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We report electron paramagnetic resonance �EPR� experiments on the dominant Fe3+ center in high-quality
near stoichiometric LiNbO3 grown from a Li/Nb ratio controlled melt. Symmetry related line splittings were
clearly resolved and allowed unambiguous determination of the relative signs and magnitudes of the fourth-
order trigonal zero field splitting �ZFS� spin-Hamiltonian �SH� parameters. Two conflicting EPR C3 symmetry
SHs for this center have been previously reported. Approximate agreement was found with that obtained for
near-stoichiometric LiNbO3 grown using a K2O flux �G. I. Malovichko et al., J. Phys.: Condens. Matter 5,
3971 �1993��. Extensive superposition model calculations of ZFS-SH terms showed that small displacement
from either the Li or the Nb host site allowed the experimental rank-2 parameter value to be reproduced.
Hence, on the basis of the EPR ZFS values alone, it is not currently possible to distinguish between possible
C3 incorporation sites within either the Li or Nb octahedra.
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I. INTRODUCTION

Lithium niobate is ferroelectric at room temperature and
has a single phase transition to a paraelectric phase at
1473 K, approximately 57 K below the melting temperature.
It has attracted sustained scientific and technical interest,
mainly due to its desirable nonlinear optical properties. Dop-
ing with transition metal and rare-earth elements can enhance
electrooptic coefficients and the photorefractive properties.1,2

Photorefractive materials are used for holographic data stor-
age and promise high storage densities with short access
times. Significant advances have recently been made toward
overcoming problems of sensitivity and volatile readout us-
ing near-stoichiometric LiNbO3 codoped with Tb and Fe.3

This work has refocused interest on the properties of Fe3+ in
LiNbO3.4 Several methods capable of giving insight into the
local site of incorporation including magnetic resonance
techniques, Mössbauer spectroscopy, and extended x-ray ab-
sorption fine structure �EXAFS� have been applied. The lat-
ter, along with electron nuclear double resonance �ENDOR�
experiments, have provided good evidence for Fe3+ incorpo-
ration at the Li site.5–7 However, some electron paramagnetic
resonance �EPR� experiments have been interpreted as pro-
viding evidence for Nb-site incorporation.8–11 Further, the
reported values for the fourth-order trigonal spin-
Hamiltonian �SH� parameters obtained from EPR of Fe3+ in
LiNbO3 are not consistent.9,12,13 The work presented here
provides accurate values for these parameters and evaluates
the application of the superposition model �SPM� analysis of
the EPR parameters used to infer incorporation site informa-
tion.

Electron paramagnetic resonance can readily detect Fe3+

ions, the main features of the spectra can be analyzed in
terms of a spin-Hamiltonian of the form

Ĥ = �eB · g · Ŝ + �
k=2,4

�
q=−k

k

fkbk
qÔk

q�Sx,Sy,Sz� �1�

containing electronic Zeeman and zero field splitting �ZFS�
terms expressed using Stevens spin operators, the scaling
factors relevant here take the values f2=1/3 and f4=1/60
and the explicit form of the spin operators are listed
elsewhere.14 The spin and site symmetry of the paramagnetic
center dictate which terms are nonzero. For S= 5

2 centers only
terms k=2,4, with −k�q�k, are allowed.15 The Laue class
of the center point group imposes further constraints.16 The
two trigonal classes are relevant for the discussion of previ-
ous EPR studies, both allow nonzero ZFS terms b2

