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INTRODUCTION

Solid inorganic compounds characterized by the same
structure and the same complex anion (carbonate,
silicate, phosphate etc.) generally give a very similar
high frequency vibrational pattern, which is character-
istic ofthe stretching frequencies ofthe anion engaged
in the structure under consideration. This is not always
true, however, when the anion is associated with a
highly charged (e.g. tetravalent) cation. We present

here the results of a study of MIMIV(PO4)3 rhombo-
hedral phosphates, which belong to the so-called
nasicon family of ionic conductors. This study was

initiated in 1978 [l]; similar studies have been pub'
lished in the meantime [2-5]. They will be discussed

later on.
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morphism was deduced, either from Weissenberg

diffraction photographs (Zt and Hf compounds; MI
= Na, K, Rb, Cs, Tl) [9] or from powder diffraction
data:Ti (MI : Li,Na,K,Rb,Tl)[10],Sn (MI : NaK,
Rb, Tl) U l] or Ge (MI : Li, Na, K) [1,6] compounds.

Some of the existing Li compounds are not rhombo-
hedral [3, l2]. They are not discussed in this paper.

CRYSTAL STRUCTURE, SITE AND FÀCTOR GROUP

ANALYSIS

The space group of these compounds is D!r-R3c,
with Z: 6 in the hexagonal cell, but Z = 2 in the
primitive cell. The POn tetrahedron is somewhat

distorted, with two types of oxygen atoms. One of
them (O1) is also bound to one MIv cation, whereas the

second (Oz) is bound to one MIv and one MI cation.

Both MI and MN possess a distorted octahedral

environment. The Pauling rule is not strictly satisfied,

with a cationic contribution of 23.fi2 for Or, and of
251121or 02. The positions and symmetry proPerties

of the atoms are given in Table l.

Internal modes

By assuming separation of the vibrations into
internal and external modes (the validity of this

assumption will be discussed hereafter), factor group

analysis leads to the following internal modes of the

PO. anion.
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Zr-Hf etc.). The origin of this complex behaviour is discussed in relation to the structure.

All compounds were synthesized by conventional solid
state reaclion techniques. Stoichiometric quantities of
MlCOr, MlvO, and (i.{Hr)2HPO. were well ground and
mixed, and progressively heated in covered platinum cruciblcs
uo to a final temperature of 90O-1200'C, depending on the
nature of the I\riI and Mlv cations. The plogress of the

reaction and the purity of the compounds were checked by
both X-ray diffractometry (monochromatized Co Ka radi'
ation) and i.r. spectroscopy: the i.r. spoctrum must be free

from any absorplion in the 70G-900 cm - I region (presencc of
a rruto- ot a pyrophosphate).

The i.r. sp€ctra were recorded with a Beckman 4250

spcctrometer (1500-250 un-r) and a Polytec FIR 30 inter-
ferometer (350-20 cm- I 

); KBr or polythene discs were used

in thc appropriate regions. Some spectra were also run in
Nujol to check the lack of ionic exchange between tbe KBr
apd the sample. The Raman spectra were obtaincd with a

Coderg PHO double monochromator equippcd with a
Spcctra Physics Ar+ laser (51454 grecn linc, 200mW).

CHEMICAL AND STRUCTUNAL DATA

All the compounds investigated and discussed in
this paper correspond to the Seneral formula
MIM}(PO.)3, restricted to a R5c rhombohedral
structure. The full structure has been determined for
two compounds only: NaZrr(PO4)3 [6,7] and

KZrr(PO.)x [8]. For all the other compounds, iso-

Thus, we expect for the stretching vibrations: Raman

active: vr: A\+ Erivr.. Arr+3Br;i.t. active: vr: E,; ÿ!:
2A2.+38. and for the bending vibrations: Raman

active vr: 2Arr+ZBriv,; Arr* 3Er; i.r. active:vr:28.i
va:2A2,;138,.
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Tablc l. Positions and symmctry propcrti€§ in
rhombohcdral phosPhatcs

Atoms
lVyckoff
position

Sitc
symmetry

2Ml
4MIV

2b
4c
6c
nr
t2î

6P
12 Ot
12o2

Exterual modes

These include the translational modes of the MI,
MIv and (POn) ions, and the (POn) librations. Group
theoretical analysis [1] leads to the following results:

(POn) translations: 1r,"6., : Av(Ra)*ZAze
+ 3Er(Ra) + Ar, + ZAr"(i.r.) + 3E.(i.r.)

