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Abstract. A new approach to the intrinsic and extrinsic defect subsystems, considering them as one integrated functional system, is developed for complex oxides. The strong
interrelation of these subsystems becomes especially apparent when concentrations of both defect classes are comparable. A new parameter, reflecting the total intrinsic defect
concentration, is introduced to determine the degree of crystal
imperfection. The necessity of at least two calibrated samples
– congruent and regularly ordered crystals – is substantiated. The accuracy by which the parameter can be determined
can serve as a criterion in comparison of different methods
of crystal characterisation. A procedure for crystal calibration by several physical characteristics is illustrated. Such
a heuristic generalisation of the concept of mutual correlation of the whole defect system and the material only became
possible on the basis of experimental and theoretical study
of large numbers of LiNbO3 crystals. The spectra of EPR,
NMR, ENDOR, and other properties of crystals with different compositions, diverse modifiers (K, Mg,. . . ), and various
probe impurities have been analysed. It is found that crystals
with vanishingly small concentration of intrinsic defects offer extraordinary informative opportunities. Their micro- and
macroscopic properties are discussed. The developed ideas
have a general character; therefore they should also be valid
for other non-stoichiometric complex oxides.
PACS: 76.30.Fc; 76.30.Kg; 77.84.Dy; 76.70

The fast development of optoelectronics, acoustoelectronics
and photonics demands new materials with improved characteristics. Sometimes the requested quality or parameters can
be successfully achieved from well-known commonly used
materials with respective changes to the defect system of
the material. However, mainly the lack of knowledge on the
rather complicated interrelations between intrinsic and extrinsic defects, their mutual influence and correlation often does
not allow us to overcome some drawbacks of the material
characteristics in order to make them fit entirely to the specific industrial requirements.

For many years lithium niobate (LN) has been of great interest for both fundamental science and applications because
of the unusual richness of its physical properties. It is a ferro-,
pyro-, and piezoelectric material with large electrooptic,
acoustooptic and photoelastic coefficients as well as strong
photorefractive and photovoltaic effects [1, 2]. Conventional
LN crystals, grown from a congruent melt with lithium deficiency (X melt = X Crystal ≈ 48.4%, where X = [Li]/([Li] +
[Nb])), contain some percent of intrinsic (non-stoichiometric)
defects. Attempts to obtain crystals with low concentrations of intrinsic defects by using melts with Li excess (up
to X melt = 60%) [3, 4] or by post-growth vapour transport
equilibration (VTE) treatment [5] were rather successful.
Investigations of these crystals gave a lot of useful information [6, 7]. However, it was found [8, 9] that crystals grown
under special conditions from melts to which potassium has
been added (later on labelled LN-K) have even lower intrinsic
defect concentrations. It should be remarked here that potassium itself practically does not enter the crystals grown in this
way. The results of the first studies of these samples [10, 11],
often conventionally named stoichiometric, pushed many laboratories in the world to produce such crystals by different
growth techniques [12–15] and to study their properties.
Many new interesting features have been discovered (see, for
example, [16–19]), initiating the booming interest in these
materials.
The analysis of the present conception of defects in LN
from the point of view of a strong mutual dependence of the
subsystems of intrinsic and extrinsic defects forms the topic
of this work. It is mainly based on the results of our experimental and theoretical studies combined with available literature data for a more complete characterisation. In order to
be able to compare various crystals, grown or prepared under
diverse conditions and containing different concentrations of
intrinsic defects, a new general parameter – the degree of
crystal imperfection – will be introduced and examples of its
applications will be given.
LN crystals of a wide range of stoichiometric compositions, undoped and doped with various impurities, which
are introduced into the crystals in diverse concentrations,
have been used in our investigation carried out by means of
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different techniques. Radiospectroscopic methods – electron
paramagnetic resonance (EPR), nuclear magnetic resonance
(NMR) and electron nuclear double resonance (ENDOR) –
have been applied as our main techniques, since they are
very sensitive and informative tools for the study of defect
structure. For complementary characterisations the data of Xray powder and single-crystal analyses, optical spectroscopy,
Raman scattering were also employed.

