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The lattice position of Hf and Ta impurities in LiNbO; single crystals has been investigated using
fluorescence extended x-ray-absorption fine-structure (EXAFS) spectroscopy. It has been concluded
that Hf is in the lithium octahedron and Ta ions are in the niobium one. Both impurities lie very

close to the center of the oxygen octahedron.

I. INTRODUCTION

LiNDbO; is a relevant material because of its application
to optoelectronics technology as optical waveguide, ! pho-
torefractive devices,? and solid-state matrix.3

In all those applications the foreign ions in the material
play a major role because they are responsible for the
modification of the optical properties of the matrix: (a)
Optical waveguides are commonly created in LiNbO; by
diffusing Ti at high temperature.! The Ti ions change the
refractive index of the subtrate. In some cases Mg-doped
subtrates are used in order to enhance the optical damage
threshold.* (b) Photorefractive properties are introduced
by doping the crystal with transition-metal ions (mainly
iron);? these impurities introduce electronic levels which
act as photoexcitable donors or traps. (c) Rare-earth ions
(Nd and others) have been studied as possible impurities
to produce solid-state lasers. !*

In order to fully understand the optical modifications
introduced by the impurities, their lattice location should
be elucidated. Previous electron paramagnetic resonance
(EPR) and Mossbauer spectroscopy experiments have in-
dicated that the lattice location of transition-metal and
rare-earth ions shows trigonal symmetry.> Nb and Li
substitutional sites are possible, whereas the intrinsic va-
cancy one is not generally considered. So far, no con-
clusive evidence favoring a particular site has been ob-
tained for most impurities, except for a few cases: Exten-
deded x-ray-absorption fine-structure (EXAFS) spectros-
copy has revealed that Mn is in the Li site in a centered
position.® This is in agreement with the conclusions of
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previous EPR and electron-nuclear double resonance
(ENDOR) works.”® Rutherford-backscattering (RBS)
channeling experiments have been also applied recently
to determine the lattice position of impurities in LiNbOj.
It has been concluded that Eu lies in both Li and Nb
sites’ with occupancy factors of 36% and 64%, respec-
tively, and that Hf and Nd are sited in the Li octahed-
ron, !%11 the vacancy site being free of impurities.

In this work we intend to resolve the lattice location of
Hf and Ta impurities in LiNbO; by using EXAFS spec-
troscopy. These results are expected to be a valuable
reference for the previous conclusions obtained by RBS
experiments in the case of Hf and to be a model for future
work in the case of Ta, since one would expect that Ta is
in the Nb site because of the isomorphism between
LiNbO; and LiTaO;.

EXAFS fluorescence technique is required to deal with
the low concentration of impurity in the samples used for
optical applications. The relative large atomic number of
Nb is also an added difficulty for absorption measure-
ments. The fluorescence spectra we have obtained are
rather noisy due to the low impurity concentration. Ad-
ditionally, the analysis of the fluorescence spectra is less
accurate than for absorption because of the autoabsorp-
tion of the fluorescence in the sample. Those facts limit
the accuracy of the determination of the atomic distances
and coordination numbers. However, the analysis of the
spectra can provide unambiguous evidence to select a
definite lattice site.

The results presented in this work show that Hf is in
the Li octahedron and Ta in the Nb one.
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II. EXPERIMENTAL TECHNIQUES

Stochiometric LiNbO; single crystals have been grown
in the Crystal Growth Laboratory of Universidad
Auténoma of Madrid by the Czochralski method. 1% of
HfO, and Ta,05 were added to the melt. The Hf and Ta
molar concentration in these crystals has been estimated
from RBS experiments as 1.3% and 1%, respectively.

The expected valence of the ions incorporated to the
lattice are Hf*" and Ta’". This expectation has been ex-
perimentally confirmed by us from the comparison of the
x-ray absorption near-edge structure (XANES) L,;; spec-
tra of Hf and Ta in LiNbO; with those of HfO, and
LiTaO;, respectively.

The samples were plates cut with their large faces per-
pendicular to the ¢ axis. This axis was placed in the hor-
izontal plane of the machine and tilted about 45° with re-
gard to the x-ray beam. Bragg diffractions were avoided
by spatially shielding the detector window.

