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Structural changes in the compounds LMY (PO,); (M =Ge, Ti, Sn, and Hf
as followed by 3!P and ’Li NMR
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From the 3P and’Li NMR study of the compounds M,(PQ,); (M"V=Ge, Ti, Sn, and Hf structural
distortions of the NASICONacronym for Na superionic conductorsetwork and the occupation of structural
sites by lithium have been analyzed. In compounds with larger catdffs=Sn and H, structural distortions
reduce the ideal symmetry of the NASICON framewétombohedraR3c), producing the differentiation of
three phosphorous sites. In these low-symmetry phasesté®@hedra distortions, deduced from the analysis
of the 3P NMR chemical shift tensor, are higher than those of rhombohedral phases. These additional distor-
tions are eliminated by sample heating above their corresponding transition temperature. On the other hand,
from analysis of the dipole and quadrupole interactiondlafNMR spectra, recorded at low temperatures, it
has been deduced that lithium atoms are locatedMat sites in the rhombohedral LiG&0O,); and
LiTi ,(POy)5; and atM, sites in the low-symmetry phases of LiRO,); and LiHf,(PO,); compounds.
[S0163-18297)02821-X

I. INTRODUCTION (Refs. 22 and 2B support the preferential occupation of
Lithium ion conductina solids is a topic of arowing inter- M sites by lithium in these rhombohedral phases; however,
9 P 9 9 .there are no results concerning structural sites occupied by

est because of their potential application as electrolytes Mthium in the low-svmmetry LiSKPO,). and LiHf(PO.
lithium batteries. In particular, lithium compounds with hases. y y HPOs 2(POls

NASICON (acronym for NaSUpe”O”"f conductpsdructure NMR is a useful tool to investigate distortions in polyhe-
and formula LM,(POy); M¥=Ge, Ti, Sn, and Hf, have qra and structural positions occupied by atoms. In this work,
been extensively studied for their good ionic 4 systematic®’P NMR study of samples M,(POy);, with
conductivity:~** The ideal framework of NASICON-type MV =Ti, Ge, Sn, and Hf, has been undertaken to analyze the
materials,>"*" shown in Fig. 1a), is built up byM,(POy); influence of different tetravalent catioM" on the structure
units. A pair ofMOg octahedra are arranged with opposedof these compounds. Thé&.i NMR study has been carried
triangular faces approximately parallel to each other and orieut to analyze structural positions occupied by lithium ions.
ented perpendicularly to theaxis of the structure. The cor-

ners of this pair of faces are bridged by three,R&rahedra, Il. EXPERIMENT

which have one edge approximately parallel to¢hexis and

the opposed one normal to this axis. Oxygens involved in the

sl\,/leccl)ang edgi fOI\rIr:SIF():agN of octahegrahof two adjl? C€Mures of LbO, (NH,),H(POy)3, andMO,, whereM =Ti, Ge,
2(PQy)3 units. ) compounds have generally a g, ‘and Hf. A more detailed description of the sample prepa-
rhombohedral lattice and belong to the space gie8p, as  ration is given elsewher&t?2425
is the case oM=Ge, Ti; however, some of them &¢ 31p and ’Li NMR spectra, recorded in static and magic
=Zr, Sn, and Hf, exhibit structural distortions that reduceangle spinningMAS) conditions, were obtained at different
ideal symmetry?8-?!These distortions can be eliminated temperatures between 25 arel100 °C by using a B-VT
by heating the sample above the corresponding phase trangio00/SU07 unit adapted to an MSL 400 Bruker spectrom-
tion temperature in each of these compounds. eter. In this study/Li spectra were recorded at temperatures
In LiM,(PQy)3 compounds, lithium ions can occupy two for which lithium mobility is absent. For the sake of com-
different sites: (i) M; sites, surrounded by six oxygens and parison, data of previously publishétP spectra taken above
located at an inversion center afit) M, sites, with an ir- the phase transition temperattfé" are included in this
regular tenfold oxygen coordination and disposed symmetriwork. The frequency used fofP and “Li spectra was
cally around the threefold axis of the structure. Both sitesl61.96 and 155.5 MHz, respectively. Spectra were taken af-
alternate along the conduction channels, that form a threder #/2 pulse irradiation. A time interval between successive
dimensional networkFig. 1(b)]. At present, little informa- scans in the range 2-30 s was chosen, depending on the
tion has been obtained from x-ray diffractigkRD) data  spin-lattice relaxation times of nuclei at the analyzed tem-
concerning occupation of these sites by lithium in this com-peratures. The number of accumulations was in the range
pounds because of the mobility and the low scattering powet0—200. The’Li and 3P chemical shifts values are given
of lithium ions. On the other hand, neutron diffraction stud-relative to I LiCl and 85% HPO, aqueous solution, re-
ies of LiGe(PQy); and Lip,4Ti, 4N (POy)s (x=0.12)  spectively.