1 Merits and demerits of conventional congruent LN
crystals
It is now rather a well-known fact that most of the physical properties of this material depend strongly on the nature,
concentration, and structure of both extrinsic and intrinsic defects [1, 20, 21].
The use of a congruent melt is the optimum way for
growing large LN crystals by the Czochralski method, having a constant ratio of Li/Nb from the top to the bottom
of a boule. During many years the best parameters for this
growth procedure (temperature and its gradients, speed of the
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rotation, and pulling, etc.) have been clarified in detail. Such
technique now allows obtaining conventional congruent crystals with a rather low concentration of macroscopic defects
(bubbles, blocks, twins, mosaic structure, or disorientation of
domain walls).
However these crystals are not ideal on the microscopic
level, since the congruent composition is far away from
X Crystal = 50%. Because of this non-stoichiometry the real
lattice of conventional LN contains many intrinsic defects.
The following lattice imperfections can be considered: antisite defect Nb5+
, lithium vacancy vLi+ , niobium vacancy
Li+
vNb5+ , niobium on structural vacancy Nb5+
v , lithium on structural vacancy Li+
v , oxygen vacancy vO2− and interstitial oxygen Oi . The exact ratios of the relative concentrations of these
defects in the crystals have not yet been reliably determined.
The existence of the following charge-compensated complexes has been postulated most often: NbLi + 4vLi [22–24],
5NbLi + 4vNb [25, 26], ilmenite ordering Li Nb v Nb Li v Li
Nb v [27], 2NbLi + 2Nbv + 3vLi + 3vNb [28] (Fig. 1). Furthermore, some features accompanying the crystal growth (Li2 O
evaporation, variation of oxygen deficiency in Nb2 O5−x [29,
30]) and specific changes of some crystal properties after

vLi

vNb

b
y

Ideal LN lattice

x

3 Nb2O5 instead of 5 LiNbO3 =
2 NbLi + 2 NbV + 3 vNb + 3 vLi

LiV + vLi

5 NbLi + 4 vNb

c

vNb + NbV

d

NbLi + 4 vLi

LiNb + NbLi

NbLi + vNb
+ LiV

Fig. 1a–d. Ideal LN lattice (a), possible nonstoichiometric defects (b, c), and defects that do
not break the stoichiometry (d)
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thermal oxidation and/or reduction definitely indicate that the
oxygen sublattice is not always perfect and stable as well;
therefore the oxygen non-stoichiometry has been discussed
for a long time [31–34]. The presence of intrinsic defects
clearly affects many of the physical properties of LN.
Single intrinsic defects or complexes of them, which are
not charge compensated, can further serve as local or distant charge compensators for non-isovalent substitutional or
interstitial impurities. This is favourable for incorporation
of both desired and unintended dopants, especially if their
concentrations are less than the concentration of intrinsic defects. Crystals obtained from different growers very often
show some differences in EPR spectra, despite the same impurity concentrations and contents of the melt. Variations of
the linewidth, asymmetry of the EPR lines, difference in the
ratio of the intensities of allowed and forbidden transitions,
redistribution of lines related to main and satellite centres
are usually observed. The influence of macroscopic defects
is not able to explain all these variations. This means that
they are mostly related to different microscopic defects of
the samples. In other words, point defects, such as impurities
and non-stoichiometric intrinsic defects, should be mainly responsible for incomplete reproducibility of results obtained
with conventional LN.
Within the last 20 years, the label “stoichiometric” has often been attributed to crystals grown from melts with X melt ≥
50% (which obviously do not have X Crystal = 50%). Recent
experience [35, 36] shows, that if we come nearer to the material having vanishingly small numbers of intrinsic defects,
then not only quantitative, but also qualitative changes of
crystal characteristics can be observed. As a result, some misunderstandings and even the impossibility of comparing the
data of various researchers appear, if they were obtained with
crystals of somewhat different properties, even if equally labelled “stoichiometric”.
The appearance of new features in nearly perfect material
forced us to introduce some quantitative, commonly useable
heuristic parameter, which would allow us to differentiate LN
crystals by their defect contents and to define the best ways of
its determination.
2 Parametrisation of crystal imperfection
Crystal characterisation is very important in many respects,
including the search for the conditions, which could lead to
the growth of a perfect crystal. Each property of LN, which
depends on crystal composition, can be used for the characterisation. Which parameter is best suited for this purpose?
In many articles the values X Crystal or δX C = 50% − X Crystal
are usually employed for labelling the crystal composition
(for congruent composition δX C ≈ 1.6%). They are not the
most suitable parameters: (i) There is a special class of intrinsic defects, which do not change the ratio [Li]/([Li] + [Nb])
(Fig. 1d). (ii) the above parameters completely ignore a conceivable imperfection of the oxygen sublattice, i.e. an oxygen
non-stoichiometry.
Strictly speaking, for a complete crystal characterisation
we have to introduce many additional parameters, reflecting
the changes in ordering of in-house defects: the permutations
NbLi and LiNb , cyclical permutation of NbLi LiV , vNb , stacking fault defects, interstitial ions, and imperfections of the