MI translations: I11yr1 : Au* Az"(i.r') + 2E,(i.r.)

Mrv translations: I11yrv1 = A\(Ra)+ Azr*2Er(Ra)

+ 4,+ A2,(i.r.)+ 2E,(i.r.)

(PO.) librations: 1115: ,{rg(Ra)+ 2A2e +3Ee(Ra)

+ Atu+ 2A2"(i.r.) + 3E,(i.r.).

Sum of the external modes (after subtracting the

acoustical modes): Raman active: 8.,{rr*L7Eri i.r.

active:92{r,+ 18E..
Some salient features of this analysis may now be

pointed out:
i. For the Raman active, stretching vibrations, the

components issued from v, and v3 belong to the

same representation (either Ar, or Er), and vi-
brational interactions are thus possible; as a limit-
ing case, the discrimination between symmetric
and antisymmetric motions could become irrelev-
ant. The situation in the i.r. is somewhat (but not

completely) different, since v, can only couple with
v3 in the E" symmetry crysta! normal modes. The

other A2, active modes are only related to vr'
ii. There is no Raman active translation for the MI

cation.
iii. The number of external modes is fairly high, and

they belong to a limited number of represen'

tations. Vibrational interactions are thus expected

and, in some instances at least, it will be impossible

to assign a given frequency to a definite type of
motion.

RESULTS AND ASSIGNMENTS

Fig. 1. Raman spectrum of PO+ stretching vibrations of
KMIv (Po4)j. Mtv : Ti Zr, Hl Ge and Sn for a" b, c, d and e,

resPectivelY'

metal, and if K is replaced by another monovalent

cation §a, Rb, Cs, Tl), weak additional bands may

appear on the sides of the strongest peaks, as il-
lustrated in Fig.2.

Assignments. T\e simplest ca§e is that of
KHf2(PO4)3 (Fig. lc), with one strong band assigned

to ÿr, and two wcaker bands assigned to comPonents

of vr. This is the situation expected for pseudo C,
symmetry (the true local symmetry of POn being Cr)

and negtigible influence offactor group splitting. The

additional band observed in KTi2(POa)3 (Fig' la)
suggests effective C2 symmetry, and thus a greater

distortion, probably related to the smaller size of the Ti
cation. Other spectra (Fig. 2) may be deduced by taking

into account the factor group splitting. On the con'
trary, the intensity is nearly the same for most of the

bands of the Ge and Sn compounds (Fig. ld, e), and

this precludes any assignment to ÿr or ÿ3 modes.

Infrared srycfia. The results are not so clear-cut
here, since the high-frequency i.r. pattern seems to
dçend equally well on both MIv and MI cations
(Figs 3, 4). There is just one evident systematic dif'
ference in the behaviour of main group or transition
Mry, namely the occurrence, near l2(X) cm-r, of either
a single band (MIv =T\k, Hf) or a doublet (MIv

= Ge, Sn). For NaGe and KSn compounds, the

§6
c,
c2
cr
cr

cm-l

PO n Str etching oîbr attons

Rorlrrarn specta. It is evident from Fig. I that, for the

K compounds, two rather different types of §p€ctra are

observed, depending on the fact that Mry is either a
transition metal CIi Zr,Hf) or a main group element
(Gc, Sn). In this latter case, the pattcrn remains

essentially the same, irrcspective of the nature of MI
(cxcept LiGc phosphate; but in this case, the whole

sp€ctrum is different). If, howcver, Mry is a transition
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cll

