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Dopant occupancy and structural stability of doped lithium niobate crystals
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On the basis of the bond valence model, an approach is established to determine the dopant occupancy in the
lithium niobate (LN) crystallographic frame. The dopant location can be easily assigned by comparing the
deviation of its normal and calculated valence states, when such a dopant is arbitrarily placed in both Li* and
Nb>* sites, respectively. Further, the parameter Global Instability Index is used to characterize the structural
instability of doped LN crystals. The dopant occupancy in the LN crystallographic frame and its interaction
with the LN matrix are quantitatively understood by the structural stability. Calculated threshold values of

various dopants are further obtained in the present work.
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I. INTRODUCTION

Lithium niobate [LiNbO; (LN)] is the most widely used
multifunction single crystal materials, due to its excellent
electronic, linear and nonlinear optical, and dielectric prop-
erties. As a typical nonstoichiometric crystal, LN composi-
tion varies in a wide range, and consequently leads to a de-
fect complex including an antisite defect (a Nb>* ion in a Li*
site, expressed as Nb;?), and four lithium vacancies (V;).!
For the charge balance compensated by defects, various dop-
ants can be introduced into the LN crystallographic frame.
Most interestingly, doping with suitable cations in LN crys-
tals leads to the optical gain and laser emission, photorefrac-
tive activity and waveguiding behavior,> LN crystals can
thus be tuned to fit various requirements of a manifold of
different applications. For instance, doping with the modifier
such as Mg?*, Zn?*, In**, and Sc* in rather high concentra-
tions greatly vary the resistance of LN crystals to optical
damage;’ photorefractive properties are introduced by dop-
ing the crystal with transition metal (TM) ions; rare earth
(RE) ions such as Nd** are doped into the LN matrix as
optically active impurities.> In these applications, foreign
cations or dopants are always responsible for the modifica-
tion of physical properties of the LN matrix. Therefore, the
lattice location of dopants should be clarified firstly to deeply
explain fully their roles in the modification.

Up to now, an enormous amount of work has been carried
out on the occupancy of various dopants. Much progress has
been achieved because of the use of advanced characteriza-
tion techniques such as electron nuclear double-resonance,
electron paramagnetic resonance, extended x-ray absorption
fine structure, x-ray standing wave and particularly ion-beam
methods,*~” since they essentially rely on geometrical argu-
ments to a large extent. Spectrum-structure correlations are
also fully considered in infrared and Raman spectroscopy in
determining the dopant occupancy due to the sensitivity of
spectrum to the structural change of doped LN crystals.3-10
In addition, some parameters such as lattice constants, coer-
cive fields, or internal fields, and Curie temperature, which
are related to the defect structure of doped LN crystals, are
also employed to get indirect information of the dopant
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occupancy.'!=13 All these methods have allowed a clear pic-
ture of the dopant sites to be obtained, and occupancies of
various dopants such as photorefractive inhibiting ions, TM
and RE ions have been reliably assigned.

However, many problems still remain in relation to the
underlying physical mechanisms and driving forces that de-
termine the location.®”-'* As an approach towards the solving
of these problems, Kling et al. suggested a direct link be-
tween the normal valence state of a dopant and its occu-
pancy, i.e., dopants with the normal valence state lower than
that of Nb>* ions occupy Li* sites; otherwise they replace
Nb>* ions.%” On the other hand, Rebouta er al.'* took the size
effect into account and suggested to identify the dopant oc-
cupancy by comparing the lengths of dopant-O, Li-O, and
Nb-O bonds. They proposed that all dopants with a dopant-O
bond length exceeding the mean Nb-O length occupy Li*
sites, otherwise, dopants occupy the off-center sites shifted
from the regular Li* sites if the bond length also exceeds the
mean Li-O length. Dopants with a bond length smaller than
or equal to the mean Nb-O length can occupy Li* or Nb>*
sites.