oxygen lattice. The determination of all these parameters demands detailed investigation of the dependencies of physical
properties on each of the possible defects. It is clear that at
present there is no chance to do that; therefore we have to
simplify this task as much as possible.
Total influence of intrinsic defects on the crystal properties can be approximatelly characterised by one parameter of
crystal imperfection ζ, which is proportional to the relative
concentration of all possible defects. In an ideal, regularly
ordered crystal (ROC) each lattice site is filled by its own
ion and there are no vacancies or interstitials. We label this
case with ζ = 0. The introduced parameter ζ is a more general characteristic of the degree of crystal imperfection than
X Crystal or δX C . This is seen, for instance, by the following
argument: a ROC with ζ = 0 must have δX C = 0, i.e. has to
be stoichiometric; a stoichiometric sample, however, is not
necessarily a defect-free material.
The types and relative concentrations of defects in nonstoichiometric crystals are not yet well established, because
until now there are no universally accepted models of these
defects. For instance, if we assume the validity of the models
NbLi + 4vLi or 5NbLi + 4vNb , the relative concentrations of
the defect sites are proportional to 5[NbLi ] or 9[NbLi ], respectively. However the composition of a congruent melt and,
correspondingly, a crystal grown from it, is well determined
and reproducible. Relating ζ to this composition is the best
choice; therefore we will assume from now on that
ζcong ≡ ζ1 .

(1)

There is no necessity to attribute ζ1 to a definite value –
it can be arbitrary assigned. For instance, it could be chosen as 0.016 (1.6%) or as 1. In contrast to the ROC, having
ζ = 0, or to a congruent crystal with appointed ζ = ζ1 , the
composition with exact stoichiometry relative to Li and Nb
(X Crystal = 50%) is not a peculiar or specific point among
other possible intermediate compositions.
3 Background of crystal characterisation and the related
assessment of experimental methods
Consider a certain crystal characteristic, called f , which depends on ζ : f(ζ). By a Taylor expansion we get
1
f(ζ) = f(ζ0 ) + (ζ − ζ0) d f/ dζ + (ζ − ζ0)2 d 2 f/ dζ 2 + . . . .
2
(2)
In the case if this dependence is close to linear
f(ζ) ≈ f(ζ0 ) + (ζ − ζ0) d f/ dζ
≈ f 0 + (ζ − ζ0 )( f 1 − f 0 )/(ζ1 − ζ0 ) ,

(3)

where fi = f(ζi ). From (3) we can solve for ζ
ζ = ζ0 + ( f − f 0 )(ζ1 − ζ0 )/( f 1 − f 0 ) .

(4)

In the general case

ζ ≈ ζ0 + (a2 + 4b( f − f 0 ))1/2 − a /2b,
1
a = d f/ dζ, b = d 2 f/ dζ 2 .
2

(5)
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Table 1. Examples of the determination and
comparison of ∆ζ for several different methods.
Congruent (1) and LN-K (0) crystals were used
for the measurements. Ordinary accuracy was
taken for the ∆ f ; it can be improved in many
cases

Measured value

f1

Density, g/cm3
Lattice volume, nm3
Birefringence ∆n = n e − n o
Blueshift of fundamental absorption edge, nm
Linewidth of Raman scattering, cm−1
Ratio Iforbid /Iallow for Fe3+ EPR
Linewidth of 93 Nb NMR at Θ = 30◦ , kHz
Ratio IL /IR of Fe3+ EPR
Ratio I3466 /I3479 for OH-bands
Linewidth of Fe3+ EPR, mT
Curie temperature, ◦ C

f0

4.655
4.670
0.31846
0.31796
−0.083
−0.099
320
300
9.5
6
0.3
0
24
8
3.7
1.16
1
0.01
46
4
1140
1200

