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The structures of Li;+.—,Nb;—.—3Ti.+4,0; solid solutions
within the so-called M-phase field in the Li,O—-Nb,Os-TiO,
system were investigated using high-resolution transmission elec-
tron, microscope (HRTEM) and single-crystal X-ray diffraction.
The results demonstrated that the phase field is not a solid
solution but rather a homologous series of commensurate
intergrowth structures with LiNbO;-type (LIN) slabs separated
by single [ Ti,Os]*" corundum-type layers. The thickness of the
LN slab decreases with increasing Ti-content from ~ 55 to
3 atomic layers in the metastable H-Li,Ti;O; end-member. The
LN slabs accommodate a wide range of Ti**/INb** substitution,
and for a given homolog the distribution of Ti and Nb is not
uniform across the slab. A single-crystal X-ray diffraction study
of a structure composed of nine-layer LN slabs revealed prefer-
ential segregation of Ti to the slab surfaces which apparently
provides partial compensation for the charge on the adjacent
[Ti,O:]** corundum layers. The extra cations in phases with
x >0 are accommodated through the formation of Li-rich
Li,MO;-type layers in the middle of the LN slabs. The fraction
of layers with extra cations increases with increasing Ti-content
in the structure. © 2002 Elsevier Science (USA)

Key Words: niobates; titanates; intergrowth structures; high
resolution TEM; homologous series; lithium miobate.

INTRODUCTION

The solid solution Lij .- Nb;_,_3,Ti 4,03, also re-
ferred to as the “M-phase,” occurs over an extended phase
field approximately in the center of the Li,O-Nb,O5-TiO,
ternary system (Fig. 1, cited by (1)). Recent studies have
demonstrated that these solid solutions exhibit chemically
tunable dielectric properties of interest for use in wireless
communication systems (¢ = 55-80, 7, tunable to zero, Q x [
up to 9000@6 GHz). Moreover, the relatively low sintering
temperatures of these ceramics (< 1100°C) render them
attractive candidates for low-temperature co-fired ceramic
technology (LTCC) (2).

!To whom correspondence should be addressed. Fax: 215-573-2128.
E-mail: davies@lrsm.upenn.edu.

Despite the technological potential of the M-phase solid
solutions, their crystal chemistry has remained unclear. The
initial studies of the M-phases showed that their powder
X-ray patterns bear a strong resemblance to that of LiNbO;
(LN) with the exception of several peak splittings and addi-
tional satellite reflections. Two different models have been
proposed to describe the crystal structure of the M-phases.
In one model, proposed by Smith and West for the Li,O-
rich end of the M-phase field (along the LiNbO;-Li,TiO5
join), the solid solutions were described as having incom-
mensurate structures comprised of random intergrowths of
LN- and rocksalt-type Li,TiO5 slabs (3, 4). According to
another model, (5) proposed by Roth and Davis for the
structures along the LiNbO;-Li,TisO1, join, the M-phase
field is comprised of a homologous series of commensurate
structures based on ordered intergrowths of LN and
a spinel-type end-member. Both models imply stacking
faults in the oxygen packing at the interfaces between
LN-type (hcp packing) and either rock-salt (ccp) or spinel
(ccp) type slabs; however, no evidence was presented to
support existence of such stacking defects in the oxygen
subcell. Roth et al. noted the possible similarity of the
M-phase structures to that of a metastable hexagonal (H)
polymorph of Li,Tiz;O5 (6), later shown to contain 4-layer
thick LN-type slabs separated by single layers of an unresol-
ved nature (7). Minor additions of Nb,O5 were found to be
effective in stabilizing H-Li,Ti;O- (8) and the structure of
Nb,Os-doped H-Li,Tiz;O, was solved recently by Rietveld
analysis supplemented by high-resolution transmission elec-
tron microscope (HRTEM) data (9). The refinement demon-
strated that the structure consists of LN slabs, five atomic
layers thick, separated by a corundum-type [Ti,O;]**
layer. In this structure, the hep stacking of oxygen is preser-
ved across the interface between the LN and corundum-type
slabs, which is in contrast to both models previously pro-
posed for the M-phase

In the present work, we applied electron diffraction
and structural imaging in a HRTEM combined with
single-crystal X-ray diffraction to clarify the crystal struc-
ture of the Li; 4+, ,Nb; _,_3,Ti 44,05 solid solutions.
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FIG. 1. Li,O-TiO,-Nb,Os phase diagram at 1100°C (from Ref. (1)).

