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Structural changes at the triclinic-rhombohedral transition and their influence
on the Li mobility of the fast-ion conductor LiHf 5(PO,)5
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Structural changes produced at the triclinic-rhombohedral transition of,(B6)); have been analyzed by
NMR spectroscopy: the reduction of symmetry produces differentiation of three tetrahegrevit@3e distor-
tions correlate well with chemical shift anisotropies determined®¥NMR. At the phase transitiorfP
chemical shift values change according to the modification of the P-O-Hf angles determined by neutron
diffraction data. On the other hand, in the tricliflow-temperaturgphase, the location of lithium along the
conduction channels, at midway positions betwignandM, sites, was confirmed b{Li NMR spectroscopy.
In these positions, a distorted almost planar fourfold coordination, with Li-O distances near 2.1 A, explains the
observed’Li quadrupole coupling constants. In the rhombohedhégh-temperatugephase, the structural
changes destabilize lithium coordination. In this ca&&NMR spectra show important lithium mobility and
spectral features are intermediate between thodéofM,, and midway sites. The important delocalization
of lithium explains the strong increase on conductivity detected at the phase transition that makes this com-
pound one of the best reported lithium ion conductors.

I. INTRODUCTION mained about lithium location in the triclinic phase. From
NMR data, lithium occupation oM, sites was clearly re-
Lithium ion conducting solids is a topic of great interest jected and first calculations of quadrupole constantsMer
because of their potential application as electrolytes irsites, carried out using atomic coordinates of the rhombohe-
lithium batteries. In particular, lithium compounds with dral phase, gave value€g=118kHz) comparable to the
NASICON (Na superionic conductorstructure and formula €XPerimental oneGo=180 kHz)™ On these bases, it was

LiMY (PQ,); have been extensively studied for their goodsﬁgges’tfd trr]'at Ilthlum_couldhoccuMZ ﬁltes mht_he riclinic ‘
- ductivity!4 The ideal framework of NASICON- phase. In the mean time, the crystallographic structure o
'onic con ' il both phases has been sol¢ety neutron diffraction. In the

type material® "’ is rhombohedral with space grolR8c triclinic phase, lithium ions were located at intermediate po-
and is built up byM,(PQy); units[Fig. 1(@)]. A pair of MOg  sitions betweerM ; and M, sites; however, lithium location
octahedra is arranged with opposite triangular faces approxeould not be deduced with reliability in the rhombohedral
mately parallel to each other and oriented perpendicularly tphase. In the present work we are going to analyze the struc-
the c axis of the structure. Three R@trahedra, which have tural changes produced during the phase transition and to
one edge approximately parallel to tieeaxis, bridge the correlate them with the variations observed P and
parallel faces of the two octahedra Mf,(PO,); units. Tet-  ’LiNMR spectra.

rahedral oxygens involved in edges oriented perpendicularly

to thec axis, form part of octahedra of two adjacent units. In Il. EXPERIMENT

the NASICON structure, lithium can occupy two different
sites:(i) M sites, surrounded by six oxygens and located aFn
inversion centers an(i) M, sites, with an irregular tenfold
oxygen coordination and disposed symmetrically around the, e axis a) b)
threefold axis of the structure. Both sites have different mul-
tiplicity (1:3) and alternate along the conduction channels,
forming a three-dimensional netwofkig. 1(b)].

Li M'ZV (POy); compounds with the largest tetravalent cat-
ions (M'"V=Sn, Hf, Zr) exhibit at low temperatures a struc-
tural phase transitidfi->! which causes a distortion of the
framework, without breaking bonds. The symmetry of the
low-temperature phase of these compounds have been ur
clear for several years, but it has been established recently t
be triclinic2°=24In particular, LiHE(POy)s, one of the com-
pounds of this family with higher conductivity values, exhib-  F|G. 1. Schematic view ofa) the NASICON framework, where
its the structural phase transition around 0°C. The latticehe basic units/,(PO,)5, formed by two octahedri Oy and three
symmetry of the low-temperature phase was deduced byetrahedra PQ can be identified(b) conduction channels connect-
3lp NMR and XRD technique®, however, some doubts re- ing M, (white circleg and M, (black circles sites.

