 kV=cm. If the dark con-
ductivity σd is small enough that the decay of the electric field
is slow and if charge neutralization on the crystal surface is
also weak, these fields can persist for several weeks [22].
Then, to a good approximation, Epyro can be treated as an
external electric field E0. That Epyro can substitute for E0 in
photorefractive materials has already been shown by
[11,12,23,24]; e.g., in [23] the authors show that they can
create spatial screening-photovoltaic bright solitons [25] in
CLN by applying pyroelectric fields instead of an external
electric field. In [9,10] it has been shown that pyroelectric
fields can cause beam distortion in materials such as barium
strontium potassium sodium niobate (BSKNN), Ce-SBN:60, or
SBN:60 that only show very weak or no bulk-photovoltaic ef-
fect [26]. For instance, in [9] a pyroelectric field was created
by cooling a BSKNN, Ce-SBN:60, or SBN:60 crystal. Then the
crystals were illuminated, and the observed phenomena were
the same as if an external electric field would have been
applied.

So far, PRD has not been reported to occur in MgO:LN with
visible light. However, in the following sections we show the-
oretically and experimentally that pyroelectrically induced
PRD exists. We also show that this effect does not occur in
CLN under the same experimental condition it is predicted
in MgO:LN.

3. THEORETICAL ANALYSIS OF
PYROELECTRICALLY INDUCED PRD IN
MGO:LN
In this section we present a theoretical model for pyroelec-
trically induced whole-beam refractive index changes in
MgO:LN in order to derive the electric potential ϕ and electric
field E.

A. Steady-State Photorefractive Effect in the One-
Dimensional Case
In order to determine whether the diffusion term is important
or not, we first consider the steady-state case of Eq. (3) for the
one-dimensional (1D) case with no external fields E0 applied
and constant temperature. Note that 1D means that a uni-
formly poled crystal is considered and a planar beam propa-
gates through the crystal along ŷ with the gradient of intensity
parallel to ẑ.

In the following the crystal is illuminated with light of in-
tensity IðrÞ ¼ I0

�IðrÞwith �IðrÞ ≤ 1. For a Gaussian intensity dis-
tribution in the planar case, the normalized intensity is
�I ¼ expð−2ξ2Þ, where w is the characteristic beam size, e.g.,
the beam radius, and ξ ¼ z=w is the spatial coordinate normal-
ized to w. We make the assumptions that local charge neutral-
ity holds [27,28] and that the intensity is low enough that the
conductivity is linear in intensity, i.e., σ ¼ σphoto þ σd ¼
κI þ σd. In order to simplify calculation, we introduce the
so-called “equivalent dark intensity” Id in analogy to
[19,28], which is the intensity necessary to bring the photocon-
ductivity up to the value of the dark conductivity. Then the
conductivity can be written as σ ¼ σ0�σðrÞ ¼ σ0½�IðrÞ þ η�,
where σ0 ¼ κI0 and η ¼ Id=I0.

In steady state, the current from Eq. (1) must obey∇ · j ¼ 0;
thus, the space-charge field generates a drift current jdrift bal-
ancing the other currents [28]. In the case of open-circuit
boundary conditions, the total electric field is then obtained:

EðξÞ ¼ Epv

�IðξÞ
�IðξÞ þ η ẑþ Ew

d�IðξÞ=dξ
�IðξÞ þ η ẑ; ð6Þ

where the first term describes the bulk-photovoltaic field scal-
ing with the characteristic bulk-photovoltaic field Epv ¼ −β=κ
and the second term describes the diffusion field Ediff with
characteristic field Ew ¼ kBT=ðewÞ [28].

B. Time Dependence of Pyroelectrically Induced PRD
for the 1D Case
Assume that an unilluminated MgO:LN crystal of thickness H
is uniformly heated to a temperature difference ΔT between
the þz and −z faces. This temperature difference generates a
pyroelectric field Epyro according to Eq. (5). RegardingEpyro as
equivalent to an externally applied electric field [24], one can
assume that there is a fixed voltage U applied across the
crystal thickness H if the experiment is done within a time
t smaller than the dark decay time. With this assumption it
is possible to separate the bound charges (the pyroelectric
charge) from the free charges originating from the photocon-
ductivities and dark conductivities. If the crystal is then illu-
minated with an intensity IðrÞ and we neglect the photovoltaic
current and the diffusion, Eq. (1) simplifies to

j ¼ σE: ð7Þ

Note that, since we have formulated the transport as linear
as discussed in Subsection 2.A, the pyroelectric field can be
added to the bulk-photovoltaic field and the diffusion field gi-
ven in Eq. (6). However, for cases of interest here, the pyro-
electric field will be much larger than the bulk-photovoltaic
field. Furthermore, since we are only considering whole-beam
effects, the diffusion field is also orders of magnitude smaller
than jEpyroj; e.g., for a w ¼ 100 μm and T ¼ 300K, it is Ew ¼
2:5V=cm, while jEpyroj ¼ 2:6 kV=cm for ΔT ¼ 1 °C. Thus, dif-
fusion will be neglected in the further analysis as well.

The relation between the current j and the space-charge
density ρ is given by the continuity equation

∂ρ
∂t

þ∇ · j ¼ 0: ð8Þ
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Then Eq. (8) together with Gauss’ law and Eq. (7) yield

∇ ·

�
ϵϵ0

∂E
∂t

þ σE
�
¼ 0 ð9Þ

with the solution

ϵϵ0
∂E
∂t

þ σE ¼ jd; ð10Þ

where jd is a divergenceless current chosen to meet the
boundary conditions.

Assume fixed-voltage boundary conditions, i.e., that there
is a fixed voltage applied across the crystal thickness H. Then
a current is flowing even in the absence of illumination, and in
the case that the illuminated region is small in extent com-
pared to the thickness H of the crystal, i.e., w ≪ H, jd can
be approximated by jd ¼ Uσdẑ=H. This simple model is appro-
priate for our pyroelectric case for times short compared to
the dark decay time of the pyroelectric field. Using the nota-
tion from Subsection 3.A, the solution for Eq. (10) is then
given by

Eð�t; ξÞ ¼ U

H

� η
�IðξÞ þ ηþ

�IðξÞ
�IðξÞ þ η exp½−

�tð�I þ ηÞ�
�
ẑ; ð11Þ

where �t ¼ t=τdi and τdi ¼ ϵϵ0=σ ¼ ϵϵ0=½σ0ð�I þ ηÞ� with
σ0 ¼ κI0. The time constant τdi is also known as the charac-
teristic Maxwell time, the characteristic time for buildup or
decay of electric fields in the illuminated medium.

For �t ¼ 0 it follows that E ¼ ðU=HÞẑ, which means that the
field has not been screened in the illuminated region yet and is
fully present. For the steady-state case �t ≫ 1, one gets
Eð�t; ξÞ ¼ Uηẑ=½Hð�IðξÞ þ ηÞ�, which is a nearly flat-top profile
for the commonly encountered case of η ≪ 1. Because of
Eq. (4) the change in the electric field in the illuminated area
of the crystal [Eq. (11)] leads to a refractive index change:

Δn ¼ −
1
2
n3
er33

U

H

� η
�IðξÞ þ ηþ

�IðξÞ
�IðξÞ þ η exp½−

�tð�I þ ηÞ�
�
: ð12Þ

This refractive index change consists of two parts:

Δn ¼ Δnhom þΔnill: ð13Þ

First the homogeneous heating causes a homogeneous
refractive index change

Δnhom ¼ −
1
2
n3
er33

U

H
ð14Þ

due to Epyro ¼ ðU=HÞẑ. This homogenous refractive index
change does not cause beam distortion. However, the subse-
quent illumination changes the refractive index inhomogen-
eously by

Δnill ¼ −
1
2
n3
er33

U

H

� �IðξÞ
�IðξÞ þ η

�
exp½−�tð�I þ ηÞ� − 1

��
: ð15Þ

Note Δnill and Δnhom have opposite signs. The refractive
index change Δnill normalized to −Δnhom is shown in Fig. 1.

In Fig. 1(a) the normalized refractive index change is
plotted for t ¼ 5τdi and varying η. In Fig. 1(b) the normalized
refractive index change is plotted for varying time t and
η ¼ 0:001. In both graphs �I is shown as a red dashed line. Note
that, for η → 1, screening cannot be reached. This is the case
when σd ¼ σ0.