The M-phase field is indicated.

EXPERIMENTAL

The structural studies were conducted on polycrystalline
ceramics prepared through a mixed oxide route, and
flux-grown single crystals. The ceramic samples in the
Lij 4, ,Nby 3, Ti, 44,03 M-phase field were synthesized
from dried Li,CO; (Baker,? 99.0%), Nb,Os (Cerac,
99.95%), and TiO, (Cerac, 99.9%) powders using several
annealing and homogenization cycles (see details in (2)). The
XRD patterns were recorded on a Rigaku DmaxB diffrac-
tometer using CuKa radiation generated at 45kV and
30 mA. The indexing scheme proposed by Roth and Davis
(5) (see details in (2)) was used to determine the lattice
parameters of the subcell and the average number of layers
in the repeatable structural block <{N) = {#(LN-type
layers)) + < #(Ti-rich layers)). The compositions and their
respective values of {(N) are shown in Table 1.

Single crystals of the composition corresponding to
a bulk stoichiometry of Lig sNby ,Ti; 039 (With an
N = 10-layer structure) were prepared by the flux method.
A pre-reacted composition comprising 11.1 wt% Li,O,
44.2 wt% Nb,Os, and 44.6 wt. TiO, was mixed with lithium
molybdate (Li,0:2.25 MoO3;) in the weight ratio 90:10, and
the mixture was sealed in a platinum tube. The tube was
heated at 1100°C for 119 h then removed from the furnace
to cool. The excess flux was removed by washing with
dilute HCL. The crystals were in the form of small colorless

2The use of brand or trade names does not imply endorsement of the
product by NIST.

TABLE 1
Average Block Lengths Computed from XRD
for Li, . ,Nb,_._;Ti,,,O; M-Phase Compositions

X y (N>
0.1 0 49.76
0.15 0 35.87
0.2 0 26.90
0.1 0.025 2244
0.15 0.025 16.76
0.05 0.05 18.61
0.1 0.05 15.66
0.05 0.075 16.77
0.1 0.075 11.95°
0.15 0.075 11.05
0.05 0.1 15.22
0.1 0.1 9.98¢
0.15 0.1 9.16°
0.1 0.125 9.03¢
0.1 0.15 8.93
0.1 0.175 8.85°

“Could be indexed as M-phases with N = closest integer.
*Could be indexed as a mixture of N = 9 and 10 M-phases.
‘Could be indexed as a mixture of N = 8 and 9 M-phases

platelets, often with a hexagonal shape. A portion of the
crystals was finely ground and a powder pattern obtained.
This showed that the crystalline product was predominantly
a single phase with 1-2% of rutile as the only impurity. The
pattern could be completely indexed using hexagonal cell
parameters which were refined to the values a = 5.104(1) A,
¢ =23.190(1) A. The compositions of the crystals were de-
termined using wavelength-dispersive electron microprobe
analysis, with NbPO;s and TiO, as standards. Li could not
be analyzed directly, but a good approximation to its analy-
sis was obtained by subtracting the sum of the Nb and Ti
contents from 100%. This value was then input into the
data correction software to correct the Nb and Ti analyses
for matrix effects due to the Li. Different crystals gave
almost identical analyses, averaging (for seven crystals)
44.6 wt% Nb,0Os, 43.8 wt% TiO,.

Crystals from the flux run were initially examined using
the precession method. This showed they had trigonal
symmetry and that there were no systematic reflection ex-
tinctions. A small hexagonal platelet was selected for an
intensity data collection, which was made using a Nonius
Kappa diffractometer employing a CCD area detector. The
data collection conditions are given in Table 2. The CCD
intensity data set was processed to produce an absorption
corrected file of F? and ¢(F?) which was used with SHELXL
(10) for the structure analysis.

The specimens for the TEM/HRTEM study were pre-
pared by conventional cutting, grinding, and dimpling fol-
lowed by ion thinning in a GATAN precision ion-polishing
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TABLE 2
Crystallographic Data for 10-Layer Li,Nb, ,Ti; 05,

Crystal data .

