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A Monte Carlo program for the simulation of channeling phenomena in LiNbO3 crystals is described.

Results of the program are compared with experimental yields for Nb, Li, and 0 from angular scans

through the (0001), (0221), (0441), and (1120) axial directions and through the (0001) planar direc-

tion obtained with 1.6-MeV He+ and proton beams. A set of calculated angular scans for different axial

and planar directions, and different impurity locations in LiNb03, is presented. The program has been

applied to identify the lattice location of Nd, Eu, and Hf in LiNbO3, and that of Lu and Hf in Mg-doped

LiNb03 by comparing the experimental data with the simulated angular scans. The results confirm that
0

the Hf atoms occupy substitutional Li sites and Eu and Nd atoms lie at a position shifted by =0.4 A

from the regular Li site along the c axis and towards the nearest oxygen plane in LiNb03. The Hf and

Lu atoms occupy the Nb and Li sites respectively if the LiNb03 is codoped with Mg atoms.

I. INTRODUCTION

The lattice-site location of impurities in crystals is a
subject of considerable interest from a fundamental as
well as from a practical viewpoint. In fact, the tech-
niques used in materials engineering to develop new ma-
terials for special purposes often rely on the ability to in-
troduce an appropriate impurity into a selected lattice
site, either during the crystal growth, or afterwards by
ion implantation or diff'usion, in order to produce a ma-
terial with the desired properties.

The channeling technique, combined with Rutherford
backscattering (RBS) or nuclear-reaction analysis (NRA),
has been a useful tool for studies of the lattice-site loca-
tion of impurities in metals' and semiconductors. '

Reliable results may be obtained by a comparison of the
experimental data with Monte Carlo simulations. ' In
favorable cases it is possible to determine the lattice-site

0
position with an accuracy of about 0.02 A. This accuracy
is also achievable for the thermal vibration amplitudes of
host and impurity atoms.

In recent years special interest has arisen in the
lattice-site location of impurities in oxide compounds
such as LiNb03, since the optical properties of these ma-
terials are very dependent on the type and the concentra-
tion of impurity atoms and, also, on the method of
preparation. In fact, it has been shown that the oc-
currence and the average wave number of the band attri-

buted to OH depend on the lattice site of the impurity
atoms. It has also been found that di8'erent lattice sites
may be occupied by the same kind of impurity atoms, in
fractions that are dependent on the codopant introduced
during the growth of the crystal.

In order to get precise data, both for the characteriza-
tion of the crystal lattice of the host atoms, as well as for
the distribution of impurity atoms over possible lattice
sites, a Monte Carlo program for the simulation of chan-
neling phenomena in LiNbO3 was developed. This pro-
gram is a modification and extension of the program
FLUX, developed originally for monoatomic cubic crys-
tals' and later extended to the case of di-atomic cubic
crystals. "

In this paper the philosophy of the program is first
presented. Finally, the program is then applied to the
analysis of experiments on LiNb03 doped with a number
of transition-metal and rare-earth impurities. Further-
more, a catalogue of channeling profiles for di6'erent axial
and planar directions is provided. These are essential for
a reliable identification of the positions of impurity atoms
in LiNb03, by means of channeling experiments.

II. DETAILS OF THE ILiNbO3 CRYSTAL STRUCTURE

Lithium niobate grows congruently (Li/Nb=0. 945) or
stoichiometrically (Li/Nb= 1.0) from the melt using the
Czochralski method. At room temperature the ferroelec-
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tric phase has very approximately a trigonal Bravais lat-
tice belonging to the space group R 3c and point group
3m: 3m is one unique triad and one set of three symme-
try related mirror planes parallel to the triad; R3c is
triads, screw triads, and c glide planes.