Fluorescence spectra were acquired at room tempera-
ture (RT) at the L;; edges of Hf (9561 eV) and Ta (9881
eV). We used synchrotron radiation emitted by the
L.U.R.E. (Orsay) D.C.I. storage ring, running at 1.85
GeV, at the EXAFS-IV beam station, with an average
current of 250 mA. X-rays were monochromatized using
a Si(311) two-crystal spectrometer.

Detection of the fluorescence has been made by a mul-
tiwire proportional counter.!?>!> The detector, swept
with an Ar-CO, (90-10 %) mixture at 200 nPa above at-
mospheric pressure, was directly fixed on the sample
chamber. The solid angle of detection was estimated to
be 0.327 st.

Data were recorded under good linearity and efficiency
conditions due to the presence of a drift and delay line
(300 ns) on each cathode plane. 4

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

A. Hf-doped samples

Figure 1(a) shows the x-ray fluorescence spectrum u(E)
of the Hf-doped LiNbO;. A classical procedure has been
used to analyze the EXAFS spectrum: Above the edge,
the signal background is removed by a multi-iteration
curve-smoothing procedure. The EXAFS signal y(E) ob-
tained is shown in Fig. 1(b) (dots).

The analysis of the EXAFS signal to get the position of
the neighbors around the impurity has been carried out
using the well-known EXAFS expression'”

x(k)=X, N exp( —2k202)exp LR f(k)
" kR} / k /
Xsin[2kR;+¢ (k)] . (1)

This expression describes the EXAFS oscillations for a
Gaussian distribution of neighbors around the central
atom, in the single scattering theory and in the plane-
wave approximation. k is the wave vector of the photo-
electron, which is related to the electron mass (m,) and
with the threshold energy (E) by
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FIG. 1. (a) Room-temperature x-ray fluorescence yield u(E)
of LiNbO; doped with 1% of Hf measured at the L,;; edge of
Hf. (b) EXAFS signal y(E) extracted from the experimental
fluorescence spectrum (dots). EXAFS signal reproduced by the
three significant peaks of the pRDF function of Fig. 2(a) ob-
tained by back-Fourier transform in the range 1.3-3.9 A (solid
line).
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N; is the average coordination number for the Gaussian
distribution of distances centered at the R; value, o; is
the Debye-Waller contribution, ¢;=2d +Y;(k) is the
phase shift, d and Y, being the central and backscattering
atom phase shifts, respectively, f;(k) is the amplitude of
the backscattering atoms, and I I} is related to the mean
free path of the photoelectron.

Figure 2(a) shows the Fourier transform of the k3y(k)
weighted signal (hereafter we refer to this function as
pRDF). The peaks which appear in this function have to
be corrected by the ¢;(k) contribution to obtain the
“true” distances of the defect.

Figure 2(a) shows three main peaks at 1.65, 2.4, and 3.0
A (denoted as I, II, and III, respectively) which are to be
related to the oxygen and niobium neighbors. The pres-
ence of those peaks has been found to be essentially in-
dependent of the Fourier transform procedure, and most
of the information on the EXAFS spectrum is included in
them since the back-Fourier transform of the pRDF
function is the limited range 1.3-3.9 A approximately
reproduces the EXAFS oscillations [see Fig. 1(b), solid
line].

In order to get a qualitative knowledge of the ligands
responsible for the peaks observed in Fig. 2(a), we have
calculated the backscattering amplitude f;(k) of peaks I
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FIG. 2. (a) Fourier transform (pRDF) of the k3y(k) weighted
EXAFS signal of Hf-doped LiNbO;. A Hanning window over
500 eV was used for apodization. (b) Radial distribution func-
tion (RDF) calculated as the modulus of the expression (3) by
using theoretical amplitude and phase functions according to
the expected backscattering atoms (solid line). Positive values
of the imaginary part of the same expression (dashed line). The
left part of the plot until 2.2 A has been calculated assuming
Hf-O pairs and the right part for the Hf-Nb pairs.

and III of Fig. 2(a). To perform these calculations the
selected peaks were filtered individually, and assumed
realistic values were used for N; and R;; also 0;=0 and
I'; =0 were assumed. No similar procedure was used for
peak IT of Fig. 2(a) because of the overlapping with the
side peaks.