Cell parameters (A)

VA

Space group

Intensity measurements
Temperature (K)

2 (MoKa)

Crystal size (mm?)
Collection mode

Crystal-to-detector (mm)

20 max

Total no. of integrated reflections
No. unique reflections

No. reflections, F > 40 (F)
Absorption correction

a = 5.104(1), ¢ = 23.190(1)

1

P-3

Nonius Kappa/CCD

295

0.71073

0.07 x 0.07 x 0.025

¢ scan, 0-360°

360 images at A¢p = 1°

150s per image count time

45

60°

5939 (=99.6% data completeness)
1038

842

Empirical, u = 5.5 mm~
Amin = 0.77, Aoy = 0.86

1

R(merge) on F? 0.066
Refinement

No. parameters refined 82

G of F 1.09
R1, F > 40 (F) 0.058
R1, all data 0.071

system. The electron-diffraction experiments were conduc-
ted in a Phillips EM 430 microscope operated at 200 kV.
A JEOL3010-UHR microscope with a point-to-point res-
olution of 1.7 A operated at 300 kV was used for structural
imaging; the images were recorded with a GATAN charge-
coupled device camera. Phase contrast simulations were
performed using the Bloch waves formalism implemented in
the EMS software package.

RESULTS
HRTEM

A representative [100] selected area electron-diffraction
(SAED) pattern, collected from a single grain in the
Lig sNb, 4Ti; ; O3, specimen, is shown in Fig. 2. The stron-
gest (fundamental) reflections in this and other patterns
collected from the specimens of different compositions were
indexable according to an LN unit cell. The patterns feature
sets of L extra reflections, Fig. 2, which divide the distance
between the central and the 0006,y reflection into
N =L + 1 equal parts. Therefore, the diffraction patterns
were attributed to a LN-based superstructure with a repeat-
able structural block (motif) containing (L + 1) = N cation
(or anion) layers along the c-axis of the hexagonal cell. For
example, the Lig sNby, 4Ti; ; O3, specimen (Fig. 2) features
a superstructure built of blocks that are 10-layers thick. To
determine the applicability of HRTEM in understanding
the structures of the Li; 4 .- ,Nb; _,_3,Ti, 14,03 solid solu-

tions, phase contrast simulations were first performed for
LN (11) and H-Li,Ti;O- (9) for various combinations of
defocus and sample thickness (Fig. 3). The simulations for
the [100] structural projection of both structures revealed
a range of defocus-thickness conditions where a one-to-one
correspondence exists between the Nb/Ti cation columns
within the LN blocks and bright spots in the image. For the
[210] projection of both structures, a similar correspond-
ence was observed between the oxygen columns and bright
spots in the images. Therefore, these two orientations pro-
vide an intuitive interpretation of the phase contrast in
terms of the stacking sequence of the Nb/Ti and oxygen
layers. In particular, the cubic stacking of Nb/Ti in the LN
blocks should be revealed when the structure is imaged
along [100] direction (Fig. 3a). The corundum-type layer in
the simulated [100] image of H-Li,Ti;O- structure (Fig. 3c)
exhibits different contrast and shifted position which dis-
rupts the cubic closed-packed sequence of the Ti/Nb layers
on going from one LN-type block to another. The images of
both structures in the [210] orientation (Fig. 3b, d) reveal
the continuous hexagonal stacking of oxygen layers.
Experimental HRTEM images of M-phase samples with
different periodicities are presented in Fig. 4. The images
collected in the [100] orientation (Figs. 4a—c) show that all

FIG.2. Typical [100] electron diffraction pattern for M-phase samples
collected from N = 10, single-crystal sample of Lig sNb, 4Ti; 103,. The
strongest reflections can be indexed according to the LiNbOj unit cell. The
distance between the central and the 0006, y reflections is subdivided into
the N = L + 1 equal parts.
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FIG. 3. Simulated HRTEM images for LN: (a) [100], defocus Af = — 48 nm, thickness ¢ = 25 nm; (b) [210], Af = — 32, t = 30 nm and H-Li,Ti;O-;
(c) [100] defocus Af = — 48 nm, t = 25 and nm; and (d) [210] Af'= — 48 nm, t = 10 nm. The Scherzer defocus for the JEOL-3010UHR microscope

is about — 36 nm.

of the structures are composed of blocks having cubic stack-
ing of L cation layers separated by a single layer with
different contrast and a shifted position. The resultant num-
ber of layers (N = L + 1) in the motif was in agreement with
that observed in the corresponding SAED pattern. The
phase-contrast images in the [100] orientation are very

. . : = .
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FIG. 4.