The sample was prepared by calcination of a stoichio-
etric mixture of LyO, (NH,),H(PO,); and HfG, at increas-
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FIG. 2. MAS 3P NMR spectra recorded @t=23 and—23 °C. v [KHz]
In the insets of the figure, the central component of these spectra are

FIG. 3. Static’Li NMR spectra recorded & =23 and—23 °C.
To highlight the pattern of the satellite transitions, the scale ofithe
axis has been multiplied by the indicated factors. In the insets of the
ing temperatures in the range 850—1100 °C. A more detailefigure, the central component of the MA®iI NMR spectra, re-
description of the sample preparation is reported elsewtere.corded at the same tempe rature, are displayed.

3P and 'LiNMR spectra, recorded in static and MAS
conditions, were obtained at different temperatures between . RESULTS
22 and—43°C by using a B-VT 1000/SUQ7 unit in a MSL A 3p NMR
400 Bruker spectrometer. The frequencies used*®rand
Li spectra were 161.96 and 155.45 MHz. Spectra were The *'PMASNMR spectrum of the compound
taken aftersr/2 pulse irradiation. A time interval between LiHf ,(POy)3, recorded at-23°C, is shown in Fig. 2. Three
successive scans in the range 2—30 sec was chosen, depefigitral lines and their corresponding spinning sidebands,

ing on the spin-lattice relaxation times of the two nuclei at>Paced at~6 ppm (spinning rate expressed in pprare

each temperature. The number of accumulations was in th%bserved. As the chemical environment of all phosphorus

i . 31 . . atoms is the same,(BHf),, the observed components cor-
ra_mg;: rt(l)at'zgob IhﬁLIL%Tdan dP 8(:5rg/em|(|:3zilj s:|ft e\/(;’:\lt;esso?r_e respond to three nonequivalent crystallographic sites. Inte-
giv Ve | Thl it ¢ NOM?Q % aqueou u- dgration of the sidebands of the three components, according
tlons,.respecuve y. The fitting o 26 §pectra was carmedy, e procedure described in the experimental section, gave
out with the BrukemwINFIT program;° which computes the

) . o ) X intensities proportional to 1:1:1, indicating that the three sites
intensities of th7e spinning sidebands with the Herzfeld and,5ye the same multiplicity. The intensity of the three central
Berger method’ With this program, the spinning rate and jines detected at-23°C decreases during sample heating

the position, linewidth and intensity of the components Wergaround 0 °G and a new line, with the same position that one
determined with a standard nonlinear least square metho@f pre\/ious components, is detectédset of F|g 2. At
However, the anisotropy and asymmetry parameters, whickhom temperature, th#P MAS spectrum displays the single
characterize nuclear interactions, have to be determined bygmponent, characteristic of the rhombohedral symmetry
trial and error procedure. Once, the experimental envelop¢one crystallographic sije

was fitted, the sum of intensities of sidebands of components From analysis of the spinning side bands pattern of
was calculated by numerical integration. 31p MAS-NMR spectra, the isotropic chemical shifi,{),

displayed.

TABLE |. Chemical shift tensor value§ris,, Ao, 79 and quadrupole coupling parametey(, 7q)
deduced from fitting of'P and’Li NMR spectra, respectively.

P Li
Tiso [PPM Ao [ppm] Tes Cq [kHz] 7
Rhombohedral —-17.1+0.1 -8=*1 1 118+6 0
—15.5+0.1 16+1 0.95+0.05
Triclinic —16.5+0.1 182 0.95+0.05 180-6 0.30+0.03

—17.0-0.1 13+3 0.95+0.05
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TABLE II. Structural parameters of Hffoctahedra in the two phases of LYP0y)s.

