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Investigation of the defect complexes
in highly Mg-doped LiNbO4 crystals
by 93Nb NMR method
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Angular dependence of the line width of the 9Nb NMR spectrum central transition for
LiINbOg crystal with congruent composition and for the samples with high Mg concentration
was experimentally investigated. Having the experimental results compared with the
results obtained by computer simulation, it has been concluded that the most probable type
of defects in magnesium doped LiNbOj crystals are (4Mg|_i2+ + 4V|;) defect complexes when
four Li vacancies and three MgLi2+ ions being localized in the seven nearest positions to the

central MgLi2+ ion.

OKCIepUMeHTAILHO MCCIeA0BaHa YIIoBasg 3aBUCHUMOCTL IIMPUHBEl JUHUMN IEHTPAJILHOTO
mepexona crektpa IMP 9Nb B xpucrame LINbO; xourpyoHTHOTO cocTaBa W o6pasiax c
BBICOKOI KommenTpanueir Mg. Ha ocHoBannm CpaBHEHUS SKCIIEPUMEHTANLHBIX PE3YJILTATOB C
pes3yabTaTaMM KOMIIBIOTEPHOTO MOJEJIUPOBAHUS [EJIAeTCSA BBIBOX, UTO OCHOBHBIM THIIOM J€-
dexrTos B kpucramrax LINDO; ¢ mpumechlo mMaramsa ABIAIOTCA AedeKTHbIE KOMILIEKCH
(4Mg|_i2Jr + 4V|;), npuueM dYeThIpe BaKaHcUM HOHOB Li m Tpu moma Mgl_i2Jr JIOKaJMN30BAHELI B
ceMU GAMMKANIINX OT IEHTPAILHOTO MOHA Mg|_i2Jr MOBUIUAX WOHOB Li.

Hocnidncennn depexmuux rxomnnexcie y cunvno nezoséanux Mg xpucmanax LiNbO,
memodom AMP 93Nb. O.B.Auyenio, C.B.€sdorcumos, J.J0.Cyzarx, I.M.Convcvruii. Excrmepu-
MEHTAJBLHO JOCTiIKEeHO KYTOBY BaJEeKHICTH MIUPUHY JIiHil IIeHTPAIBHOTO MEPEXOAy CIeKTPa
AMP 9Nb y kpucrami LINbO; KoHTPYyeHTHOTO CKJIaIy Ta 3paskax 3 BHCOKOIO KOHIIEHTpAIlieio
Mg. Ha migcrasi mopiBHSAHHSA eKCIEPUMEHTAJIbHUX PE3YJABTATIB 3 Pe3yJbTaTaMH KOMII IOTED-
HOT'O MOJeJNI0OBaHHA POOHTHCA BHCHOBOK, IO OCHOBHUM TumoM gedertis y kpucranax LINDO;
3 JOMIMIKOI0 Martio € gedeKTHI KOMILJIeKCHU (4Mg|_i2+ + 4V|;), mpudyomMy dYoTMpM BaKaHCii
iowis Li Ta Tpu iomm Mgl_inr JIoOKani30oBaHi y ceMM HANOAMIKUMX Bifl IeHTPaIbHOTO ioHA
Mg|_i2+ nosuniax iomis Li.

© 2014 — STC "Institute for Single Crystals”

1. Introduction

Lithium niobate (LN) crystals have found
their very wide application in modern non-
linear optics, optoelectronics and acous-
toelectronics [1]. It is known that Mg- or
Zn-doped LN crystals with impurity concen-
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tration exceeding some threshold value, be-
come insensitive to the light fluxes [2], and
this has given rise to an intensive study of
their physical properties.

The Mg-doped LN crystals are usually
grown by the Czochralski technique from
the stoichiometric mixture, with necessary
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quantity of MgO [3] being added. While ex-
tensive researches are dealing with the
growth and properties of LiINbO3:MgO crys-
tals, there are still discussions about the
mechanisms for incorporation of Mg2* ions
into the lithium niobate structure, and for
compensating their electrical charge [4].
However, most researchers agree with the
fact that when the Mg2* ions concentration
equals the threshold one, they totally pre-
vent the Nb ions occupying the Li positions
(antisite Nb; ions) [56-9].

