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Lithium niobate crystals doped with neodymium were studied with the help of electron paramagnetic
resonance, EPR in the temperature range of 4.2 – 20 K. Tremendous narrowing of the EPR lines in nearly
stoichiometric samples in comparison with congruent ones allowed us to distinguish four non-equivalent
centers, as well as line splitting caused by hyperfine interaction of neodymium electrons with nuclear
spins of both magnetic isotopes 143Nd and 145Nd. It is shown that one of the centers has axial C3 symmetry,
whereas all others have lowest C1 symmetry due to presence of intrinsic defects or/and charge compensation defects in the near neighborhood of Nd3+.
© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction
Lithium niobate doped with rare earth and transition elements has excellent perspectives for integrated
optics, since it allows developing many elements on one platform: small compact laser, frequency modulator and demodulator, frequency converter etc. The laser system LiNbO3 :Nd3+ (LN:Nd) is extensively
studied by different methods beginning 1967. Since spectroscopic and gain properties of a solid state
laser strongly depend on the location of the active ions in the host material, numerous publications were
devoted to the study of neodymium location and surrounding. First investigations of LN:Nd have revealed one [1] and two [2] different Nd3+ centers. Later on, a resolution enhancement allowed to distinguish three [3] and even more [4, 5] non-equivalent centers, NEC. It is remarkable, that according to
independent experiments – Rutherford backscattering spectrometry, RBS, in combination with channeling [6, 7] and extended X-ray absorption fine structure, EXAFS [8] – the Nd3+ ions substitute for Li+ in
all NEC with slightly different displacement from the Li lattice site. The presence of NEC has been related to the defects associated with non-stoichiometry of LN; however, the nature of these defects (Li or
Nb vacancies) is still under discussion. The found position of Nd3+ inside the Li octahedron is independent of the crystal composition characterized by ratio xC = [Li]/([Li] + [Nb]). The position of intrinsic
defects with respect to the impurity was not studied, since it is rather difficult to determine the point
symmetry of impurity centers by optical, RBS or EXAFS methods.
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Co-doping of LN with Mg or Zn (these impurities increase the resistance of LN crystals to the optical
damage) leads to the appearance of additional NEC [9, 10]. In these double-doped crystals Nd3+ occupies
again the Li octahedra [11]. This is in contrast to the tendencies for other trivalent ions like Fe3+ and Cr3+:
these ions also occupy the lithium octahedra in undoped crystals, but they occupy the niobium octahedra
in crystals doped with Mg or Zn above threshold concentration.
In order to obtain additional information about neodymium centers we carried out a study of LN:Nd
crystals of different composition with the help of Electron Paramagnetic Resonance, EPR.

2

Crystals, equipment, computer programs

Two sets of the samples, grown by the Czochralski method and doped with 0.06 wt% Nd2O3 in the melt,
were used. One set of the crystals was grown from a congruent melt; another set was grown under special conditions from the melt with the addition of potassium, leading to Li-rich or nearly stoichiometric
samples. The actual composition of crystals xC ≈ 49.6 ± 0.2% was determined by the analysis of the EPR
line widths and the intensity ratios of the forbidden and allowed resonance transitions [12].
The EPR measurements were carried out in the temperature range 4.2–20 K by means of Bruker ESR200 (Osnabrück, Germany) operating in X-band, Bruker ESR-300 (X-band, Giessen, Germany), and
Bruker ELEXSYS 560, EPR with DICE ENDOR (X- and Q-bands, Bozeman, USA).
The treatment of the EPR spectra (filtering, peak picking, simulations, spectra subtraction etc.) and
their angular dependencies were made using the “Visual EPR” programs [13] based on exact numerical
diagonalization of the corresponding spin-Hamiltonian matrices.