Samples were prepared by calcination at increasing tem-
eratures in the range 850-1600 °C of stoichiometric mix-
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FIG. 2. Static®P NMR spectra of the INl,(PO,); compounds.
Spectra were recorded at room temperature, except thal "bf
= Hf, which was obtained af =250 K.
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QM served that(w) changes considerably with composition
TN T (Table ). In solids, NMR spectra of nuclei with=1/2 are

><!/~0.—\C'>/— mainly dominated by dipolar and chemical shift interactions.

5»/%/4\ Nuclear dipolar interactions do not shift positions of NMR
z ' \"/§0>' lines, therefore, the strong shifts observed in e NMR

o] static spectra indicate that chemical shift interactions are pre-

ponderant. On the other hand, the second moment of spectra
should be caused by the convolution of the chemical shift

FIG. 1. Schematic representation @ NASICON framework; anisotropy® (CSA) powder pattern and dipolar interactions.
(b) conduction channels connecting both types of structural sites for To get information about the chemical shift interactions,
lithium: M, (closed circlesand M, (open circle} sites. the samples were spun in MAS experiments at spinning rates
lower than the width of NMR liné? expressed in cycles per
second.3’P MAS spectra of the compounds are displayed in
Fig. 3. A single central line with its corresponding spinning
idebands are observed in the spectra of LiB@,); and
iTi,(POy); samples; however, MAS spectra of

The fitting of NMR spectra was carried out with the
Bruker WINFIT program?® which computes the intensities of
the sideband pattern of MAS spectra by the Herzfeld an(i

7 . . .y . .
Be(;g.ert me_tth o&f. With this ptrogran:j, tthe p.osgonl,ﬂl]lnevvtldtr;, iSn,(PQy); and LiHf,(POy,); exhibit a more complex pattern
and intensity ot components aré determined with a standargiy, 1hree componentginsets of Fig. 3. As the chemical

nonlinear least square methoq. However, Fhe anisom?pieénvironment of all phosphorus atoms is the same,
anq asy_mmetr.y parameters, which characterize nuclegr intep, oM"V),, the observed components must correspond to the
actions in static and MAS spectra have to be determined byyistence of three crystallographic sites in the structure of
a trial and error procedure. these compounds. Integration of the sidebands pattern of the
three signals gave the same intensifie4:1), indicating that
the three sites have the same multiplicityP MAS spectra
ll. RESULTS of the last two compounds, heated above their corresponding
A 3P NMR phase tr_ans'ition tempergtur‘@mound _0° in LIHE(POy)5 and
120 °C in LiS(PQy)4], display the single component char-
3P (1=1/2) static NMR spectra of the low temperature acteristic of rhombohedral phas&8! (not shown in Fig. B
LiM,(PQy); phases are shown in Fig. 2. A single broad com- From analysis of the spinning sidebands pattern>
ponent with asymmetric shape is detected. In order to anadMAS-NMR spectra, the isotropic chemical shiftrif,), the
lyze spectral features, the isotropic sli{fb)) and the second anisotropy(Ao), and the asymmetry parameten) were
moment Aw?) of static spectra can be calculated throughdeterminedsee Table)l It can be seen that;, values are
the expressions: very similar to{w) values deduced from static NMR pattern,
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TABLE |I. Isotropic shift ((w)) and second momeniA@?) values were deduced froftP static NMR spectra. Chemical shift tensor
values(ais,, Ao, 7.9 were deduced froni’P MAS NMR spectracy;, o,,, andas; values were calculated by using E@B). The letters
(R), (M), and (T) stand for rhombohedral, monoclinic, and triclinic phases.

Static spectra MAS spectra
(0) Aw? Tiso Ao 011 T22 033
MY [ppm] [ppnT] [ppm] [ppm] s [ppm] [ppm] [ppm]
GeR) —-43.8+0.1 711 —-43.6+0.1 —-14+0.5 0.65- 0.05 —32.1+0.8 -41.1+0.5 —57.6- 0.6
Ti(R) —27.70.1 771 —27.6-0.1 14+0.5 0.9-0.05 —13.6-0.6 —28.3-0.6 —40.9 0.9
Sn(R)b —23.9+0.1 —-11+1 0.8+0.05 —14+0.8 —22.8-0.5 —35+1
Hf(R)b —-17.1+0.1 —-8+1 1 —-9+1 —17.1+0.3 —25*1
—21.3:0.1 18.0£ 0.3 0.65- 0.05 —-3.3+0.4 —24.4+0.6 —36.1+ 0.8
Sn(M) -21.9+-0.1 1302 -22.3-0.1 22.3+ 0.7 0.65- 0.05 0.6-0.8 —26.2-0.8 —40x1
—24.8+0.1 26.3+ 0.3 0.65+ 0.5 1.5-0.4 —29.4+0.8 —46*1
—15.5+0.1 16t1 0.95t 0.05 0+12 —15.9+0.4 —-31+1
Hf(T) —-17.1+-0.1 92+2 —-16.5-0.1 18+2 0.95+ 0.05 1+22 —16.9+0.6 —34+2
—-17.0+0.1 13+3 0.95- 0.05 -4 *3 —-17.3+05 -30+3