Further important information on the de-
fect centers in the lithium niobate crystals,
including those occurring within the proc-
esses of their doping with MgO, can be ob-
tained by NMR method.

For example, in [10], the structure of
defect centers in Mg doped LN crystals has
been investigated by applying the “Li NMR
and studying a series of LINDOj crystals with
various Mg concentrations. Based on the con-
centration dependence of the NMR spectrum
linewidth, a conclusion has been made that
there is a high probability of formation of the
defect complexes, each of which includes Mgy;
ion and Li vacancy (V|;) located on the shortest
distance between them. The analysis carried
out in [10] for occupation of the cations’ struc-
tural positions in the Mg-doped LN ecrystals
has shown that the chemical formula of the LN
crystal with threshold Mg concentration can be
written as [Li;_,,Mg,00Xx]NbO5, where x=0.05,
and (O) denotes the structural vacancy.

It is also known that increasing of Mg
concentration in the LN crystals is accompa-
nied by the central transition line broaden-
ing in the 9Nb NMR spectrum [11, 12].
Thus, research and analysis of the NMR
spectra of 93Nb nuclei shall be an effective
tool in studying the defect structure of the
LN crystals with various Mg concentration.
It has been shown earlier [13], that the com-
paring the results of simulation of the 9Nb
NMR spectra in the congruent LN crystals
with the experimental ones makes possible
to obtain the most probable realization of
the defect crystal structure.

The purpose of this work was to investi-
gate the defect structure of the LN crystals,
grown from a congruent melt with addition
of high quantity MgO, by carrying out ex-
perimental investigation of the NMR spec-
tra and their comparison with the parame-
ters of the NMR spectra, simulated taking
into account the calculations of electric
field gradient (EFG) at 93Nb nuclei accord-
ing to different kinds of the defect crystal
structure.
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Fig. 1. Angular dependences of the %Nb NMR
spectrum central line width (dv) in the nomi-
nally pure congruent LN crystal (1) and in the
crystal with 5.0 mol. % MgO content (2). The
dependence (2) is spline-approximated within
the experiment error. For the nominally pure
sample the results of computer simulations of
the spectrum (solid line) against the model of
lithium vacancies [13] are given.

2. Experimental investigation of
93Nb NMR in LiNbO3 crystals

To investigate parameters of the central
transition line of the 93Nb NMR spectrum
we used the samples of nominally pure con-
gruent LN single crystals and two MgO-
doped LN single crystals which have been
grown by the Czochralski method at the
SRC "Carat” using the procedure described
in [3, 14]. MgO content in these crystals has
been determined by chemical and photo-
chemical analysis methods and it was equal
to (5.01£0.5) and (7.0%£0.5) mol. % . The ex-
cess above the threshold concentration of
Mg ions has been confirmed by investigating
the EPR spectra of the uncontrolled impu-
rity of Fe ions in the crystals obtained [3].

The LN crystals have clearly marked pie-
zoelectric properties, which makes it sig-
nificantly difficult to investigate them by
the NMR pulse methods [15]. Therefore, the
experiments have been carried out using a
continuous-wave NMR spectrometer with an
autodyne detector under magnetic field of
1.4 T using a technique of multiple accumu-
lation and digital filtration of spectra [16].

It has been shown earlier that in com-
parison of the results of simulation of the
9Nb NMR spectra in congruent LN crystals
with the experimental ones, it is more con-
venient to analyze the dependence of the
9BNb NMR spectrum central transition
linewidth on angle 0 between the crystal
three-fold symmetry axis e¢ and the direc-
tion of external magnetic field B,.

Functional materials, 21, 1, 2014



AV.Yatsenko et al. / Investigation of the defect ...

Fig. 1 illustrates the dependence of the
93Nb NMR spectrum central line width (dv)
on the angle 0 between the crystal’s 3-fold
symmetry axis ¢ and the direction of exter-
nal magnetic field By for a nominally pure
sample, and for the crystal containing
5.0 mol. % MgO. It should be noted that
the dependence 6v(0) for this pure LN sam-
ple within the error limits matches the
known results obtained in investigating other
congruent LN sample under the same experi-
ment conditions [13]. This figure also shows
the dependence &v(0) which has been earlier
obtained by simulation of the 9Nb NMR
spectra in a nominally pure congruent LN
crystal [13]. Experimentally obtained data for
the sample, containing 7.0 mol. % MgO will
be given in the next part of the paper.