0, b4
0, b4

−3,
and b4

3. By appropriate choice of the experimental xy axes
either of the two fourth-order trigonal terms b4

−3 and b4
3 can

be set to zero since �bk
q�=sin�q���bk

−q�+cos�q���bk
q�, where

� is a rotation of the xy axes about the C3 axis.
In the ferroelectric phase LiNbO3 is described by the R3c

space group, the crystal structure has been extensively
studied,17–21 a summary of relevant details is given in Table
I. It is normally referred to a hexagonal unit cell containing
six formula units and can be viewed as a sequence of dis-
torted octahedra joined by their faces along a trigonal, polar,
c axis. These are filled in the sequence Li, Nb, structural
vacancy. The pairs of similar C3 sites are related by c /2 glide
operations, see Fig. 1. The standard orientation of the x, y,
and z principal axes used to describe the physical properties
of LiNbO3 defines the z axis parallel to the hexagonal c axis
and the x axis perpendicular to the glide plane so is parallel
to a hexagonal a axis.22 In this convention the glide plane is
the zy plane. The point group for the octahedral sites is re-
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duced from C3v to C3 by the slight twisting of the two trigo-
nal oxygen atom planes with respect to each other. This is
clearly seen in Fig. 1 and is quantified in Table I by the angle
�. Large, high quality, LiNbO3 crystals have normally been
obtained from a congruently melting composition at about
48.5 mole % of Li2O �51.5 mole % of Nb2O5�.23 Near sto-
ichiometric material has been obtained by post-growth LiO2

in-diffusion,24 crystal growth using the addition of K2O,25

and by control of melt composition using a double crucible
Czochralski method.26

In the LiNbO3 structure sites in one formula unit are re-
lated to equivalent sites in the other by the axial glide opera-
tion, see Fig. 1, the reflection operation, however, results in
the nonequivalence of the SHs for the centers in the two sets
of sites. The parameter transformations gxy to −gyx and b4

3 to
−b4

3 occur.27 It is not possible to define � as zero along either
the x or y axes, due to the finite value of �. In consequence
certain transitions observed as singlets in the glide plane, the
zy plane, are expected to split into doublets in the zx plane,
evidence of this behavior was presented by Malovichko et
al.12,28 The relevant EPR SHs from previous studies are
given in Table II.

II. EXPERIMENTAL METHOD

Two near stoichiometric 3�3�8 mm3 crystals were
studied, an x cut �major axis along �100�� and a z cut �major
axis �001�� sample. The x axis is defined to be perpendicular
to a glide plane. The x-cut sample was subsequently divided
to allow the zx plane to also be studied. The samples were
grown using a double crucible Czochralski method in which
the growing crystal is in equilibrium with a Li-rich melt of
59 mol % Li2O and 41 mol % Nb2O5.26 The Curie tempera-
ture has been found to be sensitive to composition, this was
measured by differential thermal analysis to be 1473 K, con-
sistent with a nonstoichiometry �Li2O� / ��Li2O�+ �Nb2O5��
of 49.8%. The samples used in this study were not intention-
ally doped. EPR measurements were performed in the region

TABLE I. Structural parameters for Li and Nb sites in LiNbO3. Data from Inorganic Crystal Structure
Database �ICSD�. Polar coordinates with respect to conventional Cartesian axes. Azimuthally angle to first
upper triangle oxygen �1, �2 similarly for the lower triangle. CG: congruent, NS: near stoichiometric.

Reference 17 18 18 19 20 20 21

ICSD code 28294 61118 61119 74469 80631 80632 85427

Crystal CG NS CG NS CG NS

Li/ �Li+Nb� 0.482 0.498�2� 0.485�2� 0.492

c �nm� 1.38631�4� 1.385614�9� 1.386496�3� 1.38653 1.38581�4� 13.8647�4� 1.38495�2�
a �pm� 514.829�2� 514.739�8� 515.052�6� 515.02 514.85�1� 514.99�1� 514.44�1�

2� �Li site� 7.66° 7.41° 7.47° 7.51° 7.37° 7.52° 7.44°

R1 �LiuO� �pm� 223.9 227.1 227.4 225.6 225.8 225.4 225.9

�1 �LiuO� 44.52° 43.97° 43.94° 44.32° 44.44° 44.37° 44.15°

�1 53.82° 53.90° 53.80° 53.80° 53.81° 53.80° 53.95°

R2 �LiuO� �pm� 206.8 205.0 205.3 206.1 205.8 206.1 205.3

�2 �LiuO� 110.21° 109.22° 109.15° 109.76° 109.81° 109.83° 109.57°

�2 1.48° 1.31° 1.27° 1.32° 1.18° 1.32° 1.39°

2� �Nb site� 1.40° 1.24° 1.20° 1.23° 1.12° 1.23° 1.32°

R1 �NbuO� �pm� 188.9 187.6 187.9 184.3 187.2 187.9 187.8

�1 �NbuO� 61.65° 62.10° 61.89° 64.09° 62.06° 61.92° 62.12°

�1 112.42° 112.65° 112.59° 142.57° 112.70° 112.57° 112.63°

R2 �NbuO� �pm� 211.2 213.0 212.6 218.0 213.3 212.6 212.6

�2 �NbuO� 132.01° 132.24° 132.10° 133.66° 132.18° 132.14° 132.27°

�2 53.82° 53.89° 53.80° 53.82° 53.81° 53.80° 53.95°

FIG. 1. Comparison of symmetry related Li and Nb sites
�middle and bottom�. Projection on the xy plane �top�.
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TABLE II. Spin-Hamiltonian parameters reported to C3 symmetry for b2
0 /h=5 GHz Fe3+ center in LiNbO3. The x-axis is defined to be

perpendicular to the glide plane. CG: congruent, NS: near stoichiometric.

g� g� b2
0 /h �GHz� b4

0 /h �GHz� 	b4
3	 /h �GHz� b4

−3 /h �GHz� 	�4
3	 /h �GHz� Crystals T �K� Ref.

2.019 1.983 5.30�6� −0.147�15� 1.95�15� −1.14�15� 2.3 NS, K: 0.022 wt. %,
reduced

25 12

1.984�3� 1.992�3� 4.917�15� −0.162�18� 6.06�11� 0.27�4� 6.1 CG, Fe: 0.01 wt. % 
300 9

2.018�7� 1.999�7� 5.05�2� −0.078�12� 0.7�6� −2.16�8� 2.3 MgO: 5 mol %
Fe: 0.05 mol %


300 13

FIG. 2. Experimental EPR line positions �black open circles� and line positions simulated using spin-Hamiltonian parameters given in
Table III �grey solid circles�.

FIG. 3. Energy level diagrams for magnetic field parallel to z and x axes with observed EPR transitions marked.
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of 9.5 GHz using a Bruker EMX spectrometer with a super-
high-Q cavity and a matched low noise microwave bridge.
The microwave frequency was measured using an EIP fre-
quency counter. Measurements were made using two magnet
systems, one with a maximum field Bmax of 0.9 T, the other
with Bmax=2.1 T. The magnetic field was monitored on the
0.9 T system using an NMR magnetometer. The samples
were mounted on an automated goniometer, which had an
angular precision of ±0.125°. Variable temperature measure-
ments were taken using an Oxford Instruments ESR900 cry-
ostat. EPR spectral simulations were performed by exact di-
agonalization of the appropriate spin-Hamiltonian using the
computer program EPR-NMR.29

III. EPR RESULTS

The room temperature EPR line positions measurements
in both the zy and zx planes, due to the Fe3+ center, are
shown in Fig. 2. In addition, transitions due to Mn2+ and Cr3+

centers were identified but are not shown. Detailed measure-
ments where performed across the zy plane, in the zx plane
measurements were focused mainly on those regions where
doublets were observed. The energy level diagrams for the
magnetic field directions parallel to the z and x axes are
shown in Fig. 3, the observed EPR transitions marked. A
similar diagram is shown in Fig. 4 for an angle of 65° in the
zx plane. Two sets of levels result from the two inequivalent
sites with sign reversed b4

3 term values and results in splitting
of several transitions in the plane perpendicular to the glide
plane. An accurate magnitude for b4

3 was determined fitting
the simulated SH values for the 2-3 transitions for both the

zy and zx planes, as well as the 3–5 transitions observed in
region of 350 mT for the magnetic field parallel to the z axis.
For b4

−3 again both 2-3 and 3–5 transitions were used. How-
ever, it should be noted that a number of transitions are sen-
sitive to the fourth-order terms so an iterative process al-
lowed accurate fit values to be obtained. The resulting SH
parameters values are given in Table III and the line position
shown in Fig. 2.

