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Due to interest in new luminophors, a complete crystal chemical study of phases with the formulation
NagLn(X0,), (Ln = rare earth, X = P, V, As) has been undertaken. An overall description of these
phases is given and relationships among various structural types are presented. The structural
evolution is analyzed and discussed as a function of the rare-earth ion size and of the temperature.

In recent years interest in new lumino-
phors has motivated considerable research
into materials containing isolated rare-
earth ions. Precise knowledge of the
crystal structure is essential in studies of
the luminescence properties of activator
ions.

With this in mind, we have undertaken
the study of compounds of formulation
Na,Ln(X0,), (Ln = rare earth and X = P,
V, As) (I-8). The basic purpose of this
work is to create ordering between Na* and
Ln3* within the lattice, due to the charge
difference. This would lead to an increase
in the distance between successive rare-
earth ions and consequently to a decrease
in self-concentration quenching.

For each Ln-X couple, there exist at
least two allotropic varieties with related
structures. Therefore, it is obviously neces-
sary to present a systematic description of
the Na,Ln(X0,), phases and to discuss the
relationships among various structural
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types as a function of the temperature and
nature of the involved elements.

Table I gives crystallographic data for the
nine structural types described in this
study. The cell parameters of each of these
phases are related to those of glaserite
K;Na(SO,), by elementary relationships. In
addition, all the prototype structures of the
low-temperature forms can be described
using glaserite through the intermediate 8-
K,S0, type for the larger Ln3* ions and
through the Na,CrQO, type (orthorhombic
form) for the smaller L»%* ions.

In low-temperature forms, various types
of Na-Ln ordering appear, depending on
the rare-earth ion size. This ordering can be
described by the sequence, along the [210]
direction of the glaserite lattice, of rows
containing either Na or Ln atoms. Most
high-temperature phases adopt a disor-
dered glaserite structure.

After the structures adopted by the dif-
ferent Na,Ln(XO,), phases are briefly de-
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TABLE I
STRUCTURAL TYPES OF THE NagLn(XO,), PHASES

Relationships between cell Cationic ordering in B
Space parameters of phases and those of sublattice along [210]
Structural type group glaserite hexagonal cell (a,,c,) VA direction
I K;Na(S0,), P3ml1 ay; ¢ 1
glaserite
(10, 11)
II B-K;SO, Prnma Aoren = Cn3 Born = ay; 4
(12, 13) Corth = G312
111 Na,CrO, Cmcem Aoun == Ay} boup = ay, 312 4
LT ([4) Corth == Cp
v NazLa(VO,), Pbc2, oetn = @ born = 2015 8 2-2
L.T. (3) Cortn = 2a,3'*
\% Na,Nd(VO,). Ce Amon = 3ay3'%; byon = ay; 12 2-1
L.T. (8 Cmon = 204
VI Na,Nd(PO,), Pbc2, Aortn = 3045 born = 2¢4; 24 2-2
L.T. (5) Cortn = 2a,3'?
vi1 Na,Er(VOy), P2,/n Amon = Qp; Dmon = a,3'%; 2 1-1
L.T. (4) Cmon = Ch
VIII Na,Tm(PO,), Pnmm, ortn = 2ap3"%; bortn = Cns 12 2-2
M.T. (9) Pnm2, Corth = 34
IX Na,Yb(PO,), Ric Gpex = 3% Chex = 3Ch; 9
H.T. (7)

scribed, the structural evolution is analyzed which the eight remaining structures of

and discussed. Table I are derived. Its atomic arrange-
A. Description of the Structures Adopted ~ ment, the hexagonal geometry of which
by the Na,Ln(XO,), Phases defines the substructure observed in other

A3B(X0,), compounds, can actually be
(a) KsNa(SOy), (Type I) used as an ideal model in the establishment

Glaserite is the basic structure from
(210]
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F1G. 1b. Rows of K and Na atoms (rows B) alternat-
FiG. 1a. The glaserite structure projected down the  ing with rows of [XO,] tetrahedra and K atoms (rows

threefold axis. A) in the glaserite lattice.
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Fi16. 2. A and B rows along the a axis of 8-K,SO,.

of structural relationships among these
compounds. The glaserite structure is char-
acterized by two basic structural features:

(i) A central octahedron, with its three-
fold axis normal to the (001) plane linked at
the corners to three up-pointing and three
down-pointing tetrahedra (Fig. 1a).

(ii) In the (210) plane, rows of [XO,]
tetrahedra and K atoms (rows A) alternat-
ing with rows of Na and K atoms (rows B),
all running along the ¢ axis (Fig. 1b). The
coordination numbers are 10 and 12 for K
and Na respectively.
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Fic. 3. Projection of the structure of L.T.
NazLa(VO,); on the (100) plane.
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FiG. 4. Projection on the (010) plane of the L.T.
NagNd(VO,), structure; —,y =4 ——, y = 0.