The structure can be described using a hexagonal cell
with parameters a =5.148 A and c =13.863 A. ' The
oxygen sublattice is built on the basis of a hcp cell with
six Hat oxygen layers in the unit cell and with the oxygen
atoms displaced from the true hexagonal positions. In
Fig. 1 two different projections of the structure are
shown. In the (0001) projection it is evident that the
oxygen atoms in one plane form irregular triangles slight-
ly rotated from those in adjacent planes, showing that the
real symmetry is 3 instead of 3 m. Figure 2 shows part of
the unit cell. The oxygen atoms form tetrahedrons and
octahedrons. The tetrahedral sites are vacant, whereas

3

of the octahedral sites are occupied by Li and Nb atoms.
The distances from the cations to the nearest oxygen
atoms are' Nb-O, 1.889 and 2.112 A, and Li-O, 2.068
and 2.238 A. Thus the octahedron occupied by Li is

O Nb
o Li

0
A tetrahedral site

fr ee octahedral site

FIG. 2. A part of the unit cell of LiNb03 illustrating the
tetrahedrons and octahedrons formed by the oxygen sublattice.
The tetrahedral sites (A) are all vacant. The octahedral sites
are partly vacant ( ) and partly filled by Nb (0) and Li (& )
atoms.

larger than the Nb octahedron.
The projections of the regular lattice sites on the planes

perpendicular to some directions selected for the experi-
ments are shown in Fig. 3. Along the (0001 ) axial direc-
tion the Li and the vacant octahedral positions are sha-
dowed by the Nb cations. The oxygen and the
tetrahedral lattice sites form a structure with threefold
symmetry around the c axis of the crystal. Along the
(0441) and (0110) directions the projected Li site devi-
ates only slightly from the Nb one. An entirely different
situation is observed along the (0221) and (1120) direc-
tions, where Li is near the middle of the channel. The
Inost convenient geometry for the identification of the Li
site is the (0001) planar direction. In this case the Li sites
are just in the middle between the planes formed by Nb
and 0 atoms. In the projections of Fig. 3 the (0001) plane
corresponds to the horizontal row in the (1120) and
(0110) axial projections as indicated. The (1102) plane
is in a diagonal direction in the (0221) axial projection;
see Fig. 3.
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FIG. 1. The hexagonal structure of LiNbO3 projected onto
the (0001) plane (bottom) and onto the (1120) plane (top). The
atoms of Li and Nb are indicated by small and large open cir-
cles. The 0 positions are shown as circles with various shad-
ings, where each shading pattern corresponds to a certain
height along the c axis.

FIG. 3. Projection of regular lattice sites of LiNbO3 onto
planes perpendicular to directions used in axial channeling ex-
periments. Indicated are the projected sites of Li (& ), Nb (o ),
0 (~ ), as well as the tetrahedral (E ) and vacant octahedral ( )
sites. Some planar directions are indicated.
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III. SHORT DESCRIPTION
OF THE SIMULATION PROGRAM

The basic philosophy of the Monte Carlo simulation
program has been described in a previous paper. ' The
program was modified to enable the use of three species
of lattice atoms as present in the LiNbO3 lattice. The tri-
gonal structure, with its low degree of symmetry made
further changes necessary.

The program calculates the trajectories of a large num-
ber of individual ions, entering the crystal lattice at ran-
dom positions with an initial direction close to an axial
channeling direction. The ions are assumed to travel
along straight lines between collisions. In the original
program the distance between the collisions —or rather
the distance between planes, perpendicular to the chan-
nel, where the ion direction is updated —was constant.
This is not the case for the LiNb03 structure and the se-
quence of distances is now given as input. At these
planes the velocity and the position of the ion are updat-
ed, taking into account (a) a binary collision with the
nearest lattice atom treated in the impulse approxima-
tion, (b) the deflection due to surrounding strings situated
at larger distances calculated in the thermally modified
continuum string approximation, ' (c) the energy loss due
to the interaction with electrons calculated in an impact
parameter dependent way, ' (d) the angular straggling

due to the electronic energy loss, taken into account by a
random deflection, and (e) the thermal vibration of each
lattice atom is accounted for by a small random displace-
ment from its equilibrium site sampled from an isotropic
Gaussian distribution.