Triclinic

Rhombohedral Hf1 Hf2
Hf-01 (A) 3x2.03 2.01 2.03 2.04 2.04 2.12 2.14
Hf-02 (A) 3x2.07 2.05 2.07 2.14 2.02 2.03 2.04
01-01(A) 3x2.91 2.87 2.90 2.95 2.89 2.89 2.92
02-02(A) 3x2.81 2.69 2.82 2.88 2.98 2.98 3.06
0O1-Hf-01(°) 3x91.7 90.4 91.2 93.3 85.7 88.1 88.7
02-Hf-02 (°) 3X85.7 79.1 86.4 86.8 94.3 94.3 97.3
O1-Hf-02 (°) 3X89.0 88.3 88.6 96.9 84.9 89.7 89.9
O1-Hf-02 (°) 3X93.5 914 93.3 93.4 87.0 87.4 91.7

B1 (°) 0 7.2 7.8

B2 (°) 0 4.3 5.9

the anisotropyAo), and the asymmetry parametey,{) of P triclinic lattice in terms of a pseudorhombohedral coordinate
environments were determined in two pha&ese Table)l system, at which the pseudoternary axis of the structure co-
incides with the (103) triclinic direction. In this analysis, it

has been considered the effect of the reduction of symmetry
- . ) . on the number of independent crystallographic positions.
Li(1=3) static NMR spectra, obtained at room tempera-Thys, for instance, the two oxygens of the rhombohedral

ture qnd—23 °C are plotted in Fig. 3. A central Iin_e and two phase(O; and Q) give 12 different types of oxygens in the
satellite transitions form both spectra. The experimental seGs.jinic phase.

2 .
tond mobnt1e_mA dm tor thetcentral Itlne de_duc(:ﬁd fgcgnggthgrﬁpec- In Table Il the geometry and relative orientation of octa-
rum obtained at low temperatures is (3. : € hedra HfQ are given. It can be seen that significant modifi-

linewidth of the central transitiot—5— 3 ”af‘s'“c”’ nar  cations are produced in the internal geometry of octahedra
rows and_ its line shape changes from_Gausaan to Lorentz'a('?jistances Hf-O, 0-0, and angles O-Hj-@uring the phase
when going from the spectrum pbtalned A23°C to .the transition. In the rhombohedral phase, these octahedra can be
room-temperature one. This fact is due to the strong Increasg, ngidered as constituted by two equilateral triangles, normal
9”. the lithium _mOb'“ty detected by conductivity a_1r_1d to the ternary axis, with edges almost parallel each other.
LINMR ~ techniques around the phase transitionp oy rapje II, it can be seen that the equilateral triangles
temperatur€ (motional line narrowiny . 3 become scalene and the O-Hf-O bonds angles change in the
30n thle other hand, the broad symmetric pattérs- 3, triclinic phase. However, the most significant change ob-

;]5_)_5 sateflhte transmo?)gs c,}a_usq:] bz thel mte_ralgu%n of served concern the inclination of octahedra with respect to
the quadrupole moment of nuclei with the electric field gra-y,o hseydoternary axis. In particular, the inclination of the

dient at structural site¥ It can be seen that the quadrupole , hases of octahedra are differey, and 8, angles in
pattern of the low-temperature spectrum is different and COVihe triclinic phase

ers a wider frequency range than that of the room- . e will analyze the modifications produced at tetra-
lemperaiure spectru(ﬁlg._ 3 tgp and bottom From analy3|s_ hedra PQ. It can be seefiTable Ill) that modifications pro-
of both spectra, determination of the quadrupole couplingy.ed in the internal geometry of tetraheddistances P-O
constants Cq, and the asymmetry parametergy, have 504 angles O-P-lare less important that in octahedra. How-
been dongTable ). - . ever, a significant change is observed in angles which define
In order to study lithium locatior.Li MAS-NMR spectra, the orientation of tetrahedra, i.e., the angle subtended by the
recorded at the_same temperatures than the static ones, haé5le_o1 edge, initially parallel to the ternary axia() and that
been analyze_dmsets of Fig. 3 In 'ghe Iow-ten_wpe_rature defined by the @0, edge, initially disposed at planes per-
phasg, Qetecuon O.f a narrow central Ilne—_at ppm indicates pendicular to this axisd,). These angles are close to zero in
that lithium occupies only one t_ype of site. In t_he.rho.mbo-the rhombohedral phase and higher in the triclinic phase. In
hedra! phase, the NMR. line Sh'ﬁs tol.7 ppm, |n.d|cat'|ng fthe triclinic phase, the orientation and geometry of Bk
that Li changes its location. The increase of the linewidth of nd P2 tetrahedra are relatively similar each other but dif-
the central component with temperature suggests the exi?