used ∆ f
0.003
0.00008
0.001
1
0.2
0.01
0.4
0.05
0.01
0.3
0.5

∆ξ/ξ1
0.8
0.6
0.25
0.2
0.2
0.15
0.1
0.07
0.04
0.03
0.03

In order to apply (4) to a sample with unknown ζ, we have to
compare it to two standard samples, having well-determined
values ζ0 and ζ1 and the corresponding measured values f 0
and f 1 . More such standard samples are needed in the case
of a non-linear dependence f(ζ). As one of the samples we
can use the congruent crystal with known ζ1 . However, there
is no second reliably determined crystal composition. This
represents a certain problem for crystal characterisation. We
would like to know the imperfection degree of a studied crystal, however we do not have an ideal ROC crystal with ζ = 0
and the corresponding measured f(0). Even if we have measured a value f for a crystal, which we expect to be close to
ideal, we cannot definitely determine the degree of its imperfection without having reliable values ζ0 and f 0 . We can say
only that this specific sample is relatively better or worse than
another one. Therefore we need at least one method that can
give information about ζ0 and f 0 ; then all other methods can
use this calibrating value ζ0 .
We have found several possibilities to avoid the above
problem on the basis of theoretically predicted properties of
ideal crystals:

It is not easy to compare the abilities of the different
methods of crystal characterisation due to the difference
of their sensitivity, resolution and, even units of measured
values. For the parametrisation by ζ the best objective criterion turns out to be the accuracy ∆ζ, by which the parameter
ζ can be determined using a specific method. According to
general rules, the error in determining ζ has to include the additive errors of all measured values. If we denote by ∆ f i and
∆ζi the accuracy of the measurements of fi and ζi , then we
have from (4)

1. When ζ goes to 0, the ratio of intensities of forbidden and
allowed transitions of EPR spectra, Iforbid /Iallow , also goes
to 0, i.e. f 0 = 0 at ζ0 = 0. Such a behaviour can take place
for EPR of paramagnetic probes with spin S larger than
1/2 [3, 9] and, probably, also for the optical absorption of
the OH− vibration lines at 3479 and 3466 cm−1 [15].
2. When ζ goes to 0, the asymmetry of the EPR lines of
probes with S > 1/2 at special orientations of the magnetic field disappears, i.e. f 0 = IL /IR = 1, where IL and
IR are the intensities of the left and right wings of the
line [3, 9, 19].
3. The widths ∆B of EPR lines in an ideal crystal do not
go to zero; however they can be calculated on the basis of data about the hyperfine electron-nuclear interactions of the paramagnetic probe, which can be obtained by
ENDOR (see, for example [37]). Here ζ0 = 0, f0 = f calc .

∆ζ = 4(ζ1 − ζ0)∆ f/( f 1 − f 0 ) ≈ 4ζ1 ∆ f/( f 1 − f 0 ) .

The above characteristics, such as Iforbid /Iallow , IL /IR , ∆B,
can be used for an initial determination of the degree of
imperfection of the studied samples. For many other characteristics (lattice constants, blueshift of the fundamental absorption edge, linewidths of Brillouin and Raman scattering,
linewidths of 93 Nb NMR and OH− absorption, phase transition and phase matching temperatures, sound velocity, elastic
constants, etc.) the prediction of the corresponding value f
for an ideal crystal seems to be a difficult task. Therefore it is
possible to use them for the crystal characterisation only after
an initial calibration of the second sample.

∆ζ ≈ 2∆ζ0 + ∆ζ1 + 4(ζ1 − ζ0)∆ f/( f1 − f 0 ) .

(6)

One can see that ∆ζ depends on several parameters: the errors
of determination of the basis values ζ0 and ζ1 , the error of the
measurement of the value f , which is used for crystal characterisation, and the sensitivity of the value f to the variation
of ζ – the slope of f(ζ) or d f/ dζ ≈ ( f 1 − f 0 )/(ζ1 − ζ0). The
larger d f/ dζ, the less is ∆ζ.
If ∆ζ0 and ∆ζ1 give negligible contributions to ∆ζ, the
expression (6) is simplified to
(7)