Each of the criteria takes into account an important aspect
of dopant, normal valence state, or size effect, which are
considered as two key factors in determining the dopant oc-
cupancy in solid-state chemistry. They can explain most of
experimental results of low-doped crystals grown from the
congruent melt. However, further investigations have shown
that the dopant occupancy is far from invariable, which has
an interaction with the LN matrix.'>-'® For instance, photo-
refractive inhibiting ions change occupancies from Li* to
Nb’* sites if they are doped in a rather high concentration
over a certain threshold value;!” the variation of these thresh-
olds with the change of the LN stoichiometry'® indicates that
the dopant occupancy is also influenced by the LN stoichi-
ometry; codoping of photorefractive inhibiting ions above
their thresholds also change the distribution of Cr’*, Fe’*
ions (from Li* to Nb>* sites).!”-!8 Therefore, further criterion
should be developed to understand dopant occupancies and
their interaction with the LN matrix.

In this work, we study the dopant occupancy from the
structural stability of doped LN crystals by the bond valence
model (BVM)." Although LN crystals are in a single phase
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for a low dopant content, the local structure is modified by
the incorporation of dopants, i.e., the local chemical bonding
state changes, which leads to geometric strains, and thus
changes the stability of the whole crystallographic structure.
In this regard, the dopant occupancy and the interaction be-
tween the dopant and LN matrix may be well understood by
the structural stability. In the present work, not only the size
effect (in the form of constant parameter, d,) but also the
normal valence of atoms are taken into account, which are
simply characterized by the deviation of the normal and cal-
culated valence state of atom, and the global instability in-
dex. Besides, the chemical environment of the LN matrix (in
the forms of bond length and coordination number) is fully
considered in our investigation. Therefore, the structural sta-
bility study by the BVM method may be a reasonable ap-
proach to understand the doping behaviors in the LN crys-
tallographic frame.

II. THEORETICAL ANALYSIS OF DOPED LN CRYSTALS

BVM is one of modern methods for interpreting observed
bond lengths and predicting expected values in crystal struc-
tures on the basis of the modified Pauling’s second rule,
which requires the exact fulfillment of the valence balance
with due regard for the empirical bond valence-bond length
relations. It provides a useful and quantitative description of
inorganic bonding and has gained wide acceptance in inor-
ganic crystal chemistry. More attractively, the applications of
BVM are independent of the compound type, including
ionic, covalent, and metallic materials.2® Therefore, this
model is a useful tool to understand physical and chemical
properties of crystals, in a viewpoint of chemical bonds. Re-
cently, we have successfully used this tool in physical prop-
erty research and defect structure study of LN crystals.?!~2*
In this paper, we propose to use BVM to characterize the
structural effects arising from the cation substitution in LN
crystals.

In BVM, all atoms are considered to be cations or anions
according to the sign of the oxidation state. The empirical
correlation of Eq. (1) is used to determine the bond valence
(s;;) of a chemical bond from its length (d,),

dy—d,;

s,-jzexp<Tll>, (1)

where B=0.37 and d, is a constant characteristic of the
cation-anion pair.>> For most compounds, the bond valence
sum rule establishes that the sum of bond valences around
any atom i/ is equal to its normal valence state (V,), i.e.,

2 s;;=Vi. (2)
j

In practice, the difference between the normal valence state
and bond valence sum is usually small due to the accuracy of
measured bond length data unless chemical bonds are exces-
sively stretched or compressed. In such a case, it is conve-
nient to measure local lattice strains in terms of the discrep-
ancy (D),
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Di=Vi—ESij~ (3)
J

A positive D; value means that the coordination octahedron
around the atom i is too large, the average bond length can-
not satisfy the bond valence sum rule, therefore, the sum of
bond valences of the atom i increases by decreasing its bond
lengths, and vice versa (i.e., a negative value has an opposite
effect). In order to express the deviation degree from the
normal state, it may be helpful for us to rewrite formula (3)
into a form of absolute values, wherein this quantity can be
regarded as a pseudopotential that forces the structure to dis-
tort.

di=’Vi_2sij . 4)
J

A measurement of d; over the whole structure is the global
instability index (GII),!®-2

(5)