tence of exchange processes between different structuraéfrent from theP3 tetrahedron.
sites 9e P On the other hand, the analysis of the angles Hf-O-P

(Table IIl) shows appreciable modifications on Hf-O1-P

angles, constituting basic units, and angles Hf-O2-P, relating
IV. DISCUSSION adjacent structural units, when going from rhombohedral to
triclinic phase. Thus, the internal Hf-O1-P angles constitut-
ing the basic lanterns, near 158° in the rhombohedral phase,

Atomic positions determined from the neutron diffraction are spread over a broad rand@88°—170} and the external

study?? have been used to analyze the structural changes pré#-O2-P angles, near 142° in the rhombohedral phase, are
duced at the phase transition. For that, we have described tlispersed over 133°-160° in the triclinic phase.

B. 'LiNMR

A. Structural changes of the NASICON framework



PRB 62

STRUCTURAL CHANGES AT THE TRICLINIG . ..

TABLE lll. Structural parameters of PQetrahedra in the two phases of L§POy)s.

Triclinic
Rhombohedral P1 P2 P3
P-O1(A) 2x1.51 151 1.59 1.49 1.56 1.52 1.53
P-02(A) 2X1.54 151 1.55 1.51 1.56 1.49 1.53
01-P-01(°) 110.7 108.5 1115 109.4
02-P-02(°) 108.0 110.0 109.9 112.8
01-P-02(°) 2x107.5 107.2 110.2 105.2 111.3 103.1 107.3
01-P-02(°) 2%X111.6 109.7 111.1 109 109.8 111.0 113.2
a; (°) 3.6 12.3 8.6 20.7
ay (°) -0.8 4.7 5.0 15.4
Hf-O1-P (°) 2x158.2 142.0 161.2 140.8 170.4 138.1 154.2
Hf-02-P (°) 2x142.3 132.8 149.1 143.6 145.7 152.9 160.1

Although structural changes produced in the Nasicon’s B. Lithium location

framework are not very large, they are significant enough to | ihium atoms can occupy different positions in the
be analyzed by N.MR. In.first approxim{;\tion, inMLV(P.O4)3 NASICON framework(M,, M., and midway sites how-
compounds, the isotropic chemical shitt(;) of *'P signal  eyer, little information can be obtained by x-ray diffraction
is given by the polarizing strength of thé" cation? How-  apout this point. On the other hand, LigROy)s%
ever, for a given compoundsis, depend on the relative dis- | iTj,(PQ,);3?  LiSn,(PO,)s,3 Linz(p&)4)3’34 and
position of contiguous polyhedra. An empirical relation fre- | jf (PQ,), (Ref. 22 compounds have been studied by neu-
quently used to explain chemical shift value¥'is tron diffraction. From the study of the rhombohedral com-
pounds a preferential occupationdf; sites was deduced in
MV =Ge and Ti, however, in the triclinic phases of
LiHf 5(POy)3, LiZr,(POy)3, and LiSn(POy); midway sites
where A is positive and the angular brackets stand for theM1/M> (hatched circles in F'g')4seem o be occupiedLi
average value of the four angles P-O-Hf, that relates contigdNMR spectroscopy was used in a previous vidtl analyze
ous polyhedra. On the other hand, the absolute value of th%tructural characteristics of sites occupied by lithium. In par-

chemical shift anisotropyAa]) can be related to tetrahedra tcular, in the rhombohedral compounds occupationvbf
distortions through the expressin sites was deduced, however, in the triclinic phases some

doubts remained concerning the type of sites occupied by
lithium. In the present work, structural data obtained recently
on the triclinic phase of LiH{PO,); will allow us to clarify

this point.