8033 values were exchanged withy; ones in order to maintain the structural assignment of axes. See the text for more details.
®Chemical shift tensor values were obtained from MAS spectra previously publigtegs. 13 and 21

both being measures of the chemical shift®4? NMR lines O33=A0+ Oigp. (20
in these samples. Moreover, the high; values obtained in
all the phases and the changeXf sign in some of them
should be noted. In order to analyze the meaning@fign,
the principal values of the chemical shift tensor
(011,022,033 in the principal axes syste(PAS) have been
calculated. In this reference system, the tensor is diagonal | 033~ Oiso = | 011~ Tis| =| 02— Tie - ©)
and the principal components are giverrby

The principal axes are labeled according to the following
convention:

o From calculatedry1,0,,,033 values, it is observed that the
011= Oiso— (1+ n¢d — (29 P ; : ;

117 Tiso Mes) 5 change in sign foAo is only due to the change in axis labels
induced by the convention expressed in E). In order to
maintain the structural assignment of principal axes in the

T22= Tisot (175~ 1) o (2b)  giscussion that follows below, the criteri¢®) has not been

respected in the phases with positi¥e value, and the val-
LJJUL

ues obtained fotr;; and o33 have been exchanged in these
caseqTable ).

B. 'Li NMR

Li (1=3/2) NMR spectra of the same samples were re-
corded at temperatures such that lithium mobility is absent.
The criterion followed to check the mobility degree was to
analyze the temperature dependence of the spin-spih (
and spin-lattice T;) relaxation time# of the central transi-
tion of static spectra. These results are not included in this
work and will be published in a separate paper.

In general, the interaction of the quadrupole moment of
lithium with the electric field gradientEFG) at the nuclear

Hf N site produces a splitting of the satellite transitions
NJL 14 Sl s 20 (1/2—3/2,— 3/2— — 1/2) with respect to the central transi-
B i e R B tion (—1/2—1/2).2 In powder samples, the broadening of
20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 the ’Li central line is generally dominated by dipolar inter-
V [ppm ] actions and the pattern of satellite lines is governed by the

first-order quadrupole interactiodLi NMR static spectra of
FIG. 3. 3P MAS NMR spectra of the samples obtained at aOUr compounds are shown in Fig. 4:  quadrupole patterns of
spinning rate of),~1000 Hz. Recording temperatures are the samehe compounds with lower symmetry are very different from
as those of spectra in Fig. 2. Insets display the central component§ose of the rhombohedral compounds and cover a wider
of 3P MAS spectra of the compounds wikh'V=Sn, Hf. frequency range. From analysis of these patterns, the quad-
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TABLE II. Line position of the central component, second mo-
ment (Aw?), and quadrupole parametef€, and 75) deduced

from “Li static and MAS NMR spectra.
Line
Sn x2 Ge position Aw? Cq
L\‘ VR [ppmi [G%] [KHZ] 79

Ge —-1.7+0.1 0.16+0.02 283 0
Ti —1.4+0.1 0.14:0.01 142 0
Sn —-0.7-0.1 0.37#0.03 122c4 0.7+0.05
Hf —0.7£0.1 0.36-0.03 180-6 0.3+0.03

