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Abstract

The simulations of NMR spectra of "Li and °*Nb nuclei for different models of intrinsic defects in single crystal of
congruent lithium niobate have been performed. It has been shown that the most probable defects in LiNbO; are
complex (Nby; + 3Vy;) and isolated Vi;. The NMR spectra of "Li have been simulated assuming that the potential
surface of Li ion in the distorted LiOg octahedron has four minima.
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1. Introduction

The intrinsic defects in lithium niobate (LN) crys-
tals resulting from Li/Nb non-stoichiometry con-
siderably change the optical, acoustical and other
properties of LN. At present, it is believed that the
excess of Nb>* ions in congruent LN occupy only
the regular Li sites [1-10]. The required local
charge neutrality of LN can be guaranteed either
by the oxygen vacancies [1], by Li vacancies at Li
sites [2] or by Nb vacancies at Nb sites [3, 4]. The
oxygen vacancy model [1] cannot explain the de-
pendence of the density LN on the Li/Nb ratio [11]
and thus is excluded. The Li-site vacancy model is
supported by the X-ray and neutron diffraction
studies [6, 12] and by computer simulations of de-
fects energies [7, 8]. The Nb-site vacancy model is
substantiated on the basis of an analysis of single
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crystal X-ray data [4] and on an NMR study [3].
Thus, it seems that at present a definite consensus
on the intrinsic defect model in LN has not been
achieved.

NMR is the method which allows to obtain di-
rect local information about the real structure of
the defects in crystals [13-15]. LN contains four
different quadrupolar nuclei - 'O (natural abund-
ance is 0.037%; spin I =3 [15]), °Li (natural
abundance is 7.42%; spin I = 1 [15]), "Li (natural
abundance is 92.58%; spin I =3 [15]) and °*Nb
(natural abundance is 100%; spin I = 3 [15]). The
quadrupolar nuclei O have very low natural
abundance and NMR 7O may be observed only
on the enriched samples.

The NMR studies of “Li in LN have been re-
ported in Refs. [16-24]. The temperature depend-
encies of the NMR spectra of "Li at T > 450 K
indicate that Li ions diffuse onto the regular posi-
tions in LN (Schottky defects) [16, 20]. It is inter-
esting to note that, to a good approximation, the Av
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(Av is the distance between the “quadrupolar” lines
of "Li NMR spectrum [13-157) depends linearly on
the temperature of the sample in the interval
77-334 K and above 334K [20]. At T ~ 334K
this dependence has a bend [20]. An analysis of the
observed temperature dependencies of Av suggests
that with increasing temperature the Li ion moves
towards the lower oxygen plane [20]. The addi-
tional NMR lines in LN have been observed in [18,
21, 22]. The quadrupolar splitting Av of these weak
lines is larger than that of basic “quadrupolar” lines
in ratio 1.49. In order to explain these additional
weak lines, Yatsenko et al. [18] assumed that in
distorded LiOg octahedron there are some minima
on the potential surface, which are occupied by Li
ions with different probabilities. The calculations of
the potential relief for Li ion in distorted LiOg
octahedron show that the potential function has
four minima: (a) three equivalent minima U, shifted
from ¢- axis and related by symmetry axis 3 and (b)
one minimum U, sited on c-axis [24]. From calcu-
lations it follows that U, < U,. Thus, we may as-
sume that the basic lines in the NMR spectra of "Li
may be related with those lithium nuclei which
occupy the three minima U, and the weak addi-
tional lines are related to the Li ions which occupy
the potential minimum U, [24]. The NMR spectra
of "Li nuclei at T = 4.2 K support this model of
multiminima potential of Li ion in the distorted
LiOg octahedron [23]. The NMR of Li was
studied in Ref. [25]. By comparing the NMR data
for 7Li and °Li it has been shown that °Li nuclei
occupy the sites only on the c-axis [25].