Fig. 2. Raman spectnrm of PO. stretching vibrations of MIZr2(PO4)3. MI : Na, Rb and Cs for a, b and g
respectively.
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Fig. a. Hig! fr.equency i.r. spectrum of MIMÿ1PO;, com-
pounds. MrMr" : NaZç KZr, CsZr, NaSn and KSn for a, b,

g d and e, resp€ctively.

cm-t

Fig.3. Infrared spectrum of NaMlv(Po.)3 mmpounds.
MIv = Ti, Hf, Ge and Sn lor a, b, c and d, respectively.

spectrum exhibits the six bands predicted by group
theory, including near 1000 ctn-1 a weak band which
can reasonably bc assigned to ÿr. Tbe €xten§ion ofthe
PO. stretching modes to frequencies higher than

1200 crn-r will be considered in the Discussion.

POa bending oibrations

Raman spectra. All the compounds investigated

show three or four bands in the 700-500 cm- I region
(systematically four bands in the Ge and Sn com-
pounds) of weak to moderate intensity (Fig. 5). Some
(ifnot all) ofthem can be reasonably assigned to vn (for
which the group theoretical analysis predicts four
Raman active components).

One or two strong bands are observed near
450crn-1. Their frequency is slightly, but systemati-
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Fig. 5. Examples of Raman spectra in the medium and low
frequency region.

cally, higher for Hf than for Zr compounds, and they

cannot be assigned to a translation of the MIv cation:
these bands are most probably components of ÿ2. One
or two additional weak bands may also be present in
the same frequency region, in agreement with the fact
that we expect four Raman active components of vr. It
appears from the results that, by and large, there is no
general characteristic relationship between the nature
of MIv and the Raman active POn bending modes.

Inlrared specta. Apart from the noticeable excep-

tion of NaTir(POn)., with only two bands at 638 and

568crn-t, the 700-500cm-1 region shows three or
four bands, against a total offive components expected
for vn fig. 3).

The identification of v, is more difficult for at least

two reasons: first, its expected low intensity in the i.r.

and second the increased possibility of overlapping or
mixing with external modes.

Weak bands are generally observed in the

500-400crn-r region, but the lack of analogies be-

tween the spectra precludes any systematic assignment.

External modes

Preliminary remarks. A detailed assignment of the

external modes is, for many bands, difficult or even

impossible for several reasons. First, because, es-

pecially for the weak bands, it is impossible to find an
unquestionable band to band correlation between
suitable compounds and second, because the fairly
numerous external modes are distributed among a

small number of representations (25 Raman active,.â1,
and Eri 27 i.r. active, Ar, and E ), a situation which
geatly facilitates vibrational interactions.

Mt translations. After B.lru er al. l2), the lowest-
lying i.r. band is observed at 83,72and32 crn- I for Na,
K and Aÿrr(POn)r, respectively, and thus must be

assigned to a translation of the monovalent cation.
According to our results, this relationship does not
hold for the larger cations Rb, Cs and Tl: the frequency
slightly inueases when going from Rb to Cs com-
pounds, very probably because the available octa-
hedral holes are too small for the usual ionic radius of
these large cations.

Thc peculiar case of Li translations was investigated
with the help of 6Li-7Li isotopic species. A significant
isotopic shift (175-l67crn-t) was observed in the
low-frequency spectrum of LiGer(PO.)r, whereas
LiTi2(PO4)3 gave only small shifts distributed over the
bands of the 150-350cm-r region. No correlation
could be found with the band(s) assigned to the
translation of the other MI cations.

Mtv translations. Infrared spectra: The study of the
corresponding Hf and Zr compounds (Fig. 6) shows
that four low-frequency bands [155, 201, 240 and
334 cm- t in KZrr(POn).] exhibit a systematic Hf-Zr
mass effect, with a still higher frequency for the
corresponding Ti compounds. Since the translations of
MN are represented by three i.r. active modes only
(1A2" +2E"),it may be inferred that some (if not all) of
these four bands must be assigned to complex modes
including, besides the MIv translation, a contribution
of (POn) translations or librations.