The phenomenological explanation is the same as in
Subsection 2.B; due to the increased photoconductivity in
the center of the illuminated part of the crystal, Epyro can be
screened faster there than in the wings of the Gaussian light
intensity distribution where the lower photoconductivity
leads to slower screening of Epyro. In the dark part of the crys-
tal the entire pyroelectric field persists. This change in the
electric field leads to a refractive index change according
to Eq. (4), as can be seen in Fig. 1. Especially for times where
the flat part of the refractive index profile has not yet devel-
oped, the transmitted beam will be distorted and partially de-
flected due to the refractive index change in the illuminated
region. However, one can also expect that beam distortion
will be reversed once the flat-top profile has developed be-
cause the beam would not be disturbed anymore.

C. Finite-Difference Time-Domain Simulations for the
Two-Dimensional Case
In order to solve the problem in the two-dimensional (2D) case,
the corresponding general equations must be derived. The 2D
steady-state solution has already been derived by [19],
the time-dependent equations have been solved numerically
for the model system bismuth titanate Bi12TiO20 with an exter-
nal electric field applied, which neglects a bulk-photovoltaic
current and diffusion [29]. Similar simulations can also be ap-
plied for the case ofMgO:LN as is shown in the following. Again
we assume that aMgO:LN crystal is heated uniformly first, gen-
erating an electric field E0 ¼ Epyro, and that Epyro is constant
within the time frame of the experiment. The diffusion term
is neglected as in Subsection 3.B since we are only considering
whole-beam effects. AfterEpyro has been established, illumina-
tion with a laser beam with Gaussian intensity distribution is
switched on. In the followingwe focus on the time dependence
of the charge distribution ρ of free charge carriers, which is de-
termined by the continuity equation [Eq. (8)]. Substituting
Eq. (3) into Eq. (8) one obtains

∂ρ
∂t

¼ −fκðE0 − ẑEpvÞ ·∇I − ∇ · ½ðκI þ σdÞ∇ϕint�g: ð16Þ

Fig. 1. (Color online) Pyroelectrically induced refractive index
change Δnill (normalized to −Δnhom) versus ξ ¼ z=w. (a) refractive
index change plotted for t ¼ 5τdi and η ¼ 0:1l with l ¼
0; 0:5; 1; 1:5;…; 4 (from smallest to largest refractive index change).
The curves for l ¼ 2;…; 4 overlap each other. (b) refractive index
change plotted for t ¼ 0; 1;…; 10 × τdi; and η ¼ 0:001 (from inside
to outside). In both graphs �I is shown as red dashed line.
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Furthermore, the Poisson equation gives the relation
between ϕint and ρ:

−
ρ
ϵ0

¼ ϵ11∂2xϕint þ ϵ11∂2yϕint þ ϵ33∂2zϕint: ð17Þ

Unfortunately, there is no analytical solution to this pro-
blem; however, it can be solved numerically with finite-
difference time-domain (FDTD) calculations that give a
solution for ρ and ϕ. Then it is possible to determine the total
electric field E.

We performed FDTD simulation for the 2D case based on
Eqs. (16) and (17). For the calculation, a Gaussian light inten-
sity distribution was assumed, and jEpvj ≪ jEpyroj.

Concerning σd, there hardly exist any data for CLN and
MgO:LN for T < 100 °C because CLN and MgO:LN crystals
are quite good electrical insulators for temperatures below
150 °C. In CLN one can assume that σd is in the range
10−16–10−18ðΩ cmÞ−1 [22]. For as-grown MgO:LN crystals
doped with 5mol:% MgO, an upper bound for σd at room tem-
perature has been determined σd ≤ 2 × 10−15ðΩ cmÞ−1 [30]. In
another publication σd of MgO:LN doped with 5mol:% MgO
was of the order of 10−16ðΩ cmÞ−1 [31] at room temperature.
From [8,31] it then becomes clear that σd in MgO:LN is at least
2 to 3 orders of magnitude smaller than σ0 ¼ κI0 in the inten-
sity range 1–10W=cm2. Therefore, we neglect σd in Eqs. (16)
and (18) for all cases where I0 is of the order of 1W=cm2 or
higher. This approximation will not affect the refractive index
changes significantly in the region jrj=w < 2 for MgO:LN.
Furthermore, one can expect that σ0 and σd are not affected
by small temperature changes of less than 10 °C.

Figure 2 shows the time dependence of the refractive index
change Δnill. Since ϵ̂ represents a tensor, a characteristic di-
electric time constant has to be defined, which approximately
describes an exponential time dependence of the z compo-
nent of the space-charge field for t ≈ 0 in the center of the il-
luminated region. For LiNbO3 and the z component of the
electric field, it is given by [32]

τdi ¼
ϵ0
�
ϵ33 þ ffiffiffiffiffiffiffiffiffiffiffiffiffiϵ33ϵ11

p 	
κI þ σd

: ð18Þ

Hence, time t in Fig. 2 was normalized to τdi. The refractive
index change Δnill was normalized to Δnhom. The 2D simula-
tions show the screening of the pyroelectric field in the areas
of increased σphoto. With increasing time, similar to the 1D
case, a flat-top refractive index profile develops in the illumi-
nated area. In the dark areas of the crystal, the entire

pyroelectric field is present, and the refractive index is un-
changed. However, the 2D case is also a bit different from
the 1D case. Similar to conventional PRD in CLN, the charac-
teristic side lobes in the þz and −z directions develop with an
opposite sign with respect to that of the flat area in the middle
[19]. Figure 3 depicts z cuts through the refractive index pro-
file beam center Δnillðy ¼ 0; zÞ normalized to −Δnhom for dif-
ferent illumination times t in multiples of τdi. Again similarities
to the 1D case are obvious.

Note, the 2D simulations are suitable to the extent that no
beam distortions occur. In order to take into account beam
distortions and scattering effects, three-dimensional (3D)
simulations have to be performed, which will be described
elsewhere.

D. Impact on Applications Due to Pyroelectrically
Induced PRD in MgO:LN
One simple solution to inhibit pyroelectrically induced PRD
due to homogeneous heating simply is to short circuit the c

faces of the crystal, e.g., by applying a conductive paste on the
c faces and electrically connecting them with each other. This
connection prevents the crystal from accumulating surface
charges during heating or cooling; hence, pyroelectric fields
cannot develop. However, if a nonlinear optical device with
a periodically poled MgO:LN (PPMgOLN) crystal is pumped
by a strong infrared pump beam, spatially inhomogeneous
self-heating occurs, and thus local temperature increase can
induce local pyroelectric fields that cannot be fully screened
by short circuiting the surfaces of the crystal. That pyroelec-
tric effects due to beam self-heating with visible laser light can
occur in pyroelectric media has been reported from ex-
perimental observation in SBN [33]. There, the pyroelectric
fields lead to lensing. The same can be expected to happen
in MgO:LN if just a strong enough infrared pump beam is used
because there is always residual optical absorption inside the
crystal. Since, at the same time, high average power infrared
lasers usually generate some parasitic visible light in
PPMgOLN due to accidentally phase-matched frequency con-
version processes [34], this parasitic light would then partially
screen the pyroelectric fields, and hence a very inhomoge-
neous pyroelectrically induced refractive index profile would
be the consequence.

In the following sections, a new theoretical model for
the pyroelectrically induced PRD in MgO:LN due to beam

Fig. 2. (Color online) Numerically simulated normalized refractive
index change −Δnill=Δnhom. The ratio of ϵ11=ϵ33 is 2.9, as is the case
for MgO:LN.
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Fig. 3. Numerically simulated refractive index changeΔnillðy ¼ 0; zÞ
in MgO:LN for varying illumination times t ¼ 1τdi, 2τdi, 4τdi, 8τdi, 16τdi,
32τdi, 64τdi (smallest to largest Δnill).
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self-heating will be developed, and a method to reduce this
effect will be presented.