In the simulations the Ziegler-Biersack-Littmark (ZBL)
universal potential' was used. The Aux distribution in
the plane perpendicular to the channel is accumulated
during the simulation and is convoluted with the depth
distribution of the impurity atoms for later use in the cal-
culation of the impurity yields. The nuclear encounter
probabilities for each of the host lattice atoms, as a func-
tion of depth, are also accumulated. Optionally, these
may be weighted with an energy-dependent reaction cross
section.

For an angular scan the simulation is repeated for each
of the points of the scan. The yield for the host lattice
atoms may be obtained directly from the nuclear en-
counter probability averaged over the proper depth inter-
val. As an alternative, the nuclear encounter probability
and the calculated energy loss and the straggling, both as
a function of depth may be used for a simulation of the
energy spectrum. For the impurity atoms the simulated
yield for each of the points of the angular scan is ob-
tained from the weighted Aux distribution accumulated
during the simulation. This Aux is convoluted with the
assumed distribution of impurity sites, taking into ac-
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FIG. 4. A catalogue of angular scans for
impurities in LiNb03. Each figure shows
(0001), (0221), (0441), (1120), and (0110)
axial scans and a (0001) planar scan, for 1.6-
MeV He+ ions, averaged over a depth of 1000
0

A, in scan planes specified in the text. (a) Host
lattice atoms Ls, Nb, and O. (b) Heavy Impuri-

ty at Li site, octahedral site, and tetrahedral
site. Scans for host Nb atoms are shown for
comparison. (c) Heavy impurity shifted from
the Li site in the (0001) direction by 0 to

0+0.5 A. Scans for host Nb atoms are shown
for comparison. The plus sign indicates a shift
in the direction away from the nearest oxygen
plane. (d) Heavy impurity, shifted from the Li
site in the (0001) direction by 0 to —0.5 A.
The minus sign indicates a shift in the direc-
tion to the nearest oxygen plane. (e) As Fig.
5(d), for shifts of —0.7 to —1.3 A.
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count the thermal vibrations and averaging over
equivalent projected sites. Thus, it is possible to vary the
assumed positions of the impurity atoms, as well as their
vibration amplitude without having to repeat the time
consuming simulation of the Aux distribution. For details
see Ref. 10.

IV. A CATALOGUE
OF SIMULATED ANGULAR SCANS IN LiNbO3

In this section we present a catalogue of angular scans
around various axial and planar directions, using 1.6-
MeV He ions. The simulations include substitutional
host positions, Fig. 4(a), as well as the vacant octahedra 1

and tetrahedral locations, Fig. 4(b). Moreover, we have
also simulated angular scans for impurity atoms dis-
placed from the regular Li site in either sense along the c
axis, Figs. 4(c), 4(d), and 4(e). The reason to present these
off-substitutional scans is that some previous experimen-
tal data suggest that impurities occupying the Li octahed-
ron may be displaced from the exact substitutional site.
This behavior is possibly associated to the much shal-
lower potential at the Li site in comparison to that of the
Nb site.

Angular scans were simulated through the (0001),
(0221), (0441), (1120), and (0110) axes and across
the (0001) plane. The following planes were used for the
axial scans: for the (0001) axis a plane 50 away from
the (0110) plane, for the (0221) axis 60 away from the
(0114) plane, for the (0441) axis 20' away from the
(0118) plane, for the (1120) axis 12 away from the
(0001) plane, and for the (0110) axis 15 away from the
(0001) plane. The planar scan through the (0001) plane
was calculated with an incident direction making an an-
gle of 4 with the ( 1120) axis.

For each point 5000 trajectories were simulated over a
depth of 1000 A. The rms vibration amplitudes used in
the simulations of Fig. 4 are u2=0. 09(1) A, 0.15(2) A,

and 0.12(2) A for Nb, Li, and 0, respectively. They yield
the best agreement with the angular scans for host ions in
Fig. 5. However, for Figs. 4(b), 4(c), 4(d), and 4(e) a value
u2 =0.07 A for the vibrational amplitude of the impurity
was used. The choice of this value is related with the
simulations for Hf atoms discussed in Sec. VI. For com-
parison the scans for Nb are also shown.

