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Crystal chemistry of the NaZr,(PO,);, NZP or

CTP, structure family
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The NaZr, (PO, ); type structure (abbreviated as NZP or CTP, CaTi, (PO, )s). has emerged as a
new family, which has extraordinary technological utility in three fields: fast-ion conductors,
radwaste solidification and zero expansion ceramics. NZP or CTP is formed by an extra-
ordinary range of discrete compositions and crystalline solutions. In this paper these com-
positions are classified according to their crystal chemical substitution scheme, and some
uncommon trends in the systematic variation of their lattice parameters are shown. Some of
the major trends are explained by correlation with the rotation of polyhedra in the structure.

1. Introduction

NaZr,(PO,); (NZP), is the best known member of a
very large family of compounds and crystalline sol-
utions that has been intensively studied just in the
last 15 years. The crystal structure was solved first
for the NaZr,(PO,), composition and the titanium
and germanium analogues in 1968 by Hagman and
Kierkegaard [1]. In the following year in Yugoslavia,
the crystal structure of KZr,(PO,); [2] was presented
as a representative for all the alkali zirconium or
hafnium double phosphates, that had been reported
previously to be isomorphous [3, 4]. Later on, still
more phosphates and anhydrous sulphates were
shown to be isomorphous with NZP, this time in
France [5-8].

The NZP phase is hexagonal and remains stable
through a wide variation in atomic parameters as well
as in the number of extra occupancies or vacancies. In
1976, Hong [9] and Goodenough et al. [10] brought
the world’s attention to the fact that the substitution
of P°* for Si** + Na* in a stuffing site in NZP makes
this structure exhibit ‘“‘super-ionic” conductivity.
They also showed how the structure can suffer a
monoclinic distortion without breaking any bonds.
Following this finding, a very wide variety of chemical
substitutions, syntheses and structural studies have
been attempted to improve this ionic transport
property (just a sample of the papers written are given
[11--31)).

In these wide-ranging studies, some of the bound-
aries of the parent structure fields are trespassed and
new distortions of the structrue are discovered.

In the eighties, in addition to the fast-ion transport
property two other remarkable properties of the same
structure were discovered in this laboratory. Roy
et al. [32, 33] showed that NZP is unique in its capa-
bility to accommodate all the ions present in the nor-
mal fuel reprocessing stream and form a single-phase
ceramic radiophase. The accommodation of the

different radionuclides in the different sites occurs as
shown below. In a separate series of papers the present
authors and their colleagues also showed that these
materials constitute an ideal ceramic family for con-
trolled near-zero thermal expansion [34-36]. Fig. 1
shows the thermal expansion of representative com-
positions, and Fig. 2 shows how the net near-zero
values of volume expansion are attained via the crys-
talline anisotropy in linear expansivity, o.

The present paper is an attempt to bring together
the diverse structural and compositional data accumu-
lated so far.

2. The structure

Fig. 3 shows the structure of NZP. The strongest
bonds in the NZP strucure are, of course, around
phosphorus and zirconium atoms, which form quite
rigid polyhedra with the oxygen. The PO, and ZrO,
groups form nearly regular tetrahedra and octahedra
respectively, and they are connected (sharing corners
only) in such a way that they build up a flexible but
stable skeleton. Sodium atoms fill in certain other
octahedral holes. The basic structural unit from which
the whole structure can be understood is shown in
Fig. 3a. It is shown aligned with the [00 1] direction,
and repetitive units are seen to build up a chain whose
projection is shown in Fig. 3b. Chains are packed
hexagonally (Fig. 4), and connected through the
phosphate groups to the sodium polyhedra in the
neighbouring chains yielding a true rhombohedral cell
with space group R3c.

The [Zr,(PO,),] " skeletons create three important
kinds of “holes” as they are articulated: into the final
crystal structure (R3c), the octahedral one (3) nor-
mally occupied by sodium, the prismatic one (32)
formed by the phosphate, that is normally vacant, and
three more octahedral ones (1) that set up a three-
dimensional network of channels and allow for the
ionic conductivity.
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3. Range of ionic substitution
The standard formula for this structure may be written

X NAVI A VIRIV
M{"M5"A; B3Oy,

The truly remarkable richness of the ionic substi-
tutions which has been achieved in this structure is due
to the M and M” sites which are the holes or vacancies
formed by the rather strong skeleton and which can be
left vacant with no effect on the crystallography of the
structure. The several different classes of substitution
which we will discuss in the subsequent presentation
may be summarized as follows starting with the NaZr,-
P,0,, composition as the parent. (Only one example
of the ions which are substituted is shown for sim-
plicity.) The reader will find in the tables that each
such ion represents many other with similar ionic
radius.