similar to those reported for the [100] orientation of
H-Li,Tiz;O5 (9) and predicted by the phase-contrast simula-
tions (Fig. 3c). The [210] images of all specimens, regardless
of composition, revealed continuous hexagonal close-pack-
ing of oxygen (Fig. 4d) with no evidence for stacking faults.
A close similarity between the phase contrast observed for

(a-c) [100] HRTEM images of M-phases with N = 8 (a), = 10 (b) and = 28 (c), which reveal the packing of the Ti/Nb layers. The inset in (b)

shows a phase-contrast image calculated using structural parameters obtained from the X-ray single-crystal refinement of the N = 10 structure. (d)
A [110] HRTEM image of the N = 28 structure with a composition located on the LiNbO;-Li,TiOj; join; the image reveals a continuous hexagonal
close-packed sequence of the oxygen ions. Similar images were obtained for other M-phase compounds in this orientation. (e), (f) Electron diffraction
patterns corresponding to the images given in (c), (d) with the strongest reflections indexed according to the LN unit cell.
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FIG. 5. Example of coherent intergrowth between different long period structures, in this case, N = 31 and 30.

the M-phases in both orientations and that of the
H-Li,Ti;O- phase, suggest that the M-phases are also
composed of LN-type slabs separated by corundum-type
layers. This model for the M-phase was further confirmed
by the single-crystal X-ray diffraction study of the N = 10
structure which is described below.

The results obtained for the number of cation layers (N)
in a motif from the TEM studies were compared to the
average values { N') calculated from the XRD data (Table 1).
Generally, the compositions with small (10 or less) integer
values of {(N) in the XRD spectra appeared to be single
phase with the same and unique value of N when investi-
gated by TEM. Those with small non-integer {(N) were
found to contain two structures with the closest higher and
lower integer values of N; for example a sample with (N
=9.5is a mixture of N =9 and 10. Samples with larger
values of (N) were often comprised of more than two
structures; for example, (N ) = 26.9 contained commensur-
ate structures with N ranging from 25 to 31. The mixture of
the structures was often realized in a form of coherent

intergrowths, which was confirmed by tilting experiments
and by HRTEM imaging; an example is shown in Fig. 5.
Typically, the regions representing a particular structure
(i.e., a single N value) were large enough to produce sharp
superlattice reflections in the corresponding electron-
diffraction patterns (Figs. 4¢ and f).

Single-Crystal X-Ray Refinement of
Lig sNby 4Ti7. 1030 (N = 10)

To validate the models presented above and understand
the details of the atomic arrangements in the M-phases,
structure refinements were conducted on a flux-grown crys-
tal, Lig sNby, 4Ti; O30, with N = 10. A starting model for
the Ti/Nb and O atom positions was developed based on
the structure determination of H-Li,Ti;O5 (9) with an hcp
oxygen lattice and a 9-layer LN-type cation repeat separ-
ated by a Ti,O%" corundum-type layer. Using the cen-
trosymmetric P3 space group (see discussion), a satisfactory
refinement of the Ti/Nb and O positions was obtained. The

TABLE 3
Refined Structural Parameters for 10-Layer Li, ;Nb, ,Ti, ;0;,

Site s.o.f. X y zZ U (A%
M(1) 2d 0.333 Ti 1 2 —0.01453(7) 0.007(1)
M2 2 0.217(5) Ti + 0.116 Nb 1 2 0.11465(5) 0.005(1)
M@3) 2 0.151(5) Ti + 0.182 Nb 0 0 0.20948(5) 0.010(1)
M(4) 2d 0.161(5) Ti + 0.172 Nb 2 1 0.30753(5) 0.010(1)
M) 2 0.179(6) Ti + 0.154 Nb 1 2 0.40455(6) 0.014(1)
M(6) 1b 0.085(4) Ti + 0.082 Nb 0 0 1 0.010(1)
Li(1) 2e 0.327(3) Li + 0.006 Ti 0 0 0.0860(6) 0.01
Li(2) 2d 0.311(5) Li + 0.022 Ti 2 1 0.1817(5) 0.01
Li(3) 2d 0.310(4) Li + 0.023 Ti 1 2 0.2841(5) 0.01
Li(4) 2e 0.333 Li 0 0 0.3768(9) 0.01
Li(5y  2d 0.333 Li 2 1 0.482(1) 0.01
o(1) 6g 0.025(1) 0.383(1) 0.0492(2) 0.012(1)
0(2) 6g 0.289(1) 0.321(1) 0.1507(2) 0.009(1)
0(3) 6g 0.953(1) 0.294(1) 0.2502(2) 0.010(1)
0(4) 6g 0.621(1) 0.994(1) 0.3503(2) 0.009(1)
0(5) 6g 0.044(1) 0.331(1) 0.4500(2) 0.010(1)