1. Beam Self-Heating in a Uniformly Poled MgO:LN
Crystal
In the case of a uniformly poled MgO:LN crystal in which a
laser beam is partially absorbed, there will be a radially
varying temperature rise in addition to an increase in the
average temperature of the crystal. The pyroelectric effects
associated with the average temperature rise can be elimi-
nated by shorting the z faces of the crystal, as discussed in
Subsection 3.D. However, the spatially varying part of the tem-
perature will create a volume polarization charge, which can-
not be screened by the surface but will be screened by the
volume conductivity of the crystal. Thus, in the case of beam
self-heating, we also have to include the heat equation into our
model. As already mentioned, pyroelectrically induced lensing
was reported experimentally in SBN [33]; here we analytically
and numerically investigate this effect and its implications for
MgO:LN.

In the case of self-heating, it is possible to get analytic solu-
tions for the space-charge fields involved in the pyroelectri-
cally induced PRD only for times short compared to the
dielectric relaxation time. We will derive some approxima-
tions for the temperature and pyroelectric field before we
solve the problem with FDTD simulations.

First, we determine the temperature field. The heat
equation is given by

�
1
kth

∂

∂t
− ∇2

�
ΔT ¼ qðrÞ

λth
; ð19Þ

where ΔT is the temperature rise above the original tempera-
ture, q is the heat generated per unit volume per unit time by
absorption of the optical beam, kth is the thermal diffusivity,
and λth is the thermal conductivity. Furthermore, it is kth ¼
λth=ρcp, where ρ the mass density and cp is the heat capacity.
Note that kth and λth are second-rank tensors. The anisotropy
of these properties can again be neglected for LiNbO3 [35]; in
other media they may have to be taken into account. For an
intensity distribution IðrÞ and absorption coefficient α, the
heat source term q is given by

qðrÞ ¼ αIðrÞ ¼ αI0�IðrÞ; ð20Þ

where we normalize the intensity to its peak value, I0.
From Eq. (19), the thermal field in the steady state obeys

∇2ðΔTÞ ¼ −qðrÞ=λth: ð21Þ

It is convenient to normalize the temperature according to
ΔTðrÞ ¼ T0Δ�Tð�rÞ, where T0 ¼ αI0w2=λth is the temperature
field amplitude and �r ¼ r=w (in the 1D case it is ξ ¼ z=w).
In terms of optical power P ¼ πI0w2=2, for a Gaussian beam
it is

T0 ¼ 2Pα=ðπλthÞ: ð22Þ

With these definitions Eq. (21) can be written

�∇2ðΔ�TÞð�rÞ ¼ −�Ið�rÞ: ð23Þ

The solution ΔTðrÞ of Eq. (21) for a Gaussian beam IðrÞ ¼
I0 exp½−2ðr=wÞ2� at radius r from the heat source in a cylind-
rical sample with radius R is given in terms of exponential
integral functions [36]:

ΔTðrÞ ¼ αP
4πλth

�
−Ei

�
−2

R2

w2

�
þ Ei

�
−
2r2

w2

�
− 2 ln

�
r

R

��
: ð24Þ

The boundary condition at r ¼ R is taken to be ΔTðr ¼
RÞ ¼ 0. The on-axis asymptotic form (r → 0) of Eq. (24) is

ΔTð0Þ ≈ αP
4πλth

�
γEuler þ ln

�
2
R2

w2

��
; ð25Þ

where γEuler ∼ 0:577215… is Euler’s constant. In the next step
we estimate the maximum pyroelectric field that can build up
due to beam self-heating. The appropriate analysis of this si-
tuation will depend on the time constants for the thermal field
to become established versus τdi. The time for the portion of
the thermal field varying across the beam region to become
established is of the order of the thermal diffusion time
τth ¼ w2=ð4kthÞ. For w ¼ 50 μm, λth ≈ 5W=ðmKÞ, ρ ≈ 4:64 g=
cm3, and cp ≈ 0:5 J=ðgKÞ [35], as would be appropriate for a
confocally focused beam of 1 μm radiation in a 20mm long
LiNbO3 crystal, the thermal diffusion time is τth ≈ 0:001 s. In
contrast, τdi can be months in CLN in the dark or several
weeks in MgO:LN. Under illumination with green light of in-
tensity 100W=cm2, the time constant τdi in CLN can be several
minutes [37] and of the order of seconds in MgO:LN [8].
Hence, we assume that the steady-state thermal field is estab-
lished before the polarization charge is significantly screened.
It should be borne in mind that, for sufficiently large samples,
non-negligible screening could occur before the thermal field
has diffused to the edges of the crystal.

From [32] it can be derived that the z component of the
pyroelectric field in the beam center, before charge screening
starts, takes the form

Ez;pyro ≈ −
p3T

ϵ0
�
ϵ33 þ ffiffiffiffiffiffiffiffiffiffiffiffiffiϵ33ϵ11

p 	 for t ≪ τdi; ð26Þ

where the anisotropy factor ϵ33 þ ffiffiffiffiffiffiffiffiffiffiffiffiffiϵ33ϵ11
p

for the z compo-
nent of the pyroelectric field in the beam center is used
according to [32]. Thus, a characteristic pyroelectric field is
defined for the beam self-heating case by substituting
Eq. (25) into Eq. (26):

Epyro ≈ −

p3αP
h
γEuler þ ln

�
2R2

w2

	i
4πλthϵ0

�
ϵ33 þ ffiffiffiffiffiffiffiffiffiffiffiffiffiϵ33ϵ11

p 	 : ð27Þ

For 2D temperature diffusion in the slablike crystal geome-
try used in practice, the temperature rise of the beam center
also depends logarithmically on the size of the crystal. We find
that, for an estimate for the temperature rise of the beam
center, in this case lnð2R2=w2Þ can be replaced with
ln½0:5ðmin½Ly; Lz�=wÞ2�, where Ly and Lz are the dimensions
of the crystal in the y or z direction, respectively. Note that
the scaling of Epyro in the beam self-heating case is qua-
litatively different between the 1D and 2D geometries. This
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difference arises because the temperature rise at the beam
center is much smaller when thermal diffusion occurs in
two dimensions rather than one.

In order to determine the electric field for all r and times t in
the case of beam self-heating, 2D FDTD simulation was per-
formed by taking Eq. (21) into account in addition to Eq. (16)
and (17). Again it was assumed that σphoto ¼ κI. The potential
ϕ and the charge distribution ρ were determined for a slab-
shaped crystal, but by taking into account that the total
time-dependent charge density is a sum of pyroelectric and
free electronic charge densities (ρ ¼ ρpyro þ ρfree) with

ρpyroðrÞðr; t ¼ 0Þ ¼ −∇ · ðΔPsÞ ¼ −∇ · ðp3ΔTðrÞẑÞ; ð28Þ

where Ps is the spontaneous polarization. Again we used σ ≈ κI
and tth ¼ w2=ð4kthÞ ¼ 0:001 s. As boundary conditions ϕ ¼ 0
and ΔT ¼ 0 have to be fulfilled at the crystal surfaces at
all times, we assume that the crystal surface is perfectly heat
sunk to a fixed temperature and electrically grounded. The
conductivity is again σ ¼ κI þ σd where σd was neglected.

As a result the cut Ezðy ¼ 0; z; tÞ through the electric field
profile along the z axis is shown in Fig. 4 for different times
(multiples of τdi). For t ¼ 0 the curve is parabolic around
y ¼ z ¼ 0, while for longer times a flat-top profile starts to de-
velop. For convenience the plot is normalized to Epyro

[Eq. (27)]. Thus, for short times the pyroelectric field causes
an imperfect lensing effect, but for intermediate times a rather
hard edge in the pyroelectric field (and therefore in the refrac-
tive index profile) develops in the region of significant inten-
sity, which can cause PRD. Whole-beam diffractive and
holographic effects can be calculated in 3D by adding the x

axis as the light-propagation direction into the simulations
and including beam diffraction to calculate the resulting
electric field Eopticalðx; y; z; tÞ, but this is beyond the scope
of this article.