Both of these features are found in all
other prototypes but in a somewhat dis-
torted state. Glaserite, then, can be consid-
ered as the aristotype of the Nag;Ln(XOQ,),
phases.

(b) B-K,8O, (Type 1), L.T. NasLa(VO,),
(Type IVyand L.T. Na,Nd(VO),),
(Type V)

The structure of B-K;SOy is derived di-
rectly from the glaserite type with only a
slight distortion: this can be seen by com-
paring the similar rows A ([XO,] and K)
and B (K). The coordinations of potassium
are 9 and 10 (Fig. 2). The structures of
the low-temperature (L.T.) forms of
Na,La(V0,), and Na,Nd(VO,)}, can be de-
scribed as ordered superstructures of g-
K,S0,, made up of rows either of alternat-
ing Na atoms and [VO,] tetrahedra (A) or of
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FiG. S. Cationic ordering in the B sublattice along
the [210] direction (cell is outlined by dotted lines).
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FiG. 6a. Projection of the Na,CrQO, structure on the
(001) plane (orthorhombic form).

Na and rare-earth atoms (B) (Figs. 3 and 4).

In the B sublattice the Na—Ln ordering is
of 1-1 (-Na-Ln—Na-Ln) type along the
direction for the B rows but leads to differ-
ent sequences along the [210] direction in
certain planes of the glaserite lattice (Fig.
5). The sequence is 2-2 (two Na rows
followed by two Ln rows) for type IV and
2-1for type V. Within these structures, the
rare-earth ions occupy respectively two
and three crystallographic sites with eight-
fold coordination.

(¢) Na,CrO, (Orthorhombic Form) (Type
IIN and L.T. NasEr(VOy), (Type VII)

The structure of Na,CrQO, (orthorhombic
form) is again a very slightly distorted ver-

FiG, 6b. A and B rows running along the c axis of
Na,;CrO, (orthorhombic form).
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F16. 7. Projection of the L.T. Na;Er(VO,), structure
on the (001) plane.

sion of the glaserite lattice (Fig. 6). The
main difference is a small rotation of the
central octahedron and its associated tetra-
hedra about the threefold axis. Similar A
and B rows are found; however, all sodium
atoms are in octahedral sites.

In L.T. Na,Er(VO,), (type VII) (Fig. 7)
the only difference is a 1-1 ordering along
the direction of the B rows and also along
the [210] direction of the glaserite structure
(Fig. 5). The erbium atom occupies a
slightly distorted octahedral site.

(d) L.T. Na,Nd(PO,), (Type VI) and
M.T. Na,Tm(PO,), (Type VIII)

These structural types can be considered
as intermediate between B-K,S0, and

LT NagEr(v0p2

613

HT.Na oY, 5(PO,)3
Na Zr; {PQg)3

Ky Na (504)2
(glaserite)

B- K250,

LT Ngla(v0, LT NagMd(POJy  LT.NoyNd(VO,),
M1 Nay T (PO,)2

Fic. 8. Basic building blocks found in the

Na, Ln(X0,), structures.
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Fig. 9. Projection of the basic slab of the
Na,Nd(PO,), structure on the (010) plane.

Na,CrO, (orthorhombic form). The six
[XO,] tetrahedra surrounding the central
octahedron are able to rotate, accommodat-
ing various coordinations of the rare-earth
ion (Fig. 8). In Na,Nd(PO,), (Fig. 9) this
marked rotation leads to six different sites
for neodymium with various coordinations
(6, 7, and 8). The cationic ordering is 2-2
along the [210] direction of glaserite (Fig.
3).

Fi1G. 10a. Projection of one-third of the unit cell of
H.T. Na, 5, Yb, 5,(PO),); along the ¢ axis.
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F1G. 10b. Projection of Na, s, Yb, 5(PO,); along the
120] direction.

Although the structure of the medium-
temperature (M.T.) form of Na,Tm(PO,),
has not been determined by single-crystal
diffraction analysis, it can be claimed with-
out any doubt to be very comparable to that
of Na;Nd(PO,),. This is corroborated by
practically identical powder diffraction pat-
terns and cell parameters, except that by,
=~ $byy. Therefore, one can expect the
same cationic distribution and the same
coordination polyhedra for the Na and Ln
atoms.