COSOp.o-H
Tiso= ~A < C0SOp.o.i— 1 B, @

4
|AU|:AXE.=1|IZ<I./IO>| . .
where, againA is positive,l; are the distances P-O amg :
=1.545A is the distance P-O for a regular tetrahedron. In 1. Analysis of the second momera )

Table IV it is shown that the predictions obtained with these In the triclinic phase of LiHf(POy)s, the ’Li static NMR
expressions explain most of experimental observations in thepectrum recorded at23°C can be fitted with a unique
two phases of LiHf(POy)s. quadrupole pattern and the central component of fhie

From the whole analysis it can be concluded that theMAS-NMR spectrum is formed by a single narrow line.
phase transition produces distortions on polyhedra and aBoth observations suggest that lithium occupies a unique site
fects considerably their relative disposition in the NASICON n the triclinic phase of LIHf(POy)s.
framework. This effect is visualised in Fig. 4 and will be If it is assumed that the broadening of the central line of
important to explain the lithium location. Li NMR spectra is mainly due to dipole interactions, an

TABLE IV. Correlation between the structural parameters of, B&rahedra and chemical-shift tensor
values deduced froP MAS-NMR spectra. See expressiafi$ and (2) of the text for details.

Triclinic
Rhombohedral P1 P2 P3
COSbp-o- 0.461 0.448 0.458 0.464

COS@p_O_Hr 1

4 .
2 |2(||/|0)| 0.011 0.020 0.017 0.016
Tiso [pPM -17.1x0.1 —-15.5-0.1 —-16.5¢0.1 -17.0:0.1
Ao [ppm] —8+1 16=1 18=2 1903
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Based on this fact, the analysis Afw? values cannot dis-
criminate by itself on the lithium occupation of these two
sites.

2. Analysis of the quadrupole coupling parameters
(CQ and ”Q)
Another way to analyze structural positions occupied by

lithium concerns the study of the quadrupole coupling pa-
rametersCq and »q (Ref. 28

N ezQsz N Vxx_ Vyy

FIG. 4. Structure of the rhombohedréh) and triclinic (b) Q h R Vy @
phases of LiHf(PO,)s. In these structures, the orientation of octa-
hedra and tetrahedra are clearly different. In the triclinic phase
hatched circles correspond to midway sites occupied by lithium
and white and black circles aid; and M, sites.

whereQ is the quadrupole moment of nuclei awg,, V..,
andV,,, are the principal values of the electric field gradient
(EFG) tensor at the position of the nuclei. The criterion fol-
lowed to label the principal axes is

analysis of the linewidth can be used to deduce the positions V= Vi |= |Vl (5)

occupied by lithium in the triclinic phagén absence of ionic “ 4 >

mobility). For that, the second moment4?) of the central Cq measures the deviation of the structural environment

transition of the spectrum, recorded at low temperature iffom the cubic symmetry andyq, the deviation from the

static conditions, has been compared with values calculate@Xial symmetry.

for the different positions of lithium in the Nasicon structure, ~Assuming that compounds are predominantly ionic, the

by using the Van Vleck’s expression for a rigid lattite; components of the EFG tensor can be calculated on the basis
of a point charge model through the expression

3 1 4 1
Aw?== Y H2A(141)D -5 + = ¥2y2h2S(S+1)D 5. 1 s 3XX — i
5 % 15 s i e4— =5, (6)
J 1(3) V' Amey K re

] ) . ) _ whereeZ is the electric charge of theth ion. The principal
The first term accounts for dipole interactions between likezomponents of the EFG tensor are obtained by diagonaliz-
spins and the second one for unlike spipsandys are the  jnq the matrixV;; , andCq and 7o with Egs.(4). Although
gyromagnetic ratios fof andS spins and j is the distance ,, . can be calculated directly from the EFG tensor, calcula-
between interacting spins. The sum krextends over all  {jop of Co requires an estimate of the Sternheimer shielding

nuclei that interact with the reference nuclgus 6.37 o _ .
A comparison of the experimental value dts2 and the  ¥* fac_tor3 : [CQ_e.Q(l ¥=)Vz,/h], which accounts for
F;Ilstortlons induced in the core electrons of the ion by the

calculated ones is given in Table V. It can be seen that Li- uadrupole field of the nucleus and by the external field gra-

dipole interaction is much more important than Li-Li inter- qients ?:or Li ~. can be assumed to }ble #5839 e sum-g

action, whatever site lithium occupies. The calculated valueg e FOFED S Ve © . o .
mation indicated in Eq(6) is performed numerically in a

for the two nonequivalerivl, sites of the triclinic phase are Cartesian coordinate system. It was found that convergence
much lower than the experimental one. However, the calcu: y ' g