It is evident that the patterns for different sites are
uite difT'erent. Therefore, a set of channeling measure-qui e

ments in the geometries as descnbed above shou d1 be
sufficient to distinguish between possible lattice sites in
most cases.

V. COMPARISON WITH EXPERIMENTAL
ANGULAR SCANS IN LiNbO3

As a test case for the simulations of the host lattice
atoms in LiNbO3 we chose a previously reported experi-
ment, ' although the LiNb03 sample used in that work
was ope wdoped with 6 mo1% of Mg and 0.8 mol % of Er. The

11Nb and 0 yields were measured by detecting elastica y
scattered protons (RBS). The Li yield was determined us-
ing the Li(p, a) He nuclear reaction. The energy of the
proton beam was 1.6 MeV.

Angular scans were measured through the (0001

(0221 ), (0441 ), and ( 1120) axes, and across the (0001)
planar direction. The scan angle for the (0001) axis was
52' from the (0110) plane, and for the (0441 ) axis it was
12 from the (0118) plane. The angular scans through
the (0221) and (1120) axes were taken in the (1102)
and (0001) planes, respectively. The planar scan through
the (0001) plane was taken at 4 from the ( 1120) axis.

For the beam divergence a standard deviation of 0.03
s assumed. This includes the beam spread due to awas assume

~ ~

1
s

disordered surface layer. The thermal vibration amp r-

tudes were as for Fig. 4(a). For the calculation of the flux
a square grid with a grid size of 0.04 A was used. The
two-dimensional cells used in the calculations are shown
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FIG. 5. Channeling experiments on the host

atoms of LiNb03 compared with simulations.
Angular scans are given for Li, Nb, and 0
atoms, through the (0001), (0221), (0441),
and (1120) axes and also across the (0001)
plane. For further details, see text.
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FIG. 6. Experimental and simulated angu-
lar scans for the Nb host atoms (O) and Hf
impurity atoms ( ), of channeling of 1.6-MeV
He ions in LiNbO3 doped with 1.3% Hf
through three major axes as indicated. The
solid lines for Hf are simulations for the Li
site.

in Fig. 3. The large number of atoms, for which binary
collisions are evaluated, results in a considerable compu-
tation time. For example, for the case of the (0001)
axis, 18 binary collisions are considered over a distance of
d =13.863 A. For each calculated point 2000 trajec-
tories were followed until a depth of 4500 A. The time
for the calculation of a complete angular scan was 24 h
using an Olivetti M300-30 PC, i-486 running at 25 MHz.
The experimental points were obtained from a window in
the spectra corresponding to the same thickness.

The comparison of the simulations described in Sec. IV
with the experimental data is presented in Fig. 5. The ex-
perimental yields are represented by symbols and the cal-
culated scans by the solid lines. For Nb and Li the simu-
lated scans show a good agreement for the width and
slope of the channeling dips. The simulated minimum
yield for Nb is somewhat lower than observed experimen-
tally. This eA'ect may be due to a small amount of
structural defects in the LiNbO3 lattice. Therefore, a
small random fraction of 2—3 % was added to the simula-
tions, as indicated by dashed lines. The agreement for
some of the oxygen dips is worse. The evaluation of the
yield for oxygen from the RBS spectra requires assump-
tions about the shape of the underlying background of
protons scattered from Nb. This leads to relatively large
errors and might also be the cause for the small systemat-
ic deviations seen in Fig. 5.

In general, the agreement is satisfactory. In particular,
the fiux peak of the Li signal in the (0001) plane, and also
the enhanced yield for Li in the shoulders of the ( 1120)
scan in the (0001) plane, are well reproduced.