3. Simulation of ©3Nb NMR
spectrum

In our work we have presumed that the
magnesium ions which are incorporate in
LiNbO5 structure can occupy only Li posi-
tions, so the structural formula of the LN
crystal with a high (overthreshold) Mg con-
centration takes the form:

[Li;_p,Mg,O,JNbOg,

where x > 0.05, and the symbol (O) denotes
the structural vacancy. Fig. 2 shows the
nearest cationic surrounding of MgLi2+ ion.
In terms of observing the crystal lattice
electroneutrality principle it is necessary to
presuppose that the lithium vacancy V|
compensating the impurity’s excess charge
which is localized in one of the eight posi-
tions of Li* ions as highlighted in Fig. 2.

The best method for simulation of the
NMR spectra of a quadrupolar nuclei in sin-
gle crystals is based on calculating the sets
of the EFG tensor realizations at the nuclei
under investigation [18]. In our case the
volume concentration of defects is very
high, and average distance between the de-
fects is only 0.8 nm. A strong cross-impact
of the defects makes it impossible to calcu-
late the EFG in such defective structure
using ab initio approaches [17].

To simulate the 93Nb NMR spectra we
used the algorithm proposed earlier [13],
which includes the random location of the
defects or defect complexes in the crystal
structure and further calculation of the sets
of the possible EFG tensor realization ac-
cording to the modified point- multipole ap-
proach. As a result, more than 4000 realiza-
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Fig. 2. The nearest cationic surrounding of
MgLi2+ ion. Li* ions are shown by small num-
bered circles; Nb ions are shown by the large
ones. Arrow indicates the direction of the
crystal polar axis.

®

tions of the EFG tensor at 93Nb nuclei were
obtained and took into consideration for the
simulation of the NMR line shapes. For
simulation of the action of local distortions
of the crystal structure, caused by the de-
fects, the additional dispersion of the prin-
cipal axes orientation of the EFG tensor and
dispersion of its main value were introduced
for the final calculations.

To analyze the degree to which the defec-
tiveness models under consideration con-
form to the experimental results the follow-
ing criterion has been used — the relative
rms deviation o, of the estimated value of
the line width (§v,) from the experimental

value (dv,):

" 2 .,1/2
GV - nZI |: 6\/6 ’
i=

where n is the number of points of the ex-
perimental angular dependence dv(0)) within

the range 12.5° <0 < 90°.

At the first stage of simulations we con-
sidered the simplest possible realizations of
the defect structure in LN:Mg with the
threshold Mg content which are given in the
Table 1. It was concluded that simulation
according to the model "m6" in the best
manner corresponds to the experimental
data in the case of LN doped by 5.0 mol.%
MgO and respective o, value is equal to
9.5 % . Nevertheless simulation of the 9Nb
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Table 1. The simplest possible realizations of LiNbO5;:Mg defect structure

Realizations of the defect structure Model

Independent localization of MgLi2+ and Vi, ml

Pairs (MgLi2+ + V), where V|, is localized in 1-st position of Li ions (Fig. 2) m2

Pairs (MgLi2+ + V|;), where V|; is localized in 2-nd position of Li ions (Fig. 2) m3

Pairs (MgLi2+ + V|;), where V|; is localized equally probable in the positions (3), (4), m4
(5)

Pairs (MgLi2+ + V|;), where V|; is localized equally probable in the positions (6), (7), mb
(8)

Pairs (Mg,_iz" + V|, where V|; is localized equally probable in the positions (3)=(8) mé

Table 2. More complicate realizations of the defect structure

V| are localized in the Mg, ; are localized in the next Model Smallest 6, %
next positions: * positions: ~
5.0 % MgO | 7.0 % MgO
(2), (3), (4), (5) 6), (7), (8) cl 9.5 14.3
1), (3), (4), (5) 6), (7), (8) c2 9.3 13.4
(1), (6), (1), (8) (3), (4), (5) c3 9.6 13.5
(2), (6), (1), (8) 3), (4), () cd 10.5 15.1
two from (3), (4), (5) two from (6), (7), (8)
one from (6), (7), (8) one from (3), (4), (5) ch 11 18.0
and in (1)
two from (3), (4), (5) two from (6), (7), (8)
one from (6), (7), (8) one from (3), (4), (5) c6 10.3 17.0
and in (2)

* Numeration of positions — according to Fig. 2.

