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Congruent lithium niobate is characterized by its internal field, which arises due to defect clusters
within the crystal. Here, it is shown experimentally that this internal field is a function of the
molecular configuration in a particular domain and also on the stability of that particular
configuration. The measurements of internal field are done using interferometric technique, while
the variation of domain configuration is brought about by room temperature high voltage electric
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4885042]
field poling. V

I. INTRODUCTION

For the last few decades, Lithium Niobate (LiNbO3) is
one of the most important ferroelectrics in optoelectronics
and nonlinear optics. Its properties are of vast significance to
fundamental and applied optics research and are employed
in several acousto-optic, electro-optic, and nonlinear optical
devices such as modulators of light, beam deflector, optical
frequency converters, tunable sources of coherent light,
etc.1–4 While devices fabricated on stoichiometric or
near-stoichiometric crystals are less prone to photorefractive
damage5,6 but production of such crystals requires expensive
procedures and precise control over mass production, bringing up the crystal price.7–10 So, most of the devices are made
on congruent LiNbO3.
LiNbO3 crystal is characterized by its Curie temperature, which indeed reflects the congruency of the molecular
organization in the crystal.11 Also asymmetry in hysteresis
loop measured during forward and backward poling gives an
estimation of the internal structure of the crystal. It is well
known that this asymmetry in hysteresis loop is due to the
existence of internal field in the ferroelectric crystal. So, a
proper analysis of the asymmetry of the hysteresis loop
would result in the measurement of internal field of the
crystal.12,13 The presence of internal field in LiNbO3 is due
to co-existence of spontaneous polarization due to inherent
shifted positions of Nb5þ and Liþ ions and defect state polarization, which is due to presence of defect clusters Liþ ion
vacancies and Nb-antisites.14
The strength of internal field has been studied by successive forward and reverse poling of the crystal.12,13 For inspection of the internal field in a patterned domain LiNbO3, this
technique may destroy the structure. Also, the thin wafers are
susceptible to damage due to high electric field.
Consequently, interferometric techniques, which are nondestructive techniques, have been developed for quantitative
measurement of internal field in ferroelectric crystals.15–18
The authors have also proposed19 an interferometric

technique to measure internal field, which have several
advantages over the methods used in Refs. 15–18.
In this work, quantitative assessment of the dependence
of internal field on domain configuration and stability has
been studied. For that, the internal fields in single domain
LiNbO3, domain inverted LiNbO3 and unstable domain
inverted or the so called frustrated domain inverted LiNbO3
crystals are measured using interferometric technique and
compared. It is seen that the magnitude of internal field (IF)
of single domain and domain inverted LiNbO3 are the same.
Only their directions are reversed as the axes are opposite for
the two cases. But in frustrated domain inverted LiNbO3, the
effective internal field is considerable different. Moreover,
its value also varies with time as this frustrated state is unstable, bouncing back to its initial as-bought single domain state
after some time. Possible reasons for the observations are
explained using the defect model.
II. MEASUREMENT SETUP AND TECHNIQUE USED

The measurement of internal field is done using the
Mach-Zehnder Interferometric (MZI) setup, which is schematically shown in Fig. 1. The probe beam is obtained from
a He-Ne laser source having wavelength of 632.8 nm.
A beam splitter is used to split the probe beam along two
mutually perpendicular paths. Two mirrors are used to
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FIG. 1. Setup for the measurement of internal field in LiNbO3 crystals.
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deflect these beams and combine on a second beam splitter.
A fringe pattern is, thus, produced. A microscope objective
is placed along the path of output beam from the last beam
splitter to magnify the output fringe pattern and, then, the
resulting fringe pattern is recorded with the help of a CCD
camera. The test sample, which is coated with a semitransparent aluminum (Al) coating on both faces with provision to apply high voltages across it, is placed in one arm.
A similar type of sample, but without the provision for
applying high voltage, is used as reference and is kept in the
reference arm of the interferometer. The aim of using reference sample is to minimize any natural or atmospheric influence that may alter crystal parameters affecting output fringe
pattern. Moreover, it is used to match the intensities of test
beam and reference beam. Positioning of the samples in the
respective arms is critical and care should be taken such that
the crystallographic c-axes of the samples coincide with the
direction of probe beams to minimize the complexity of the
analysis. Otherwise, the probe beam will have two sets of
polarization and its effect should be considered. Photorefractive damage of the crystal does not arise as the laser
beam intensity is quite low and is further lowered due to
splitting of source beam by first beam splitter and subsequent
reduction by the semitransparent Al-coatings as electrodes
on the sample surfaces. Moreover, as mentioned in Ref. 20,
the absorption of He-Ne laser source at 632.8 nm is low,
thus, reducing both photorefractive and photovoltaic effect.
Also, Al-coating being thermally conducting, laser heating
of sample surfaces is reduced; so Al-coatings can act as heat
sinks here and pyroelectric effect can be avoided. The output
of the interferometer is a fringe pattern, which is a function
of applied voltage across the test sample. In this regard, it
should be noted that no voltage should be applied across the
reference sample. So any variation in the output fringe pattern is only due to the electro-optic response of the test
sample.
Determination of internal field is based on the measurement of the fringe shift due to the applied field on the test
sample. Due to electro-optic property of the crystal, the
applied field causes a change in refractive index of the crystal (Dn), which causes a phase shift (DU) between the two
interfering beams resulting in the fringe pattern. The applied
field for the fringe shift due to halfwave (or 180 ) phase
change is called halfwave field (Ep) and can be represented
as21
Ep ¼

k
;
r13 n3o d

where a is a constant having value equal to the thickness
(in mm unit). Although LiNbO3 is also a piezo-electric material, as explained in Ref. 19, this property will not affect the
internal field here.
III. EXPERIMENTAL RESULTS AND DISCUSSIONS