Isovalent substitution Na*t [k

in M’ site Rb

Isovalent substitution - —

in VI fold

Balanced substitution - -

VI and IV

Ditto between IV fold - Nat

site and M’

Ditto between IV fold - Nay

site and M’

Heterovalent substitution
sites within M sites

Balanced substitution [ _
between M’ and other [ _

sites

The substitutions can be complete (as shown in the
examples above) or partial, leading to crystalline sol-
utions of any intermediate composition. The range of
ions which have been introduced in substantial
(greater than say 0.33 atom fraction) in each site or in
the various combinations as shown in the different
schemes above, are listed below.

M’ M~ A B
i l l l
Li, Na, K, Rb, Cs, Na,K Sn, Ge, Ti, Zr, Hf, P, Si, A, S
Mg, Ca, Sr, Ba Al, Cr, Nb, Ta, Sc

4. Analysis of crystal chemical relations
We have extracted from the literature the crystal-

Caysl Ios -

lographic data available on the many phases studied,
and added to this data set, our own measurements
made on many phases we have prepared ourselves.
Wherever ionic radii are plotted we have used the
Shannon and Prewitt [37] data as added to by Muller
and Roy [38].

Next we have studied the relationship between com-
position and lattice parameters in some detail. As may
be expected the relationship depends upon the several
crystal chemical particularities, and general corre-
lations over all kinds of substitutions at the same time
are not possible. We therefore treat each simple sub-
stitution in turn.

4.1. The effect of composition on lattice
parameters
Fig. 5 first shows a plot of ¢ against a for the phos-

Zsy! Py Oy
Sn3* -
Tas+ Zr4+ Si** ps+ _
- Si*+ Pyt -
- Si{t P -
Ta’* Zrt+ _ -
ps+go+ _

phates in the first substitutional group. The two trends
apparent in this plot are: first, for the same M’, the
larger the A atom, the larger are a and ¢. Second, for
the same A atom, the larger the M, the larger is ¢ but
the smaller is a. The first trend sounds normal, i.e.
substitution of an A atom by a larger cation expands
the structure. The second appears anomalous, i.e. sub-
stitution of M’ by a larger cation makes the structure
expand in the ¢ direction but to contract in the a
direction.

Data found in the literature about sulphates falling
in the first substitutional group correspond to com-
pounds containing always sodium in the M’ position,
at the same time that A positions are filled with a pair
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Figure 2 Anisotropy of thermal expansion of NaTi,P,0,; deter-
mined by high-temperature X-ray diffraction.

of different cations. Hence simple calculations cannot
be made in these cases. Instead, a distribution of
points is spread around the “sodium line” (Fig. 6).

Data corresponding to the second substitutional
group, i.e. those in which the M’ position is vacant,
give an analogous distribution to the former one so
the “‘sodium line” and the “vacant line” are almost
coincident. Both are plotted together in Fig. 6. It
would appear that the size of the M” hole in the unoccu-
pied skeleton is nearly the same as that required by the
sodium atom.

Most of the compounds in the third substitutional
group, i.e. those in which the M” holes are also filled,
have been studied because of their potential ionic
conductivity, adding two more Na™ at the time that
two P>* or two Z1** are substituted by two Si** or two
M>* respectively, so they match one of the following
formulae: Na,Zr,(S5i0,),(PO,) or Na,M3*(PO,),.

Only a few more examples appear in this group with
other monovalent cations (lithium, potassium, silver)
instead of sodium, and only one example shows com-
plete filling of the holes, Na,Zr,(SiO,);. So, the crystal

(b)
Figure 3 Idealized basic structural unit for NaZr,(PO,); structure.
(a) Repetitive set of polyhedra in the [001] direction. The site
symmetry on the central axis is in parentheses. The oxygens in
sodium-polyhedra come from PO, in neighbouring chains. (b)
Projection of the basic unit.
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chemical trends are limited. In Fig. 7, the lattice par-
ameters of these compounds are plotted together with
their crystalline solutions with NaZr,(PO,);, and on it
is traced the locus for the tervalent substituted com-
pounds. This line shows the same slope as that of the
“sodium line” in Fig. 6, but it is shifted. The points
representing each compound are distributed along the
line according to the size of the tervalent cations. The
points for the crystalline solutions show that the
changes in the lattice parameters are linear for the
smaller cations, being more and more non-linear for
the ytterbium (Yb) and the yttrium (Y) case.

The most interesting fact is that although the scan-
dium (Sc) and indium (In) cations have nearly the same
size as Zr'", parameter a for the substituted com-
pounds is bigger but parameter ¢ is smaller. This
clearly means that the extra sodium incorporated in
the structure is responsible for this anomalous change.
Although the same cause must be in effect in all the
other similar compounds, the simultaneous change in
the size of the A cation makes the correlation not so
obvious.