“Li(5) is split between two sites with z = 0.482, s.o.f = 0.22(1), and z = 0.427, s.o.f. = 0.11.
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positions of the Li atoms were obtained from difference
Fourier maps. The refinement was continued with allow-
ance for mixed occupancy of the metal atom sites by Nb and
Ti and for partial occupancy of the Li sites by Ti/Nb. The
final refinement incorporated anisotropic thermal para-
meters for the Ti/Nb and O atoms. The refinement details
are given in Table 2. The refined atomic coordinates, equiv-
alent isotropic thermal parameters, and site occupancies are
given in Table 3.

A polyhedral representation of the structure of the 10-
layer phase is shown projected along [110] in Fig. 6. The
refinement confirms a close structural relationship to the
S-layer H-Li,Ti;0- phase, for which the actual composition
is Liy ¢Nbg ,Tis 1O¢5 (9). In particular, it comprises an
ordered intergrowth, parallel to (001), of corundum-type
M ,0j; layers with 9-layer wide LN-type blocks (compared
to 4 layers of LN in Liy ¢Nby ,Tig 1O;5). The Ti atoms are
fully ordered in the M(1)O¢ octahedra of the M,0Oj; layers
and are also preferentially ordered in the M(2)Og4 octahedra

FIG. 6. Polyhedral representation of the 10-layer structure projected
along [110]. The unit cell outline is shown with the c-axis vertical. The gray
circles are Li atoms, the corundum-type M,0O; octahedral layers are gray,
the LN-type octahedra are black, and the octahedra in the Li,MOj; layer
are off-white.

in adjacent layers. The M(1)O¢ and M(2)O¢ octahedra share
a common octahedral face as in corundum. The M(3)-M(6)
sites in the LN blocks contain approximately equal
amounts of Ti and Nb. Phase-contrast images simulated
using the refined structural parameters were consistent with
those observed experimentally for the ceramic specimen of
the same nominal composition (Fig. 4b).

The M(2) atoms in the LN layers adjacent to the M(1),03
layer are displaced along [001] due to octahedral face-
shared repulsions with the M(1) atoms. The displacements
are in opposite directions on either side of the M,0O; layer
and they influence the metal atom displacements in sub-
sequent LN layers. This results in ferroelectric LN blocks of
opposite polarity on opposite sides of the M,0O; layers.
Connectivity of these oppositely poled regions is made via
a layer with a structure closely related to paraelectric
LN(12). This region is shown by the off-white shading in
Fig. 6. In the paraelectric region, the M(6) atoms are located
midway between the oxygen layers, and the Li(5) atoms are
located close to the plane of the oxygen atoms. As in
paraelectric LN, the Li(5) atoms are disordered over two
sites on either side of the plane of the oxygen atoms. The
composition of the paraelectric layer is formally Li,MOs.

The layer sequence in the 10-layer structure is M,0O3-
4(LiMO3)-Li,MO;3-4(LiM O3), giving an ideal composition
Li;oM,03,. However, the actual composition contains less
than 10 Li atoms because of partial substitution of Li(2) and
Li(3) by M in the two central layers of the ferroelectric LN
blocks, see Table 3. This type of substitution was also found
in the 5-layer Liy §Nbg ,Tis.1O;5 (9) and it has been exten-
sively studied in non-stoichiometric Li; - 5.Nb; ;O3 (13).
In the latter compound, the substitution is accompanied by
Li-site vacancies. We were unable to determine if Li-site
vacancies played a role in this study because of the com-
plication of three different metal atoms.

The unit cell composition derived from the site occupa-
tion factor refinements, Table 3, is Lig 6oNby 54Ti5 ¢7O03.
The sum of the cation charges is + 59.2. Small adjustments
(<1 es.d. of the s.0.f’s) to the composition to achieve
charge Dbalance gives a unit-cell composition
Lig sNby 4Ti; ;030. The oxide contents for this composi-
tion are 45.2 wt% Nb,O5 and 43.8 wt% TiO,, which are in
good agreement with the microprobe results of 44.6 wt%
Nb,Os5 and 43.8 wt% TiO,.

