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Structural changes at the triclinic-rhombohedral transition and their influence
on the Li mobility of the fast-ion conductor LiHf 2„PO4…3

Miguel A. Parı́s and Jesu´s Sanz
Instituto de Ciencia de Materiales de Madrid, Consejo Superior de Investigaciones Cientı´ficas (CSIC),

28049 Cantoblanco, Madrid, Spain
~Received 12 August 1999!

Structural changes produced at the triclinic-rhombohedral transition of LiHf2~PO4!3 have been analyzed by
NMR spectroscopy: the reduction of symmetry produces differentiation of three tetrahedra PO4, whose distor-
tions correlate well with chemical shift anisotropies determined by31P NMR. At the phase transition,31P
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 triclinic~low-temperature! phase, the location of lithium along the
conduction channels, at midway positions betweenM1 andM2 sites, was confirmed by7Li NMR spectroscopy.
In these positions, a distorted almost planar fourfold coordination, with Li-O distances near 2.1 Å, explains the
observed7Li quadrupole coupling constants. In the rhombohedral~high-temperature! phase, the structural
changes destabilize lithium coordination. In this case,7Li NMR spectra show important lithium mobility and
spectral features are intermediate between those ofM1 , M2 , 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.
st
i

th

od

o
y

ar
In
nt

a

th
u
ls

at
c-
e
he

u
ly

b-
tic

b
-

m

he-

s

of

o-

ral
ruc-
d to

io-

t-
I. INTRODUCTION

Lithium ion conducting solids is a topic of great intere
because of their potential application as electrolytes
lithium batteries. In particular, lithium compounds wi
NASICON ~Na superionic conductors! structure and formula
LiM2

IV~PO4!3 have been extensively studied for their go
ionic conductivity.1–14 The ideal framework of NASICON-

type materials15–17 is rhombohedral with space groupR3̄c
and is built up byM2~PO4!3 units @Fig. 1~a!#. A pair of MO6

octahedra is arranged with opposite triangular faces appr
mately parallel to each other and oriented perpendicularl
thec axis of the structure. Three PO4 tetrahedra, which have
one edge approximately parallel to thec axis, bridge the
parallel faces of the two octahedra ofM2(PO4!3 units. Tet-
rahedral oxygens involved in edges oriented perpendicul
to thec axis, form part of octahedra of two adjacent units.
the NASICON structure, lithium can occupy two differe
sites:~i! M1 sites, surrounded by six oxygens and located
inversion centers and~ii ! M2 sites, with an irregular tenfold
oxygen coordination and disposed symmetrically around
threefold axis of the structure. Both sites have different m
tiplicity ~1:3! and alternate along the conduction channe
forming a three-dimensional network@Fig. 1~b!#.

LiM2
IV~PO4!3 compounds with the largest tetravalent c

ions (M IV5Sn, Hf, Zr) exhibit at low temperatures a stru
tural phase transition18–21 which causes a distortion of th
framework, without breaking bonds. The symmetry of t
low-temperature phase of these compounds have been
clear for several years, but it has been established recent
be triclinic.20–24 In particular, LiHf2~PO4!3, one of the com-
pounds of this family with higher conductivity values, exhi
its the structural phase transition around 0 °C. The lat
symmetry of the low-temperature phase was deduced
31P NMR and XRD techniques,20 however, some doubts re
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mained about lithium location in the triclinic phase. Fro
NMR data, lithium occupation ofM1 sites was clearly re-
jected and first calculations of quadrupole constants forM2
sites, carried out using atomic coordinates of the rhombo
dral phase, gave values (CQ5118 kHz) comparable to the
experimental one (CQ5180 kHz).25 On these bases, it wa
suggested that lithium could occupyM2 sites in the triclinic
phase. In the mean time, the crystallographic structure
both phases has been solved22 by neutron diffraction. In the
triclinic phase, lithium ions were located at intermediate p
sitions betweenM1 andM2 sites; however, lithium location
could not be deduced with reliability in the rhombohed
phase. In the present work we are going to analyze the st
tural changes produced during the phase transition an
correlate them with the variations observed in31P and
7Li NMR spectra.