Comparison of line intensities for transitions 5-6 and 1-2
for B perpendicular to z were carried out between room tem-
perature and 10 K and gave a positive sign for b2

0. The tem-
perature dependence of the SH parameters was determined
through the range and the results are shown in Fig. 5. A
linear behavior is observed for the rank 2 term �b2

0 /h��T�
= �5.2543�2�−0.0011�1�T� GHz. The temperature depen-
dence of b4

0 is also shown, the values of 	b4
3	 and b4

−3 were
found to be constant within error.

FIG. 4. Energy level diagram for the magnetic field direction of
65° in the zx plane. Levels calculated with +b4

3 �solid line� and −b4
3

�dashed line� shown along with EPR transitions.

FIG. 5. Temperature dependence of ZFS parameters b2
0 and

b4
0.

TABLE III. Measured room temperature spin-Hamiltonian parameters for Fe3+ in LiNbO3.

g� g� b2
0 /h �GHz� b4

0 /h �GHz� 	b4
3	 /h �GHz� b4

−3 /h �GHz� 	�4
3	 /h �GHz�

1.996�3� 2.004�2� +4.932�8� −0.155�4� 3.5�2� −0.84�1� 3.6
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IV. SUPERPOSITION MODEL ANALYSIS

The Newman superposition model calculates ZFS terms
using

bk
q = �

L

b̄k�RL�Kkq��L,�L� , �2�

where the intrinsic parameters b̄k�RL� represent the single
paramagnetic ion-ligand pair contributions and Kkq��L ,�L�
are the appropriate angular functions.30 The sum is over all
nearest-neighbor ligands at angular positions ��L ,�L� with
respect to the paramagnetic ion. The intrinsic parameter can
be expressed using the power-law �PL� approximation

b̄k�R� = b̄k�R0��R0

R
�tk

, �3�

or a Lennard-Jones �LJ�-type expression

b̄2�R� = − A�R0

R
�n

+ B�R0

R
�m

. �4�

The model parameter values b̄k�R0� or A and B are defined at
a specific distance R0, typically taken as the host site ion-
ligand distance.31,32

Calculations of b2
0 were performed using several methods

detailed by previous authors,8,9,33–35 and using available
LiNbO3 crystal structures.17–21 The distances from the Li and
the Nb site positions to the nearest oxygen ligands are 
206
and 226 pm, and 
188 and 213 pm, respectively. These dis-
tances span the host ion-ligand distance for MgO. Calcula-
tions of b2

0 were made assuming Fe3+ substituted at either the
Li or the Nb site, and were performed for a series of dis-
placements away from these sites. These were repeated for
each of the crystal structure detailed in Table I. The values of
Fe3+ displacement for which the SPM calculations were in
agreement with the experimental result are shown in Fig. 6
for a representative selection of the calculations performed.

The conventional method of applying �2� for Fe3+ in oc-
tahedral coordination with oxygen is to use the intrinsic spin-

Hamiltonian parameter b̄2�R� defined by the PL expression
�3� with the parameters given by Siegel and Müller and using
the host ion-ligand separation as the reference distance R0,
see Table IV.34 Yeom et al.,9 modified this procedure by
taking the Siegel and Müller MgO values but arbitrarily as-
sign them, without a PL transformation, to new reference
distances chosen to be the average of the ion-ligand separa-
tions, at either the Nb or Li site. Lennard-Jones calculations
using �4� with m=10 and n=13 are also shown in Fig. 6, the
parameter values were derived using the MgO PL parameters
given in Table IV.

