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Second axial Fe3+ center in stoichiometric lithium tantalate
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The axial Fe3+ center Fe1 with the crystal field parameter b20 ⬇ 3130⫻ 10−4 cm−1 is well studied in
congruent lithium tantalate crystals. The second axial Fe3+ center Fe2 was discovered and
investigated by the electron paramagnetic resonance in stoichiometric samples prepared by vapor
transport equilibrium treatment. The crystal field parameter of the Fe2 center 共b20 ⬇ 2050
⫻ 10−4 cm−1兲 is significantly smaller than for Fe1. The electron nuclear double resonance
measurements have shown that hyperfine interactions of the Fe3+ electrons with the surrounding Li
nuclei for Fe2 are stronger than for Fe1. Therefore, the conclusion was made that in the case of Fe2
center the iron ion substitutes for Ta and has Li nuclei in the nearest neighborhood, whereas in the
case of Fe1 center it substitutes for Li, has Ta nuclei as nearest neighbors and Li nuclei in the second
shell only. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2215349兴
I. INTRODUCTION

The determination of structures of centers created in
lithium tantalate 共LT兲 共LiTaO3兲 by impurity ions, including
those of transition metals and rare-earth elements, is one of
the most important tasks in defect study of this material. The
elucidation of the position of these impurities in the lattice,
their nearest surroundings, and charge compensators is vital
for both fundamental science and tailoring properties of this
material for various applications. It is known that iron ions
play important role in the photorefractive effect and holographic storage.1–4 Because of this reason Fe are intensively
investigated in LT crystals.5,6 Spectroscopic parameters of
the main axial Fe3+ center, called Fe1 in the following, were
obtained long ago:7 g ⬇ 2.00 and b20 = 3300⫻ 10−4 cm−1. Recently, the parameters were determined more accurately.8,9
At room temperatures the LT lattice has R3c space symmetry having the same axial C3 point symmetry for three
sites: the Li and Ta sites and the structural vacancy. It creates
difficulties for the determination of impurity ion locations,
since many techniques including the electron paramagnetic
resonance 共EPR兲 and optical methods cannot distinguish
these positions. The electron nuclear double resonance7 共ENDOR兲 study has shown that Fe3+ substitutes for Li+, accompanied by some local disorder among the neighbors of this
site, most probably an unknown defect being present in the
first Li sphere.
Similar to isostructural lithium niobate 共LN兲 crystals,
high quality optical LT crystals are usually grown from congruent melt with the essential lithium deficit: about 6% in
LN and 1.6% in LT. Therefore, these crystals contain a high
concentration of intrinsic defects, which can serve as charge
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compensators for nonisovalent substituting or interstitial impurities. Crystals with essentially reduced concentration of
intrinsic defects 共stoichiometric or nearly stoichiometric兲
have properties, which differ from properties of conventional
congruent samples. Sometimes the difference is one or two
orders of magnitude.10 It gives an opportunity to improve
crystals adjusting them for various applications. Three basic
procedures developed initially for obtaining stoichiometric
LN crystals—postgrowth vapor transport equilibrium 共VTE兲
treatment of congruent samples in Li-rich powder,11,12
double crucible growth,13,14 and growth from the melt with
addition of potassium15–19—are now successfully applied to
LT.20–25 Lack of intrinsic defects in stoichiometric samples
often causes a change of the charge compensation mechanisms and appearance of additional paramagnetic
centers.26–28
Here we report about the EPR/ENDOR study of the Fe3+
centers in stoichiometric LT.
II. EXPERIMENT

Stoichiometric LT 共sLT兲 samples were obtained with the
help of VTE treatment of congruent LT 共cLT兲 samples. Details of the procedure and characterization of the samples are
described in Ref. 29. The EPR/ENDOR spectra were measured using our Bruker Elexsys 560 spectrometer at 9.8 共X
band兲 and 34.4 共Q band兲 GHz. Several samples with concentrations of iron from 0.01 to 0.08 wt % in the melt 共which
correspond to 1.1⫻ 1019 and 6.7⫻ 1019 cm−3 in the
crystals29兲 were studied.
Low intensity EPR signals of trace impurities Fe3+ and
2+
Cu were registered in an undoped sLT sample. Simulation
of the Fe3+ spectra has shown that the lines belong to Fe1
centers.
Comparison of the EPR spectra for congruent and sto-
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FIG. 1. 共Color online兲 The EPR spectra of congruent 共a兲 and stoichiometric
共b兲 lithium tantalate doped with low concentration of iron. X band, room
temperature, B 储 x.

ichiometric crystals doped with relatively low concentration
of iron 共about 0.01 wt % in the melt兲 clearly demonstrates
several important features that appeared in sLT 共Fig. 1兲.
共a兲
共b兲
共c兲
共d兲

All lines become significantly narrower.
The lines acquire the symmetrical derivative shape of
absorption signal.
Many small lines of trace impurities and satellite centers become resolved.
The second group of lines labeled Fe2 arises.