Hf x2 Ti

1\00 A '5’01 T (\) " '5\0‘ T ‘1(\)0 5\0' o ‘2‘5‘ T ‘(r)' — ‘2‘5‘ e |0 LiTi ,(POy)3 and LiGg(PQ,); compounds. Moreoveryg is
v [KHz] v [KHz ] éi:eos.m the last compounds and have higher values in the first
' In the insets of Fig. 5 the central line 8Ei MAS spectra
FIG. 4. "Li static NMR spectra recorded at 270 K for Ge, 167 K are displayed. In all cases, a single line was observed, whose
for Ti, 273 K for Sn, and 250 K for Hf. It should be noted the position changes towards more negative values when going
different scale inM"'=Sn, Hf spectra with respect to that of the from low-symmetry to rhombohedral compoundable ).
other samples. The position of these lines is mainly given by the isotropic
chemical shift, although some influence of second-order
rupole coupling constantdy) and the asymmetry parameter quadrupole interaction could be present. The shift associated
(mq), has been determined. However, static spectra oWith this effect has been estimated through the expredsion
samples with higlC, and 54 are difficult to record properly
and, hence, the analysis of MAS-NMR spectra is more con- 1 Vé
venient in these cases. vg()m): “ 10
In Fig. 5, ’Li MAS spectra of three representative cases, 0
<hown. Contral and satelite ransitons are modlated by thr <1 2 8 the Larmor frequency andq is related (0 the
spinning sidebands, but the powder pattern of static Spﬁct%ua_drupole coupling cons.tam_IQ throu_gh the relationship
is clearly reproduced. The MAS spectrum of LIlRO,); is Q_?’CQQ'(ZI b Subsututm_g obtaln_eG:Q and nq v_aI-
> clearly rep ; P . Ltk 4_)3 ues, it can be shown that even in the LjHfQy)s, for which
similar to that of LiGe(PQy); and is not included in the yheo highest value o€, has been determined, this effect is
figure.Cq and nq values obtained by fitting of MAS spectra ractically undetectablevgz) — —0.03 ppm). From these
coincide with those determined from static spectra and arg . ) o (112) e ) i
listed in Table Il. It is interesting to remark th@, values con75|fjerat|ons, it is qlear that the p03|.t|on of the cgntral |I.I’Ie
determined in low symmetry LiStPO,); and LiHE(PO,)s of ‘Li MAS spectra is mainly determined by the isotropic

phases are considerably higher than those of rhombohedrgiemical shift of nuclei. From this fact, it should be noted
that o5, values of LiTh(PO,); and LiGe(PQOy); are very

close each other. The same is true for the low symmetry
LiHf x(POy); and LiS(POy); phases, whose values are
slightly, but clearly, different from those determined in
former samples.

The central transition of NMR static spectra is unaffected
by first-order quadrupole interactions but can be broadened
by CSA and second-order quadrupole effects. In order to

2
7Q
+ ?) , 4

Sn evaluate these contributions, the widths of the central transi-

Vomn HHH”“ ”HH“HH tion were m_easured at frequgncies pf 10, 20, and 31 MHZ.
E— ‘,m‘lnlillli‘l ML [T Values obtained for the linewidths did not change apprecia-

) 0 400 000 bly, indicating that CSA or second-order quadrupole contri-
' N\ ‘ butions are lower than 100 Hthe experimental resolutiopn
AN Ge This agrees with the low CSA values typically reported in

e I “Li signal (lower than 150 Hz>? From these facts, linewidth
wmﬁdmum‘.mHH‘66‘““3\%”mmbummm‘“ﬁ??ff.‘ﬁn.”‘.‘]H.%Hdd.m of the central transition in statiéLi NMR spectra of our

compounds is mainly governed by dipolar interactions. A
measurement of the linewidth can be obtained from the sec-
FIG. 5. 7Li MAS NMR spectra of Ge, Sn, and Hf compounds at O"d moment 4w?), which can be calculated by using the
the same temperatures than those of Fig. 4. Spinning rate ( €xpression(lb). ExperimentalAw? values of the low-
~2000 Hz) andX axis scale of spectra of Sn and Hf members aresymmetry LiHL(PO,); and LiHf(PO,); phases are very
double than those used for Ge compound. Insets shows the cent@lose to each other and substantially higher than those ob-
component at an expanded scale. tained in the other two compoundgable ).
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IV. DISCUSSION 5 40

It has been reported previoudtythat compounds with 40 N T ' Gel a)
general formulaAM,(PQ,)5, whereA is an alkali element 230 — Hf Sn 1‘ i 30
andM a tetravalent catioiNZP structurg, suffer an expan- Fe e N
sion of thea and c lattice parameters in rhombohedral ~ =20~ - 1 —
phases when thiel size increases. If the lattice parameters of g 10 - = P g
LiGe,(POy); (Ref. 22 and LiTi,(PO,); (Ref. 23, together a N &
with those of the high-temperature phases of L{B@y); Vo~ " R —_
(Refs. 9, 12, and 20and LiHf,(POy); (Refs. 2 and 1Bare bﬁ - I o 2
considered, this trend is confirmed. This fact seems reasol 10— o —
able as P antl atoms contributes to built up the framework 20 ; ]
of these compounds. | ! \ | 0