Two methods that attempt a quantitative correction to the
SPM PL constants to account for charge misfit were also
used. Agulló-López and Müller modify the magnitude of

b̄2�R0� given for MgO in Table IV, based on the calculations
of Sangster, it was increased by 22% when Fe3+ substitutes
for Nb5+ and reduced by the same amount when substituted
at the Li+ site.8,36 Yeung has also considered the effect of a

local charge and size misfit.35 The Siegel and Müller b̄k val-
ues were used but were assigned to calculated R0 values, for

TABLE IV. Superposition model parameter values for Fe3+ with
O2− ligands.

Host R0 �pm� b̄2 /h �GHz� t2 Ref. b̄4 /h �MHz� Ref.

CaO 239.8 −6.75�60� 5�1� 34 27.3�1� 42

MgO 210.1 −12.35�75� 8�1� 34 87.8�1.4� 34

SrTiO3 195.2 −20�3� 8�1� 34 84.9�1.4� 38

200.0 −4.65�14� 16 35 29.7�2.4� 35

FIG. 6. Superposition model results for b2
0 using the crystal structures detailed in Table I. The displacement from the host lattice site for

which the calculated value is in agreement with experiment is shown. The methods of calculation are discussed in the text.
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both k=2 and 4, and a consistent fit to PL expression was
obtain, see Table IV.35 The t2 value of 16 is significantly
higher than pervious values and result in displacements
markedly different from the previous methods for the model
of substitution for Li, these are not shown in Fig. 6 as they
lie in the range −14 to −20 pm. Figure 6 also shows calcu-
lations performed using the conventional MgO intrinsic pa-
rameters but using the reference distance determined from
EXAFS measurements.37

Fourth-order ZFS parameter calculations were also per-

formed. The intrinsic parameter b̄4 is obtained directly from
the fourth-order SH parameters for cubic host materials.32

Newman and Siegel evaluate previous EPR studies of Fe3+ in

the cubic hosts MgO and CaO and give values for b̄4 and

estimates for the PL exponent t4.33 The values for b̄4 given
by Newman and Siegel are commonly used and are repro-

duced in Table IV. The table also includes a b̄4 for Fe3+ in
cubic SrTiO3 obtained from a study by Müller.38

To directly determine a value for the PL exponent it is
required that, in addition to the measurement of the fourth-
order SH parameters, one or both of the relevant spin lattice
parameters must be obtained from pressure-dependent mea-
surements. Newman and Siegel used the second-order PL
parameters for Fe3+ to estimate a t4 value of 13.5, fitting
experimental fourth-order SH parameters for KNbO3:Fe3+

gave a value of 12�4�. Previously Walsh had obtained a t4

value of 21.2 from hydrostatic pressure measurements of
MgO:Fe3+.39 Mombourquette and Weil obtain a value for t4

of 13�1� from a study of quasitetrahedrally bonded Fe3+ in
quartz.40 Yeung also considered fourth-order SPM calcula-
tions, see Table IV, and determined an approximate value for
t4 of 16�4�.35 Yeom et al. performed SPM calculations of the

LiNbO3:Fe3+ fourth-order SH terms using b̄4 for MgO, as
well as with value �57.3 MHz� obtained by averaging the
MgO and CaO values.9 The calculation method was similar

to that used for b2
0, the b̄4 was assigned to a reference dis-

tance chosen to be the average of the ion-ligand separations,
at either the Nb or Li site.9

The calculations were made for Fe3+ substituted at, and
displaced from, the Li and the Nb sites in the LiNbO3 crystal
structures shown in Table I. Figure 7 shows a representative
set of calculations performed using the structure reported by
Lehnert et al.21 The variations observed between the struc-
tures given in Table I were found to be less than those ob-
tained using the different SPM parameter sets given in Table
IV. No calculations produced a simultaneous fit of the ex-
perimental fourth-order SH parameters b4

0, 	b4
3	, and b4

−3, for
an accessible displacement from either site. Figure 7 com-
pares calculated and experimental b4

0 and �4
3 values as a func-

tion of displacement from the center of the each octahedron.