The NMR studies of **Nb in LN have been
reported in Refs. [3, 19-21, 26-32]. All these re-
ports mention the effect of the intrinsic defects in
LN on the line shape of NMR °*Nb observed in the
asymmetry of the line shape of the central
transition (+4«< —3% [13-15]). The additional
NMR line of °*Nb nuclei has been studied in Ref.
[21]. However, this additional line was observed
only in some crystals LN and, probably, is due to
the defects of the crystal growth. MAS-NMR study
of LN did not exhibit any additional line also [19].
In [30-32] the influence of the extrinsic paramag-
netic defects and the influence of laser illuminations
on the line shape of NMR “?Nb in congruent
LiNbO; : Fe,Cu have been investigated.

For the interpretation of the observed line shape
asymmetry of **Nb in LN two different methods
have been proposed [33-36]. The first method [33]
reconstructs the NMR line shape by familiar ap-
proach of image reconstruction from projections in
NMR microscopy [37]. In spite of the limitations
of this approach, it gives some qualitative informa-
tion about the probability distribution of the com-
ponents of electric field gradient (EFG) tensors at
the sites of *>*Nb nuclei [33]. The second method
uses the analysis of the angular dependencies of the
first and second moments of the NMR central-
transition line shapes [34-36]. This method also
gives information only about the probability distri-
bution of the components of EFG tensors at the
sites of °*Nb nuclei.

In this paper we have analysed the NMR spectra
of 7Li and °*Nb using the simulations of the
NMR spectra with different models of intrinsic
defects in LN. The simulations have been per-
formed assuming that (1) the intrinsic defects are
distributed randomly in crystal lattice; (2) the dis-
tortions of lattice which may be introduced by the
intrinsic defects are negligible; (3) the influence of
two different defects on EFG tensors of ’Li and
93Nb is excluded (“nonoverlapping” defects). The
effects of the lattice distortions and “overlapping”
defects will be considered in the second part of
paper [38].

2. Method of NMR spectra simulations

The calculations of the EFG tensors at the sites
of nuclei require a preliminary knowledge of the
so-called “effective” charges of lattice ions, anti-
shielding factors (1 —7,), precise coordinates of
ions in crystal, etc. Moreover, in the case of °*Nb
nuclei, the covalence effects of chemical bonds
Nb-O must be considered [27].

Common expression for EFG tensor compo-
nents V, (k, | = x, y, z) in a crystal-fixed coordinate
frame can be written as

Vkl = (1 - h/'oo)(Vkl)lan + (Vkl)cov: (1)

where (V). is the contribution to EFG tensor
from the effective charges of lattice ions; (Vig)eov 1S
the contribution to EFG tensor from the covalence
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effects resulting from the overlapping electron
shells of ions.

For the effective charges of ions we used the
following effective charges: q.; = 0.98|e|; gnp =
3.67 le]; go = — 1.55 }e|, which were obtained in
Ref. [39] by direct calculation of the electron den-
sity in LN with the help of OLCAO method.
Covalent contribution to EFG tensor of **Nb was
calculated using three additional charges ¢,4 local-
ized in the middle of the Nb-O bonds. The value of
qaa = —0.039]e| was obtained by comparing the
experimental one [27, 35] with the V,; value (V; is
ZZ-component of EFG tensor in the principal axes
frame of EFG) for >*Nb calculated in the pure ionic
model. For "Li we used (I — y,,) = 0.744 [27] and
for *Nb- (1 — y,.) = 16 [27]. EFG tensors compo-
nents were calculated in the same manner for all "Li
and °*Nb nuclei in the sphere with radius of 0.7 nm
(centre of the sphere is at the site of the defect).

Because "Li nucleus has relatively small quadru-
polar moment Q1; (Q; = — 3.66 x 107 2° sm? [15]),
NMR spectrum of "Li can be described in a first
order of the perturbation theory [13-15]. In this
case NMR spectrum of “Li contains three lines with
frequencies

vo(L1) — Av, vo(Li), vo(Li) + Av,

where vo(Li) = 7By (71 is the gyromagnetic ratio
of "Li nucleus) and

Av = (eQ;Vzz/4 h)(3cos? O — 1 + nsin®0cos 2¢).