3

The EPR spectra and their angular dependencies

The ideal LN lattice (see Fig. 1 in Ref. [14]) has two LiNbO3 molecules in its rhombohedral unit cell,
and the space group symmetry is R3c [15, 16]. All sites on the z (or optical c) axis of the crystal, including the sites of Li, Nb and the structural vacancy v, have the symmetry of the point group C3. An isolated
defect in any of these positions creates a C3 center (in the following also labeled an “axial” center). A
defect ion shift along z-axis does not change the center symmetry. All other positions have the lowest
possible symmetry, C1. A complex of two defects has C3 symmetry, if both are located on the crystal
z-axis, and C1 symmetry in all other cases. The glide mirror plane transforms one of the two molecules
into another one, and correspondingly, the surroundings of the “Right” (R) centers into the surroundings of
the “Left” (L) one. The L and R partners are electrically identical (they have the same crystal field splitting)
and are not distinguishable by optical methods, but they are magnetically non-equivalent and can be

Fig. 1 Assignment of the lines of different NEC
and hyperfine structures for Nd3+ in nearly
stoichiometric LN.
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resolved by magnetic resonance techniques. In the R3c lattice each C1 center has two additional magnetically non-equivalent partners, which can be transformed into each other by a rotation around the
z-axis of the crystal by 120° and 240°. Therefore, at arbitrary orientations of the magnetic field each
of the resonance transitions can produce one line for C3 centers and six lines for low-symmetry C1 centers.
The usual spin-Hamiltonian, which describes the positions of the Nd3+ EPR lines, can be written as
H = β B g S + SA(i) I (i) .

(1)

Here β is the Bohr magneton, B the vector of the static magnetic field, g the g-tensor, S, I the electron
and nuclear spins of the paramagnetic center, A the tensor of hyperfine interaction (HFI), and i the isotope number.
Neodymium has six stable isotopes; two of them 143Nd (I = 7/2, natural abundance 12.2%) and 145Nd
(I = 7/2, 8.3%) have a non-zero magnetic moment. Therefore, each magnetically non-equivalent center
creates 17 EPR lines: one strong line caused by all non-magnetic isotopes and two hyperfine octets. Expected relative intensities of the lines of all non-magnetic isotopes, 143Nd and 145Nd are 0.78:0.015:0.01.
In general, every electrically non-equivalent Nd3+ center can produce 17 (C3-center) or 102 (C1 center)
EPR lines. This complicates the deciphering of the spectra.

4

Non-equivalent centers

In contrast to optical spectra, line widths of observed EPR spectra (See Fig. 1 in Ref. [17]) were completely different for congruent and nearly stoichiometric samples. Depending on magnetic field orientation the line widths of Nd3+ signals were about 10–15 mT and 1.5–2.5 mT, correspondingly. The EPR
lines in congruent samples are so broad that it is too difficult to separate lines of different centers and
isotopes (this is the main reason why hyperfine structure was not studied in [1, 2]).
The tremendous narrowing of the EPR lines in Li-rich and nearly stoichiometric samples has essentially enhanced the spectral resolution. This allowed to distinguish several NEC and to study hyperfine
interaction of Nd3+ electrons with nuclear magnetic moment [17, 18].
Four different electrically non-equivalent centers were definitely observed (Fig. 1). Their g-factors are:
gzz(Nd1) = 1.448 ± 0.001, gzz(Nd2) = 1.345 ± 0.001, gzz(Nd1) = 1.418 ± 0.001, gzz(Nd1) = 1.488 ± 0.001.
No splitting of the most intensive line (center Nd1) was found at any arbitrary orientation of external
magnetic field relative to crystal axes. The center has axial C3 symmetry, since a position of the Nd1 line
does not change when magnetic field rotates in the plane perpendicular to the crystal axis. The lines of
Nd2, Nd3 and Nd4 split at the deviation of magnetic field direction from z-axis. Therefore, they are lowsymmetry C1 centers.

5

Hyperfine structure of the axial Nd1 center

Angular dependencies of all non-magnetic and magnetic isotopes of the axial Nd1 center (Figs. 2 and 3)
were successfully described by spin-Hamiltonian (1) with the mean-square deviation about 0.04 mT
using the following parameters:
gxx = gyy = 2.995 ± 0.001 , gzz = 1.448 ± 0.001 ;
143

Axx = 143Ayy = (314.2 ± 0.3) × 10–4 cm–1 ,

143

Azz = (124 ± 0.3) × 10–4 cm–1 ;

145

Axx = 145Ayy = (194.1 ± 0.3) × 10–4 cm–1 ,

145

Azz = (76.6 ± 0.3) × 10–4 cm–1 .

The values were obtained at T = 19 K.