Selected interatomic distances for Lig sNb, 4, Ti; 1O3, are
given in Table 4. The M(1)O¢ octahedra in the corundum-
type layer, and the octahedra containing M(2) to M(5) in the
ferroelectric LN layers all have three longer bonds
(2.02-2.11 A) and three shorter bonds (1.86-1.92 A), as ob-
served in corundum-type structures and in ferroelectric LN.
The difference between the long and short bonds gets pro-
gressively smaller in the sequence M(2)-M(5) as the layers
approach the paraelectric LN region. The M(6)O¢ octahed-
ron is centered on a special position in the paraelectric LN
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TABLE 4
Selected Interatomic Distances for 10-Layer Li, Nb, ,Ti,,0;,

o

Distance (A) Distance (10\)

M(1)-0(1) x3 1.8924)  Li(1)-O(1) x 3 2.082(7)
~0(1) x3 2.114(4) ~0(2) x3 2.167(10)
-M(1) edge 3.023(1) ~M(2) edge 3.021(3)
-M(2) face 2.996(2) ~M(3) face 2.863(14)

M(2)-0(2) x3 1.859(4)  Li(2-0O(2) x 3 2.029(6)
-O(1) x3 2.147(4) -0(3) x3 2.233(9)

~M(3) edge 3.016(3)

M(3)-0(3) x 3 1.888(4) —M(4) face 2.918(12)
~0(2) x3 2.075(4)

M(4)-0(4) x3 1.907@)  Li(3-0(3) x3 2.075(6)
-0(3) x3 2.058(4) —0(4) x3 2.202(9)

-M(4) edge 2.996(2)

M(5)-0(5) x3 1.922(4) —M(5) face 2.793(11)
-0(4) x3 2.019(4)

M(6)-O(5) x 6 1968(4)  Li(4)-O(4) x 3 2.014(8)
-Li(4) face 2.857(21) ~0(5) x3 2.326(16)
-Li(5) edge 2.981(4)

M(5)-Li(4) edge 3016(4)  Li(5-0(5) x3 2.056(11)
-Li(5) face 2.668(29) -0(5) x3 2278(21)

layer and has six equal M-O distances of 1.968(4) A. The
LiOg4 octahedra also have three shorter and three longer
bonds. The two Li-O distances are similar to those in
ferroelectric LN (12).

In Lig sNby 4Ti; 105, the ~ 10 Li atoms are com-
pressed into 9 layers, rather than 10 layers as in LN. As
a consequence, the Li-Nb distances in the face-shared oc-
tahedra of the LN blocks are considerably shorter,
2.67-92 A, than in LN (Li-Nb = 3.05 A). The M(1)-M(2)
distance of 2.996(2) A across the shared octahedral face in
the corundum-type region is the same as obtained for the
S-layer intergrowth (9).

DISCUSSION

The main goal of this investigation was to determine the
appropriate structure model(s) for different compositions of
the M-phase solid solutions in the Li,O-Nb,0Os-TiO,
system. All of our results are consistent with a description of
the M-phase field as a homologous series of commensurate
structures. Both the single-crystal X-ray diffraction study
and HRTEM confirmed the close similarity of the M-phase
structures to that of H-Li,Ti;O-. The basic elements of the
M-phase structure are L-layer thick LN slabs separated by
a single corundum-like [M,03]*" layer, giving structural
motif with (L + 1) = N cation (or anion) layers along the
c-axis. The LN-type slabs exhibit a cubic close-packed
stacking sequence of the Nb/Ti layers. The location of the Ti
cations in the extra layer does not correspond to the close-

packed stacking, although it depends on the position of the
two surrounding cation layers. The resulting layer sequence
for the Nb(T1i) cations (for example for the N = 5 structure)
can be described as ... {abca[a + b]bcab[b + ¢]cabc [¢ + a]}
abca [a + b]bca ..., where the positions of Ti(Nb) cations
within the intermediate layer are indicated using bold letters
enclosed in square brackets. In this case, the c-axis periodic-
ity for the cation sublattice (denoted by curved brackets) is
3N = 15 layers. The oxygen stacking is hexagonal and con-
tinuous throughout the Ti-rich corundum layers. No evid-
ence was found for stacking faults in the oxygen subcell in
any of the compositions investigated (including LiNbO;-
Li,TiO; join), thus, ruling out the previously suggested
intergrowth models (3, 5). Since the hcp oxygen sublattice
has a 2 layer repeat, the total lattice periodicity must always
include an even number of atomic layers. Thus, the overall
periodicity in the example above is 30 layers with
¢ = 30dyo1, where dyo; is the average spacing between the
atomic layers.