As a practical example, according to Eq. (22) a LiNbO3 crys-
tal with an absorption coefficient α ¼ 0:005 cm−1 illuminated
with a Gaussian beam of power P ¼ 20W would change the
steady-state temperature difference across the beam by about
1:2K and create a pyroelectrically induced refractive index
change before screening (extraordinarily polarized) of the
order of −2 × 10−5. In comparison, a temperature change of
1:2K would create a thermo-optic refractive index change

of 4 × 10−5 (thermo-optic coefficient of LiNbO3 dne=dT jE ¼
3:3 × 10−5 K−1 [35]). Considering a typical beam radius of,
e.g., w ¼ 100 μm, and a crystal length of L ¼ 20mm, such a
thermo-optic lens would have a focal length

f ≈
πw2λth

αPLðdn=dTÞ ð29Þ

of about 20mm [38]. The pyroelectrically induced refractive
index change before charge screening starts creates a defo-
cusing lens where the focal length is of the same order of mag-
nitude as the thermo-optic lens. But due to charge screening,
the pyroelectrically induced refractive index change will be-
come spatially even more inhomogeneous (Fig. 4) for times
exceeding the dielectric relaxation time. Hence, thermo-optic
and pyroelectric refractive index changes will not cancel out
each other but will lead to a very inhomogeneous refractive
index profile, which will cause beam distortion and light scat-
tering. This combined lensing effect illustrates the importance
of pyroelectrically induced refractive index changes. We con-
sider means for mitigating beam self-heating effects after dis-
cussing the impact of periodic poling on the magnitude of the
pyroelectrically induced index changes.

2. Electric Fields Due to Beam Self-Heating in a
Periodically Poled MgO:LN Crystal
Although homogenous pyroelectric fields can be short
circuited in principle, in the case of beam self-heating, short
circuiting the z facets will not completely solve the problem
(Fig. 4). One solution might be homogeneous illumination of
the crystal with UV light as was shown in [39]. However,
there might be an even easier solution to the problem: peri-
odic poling. It was already theoretically shown that the bulk-
photovoltaic PRD is strongly suppressed in periodically poled
CLN [28]. In the following we will show that a similar analysis
can be applied to the pyroelectrically induced PRD.

Consider the same basic assumptions as in case of beam
self-heating in a uniformly poled crystal, but include a domain
pattern varying periodically along y with a fundamental spa-
tial frequencyKg ¼ 2π=Λ (Λ is the poling period), so that, not-
ing that the pyroelectric coefficient varies from positive to
negative sign in oppositely oriented domains, it can be written
as

pðyÞ=p3 ¼ a0 þ
X∞
m¼1

am cosðmKgyþ νmÞ; ð30Þ

where a0 ¼ 2D − 1, am ¼ 4 sinðπmDÞ=ðπmÞ, with D being the
quasi-phase-matching (QPM) duty cycle, and p3 is again the
bulk pyroelectric coefficient. The DC term a0 is proportional
to the deviation in the duty cycle from its ideal value (for odd-
order QPM) of 50%. For D ¼ 50% and for a grating whose first
domain is centered at y ¼ 0, it is a0 ¼ 0, am ¼ 4=ðmπÞ for
m ¼ 1; 5; 9;…, am ¼ −4=ðmπÞ for m ¼ 3; 7; 11;…, am ¼ 0
for m even, and the νm ¼ 0.

According to Eq. (28) and a vector identity, it can be shown
that the pyroelectric charge density ρpyro is ρpyroðr; t ¼ 0Þ ¼
−ẑ ·∇½pðyÞΔTðrÞ�. For short times t ≪ τdi, the pyroelectric
field obeys ∇ · E ¼ ρpyro=ϵϵ0. The problem is most conveni-
ently solved in terms of the potential rather than directly
for Epyro [28]:

t=(0, 1, 2, 4, 8, 16, 32) x
di

Fig. 4. Cut Ezðy ¼ 0; z; tÞ through the 2D electric field profile along
the z axis for the beam self-heated case for different times (multiples
of τdi) and slablike crystal shape. For t ¼ 0 the curve is parabolic
around y ¼ z ¼ 0; for longer times a flat-top profile starts to develop.
The electric field is normalized to Epyro from Eq. (27).
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∇2ϕ ¼ ẑ ·∇½pðyÞΔTðrÞ�
ϵϵ0

; ð31Þ

where the potential can be taken in the form

ϕðrÞ ¼ Φ0ðx; zÞ þ
X∞
m¼1

Φmðx; zÞ cosðmKgyþ νmÞ: ð32Þ

Since we only consider the case where ĉ∥ẑ, it follows

∇2ϕ ¼ pðyÞ
ϵϵ0

ẑ ·∇½ΔTðrÞ�: ð33Þ

For simplicity we discuss the planar case where I ¼
IðzÞ ¼ I0

�IðzÞ, ξ ¼ z=w, andΔTðzÞ ¼ T0Δ�TðξÞ. With Eqs. (30),
(32), and (33) and projecting out the various coefficients, the
mth term in Eq. (31) obeys

ð∇2
t −m2K2

mÞΦmðx; zÞ ¼
p3am

ϵϵ0
ẑ ·∇t½ΔTðrÞ�; ð34Þ

where m ¼ 0; 1; 2;…∞ includes the DC term as well as those
with spatial modulation and ∇t ¼ ∇ − y∂=∂y. Equation (34)
then becomes

 
d2

dξ2 −m2K2
gw

2

!
ΦmðξÞ ¼

p3T0am

ϵϵ0
w
dΔ�TðξÞ

dξ : ð35Þ

In the case of uniform poling, i.e., m ¼ 0, and with
E ¼ −ẑdϕ=dz, one obtains EðzÞ ¼ −p3a0ΔTðzÞẑ=ðϵϵ0Þ, which
is consistent with Epyro in Eq. (5). As mentioned in [28], K2

gw
2

is usually quite large, e.g., for Λ ¼ 30 μm and w ¼ 50 μm,
which are typical numbers for a PPMgOLN crystal used for
OPOs, K2

gw
2 ¼ 110. Thus, in the case m2K2

gw
2 ≫ 1, Eq. (35)

becomes simply

ΦmðξÞ ¼ −
p3T0am

ϵϵ0
1

m2K2
gw

2

dΔ�TðξÞ
dξ : ð36Þ

With Eq. (23), T0 ¼ αI0w2=λth, and in analogy to Eq. (32)
Ezðy; zÞ ¼ Ez;0ðzÞ þ

P
∞
m¼1 Ez;mðzÞ cosðmKgyþ νmÞ, the trans-

verse component of the electric field is

Ez;mðzÞ ¼ −
1
w

∂Φmðy; ξÞ
∂ξ ¼ −

p3αI0w2am

ϵϵ0λth
1

m2K2
gw

2
�IðξÞ: ð37Þ

There also is a longitudinal field Eyðy; zÞ that can be derived
similarly, but in analogy to the photovoltaic case discussed in
[28] it is not important for this analysis because it is π=2 out of
phase with the domain grating and hence does not signifi-
cantly contribute to the average electro-optic refractive index
change.

In order to determine the electro-optic refractive index
change according to Eq. (4), the same analysis as in [28] is
done by expanding the electro-optic tensor r=reff33 in a Fourier
series like pðyÞ=p3 in Eq. (30). Then the refractive index
change is

Δne;PPMgOLN ¼ −
p3T0

ϵϵ0
n3
er

eff
33

2

�
a0 þ

Xm¼∞

m¼1

am

2
cosðmKgyþ νmÞ

�

×

�
Ez;0 þ

Xm¼∞

m¼1

Ez;m cosðmKgyþ νmÞ
�
: ð38Þ

Because of the fact that, for D ∼ 50%, a1 ≫ a0 and am ∝ 1=m
in Eq. (38), terms form > 1 and mixed terms can be neglected
in the Fourier series. Thus, a good approximation is

Δne;PPMgOLN ≈ −
p3T0

ϵϵ0
n3
er

eff
33

2

�
a20Δ�TðξÞþ a21

2K2
gw

2 cos
2ðKgyÞ�IðξÞ

�
:

ð39Þ

The refractive index change in a uniformly poled crystal due
to beam self-heating is [Eq. (26)] Δne;u ¼ −p3T0n

3
er

eff
33 =ð2ϵϵ0Þ;

thus, in a PPMgOLN crystal with 50% duty cycle, it is

Δne;PPMgOLN

Δne;u

≈
8
π2

1
ðKgwÞ2

�IðξÞ
Δ �TðξÞ : ð40Þ

Equation (40) shows that the electro-optic index change in
PPMgOLN is suppressed by a factor ðπKgwÞ2=8 compared to
that in uniformly poled MgO:LN, which is 1=140 forΛ ¼ 30 μm
and w ¼ 50 μm. It also shows that the refractive index
perturbation is proportional to the intensity profile �IðξÞ in
PPMgOLN, whereas it is proportional to the temperature
change profileΔ �TðξÞ in the case of uniform poling. Note that,
for PPMgOLN, in the 2D case Δne;PPMgOLN ∝ d2ðΔTÞ=dξ2.