VI. LATTICE SITE LOCATION
OF Hf IN CONGRUENT LiNb03

AND OF Lu AND Hf IN Mg CODOPED LiNb03

The samples used in the experiments had been doped
during growth with 1.3 mol % Hf. Angular scans for Nb
and Hf were measured with a 1.6-MeV He+ beam,
through the (0001), (0441), and (1120) axes. The scan
plane for the (0001) axis made an angle of 50' with a
(0110)plane. For the (0441 ) axis the scan plane was 20'
from a (0118) plane. The scan through the (1120) axis
was taken in the (0001) plane. The experimental results
were normalized to random spectra obtained, while rotat-
ing the sample around the axial channeling direction at
an angle of 4' with the beam direction.

The same angular scans were simulated. The thermal
vibration amplitudes u 2 assumed for Li, Nb, and 0, were
0.15, 0.09, and 0.12 A, respectively, as discussed in the
previous sections. The Nb and Li atoms are surrounded
by six oxygen atoms, and considering that the heavier Hf
atoms have a similar surrounding, we assumed a thermal

o
vibration amplitude for Hf ions of 0.07 A, somewhat
smaller than the value used for Nb atoms. For each cal-
culated point 5000 trajectories were simulated over a
depth of 1000 A. The calculated and experimental yields
obtained are presented in Fig. 6. The experimental yields
are shown by symbols as indicated and the calculated
yields are given by solid lines. The simulated Nb yields
show a good agreement with the experiments. However,
a random fraction of 2 —3 % is, again, needed to fit the
minimum yields. The deviations observed in the scan
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FIG. 7. Experimental angular scans for the
Nb host atoms (0) and Hf impurity atoms
( ), of channeling of 1.6-MeV He+ ions in
LiNb03 doped with 1% Hf and codoped with
6% Mg, through the major axes and one plane,
as indicated. It is evident that the Hf atoms
occupy the Nb site.
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for Eu are simulations for the assumption that
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with a mixture of two fractions of Eu atoms at both posi-
tions as it was previously proposed. '

The simulations represented in Fig. 4(d) suggest that
Eu ions occupy a position shifted from the regular Li po-
sition towards the nearest oxygen plane with a shift be-
tween 0.3 and 0.5 A. For a more quantitative assessment,
we compared the experimental data and the calculated
yields corresponding to a position shifted by 0.4 A from
the Li site. The good fit obtained, as shown by the solid
lines in Fig. 9, unambiguously confirms the deviated posi-
tion of Eu with regard to the host location.

Figure 10 shows the angular scans through the
(0001), (0221), (0441), and (0110) axes measured for
Nd-doped LiNb03. Like in the Eu case the similarity of
Nd and Nb angular profiles in the scans of (0001) and
(0441) axes shows that Nd atoms do not occupy the free
octahedral site and should be in the Nb rows along the c
axis. On the other hand the Nd angular profiles obtained
in the scans through the (0110) and (0221) axes are
similar to the Eu profiles obtained through the same
directions. Thus, we can conclude that Nd and Eu atoms
occupy the same site, i.e., a position shifted =0.4 A from
the Li site towards the nearest oxygen plane.

VIII. DISCUSSION AND CONCLUSIONS

A computer program has been developed and tested to
simulate channeling experiments in LiNb03. Both the
angular scans for the host atoms as well as the impurities
located at various sites are well reproduced with the pro-
gram. The catalogue of angular scans for different im-
purity sites presented here constitutes a useful guide to
identify the lattice position from channeling data and can
help to plan experiments to distinguish between different
possible lattice sites. As a summary of the investigation,
the lattice sites occupied by impurity atoms in LiNb03
and LiNbO3 doped with Mg are presented in Table I. It
appears that there is a strong tendency for the cation im-
purities to occupy Li lattice sites, either substitutionally
or shifted. This behavior is independent of the valence