Figure 3(a) shows the backscattering amplitudes ob-
tained. The plot shows that peak I of Fig. 2(a) corre-
sponds to a light element such as oxygen. On the other
hand, the dependence of peak III looks similar to that ex-
pected for niobium.

To determine further the nature of the ligands respon-
sible for peaks I, I, and III of Fig. 2(a), we have used the
method proposed by Lee and Beni.!® Following this
method, we have calculated for each peak the function
p;(r') defined as

ko | ky(k) —i¢, (k) —20%k?

Y — i2kr'
pi(r )~fkl 7,(k) e e'**rdk , 3)

and varied the energy threshold until the matching of the
peaks (within the same shell) of the imaginary part and
the modulus of the p;(r’) is obtained. To perform the cal-
culation we have used the theoretical phase and ampli-
tude functions reported by Mckale et al.!” and assumed
I';)=0and o,;=0.
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FIG. 3. Backscattering amplitudes of the pRDF peaks of
doped LiNbO; calculated for the N; and R; values reported in
the brackets. (a) Hf-doped LiNbO;: 1.6-A peak (N;=6 and
R;=2.0 A) (solid line); 3.0-Apeak (N;=3 and R;=3.3 A) (dot-
ted line).o (b) Ta-doped LiNbOj: 1.56-A peak (N;=6 and
R;=2.0 A (solid line); 3.46-A peak (N;=6 and R;=3.7 A)
(dashed line); 5.08-A peak (N;=12 and R;=5.3 A) (dotted line).

Figure 2(b) shows the real and imaginary part of p(r’)
obtained under the assumption that peak I is due to oxy-
gen and peaks II and III to niobium. The good matching
obtained confirms the assignments obtained from Fig.
3(a) for peaks I and II and additionally suggests that peak
IT is due to the presence of niobium ions.

To obtain a more accurate determination of the crys-
tallographic distances, we have minimized (using a stan-
dard minimization procedure) the difference between the
experimental filtered data and the function (k) calculat-
ed according to Eq. (1) using the corresponding ampli-
tudes and phases reported by McKale et al.'” In the
refinements the coordination number has been chosen ac-
cording to the oxygen and niobium spheres expected for
the Li octahedron (see Sec. IV). Figure 4 shows the com-
parison in distance space of the experimental data and
the calculated radial distribution function. The best fit is
obtained for the Rj,0; I';and AE, set of values summa-
rized in Table I.

The Debye-Waller factor obtained from the fitting of
the Hf spectrum (and also for Ta one presented later) can
be compared with those reported for stochiometric
LiNbO, from x-ray-diffraction experiments.'® The values
obtained for the best fit are close to the thermal displace-
ments reported for niobium (0.06) and for oxygen atoms
(0.08) of the lattice.
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FIG. 4. LiNbO;:Hf. Distance space comparison between cal-
culated pRDF (solid line) and experimental filtered data FIG. 5. (a) Room-temperature fluorescence yield u(E) of

(discrete points) of the modulus and imaginary part of the
Fourier transform for the three peaks appearing in Fig. 2(a).

B. Ta-doped samples

Figure 5(a) shows the x-ray fluorescence spectrum of
Ta-doped LiNbO;. Figure 5(b) shows the EXAFS signal
obtained from Fig. 5(a), which appears attenuated as
compared with the Hf case.

The Fourier transform of the EXAFS signal is shown
in Fig. 6(a) (continuous line). Three well-resolved peaks
appear at 1.56, 3.46, ad 5.08 A; those peaks have been
denoted as I, II1, and IV, respectively.

Figure 3(b) shows the backscattering amplitudes corre-
sponding to peaks I, III, and IV of Fig. 6(a). The behav-
ior of the f;(k) function corresponding to the peak I
looks like that expected for oxygen as a backscatterer,
whereas those of the peaks IIT and IV look like that ex-

LiNbO; doped with 1% of Ta, measured at the L;;; edge of Ta.
(b) EXAFS signal x(E) extracted from the experimental fluores-
cence spectrum (dots). EXAFS signal reproduced by the
significant peaks of the pRDF function of (a) obtained by back-
Fourier transform of the 1.3-4.1-A range (solid line).

pected for niobium.

Additionally, in Foig. 6(a) a minor peak (denoted as II)
is observed at 2.56 A. The calculation of the amplitude
of this peak is not reliable because of the overlap with the
side peaks. To get a better understanding of its origin, as
well as to confirm the assignments made before, we have
again used the Lee-Beni method described in Sec. IIT A.