Larger d; and GII indicate a strained bond that can lead to
serious instabilities in the crystal structure. As to doped LN
crystals, d; and GII can be regarded as the driving force for
the lattice distortion arising from the cation mismatching
when the dopants are incorporated into LN crystals. The ex-
tent of structural distortion increases with increasing d; and
GIIL

Recently, many satisfactory results have been obtained us-
ing quantities (e.g., V;, d;, and GII) mentioned above. Calcu-
lations of the bond valence sum V; become a standard tool in
crystallography to evaluate the plausibility of a proposed
crystal structure or to localize light elements (H, Li) from
x-ray diffraction data.?’-?° Intrinsic ions apparently locate in
the site that matches the valence. Further, the migration path-
way for mobile Ag* ions in the ionic conductor a-Agl is also
modeled, with a basic assumption that the ion transportation
from one equilibrium site to the next one follows pathways
along which the d; value remains as small as possible.® It is
also indicated that GII less than 0.055 v.u. (valence unit)
suggests little or no strain, while GII greater than about
2.0 v.u. indicates a structure that is so strained as to be un-
stable. The successful application of these quantities gives us
a clue to understand the site location of extrinsic ions (i.e.,
dopants) and their doping mechanism in LN crystals.

In the LN crystallographic frame, only two cation sites
(Li* and Nb>* octahedron) are available for most dopants;
both vacant oxygen octahedron and tetrahedron are impor-
tant buffers for Li* and Nb>* ions to balance their strong
repulsions.?' Therefore, various dopants enter the LN crys-
tallographic frame in ionic form by substituting for Li* or
Nb’* ions. d; values of Li* and Nb>* ions in regular sites are
zero according to the bond valence sum rule, while the value
of the dopant in a substituted site arises due to the cation
mismatch in the regular Li* or Nb’* lattice environment,
which subsequently forces the structure to distort. The quan-
tity d; may serve well as the driving force of the distortion,
and obviously, dopants preferentially occupy the site with
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FIG. 1. (Color online) (a) Schematic drawing of the hexagonal
unit cell of doped LN crystals. Bonding characteristics around the
dopant and Li vacancy are schematically drawing. (b) Microscopic
arrangement of constituent atoms projected on the (0001) plane. A
solid quadrilateral is unit cell, M denotes a dopant occupying a Li*
site and Vi is a Li vacancy.

smaller d;. d; values of a dopant in Li* and Nb>* sites before
the distortion can be calculated using Li-O and Nb-O bond
lengths in the LN crystal matrix, respectively, irrespective of
the original dopant-O bond lengths in dopant oxides (since
all the dopant-O bonds in oxides are broken and the dopants
enter the LN matrix in an ionic form when the LN crystal is
grown from a non-stoichiometric LN melt).

We now consider the calculation of GII over the whole
structure. As schematically shown in Fig. 1, if a dopant is
incorporated into Li* site, corresponding charge compensa-
tions (V[;, on the basis of Li vacancy model) emerge arising
from the charge mismatching of dopant, and a certain lattice
relaxation should occur as a result of replacement. Just con-
sidering the situation before the lattice relaxation, we assume
that the lattice parameters around dopants and vacancies are
unchanged when compared to the ideal LN lattice, which
means that dopant-O bonds in doped LN crystals have the
same bond lengths as Li-O or Nb-O bonds after the substi-
tution. Therefore, d; value of a given dopant can be calcu-
lated by Eq. (4) as discussed above, and Li-site vacancies can
be treated as the cation with dy =1 v.u. (from Zsp; 0=1 to
Es\,u_o:O). d; values of Li* and Nb>* ions in normal sites
are zero according to the bond valence sum rule (i.e., d;
=0 v.u., dyp=0 v.u.). In this regard, GII of doped LN crys-
tals can be calculated by Eq. (5).

