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Abstract—The analysis of a defect structure based on two well known formulas of the congruent composition
of a LiNbO; crystal has been performed. Five main variants of the defect structure are considered and used for

calculating the electric-field gradient at the 7Li nuclei. Based on the set of the electric-field gradient tensors, the

nuclear-magnetic-resonance (NMR) spectra

are simulated for the models and then compared with the experi-

mentally observed ones. It is found that the best agreement of these data is observed for complex defects [of the
type when Nb>* occupies a Li* vacancy plus three Li* vacancies (in the nearest environment) plus one indepen-
dent Li* vacancy] with due regard for mobility of the "Li nuclei within the octahedron LiOg under the conditions

of 3Li,O deficiency.

The major task in the studies of both intrinsic and
impurity defects in various single crystals is associated
with the choice of the complex of appropriate methods
for their investigation and a correct interpretation of the
data obtained. This problem acquires a specific impor-
tance in the case of a random spatial distribution of a
small number of defects, when both neutron and X-ray
diffraction analyses are not informative enough. The
study of intrinsic defects in a LiNbO, ferroelectric is an
obvious illustration of the complexity of this task,
where the main data to be interpreted are the crystal
density [1], the estimated energy of defect formation
[2], etc.

From the standpoint of radiospectroscopy, LiNbO,
single crystals are of interest, because they include
three types of nuclei possessing an electrical quadru-
pole moment—"Nb, 7Li, and Li. Any type of intrinsic
defects in the LiNbO, structure specifically distort the
intracrystalline electric field within a radius of ~1 nm
around the points of their location, and, therefore, the
NMR method is extremely promising for revealing
existing defects of this type. Nevertheless, an attempt to
separate defects in the cation sublattice with the use of
the NMR method [3] failed. A simplified analysis of the
effect of intrinsic defects in the LiNbO; structure on the
’Li and **Nb NMR spectra [4] gave no unambiguous
results either and, in fact, only helped to choose the
appropriate method for their further study. Below, we
consider the results of the studies of the defect structure
by the method of computer simulation of the complete
NMR 7Li spectrum with the use of the exact calculation
of the electric-field gradient at the 7Li nuclei in the ionic
approximation. The calculations were made under the
assumption that the effects produced by individual of

defects do not overlap and thus produce no additional
distortion of a structure in their nearest environment.

The convergence of the lattice sums in the calcula-
tions of electric-field gradient was checked for the
undistorted LiNbO; structure. It was found that, at R >
4.0 nm (where R is the summation radius), the calcula-
tion error does not exceed 3%, and the values of the
effective charges of the 0%~ and Nb5* ions are equal to
—1.46|¢| and +3.38|e], respectively (where |e| is the
modulus of the electron charge). In the calculations of
the effective charges, it was assumed that the effective
charge of Li* is equal to 1.00|e|, the quadrupole
moment of the 'Li nucleus is eQ = -3 x 1026 cm? le]
[5], and the constant of antiscreening is (1 — vy,.) =
0.744. We used the experimental value of the quadru-
pole coupling constant C, = 55 kHz [6]. It should be
noted that the use of other eQ values [6] in such calcu-
lations almost did not affect the final results obtained in
our work.

The calculations based on different models of defect
distribution yield a set of possible electric-field gradi-
ent tensors at the 7Li nuclei—from 77 to 250 various
sets. The standard expression for the quadrupole shift
of the transition (+3/2 == +1/2) frequency for nuclei
with the spin I = 3/2 in the first order of the perturbation
theory has the form

Av = i%(3cosze— 1+ nsinzecos2(p),

v -
where C, = AL =Y Vy » C,is a constant of
h v
2z

quadrupole coupling, 1 is the asymmetry parameter of
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Formation of the LiNbO, defect structure
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Model | Formula of the congruent composition Variant of structure format';on
1 Lip 944NbO, 973 [91; Independent vacancies 2Vy; and Vg [2] (@) :
s Complexes of bound vacancies Vi; + Vg + V,(b)
2 [Lio.waO.mm]NI:)@ [11] Independent vacancies 4V ; and Nbi‘-; [2) () ~
Complexes of bound vacancies (Nb} + 3V; ) and independent Vy; (d)
3 [Lig 941 Nbg 959]Nby 95,505 [10] Complexes 4(Nb; ¢ + Vi) and independent Nbi ! 2] (e)

the electric-field gradient, V, is the main component of
the electric-field gradient tensor in its own coordinate
system, 0 is an angle between the Z-axis of the electric-
field gradient tensor and the external magnetic field B,,
and ¢ is an angle between the projection of B,onto the
XY plane in the coordinate system of the electric-field
gradient tensor and the X-axis of the electric-field gra-
dient tensor [7]. Evidently, knowing (V,)); and n; and
calculating 6, and @; for the ith variant of the electric-
field gradient tensor, we can obtain a set of the corre-
sponding Av; values. Taking into account that the inten-
sities of the quadrupole satellites and the central line for
the nuclei with the spin / = 3/2 are related as3 : 4 : 3
and that the magnetic dipole—dipole interactions pro-
vide the Gaussian shape of the line having a width of
dv = 8.2 kHz [8], we can restore the complete NMR "Li
spectrum for any B orientation with respect to the
 threefold symmetry axis C of the crystal.