Figure 6(b) shows the matching between the modulus
and imaginary part of the p(r’) function for each peak of
Fig. 6(a). The agreement is obtained for peak I when the
oxygen phase and amplitude are selected, and for peaks
III and IV when the niobium phase and amplitude are
used. However, no matching is obtained for peak II, as-

TABLE I. Summary of the values of R}, 0;, I';, and AE, obtained.

Compound Pair N, R; (A) o, &) r; A7 AE, (V)
Hf:LiNbO, Hf-O 6 2.07 0.094 22 12
Hf-Nb 1 2.57 0.089 22 25
Hf-Nb 6 3.30 0.085 22 30
Ta:LiNbO, Ta-O 6 1.96 0.115 4.1 10
Ta-Nb 6 3.68 0.101 4.1 18
Ta-Nb 12 5.26 0.090 4.1 10
LiTaO; Ta-O 6 1.99 0.112 4.1 3
Ta-Ta 6 3.41 0.106 4.1 10
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FIG. 6. (a) Fourier transform (pRDF) of the k3y(k) weighted
EXAFS signal of Ta-doped LiNbO; (solid line). A Hanning
window over 500 eV was used for apodization. The dashed line
gives the same function for the LiTaO; under the same condi-
tions. (b) The radial distribution function (RDF) for the Ta-
doped sample calculated as the modulus of the expression (3) by
using the theoretical amplitude and phase functions of Mckale
et al. according to the expected backscattering atoms (solid
line). Imaginary part of the same expression (dashed line). The
left part of the plot until 2.2 A has been calculated assuming
Ta-O pairs and the right part for the Ta-Nb pairs.

suming either oxygen or niobium neighbors.

As discussed in Sec. IIT A, to obtain more accurate
crystallographic distances we have minimized the
difference between the experimental and calculated data
for x(k). Figure 7 shows the best fit obtained for the
significant peaks shown in Fig. 6(a). The R}, 0;, I'; and
AE, set of values obtained for the best fit are also sum-
marized in Table 1.

Additionally, we have compared the fluorescence EX-
AFS spectra of Ta, in LiNbO; with that of a LiTaOj, sin-
gle crystal. The pRDF function of LiTaOj; calculated un-
der identical conditions to those used in the data treat-
ment of Ta-doped LiNbO; is included in Fig. 6(a) (dashed
line). It is worth noting the similarity between the spec-
tra.

In LiTaO; there are two different, rather close, Ta-O
distances which do not appear to be resolved in Fig. 6(a).
These distances have been calculated by x-ray
diffraction'® as 1.89 and 2.07 A and by neutron
diffraction® as 1.91 and 2.07 A. The EXAFS results un-
der the present experimental and analytical conditions
give a distance for the Ta-O pairs of 1.99 A, which is in
fairly good agreement with the average of the distances
for the six oxygen pairs reported by neutron diffraction.
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FIG. 7. LiNbO;:Ta. Distance space comparison between the
calculated pRDF (solid line) and experimental filtered data
(discrete points) of the modulus and imaginary part of the
Fourier transform for the three peaks appearing in Fig. 5(a).

Thus, within an uncertainty of about 0.15 A, the use of
the theoretical amplitude and phase backscattering func-
tions seems to be justified.

IV. DISCUSSION

The LiNbO; structure has been determined by x-ray
and neutron diffraction.?! “?* The structure is made up
of irregular oxygen octahedra piled along the ferroelec-
tric ¢ axis and sharing faces. The centers of the octahe-
dra are occupied by cations in the sequence Li*T, Nb> ",
and a vacancy octahedron. Further, both Lit and Nb> ™
are displaced (in opposite senses) along the ¢ axis toward
the neighbor vacancies. Detailed pictures of the struc-
ture are provided in the literature. %° 1121723

The radial distances of the neighboring atoms to the
oxygen octahedron center are depicted in Figs. 8(a) and
8(b) for the Li and Nb positions, respectively. The dis-
tances are given as a function of the displacement & from
the point of the c¢ axis equidistant from the upper and
bottom faces of the oxygen octahedron (see Ref. 6). The
displacement & is considered positive in the positive
direction of the ferroelectric ¢ axis (i.e., in the direction
lithium-niobium vacancy along the axis).