On the other hand, it was observed in the original 1.4 1.6 1.8
NASICON syster Nay , Zr,Si,Ps_ O, (0<x<3)] (Refs. IR [A]
16 and 17 that compositions with maximum cell volume -60 o
(1.6<x<2.2) exhibited structural distortions at room tem- B L
perature that lowered their symmetry. This observatior -50 — L b)
seems to be confirmed in Lij)PO,); compounds, where the — T e N
presence of three components®#® MAS spectrgFig. 3 is £ -40 — ¢ T * T
only detected in samples with largest tetravalent cation: 8 T ° © - o A
(M=8n,Hf). This fact is associated with the loss of the ‘f"30 o x e -
threefold and twofold axes d®3c space group, which pro- b:_zo L e a
duces the differentiation of three crystallographic phos- L * R
phorus sites. In agreement with these observations, XRD pa A0
terns of low symmetry LiS{{PQy); and LiHf,(PQ,); phases -
were previously indexed on the basis of monochifii€ and oL maAa l
triclinic?* lattices, respectively. Heating the samples above 14 16 18
the phase transition produces the elimination of the thre: /R [AY

components and the detection of a single line*tR MAS

NMR spectra. Therefore, structural distortions can be elimi-
nated by increasing the sample temperature, which produce%
the recovering of the rhombohedral lattice, in the same wal

as reported for the monoclinically distorted inverse of the effective ionic radius of thé' cation. Open sym-

; 34
Nay 1 ZrSiyPs 01, (1.6<x<2.2). bols stand for values corresponding to rhombohedral 4(FSBy);

In order to analyz_e the influence of the tetrayalent Catlor};md LiHf,(PQy); phases. Lines are only a guide to show variations
on the structure of IM,(PQ,); compounds, we will diScuss i the rhombohedral phases.

first distortions of the structural network and, then, positions
occupied by lithium ions in each compound.

FIG. 6. Plot of (&) the isotropic chemical shifty;s, (#); the
solute value of anisotropjAs| (M); and(b) the principal values
f the chemical shift tensas,, (A), o5, (k), 033 (@) versus the

cations with larger R pulls more effectively the electron
density away from oxygen atoms, leaving phosphorus atoms
more positively charged. This fact produces a lower anti-
shielding effect on*’P NMR resonance, which explains the
more negativery, values experimentally observed.

The increase of the size of the tetravalent cations pro- In order to study tetrahedra distortions,, andAo values
duces variations on the isotropic chemical shifi;f) and the  have been analyzed. In all caseg, values are important,
anisotropy(Ao) values of the3'P NMR components. In or- indicating that the tetrahedra are not perfectly regular. As
der to analyze these effecis,, and|Aa| have been plotted 7. represents deviation from the axial symmetry in the
versus the inverse of the effective ionic radius of the tetravanucleus neighborhood, deduced values agree with the point
lent cation (1R) [Fig. 6(@]. Radii values have been taken symmetry of the tetrahedral site in the rhombohed@alor
from Shannon and Prewitt's classical referefités the low-symmetry (1) phases. On the other handd| values,
three lines observed iA'P MAS spectra of low temperature which measure the anisotropy degree of the chemical shift
LiSny(PO,); and LiHf,(PO,); phases exhibit very close,, interaction, are in the lower limit ofAo| range obtained for
and Ao values, the average values of these parameters haw0, tetrahedra in ortophosphat&sindicating that tetrahe-
only been considered. Averagesl,, values of the low- dral distortions are not very important in these compounds. If
symmetry LiSB(PO,); and LiHf,(PO,); phases are very |Ao] value is plotted as a function of R/[Fig. 6a)], it is
close to those observed in rhombohedral phases of the sambserved that in the rhombohedral phases it changes much
compounds. From analysis afg, values of the different less thano;,; however, it increases considerably in the low
compounds, it is observed that isotropic chemical shift in-symmetry phases with respect to the rhombohedral ones.
creases very significantly when the size MfV decreases From these facts, it can be concluded that tetrahedral geom-
[Fig. 6@)]. These findings are reasonable, & fépresents a etry is not very affected by the size &' cation in the
measure of the polarizing strengthMf cations. In general, rhombohedral phases; however, it changes appreciably in the

A. Influence of the tetravalent cation
on the structural distortions
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TABLE Ill. Experimental and calculated second moments corresponding to lithium occupyird the
and M, sites. Experimental values were deduced from the central transitioi.ioRMR static spectra.
Relative Li-Li and Li-P contributions £w? ., Aw? ;) were calculated with expressid8) of the text.
Distances Li-P and Li-Li were calculated by using a rhombohedral lattice in all the ¢sesmshe text

M, site M, site
Expt.

2 2 2 2 2 2 2
Mip riti Aopp Aoy Awg lip Nit Aopp A®hy Awgy Aw

mM¥o[A1 [Al 6 (6] (6 [Al [A] [G] [ [G] [G]

