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Abstract

The expression for the angular dependence of the first moment of the nuclear magnetic resonance central

transition (+1/2 & F1/2) lineshapes of a quadrupolar nuclei with half integer spins in a disordered solid is derived
and used for investigation of the structural distortions in LINbO,.
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1. Introduction

The structural distortions of LiNbO, arising
from the non-stoichiometry as well as the para-
magnetic defects play a leading role in the vari-
ability of the physical properties of this crystal
(ferroelectric, piezoelectric, pyroelectric) [1]. The
effect of the structural distortions of LiNbO, on
the lineshape of *Nb nuclear magnetic reso-
nance (NMR) signals is observed in the asymme-
try of the lineshape of the central transition
(£1/2 < F1/2) [2-6]. For the interpretation of
the observed lineshape asymmetry in this and
other crystals [3,7], a familiar approach as analy-
sis of image reconstruction from projections was
proposed [8]. In spite of the limitations of this
approach [7], some qualitative information about
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the probability distribution functions of the com-
ponents of the electric field gradient (EFG) ten-
sor may be obtained [3,7]. In Refs. [9-11] differ-
ent methods have been developed for determin-
ing the orientational distribution functions of par-
tially ordered ensembles of spin systems from the
analysis of magnetic resonance lineshapes. These
methods may also be applied to the analysis of
the NMR lineshape asymmetry of quadrupolar
nuclei, but only in those cases where other
anisotropic interactions of quadrupolar nuclei
(dipolar, chemical shift) are small and the pringci-
pal components of the EFG tensor are not al-
tered.

The purpose of this paper is to describe a
simple method for the investigation of structural
distortions in solids by NMR of quadrupolar nu-
clei. The method is based on the analysis of the
angular dependence of the first moment of the
NMR central-transition lineshapes of quadrupo-
lar nuclei with half-integer spins.
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2. First moment of central-transition lineshape

As has been shown in earlier works [3,12], the
second-order quadrupolar shift of the +1 /2o
+1/2 transition of nuclei with half-integer spins
[13] may be written as

5
AV(lz/)z=V‘Vo: WY Qubi (1)
k=1
where W= —3(eQ)?/[hv21*°Q2I - 1)*], v, =
vB,/2m [13].

The functions b, are defined by the spherical
angles ¥ and ¢ of the magnetic field direction B,
in a crystal-fixed coordinate frame. These func-
tions are given in the Appendix.

The functions Q,, are defined by the compo-
nents of the EFG tensor and have the form

Owi=aa 2)
where

4=Vzz; a=Vyx—Vyy);

4G3=Vxzs @=Vyy; a5=Vy, (3)

and V;; (i,j =X,Y,Z) are the components of the
electric field gradient tensor [13] in a crystal-fixed
coordinate frame.

The presence of structural distortions in a
crystal leads to alteration of the EFG tensor in
both magnitude and orientation. These alter-
ations of the EFG tensor components lead to the
inhomogeneous broadening of the central transi-
tion lineshape and this NMR line broadening
may be described by the method of moments [13].
In particular, the first moment can then be writ-
ten as

5
M1Q ZA_(VIZ/)Z =W Z Qk/bm (4)
kl=1
where Q,, = JP(@Q,(a)dq and P(q) is the joint
probability density distortion in the five-dimen-
sional parameter space that describes the spectral
broadening.

From the symmetry of the LiNbO, crystal it
follows that when the crystallographic symmetry
axis ¢ is parallel to the Z axis of a crystal-fixed
coordinate frame, the expression for M 10 I8 sim-
plified to

Mg =A,+A,c0529 + A5cos 49 (5)

where

45 _ 5 _ 11 _ 5_
A= W(1—6Q11 + Esz + 7Q33 + §Q44

11 _
+ ?st)

9_ 15 _ _ 15
A, = W(ZQ[] - ?sz + 603 — 7Q44

+6§55)

81 _ 9 _ 9 _ 9_
3= W(—EQH - 5Q22+ 5Q33_ §Q44

+ géss) (6)

In the perfect crystal LiNbO, the niobium
lattice position has a three-fold symmetry and
therefore, the major EFG principal axis is paral-
lel to the crystallographic ¢ axis and the asymme-
try parameter of the EFG tensor is zero. Reex-
pressing the EFG components V,-j, referring to
the crystallographic axes, in terms of the EFG
tensor principal parameters (asymmetry parame-
ter n and coupling constant eq, [13]) and the
Euler angles («, B, y) that take the crystal frame
into the principal axes frame, and assuming that
the asymmetry parameter 1 and the deviation of
the major axis from the crystallographic ¢ axis
(angle B) are small, we obtained

15 7 S 3
A =— T (Vé/uo){l + ng+ mnz ll - gcos[ll(a + y)]];