The Ge translations in NaGer(POr): maÿ be ident-
ified by Ge isotopic shifts (70Ge, "Ge and 76Ge): the

y (cm-r)

of far i.r. spcctra. MIMN =TlZr, KZr,
and KTi for q b, g d c and f, rcspectively.
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actual isotopic compositions are given in Table 2, and

thc observed isotopic frequencies are collected in
Table 3. Two bands only (at 203 and 474 crn-1 in the

Ge compound) exhibit an isotopic shift which is

unquestionable. There is little analogl with the mass

effects observed for the Ti-Zr-Hf series. But this is

easilyjustified by the increased covalency ofthe Ge-O
bond and by a different amount of mixing with other
external modes.

Raman spectra: Two bands ll22 and 265 sm-t in
KZrr(POa)3], against three predicted modes, exhibit
an evident Hf-Zr mass eff€ct and are thus assigned to a

Mry translation. Three bands in the Raman spectrum

of NaGe2(PO.), exhibit a ?6ce-7oce isotopic shift
which, although small, may be considered as significant

in view ofthe sharpness ofthe bands and ofthe very
good reproducibility of the frequency measurements
(Table 3).

POa translations and librations. These modes are

essentially characterized by their low frequency and by
the lack of a mass effect of both MI and MIv cations.

This is clearly the case for the lowest-lying Raman

Yibrational spoc{rum of MIMÿPOI), phosphatcs l0l3

band, which has a frequency practically the same for
the correspondingZr and Hf compounds. Since Ml
translations are Raman inactive, this band is necess-

arily a (POn) external mode (translation or libration,
or both).

The same behaviour (no Zr-Hf mass cffect) is

observed in the Raman spectrum for bands located

near 160-170, 28ÿ295 and 320 cm - I. On the contrary,
all the low-frequency i.r. bands oî the Zt and Hf
compounds are sensitive to the mass of either MI or
Mry, and none of these bands can be assigned to a

specific motion of the POn group.
Here again, the extension of these assignments to

compounds with another MIv cation (fi, Sn, Ge) is

generally dilficult or even impossible, because of the

lack of analogies between the spectra. Moreover, a
simple change of the monovalent cation MI (without
modification of MIv) may, in some cases at least, lead in
the low frequency region to spectral modifications
which preclude the finding of a band-to-band cor-
respondance between the spectra (Fig.7).

1,,

1.,l'
ç

Isotope ,oGe

Table 2. Actual isotopic compositions of Gc DISCUSSION

Two points will be considered here:

i. a comparison between our results and assignments,

and those already published by Bmr et al. l2);
ii. the search for correlations between specific struc-

tural features and some peculiar vibrational
proPerties.

600 500

70
72
73
74
76

Averagc atomic mass

91.38
3.73
l.0l
2.70
1.18

70.28

20.45
27.41

7.77
36.58

7.79
72.@

7.69
6.65
1.69

10.08
73.89
75.02

I Table 3. Isotopic frequencies of NaGer(POn)3

Infrared Raman
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Fig 7.. Comparison of Raman spcctra of NaTir(PO.)3 and

kTirlPO.;r in the mcdium and low frcquency rcgion.
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Comparison with Bnt et al.'s tesults and assign-
nænts l2f

A large part of Beu et cl's paper deals with the
influence, on the vibrational spectrum, of stoichio-
metric variations and of disorder effects. Our paper

does not consider these aspects, but presents a more
systematic investigation of the influence of both MI
and MIv cations on the vibrational spectrum. The two
papers may thus be considered as complementary.
There are, however, some points of disagreement
which must be discussed.

Choice of an appropriate uibrational analysis. Blnr
et al. l2l consider glaserite K3Na(SOa)2 as a model
structure and suggest discussing the vibrational spec-

trum on the basis of a simplified MIMIV(PO4)2
"spectroscopiccell", with a local symmetry oî C3,C2or
C" for the POn tetrahedron. This approximation is

certainly useful for discussing the case of compounds
with variable stoichiometry, for which a rigorous
factor group analysis is impossible; but it is clearly
unsatisfactory for most of the stoichiometric com-
pounds investigated in our paper: the factor group
contribution must be taken into account.