In this sample the relative intensities of the additional
lines I2 are several times smaller than the intensities of the
lines attributed to the Fe1 center I1. However, the lines of
Fe1 and Fe2 have nearly equal intensities in sLT samples
doped with 6.7⫻ 1019 cm−3 of Fe 共Fig. 2兲.
The angular dependencies of the Fe1 and Fe2 centers
were described by the spin Hamiltonian for electron spin S
= 5 / 2,
គ 43 + c 43⍀
គ 43 .
គ 20 + b 40O
គ 40 + b 43O
H = ␤ B · g · S + b 20O

共1兲

Here ␤ is the Bohr magneton, B is the magnetic field, g is the
គ 4q = O4q / 60, and ⍀
គ 4q
g tensor, S is the spin, O
គ 20 = O20 / 3, O
q
q
q
= ⍀4 / 60; Ok and ⍀k are the Stevens spin operators.
The LT unit cell has two molecules, which are transformed into each other by reflection in the glide mirror plane
of the structure 共zy plane兲. This means that each axial center,
say L, has an electrically equivalent, but magnetically nonequivalent partner R. The spin-Hamiltonian parameters of
both centers are equal with respect to their absolute values,
but b43共L兲 = −b43共R兲. The presence of two magnetically nonequivalent centers in the R3c structures leads to a splitting of
the EPR lines in zx plane when the magnetic field deviates
from the z axis.8,9,26
Fitting of the observed angular dependencies 共Figs. 3–5兲
was carried out with the help of VISUAL EPR program using

FIG. 2. 共Color online兲 The EPR spectrum of sLT doped with 6.7
⫻ 1019 cm−3 of Fe. Q band, room temperature, B 储 x.

exact numerical diagonalization of the spin-Hamiltonian matrices. The parameters, which gave a value of about 3 mT for
mean square root 共MSR兲 deviation of the calculated resonance line positions from experimental ones, are collected in
the Table I. For Fe1 centers the parameters cited in Refs 7–9
gave larger MSR deviation from experimental data measured
in both X and Q bands.
The axial crystal field parameters for Fe1 and Fe2 have
different temperature dependences: when the temperature decreases to 4 K the line splitting of Fe1 increases by 3.6%,
whereas the line splitting of Fe2 center decreases by 1.1%.
Additional information about Fe2 centers was obtained
with the help of ENDOR. The ENDOR measurements were
performed in Q band at the lines in high magnetic fields.
Using high magnetic fields increases distances between Larmor frequencies of Li, Ta, Fe, and other nuclei, and improves
the line separation for different isotopes and nuclei. The
measurements have shown that hyperfine interactions of iron
electrons with surrounding lithium nuclei for Fe2 center are
stronger than for Fe1 center 共Fig. 6兲.

FIG. 3. 共Color online兲 The road map angle runs from zero at B 储 z to 90° at
B 储 x, then from 90° at B 储 x to180° at B 储 y, and from 180° at B 储 y to 270° at
B 储 z. It corresponds to the following changes of the  and  angles: 
= 0 ° – 90° at  = 0°,  = 90° at  = 0 ° – 90°, and  = 0 ° – 90° at  = 90°.
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TABLE I. Parameters of crystal field 共in 10−4 cm−1兲 and g tensor for Fe3+
center in LiTaO3.
Center
g⬜
g储
兩b20兩
b 40
兩b43兩
c 43
T 共K兲
Ref.

Fe1
1.995共2兲
1.995共2兲
3300共30兲

2.001共1兲
1.998共2兲
3200共7兲
2±2
1393共10兲

15

305
7

8

2.000共2兲
2.012共3兲
3075共7兲
−60共10兲
1200共200兲
160共130兲
300
9

Fe2
2.01共1兲
2.016共10兲
3132共20兲
−54共20兲
1300共200兲
0共300兲
300
This work

2.012共10兲
2.02共1兲
2050共20兲
−80共20兲
1300共300兲
1300共300兲
300
This work

ous investigations of the Fe1 centers in cLT crystals confirm
that in this case the Fe3+ ions substitute for Li+. Cation vacancies always present in cLT serve as charge compensator
of the excessive positive charge of Fe3+Li.
There are three reasonable hypotheses for an explanation
of different surroundings for the Fe1 and Fe2 centers:
FIG. 4. 共Color online兲 Angular dependencies 共road map兲 of the EPR spectra
of sLT doped with 6.7⫻ 1019 cm−3 of Fe. Symbols—experimental lines
measured at helium temperatures in X band. Solid lines—best fit for the Fe2
centers with parameters indicated in Table I.

共1兲 Fe3+ occupy octahedral structural vacancy site,
共2兲 Fe3+ in Fe2 centers substitutes for Li+ but has additional
defect on the center axis, and
共3兲 Fe3+ substitutes for Ta5+.