4.2. The boundaries

The plots in Figs. 5 to 7 are not the detailed structure
field maps in radius space (see for example the text by
Muller and Roy [38]). The plots accept only hexagonal
or pseudo-hexagonal a and ¢ parameters to plot a
point, these are related to the size of cations in the
structure. Hence the boundaries of the NZP field will
appear not as the non-existence of the structure and
competitive structures appear as new compounds. The
stability of the hexagonal phase decreases slightly in
some of the compounds plotted in boundaries in such
a way that they suffer a small atomic displacement
decreasing the symmetry to monoclinic. This effect
appears particularly when the M’ position is vacant, as
in Zr,(PO,),(80,), ZrNb(PO,);, or also Na,;Zr,-
(Si0,),(PO,), where the sodium population appears
to be mostly in M” positions. Nevertheless, the free
energy for these structures must be very close, as some
compounds are known in several phases such as Na,-
Sc,(PO,), with one hexagonal [30], and two mono-
clinic [16, 17] structures, one showing the antidisplace-
ment of the other. Others show one or more reversible
displacements, e.g. Na,;Sc,(PO,); or Na;Zr,(Si0,),-
(PO,).

In addition to these closely related phases, several
other structures appear beyond the stability bound-
aries. For bigger A cations such as uranium and
thorium, the coordination number must change from
6 to 9 [4]. In the case of tervalent, cerium, neodymium
and praseodymium, the structure is also different [39].
Monazite is a very stable and competitive structure.
KTi,(PO,),; appears also with the K,Mg,(SO,), struc-
ture in which one potassium is missing [5].

4.3. Mechanisms of internal adjustment of
the structures

The substitutions described above yield lattice changes

that may be classified as normal or non-normal. Nor-

mal or expected changes, such as the expansion of a

and ¢ when A is bigger, needs no explanation. The A
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cation is the one creating the skeleton and the dimen-
sions of which are proportional to the size of A. On
the other hand, the understanding of other changes
requires an explanation, that is based on distortions
suffered by the skeleton. Unfortunately for this
purpose, only a few single crystals have been studied
by X-ray diffractometry and only in three cases have
the atomic coordinates been published. So detailed
evidence for the atomic displacements after substi-
tutions is not available in the literature. However,
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Figure 5 A plot of lattice parameters ¢ against a for M’A,(PO,),
where A = (Ge, Ti, Hf, Zr)and M’ = (Li, Na, K, Rb, Cs, T], Ag).

Figure 4 Hexagonal packing of chains. The central chain is
shifted le.

W

based on these data, the detailed powder work we
have done on many samples and other insights into
the structure have suggested several possible expla-
nations for these changes. Extensive calculations
rejected some of our earlier proposed models.

The final model which survived appears to explain
most of these facts:

1. the skeleton can modify itself to accomodate
small as well as large cations in M’ holes, such as (Li,
H, or Cs)* [3, 24];

2. in order to increase the size of the M” holes this
flexible skeleton contracts in the « direction and
expands in the ¢ direction;

3. in order to accomodate extra ions in the M” holes
the skeleton contracts in the ¢ direction and expands
in the a direction, just in the opposite way expressed
in the second point, so tensions appear in the structure
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Figure 6 A plot of lattice parameters c against a for ® NaAA'(SO,),
where A = (Mg, Co, Ni, Zn, Mn) and A’ = (Al, Ga, In, Cr, Fe),
n A,(80,); where A = (Y, In, Sc, Rh, Ga, Cr, V, Fe, Ti, Al), and
O AA'(PO,); where A = (Ti, Ge, Zr) and A' = (Sh, Nb, Ta).
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making the cations in M’ jump to M” [27], and also to
distort to the monoclinic distribution.

The model is based in the singular fact that the
skeleton is built up by PO, tetrahedra and ZrO; octa-
hedra that share vertices so the bonds are very strong
and the skeleton very stable, but at the same time these
bonds can bend and here the polyhedra can show
small rotations without breaking the structure. As a
matter of fact, phosphorus and zirconium polyhedra
in NaZr,(PO,); [1] and KZr,(PO,); [2] are already
rotated in different degrees showing a dependence of

Figure 8 Partial projection of the NaZr,(PO,), structure in the &
direction.
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this rotation on the size of the atom in the M’ position.
Figs. 8 and 9 show the actual projections of NaZr,-
(PO,);.

In Figs. 10a and b, parts of the structure involved in
the rotations are plotted to show their nature. None of
these rotations break the existing symmetry in the unit
cell, as phosphorus tetrahedra rotate around the two-
fold axis and the zirconium octahedra around the
three-fold axis.