The experiments were performed on square shaped samples (10.0  10.0) mm2, which are obtained by slicing them
from circular (3 in. diameter), z-cut single domain LiNbO3
crystal wafers of thickness of either 0.5 mm or 1.0 mm. The
electric field is applied along the crystallographic c-axis,
where the velocity of ordinary ray and that of extraordinary
ray matches, so no ¼ ne ¼ 2.28, while the corresponding
electro-optic coefficient will be r13, whose value is considered as 10  1012 m/V.17 Semi-transparent aluminum electrodes of rectangular shape are defined on the central portion
of both the surfaces of the samples by proper masking so that
they cover 50% of the sample surface. The experiment consists of measurement of electric field corresponding to halfwave phase change in both forward and reverse directions of
different samples.
Initially, the test is done using as-bought single domain
LiNbO3 samples of thickness 0.5 mm. Before making any
experiment using as-bought samples, they are annealed at a
temperature of 200  C for about 30 min and, subsequently,
cooled down to room temperature. To apply electric field
along the z-axis (which is also the optic axis) of the crystal,
the electrode designed at þz surface of the test sample is
connected with the positive terminal of the high voltage
source and the electrode designed at the –z surface of the
same is connected with the negative terminal of the source.
Halfwave field (Ep) is measured to be 11.0 6 0.1 KV/mm, in
this case. The fringe pattern for zero applied field is shown
in Fig. 2(a), while for halfwave field (Ep), it is shown in
Fig. 2(b). On comparing the two fringe patterns, a 180
phase shift corresponding to halfwave field can be clearly
observed. After this measurement, the test sample is kept
idle for about 1 h with its electrodes shorted and grounded,
such that the sample is allowed to relax back to its initial

(1)

where k is the free space wavelength of the probe beam, d is
the crystal width, r13 and no are the respective electro-optic
coefficients and ordinary refractive index of LiNbO3 at that
wavelength. Now, if EDU and E0 DU are the applied field in
the forward and reverse directions, respectively, for a phase
change DU of the fringe pattern, the internal field (Eint)
will be19

0
EDU  E DU
;
(2)
Eint ¼ a
ðDU=pÞ

FIG. 2. A typical observed fringe pattern obtained from the MZI setup for
(a) zero applied filed and (b) applied field for half wave phase shift. Similar
fringe pattern can be obtained for different types of LiNbO3 crystals.
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condition and any accumulation of charge in the sample may
drain out. Again, the test sample is annealed at a temperature
of 200  C for about 30 min and, consequently, brought down
to room temperature. Next, the polarities of the electrical
connections to the test samples are interchanged so that halfwave field (E0 p) along reverse z-direction can be determined
and the value is measured to be 6.0 6 0.1 KV/mm. Similar
shift of fringe pattern as that in Fig. 2 is observed here also.
The above steps are followed again for samples of thickness
1.0 mm and nearly repeatable results are obtained.
In an attempt to test the effect of domain inversion and
domain stability on internal field, the test samples, which are
initially single domain, are domain inversed using room temperature high voltage electric field poling. Room temperature
domain inversion generally produces complete and permanent domain inverted crystal, if the poling is done over
whole surface of the sample.22 But stability of domain
inverted structure depends on the presence of anti-parallel
domains in its vicinity if poling is done over some limited
region of the sample, which is the case for the sample used
here. In that case, permanent inverted domains can only be
obtained by thermal annealing of the poled crystal at about
200  C for 30 min. Otherwise, the inverted domain would be
unstable and return back to the initial as-bought single domain condition. As already mentioned, this is the so called
frustrated domain inverted state of LiNbO3.
Stable or permanent domain inverted sample so obtained
is, then, placed in the test arm of the MZI setup and its corresponding halfwave field values (EPp, E0 Pp) are noted by
observing and comparing output fringe patterns due to
applied electric fields across it. Results of particular interest
are the halfwave field values (EFp, E0 Fp) obtained for unstable (frustrated) domain inverted samples. The phase shift
due to gradual increment of applied electric field in forward
as well as reverse direction for single domain, permanent domain inverted, and unstable domain inverted LiNbO3 crystals is shown in Fig. 3. As the increment of phase with
applied electric field along forward direction is considered