III. DISCUSSION

An occupation of other positions in LT lattice or a presence of some defect out of the center axis does not agree
with the observed axial symmetry of the Fe2 centers, and
these possibilities must be discarded.
The first hypothesis cannot explain the observed relative
changes of the Fe2 and Fe1 concentrations with the rise of
total concentration of iron in the samples, since both vacancy
site occupation and lithium substitution require similar
charge compensators.
There are several arguments against the second hypoth-

Since all details of the EPR spectra of the Fe2 lines
共including angular dependencies of line positions and transition intensities兲 are completely described with the help of a
spin Hamiltonian with spin S = 5 / 2, we have to conclude the
second centers are also Fe3+ ions. Both Fe1 and Fe2 centers
have axial symmetry. The difference between characteristics
of the Fe1 and Fe2 must be caused by the difference in the
arrangement of ions around the Fe3+. Most results of previ-

FIG. 5. 共Color online兲 Angular dependencies 共road map兲 of the EPR spectra
of sLT doped with 6.7⫻ 1019 cm−3 of Fe. Symbols—experimental lines
measured at helium temperatures in X band. Solid lines—best fitting for the
Fe1 centers with parameters indicated in Table I. Fitting of lines for lowintensity satellite centers is not shown.

FIG. 6. 共Color online兲 Fragments of the ENDOR spectra of Fe1 and Fe2
centers. Q band, B 储 x, T = 5 K. For a convenience of comparison the spectra
are shifted to a common position of the Larmor frequency of Li nuclei.
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Finally, the supposition allows understanding the observed increase of I2 / I1 ratio with the rise of total concentration of iron in the samples. The VTE treated samples have
significantly reduced concentration of intrinsic defects,
which can serve as charge compensators for a limited
amount of Fe3+Li centers. If the iron concentration exceeds
the intrinsic defects concentration, another mechanism of the
charge compensation becomes more preferable, namely, selfcompensation of Fe3+Li and Fe3+Ta centers. Farther increase
of the total iron concentration leads to the rise of the Fe2
centers concentration, and I2 approaches I1. Just this picture
was observed in our experiments.
FIG. 7. 共Color online兲 Schematic representation of surroundings of an ion
substituting for Li in LiTaO3.

esis. The Fe2 centers appear in sLT only. Would it be related
to additional impurity defect in the nearest surrounding, it
should exist in cLT too. This is not observed. Neutral complex such as Fe3+Li, interstitial O2− could be created at the
VTE treatment, and the charge compensation mechanism in
this case is different from the Fe1 one. However, such complexes have usually significantly stronger axial crystal field.
The Fe3+ substitution for Ta5+ looks as the most suitable
supposition for the Fe2 center. In this case there are lithium
nuclei in the first three shells of the nearest surrounding, and
the distances from tantalum site to these nuclei are about
3 – 3.4 Å 共Figs. 7 and 8兲. The distances are smaller than the
distance between lithium site and lithium shells 共3.8 Å or
more兲 in the case of Fe3+Li center.
Hyperfine interaction decreases usually with the distance
R between paramagnetic ion and lattice nucleus. For instance, the dipole-dipole part of the interaction decreases as
1 / R3. Therefore, hyperfine splittings for Fe3+Ta should be
approximately two times larger than for Fe3+Li. This agrees
with the observed splittings for Fe2 and Fe1. The ratio
b20共Fe2兲 / b20共Fe1兲 ⬍ 1 also supports the Fe3+Ta model for the
Fe2 centers, since Fe3+Ta has six monovalent lithium ions
behind the nearest oxygen surrounding, whereas Fe3+Li has
six pentavalent tantalum ions. It should be mentioned that in
LiNbO3 crystals the Fe3+Nb centers have also smaller values
of the axial crystal filed than the Fe3+Li ones.

IV. CONCLUSION

We have found the second axial Fe2 center in VTE
treated lithium tantalate crystals. The center has smaller axial
crystal field parameters than the previously observed Fe1
center. It is very difficult to prove that the Fe2 centers do not
exist in congruent crystals due to very large width of the
EPR lines. However, we can state that the ratio of I2 / I1 is
less than 0.1 or even less.
To our opinion, there are two critical parameters, which
stimulate the appearance of the Fe2: the deviation of the
crystal composition from stoichiometry ␦ = 共关Li兴 – 关Ta兴兲 /
共关Li兴 + 关Ta兴兲 and the total concentration of iron ions in the
sample 关Fe兴. If ␦ Ⰷ 关Fe兴 the Fe1 centers are dominating. If
␦ Ⰶ 关Fe兴 the Fe2 centers are dominating. The presence of the
Fe2 centers in the samples with 关Fe兴 ⬇ 6.7⫻ 1019 cm−3 is a
strong evidence that thermal and temporal regimes used at
the VTE treatment turned the congruent LT samples into
samples with practically stoichiometric composition.
Our ENDOR data support the Fe3+Ta model for the Fe2
centers. The appearance of the Fe3+Ta centers after the VTE
treatment of congruent samples, in which only the Fe3+Li
were present, means that all ions—Li, Ta, and Fe—change
their lattice sites at this treatment.
Some questions are still not answered. It is not clear why
two additional axial centers appear in stoichiometric LN and
only one additional center appears in sLT. The sLT samples
were already studied by different techniques including the
EPR. However, the Me3+Ta centers were not registered in the
samples, which were called “stoichiometric.” We hope that
further inquiry of undoped or doped LT samples of different
compositions should shed light on these problems.
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