II. EXPERIMENT

The sample was prepared by calcination of a stoich
metric mixture of Li2O, ~NH4!2H~PO4!3 and HfO2 at increas-

FIG. 1. Schematic view of~a! the NASICON framework, where
the basic unitsM2(PO4)3 , formed by two octahedraMO6 and three
tetrahedra PO4, can be identified.~b! conduction channels connec
ing M1 ~white circles! andM2 ~black circles! sites.
810 ©2000 The American Physical Society
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ing temperatures in the range 850–1100 °C. A more deta
description of the sample preparation is reported elsewhe13

31P and 7Li NMR spectra, recorded in static and MA
conditions, were obtained at different temperatures betw
22 and243 °C by using a B-VT 1000/SU07 unit in a MS
400 Bruker spectrometer. The frequencies used for31P and
7Li spectra were 161.96 and 155.45 MHz. Spectra w
taken afterp/2 pulse irradiation. A time interval betwee
successive scans in the range 2–30 sec was chosen, de
ing on the spin-lattice relaxation times of the two nuclei
each temperature. The number of accumulations was in
range 10–200. The7Li and 31P chemical shift values ar
given relative to 1 M LiCl and 85% H3PO4 aqueous solu-
tions, respectively. The fitting of NMR spectra was carri
out with the BrukerWINFIT program,26 which computes the
intensities of the spinning sidebands with the Herzfeld a
Berger method.27 With this program, the spinning rate an
the position, linewidth and intensity of the components w
determined with a standard nonlinear least square met
However, the anisotropy and asymmetry parameters, w
characterize nuclear interactions, have to be determined
trial and error procedure. Once, the experimental envel
was fitted, the sum of intensities of sidebands of compone
was calculated by numerical integration.

FIG. 2. MAS 31P NMR spectra recorded atT523 and223 °C.
In the insets of the figure, the central component of these spectr
displayed.
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III. RESULTS

A. 31P NMR

The 31P MAS NMR spectrum of the compoun
LiHf 2~PO4!3, recorded at223 °C, is shown in Fig. 2. Three
central lines and their corresponding spinning sideban
spaced at;6 ppm ~spinning rate expressed in ppm!, are
observed. As the chemical environment of all phospho
atoms is the same, P~OHf !4, the observed components co
respond to three nonequivalent crystallographic sites. In
gration of the sidebands of the three components, accor
to the procedure described in the experimental section, g
intensities proportional to 1:1:1, indicating that the three si
have the same multiplicity. The intensity of the three cent
lines detected at223 °C decreases during sample heati
~around 0 °C! and a new line, with the same position that o
of previous components, is detected~inset of Fig. 2!. At
room temperature, the31P MAS spectrum displays the singl
component, characteristic of the rhombohedral symme
~one crystallographic site!.

From analysis of the spinning side bands pattern
31P MAS-NMR spectra, the isotropic chemical shift (s iso),

are
FIG. 3. Static7Li NMR spectra recorded atT523 and223 °C.

To highlight the pattern of the satellite transitions, the scale of thy
axis has been multiplied by the indicated factors. In the insets of
figure, the central component of the MAS7Li NMR spectra, re-
corded at the same tempe rature, are displayed.
TABLE I. Chemical shift tensor values~s iso, Ds, hcs! and quadrupole coupling parameters (CQ ,hQ)
deduced from fitting of31P and7Li NMR spectra, respectively.

31P 7Li

s iso @ppm# Ds @ppm# hcs CQ @kHz# hQ

Rhombohedral 217.160.1 2861 1 11866 0

Triclinic H215.560.1

216.560.1

217.060.1

1661 0.9560.05

1862 0.9560.05 18066 0.3060.03

1363 0.9560.05
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TABLE II. Structural parameters of HfO6 octahedra in the two phases of LiHf2~PO4!3.