FIG. 3. Phase variation with the applied field for as-bought LiNbO3 crystal
(green line), stable domain inverted LiNbO3 crystal (red line), and frustrated
domain inverted LiNbO3 crystal (blue line).
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positive, the increment of phase in the reverse direction is to
be considered as negative. So, both positive and negative
values of phases with change of magnitude of electric field
are plotted in this figure.
The set-up for high voltage electric field poling, which
is utilized for the production of permanent and frustrated domain inverted LiNbO3, is shown in Fig. 4. As high fields of
the order of 22 KV/mm (greater than the coercive field, i.e.,
21 KV/mm in case of LiNbO3) is to be applied across the
samples, they are kept insulated inside a rubber jacket so that
unwanted air breakdown around the samples may be avoided
to protect them from cracking down. The current meter is
used here mainly to indicate the completeness of domain
inversion of the test sample. After setting up the circuit
shown in Fig. 4, the high voltage source is switched ON and
the output voltage level is gradually increased. There will be
practically no current detected by the current meter until the
voltage level is greater than 10.5 KV (approximately) for
samples of thickness 0.5 mm. But, at or beyond that value of
applied voltage, there will be a displacement current, which
can be detected by the current meter. After completion of domain inversion, the displacement current turns out to be zero
again.
As given in Sec. II, the values of internal field for asbought, stable domain inverted, and frustrated domain
inverted LiNbO3 crystals are calculated using Eq. (2), from
the corresponding halfwave field values. Internal fields
obtained in the three cases for 0.5 mm thick LiNbO3 crystal
are tabulated in Table I. It is noteworthy that in the case of
frustrated domain inverted sample, the timings of measurement of halfwave fields play an important role. If immediately after domain inversion, the sample is placed in the MZI
setup and the halfwave fields are measured, the magnitude of
IF so achieved is much lower than that obtained for stable
domain inverted sample. On the other hand, if frustrated domain inverted sample is tested in the same MZI setup after a
long time interval (say about 24 h), after domain inversion it
is observed that its IF comes out to be as that obtained for
as-bought single domain samples.
From Table I, it is seen that the magnitude of the effective internal field in complete domain inverted crystal is
approximately same as that of the as-bought single domain
crystal. But, as complete domain inversion reorients the molecular configuration in the opposite direction, the sign of the
internal field gets reversed. On the other hand for frustrated
domain inverted sample, the magnitude of effective internal

FIG. 4. High voltage electric field poling setup.
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TABLE I. Measured values of internal field for LiNbO3 sample of thickness 0.5 mm.
Frustrated domain inverted LiNbO3 crystal
As bought LiNbO3 crystal

Complete domain inverted LiNbO3 crystal

Immediately after poling

24 h after poling

10.8
6.0
2.4

6.0
11.0
2.5

6.0
8.0
1.0

11.0
6.2
2.4

Ep in kV/mm
Ep0 in kV/mm
EIF in kV/mm

field is reduced significantly. These observed phenomena can
be understood with the help of a defect cluster model suggested by Gopalan et al.14 According to this model, the presence of defects in congruent LiNbO3 plays an important role
for observation of internal fields in such crystals. At equilibrium, a combined effect of polarization field due to inherent
molecular arrangement and depolarizing field due to defect
clusters produces a resultant electric field inside the crystal,
which is known as the internal field. Domain inversion by
high electric field poling of the crystal creates a reorientation
of the defect clusters inside the bulk crystal. If the poling conditions are controlled in such a way that all the defect clusters
find stable positions inside the crystal so that no further
movement of those clusters occur, the resultant crystal will
be in permanent domain inverted state. A simple scheme to
obtain permanent domain inversion is to anneal the poled
crystal, which forces the defect clusters to move to those minimum energy positions, which should be occupied by them
after complete domain inversion. On the other hand, if
annealing treatment is not followed after poling of the sample, there are notable movements of those defect clusters
inside the crystal and the resulting domain may return back to
its initial as-bought single domain state. It should be noted
that room temperature high electric field domain inversion
over whole crystal generally produces permanent domain
inversion without applying annealing treatment on poled
samples. But here, in this work, the poling is intentionally
done over some limited region (about 50%) of the sample so
that unstable or frustrated domain inversion of the crystal can
be done. It is shown, in this work, that subsequent annealing
of the poled sample at 200  C for about 30 min can produce
permanent domain inverted crystal. Also for the poled sample, where annealing is not followed, it is observed that the
same has returned back to the as-bought sample condition.
Time evolution of the effective IF of un-annealed or the so
called frustrated domain inverted sample certainly proved
that the crystal move to the as-bought single domain state
from the frustrated state after some relaxation time. This observation taken 24 h after poling is also reported in Table I.
IV. CONCLUSIONS

Study of the dependence of IF in LiNbO3 under various
conditions of the domain orientation and stability inside the
crystal is done. Time evolution of IF in frustrated domain
inverted LiNbO3 is also performed and reported. A detailed
and precise work on time evolution of IF is to be carried out
in future for complete understanding of unstable domain
inverted LiNbO3 crystals and internal mechanism of electric
field domain inversion of ferroelectrics and subsequent

domain stability. But still with the stated technique variation
of effective IF under various domain orientation and stability
is successfully measured and reported. A defect model suggested by Gopalan et al.14 is utilized here to explain the outcome of the time evolution.
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