As an example, we estimated on the basis of (7) the accuracy
of several different methods, which are often used for crystal
characterisation (Table 1). Our measurements of EPR, NMR,
and lattice constants were exploited together with the published data [38]. It can be noted that the value of ∆ζ is not
the only parameter that should be taken into account for the
choice of a method, since each technique has not only its own
indisputable advantages, but certain shortcomings also. Often
the concrete problem, convenience, availability of equipment,
and finally, personal taste, habit and experience of researchers
are decisive for the selection of a method.
In view of arguments above cited some of the earlier published dependencies X Crystal on X melt or f(X Crystal ) should be
re-examined.
4 Features of crystals with reduced concentration of
intrinsic defects
The simplest way to reduce lithium deficiency in a crystal is
to grow it from a melt with an excess of Li. We investigated
sets of such crystals grown by the Czochralski method from
melts with X melt ≈ 50%–60%. For all these crystals the following changes have been found: an essential narrowing of
EPR lines (up to several times), a decrease of relative intensities of forbidden transitions and asymmetry of the lines. Such

transformations of the spectra are evidence for the decreased
concentrations of intrinsic defects in these samples in comparison with the congruent ones.
Since an even stronger narrowing of Fe3+ EPR lines was
discovered for LN grown from a congruent melt, X melt ≈
48.4%, to which, however, potassium was added, it was concluded that the structure of such crystals had been further
improved. To prove that this result is a real property of crystals grown from potassium-containing melts, and not an accidental effect related to a special impurity (Fe in this case),
we studied EPR spectra of many other paramagnetic probes
in such crystals. Samples with various impurities from divalent to hexavalent state were tested. These impurities have
not only different charges, but also various electronic states,
atomic weights, and interactions with their surroundings.
However in LN-K crystals a similar behaviour of the spectra
for all of them was found, demonstrating a drastically improved crystal perfection (see some examples in Figs. 2, 3).
To quantify the degree of crystal imperfection, ζ, we
tested all three possibilities discussed above. In a congruent sample the observed value of Iforbid /Iallow for Fe3+ is
about 0.3. Since forbidden transitions are not observed for
LN-K, the value of Iforbid /Iallow is less than the signal-to-noise
ratio (about 0.01–0.02). This corresponds to ζ ≤ 0.06ζ1. The
ratios IL /IR vary from 3.7 (congruent) to 1.16 (LN-K), yielding ζ ≈ 0.06ζ1 for LN-K. It has to be noted that there is no
proof of the linearity of the dependence of the above ratios on
ζ.
Figure 4 demonstrates how ζ was estimated from the comparison of the widths ∆B of the EPR lines. Generally, four
main mechanisms give contributions to the EPR line broadening: macroscopic defects, interactions with all (intrinsic and
extrinsic) defects of the crystal structure, spin-lattice relaxation, and hyperfine interaction of the electrons of a paramagnetic centre with the surrounding nuclei. The first two
mechanisms are not efficient, if macroscopically perfect samples with very small concentrations of paramagnetic probes
are used. For many impurities the contribution of spin-lattice
relaxation to ∆B can be eliminated by lowering the temperature (down to liquid-helium temperatures). The parameters of
the hyperfine interactions can be determined with very high

dχ´´/dB

789
New Cr3+, b 0 = 0.0215 cm-1
2

LN-K, [Cr]=1.0wt.%
Congr. LN, [Cr]=0.1wt.%
"Old"

Cr3+,

b0
2

= -0.387 cm-1
LN-K, [Fe]<0.001wt.%

3+
3

New Fe

3+
4

and Fe

3+
1

"Old" Fe

Li-rich LN, [Fe]=0.02wt.%

200

400
600
Magnetic field, mT

800

Fig. 3. EPR spectra of Cr and Fe in LN crystals with different composition.
B⊥c, T = 5 K, ν = 9.4 GHz

precision by means of ENDOR measurements. This allows us
to predict the shape and the widths of the EPR lines in a perfect crystal and to compare them with the observed ones in the
real samples. We reconstructed EPR lines of Cr3+ taking into
account our ENDOR data [39]. The estimation of the degree
of imperfection, based on the predicted EPR linewidths, gave
for LN-K a result similar to that mentioned above ζ ≈ 0.06ζ1.
It might be objected that EPR spectra are sensitive to the
presence of defects in the neighbourhood of the paramagnetic probes, but not in the bulk of a crystal. Therefore we
investigated the same crystals additionally with the help of
several other methods. The observed narrowing of the 93 Nb
NMR lines (Fig. 5) reflects a decrease of the distribution of
electric field gradients for all niobium nuclei in the crystal.
The dependence of the corresponding linewidth ∆ν on the
angle between magnetic field and crystal c axis disappears;
this gives evidence that non-axial components of electric field
gradients, created by intrinsic defects, are also absent. Being
based on the initial determination of ζ for LN-K by EPR, we