Ge 3.42/5.64 587 0.10 0.04 0.14 2.49/3.44 587 0.36 0.04 0.40 x0.02
Ti  3.49/5.78 6.00 0.09 0.04 0.13 2.58/3.51 6.00 0.29 0.04 0.33 D14
Sn 3.57/5.86 6.15 0.08 0.03 0.11 2.60/3.44 6.15 0.29 0.03 0.32 =0.338
Hf 3.64/5.98 6.27 0.07 0.03 0.10 2.66/3.49 6.27 0.27 0.03 0.30 +03®3

low temperature LiSf{PQy); and LiHf,(PQy); phases. These The first term accounts for dipolar interactions between
observations agree with results obtained by neutron diffraclike spins and the second one between unlike spinsand
tion in the NASICON compounds Na,Zr,SiyP;_,O15 (X vs are the gyromagnetic ratios for tHeand S spins and
=1.6,2.0) **which showed less distorted tetrahedra in rhom-r;, is the distance between interacting spins.
bohedral than in monoclinic phases. The most important contributions to the second moment
From analysis ofry;, 0,, andos; values[Fig. 6b)], it  of “Li NMR line in these compounds are the Li-Li and Li-P
is observed that they increase as the tetravalent cation sizpolar interactions, because of the low magnetic moments
decreases in the rhombohedral phases, following the sam the other elements in these compounds. In order to calcu-
trend thanos,. However, it can be seen that while the varia- |ate the interatomic distances Li-Li and Li-P in the rhombo-
tion in the o5, direction is not very important in the low- hedral phases of LiGEPO,); and LiTi,(POy),, lattice pa-
symmetry phases with respect to that found in the rhomborameters and relative atomic positions are taken from Refs.
hedral phases, the values along the other two directions varys 5,4 22 respectively. In the low symmetry phases of

appreciably in opposite senses. These variations could tﬁSn PO, and LiHE(PO,)-. lattice parameters are avail-
related to tetrahedral distortions induced by the different ro- blezi)utA)anfortunat;I(y 21)t3(;mic cooFr)dinates have not been

tat'(.)n Of the vertlcal_and honzontal_tetrahec_jral edges arounseported yet. Therefore, in order to estimate the interatomic
a direction perpendicular to_the axis (coincident with the

twofold axis of the R3c symmetry observed in distances in these compounds, the relative atomic coordi-
. : tes for the rhombohedral LLTPO, d. Thi -
Nay . ,Zr,SiPs_ O, (x=1.6,2.0)3 In these compounds, it o> 1of "€ rhombonedra bPOy); were use 'S Pro

A o dcedures assumes that interatomic distances in the low-
was found that rotation of the two edges was similar an .
symmetry phases do not change very much with respect to

lower in the rhombohedral phases than in the monoclinich bohedral hat it has b firmed in th
ones. These observations could explain the higher differerh ombonedral ones, what It has been confirmed n the

tiation of experimentadr;; ando 33 values as measured in the alSchZc)rrZ]?jixrzi)_rﬁgrﬁs();s:ti%ﬁ(;’tig)foiolﬁif#]nigﬁs occupying the
low symmetry LiSp(PQOy); and LiHf(PO, hases.
y y AP0 2(POy)s P M, and M, sites, are shown in Table Ill. In this table, dis-

tances between lithium atoms and nearest lithium and phos-
B. Distribution of lithium ions phorus neighbors are given for each site. It can be seen that
Li-P dipolar interaction is much important than Li-Li one,
irrespective of the site lithium ions occupy. If the experimen-
The existence of a single line in the low temperaturetal Aw? value of each compound is compared with calcu-
’Li MAS spectra of all the samples, shown in the insets oflated Aw?, a good agreement is obtained for lithium occu-
Fig. 5, indicates that lithium occupies only one type of site inpying theM, sites in LiGg(POy); and LiTi,(PO,)s. Deduced
each compound. If it is remembered that the broadening ofccupation ofM; sites by lithium in rhombohedral phases
the central line of'Li static spectra in our samples is mainly supports neutron diffraction results previously repoffet.
due to dipolar interactions, the study of linewidth could beln the case of LiS{{PQ,); and LiHf,(POy)5, experimental
used to analyze the environment of lithium in these com-Aw? values are very similar to those calculated for lithium
pounds. To that end, the experimental second momerdccupyingM, sites.
(Aw?) of the central line inLi static spectra can be com- The fact that lithium ions occupy the same type of site in
pared with those deduced from the Van Vleck’s expressionhe LiSn,(PQ,); and LiHf,(PQy); is also supported by the
for a rigid lattice in powder sample¥: very closeos, values deduced fronfLi MAS spectra of
these compounds. These values are slightly but significantly
different from those deduced in the rhombohedral
A= § YAR21(1+ > iﬁ LiGey(POy); and LiTi)(POy)s, w_hich are again very close to
5 kK Ty each other. All these observations suggest that, in absence of
mobility, lithium ions occupy different sites in the rhombo-
n 1i5 ‘yiy§ﬁ25(5+1)§k: i (5) hedral (M, siteg and in the monoclinic/triclinidM, siteg

1. Calculation of second momertAw?)

J

M compounds.
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2. Calculation of the quadrupole coupling parameters through Egs.(6). Although 7o can be calculated directly