FIG. 7. Superposition model results for rank-4 SH terms using the crystal structure from Ref. 21. Displacements are from the center of
the octahedron, the Nb and Li sites positions are marked. The methods of calculation are discussed in the text. The calculation result obtained
using the Li octahedron are shown with black lines, those for the Nb octahedron in grey.
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V. DISCUSSION

The detailed roadmap of EPR line position obtained in
both the zx and zy planes has allowed the spin-Hamiltonian
parameters to fourth-order to be accurately determined.
These confirm that the Fe3+ center site lies on the C3 axis.
The SH results presented in Table III and Fig. 5, show ap-
proximate agreement with those of Malovichko et al.,12 but
the fourth-order trigonal terms values are inconsistent with
those reported with Yeom and co-workers.9,13 The tempera-
ture dependence of the SH parameters determined here can
be compared to that reported by Mehan and Scott,41 the
former work studied the dependence from 313 to 573 K and
found �b2

0 /h��T�= �5.4495−0.0015T� GHz. A linear decrease
with increasing temperature was also reported for b4

0. While a
linear decrease in b2

0 was observed here for the temperature
range 5 to 300 K, the gradient is less than that found in the
high temperature study and the fourth order terms were
found to be temperature independent, within experimental
error. It would be of interest to study the ZFS term depen-
dence in a near-stoichiometric crystal to higher temperatures.
In fitting the experimental roadmap there is interplay be-
tween the two axial terms b2

0 and b4
0 which can lead to am-

biguity in the value of the smaller parameter if the number of
transitions is small or their linewidths are large.

To gain further insight on the location of the local struc-
ture the superposition model must be used. This allows the
values of the ZFS terms to be calculated using the position of
the nearest-neighbor ligand ions. The largest is the axial sec-
ond order term b2

0 the SPM calculations allow the observed
value to be reproduced for plausible displacements from ei-
ther the Li or Nb site toward the center of the relevant octa-
hedron, see Fig. 6. Given the uncertainties in the SPM it is
not possible to determine in which octahedron the center lies.
The positions of the oxygen ions for the two octahedra are
too similar.

Extension of the SPM calculations to the fourth rank ZFS
terms was found to provide a severe test of the model. All
three terms are obtained from the calculation and simulta-
neous agreement with the experimental values should be ob-
served for a specific nearest-neighbor geometry. This geom-

etry should also give the correct rank 2 term value. For the
model examined of rigid oxygen octahedron, with Fe3+ ion
displacements along the z axis, no such agreement was
found. Figure 7 shows the variation in the calculated b4

0 and
magnitude term �4

3 as a function of displacement. The failure
of these fourth-order calculations may be due to inaccurate
fourth-order model intrinsic parameter values or to the re-
striction of the calculations to unrelaxed oxygen octahedra,
or to a combination of both.

The EPR ZFS terms are dominated by the configuration
of the nearest-neighbor oxygen ions, experimental methods
that provide information on near neighbor cations are ex-
pected to be less influenced by local relaxation. Both
ENDOR and EXAFS experiments locate Fe3+ within the Li
octahedron.5–7

VI. CONCLUSIONS

The significantly narrower Fe3+ EPR linewidths observed
for near-stoichiometric LiNbO3 crystals grown directly from
a Li/Nb ratio controlled melt has allowed line splittings in
the plane perpendicular to the glide plane to be clearly re-
solved. These splittings allowed an accurate unambiguous
spin-Hamiltonian fit to be obtained with C3 symmetry, see
Table III, confirming that Fe3+ ions substitute at sites on the
trigonal axis. The resulting SH is in approximate agreement
with that reported by Malovichko et al.,12 who studied near-
stiochiometric crystals grown using a K2O flux.

Extensive superposition model calculations of the second
and fourth rank SH terms were performed and show that the
local environments at the Li and Nb sites are too similar to
be distinguished using the currently available model param-
eter values. Experimental methods that allow the nature of
the neighbor cations to be determined should provide a more
reliable assignment of the center to a specific C3 symmetry
site than can be currently achieved from analysis of the EPR
zero field splitting terms.
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