Triclinic
Rhombohedral Hf1 Hf2

Hf-O1 ~Å! 332.03 2.01 2.03 2.04 2.04 2.12 2.14
Hf-O2 ~Å! 332.07 2.05 2.07 2.14 2.02 2.03 2.04
O1-O1 ~Å! 332.91 2.87 2.90 2.95 2.89 2.89 2.92
O2-O2 ~Å! 332.81 2.69 2.82 2.88 2.98 2.98 3.06

O1-Hf-O1 ~°! 3391.7 90.4 91.2 93.3 85.7 88.1 88.7
O2-Hf-O2 ~°! 3385.7 79.1 86.4 86.8 94.3 94.3 97.3
O1-Hf-O2 ~°! 3389.0 88.3 88.6 96.9 84.9 89.7 89.9
O1-Hf-O2 ~°! 3393.5 91.4 93.3 93.4 87.0 87.4 91.7

b1 ~°! 0 7.2 7.8
b2 ~°! 0 4.3 5.9
ra
o
e
c-

zi

a
d
on

f
ra
le
ov
m

in

h

o

o
x

tu

n
p
d

ate
co-

etry
ns.
ral

e

a-
ifi-
dra

n be
mal
er.
les
the

b-
t to
he

a-

-
fine
the

r-
in
. In

if-

-P
-P
ting
l to
ut-
ase,

are
the anisotropy~Ds!, and the asymmetry parameter (hcs) of P
environments were determined in two phases~see Table I!.

B. 7Li NMR
7Li( I 5 3

2 ) static NMR spectra, obtained at room tempe
ture and223 °C, are plotted in Fig. 3. A central line and tw
satellite transitions form both spectra. The experimental s
ond momentDÃ2 of the central line deduced from the spe
trum obtained at low temperatures is 0.3660.03 G2. The
linewidth of the central transition~2 1

2 → 1
2 transition! nar-

rows and its line shape changes from Gaussian to Lorent
when going from the spectrum obtained at223 °C to the
room-temperature one. This fact is due to the strong incre
on the lithium mobility detected by conductivity an
7Li NMR techniques around the phase transiti
temperature20 ~motional line narrowing!.

On the other hand, the broad symmetric pattern~1
2 → 3

2 ,
2 3

2 →2 1
2 satellite transitions! is caused by the interaction o

the quadrupole moment of nuclei with the electric field g
dient at structural sites.28 It can be seen that the quadrupo
pattern of the low-temperature spectrum is different and c
ers a wider frequency range than that of the roo
temperature spectrum~Fig. 3 top and bottom!. From analysis
of both spectra, determination of the quadrupole coupl
constants,CQ , and the asymmetry parameters,hQ , have
been done~Table I!.

In order to study lithium location,7Li MAS-NMR spectra,
recorded at the same temperatures than the static ones,
been analyzed~insets of Fig. 3!. In the low-temperature
phase, detection of a narrow central line at21 ppm indicates
that lithium occupies only one type of site. In the rhomb
hedral phase, the NMR line shifts to21.7 ppm, indicating
that Li changes its location. The increase of the linewidth
the central component with temperature suggests the e
tence of exchange processes between different struc
sites.

IV. DISCUSSION

A. Structural changes of the NASICON framework

Atomic positions determined from the neutron diffractio
study22 have been used to analyze the structural changes
duced at the phase transition. For that, we have describe
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triclinic lattice in terms of a pseudorhombohedral coordin
system, at which the pseudoternary axis of the structure
incides with the (103)T triclinic direction. In this analysis, it
has been considered the effect of the reduction of symm
on the number of independent crystallographic positio
Thus, for instance, the two oxygens of the rhombohed
phase~O1 and O2! give 12 different types of oxygens in th
triclinic phase.