Another way to analyze structural positions occupied byfrom the EFG tensor, calculation ﬁi% requires an estimate

lithium is the study of the quadrupole coupling parametersOf the Sternheimer shielding factt 7 . [Co=e?Q(1
Co and 7q, which can be expressed?s — v.)V,,/h], which accounts for distortions induced in the

core electrons of the ion by the quadrupolar field of the
e’QV,, Vix— Vyy nucleus and by the external field gradients. Fof,Ly., val-
Co=—— M=y (6)  ues lie in the range 0.25-0.3%;* hence in the following
“ calculationsy., value has been taken as 0.3. The summation
where Q is the quadrupole moment of nuclei and indicated by Eq(8) is performed numerically in a Cartesian
Vix:Vyy, V2, are the principal values of the electric field gra- coordinate system with th2 axis along thes axis of the unit
d|ent(EFG) tensor at the pOSition of the nuclei. The criterion cell and theX andY axes in the perpendicu]ar p|ane_ It was
followed to label the principal axes is found that convergence ixf;; calculations, with errors less
IV, = V| = Vi 7) than 2%,_ could be obtained if all ions within a radius of 30 A
= 1yl = o - are considered. The EFG tensor can be expressed as a sum of
Cqo measures the deviation of the structural environment ofhe contributions corresponding to each sublattice:
nuclei from cubic symmetry. On the other hang;=0 in-
ci%aiﬁs that the environmental has axial symmetry agd Vi ZZLiViLj'+ZMVi'\,-/'+ZPViF;+201Vi?l+Zoni?2 9)
at it has a lower symmetry.

Assuming that the compounds are predominantly ionic,

the components of the EFG tensor can be calculated on tHe: @nd @ sublattices are constituted by the oxygens forming
basis of a point charge model through the expression the horizontal and vertical edges of pP@trahedra, respec-

tively.
1 3xK— f§5ij Rhombohedral phases our calculation, the same lattice
ij:4ﬂ_80 Ek: ez LR (8) parameters and atomic coordinates than those used in the
k

previous section have been taken. In this analysis, calcula-
whereeZ, is the electric charge of theth ion. The principal tions carried out on the rhombohedral Li@e0,); and
components of the EFG tensor are obtained by subsequehiTi,(PO,); will be presented first. By explicit calculation of
diagonalisation of matri¥/;; andCq and g are determined V;; at M, site of LiGe(PQ,)s, it is obtained

i 2x1073 0 0 -090 0 0 0.18 2x107% -—-2x107*
v=z, O 2x10°3 0 +Zgd O 090 0 |4z 2x107* 018  2.0x107*
0 0 —5x1073 0 0 1.83 —-2x107* 2.0x10°4 0.36

0.26 -2x107% 0 -2.62 3x10°¢ 3x10°4
+2Zo | —2x10°° 0.26 0 |+2Zo|3%x10°%  —-262 —2x10°*| [VIA?] (10)
0 0 0.53 3x1074 -2x107* 5.24

From simple inspection of this expression, some interestingbtained from ’Li NMR spectra of rhombohedral
features can _be _deduced. The principal contribqtion to theiGe,(PO,); and LiTi,(PO,); are zero, confirming that
EFG atM, site is due to the Pand Ge sublattices and jithjum ions occupyM sites in these compounds. However,
contribution of the other lithium ions is negligible. More- Cy, values calculated by using nominal charges are consid-
over, as all matrices are almost diagonal, the resulting EFGy 3y higher(Co=376 and 263 KHz, respectivéljthan
tensor is diagonal. Therefore, thedirection of the unit cell  hose experimentally observé@,=28 and 14 KHz This

is the Z axis of the principal axis systeiiPAS) associated  fact indicates that the structural framework has a partial co-
with the quadrupole interaction M, sites. It is also found  yalent character and that a net reduction of atoms charge is
that, whichever effective charge of each atom is choserproduced. Therefore, more realistic effective charges have to

7q is equal to zero. However thé,, principal component of  he considered i, calculations.
the EFG tensor depends on the effective charges of the atoms | order to simplify the problem, two assumptions are

through the expression going to be made: first, a fully ionized lithium is considered
(Z,;=+1) and, second, the effective charges for the two
V,,=(—5X%10%)Z;+1.8% ¢+ 0.36Zp+ 0.5, types of oxygen are assumed to be equal<Zo =Zo,).