NMR spectra for crystal which contains
7.0 mol. % MgO according to the models,
which are listed in Table 1, demonstrates the
largest differences between experimental and
simulated results — the best obtained o,
value in these cases was equal to 16.5 %.

And so we take into consideration the
more complicate defect complexes, which
contains of 4Mg; ions and 4V|; at the short-
est distances. Some realizations of such
complicate defect complexes, which we ana-
lyzed, are presented in Table 2. The lowest
values of 0, which were obtained by compar-
ing the experimental and simulated data are
listed in Table 2 too.

In spite of all configurations of the de-
fect complexes (cl—c6) it provides a good
correspondence of the experimental and
simulated data for the sample which con-
tains 5 % MgO, only complexes marked as
(cl-c4) give the minimal o, values for the
sample with 7 % MgO. The best results
were obtained when the 9Nb NMR spectra
were simulated according to the models
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"c2" and "e8". The angular dependences of
the 9Nb NMR linewidth for both Mg-con-
tained samples, simulated according to the
model "c¢2" are shown in Fig. 8 and Fig. 4.

4. Discussion

It is marked above already, that the av-
erage distance between the defects in highly
Mg doped LN crystals is relatively small, so
even in the assumption of random distribu-
tion of Mg,; and V|; in the crystal lattice the
probability of occupying two neighbor Li po-
sition by Mg; and V|; is very high. It leads
to appearance of different kinds of (Mg, ?*
+ V) pairs which are listed in Table 1.
Nevertheless the investigations of the de-
fect structure of undoped congruent LN
crystals show that the preliminary defects
in this crystal are the defect complexes
(Nb|_i5Jr + 4V|;) when three V|; locates at the
nearest neighbors Li sites, forming a va-
cancy triangle under Nbj; site, and fourth
V| locates relatively far away [13, 18] or in
one of the Li sites in upper Li triangle [19].

Functional materials, 21, 1, 2014



AV.Yatsenko et al.

/ Investigation of the defect ...

T

\0
40} ' é‘ﬁﬁﬁ
F
i
20F *
#_n
0 L 1 L 1
0 30 60 B.deg

Fig. 3. Angular dependences of the 93Nb
NMR spectrum central linewidth (dv) in the
crystal with 5.0 mol. % MgO content.
Squares indicates the experimental data, open
circles indicates the best results of computer
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Fig. 4. Angular dependences of the 9Nb
NMR spectrum central linewidth (dv) in the
crystal with 7.0 mol. % MgO content.
Squares indicates the experimental data, open
circles indicates the best results of computer

simulations according to the model "¢2".

It is concluded, that the latest configura-
tion [19] is energetically favorable. So it is
very possible that forming the (4MgLi2++
4V|;) defect complexes in highly Mg doped
LN crystal is energetically favorable too.

6. Conclusions

It can be concluded, that the most possi-
ble type of defects in LN crystal with the
threshold and highest Mg content are the
defect complexes (4MgLi2++4VLi) in con-
figurations presented by the models "c2" or
"e38" in Table 2. The most likely causes of
partial discrepancy between the simulated
and experimental 9Nb spectra can be first
of all neglecting the real local distortions of
the crystal structure of the defect com-
plexes and its nearest surrounding in the
process of simulations of the NMR spectra.

It should be noted that there are another
(not considered above) models of the defect
structure of LiNbO4:Mg crystals. First of all
it is possible, that at high concentrations
(over the threshold value) Mg ions partially
occupied not only Li sites but Nb sites too
[9]- In [20] dealing with the investigation of
the properties of LN crystals with Zn impu-
rity, it has been supposed that Zn2* ions do
not occupy the position of Li ions, but are
displaced into an unoccupied octahedron.
Simulations of the 93Nb NMR spectra ac-
cording these models are in progress now
and will be a subject of the next paper.
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