dχ´´/dB

Congruent LN
LN-K

dχ´´/dB

a
b
c

Yb3+

d
e

Nd3+

140

150

200
250
Magnetic field, mT

Fig. 2. EPR spectra of Yb and Nd paramagnetic probes in congruent and
LN-K crystals. Magnetic field B is perpendicular to the c crystal axis, temperature T = 8 K, ν = 9.4 GHz
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Fig. 4. Experimental EPR lines of Cr3+ centres in LN crystals of various
compositions at T = 5 K: Li-poor (X melt = 43%, (a)), congruent (b), grown
from a melt with Li excess (X melt = 54.5%, (c)), and LN-K (d). (e) – theoretical reconstruction of the unresolved hyperfine structure of the EPR line
for an ideal crystal obtained on the basis of ENDOR data
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Fig. 5. Angular dependence of the NMR linewidth of the 93 Nb central transition for LN crystals of different compositions and Mg doping. The contributions of the distributions of the axial component of electric field gra2 i, the non-axial component h∆η2 i of EFG and the axis
dients (EFG) h∆qzz
deviations of EFG h∆θi2 i are indicated

can now use the NMR measurements for the crystal characterisation also.
For LN crystals heavily doped with Mg the 93 Nb NMR
line is much broader than for all other crystals. Moreover,
the width of this line is rather angular dependent. These facts
argue against the conclusion, which can be found in literature, that in addition to the increase of resistance to the optical
damage, Mg doping improves the crystal quality due to reduction of total number of intrinsic defects. We think that Mg
essentially increases the concentration of point defects in LN,
because besides the MgLi ions themselves the charge compensating defects necessarily also have to be present.
The lattice parameters of the Mg-doped and Li-rich
crystals have also opposite behaviour [40]. Both a- and cparameters decrease when the Li concentration in the crystal
increases, i.e. when ζ goes to zero. However they are getting
larger when the Mg content in the melt is raised, indicating
that the defect concentration becomes higher also in this material. The narrowing of the lines of Raman spectra [10] (for
two phonon modes E at 153 cm−1 and A1 at 876 cm−1 ) confirmed our conclusion that the intrinsic defect concentration
in the LN-K crystals is diminished. Different behaviour of
light-induced changes of the birefringence δ∆n = δ(n e − n o )
of congruent and LN-K crystals have been observed [10] at
light intensities between 104 and 108 W/m2 . It was found
that the change of the maximum index for LN-K is about 5
times lower at high intensities (I = 3 × 107 W/m2 ), than for
congruent LN. This indicates that optical damage can be suppressed in defect-free material at high light intensities [41].
Many other crystal properties also depend on the intrinsic defect concentration; however, it is not always easy to
make an unambiguous conclusion from their changes. For

example, a blueshift of the fundamental absorption edge by
about 15 nm was registered in crystals grown with X melt =
50%–60% and with LN-K with respect to the position of
the edge in a congruent crystal [42–44]. It could be supposed that this shift is proportional to the defect concentration
in the crystal and that the blueshift corresponds to its decrease. However, similar blueshifts have been observed with
LN crystals heavily doped with 1–8 mol. % of Mg, Zn, In, or
Sc, where the defect concentration obviously is higher (but
not lower), than in undoped material with small ζ. The presence of unintended impurities, which often lead to absorption
near the fundamental absorption edge (for instance, Fe [45],
Cr [46, 47]), can also strongly influence on the position of the
UV edge.
For a constant concentration of paramagnetic impurities a narrowing of an EPR line must correspondingly increase its intensity; the peak-to-peak intensity is proportional
to 1/(∆B)2 . This leads to a tremendous increase of the
EPR resolution and even the lines of background impurities
and dopants of very low concentration become visible (see
Fig. 6). The comparison of Figs. 6a and 6c makes clear that
the investigations of congruent crystals gave only restricted
data about the tip of the iceberg – most of the lines related to
paramagnetic defects are lost due to low resolution. The investigation of crystals with small ζ can thus lead to a lot of
additional useful information about all desirable and undesirable impurities and defects that entered the LN crystal from
the melt or starting materials. For instance, besides the chromium lines also signals of the background impurities Fe, Cu,
Mn, and some other centres were identified in the spectra represented in Fig. 6c. It is difficult to analyse such complex and
rich spectra (this is the seamy side of the tremendous increase
of resolution); however just deciphering of these spectra can

Fig. 6. EPR angular dependencies of LN crystals doped with 0.01 wt. % Cr.
Θ – angle between B and c, T = 5 K, ν = 9.4 GHz
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give a chance to understand the nature of intrinsic and extrinsic defects.