The previous analysis was made under the assumption of a
perfect 50% QPM duty cycle. However, if there is a duty cycle
error of a0 ¼ 2D − 1, suppression is less effective and the
DC term (m ¼ 0) in Eq. (39) adds a significant contribution
when

a20 ¼ ð2D − 1Þ2 > 8
π2

1
ðKgwÞ2 ; ð41Þ

e.g., for Λ ¼ 30 μm and w ¼ 50 μm and D ≈ 54%, the maximum
refractive index suppression is Δne;PPMgOLN=Δne;u ≈ 1=70,
which is already only half of that forD ¼ 50%.With a deviation
from a perfect duty cycle, pyroelectric fields can build up due
to beam self-heating and therefore can lead to pyroelectrically
induced PRD. The above analysis shows that, even if there is
only a small portion of the light path where there are duty cy-
cle errors or where periodic poling is totally missing, e.g., at
the crystal edges, PRD can occur, especially in resonators. If
that is the case, it is very likely that using a strong infrared
pump beam that generates parasitic green or blue light, whose
photogenerated carriers partially screen the pyroelectric
fields, can cause pyroelectrically induced PRD in the
PPMgO:LN sample in addition to conventional thermo-optic
lensing effects.

The theoretical analyses in Subsections 3.B–3.D are not
limited to MgO:LN in principle but could apply to other per-
iodically poled photoconductive ferroelectrics as well.

4. EXPERIMENTAL SETUPS AND RESULTS
In the previous sections we have developed a model for pyr-
oelectrically induced whole-beam photorefractive effects in
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MgO:LN. In the following sections we present experimen-
tal data.

The experiments were performed with several 5mol:%
MgO:LN and undoped CLN crystals provided by Crystal Tech-
nology, Inc. For comparison and in order to make sure that the
results are not crystal-grower specific, MgO:LN crystals from
Yamaju Ceramics Co., Ltd., were also used. All crystals were
polished to high optical quality on the x facets of the crystals.
Table 1 summarizes all samples used in the experiments.

A. Beam Distortion
1. Setup and Experimental Procedure
Prior to each measurement, the crystal under investigation
was thoroughly cleaned with acetone, water, and methanol.
Then the crystal was placed on a heated aluminum block,
which itself was mounted on a three-axis translation stage.
Before the start of any experiment, the crystal was thermally
equilibrated to the initial oven temperature Ti, and electric
charge that may have been generated pyroelectrically or de-
posited on the crystal surfaces during handling was removed
by short circuiting the z faces of the crystals temporarily. Then
the crystal was put in open-circuit condition again.

The crystal was illuminated with a Gaussian beam of
532 nm radiation from a frequency-doubled continuous-wave
Nd:YAG laser, linearly polarized along the crystallographic z

axis and propagating along the x direction of the crystal. The
temperature of the crystal was controlled with a temperature
accuracy of �0:1 °C at the surface of the crystal in contact
with the heating block; the temperature was also measured
at the opposite (air) surface of the crystal. During illumina-
tion, the crystal was heated until the top and bottom of the
crystal reached stable Tf . Experiments were also carried
out with the illumination applied after the crystal had been
thermally equilibrated at the final temperature Tf .

The setup is shown schematically in Fig. 5. Before the beam
entered the crystal, it passed through a half-wave plate and a
polarizer, which, together with neutral density filters, enabled
continuous adjustment of the power P incident on the crystal
from 20 μW to 2W. The beam was focused at the center of the
crystal to a 1=e2 intensity diameter 2w, which was 100 μm in all
experiments unless otherwise noted. The incident beam was
extraordinarily polarized, i.e, polarized along the z axis of the
crystal. The transmitted beam was observed on a screen
placed approximately 50 cm beyond the output face of the
crystal. Various temperature differences Tf − Ti were applied
in several experiments; however, Tf was always kept below
50 °C. After illumination was stopped, the c faces of the crystal
were short circuited to discharge any pyroelectric surface
charges, and the crystal was cooled down to Ti. Note that

any internal space-charge fields that may have been created
during illumination would not be erased by this process [9].

2. Results
Before investigating the effects of changing the temperature
of the MgO:LN crystals, we first carried out measurements
on samples CTIMgOLN1, CTIMgOLN2, and YamMgOLN1 at
constant temperature to examine their conventional photovol-
taic PRD behavior. For these measurements, the crystals were
illuminated along the x axis, first with P ¼ 2W and then with
P ¼ 20 μW. No measurable PRD was observed in any of the
MgO:LN crystals (less than 1% change in diameter on the
screen in the far field).

To investigate the effects of varying temperature, the
MgO:LN samples were then illuminated at a constant power
of 20 μW, and the temperature was ramped from Ti ¼ 40 °C
to Tf ¼ 50 °C. A picture of the beam shape transmitted
through sample YamMgOLN1 at different stages of the experi-
ment is shown in Fig. 6. All MgO:LN samples showed similar
behavior. Less than 1 s after initiation of the temperature
ramp, PRD could be observed with typical beam distortion
and far-field pattern formation. After several seconds, the ori-
ginal beam shape could not be recognized anymore [Fig. 6(b)];
however, the beam shape continued to evolve. Beam distor-
tion remained even after the crystal equilibrated to Tf . Finally,
after a several minutes in this stage the beam shape began to
restore slowly toward its original shape, but it did not fully
recover. Scattered light could still be observed in the region
outside the original beam diameter even after 1 h elapsed
[Fig. 6(c)].

In another experiment the samples were heated first and
then, after thermal equilibration at Tf , were subject to sub-
sequent illumination with the same beam parameters as de-
scribed above in order to create optical damage. Illumination
is started once the selected temperature has been reached.
Note that, between heating and illumination, the crystal c

facets were not short circuited again. In all the samples the
beam showed similar distortion as seen in Fig. 6(b).

To investigate the persistence of these photorefractive
effects, MgO:LN crystals with PRD were stored at room tem-
perature in the dark for times up to several weeks and then

z axis

/2
wave plate

Polarizer Lens Crystal on three-axis
translation stage

and heated
aluminum block

Screen

Laser

Fig. 5. Setup for the observation of beam distortion. The laser is a
532nm frequency-doubled continuous-wave Nd:YAG laser.

Table 1. Crystals Used in the Experiments and Their
Short Names

Crystal Type
Dimensions

xmm × ymm × zmm Short Name

CLN 20 × 20 × 20 CLN1

CLN 9 × 11 × 1 CLN2

Crystal Technology MgO:LN 9 × 11 × 1 CTIMgOLN1

Crystal Technology MgO:LN 9 × 11 × 0:5 CTIMgOLN2

Crystal Technology MgO:LN 25 × 25 × 25 CTIMgOLN3

Crystal Technology MgO:LN 25 × 15 × 20 CTIMgOLN4

Yamaju MgO:LN 10 × 12 × 0:5 YamMgOLN1

Fig. 6. (Color online) Shape of a laser beam after passing an
MgO:LiNbO3 crystal (sample YamMgOLN1) that is heated from
40 °C to 50 °C. (The c axis is parallel to the vertical dimension in the
photographs).
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probed optically with the same 532nm beam as was used in
the previous experiments. Scanning the beam along the y axis
of the crystal on a path that intersected the previously da-
maged spot resulted in scattered light when the beam inter-
sected the regions displaced slightly to the þy and −y side
of the previously illuminated and damaged spot. In contrast,
in areas where no PRD had been created earlier, no PRD was
observed. For this experiment the crystal was not heated in
order to make sure that the transmitted beam could not create
any additional optical damage.

It was also shown that the PRD could be completely erased
by homogeneously illuminating the crystal with an incandes-
cent lamp for 30 min. After that exposure the beam diameter
in the far field was within 1% of its original value. For applica-
tions, it is important to note that, after erasing the optical da-
mage with white light, the MgO:LN crystals could be used for
subsequent experiments without any apparent change in
properties.