)

In Eq. (2) V;, is the main component of EFG
tensor of nucleus at site of 'Li nucleus,
n = (Vxx — Vyy)/Vzz 1s the asymmetry parameter of
EFG tensor, XYZ is the principal axes frame of
EFG tensor at the Li site. The angles ¢ and ¢ are
the spherical angles of B, direction in the XYZ axes
frame.

The spin of **Nb nucleus is 2 and NMR spec-
trum of °*Nb must contain nine lines [13-15]. The
presence of structural defects in LN leads to alter-
ation of the >*Nb EFG tensor both in magnitude
and orientation. These alterations of the EFG ten-
sor components at sites of nuclei **Nb are leading
to the inhomogeneous broadening of the quadru-
polar satellites line shapes and experimental NMR

spectra of °*Nb usually contain only one line
(transition +4%«» —%) [27, 29]. The frequency of
this line v is determined by the second-order quad-
rupolar effects and can be written as [40]

v = vo(Nb) — K[A(p)cos* 6 + B(p)cos? 8 + C(p)]/
(6vo(ND)), (3)

where vy (Nb) = yn,Bo (ynp 18 the gyromagnetic
ratio of °*Nb) and

K =(3eQni V)’ I + 1) — 31/[2121 — 1)h]%, (4)
Alp) = — (%) + @ncos2¢ — ({n” cos* 2,

B(g) = (%) — 2nc0s 29 — (9n* + 3)n” cos’ 20, (5)
Clp) = — () — @)ncos2¢ + (3)n* — @)n* cos” 2.

In Eq. (4) QOnp is the quadrupolar moment of
?3Nb nucleus (Qnp = — 37x 10726 sm? [15]);
1 =Vyx — Vyy)/Vzz; Vxx, Vyy, Vzz are the compo-
nents of the EFG tensor at the site of **Nb nucleus
in the principal axes frame. The angles 0 and ¢ de-
scribe the orientation of the magnetic field B, in the
XYZ-frame.

The simulations of NMR spectra of ’Li and
?3Nb nuclei were fulfilled according to the follow-
ing algorithm:

1. For a given type of the intrinsic defects the
EFG tensors at the sites of nuclei Li and Nb in the
sphere (R = 2 nm) have been calculated in a crys-
tal-fixed coordinate frame;

2. By the diagonalization of ¥, tensors (i — the
number of the EFG tensor) the array of the values
(V32,5 09, ) have been obtained:

3. Then the calculated values of V.), 6% were
assumed as expected values of respective Gaussian
distributions functions with standard deviations
a(V52) = 0.03 V52 and ¢(6?) = 2°. This assumption
allows partly to take into account the distortions of
the lattice which are introduced by the intrinsic
defects; )

4. Each V) from the array of values (V5y, n,
69, @), by means of equation (2) for "Li (or Eq. (3)
for >Nb) allows to obtain the frequencies of NMR
spectrum;

5. Taking into account the concentration of the
given type of intrinsic defects and broadening of the
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cach line of spectrum by the Gaussian functions (its
second moment equal to the Van-Vleck second
moment [14, 15]), the simulated NMR spectra have
been obtained.

3. Results and discussion

The experimental NMR spectra have been
obtained at the room temperature using the home-
built wide-line NMR spectrometer with the stabil-
ized Pound-Knight detector. To increase the signal
to noise ratio (SNR) the 2048-channel digital aver-
ager has been used [41]. Measurements were made
at By = 1.13 T for 7Li NMR and at B, = 1.4 T for
>>Nb NMR. Experimental results have been ob-
tained on undoped congruent LN single crystals
and on the Fe-doped (0.07 wt%) samples. The
NMR spectra of "Li and **Nb for undoped and
Fe-doped crystals of LN have the same shapes.
Predicted types of the intrinsic defects in LN [1-4]
and their modifications according to a local elec-
troneutrality principle are presented in Table 1.

Single crystals of the congruent LN were grown
by the Czochralski method and were obtained from
the different Laboratories of Russia (Novosibirsk,
Sankt-Petersburg, Moscow).