In Table II the geometry and relative orientation of oct
hedra HfO6 are given. It can be seen that significant mod
cations are produced in the internal geometry of octahe
~distances Hf-O, O-O, and angles O-Hf-O! during the phase
transition. In the rhombohedral phase, these octahedra ca
considered as constituted by two equilateral triangles, nor
to the ternary axis, with edges almost parallel each oth
From Table II, it can be seen that the equilateral triang
become scalene and the O-Hf-O bonds angles change in
triclinic phase. However, the most significant change o
served concern the inclination of octahedra with respec
the pseudoternary axis. In particular, the inclination of t
two bases of octahedra are different~b1 and b2 angles! in
the triclinic phase.

Now we will analyze the modifications produced at tetr
hedra PO4. It can be seen~Table III! that modifications pro-
duced in the internal geometry of tetrahedra~distances P-O
and angles O-P-O! are less important that in octahedra. How
ever, a significant change is observed in angles which de
the orientation of tetrahedra, i.e., the angle subtended by
O1-O1 edge, initially parallel to the ternary axis (a1) and that
defined by the O2-O2 edge, initially disposed at planes pe
pendicular to this axis (a2). These angles are close to zero
the rhombohedral phase and higher in the triclinic phase
the triclinic phase, the orientation and geometry of theP1
and P2 tetrahedra are relatively similar each other but d
ferent from theP3 tetrahedron.

On the other hand, the analysis of the angles Hf-O
~Table III! shows appreciable modifications on Hf-O1
angles, constituting basic units, and angles Hf-O2-P, rela
adjacent structural units, when going from rhombohedra
triclinic phase. Thus, the internal Hf-O1-P angles constit
ing the basic lanterns, near 158° in the rhombohedral ph
are spread over a broad range~138°–170°! and the external
Hf-O2-P angles, near 142° in the rhombohedral phase,
dispersed over 133°–160° in the triclinic phase.
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TABLE III. Structural parameters of PO4 tetrahedra in the two phases of LiHf2~PO4!3.

Triclinic
Rhombohedral P1 P2 P3

P-O1 ~Å! 231.51 1.51 1.59 1.49 1.56 1.52 1.53
P-O2 ~Å! 231.54 1.51 1.55 1.51 1.56 1.49 1.53

O1-P-O1~°! 110.7 108.5 111.5 109.4
O2-P-O2~°! 108.0 110.0 109.9 112.8
O1-P-O2~°! 23107.5 107.2 110.2 105.2 111.3 103.1 107.
O1-P-O2~°! 23111.6 109.7 111.1 109 109.8 111.0 113.

a1 ~°! 3.6 12.3 8.6 20.7
a2 ~°! 20.8 4.7 5.0 15.4

Hf-O1-P ~°! 23158.2 142.0 161.2 140.8 170.4 138.1 154.
Hf-O2-P ~°! 23142.3 132.8 149.1 143.6 145.7 152.9 160.
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Although structural changes produced in the Nasico
framework are not very large, they are significant enough
be analyzed by NMR. In first approximation, in LiM2

IV~PO4!3

compounds, the isotropic chemical shift (s iso) of 31P signal
is given by the polarizing strength of theM IV cation.25 How-
ever, for a given compound,s iso depend on the relative dis
position of contiguous polyhedra. An empirical relation fr
quently used to explain chemical shift values is29

s iso52A3 K cosuP-O-Hf

cosuP-O-Hf21L 1B, ~1!

where A is positive and the angular brackets stand for
average value of the four angles P-O-Hf, that relates cont
ous polyhedra. On the other hand, the absolute value of
chemical shift anisotropy~uDsu! can be related to tetrahedr
distortions through the expression30

uDsu5A3
( i 51

4 u ln~ l i /lo!u
4

1B, ~2!

where, again,A is positive, l i are the distances P-O andl o
51.545 Å is the distance P-O for a regular tetrahedron
Table IV it is shown that the predictions obtained with the
expressions explain most of experimental observations in
two phases of LiHf2~PO4!3.