Li ions are not included in Fig. 8 because their contri-
bution to the EXAFS signal should be minor due to the
low backscattering amplitude of Li (Z =3). On the other
hand, the vacancy site will not be considered because
RBS experiments have demonstrated that the vacancy
site is free of impurities in all the cases studied.®!!
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FIG. 8. Impurity-host ion radial distances calculated for oxy-
gen (dashed line) and niobium (solid line) in the LiNbO; lattice
as a function of the displacement 8 from the center of the oc-
tahedron. The displacement is considered positive in the posi-
tive direction of the c axis (see Ref. 6). The center of the oc-
tahedron is considered as the point of the ¢ axis equidistant
from the two oxygen planes which form the first shell. The first
digit in the notation stands for the order of the shell; ions along
the c¢ axis are denoted as ¢; 4 and B denote ions belonging to the
plane above (A4) or below (B) the center; no letter means that the
ions and center belong to the same plane; finally, the number in
the brackets stands for the number of equivalent ions. Labels
on the left side refer to oxygen distances and on the right to
niobium distances. Experimental oxygen-related data are
represented by circles and niobium-related ones by squares. (a)
Li site. (b) Nb site.
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A. Hf-doped samples

The distances reported in Table I for the Hf-O and
Hf-Nb pairs have been compared with those expected in
LiNbOs, shown in Fig. 8. The presence of a Hf-Nb peak
at a distance of 2.57 A suggests that the Hf peak lies in
the Li octahedron. Moreover, the Hf-O shortest distance
obtained by EXAFS better fits the average distance of the
first-shell oxygens in the Li than in the Nb octahedron.
Finally, the other distance corresponding to the Hf-Nb
pair lies in between the distances of the six niobiums of
the first shell lying above and below the center of the oc-
tahedron.

A plausible fit of the distances reported in Table I has
been performed in Fig. 8(a). The fit is obtained if one as-
sumes that impurity is close to the center of the oxygen
octahedron. Within the eerrimental uncertainty, even a
small shift of about —0.15 A can be allowed.

The possibility that Hf is in the Nb site is much more
unlikely: The average distance to the first oxygen shell is
about one-tenth of an angstrom shorter, and according to
Fig. 8(b), there are neither oxygen nor niobium neighbors
between 2.1 and 3.5 A; thus the Hf-Nb distances reported
in Table I cannot be explamed under this assumption of
Hf being in the Nb octahedron.

B. Ta-doped samples

The treatment of the EXAFS spectrum shows the pres-
ence of a first coordination sphere at 1.96 A that has been
related to Ta-O pairs. This peak is consistent with the
presence of the six oxygen atoms in the first shell. The
distance of 1.96 A seems to be too short when compared
with the average distance of the first-shell oxygen atoms
in the Li site [~2.12 A in Fig. 8(a)]. Additionally, no
more peaks are found experimentally until the next niobi-
um peak at 3.68 A, and later a rather strong contribution
of niobium atoms is present at 5.26 A. These facts sug-
gest that Ta is placed in the Nb octahedron.

We have plotted in Fig. 8(a) a plausible fit of our exper-
imental distances with those expected in LiNbO;, assum-
ing no displacement of the impurity from the center of
the oxygen octahedron. With the 0.15 A of error con-
sidered in the distances determined experimentally, the
agreement is fairly good. In this case a positive shift of
+0.25 A is also possible.

Peak II of Fig. 6(a) does not seem to correspond to ox-
ygen or niobium ions; however, the spectrum correspond-
ing to LiTaO; also exhibits a similar II' peak, and indeed
no oxygen or tantalum atoms exist in LiTaO; which can
explain its presence. The only possibility (if this peak is
not noise in both spectra) would be to relate them to Li
ions.

V. CONCLUSIONS

In conclusion, we have found that Hf in LiNbO; lies in
the Li site close to the center of the oxygen octahedron or
maybe shlfted in the negative sense of the ¢ axis up to
about 0.15 A. This result agrees with the previous one
obtained by RBS spectroscopy. '

With regard to the Ta case, our results show that the
impurity is close to the center of the niobium octahedron
or possibly shifted along the positive direction of the ¢
axis as much as 0.25 A.
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