The existence of intrinsic defects in lithium niobate
single crystals to be analyzed follows directly from two
“competing” formulas for the congruent composition
[9-11]. These formulas and the well-known variants of

-100 kHz

the defect structure, as well as the variants satisfying
the principle of local electric neutrality of a crystal, are
indicated in the table. According to the analysis made
elsewhere [2], the preferable defect types are deter-
mined by model 3 indicating the formation of a local
ilmenite-like structure. At the same time, the complex
X-ray and neutron diffraction studies of lithium-nio-
bate specimens of various compositions [12] favor
model 2. One should also note that the formula of a
congruent composition suggested in [12] differs from
that indicated in the table, but it does not affect the
results of the further analysis.

The complete NMR "Li spectra restored from the
calculations of the electric-field gradient in variants (a)
and (e) are shown in Fig. 1. It should be noted that these
variants are characterized by the existence of the posi-
tions of "Li nuclei with a high C, value (up to 300 kHz),
which results in the appearance of additional satellite
lines with a considerable splitting over the whole range
of crystal orientations in a magnetic field and in a dras-
tic increase of the second moment S, in the NMR spec-

<)

+100 kHz

Fig. 1. NMR Li spectra for o = 0° restored by using the variants (a) and (e) of the defect structure formation (see table) and the
10-times multiplied experimental spectrum (*). & is an angle between the C-axis of a crystal and By.
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ANALYSIS OF INTRINSIC DEFECTS

Fig.2.NMR "Li spectra for oL = 0° restored using the (b) and
(¢) variants, and the combination (b + ¢) and the experimen-
tal spectrum (*) normalized to the intensity of the central
line of the spectrum.

trum in a range of o = 55° in comparison with the cor-
responding experimental values.

The experiments were made on an NMR spectrom-
eter with an autodyne gauge at B, = 1.13 T, In order to
increase the signal-to-noise ratio, a multiple signal stor-
age and an optimal digital filtration of spectra were
used. Earlier, it was shown that Fe impurities do not
affect the shape of NMR "Li spectrum over a wide con-
centration range [4, 13], and, therefore, a congruent
LiNbO; : Fe single crystal (0.07 wt % in the charge)
was studied in order to reduce the time of the experi-
ment. The additional experimental studies of the NMR
"Li spectrum in the concentration range —90° < o < 90°
at a scanning width of up to 400 kHz showed no addi-
tional lines [13], despite an increase of the signal-to-
noise ratio up to 500 for the main quadrupole satellites
(Fig. 1). The fact that no side lines of the spectrum were
- observed in [3] is explained by the experimental
method used there—rotation at the magic angle and the
use of polycrystalline specimens.

The spectra restored using the (b) and (c) variants
are shown in Fig. 2. The NMR 7Li spectrum, restored
according to the variant (d), is almost identical to (c).
The comparison of the spectrum (b) with the experi-
mental one shows their qualitative consistency; how-
ever, a relative integrated intensity of the side lines
(with respect to the main quadrupole satellites) is
nearly two times higher than the experimentally
observed intensity. In fact, one can assume that the
defects in the LiNbO, structure can be described within
both variants, (b) and (c), at the concentration ratio
L.1:1.0. This provides a rather good qualitative and
Quantitative agreement with the experiment (Fig. 2).
The orientational dependences S, of the whole NMR
"Li spectrum also favor such an approximation (Fig. 3).

CRYSTALLOGRAPHY REPORTS Vol. 43 No. 2

1998

305
S,, kHz2
400
3001 ‘ @
(e
200~
100~ .
N b +¢)
i ! | T ] 1

|
-30 0 30 90
o, deg

i
-90

Fig. 3. Orientational dependences of the second moment S,

of the complete NMR Li spectrum according to the vari-
ants (a), (e), and the combination (b + ¢). Dots indicate the
experimental S, values.

The inconsistency between the width and the relative
amplitude of side lines calculated by such a combined
model and also between the S, variations in the range
0= F 55° and the experimental data can be explained
by the neglect of the local distortions of the crystal
structure by defects and overlap of the effects caused by
defects that take place in real crystals.

Nevertheless, it was found out that, when the speci-
men temperature is lowered from 77 to 4.2 K, the rela-
tive integrated intensities of the side lines increase by
more than twice—from 6.0 ¥ 1.0% to 13.5 F 1.5%
[14]. Tt is evident that the state of the specimen and the
concentration of defects of the types under study are
independent of temperature. Thus, only the (¢) and (d)
variants of the defect structure with allowance for
mobility of the Li* ions in LiOg octahedra [13] can cor-
respond to the experimental NMR 7Li data. It is the
mobility of these ions that results in the quasi-powder
form of the spectrum observed. The detailed analysis of
the dynamic disorder of the electric-field gradient can
be performed by calculating the structure of the intrac-
rystalline field potential and then calculating the elec-
tric-field gradient for energetically favorable Li* ion
positions. Such calculations are under way.

One should also note that the computer simulation
performed for the line due to the main transition of the
NMR %Nb spectrum for a similar set of structures with
defects favors the variant (d).
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