. i 1 0 i
lated values for the three nonequivalém} sites and for the n V'J. calcul_an_ons, W't.h errors less than 2/.0' can be obtained
. . . . if all ions within a radius of 30 A are considered.

midway M- M site deduced from neutron diffraction déta The EFG tensor can be expressed as a sum of the contri-
are similar each other and closer to the experimental oney i . P 7

utions corresponding to each sublattice:

) . .

~ TABLE V. Cglculatgd second momerut(j ) correspondlr!g fo V= ZLiViLjI + ZHfV:-J'”+ ZPVin + ZOVS (7)
lithium occupying different structural sites of the triclinic
LIHfZ(PO4)3 F-)hase. The (.axperiment.al value was deduced from the On these bases] the EFG tensor was calculated for the
central transition of théLi NMR static spectrum. three types of sites available for lithium in the triclinic phase
of LiHf ,(PQy); (M1,M,, and midwayM1/M,). In general,

2 Calcu;ated 2 EXpenTental V is not diagonal, therefore, diagonalization\btensor was

Awiie AT A Ao a previous step t luate the principal ts f h

Site [G] (G4 [G] [G?] p p to evaluate the principal components for eac
charge set considere€ values obtained using nominal

M,a (1/4-1/4 Q 0.06 0.03 0.09 charges values are, for all the positions, much higher than the
M;b (1/4 1/4 1/2 0.07 0.03 0.10 experimental one, indicating that the structural framework
M,a (1/2 0.95 1/4 0.22 0.06 0.28  0.360.03 has a partial covalent character and that a net reduction of the
M,b (0.830.10F 019 008 027 atoms charge is produced.
M,c (0.83-0.10.2  0.19 0.08 0.27 In order to calculate more realistiCy values, two as-
midway M, /M, 0.16 0.08 0.24 sumptions were made: first, a fully ionized lithium is consid-
(0.11 0.347 0.419 ered ¢,;=+1) and, secondly, the effective charges for all

types of oxygen are assumed to be equal. Both suppositions
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function of the effective charge assigned to Hf and P, is
a) given. In the same figure, it is also shown the region that fit

simultaneously experimentélg and nq values. Taking the

charge values deduced, the quadrupole coupling parameters

associated wittM,; andM, sites were also estimatédiable

VI). It can be seen that the thré#, sites haveCq values

higher than those deduced fibt; sites, but still lower than

that deduced for midwa /M, sites. On the contraryy

value of the midwa ; /M, sites is lower thaM , sites and

much lower than value of1, sites.

Co (kHz)

LR Fictioctive Chinge 3. Lithium coordination and its relationship to mobility

In order to understand the preferential occupation of mid-
way M /M, sites in the triclinic phase, we have analyzed
the lithium coordination, i.e., the distances Li-O for all the
possible sites in this structuf@able VII). From this analy-
sis, it can be seen that in the midwh;-M, sites, lithium
exhibits a compact almost planar fourfold coordination with
distances Li-O close to 2.10 A, that are near to the sum of
ionic radii of lithium and oxygen atoms, Fig. 6. On the con-
trary, lithium atM, sites is surrounded by a quite open oc-
tahedral cavity with Li-O distances ranging from 2.5 to 2.9
A. In a similar way, lithium environment a¥, sites is a
quite open tenfold coordination with very different distances
(2.1 to 3.4 A. These facts suggest that lithium is better sta-
bilized in the midwayM ;-M, sites of the triclinic phase of
LiHf ,(PO,);. Similar conclusions have been recently de-
duced from the neutron diffraction analysis of the triclinic
LiSny(POy); (Ref. 33 and LiZr(PO,); (Ref. 39 phases.