III. RESULTS AND DISCUSSION

On the basis of the detailed crystallographic data of pure
LN crystals (longer Li-O bonds, 2.260 A; shorter Li-O
bonds, 2.052 A; longer Nb-O bonds, 2.126 A; shorter Nb-O
bonds, 1.878 A),32 d; of various dopants on both Li* and
Nb’* sites are calculated, respectively. All calculated d; val-
ues are listed in Table I. Corresponding occupancies of these
dopants are summarized in Table II for comparison. Figure 2
schematically shows the relationship between the dopant oc-
cupancy and d; values in both Li* and Nb>* sites. As shown
in this figure, dopants preferentially occupy Li* sites if d{-“l
< d?lb (above the diagonal), while they preferentially occupy
Nb>* sites if d-'>d\" (blew the diagonal). For instance, all
photorefractive inhibiting ions (Mg?*, Zn>*, In**, Sc**) and
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TABLE I. Calculated d}i and d?"’ values of various dopants
when they are arbitrarily placed in Li* and Nb>* sites, respectively.
The unit used here is the valence unit (v.u.). Three kinds of dopants
are included in this table, i.e., photorefractive inhibiting ions (Mg>*,
Zn%*, In**, and Sc*), RE ions (Pr3*, Nd>*, Eu’*, Ho**, Er’*, and
Yb?*) and TM ions (Mn?*, AP+, Cr3*, Fe3*, Ni*+, Ti**, Hf**, Ta’",
and W),

Tons aliLi d?b Tons d}i d?]b
Mg>* 0.215 0.750 Yb3* 0.723 2.737
ZnZt 0.161 0.833 AP 1.535 0.742
Mn2* 0.320 1.575 Cr3* 1.059 0.009
Sct 0.279 1.193 Fe3* 0.866 0.288
In* 0.140 1.839 Ni* 1.475 0.650
Pr3* 2.942 6.157 Ti** 1.518 0.175
Nd3* 2.435 5.375 Hf* 0.485 1.416
Eu* 1.998 4.692 Ta>* 1.703 0.080
Ho3* 1.378 3.747 Wo+ 2.730 0.961
Er* 0.962 3.105

RE ions have experimentally been proven to occupy Li* sites
doubtlessly in congruent LN crystals at the low doping
concentration, 333353744 which agree well with our present
calculation dl-L‘<d§\Ib. Some TM ions such as Mn?*, Hf** also
occupy Li* sites for the same reason.>*** In case of Ta>* and
WO, they occupy Nb** sites due to d-' > @0, 7:144
However, the occupancies of some TM ions in region I of
Fig. 2 are still in controversy up to now.***? For example,
Fe’* and Cr** ions preferentially occupy Nb>* sites accord-

TABLE II. Summary of dopant occupancies in the nonstoichio-
metric LN crystallographic frame.

Dopant occupancy Dopant occupancy

Present Other Present Other

Dopant work reports  Dopant  work reports
Mgt Li Li? Yb3* Li Lif
Zn** Li Li® AP Nb Nb, LiP
Mn?* Li Li° crt Nb Nb, Lit
Sc* Li Lid Fe* Nb Nb, Lik
In?* Li Li® Ni?+ Nb Litm
Pr3+ Li Lif Ti* Nb Litm
Nd3+ Li Lif Hf* Li Li," Li, Nb°
Eu?t Li Lif Ta>* Nb Nbo-"
Ho** Li Lif Wo* Nb NbP
Er** Li Li¢

“See Ref. 33. iSee Ref. 40.

bSee Ref. 15. iSee Ref. 41.

See Ref. 34. kSee Ref. 42.

dSee Ref. 35. ISee Ref. 1.

€See Ref. 36. MSee Ref. 43.

fSee Ref. 37. "See Ref. 44.

2See Ref. 38. °See Ref. 14.