The results of simulations and experiments are
shown in Figs. 1 and 2. From Figs. | and 2 we see
that models (a)(f) cannot describe the experi-
mental NMR spectra of "Li and **Nb nucleiin LN.
The discrepancy between the simulated and experi-

Table 1
Models of intrinsic defects in congruent LN®

mental NMR spectra are caused probably by
the local distortions of the lattice introduced by the
defects. The local distortion of lattice, so as the
influence of the “overlapping” defects on the EFG

V(Nb)  100kHz

Fig. 1. Experimental (E) and simulated ((a)~(f)) NMR spectra of
3Nb nuclei for different models of the intrinsic defects in LN.
% = 35", ais the angle between B, and crystal axis of symmetry c.

Chemical formula (48.4% Li,0)

Models of defects® and distributions of defects in lattice

Symbol of model

Lig.9371 Nb O.06s6 [1] Random distribution of 61;; and 3V, (a)
Random distribution of 3 complexes ¥, + 2V (b)
[Lig.047 Nbg.g106] NbO; [2] Random distribution of Nby; and 4V, (c)
Random distribution of complex Nby; + 3V (34, are sited (d)

above Nby;) and ¥,

Random distribution of complex Nby; + 3¥;; (31, are (e)

sited below Nby;) and V;;
Random distribution of 4 complexes (Nby; + Vi) and Nby; (f)

[Li(l.947 NbO 053] NbO‘Q57h OJ [4]

“Vis Vo, Vap — vacancies of Li, O and Nb ions, respectively; Nb; —Nb ion on Li-site.

®per 100 formular units approximately.
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+100KHz

Fig. 2. Experimental (E; and E,) and simulated ((a)-(f)) NMR spectra of "Li nuclei for different models of the intrinsic defects in LN.

o =0

tensors, must increase the alteration of the compo-
nents of the EFG tensors on the sites of nuclei Li
and Nb. These alterations of the EFG tensors must
lead to the inhomogeneous broadening of the spec-
tral lines so that the additional lines in NMR
spectra of °>Nb (Fig. 1) may vanish. The additional
inhomogeneous broadening of the NMR spectra
will increase the second moment of NMR spectra of
93Nb also. From data shown in Fig. 3 and in Table
2 we may conclude that only models (d) and (e) of
the intrinsic defects in LN the models (d) and (e) are
close to the NMR experimental data.

The simulated NMR spectra of ”Li nuclei (Fig. 2)
for the models (a), (b) and (f) contain the weak
additional lines just in the ranges where the addi-
tional “quadrupolar” lines are observed. It is inter-
esting to note that the simulated spectra for the
models (b) + (c) with relative concentrations 1.1:1
are in good agreement with the experimental
spectra not only qualitatively but also quantitat-
ively (Fig. 4).

However, as can be seen from Fig. 2, for the
models (d) and (e), which preferably describe the
experimental data on °*Nb NMR, the NMR
spectra of ’Li do not contain any additional “quad-
rupolar” lines. Our experimental data show that
the shapes of the NMR spectra of "Liin LN do not
change for high enough concentrations of the im-
purity (up to 0.7 wt% of Fe and up to 2 wt% Mg).
It may be suggested that the additional lines in
experimental NMR spectra of “Li nuclei are not
due to the intrinsic defects.

In order to explain these additional lines we
assumed that, as mentioned in Introduction, the Li
ions may occupy the four positions in the lattice of
LN (Fig. 5). The results of the potential surface
calculations for Li ion in the distorted LiOg oc-
tahedron have been reported in [24]. From these
calculations it follows that the coordinates of
those four minima are: a; (28 pm, 0 pm, 0 pm),
a; (—14pm, 2425pm, Opm), a3 (— 14 pm,
—24.25 pm, 0 pm), b (0,0, —1.5 pm) (Fig. 5). If we
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&9,kHz

| 8V, kHz
60 4 @) l 60
50 50
40 40
30 +30
20 +20
10 10
S — 1 —1—— 0
K, deg 0 30 60 0 30 60 90 of,deg

Fig. 3. Experimental (®) and calculated from the simulated spectra angular dependencies of the linewidth 8y of the NMR °*Nb central

transition line.