(e) HT. NaYb(PO,), (Type IV)

This particular structure derives directly
from the NaZr,(PO,); type (15). A partial
projection is given in Fig. 10a. It can be
described as a three-dimensional frame-
work made up of central {(Na, Yb)Og] and
[Na(1)Og] octahedra and their six associ-
ated [PO,] tetrahedra. The rigid three-di-
mensional skeleton forms a stable lattice,
the Na(2) atoms occupying large holes with
10-fold coordination.
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The [Na(1)Og4] octahedron shares oppo-
site faces with the [(Yb, Na)O,] octahedra,
giving rise to [(Yb, Na)O,;][Na(1)O,] [(YD,
Na)Qq] groups oriented in a direction paral-
lel to the ¢ axis (Fig. 10b). By contrast to
the types discussed above, ordering be-
tween Nat and Ln3* along this direction is
no longer strictly 1-1.

The three-dimensional skeleton assumes
the cohesion of the lattice, while the Na(2)
interstitial sites can be empty or partially or
fully occupied. It explains the ability of
phases of this type to be nonstoichiometric
and accordingly their more general formu-
lation: Nag,,,Lrg_(X0), 0 = x =
0.50).

B. Relationships among the Various
Structoral Types

In all these structures, a glaserite-type
building block is found. The capacity of the
glaserite structure to form all the related
structures is due to the ability of the [XO,]
groups to rotate in order to accommodate
different coordinations of the rare-earth
ions (Fig. 8).

For the larger rare-earth ions, the coordi-
nation is 8 (type IV); for the smaller, it is
only 6 (type VII). In structures involving an
intermediate Ln3* size, one observes for
the same phase various coordinations (6, 7,
and 8 in the case of Na,Nd(PO,),) and
consequently a greater number of sites for
the rare-earth ion (three in Na,Nd(VO,),,
six in Na;Nd(PO,),).

C. Na*-Ln3* Ordering as a Function of
the Rare-Earth Ion Size

In the low-temperature forms, various
types of Nat-Ln®+ ordering appear depend-
ing on the size of the rare-earth ion. Varia-
tion of this ordering can be described by
representing in the B sublattice the se-
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FiG. 11a. Thermal behavior of the Na,Ln(PO,),
phases.

quence along the [210] direction of the
glaserite lattice of cationic rows (Fig. 5).

For structural types IV, VI, and VIII, the
sequence is 2-2. In the planes perpendicu-
lar to the A and B rows each Nat is
surrounded by four Na* and two Ln3* ions,
each Ln®* by four Ln®* and two Na* ions
(Fig. 5a). For structural type VII, the se-
quence is 1-1: each Na* is surrounded by
four Ln®* and two Na* and vice versa (Fig.
5¢).

Within type V one can observe an inter-
mediate distribution: along the [210] direc-
tion, in the B sublattice, the cationic order-
ing is 2-1. Two types of rare-earth-sodium
planes alternate. In the first, each Na* ion
is surrounded by four Ln** and two Na*
ions. In the second, the opposite is ob-
served (Fig. 5b).

When the rare-earth ion becomes larger,
ordering between Na* and Ln3* decreases.
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Fic. 11b. Thermal behavior of the Na,La(VO,),
phases.
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The influence of the nature of the (XO,)
group on the structure is more difficult to
understand.

D. Structural Evolution of Na; Lrn(X0,),
Phases as a Function of Temperature

The distribution of the various Na,Ln
(PO,),, Na,Ln(VO,),, and Na;Ln(AsQO,),
phases as a function of temperature is
shown in Fig. 11. The structural and ther-
mal behaviors of the phosphates and arse-
nates are very similar, with only slight
changes in the middle of the diagram. How-
ever, the vanadates show much simpler
thermal and structural behavior. For every
compound the transitions are reversible,
except for V — VIIIL.

An increase in temperature leads to an
increase in disordering. For most com-
pounds the higher-temperature form has a
glaserite-type structure, which is the result
of a real order—disorder transition in the B
sublattice. For the other materials the ap-
pearance of a NaZr,(PO,);-type phase (type
IX) results from a rearrangement due to the
ability of the smaller rare-earth ions to
accommodate an octahedral site.

Finally, certain vanadate phases (Ln =

VLASSE ET AL.

Y, Dy, Ho, Er, Tm, Yb, Lu) adopt the
metastable Na,CrO,-type (orthorhombic
form) structure (type III) by very fast
quenching from high temperature. This
structure, intermediate between K;Na
(SO,); (type I) and Na,Er(VO,), (type VII)
readily converts to the stable type VII by
annealing at low temperature.

A recent study shows that the effect of
pressure on the various phases investigated
is similar to an increase in size of the rare-
earth ion, both phenomena being a conse-
quence of higher cationic repulsion (16).
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