In Table VIl the Li-O distances are also given for the
three sites in the rhombohedral phase. In particular, it is ob-
served that average Li-O distances have appreciably in-
0o P effective charge creased for midwa ;-M, sites from 2.10 to 2.27 A, mak-

ing lithium coordination uncomfortable in this position. On

FIG. 5. Dependence of the calculat@l C, and(b) 7valueson  the other hand, as distances Li-O are still quite largeMar
the effective charge of P and Hf atoms for the midwidy-M, site ~ and M, sites (larger than 2.40 A lithium cannot be effec-
in the triclinic phase of LiHj(PQy);. (c) Charge values that repro- tively coordinated in either of these two sites. From these
duce experimentaC, and 7 values. considerations, it is evident that lithium mobility must be

favored in the rhombohedral phase.
seem to be reasonable and not very restrictive in our analy- On the other hand, it has been proposed the existence of
sis. Taking into account these hypotheses and the conditiofwvo triangular bottlenecks, relatiniyl; and M, sites, that
of electrical neutrality, the only free parameters Zrg and  limit lithium mobility in NASICON compound$®~#2In par-
Z,in Eq. (7). An analysis ofC, and 7 values as a function ticular, it was suggested that oxygens of triangles
of the charge assigned to hafnium and phosphorus atonis; (0,0,0,) and T,(0,0,0,), see Fig. 6, are bottlenecks
showed that only the localization of lithium at the midway that limit lithium diffusion in conduction channels
positionM /M, reproduce experimental values with charge---M-M,-My---. An analysis of the geometry of these win-
values having physical meaning. Moreover, these charge vatiows in the two phases of LiK{POy); has shown that in the
ues(2<Zp<2.5 and 2.5:7,;<3.5) are very close to those triclinic phase, triangle32 are formed by sides with lengths
deduced in previous calculatidiisfor the rhombohedral of 2.69, 4.12, and 4.33 A buf1l windows must be consid-
LiGe,(POy); and LiTi,(POy); compounds. In Fig. 5, a plot of ered four-sided poligones, with distances 2.69, 3.28, 3.17,
Cq and g values, calculated for midwalyl;-M, sites as a and 2.39 A. This coordination is produced by the approxi-

b)

Hf effective charge

TABLE VI. Quadrupole coupling constan@, and g, calculated for different structural sites of lithium at the low- and high-symmetry
phases of LiHf(PO,);. Experimental values of each pahse are given for comparison.

Rhombohedral Triclinic
M M, Midway Exper. M,a M4b M,a Myb Myc Midway Exper.
Co (KHz) 25=25 13020 90+10 118-6 70=10 160=25 90+ 20 140+20 180+20 180+6

79 0 0.4-£0.2 0.x0.1 0 0.72#0.3 0.52:0.03 0.6-0.4 0.470.07 0.36-0.05 0.36-0.03
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TABLE VII. Lithium coordination at the possible structural
sites for the rhombohedral and triclinic phases of LiR0D,);

Rhombohedral Triclinic
M, M,a M;b
2X2.49 2x2.61
Li-02 (A) 6Xx2.46 2x2.55 2X2.73
2X2.63 2x2.96
M, Msa Myb m,C
Li-02 (A) 2X2.37 2.21 2.14 2.03 T, window
2.43 2.45 2.68
2X2.74 2.70 2.90 2.83 T, tetrahedron
3.27 3.38 3.10
Li-01 (A) 2X2.74 2.00 2.33 2.17
2.60 2.56 2.61
2x2.11 2276: 227773 32(?:’ FIG. _6. Schematic view oT_l and Tz Wi_ndows f:o_nrjecting\ll1
: ’ : (white circles andM,, (black circles sites in the triclinic phase of
2x2.91 3.00 2.97 3.08 LiHf 5(POy)5. Hatched circles correspond to the midway sites occu-
3.01 3.56 3.11 pied by lithium. The solid lines show the lithium coordination in
Midway Midway this phase. See the text for a more detailed discussion of the figure.
Li-02 (A) 2.13 2.03
2.26 2.29 are the quadrupole coupling constant associated to each site,
2.47 and the factor 3 takes into account the different multiplicity
Li-01 (A) 222 1.93 of structural sites. Assuming a maximum delocalization of
217 lithium ions between all sitesR; = P,=P,= 1), the value