6

Angular dependencies of the low-symmetry Nd2 center

Angular dependencies of the Nd2 center (Fig. 4) clearly show specific features of low-symmetry centers in
lithium niobate: 1) the single line at B || z splits into 4 lines at the rotation in z,x-plane and in 3 lines line
www.pss-b.com

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

G. Malovichko et al.: EPR of Nd3+ in congruent and nearly stoichiometric lithium niobate

412

Fig. 2 Angular dependence of the EPR spectra in nearly stoichiometric LN : Nd3+. T = 19 K, ν = 9.813 GHz. Solid
line is calculated using spin-Hamiltonian (1) for non-magnetic isotopes; symbols – experimental line positions and
their widths.

at the rotation in z,x-plane; 2) 6 lines with angular dependence at the rotation in z,x-plane. The dependencies were described by spin-Hamiltonian (1) using the following parameters:
gxx = 2.747 , gyy = 3.260 , gzz = 1.345 , gzy = 0.015 , gzx = 0.042 , gxy = 0.045 .
Estimated errors are about ±0.001.

7

Discussion and conclusions

The EPR lines of Nd3+ in congruent LN are very broad. Only two NEC were resolved in Refs. [1, 2]. The
values of their g-factors measured at 4.2 K are gzz = 1.43 ± 0.2, g⊥ = 2.95 ± 0.5 and gzz = 1.33 ± 0.02.
Two Nd3+ centers with gzz = 1.443, g⊥ = 2.963 (I) and gzz = 1.323, g⊥ = 3.136 (II) were observed at 4 K in
the crystals grown from congruent melt with the following (VTE) treatment at high temperature in Li
powder [18]. The values of g-factors for the first center are close to the values for the most intensive
axial Nd1 center obtained by us at 19 K for nearly stoichiometric samples: gzz = 1.448, gxx = gyy = 2.995.
The value gzz = 1.345 for Nd2 is also close to the gzz for the second center in [1, 2, 18]. However, the Nd2
center has obviously low symmetry and its angular dependencies can not be described by the one g⊥
value indicated in [18]. The centers Nd3 and Nd4 were resolved by the EPR for the first time.
© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 3 Angular dependence of the EPR spectra in nearly stoichiometric LN : Nd3+. T = 19 K, ν = 9.813 GHz. Solid
lines are calculated using spin-Hamiltonian (1) for 143Nd; symbols – experimental line positions.

The observed hyperfine splittings (Figs. 1 and 3) are similar to the splittings drawn on Fig. 2 in [18]. It
should be mentioned that the hyperfine parameters indicated in Table 1 [18] do not correspond to these
splittings.
It was found [4] that the line widths of optical transitions are not so sensitive to the crystal composition. Nevertheless, up to six NEC were distinguished in Li-pure, congruent and Li-rich samples with the
help of optical absorption and emission. Despite of significant narrowing of the EPR lines in nearly
stoichiometric samples in comparison with congruent crystals only four centers were resolved. Probably,
some of the NEC disappears when xC increases.
Nearly stoichiometric crystals still have a concentration of intrinsic defects, which exceeds the Nd3+
concentration used. Distant defects create small distortions of the crystal field at the impurity site. The
distortion causes normally the EPR line broadening, but does not change the symmetry of observed EPR
spectra. Since in the studied samples the observed EPR lines are ten times narrower than for the congruent
samples, the concentration of distant intrinsic defects (i.e. defects in the bulk) is significantly reduced.
Defects in the near neighbourhood of an impurity center cause strong changes of the center characteristics (g and A tensors in the case of Nd3+) and lowering of the center symmetry. Our EPR data have
shown that the Nd1 center has axial C3 symmetry, whereas Nd2, Nd3 and Nd4 have C1 symmetry. It means
that these C1 centers have intrinsic defects or/and charge compensation defects in the near neighborhood
of Nd3+ out of z-axis of the center. Different location of the defects around the impurity is the reason of
the existence of these NEC.
www.pss-b.com
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Fig. 4 Angular dependence of the EPR spectra in nearly stoichiometric LN : Nd3+. T = 19 K, ν = 9.813 GHz. The
solid lines are plotted for non-magnetic isotopes of low-symmetry center Nd2; symbols – experimental line positions.

The above cited RBS, EXAFS and optical studies, together with the EPR data have led to noteworthy
progress in the determination of the location and surrounding of Nd3+ in LN, and in understanding of its
properties. However, models of different NEC and the nature of charge compensators are still not clear.
We hope that the Electron Nuclear Double Resonance study conducted at MSU will be able to shed
light upon this long-standing problem.
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