Similar experiments were also conducted with different
starting temperatures and temperature differences; however,
Tf was never higher than 50 °C. All experiments revealed the
same qualitative behavior. However, when the incident power
was increased to P ¼ 100mW rather than the P ¼ 20 μW used
in the previous experiments, the strong distortion shown in
Fig. 6(b) was not observed but the weak scattering in the
wings of the beam [as in Fig. 6(c)] was still observed. The ef-
fect again persisted for weeks in crystals stored in the dark.

It is very important to note that the beam was not distorted
and no patterning occurred in any experiment when the z

faces of the MgO:LN crystal were short circuited during heat-
ing, e.g., by painting silver conducting paste on the z faces and
connecting them with each other. Furthermore, conducting
the experiment with sample CLN2, PRD could not be observed
with 20 μW optical power and 100 μm beam diameter, whether
or not a temperature step was applied during illumination.
However, at higher laser powers (of the order of milliwatts)
at room temperature, the conventional bulk-photovoltaic PRD
[16] could be observed in CLN independent of heating,
whereas, as already noted, bulk-photovoltaic PRD was not
observed in MgO:LN under these conditions.

B. Interferometry
1. Setup
A Zygo laser interferometer and Zygo MetroPro data proces-
sing software were used to image any whole-beam refractive
index changes inside the crystals associatedwith the above ob-
served optical damage to compare with predictions from
Subsection 3.C. Crystalswere first exposed to 532nm radiation
and temperature changes as described in Subsection 4.A. How-
ever, since the spatial resolution of the Zygo interferometer is
about 100 μm, it was necessary to generate a refractive index
distribution of significantly greater spatial extent to have a rea-
sonable number of pixels in the interferogram, which was
accomplished by using a collimated 532 nm beam of 5mm di-
ameter rather than the 100 μm beam used in the previous ex-
periments. Hence, the illumination setup depicted in Fig. 5
was adjusted: a second lens was placed into the beam behind
the first lens in order to have a collimated beam with
diameter d ¼ 5mm. Thus, only the large crystals CTIMgOLN3,
CTIMgOLN4, and CLN1 could be used in this experiment. How-
ever, the heating-and-illumination part of the experiment was

performed in the same way as described in Subsection 4.A.
Note that the temperature at the top of the large crystals
was generally0:4 °C lower than that at thebottomof the crystal,
but as the diameter of the optical beamwas small compared to
the crystal dimension, the effective pyroelectric field in the
area where the beam illuminated the crystal could be seen
as constant and, indeed, within the accuracy of measurement,
so no effect of the temperature gradient was measured. In the
following we took the temperature measured at the bottom in
order to determine ΔT in our experiments. In order to have
reproducible conditions, the sample with initial temperature
Ti ¼ 23 °Cwas equilibrated to temperatureTi þΔT ¼ Tf with
no illumination (over approximately 15 min), after which
illumination was initiated. Subsequent to illumination, the
crystal was short circuited while cooling down to room tem-
perature after which it was characterized with the Zygo inter-
ferometer. Note that, in different experiments, different
illumination times were used; the longest illumination times
used was 160 s.

The Zygo interferometer used light at λ ¼ 632:8 nm with an
intensity that was orders of magnitude smaller than the inten-
sity of the green writing beam. The sample was placed in the
interferometer with the x axis almost parallel to the measure-
ment beam; a slight tilt of the crystal inhibited multiple back-
reflections into the detector. The Zygo MetroPro software was
able to correct for that tilt later. The interferometer measured
variations in the optical path length OPL ¼ RC nðsÞds, where C
is the geometrical path and s is the distance along the path C.
Hence, the optical path difference (OPD) did not only depend
on the change in the refractive index but also on the change in
geometrical path. However, the Zygo MetroPro software was
able to correct for OPDs caused by crystal thickness varia-
tions due to, e.g., curved or tilted surfaces. In addition, as a
cross check, we also took measurements of the unprocessed
crystals in order to measure OPD due to thickness variations,
surfaces roughness, or refractive index inhomogeneities that
were present before the experiment was performed. Thus, the
interferometric data were corrected for these variations.

2. Results
Interferometric measurements with unprocessed as-grown
MgO:LN samples showed that the crystal length L was con-
stant between subsequent measurements to an accuracy of
about half a wavelength; thus, any larger OPD (compared to
the unprocessed crystal) after heating, illumination, and short
circuiting could be attributed to refractive index changes
Δnill, which could be determined as deviations from unifor-
mity from the corrected OPD data. Note that the measurement
procedure did not allow the determination of absolute num-
bers for the refractive index; it could only determine refractive
index deviations from uniformity.

Some typical results of the Zygo interferometer measure-
ments after heating and subsequent illumination of a MgO:LN
crystal are shown in Fig. 7 for different illumination times. For
thesemeasurements, sampleCTIMgOLN4 was usedwithΔT ¼
2 °C andP ¼ 150mW.Depicted are theOPDswithin the crystal
normalized to 2L, i.e., the distance the light travels within the
crystal in the interferometric setup. The results shown in Fig. 7
were corrected for tilt and misalignment of the sample within
the interferometer arm by using the Zygo MetroPro soft-
ware. Theywere not corrected for crystal thickness variations,
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surface roughness errors, or as-grown refractive index inho-
mogeneities yet in order to show the significance and character
of the effect. Prior to heating and illumination, the crystal was
examined with the Zygo interferometer in order to obtain the
OPD map [Fig. 7(a)] of the as-grown crystal. Then the sample
was illuminated for 10 s using the experimental routine de-
scribed in Subsection. 4.B without heating. No change in
optical path length could be observedwith respect to Fig. 7(a).
This shows that illumination itself did not cause thickness or
refractive index variations. After that the experiment was re-
peated with heating and subsequent illumination for 10 s
[Fig. 7(b)]. An optical path length change in the area where
the crystal was illuminated can be clearly seen. After this mea-
surement, the pattern was erased by illuminating the sample
with white light homogeneously for 30 min. No OPD with
respect to Fig. 7(a) could be measured after white light illumi-
nation. Then the heating-and-illumination experiment was re-
peated; in this case the illumination time was 90 s [Fig. 7(c)].
It is important to note that it is not possible to place the crystal
exactly in the same position in the illumination setup and the
Zygo interferometer in every measurement. Therefore, Fig. 7
shows slightly different crystal positions. From Fig. 7(a) it be-
comes obvious that the crystal surfaces are curved; this effect
can also be seen in Figs. 7(b) and 7(c). However, even though
the surfaces are curved, one can clearly see that, after 10 s of
illumination, the optical path length is changed positively in the
beam center. After 90 s of illumination, a shape similar to a flat-
top profile develops.One can also see that the change in optical
path length cannot be attributed to a change in crystal thick-
ness since it is an order of magnitude larger than the crystal
thickness change measured before. The observed OPD in
the illuminated area can only be attributed to refractive index
changesΔnill [according to Eq. (13)]; thickness variations, e.g.,
due to temperature variations or the converse piezoelectric ef-
fect, can be excluded. Another remarkable feature is that a lo-
cal negative refractive index change seems to develop in a
lobelike shape in regions below and above the region of posi-
tive refractive index change in the center of Figs. 7(b) and 7(c).

In another experiment the crystal was slightly cooled.
Although the temperature excursion in this case could not
be evaluated quantitatively, a refractive index measurement
could be performed after illumination, using the same beam
parameters as in Fig. 7. The refractive index profile looked
very similar to Figs. 7(b) and 7(c), but, in this case, the refrac-
tive index change in the beam center was negative, and the
side lobes were positive.

In order to quantify the z dependence of the nonuniform
refractive index change Δnill going through the beam center,

the experiment was repeated varying the illumination times
and intensities for sample CTIMgOLN4. The same experimen-
tal routine of heating and illumination was used again with
ΔT ¼ 3 °C and P ¼ 150mW. Maps of OPD as in Fig. 7 were
obtained and not only corrected for tilts but also for surface
curvature of the crystal, surface roughness, etc. Thus, we
could determine Δnillðy ¼ 0; z; tÞ, which is depicted in Fig. 8.
The accuracy of the measured refractive index changes is
estimated to be about 20%, due to a number of parameters that
were not well controlled. In particular, although the crystal z
surfaces were electrically insulated from each other, screen-
ing of the pyroelectric field by external charges could not be
inhibited; e.g., it was not possible to control how well the sur-
face was cleaned; it was also not possible to control the
humidity and other environmental factors that could lead to
surface charge screening. Furthermore, temperature gradi-
ents were probably present near the crystal surfaces, and their
influence on the pyroelectric field could not be controlled.
Another error source was the Zygo interferometer, which suf-
fered from room temperature fluctuations that could easily be
detected.