The symmetry and the c-lattice parameter of the M-phase
structures depend on the number of layers L in the LN slab.
The {001} LN slabs exhibit p3 layer symmetry. The Bravais
lattices for the structures with L = 3k (k = any integer) and
L # 3k are primitive (P) and rhombohedral (R), respectively.
Thus, for structures with L = 3k odd and L # 3k odd, the
resultant space groups are P3 (c = Ndy,) and R3
(¢ =3Ndyg1), respectively. For L even (N odd), the addi-
tional doubling of the unit cell generates a c-glide plane with
P3cl and R3¢ symmetry for L = 3k even and L # 3k even,
respectively. These four space groups (Table 5), account for
all possible structural arrangements in the M-phases
(assuming ideal atomic positions). The observed diffraction
patterns for the structures studied were in full agreement
with the symmetries predicted.

Each composition within the phase field should be either
single phase (for integer (N)) or a two-phase mixture (for
non-integer (N ). The fact that more than two phases with
different but close N’s were typically observed in samples
with low Ti content (large {N)) suggests that equilibrium
in these cases is very difficult to achieve because of small
free-energy differences between the higher N structures.

At 1100-1150°C, the stable structures have LN slabs with
L ranging from 7 to 55 (2, 5). However, additional structures

TABLE 5
Space Group of the M-Phases as a Function of the Number of
Layers in LiNbO,-Type Block L (kK — Any Positive Integer)

L(=N-1) ¢ lattice parameter Space group

=3k (P symm. cell)  Even 2N x Dgo P3cl
Odd N x Dgo; P3

# 3k (R symm. cell)  Even 6N x Doy R3c
0dd 3N x Doo, R3
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with L = 4, 5, and 6 can be obtained under different condi-
tions (5), with their compositions lying close to the line
between the 1100°C extreme (L = 7) and Li,Ti;O4. Zou
et al. (7) also reported the L = 3 polymorph of metastable
H-Li,Ti;O4. Apparently, the high levels of Ti in the LN
slabs decrease the stability of the lower-N homologues,
which become metastable for the Nb-free compounds.

One of the primary crystal chemical features of the
M-phase structures is the accommodation of Ti in the
[Ti,05]*" corundum block. In all the samples investigated,
the width of this block was restricted to a single layer, which
is consistent with it carrying a charge. Therefore, changes in
the chemical composition of the Li; 4, ,Nb; _,_3,Ti, 44,03
M-phases must be accommodated by alterations in both the
length (L) and chemistry of the LN slabs. This is supported
by the previous studies of the system using powder XRD
(2,5), which found a well-defined correlation between the
mean length L of the LN slabs and the Ti content (or
equivalently the (Li + Nb)/Ti ratio). The large number of
homologues leads to very narrow compositional ranges of
stability with respect to the (Li + Nb)/Ti ratio for any single
member of series. For example, small deviations in the Ti
content in a ceramic sample of Lig sNb, 4Ti; ;O34 (N = 8),
resulted in 2-phase mixtures of N =8 and 7 (Ti-rich) or
N = 8 and 9 (Ti-deficient). In contrast, the periodicity of the
structure is relatively insensitive to changes in the Li/Nb
ratio and, for a given Ti content, variable degrees of excess
cations within the LN slab can be accommodated without
any change in N (see discussion below).

While the structural periodicity for a given phase trans-
lates directly into the proportion of [Ti,O3]* " layers, this is
not the only compositional parameter that changes from
one homologue to another. Both the shape of the phase field
and the structure refinements for N =5 (12) and N = 10
(this study), indicate that the relative concentration of Ti in
the LN-type slabs varies among different phases. For
example, in the stabilized end-member of the series, H-
Li,Ti;O-, almost all of the Nb is replaced by Ti. These
differences are reflected by changes in the a lattice para-
meter, which were discussed in detail in a previous study (2).
The single-crystal X-ray diffraction studies also confirm that
Nb and Ti are not uniformly distributed throughout the LN
slabs. In particular, Ti preferentially segregates toward the
LN-block surfaces, so that the compositions of the outer
cation layers in these blocks approach a stoichiometry
[LiTiO;]" ~; apparently, this segregation of Ti occurs to
offset a local excess of positive charge of the adjacent
[Ti,O3]** corundum block. Thus, each structure uniquely
accommodates Ti by a combination of a certain block
length (L) and a specific distribution of Ti within the blocks.
Speculations on the finer details of this distribution would
require additional structural information.