state of the impurity, ruling out any change misfit argu-
ments to determine location. In principle, one might re-
late that preference to the phase diagram of LiNb03. In
fact, homogeneous crystals grow at the congruent com-
position, presenting a few percent Li deficiency. There-
fore, impurities will preferentially find empty Li sites dur-
ing the incorporation process. This argument could be
tested by investigating site locations in stoichiometric
crystals and this study is now underway in our laborato-
ry. Anyhow considering that impurity atoms in the
LiNbO3 structure are surrounded by oxygen atoms, we
have looked for a correlation between the lattice site of
the impurity and its cation-oxygen bond length in the ox-
ide, as presented in Table II. These bond lengths have
been compared with the mean value Rz; Q of the two Li-
O distances in congruent LiNb03 (see Sec. II), and with
the mean value RNb Q defined similarly. These values are
also given in Table II. It seems that all impurities with
an oxygen-bond length exceeding RNb Q occupy Li sites,
or shifted Li sites if the bond length also exceeds R f j Q.
Impurities with a bond length smaller than or equal to
RNb Q can occupy either Li or Nb sites. The observation
that Hf occupies Li sites in undoped LiNb03 and Nb
sites in Mg-doped LiNb03 may be explained by the large
number of empty Li sites in undoped congruent crystals.
In fact, it has been shown that the Li deficiency ( =6%)
in these crystals is compensated with the presence of Nb
at the Li site, forming Nb&; antisites. ' The incorpora-
tion of the cation impurities should imply the occupation
of Li empty places, preventing the formation of those
Nb&; antisites. With the Mg-doping and under the as-
sumption that all Nb&; antisites are replaced by Mg
atoms, the occupation of the Nb site by Hf ions becomes
energetically favorable. In order to check this model,
similar experiments comparing the behavior of other im-
purities in LiNb03 and Mg-doped LiNbO3 should be car-
ried out.

The analysis of the data shows that the channeling
technique is quite sensitive to the value of the thermal vi-
bration amplitudes of the host atoms. In fact, a precision

TABLE I. Summary of lattice sites for impurities in LiNb03 and LiNb03. Mg. In the last column a
reference to the present work is indicated by a p.

Impurity LiNbO,
Lattice site

LiNbO, :Mg Ref.

Ta
Fe
T1
Mn
Ni
Hf
In
Lu
Tm
Er
Gd

Eu
Nd

Nb
Li
Li
Li
Li
Li

Shifted from Li??

Shifted from Li (-0.4 A)
Shifted from Li (-0.4 A)

Nb
Li
Li

Li+random (=10%)
Li

Li octahedron
+random ( =70%%uo)

Shifted from Li

18,19
20

21,22,23
24
22

18,19,p
25

25,p
26
17

26
p
p
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Oxide 6 (A) Oxide 4 (A)

Li,o
Nb205
Ta,o,
MgO
Mn02
NiO
Tio,
HfO

2.004
1.888
1.83
2.106
1.877
2.084
1.966
2.021

Fe203
In203
Lu203
Tmz03
Erz03
Gd, o,
Eu203
Nd203

2.02
2.17
2.23
2.25
2.26
2.32
2.33
2.38

+Lj-0 2.15 &Nb-O 2.00

TABLE II. Values of cation-oxygen distances in the oxides of
impurity elements (Ref. 27). The meaning of RLj Q and RNb Q is

given in the text.

in the present work are very close to those determined by
x-ray di6raction in stoichiometric LiNb03. This sug-
gests that in our doped congruent crystals the lattice po-
tential at ion sites is about the same as in stoichiometric
crystals.

In Ref. 13 it is shown that the thermal vibration ampli-
tudes are anisotropic, with a maximum anisotropy in the
purely congruent phase. This conclusion is not support-
ed by our data. In fact, good agreement between simula-
tion and experiment has been obtained with one and the
same set of isotropic vibration amplitudes for all angular
scans. In the same reference the Li thermal vibration
amplitude was found to be higher in congruent than in
stoichiometric LiNb03 crystals. This may be due to
small static displacements of the Li atoms in this latter
case. The channeling technique will be used to test this
eff'ect in the near future.

of 11% of Nb, 13% for 0, and 17% for Li has been ob-
tained in the simulations of the results presented in Fig.
4. This high sensitivity gives a unique possibility for a
systematic study of the vibration amplitudes associated
with particular sites of the LiNb03 lattice. However, it
should be kept in mind that experimental values for the
vibration amplitude may contain a component due to
small static displacements.

The values of the thermal vibration amplitudes found
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