Both suppositions seems to be reasonable and not very re-
strictive in our analysis. Taking into account these hypoth-
eses and the condition of electrical neutrality, the only free
If the EFG tensor aM; sites of LiTL(POy)3 is now cal- parameters in Eq(1l) are Zge and Zp. In the following
culated, similar results are obtained. Experimenjglvalues  calculations, it has been admitted the same charge sets for

+5.24&,, [VIAZ]. (11
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TABLE IV. Experimental and calculated quadrupole coupling |n this case) is not diagonal. From this fact, diagonalization
constant Co) and asymmetry parameteng) values. Calculated ¢ \; tangor js a previous step in the evaluation of the prin-
Cq and 5 values for lithium occupying; and M, sites were cipal components for each charge set. If values of quadrupole
obtained under hypothesis discussed in the text. . . .

parameters associatedNb, sites are calculated, by using the

Experimental M, site M, site same hypothesis as in_ th(_e previou_s cases, it is found that the
c c c local §ymmetry atiM, site is not a?<|al @Q% 0) anq that the
MV [Kl-?z] 7 [KI—?z] 7 [Kﬁz] magnitude of the quadrupole interactiol€{) is much
7Q . X

higher than that aiM, site. The reasonably good agreement
178-17 0.51+0.02 obtained between calculated and experimental values sug-
14012 0.63£0.02  gests that lithium ions occupy preferentialy, sites in the
126+14 0.51£0.02 low temperature LiHf(PO,); and LiSn(PQO,); phases, sup-
118+12 0.53+0.02 porting again conclusions obtained from thes? analysis.
However, a structural refinement of these phases avail-
able at presentwould be interesting to reproduce more ac-
LiGey(POy); and LiTiy(PO,)3. We have searched for possible curately experimentaly, and nq values of low temperature
solutions reproducing simultaneously the experimefitgl  LiHf5(POy); and LiSn(PQOy); phases, and to explain the ob-
values in both samples and have found that the solution iserved differences in both compounds.
not unigue. Excluding meaningless cases, charge sets fulfill-
ing the conditionZ,,=1.4Zp+ 0.2, with 2<Zp<2.5, would
reproduce reasonably well the experimental date Table
IV). If the EFG tensor at th#/, sites were now calculated
on this basis, th€ values obtained would be much higher V. CONCLUSIONS
than the experimental ones ang, values significantly dif- From 3P and 7Li NMR study of LiM,(POy); (MV
ferent from zerdTable IV). =Ge, Ti, Sn, and Hf structural distortions of the

Low-symmetry phase&xperimentalCq values of low-  NASICON network and lithium location over two possible
symmetry LiSR(PQy); and LiHf(POy); phases are higher stryctural sites has been analyzed.
than in the rhombohedral LiG#0O,); and LiTi(POy)s The increase of the tetravalent catibil” size in the fam-
phases. Moreover, experimentg values are different from jly j M,(PO,); (M"Y=Ge, Ti, Sn, and Hfproduces an ex-
zero, indicating that the lithium environment has no axialpansion of the unit cell that is responsible for the structural
symmetry. If the same effective charges as deduced in thgjstortions of the NASICON framework, lowering the ideal
analysis of rhombohedral compounds are considered, ocCigzg symmetry in theM"V=Sn and Hf members. These
pation ofM, sites by lithium in low-symmetry LiSfiPO)s  giryctural distortions produce the differentiation of three non-
and LiHf,(PO,); phases must be clearly disregard@@ble  ¢qyivalent crystallographically phosphorus sites, detected in
IV). On the other hand, if occupation df, sites is consid-  31p pMaAS NMR spectra. By heating the low-symmetry

ered, an analogous expression to Bij) can be obtained for ,haqes the onset of a phase transition produces the recover-
M sites. For the low symmetry Li$(PO,); phase the EFG  jng of the usual rhombohedral lattice of NASICON com-
tensor can be written as pounds.

From analysis of CSA interactions deduced froftP
NMR signal, it has been shown that isotropic chemical shift
values depend strongly on the polarizing strength of the tet-

Ge 283 0 24+3
Ti 14+2 0 13+3
Sn 122t4 0.7£0.05 374
Hf 1806 0.3£0.03 35t5

O O O o

0.20 0.11 0.03

V=2 0.11 0.09 0.24 ravalent cation. Moreover, it has been observed thaj PO
0.03 0.24 -0.29 tetrahedra distortions are much higher in the low symmetry
phases than in the rhombohedral ones. However, the distor-
0.08 0.06 —0.56 tions of the tetrahedral geometry in the rhombohedral phases
+Zs| 0.06 015 0.32 are not much affected by the cation size.
—056 032 —0.23 Finally, from analysis of’Li NMR spectra it has been
shown that, in absence of ionic mobility, lithium occupies
067 —033 —0.15 different structural positions in the analyzed compounds.

M; sites in the rhombohedral LiG&0O,); and
LiTio(POy))3 and M, sites in the low temperature
LiSn,(POy); (monoclinig and LiHf,(PO,); (triclinic) phases.

+Zp| —0.33 028 0.09
—0.18 0.09 -0.95

—-0.84 1.09 -1.33
+Zo, 1.09 043 0.77
—133 0.77 041
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