5 Interrelation between the subsystems of intrinsic and
extrinsic defects
In order to modify and improve the properties of LN many
efficient and skillful procedures were invented, for instance:
– doping with modifiers such as Mg, Zn, Sc, In, . . . in rather
high concentrations (up to several percent),
– addition of optically or acoustically active impurities (Fe,
Ti, Cr, Er, Nd, Pr, . . . ) in a lower concentration than the
first group,
– modification of the standard crystal-growth technique by
Czochralski to special conditions such as pulling from the
melt with constant high Li content (double-crucible technique [48]),
– addition of potassium to the starting materials and
Czochralski or top-seeded solution growth,
– post-growth treatment (reduction, oxidation, vapour transport equilibration treatment etc.).
Any possible manipulations with dopants also induce
changes in the subsystem of intrinsic defects and, by their
common influence, cause variations of the properties of LN.
All possible initial changes in the subsystem of intrinsic defects will result in quantitative and/or qualitative modifications of the impurity subsystem and as a result again both
together influence the LN characteristics.
It is clear that to follow reliably all interrelations in such
a complex system as the intrinsic and extrinsic defects in LN
(see Fig. 7) we have to simplify this system as much as possible and to use different complementary methods for their
investigation. Here we report only a few of the features, that
we found.
Because of the high concentration of intrinsic defects
the conventional congruent crystals are very tolerant to dior trivalent impurities, substituting for Li+ or Nb5+ , because the necessary charge compensators (local or distant)
can be easily found among the non-stoichiometric defects.
Therefore in congruent crystals the formation of small complexes, consisting of “impurity ion – intrinsic defect” or two
dopants locally compensated by an intrinsic defect can be
easily realised (in addition to the single-impurity centres).
The “impurity–impurity” exchange-coupled pairs were observed by EPR in congruent crystals at comparatively small
(about 0.1–0.25 wt. % in the melt) concentrations of impurities [49].
In ROC the situation turns out to be completely different.
Together with the disappearance of intrinsic defects the complexes of “impurity-intrinsic defect” and “impurity-intrinsic
defect-impurity” disappear also. They are absent even at impurity concentration of about 1 wt. % in the melt. Since there
are not enough intrinsic defects present to compensate the excess charge of the “old” centres, new ones appear; they are
randomly distributed over the crystal and do not take part
in complexes with the old centres. For instance, besides the
old Cr3+ centre (with the parameter of axial crystal field b02
equal to − 0.387 cm−1 ) and Fe3+ (b02 = 0.1768 cm−1 ), one
new axial chromium centre (b02 = 0.0215 cm−1 ) and two iron
axial centres [50] (b02 = 0.0495 and b02 = 0.0688 cm−1 ) have

been discovered (Fig. 3). The difference of their characteristics reflects the different surroundings and structure of these
centres. We think that the main role of the new centres is to
fulfil self-compensation of the charge of the same dopants;
the conditions of their appearance, however, vary from impurity to impurity and correspond to the special concentration
balance between the considered kind of impurity and intrinsic
defects.
In congruent LN the influence of the large number of
available intrinsic defects on the crystal properties prevails
over the influence of dopants. Therefore to modify properties of conventional LN one has to introduce comparable
(1–8 mol. %) concentrations of impurities. However, in ROC,
where the content of intrinsic defects is close to zero, all
actions will be developed on the much lower concentration
level, where even rather small, formerly insignificant concentrations of impurities (10−4–10−2 wt. %) will be able to
induce considerable changes of the crystal properties. For example, the addition of 0.05 wt. % Fe to the LN-K melt is
sufficient to introduce lattice perturbations and create intrinsic non-stoichiometric defects with a concentration more than
10 times higher than the concentration of iron itself [51].
Independent of the way of crystal growth (with potassium
or from a melt with an excess of Li) optical absorption of
Fe2+ rises with the decrease of ζ. In other words, the closer
the composition of the crystal to the ROC, the higher the relative number of Fe2+ ions (as compared to Fe3+ ) in crystals
having a fixed total amount of iron (the latter was checked by
X-ray fluorescence analysis).
The strong coupling of extrinsic and intrinsic defects is
one of the most important features of LN; this material is
indeed rather flexible and very sensitive to changes in both
defect subsystems. Therefore, when assessing the defectdependent properties of LN or when attempting to optimise
the material with respect to intended properties, these interrelations should necessarily be taken into account.