Assignment of the Raman PO4 stetching frequen-
cies. Another point is the assignment, in the Raman
spectrum, of the (POn) stretching vibrations to either
symmetric (vr) or antisymmetric (vr) modes.

In simple cases such as KZrr(POn)r Fig. lb), we
have tentatively assigned the strongest Raman peak to
vr; but for the same compound, B txt et al.l2)assign to
v, the very weak band located near 97 5 crn - r, whereas
the strongest Raman peak at 1024 cm- t is assigned to
a component of vr. This assignment of ÿr to a weak
band is used nearly systematically throughout the
paper. This seems to come from a misinterpretation of
a paper by Cunrunv and Prexr [13], who have
shown that the absolute intensity of the v, Raman
band of (XOn) anions in aqueous solution decreases in
the series (ClO1)-, (SOn)2- and (POa)3- as a con-
sequence of the decreasing covalent character of the
X-O bond. In fact, CsnNTx.v and PtlNe investigated
the intensity change of v, only they never consider the
case of v3, or the intensity ratio 1",f1",. Thus, the
intensity decrease of v, in the series (ClO4)-

- (POa)3 - is by no mqrns a proof that the intensity
ralio Io,fIu, will also decrease so that I"r) 1",.
Moreover, these intensity measurements were carried
out in aqueous solution, and the conclusions cannot be

extended to solids. Additional experiments carried out
in this laboratory show that, for compounds where the
identification of v1 and v, is unquestionable, the
intensity ofv, is generally greater than, or at least equal
to, that of ÿ3.

Thus, we have no reason to believe that, for the
phosphates investigated in this paper, the Raman
intensity of the v3 modes must be significantly greater

than that of the v, modes.
One point remains unsolved, namely the amount of

mixing between v, and v3; this possibility has been

ignored in Bmt et al.'s paper. There is no definite
answer to this question; but it may be suspected that
the large differences in the patterns given by, say,

KHf2PO.)3 and KGer(POn)r Fig. 1) are, at least in
part, the result of a different degree of mixing between
v, and vr.

Other assignments. There is generally good agree-
ment between the assignments proposed by Blnr et al.
and by ourselves, for the low frequency bands (e.g.

translations of Mtr or of MI). Nevertheless, our results
show that, in most cases, these assignments are rs-
stricted to a limited number of compounds and cannot
be extended to the whole MIMrv(PO4), family. This is
the result of the interconnected and complex influence
of both MI and Mry cations.

Discassion of sonæ oibrational features in relation with
the structure

To approach this problem, we shall first consider
some specific aspects of the structure.

For our purpose, it is useful to consider the structure
as constituted of endless columns, directed along the
hexagonal c axis, of alternating POo tetrahedra,
M''O, octahedra and MtOu polyhedra which may be
described as a trigonal prism or a distorted octahedron
strongly elongated along the c6", axis. These columns
are interconnected by POn tetrahedra to form a
tridimensional lattice including holes which are re-
sponsible for the mobility of the MI cations (Fie. 8).

These columns constitute the rigid part of the crystal
lattice, and there is a nearly linear relationship between
the value of the c5", axis and the ionic radius of either
Mrv or MI.

However, the co., axis decreases with increasing size
of MI. This may be understood qualitatively if we

MEoo
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Fig 8. Part of thc structurc, showing the cotu'nns of MIO.,
ZrO" and POa polyhcdr4 and thcir interconncction by POa

tctrahedra
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Tablc 4. Inûuencc of MI on thc Raman frequencies of MlZrr(PO.),

Na K Tt Rb Cs Assignmcnt General trend

l0l5

l0B4
1062
1026

1068 165 1086
1060 1057 1058

1024 l0l3 1020

ÿ!
v3

ÿt

+

+
+
+

,l;

t'

h

L or Tp6.
Tz,

L or Tp6.
TzI

L or Tpq.