25 3
Ay= *3(”(%/1/0){1 +3p7— &772[1 - §005[4(a + 7)]]}

A= -2z 15252134
3*'7("()/”0){‘ +35B ~ " —ECOS[ (OI*Y)]}

where

3ezq0Q
T on2r - 1y

In the crystal LINbO, there are other anisotropic
interactions of quadrupolar nuclei *>Nb —dipolar
and electron-nuclear interactions [13,14]. These
interactions give also rise to the NMR line broad-
ening. The contribution to the first moment of
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Fig. 1. The angular dependencies of M, in the undoped
crystal L1Nb0 (a) By=1T;(b) By=5T. v, is the resonance
frequency of ®Nb in NbF; dissolved in HF.

the NMR lineshape arisen by the dipole—dipole
interactions between nuclei is zero [13]. The elec-
tron—nuclear interactions (chemical shift) lead to
the following contribution to M, [i4]:

Mle—n=V0|:U_L_(0-||_UJ_)C05219] (7)

where o and o, are the principal components
of the chemical shift tensor [14].

The total moment M, of the central transition
lineshape is

M1=M1Q+M]e—n (8)

We used Eqs. 5-8 for the analysis of the experi-
mental results of “Nb NMR in the undoped
crystal LINbO; (Fig. DL

Assuming that the five independent EFG com-
ponents g, (k=1, 2,..., 5) are also statistically
independent and using the least-squares method
we obtained

o= (140 + 15) X 107°,
=(—35+15)x107¢,

! The experimental spectra of Nb were obtained on a
home-built wide-line NMR spectrometers at By=1.0 T and
B, =5.0T at room temperature. The small r.f. field was used
to avoid saturation of the NMR spectra.

(n?
T

73)"" = (0.42 £ 0.003) MHz,

12 _
)

(B) " =346 £ 15

The investigations of the angular dependencies
of M, in doped crystals of LiNbO; containing
various amounts of Fe ions demonstrate that the

parameter Vz is almost unaffected by paramag-

netic ion effects. In contrast, the parameter 82 is
sensitive to the paramagnetic ions content (Fig.
2).

It is interesting to note that, as follows from
Fig. 1 and Fig. 2, the deviation of the major axis
of the EFG tensor from the ¢ axis is also not zero
in undoped (perfect) crystals of LiNbO,. Perhaps
this disordering in the direction of the major axis
of the EFG tensor is a result of a temperature
disordering of the electric dipolar moments of the
NbO, distorted octahedrals.

3. Conclusions

We have shown that the analysis of the line-
shape asymmetry of NMR central transitions of
quadrupolar nuclei with half-integer spins by the
method of moments gives important information
about the structural distortions of solids. In par-
ticular, it was shown that in LiNbO, there are
deviations in the direction of the major axis of the

VF_‘, deg

M,mass%
Fig. 2. The angle of deviation (89)!/2 of the major axis of the
EFG tensor from the crystallographic ¢ axis in the doped

LiNbOj crystal as a function of the content of Fe ions.
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EFG tensor from the ¢ axis and this disordering
is sensitive to the content of paramagnetic ions.
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Appendix

The functions b,, in Eq. 1 are %

45 9 81
b, = £V + gcos219 - §c0s419

b,= ———39+—3 219+——27 49 2
12 ( ) 8cos 32005 )cos @

27 3.
by,= (— gsin4ﬂ -+ Zsm219)cos<p

b= ——39 + —3 29+ —27 49 |sin2
=
14= ( TR 16 O sin2¢

3 27 . .
bis= (Zstz‘} - §51n419)sm @

15

9
by, = 7 1—6003219—— acos41§

’ 29 ’ 49 27 4
+(ECOS ~ ga C0s 40 — = fcosde

9 15
by = ——sin419+—8—sm219)c0s<p

16

% sindd — —sin29 |cos3
+ _— —_—
( 16 sSin ) s )COS ®

b ’ 29 ’ 49 27 in 4
24—(8005 37 08 32)sm @

b (15'21‘}9'40)'
25 = g Sin 16 sin sin ¢

9 9
— —sin29 + —sin4d |sin3
+( 8sm o 1651n 19)5111 ©

2The functions by, in Appendix of Ref. [3] are obtained
from the functions 2b,, in this Appendix by replacing ¢ with
(180° — y4) and & with B.

1 9
by = 7 + 3cos 29 + Zcos41‘}
3 9
+ (— —3cos 29 + —cos41‘})0052<p
4 4
15 9 .
by = (—sin21§‘ + —s1n419)s1n @
4 8
9 . 9
+ (— —sin249 + —sin4ﬂ)sin3¢
4 8
9 3y .
b= (Zcos4ﬁ —3cos 29 + Z)sm2<p

5 15 9
by = (E - TCOS 29— 1—6005419

+ ——27 - —9 29 + —9 49 4
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15 9
b45=(—sin2ﬂ+—sm419)cos<p
4 8
2 i 29 i 49 3
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3 9
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