hSee Ref. 39. PSee Ref. 7.
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ing to our criterion; however, they can exclusively occupy
Li* sites in congruent LN crystals at the low doping
concentration.!”!8 The departure of experimental results
from our present work may be ascribed to the existing anti-
site defects (Nb{}). LN crystals are usually grown with a
congruent, nonst01ch10metrlc composition possessing excess
Nb>* ions at Li* sites in the crystallographic frame. It means
that any dopants in region-I with smaller dL1 than that of
Nb’>* ions (dLb—l 783 v.u.) can occupy Li* sites, regardless
of the relative value of dLl and dNb However, with increasing
the doping concentration, b are removed gradually and
are completely consumed at a certain threshold value, the
dopant occupancy then changes from Li* to Nb3* sites. This
is the reason why the threshold concentration (which is a
limit above which these ions begin to occupy Nb’* sites)
decreases if crystal compositions approach the stoichiometric
one. Considering this case from another aspect, the elimina-
tion of Nb“LJir from LN crystals by codoping photorefractive
inhibiting ions also changes the dopant occupancy of these
ions. This conclusion has been identified in heavily MgO or
ZnO codoped Fe:LN and Cr:LN crystals,'”!8 in which all
Nb; are removed by Mg?* or Zn?* ions, while Fe** and Cr**
ions occupy both Nb3* and Li* sites due to the charge com-
pensation at Li* sites (in this case Nb* sites should be firstly
occupied and Li* sites are later occupied by the charge bal-
ance need). It should be noted that the position of the vertical
line (corresponding value to dy,=1.783 v.u.) may be slightly
changed due to the accuracy of structural measurements.
The occupancies of RE ions may have their own charac-
teristics due to large d; values. As shown in Table I and Fig.
2, all dg“i values of RE ions are smaller than d™° but relative
larger than other ions (photorefractive inhibiting ions or TM
ions), and both @' and d)" decrease with increasing the
atomic number. For Yb>*, Er**, and Ho’* ions, d; is relative

smaller than other RE ions and is smaller than dL', which
means that these dopants preferentially substitute Nb;7 firstly
when they are incorporated into the LN crystallographic
frame. Therefore, they are expected to have the same doping
behaviors as these of photorefractive inhibiting ions and their
dopant occupancies may also be influenced by the nonsto-
ichiometry. This conclusion has been experimentally proven
in Er**, Yb** doped LN crystals heavily codoped with MgO
and ZnO above their threshold concentrations.*># In these
crystals all nonstoichiometric defects are removed and frac-
tional Er** and Yb** ions change their occupancies from Li*
to Nb>* sites. In this regard, it can be deduced that the re-
moval of nonstoichiometric defects by increasing the doping
concentration can also change dopant occupancies from Li*
to Nb>* sites, when the solid solubility of a dopant in the LN
crystal is high enough. Other RE ions such as Eu**, Nd**,
and Pr** ions may have different dopmg behaviors due to
their relative large d;. For these ions, d is lager than dNb,
which indicates that they substitute Li* 1nstead of Nb ions,
and thus the site location of these ions is 1nsen51t1ve to the
nonstoichiometry. Additionally, very high d?b also indicate
that the occupancy of Nb>* sites is not favorable. Therefore,
they exclusively occupy Li* sites, irrespective of the stoichi-
ometry of LN matrix and the concentration of codopants
(Mg?*, Zn**, etc.). Up to now, only Li* site occupancy has
been reported irrespective of the MgO concentration'* except
for Er’* and Yb3* ions, which may serve as evidence to
support our conclusion.

Our present conclusions give a satisfactory qualitative un-
derstanding on the dopant occupancy and the interaction be-
tween the dopant and the LN matrix. In order to quantita-
tively study this interaction, we develop a mathematical
method on the basis of BVM and available experimental
results. Although numerous studies on the incorporation
mechanism of dopants have been carried out, especially on
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that of photorefractive inhibiting ions,!>333336 the mecha-
nism is still an unsolved question and has been generally
discussed on the basis of the defect model in undoped crys-
tals. Recent precision x-ray structural study'> gives reliable
results that in a crystal with more than 5.3 mol % ZnO, all
NbjT defects have been removed and all the Vi, vacancies
disappear at about 7.6 mol % ZnO. The decrease and disap-
pearance of Vi, are corresponding to the change of the com-
pensation mechanism, namely a self-compensation process,
which requires Zny;, for the charge compensation. Consider-
ing the transition of compensation mechanism, it can be de-
duced that GII is large enough for fractional Zn>* ions to
change its occupancy when doping concentration is above
5.3 mol %. On the basis of the Li vacancy model, the Zn
substitution formula at this concentration is

[Ll 1 —2xznxvx] [Nb][Og] . (6)