The chains along the c-axis move closer when the
phosphate groups rotate and so the structure con-
tracts in the a direction. Simultaneously, the zir-
conium octahedra rotate alternately as shown in
Fig. 10b to accommodate and maintain the P-O and
Zr-O bonds. The quantitative effect can be more
clearly visualized from Fig. 9.

The expansion in the ¢ direction is also due to the
phosphate rotations as can be easily noted in Fig. 8.
The sodium atom is in (0 0 0) and the phosphorus
atom is in (x, x, 1) so their distance has a component
in the ¢ direction equal to ¢/4. Rotating the phos-
phorus tetrahedra, sodium and phosphorus are pushed
apart and so the structure expands in the ¢ direction.
This expansion does not affect significantly the zir-
conium polyhedra and it is absorbed in the weakest
part of the structure: the M’ hole. Other distortions
appear in the prismatic hole that contracts in the ¢
direction.

All rotations presented above can now be con-
sidered to take place in the opposite direction. The
results on lattice parameters are just the opposite, i.c.
the structure will expand in the a direction and it will
contract in the ¢ direction, at the same time the M’
hole will become smaller, at least until the prismatic



hole obtains perfect 3/mm symmetry, then a different
effect shows up but no compound seems to illustrate
this last situation.

Following the preceding discussion it can now be
understood how the skeleton can accomodate itself to
almost any size of cation occupying the M’ hole, from
Li* to Cs*. Moreoever, this also helps to explain the
extraordinary fact that changing from lithium to
caestum results in a unit cell which shows a smaller a
and larger «.

A computer program based on this model and
keeping constant the bond distances in NaZr,(PO,),
[1] for P-O and Zr—O was used to solve the equations
for a number of progressive rotations of the polyhedra.
The calculated a and ¢ are plotted in Fig. 11 together
with those for the Li—~Cs series. The model appears to
be very effective assuming that the zirconium octahedra
can be expected to be somewhat different from the
lithium to the caesium compound.
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Figure 10 (a) and (b) Rotation of oxygens around the three- and
two-fold axis to accommodate the skeleton to the structural require-
ments in each compound.

@ Figure 9 Projection of the same polyhedra as in Fig. 6,
now in the ¢ direction.

These highly anomalous changes of @ and ¢ caused
by increasing the radius in the M’ sites can now be
seen to have foreshadowed the most interesting anom-
alous thermal expansion properties which we have
demonstrated (see Figs. 1 and 2) with the composition
held constant and only temperature increased.

A third point which our model explains is that the
M” holes lie between every two vertical chains; hence
filling them with cations will cause the structure to
expand in the @ direction, making the M” hole smaller
and forcing atoms there to jump out, and in the limit,
distorting the structure to monoclinic symmetry and
causing ¢ to decrease.

For the other cases in which zirconium is sub-
stituted for by chromium, scandium or yttrium, or
phosphorus by silicon, sulphur or silver, for example,
an additional parameter must be taken inte account,
i.e. the overall change of the skeleton due to the new
size of its constitutional parts. These effects may be
dominant and have been discussed before and classi-
fied as normal or expected changes.

5. Conclusions

We have shown that the NaZr,(PO,);-type structure
is remarkably stable towards ionic substitution, sup-
porting a vast range of homovalent, as well as
heterovalent substitutions because of the flexibility of
its skeleton, the strength of its bonds, and the exis-
tence of a variety of holes that can stay vacant or
occupied as well.

Every atom can be substituted by others playing
analogous crystal chemistry roles. The M’ holes can be
filled by monovalent or divalent cations, but no ter-
valent ions have been reported to appear in this pos-
ition and only one tetravalent in Zr,, Zr,(PO,); that is
less stable than the other compounds with the same
chemical skeleton [40]. The M” holes have been filled
normally by alkali cations. The A atom has been
substituted by a ter-, tetra- or pentavalent one, but
never a lesser charged ion. Finally, the X atom can be
a tetra-, penta- or hexavalent ion.

The better understanding of the crystal chemistry of
this structure will, we believe, help to prepare more
compounds and to determine the precise stability
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Figure 11 A plot of lattice parameters ¢ against a in MZr,(PO,);. ®
M = (Li, Ag, Na, K, Rb, Cs), together with those (a) generated by
computer.

limits of the structures. Those limits for the transition
to the monoclinic distortion when M’ is vacant, or
with a very small cation, or when it is forced to jump
to the M” holes, depend both on the temperature and
on the exact stoichiometry of phases.

The coordinated rotations of the tetrahedra and
octahedra that constitute the skeleton are responsible
for the opposed changes in the lattice parameters,
when substituting the M’ cation or when filling new
atoms into the M” holes, keeping constant the size of
the skeleton. These changes are parallel to the changes
caused by temperature and account for the near-zero
thermal expansion values for some compositions.

Substitution of the skeleton polyhedra makes the
same proportional change in both lattice parameters.
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