obtained with expressiofB) is Co~100kHz, that is quite
close to the experimental ori&18 kH2. The difference ob-
mation of T, tetrahedron to lithium ion¢see Fig. 6. In the  served between experimental and calculated values could

rhombohedral phas&2 windows have sides with distances correspond to a slight preference of lithium to residévigt
2.81, 4.04, and 4.04 A aritil windows distances 2.81, 3.78, sites in the rhombohedral phase. MoreoverMgsand mid-
3.87, and 2.47 A. A determination of the radius of the cir-way sites are disposed symmetrically around the ternary axis
cumscribed spheres in both bottlenecks was done and fro®f the structure, the fast exchange between these sites gives a
that the Li-O distances necessary to pass lithium through theq value near zero. The equal occupation of equivalent sites
windows estimated. These distances resulted to be 2.08 amdound the ternary axis, produced during lithium motion, is
2.21 A forT, andT, windows in the triclinic phase and 2.16 compatible with the ideal rhombohedrBBc symmetry of
and 2.18 A in the rhombohedral phase. Li-O distances for alasicon compounds, and explains that lithium location was
fourfold coordination of Li are near 2.00 A. From this fact, it not possible to be deduced by diffraction meth&s.
can be concluded that windows limit lithium mobility in
the triclinic phase, but the slight opening produced during
the triclinic-rhombohedral transition eliminates lithium mo-
tion hindering, enhancing drastically lithium diffusion. V. CONCLUSIONS

In order to analyze the lithium location at particular sites . _ . : .
of the rhombohedral phase, we have calculated the quadru- In this work, a dg;aﬂed analysis of the d|stort|on§ pro-
pole couplingCq constants for the three structural sites duced at the triclinic-rhombohedral phase transition of

(Table VI). In all cases, the calculated values differ from the"'|'|f2(Po4)3 has been carrlt_e(_j out. In partlcular_, it has bee”
experimental one. As the lithium mobility is important in this ;hown that the phase transition produces considerable distor-

phase, an exchange of lithium between different sites mustfons, of polyhgdra, affecting, without breaking bond;, the
be operating and, therefore, the obserégl value should relative disposition of tetrahedra R@nd octahedra HfQin

correspond to the average of values of sites occupied b eMNASICOI\HrameW(;rI&MR ¢ ticularl
lithium during its movement. On the basis of a fast exchange oreover, the use o Spectroscopy was particuiarly

bet M,. M,, and mid M,-M. sites, C | syitable to ;tudy characteristics of the structural sites occu-

W%mgebne gliven l2)y ?ﬁe erQ;)r\(lav:;onl 2 SHES, Lo values pied by lithium in the NASICON structure. Thus, tHei
NMR study of the triclinic (low temperaturg phase of

LiHf ,(PO,)5 has confirmed the positions proposed previously

CHP1+C&3P,+CH3P, by neutron diffraction for lithium ions, which are located
Co= P,+3P,+3P, ' 8 betweenM; and M, sites of the NASICON structure. The

preference for midway sites comparedNy and M, posi-
where Py, P,, and Py, are the occupation probability of tions has been explained on the basis of a much better
M1, M, and midwayM,-M, sites,C’, C&), andCg  lithium coordination. In these positions, oxygens constituting
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lithium coordination define an irregular almost planar four-the ’Li NMR signal are intermediate between those of the

sided window that limits severely lithium mobility in the three structural sites. Obtained results have been interpreted

NASICON structure. on the basis of a fast exchange between three sites, that ex-
In the rhombohedrathigh-temperaturephase, structural plains difficulties to localize Li ions in the rhombohedral

changes produced in the covalent framework produces aphase by diffractometric techniques.

increase on Li-O distances at the midwisly -M, sites that

makes uncomfortable lithium coordination. This produces a ACKNOWLEDGMENTS
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