As discussed above, d;; and dy;, in normal Li* and Nb* sites
are zero, respectively, and dVL_=1 v.u. Since each O~ re-
ceives one third of the bond valence formed by Li-site cat-
ions

doZ— = [.xdznu + deLi]/3 . (7)
Therefore, the GII expression of ZnO doped LN crystals is
Gl =[(xdy, +xdy_+ 3d;,)/5]"2. (8)

By this way, the GII of 5.3 mol % ZnO doped LN is calcu-
lated as about 0.1055. For doped crystals grown from the
congruent melt, it is assumed that they all have the same GII
value when dopants change their occupancies due to the
same melt composition and growth conditions. Therefore, as
schematically shown in Fig. 3, calculated doping values of
Mg?*, In**, and Sc3* ions in the LN crystallographic frame
are about 5.20, 2.73, and 2.62 mol %, respectively, which are
consistent well with experimental photorefractive threshold

concentrations (for bivalent Mg** and Zn?** are ~6 mol %
and tervalent In** and Sc** are ~3 mol %%*7). This is
speculated that they are associated with a site change of the
dopant occupancy in the LN crystallographic frame.

The GII may also be used to calculate the threshold value
for TM and RE ions, although less attention has been paid on
this aspect, since the doping concentrations are always lower
than those of the photorefractive inhibiting ions in normal
applications. In this work we want to find in which concen-
tration the dopant is able to enter Nb>* sites. Using the cur-
rent method, theoretical threshold values of different ions are
calculated and listed in Table III. Dopants are expected to
occupy Li* sites below the calculated threshold (by substi-
tuting Nb;'? or Li* ions in normal Li* sites). With increasing
the doping concentration, the whole structure becomes in-
stable and the GII is high enough to force dopant to enter

TABLE III. Theoretical threshold concentrations (in mol %) of
various dopants in congruent LN crystals. The numbers in paren-
theses are experimental data.

Threshold
Threshold concentration
Dopants concentration Dopants (%)
Mgt 5.20% (~6%“°) Fe’* 2.02
Zn** 5.30% (~6%) Ni+ 1.74
Sc3* 2.62% (~3%") Ti** 1.03
In3* 2.73% (~3%"9) Hf* 1.69
Mn?* 5.03% Er’* 1.90
A* 1.27% Yb** 2.20
Crt 2.60%
4See Ref. 33.
bSee Ref. 47.
¢See Ref. 31.
dSee Ref. 48.
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Nb’* sites if the doping concentration is above threshold
value. However, it should be mentioned that only ions that
can occupy both Li* and Nb’* sites are expected to have the
threshold concentration due to the conception of threshold
we employed here (the doping concentration above which
the dopant changes its occupancy from Li* to Nb>* sites).
For some RE ions such as Nd**, Pr**, and Eu?* with very
high d?b values, they exclusively occupy Li* sites irrespec-
tive of the doping concentration and codoping of MgO, ZnO,
etc.; for W6 and Ta’*, they always occupy Nb’* sites.
Therefore, above-mentioned ions do not have the threshold
concentration.

IV. CONCLUSIONS

We in this work proposed an approach to determine the
dopant occupancy in the LN crystallographic frame, using
the discrepancy d; (between the normal and calculated va-
lence states) as a key parameter. Lattice locations are mainly
determined by both the intrinsic characteristics of dopants
and the LN matrix (characterized by d;), and they are influ-
enced by the stoichiometry-related defects. The consistent
between our present conclusion and available experimental
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results suggests that d; is a reasonable parameter to assign
the dopant occupancy in the LN crystallographic frame.
Combining d; with the structural stability analysis over the
whole structure, the interaction between the dopant and LN
matrix (e.g., the site change by codoping, the stoichiometry
or doping concentration) are quantitatively understood. In
addition, the present method may further function as a guide
to realize an effective control of both intrinsic and extrinsic
defects, by adjusting the doping concentration, the stoichi-
ometry of the LN matrix, or the codoping concentration. LN
crystals can thus be tuned to fit various basic requirements of
a manifold of different applications.
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