Figure 8 shows that, with increasing illumination time, a po-
sitive flat-top refractive index profile develops with negative
side lobes inþz and −z directions. It also shows that there is a
maximum refractive index change in the beam center. In
Fig. 9, the normalized refractive index change in the beam
center Δnillðy ¼ 0; z ¼ 0; tÞ from Fig. 8 is plotted versus
illumination time t (squares). The solid line represents the re-
sult of the FDTD simulations from Subsection 3.C for
τdi ¼ 14 s. Note that, in contrast to the case of 1D illumination
(Subsection 3.B), the time dependence of the refractive index
change is not an exponential function, as was also seen to be
the case for 2D bulk-photovoltaic PRD in CLN [32].

In Fig. 10 the refractive index change Δnillðy ¼ 0; z; t ¼
20 sÞ is shown for different intensities but fixed illumination
time t ¼ 20 s. The developing flat-top refractive index profile
can be seen again as well as the negative refractive index
side lobes.

The above experiments were also performed with sample
CTIMgOLN3, and the same qualitative behavior was seen as
was depicted in Figs. 7, 8, and 10 for sample CTIMgOLN4.
In contrast, in CLN1 no refractive index change profile was
measured with the Zygo interferometer within the refractive

Fig. 7. (Color online) OPD map of CTIMgOLN4 for ΔT ¼ 2 °C
and P ¼ 150mW: (a) unprocessed, (b) after 10 s, and (c) after 90 s
of illumination. Data are normalized to 2L.
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index change accuracy of about 2 × 10−6 and a maximum illu-
mination time of 160 s. This also is consistent with the obser-
vation that, in CLN, no beam distortion could be observed
after heating and illumination with low light intensity.

C. Determination of κ and β
In the previous theoretical description it has been pointed out
that knowledge of β, σphoto (or the specific photoconductivity
κ), and σd are crucial for the understanding of the pyroelec-
trically induced PRD. Experimental data about σphoto and β in
CLN and MgO:LN already exist [8]; however, crystals grown
ten years or more ago had different impurity levels than the
ones grown recently, and quantities like κ strongly depend on
impurity levels. In a more recent study [37], σphoto and β were
measured over a wide intensity range for CLN but not for
MgO:LN crystals. Hence, it is necessary to measure these
quantities on crystals that have been grown under the same
conditions as the crystals used in the PRD experiments de-
scribed in Subsection 4.B.2. By determining κ and σd, one can
calculate τdi [Eq. (18)] and compare it to the τdi determined
in Fig. 9.

1. Setup
For these measurements we used an electric-field-poling cell
depicted in Fig. 11 [40]. This apparatus was chosen to allow
electrical contacting of the surfaces without significant ab-
sorption of the incident laser power in the electrical contacts,
thereby minimizing heating and the interference from the con-
comitant pyroelectric currents. Typical photocurrents in these
samples are of the order of picoamperes, so care must be ta-
ken to minimize these and other interfering currents. In this
setup the crystal sample (typical dimension 10mm × 10mm×
1mm) was clamped with two silicone rubber o-rings between
two quartz-glass plates. An electrolyte, saturated lithium
chloride (LiCl) solution, was filled between the gaps inside
the o-rings. The two LiCl-filled chambers were electrically
connected with platinum wires to a Keithley 618 programma-
ble picoammeter, which measured the electrical current flow-
ing through the sample in the z direction and which could also
apply a voltage in order to measure conductivity. The 514nm
wavelength output of an argon-ion laser was focused through
the quartz-glass windows, the electrolyte, and the sample.
Since no 532 nm source was available for these measure-
ments, we chose the 514 nm Ar-laser line. This wavelength
was chosen to be the strongest Ar-ion laser line that is closest
to λ ¼ 532 nm, which was the writing wavelength in the ex-
periments described in Subsection 4.B.2. The light intensity
was varied over the range 101–104 W=cm2 by translating the
focusing lens on a translation stage; thus, only intensity chan-
ged but not the power of the laser beam. With this arrange-
ment the heat input due to residual absorption in the crystal
is constant, minimizing pyroelectric current artifacts asso-
ciated with absorption-induced temperature changes in the
crystal. The following currents were measured.

• Bulk-photovoltaic current Ipv: laser on, voltage off.
• Dark current Id: laser off, voltage on, i.e., 10V for

MgO:LN and 80V for CLN samples.
• Total current Itot: laser on and voltage on, 10V for

MgO:LN and 80V for CLN samples.

Then the photoconductive current Iphoto, the specific photo-
conductivity κ, and the bulk-photovoltaic coefficient β were
determined according to

• Iphoto ¼ Itot − Id − Ipv.
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Fig. 11. Schematic of the apparatus for measurement of photo-
conductivity and bulk-photovoltaic current.
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• κ ¼ Iphoto=ðE · PÞ, with E being the applied electric field.
• β ¼ Ipv=P.

2. Results
The specific photoconductivity κ of samples CLN2 and
CTIMgOLN1 are shown in Fig. 12. It was not possible to
measure κ and β for samples CTIMgOLN4, CTIMgOLN3, and
CLN1 directly because of their crystal dimensions. However,
note that sample CTIMgOLN1 was produced under com-
parable crystal growth conditions as CTIMgOLN4 and
CTIMgOLN3, and sample CLN2 was comparable to CLN1.
By repeating the measurements, the error for κ turned out
to be about�20% (repeated measurements) because the mea-
surements were extremely sensitive to various parameters,
e.g., vibrations, temperature changes, and leakage currents.
Figure 12 clearly shows that κ is about 30 times smaller in
CLN than in MgO:LN. In both cases κ varies by less than a fac-
tor of ≈3 over an intensity range of 3 orders of magnitude.

It was not possible to determine σd. The minimum resolva-
ble current in our apparatus, 10 fA, exceeded the dark cur-
rents in both CLN and MgOLN, so it was not possible to
measure the dark conductivities with the maximum bias vol-
tages available. The upper limit for σd in our measurements
was σd ≤ 5 × 10−16ðΩ cmÞ−1. This observation is consistent with
other determinations of σd for the dark conductivities for
MgO:LN [30].

The photocurrents at light intensities in the range I ¼
0:1–10W=cm2 were smaller than our resolution limit of
10 fA for the beam diameters available here, so we have as-
sumed from the near constancy of the results for κ over
the measured range of 101–104 W=cm2 that the same values
are applicable at lower intensities. The specific photoconduc-
tivity κ of MgO:LN and CLN was also determined for many
other MgO:LN and CLN samples that are not listed here and
that came from various vendors and different crystal growth
runs. It turned out that the values for κ for various MgO:LN
crystals (5mol:% MgO doped) vary between 0.1 and
0:5pS cm=W. For CLN crystals κ values were in the range
of 0:001–0:008pS cm=W.

The intensity dependence of the bulk-photovoltaic coeffi-
cient β is depicted in Fig. 13. The error for β was about
�10% (repeated measurements). Figure 13 shows that β is
1 order of magnitude smaller in MgO:LN than in CLN at high
intensities but nearly equal at lower intensities. It is also re-

markable that β is sublinear (β ∝ I0:5) in intensity for CLN
and rather constant for MgO:LN (β ∝ I), as we assumed in
Subsection 2.A. That β is sublinear over a wide intensity range
is in agreement with [37].

As already mentioned, we were not able to make re-
liable photocurrent measurements in the intensity range
I ¼ 0:1–10W=cm2, but also in this case one can assume that
the value for β at I ¼ 0:1–10W=cm2 was similar to the closest
β data point in Fig. 13.