+ 1006

æ3 640 633 638 636
597 596 593 595 592
438 439 42 443 451
42s 423 421 422 425
295 29r 2EE 289 288
263 265 261 265 262
't 157 158 160 169

r27 t22 t2E t26 135

72 75 83 85 106

va

ÿ1

V2

l2

-Frequency decreases with increasing ionic radius of MI.
+ fr{u"nty increases with increasinf ionic radius of MI.
This table considers only those bands for which the correspondence is

unequivocal.

consider the replacement [e.g. in NaZrr(POa)3] of Na
by Cs (with ionic radii of 1.02 and 1.674, respect-

ively). This results in a significant increase of the A-B
distance (Fig. 8) which in turn will bring some misfit
with the corresponding C-D distance in the adjacent

column, since the size of the POa and ZrO. groups

remains essentially the same. This misfit may be

reduced by tilting and rotating the interconnecting
POn tetratredra" but this will decrease the column-to-
column distance, and hence the value of the ohc, axis. It
should be realized that this contraction along the aoo

axis is allowed by the existence of the empty sites which

are characteristic of the MIMIv(POn)3 composition. If
these sites are totally or partially occupied [e.g. in
NaaZr2(SiOn)3 or Na3Fe2(POn)s], a contraction
along the a axis is impossible, and the nasicon

structure can be obtained only with relatively small

monovalent cations such as Na+. These structural

adjustments, which depend on the ionic radii of both
MI and MIv cations, are most probably respon§ible for
the greât diversity of the spectra.

Highfrequency infrareil band. This band is charac-

terized by a rather high frequency, going from
1185 crn-r [lowest value, in CsZrzGOr)s] to

l269c:rr.-t [highest value, in LiGe2pOn)3]. This
frequency is essentially influenced by the ionic radius

of MIv. These facts may be explained by an interaction

between the P-O and the adjacent MIV-O bonds'

From the atomic positions given by HoNc [7] for
NaZr2(POj3, we have calculated the following dis-

tances and angles: P-Or: 1.521 A; ZtOr:2.A444:
P4r-Zr: 157.50'; P-O2: 1.551 A; Zr4r: 2.0684;

P4r-Zr:143.85'. The large P4t-Zr angle suggests

that the force constant of the P-Ol stretch may

contain some contribution from the Zr-O, bond;
moreover, this P-O1 combines the shortest P-O
distance, the shortest Zr-O distance and the largest

P-O-ZI angle which may explain the high P-O
frequency and the strong influence, at thi§ frequency,

of the nature of the Mry cation.

The influence of the ionic radius of MI is smaller, but
it is not negligible, especially for the largest Ml cations

(Rb, Cs). It may be qualitatively explained by the

structural adjustments previously discussed (Fig. 8).

Influence of MI on the oibrational frequenctes.
Besides the specific influences discussed above, the

vibrational frequencies of a series of isomorphic

compounds are often slightly modified by second-

order effects, such as the molecular volume. For most

of the internal modes (and some of the external ones),

there is generally a small frequency decrease when the

molecular volume (or the ionic radius of the cation)
increases. This general trend is verified for the high or
medium frequency bands of the phosphates discussed

here (Table 4). But for some of the lower frequency

bands, a reverse trend is observed: the frequency

increases with the ionic radius of Ml the largest

variation is observed for the lowest-frequency band,

going from 7 2 ero- | in the Na compound to 106 crn - I

in the Cs compound. This behaviour is not exceptional,

since it is also observed for other MIv compounds, and

for some i.r. bands. Moreover, it is not restricted to one

specific type of vibration, since it is observed on one

component of v2, one translation of MIv and two POa

external modes.
It must be pointed out that the frequency increase is

the smallest for the Na* - K+, and the largest for the

Rb+ * Cs+, replacement. This may be compared with
the contraction of the a6", axis with increasing size of
the MI cation, and we suspect that the vibrations under

discussion have a predominant component along the 4

axis.
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