Growth conditions and post-growth treatment

Modifiers
(MgO, ZnO,
Sc2O3, In2O3...)

Intrinsic
defects

Optically
or
acoustically
active
dopants
(Fe, Ti, Cr,
Er, Nd...)

Lithium
Niobate

Probes or trace impurities (Fe, Cu, Mn, Cr,...).

Fig. 7. General scheme of different classes of intrinsic and extrinsic defects,
their possible interrelations and influence on crystal properties
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6 Conclusion
Working with different dopants in various concentrations in
crystals of diverse stoichiometry, we came to the conclusion
that discrepancies between literature data for some properties
(and, consequently, the interpretation of such data) can be explained by the fact that crystals, which have generally been
used, that were not well characterised with respect to their
defect content. Sometimes such discrepancies are caused by
the objective reason: the observed feature and/or its changes
originated from the complicated combined influence of impurity and intrinsic defects at the same time. After understanding their mutual relation we had to develop a basically new
approach to the intrinsic and extrinsic defect subsystems of
the material by considering both as partners of one integrated
functional system.
The most efficient and reasonable way to get really scientific information about defects would be to base it on the following simplification of conditions of investigation: to study
independently, where it is possible, the structure and undisturbed influence of extrinsic defects and, separately, the structure and pure effect of intrinsic defects. The use of ROC for
such a purpose is very helpful and desirable at this stage.
And only during the next step it is reasonable and should be
intended to study the combined influence of both defect subsystems on the crystal properties.
The comparison of characteristics of Li-rich and LN-K
crystals shows that a simple increase of the melt composition
X melt does not lead directly to ROC. Even if X melt = 54.5%,
we can only obtain a crystal with composition ζ ≈ 0.3ζ1.
The degree of imperfection of our LN-K crystals, estimated
by different methods, was found to be equal (ζ = (0.06 ±
0.04)ζ1). Therefore, the growth of LN from a melt containing
potassium leads to a very efficient refinement of crystal from
non-stoichiometric defects.
The remarkable, promising features of ROC strikingly
illustrate that this far-reaching, interesting material is very
attractive for both fundamental research and possible applications. Therefore, many mechanical, electrical, optical, and
acoustical properties of Li-rich, stoichiometric, and ROC are
now under intensive re-investigation in different laboratories
of the world in order to clarify their advantages and disadvantages in comparison with those in conventional congruent LN.
For many and varied current applications congruent LN
has quite satisfactory quality and characteristics. Moreover,
this material can, for instance, be regarded, as the most viable
candidate for the construction in the nearest future of an alloptical global telecommunication network. LN was chosen,
since it can be used not merely as a simple discrete component, rather like a powerful technology platform able to
add value to the telecommunication network by proceeding
to higher levels of optical integration. The benefits should be
comparable in analogy to those obtained by going from discrete transistors to integrated circuits [52]. However, there are
known essential drawbacks in the characteristics of congruent crystals, which should first be overcome in order to fit
material as much as possible to the specific industrial requirements. There is no doubt that on this way the opportunity to
vary the non-stoichiometry (in addition to the modification by
dopants and post-growth reduction–oxidation treatment) will
serve as a very powerful tool for the optimisation of crystal
parameters.

LN is not an unique example of opto- and acoustoelectronic crystals having the tendency to grow with deviations
from the stoichiometric composition, since in the group of
complex oxides the non-stoichiometry is a rather widespread
phenomenon (for instance, LiTaO3 , Sr1−x Bax Nb2 O6 ,
Ba1−x Cax TiO3 and others). In our opinion all these materials
offer especially rich opportunities for crystal engineering since
both intrinsic and impurity defect subsystems can be used for
a deliberate tailoring of the crystal properties. The ideas developed in this work, the proposed parameterisation of defect
characterisation, and the conclusions have a general character;
therefore they should also be valid and be taken into account at
the study of other non-stoichiometric complex oxides.
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