5. DISCUSSION
The experimental results clearly showed that pyroelectrically
induced PRD exists in MgO:LN. We conclude that the ob-
served PRD in Subsections 4.A and 4.B were induced by
the pyroelectric effect because the refractive index changed
only when the sample was heated and when the sample z fa-
cets were electrically insulated from each other. It was also
shown that the sign of the refractive index change depends
on the sign of the temperature change. In contrast, the sign
and magnitude of the changes in the refractive index due
to the bulk-photovoltaic effect do not depend on small tem-
perature changes.

The experimental results shown in Figs. 7 and 8 agree well
with the FDTD simulations in Fig. 2 and in Fig. 3 within mea-
surement accuracy. Even the side lobes can be identified both
in simulations and experimental results. Simulations and ex-
perimental results also agree for the time dependence of the
refractive index change shown in Fig. 9. The theoretical curve
with τdi ¼ 14 s fits the data very well. And as a cross check
according to Eq. (18), this value of τdi corresponds to a spe-
cific photoconductivity κ ¼ 0:27pS cm=W, which agrees with
obtained data in Fig. 12.

Figure 10 shows why it seems as if at higher optical inten-
sities there is no PRD. Indeed there is a refractive index
change; the higher intensity just leads to a faster buildup of
the flat-top profile so that PRD seems not to occur at high
laser powers. So far it was widely assumed that suppression
of PRD in MgO:LN also means that there are not any light-
induced refractive index changes. Our measurements show
that this assumption not longer holds. Even if a laser beam
is not distorted, writing long-lasting refractive index channels
into MgO:LN can be an obstacle for nonlinear optical ap-
plications because as soon as the beam shape is slightly
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changed, e.g., due to a setup change, these changes can at
least temporarily limit the performance of the device.

The expected theoretical maximum refractive index change
of Δnillðy ¼ 0; z ¼ 0Þmax ¼ −Δnhom ¼ 1:3 × 10−4 for ΔT ¼
3 °C [Eq. (14)] was similar to the experimentally observed
Δnillðy ¼ 0; z ¼ 0Þmax ¼ 0:8 × 10−4; the origin of the discre-
pancy of a factor 1.5 is not clear. Since Δnhom ∝ Epyro, this
result indicates that the actual jEpyroj is smaller than expected.
This observation is a common issue with pyroelectric fields
since external charge screening and other effects can lower
the measured jEpyroj [9,24]. It also has to be taken into account
that, in our apparatus, the top always was a bit cooler than the
bottom of the crystal; hence, the actual ΔT in the area of the
beam might be lower than the temperature change measured
at the bottom. For the 0:4 °C temperature difference discussed
in Subsection 4.B, this effect would induce a difference in the
refractive index change between top and bottom by about
2 × 10−5. Thus, this could at least partly explain the discre-
pancy in the refractive index changes. Although jEpyroj is smal-
ler than expected, effects such as partial surface screening or
temperature errors do not affect the time dependence, which
was consistent with time constants calculated from transport
measurements described in Subsection 4.C.2.

The refractive index inhomogeneity due to heating and il-
lumination of MgO:LN crystals is correlated with the beam dis-
tortions in Fig. 6(b). Similar to conventional bulk-photovoltaic
PRD, it appears that the refractive index inhomogeneity in the
illuminated area acted as an initial light scatterer that seeds
subsequent holographic amplification [17], which in turn leads
to the diffuse and distorted beam shapes shown in Fig. 6(b).
Quantitative analysis of the dynamics of this process remains
a topic for future research. After the flat-top refractive index
profile develops, the refractive index inhomogeneity is lo-
cated in the wings of the beam, reducing the seed power avail-
able for the holographic amplification so that the far-field
scattering is reduced and the beam shape is restored.

Note that pyroelectrically induced PRD did not occur in our
experiments with CLN crystals under the same experimental
conditions. In fact our experiments and simulations show that
the behavior of MgO:LN is more similar to that of a medium
having no bulk-photovoltaic effect, such as SBN [9], than to
CLN which has a strong bulk-photovoltaic effect. From
Figs. 12 and 13 the differences in transport properties between
CLN and MgO:LN becomes clear. From the measured values
of β and κ in Subsection 4.C.2 the bulk-photovoltaic field Epv

can be calculated according to Epv ¼ −β=κ, resulting in the
observation that jEpvj in MgO:LN is about 2 orders of magni-
tude smaller than jEpvj in CLN and also 2 orders of magnitude
smaller than jEpyroj under typical conditions in these experi-
ments. This observation reconfirms the assumption made in
Subsection 3.B that jEpvj ≪ jEpyroj for MgO:LN and the param-
eters used in these experiments and justifies the neglect of
bulk-photovoltaic effects in our analysis of the observed beam
scattering in MgO:LN. Another difference between MgO:LN
and CLN is the magnitude of the dielectric time constant
τdi, which, according to Eq. (18), is correlated to the specific
photoconductivity κ. In MgO:LN Epyro is screened rapidly in
the illuminated parts of the crystals, τdi ¼ 14 s (Fig. 9). In con-
trast, in CLN screening of Epyro would be much slower than in
MgO:LN because of the more than 30 times smaller κ (Fig. 12).
Hence, it is possible that pyroelectrically induced PRD also

occurs in CLN but could not be measured in the observation
time window due to the much longer characteristic time
constant.

There might also be a positive aspect of being able to
change the refractive index in MgO:LN due to pyroelectrically
induced PRD; e.g., it provides an efficient way to write holo-
grams in MgO:LN with visible light because the light intensi-
ties used to create this effect are rather low. Furthermore,
instead of using Epyro, one might simply apply an external field
E0, which makes the experiment more controllable. If it is also
possible to fix the holograms, it would be possible to write
Bragg gratings into MgO:LN crystals and use them for optical
applications and combine themwith the frequency conversion
applications of MgO:LN.

6. CONCLUSION
It was demonstrated, theoretically and experimentally, that
5mol:% MgO-doped LiNbO3, which is widely known as being
optical-damage resistant, can indeed suffer from PRD if a
pyroelectric field is created by homogenous heating of the
crystal and the crystal is illuminated with visible radiation
at the same time and that this damage can be partly reversed
after some time with uniform illumination with visible light.
We showed that the observed beam distortion was created by
a refractive index change inside the MgO:LN crystal and that a
green laser beam with 1W=cm2 intensity, which was trans-
mitted through the crystal in the x direction, created a max-
imum refractive index change of about 8 × 10−5 when the
crystal was heated by 3 °C. When the same experiments were
performed with undoped CLN, the refractive index step was
less than 10−6 (maximum illumination time 160 s). Further-
more, we showed that a flat-top refractive index profile was
created when illumination continued because the increased
photoconductivity in the illuminated area caused fast screen-
ing of Epyro in the illuminated part of the crystal, whereas this
was not the case in the dark parts. As soon as this refractive
index change reached a flat-top profile, the beam shape slowly
recovered as well. Our experiments and simulations have also
proven that, with respect to pyroelectrically induced PRD, the
behavior of MgO:LN is more similar to that of a medium hav-
ing no bulk-photovoltaic effect, such as SBN [9], than to CLN,
which has a large bulk-photovoltaic effect.

Measurements of the specific photoconductivity κ and the
bulk-photovoltaic field Epv confirmed that, in MgO:LN, the
bulk-photovoltaic field was negligible compared to the pyro-
electric fields under the conditions investigated here. Further-
more, the specific conductivity κwas found to be more than 30
times smaller and Epv was up to 2 orders of magnitude larger
in CLN than in MgO:LN. This difference in transport properties
partly explains why the same beam distortion was not mea-
sured in CLN, because in CLN the small photoconductivity
could not screen Epyro in experimentally relevant time scales.

Finally, we showed theoretically that pyroelectrically in-
duced PRD does not only occur when the temperature of the
crystal is changed homogeneously, but also results from the
spatially inhomogeneous thermal fields associated with beam
self-heating from absorption of optical beams. This effect
makes pyroelectrically induced PRD so important for non-
linear optical applications using MgO:LN: if there is a strong
pump laser beam that heats the crystal due to absorption
and that also accidentally produces some parasitic visible
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radiation, pyroelectrically induced refractive index changes
can occur. And, if no volume-screening mechanism such as
flood illumination with visible light is introduced to mitigate
these refractive index changes, this can lead to pyroelectri-
cally induced PRD. We also calculated that periodic poling
with 50% duty cycle can reduce the pyroelectric field up to
2 orders of magnitude under typical experimental conditions.
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