Table 2

Theoretical and experimental values of M, for central lines of
3Nb NMR spectra. 2 is the angle between B, and crystal axis of
symmetry ¢

Model M, (kHz?)
xa=0°  o=35° @ = 60" o =90°

(a) 200 782 640 337

(b) 13.8 804 912 259

(¢) 226 786 950 299

(d) 12.3 510 706 201

(e} 14.8 678 680 327

(f) 85.8 1965 977 585
Experimental 33 + 2 2000 + 100 > 2000 430 + 25

assume that Li-ion, occupying one of the g posi-
tions (i = 1, 2, 3), undergoes the fast reorientation
about its threefold axis (axis ¢), then it is easy
to show [14, 15] that the quadrupole satellites

splitting Av, (Fig. 5(a)) of "Li NMR may be written
as

Avy = (eQuiV7)/4h)(3cos® o — 1), (6)

In Eq. (6) V,2 is the main component of EFG
tensor at sites of a; (i =1, 2, 3), « is the angle
between the axis ¢ and B,,.

For Li ion which occupies the b-position on the
symmetry axis ¢ and is not mobile (U, — U, » kT,
Fig. 5(c)), we have from Eq. (2)

Avy = (eQu V7 /2h)(3cos? o — 1), (7)

where V,2 is the major component of EFG tensor
at b-site.

Using the coordinates of g; and b positions, we
calculated V% and V5. Results of the calculations
Avy and Av, are shown in Table 3. From Table 3 we
see that there is a good quantitative agreement

between computed and experimental data.
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M, « He

500 -

400 -

300 -

200 -

100 4

(b)+()

-80 -60 ~30

T T

30 60 30 o,deg

Fig. 4. Experimental (@) and obtained from the simulated spectra angular dependencies of the second moment M, of "Li NMR

spectra.

B
b

2/ \2
120 240°

Fig. 5. (a) Experimental NMR spectrum of "Li at o = 0°. (b)
Scheme of the four equilibrium positions (¢, a,, a3 and b) for
Li-ion in LN. The position of the center O coincides with the
positions of Li-ion defined by X-ray data [4]. Distances
Oa; = 0a, = Oaz =28 pm; Ob = —1.5pm [24]. (c) Scheme
of the potential function for the Li-ion in LN.
|Up — U,| 2 0.075eV.

Table 3
Experimental and calculated values of Avy, Av, and W,/W,

Calculated Experimental
Av, (kHz) 54.7 550 +02
Av, (kHz) 76.2 820 +20
Av,/Av, 1.39 1.49 £ 0.04
W,/ W, 0.04 0.06 + 0.01

Assuming the probabilities W, and W, of the
occupations by Li ions of a; and b positions as
described by the Boltzmann distribution we may
write

Wi/Wy = exp(—|Us, — Upl/kT). t

The experimental and calculated values of
W,/W, are also shown in Table 3. The calcula-
tions of W,;/W, have been performed using the
theoretical data for potential surface obtained in
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[24]. From data of Table 3 it follows that at
T =300 K

|U, — Uy| ~ (7,510 2 ¢V. )

4. Conclusions

The presented results on the simulations of "Li
and °*Nb NMR spectra in congruent LN can be
considered as preliminary ones since the influenccs
of the “overlapping” defects and lattice distortions
on NMR spectra still are not fully accounted. How-
ever, from these preliminary results it follows that
the Nb-site vacancy model is not consistent with
the NMR data and probably only the Li-site va-
cancy model may be considered as the proper in-
trinsic defect model of the LN structure. The
investigations of NMR spectra of "Li nuclei show
that the shapes of the resonance lines are not sensi-
tive to the type of the intrinsic defects and the
observed additional NMR lines of "Li in LN are
probably related to the peculiarities of the potential
surface and to the mobility of Li ions in the dis-
torted LiOg octahedron.
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