Another important parameter affecting the cation distri-
bution is the site stoichiometry. While LiNbOj; and

[Ti,O;]*>" both have perfect M,O; stoichiometry, the
Liy 4x—yNby 3, Ti, 44,03 M-phase can accommodate a
significant proportion of excess cations, with x varying from
0.05 to 0.2 in the compositions investigated. The neutron
diffraction studies of N =5 (12) and the X-ray study of
N = 10 both indicate that the extra cations are accommod-
ated through the insertion of Li into the middle of each LN
block. This central region approaches a stoichiometry
Li,MO; and has a structure similar to that of paraelectric
LiNbOj;. For the N = 5 composition (x = 0.21, y = 0.252),
the additional lithium cations (5x = 1/block) are accom-
modated within the close-packed anion layer in the center
of the block. If the additional Li ions are assigned
equally to the adjacent LN layers and the minor niobia
substitution is ignored (12), the structure has a {(Ti,O3)**
(Lio.07Ti1.0303)%" (Liy.35Ti;.1403) %" "(Liy.35Ti;.1405) %"~
(Lig.07Tiy 0303)°°7)} layer sequence. In this case, the two
central LN layers have M, 505 stoichiometry. In the N = 10
Lig sNby 4Ti; (O30 (x =0.1, y =0.152) structure (which
was refined by X-rays and is subject to greater error for
the occupancies and positions of Li and O), the
additional Li (10x = 1/block) is again accommodated by
central LN layers with LiM,0O; stoichiometry and the
layer sequence is {M,0;3;-4(LiMO;)-Li,MO;-4(LiMO;)}.
Homologues with both large and small values of N exhibit
similar concentrations of excess cations (e.g., for N = 26,
x = 0.2). However, the number of such cations (5.2/block for
N = 26), that must be inserted into the LN slab, increases
with increasing N. In such structures, several layers in the
middle of the LN slab must contain additional Li cations.
For a fixed x-value, the number of layers with a cation to
anion ratio greater than 2:3 increases with increasing N;
however, the fraction of layers with extra cations decreases.
For example, the extra cations in N = 26 could be accom-
modated if 5 of the layers (20%) in the LN slab have
Li,MO;-type stoichiometry. In the corresponding N =5
structure, 50% of the LN layers contain excess Li. This may
be an additional factor contributing to the reduced stability
of the lower N phases.

The application of HRTEM played a key role in estab-
lishing that the M-phase field is comprised of a homologous
series of commensurate structures. While compositions with
low N (5-12) adjacent to the LiNbO;-H-Li,Ti;O- join
could generally be produced in the form of single-phase
specimens and solved by X-ray refinement, those having
high N usually produce a mixture of several phases. For this
reason, it is unlikely that further studies of the high N phases
using neutron or X-ray diffraction would yield reliable addi-
tional information on the details of the cation site occu-
pancies.

Finally, the results of this study proved to be applicable
to the Li,O-Ta,05-TiO, system where a similar, but
narrower region of M-phase solid solutions has been
identified. Our preliminary results indicate that the
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Liy . —yTa; ——3,Ti, 44,05 solid solutions are isostructural
with their Nb counterparts (14).

SUMMARY

The structures of Liy4,—,Nby__3,Tii4+4,03 M-phase
“solid solutions” were studied by HRTEM and single-crys-
tal X-ray diffraction. The M-phase field actually contains
a homologous series of commensurate intergrowth struc-
tures comprised of LiINbO;-type (LN) slabs of thickness
L separated by single [Ti,03]*" layers with a corundum-
type structure. The number of layers in the LN slab de-
creases as the concentration of Ti is increased ranging from
~ 55 to 3 in the metastable H-Li,Ti;O- end-member. The
LN slabs accommodate a wide range of Ti**/Nb>* substi-
tution. For a given homologue, the distribution of Ti and
Nb is not uniform throughout the slab. By approaching
a [LiTiO5]"~ stoichiometry, the layers at the edge of the
LN slab tend to offset the positively charged adjacent
[Ti,O3]** corundum layers. In phases with x > 0, the extra
cations (relative to a M,0O; stoichiometry) are accommod-
ated through the formation of Li-rich layers with Li,MO;
stoichiometry in the central region of the LN slabs. The
proportion of such layers containing extra cations increases
in the lower N structures.
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