From the whole analysis it can be concluded that
phase transition produces distortions on polyhedra and
fects considerably their relative disposition in the NASICO
framework. This effect is visualised in Fig. 4 and will b
important to explain the lithium location.
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B. Lithium location

Lithium atoms can occupy different positions in th
NASICON framework~M1 , M2 , and midway sites!, how-
ever, little information can be obtained by x-ray diffractio
about this point. On the other hand, LiGe2~PO4!3,

31

LiTi 2~PO4!3,
32 LiSn2~PO4!3,

33 LiZr2~PO4!3,
34 and

LiHf 2~PO4!3 ~Ref. 22! compounds have been studied by ne
tron diffraction. From the study of the rhombohedral com
pounds a preferential occupation ofM1 sites was deduced in
M IV5Ge and Ti, however, in the triclinic phases
LiHf 2~PO4!3, LiZr2~PO4!3, and LiSn2~PO4!3, midway sites
M1 /M2 ~hatched circles in Fig. 4! seem to be occupied.7Li
NMR spectroscopy was used in a previous work25 to analyze
structural characteristics of sites occupied by lithium. In p
ticular, in the rhombohedral compounds occupation ofM1
sites was deduced, however, in the triclinic phases so
doubts remained concerning the type of sites occupied
lithium. In the present work, structural data obtained recen
on the triclinic phase of LiHf2~PO4!3 will allow us to clarify
this point.

1. Analysis of the second moment (DÃ2)

In the triclinic phase of LiHf2~PO4!3, the 7Li static NMR
spectrum recorded at223 °C can be fitted with a unique
quadrupole pattern and the central component of the7Li
MAS-NMR spectrum is formed by a single narrow lin
Both observations suggest that lithium occupies a unique
in the triclinic phase of LiHf2~PO4!3.

If it is assumed that the broadening of the central line
7Li NMR spectra is mainly due to dipole interactions, a
or
TABLE IV. Correlation between the structural parameters of PO4 tetrahedra and chemical-shift tens
values deduced from31P MAS-NMR spectra. See expressions~1! and ~2! of the text for details.

Triclinic
Rhombohedral P1 P2 P3

K cosuP-O-Hf

cosuP-O-Hf21L 0.461 0.448 0.458 0.464

( i 51
4 u ln~li/lo!u

4
0.011 0.020 0.017 0.016

s iso @ppm# 217.160.1 215.560.1 216.560.1 217.060.1
Ds @ppm# 2861 1661 1862 1363
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analysis of the linewidth can be used to deduce the posit
occupied by lithium in the triclinic phase~in absence of ionic
mobility!. For that, the second moment (DÃ2) of the central
transition of the spectrum, recorded at low temperature
static conditions, has been compared with values calcul
for the different positions of lithium in the Nasicon structur
by using the Van Vleck’s expression for a rigid lattice;35

DÃ25
3

5
g I

4\2I ~ I 11!(
k

1

r jk
6 1

4

15
g I

2gs
2\2S~S11!(

k

1

r jk
6 .

~3!

The first term accounts for dipole interactions between l
spins and the second one for unlike spins.g I andgS are the
gyromagnetic ratios forI andS spins andr jk is the distance
between interacting spins. The sum onk extends over all
nuclei that interact with the reference nucleusj.

A comparison of the experimental value ofDÃ2 and the
calculated ones is given in Table V. It can be seen that L
dipole interaction is much more important than Li-Li inte
action, whatever site lithium occupies. The calculated val
for the two nonequivalentM1 sites of the triclinic phase ar
much lower than the experimental one. However, the ca
lated values for the three nonequivalentM2 sites and for the
midwayM1-M2 site deduced from neutron diffraction data22

are similar each other and closer to the experimental o

FIG. 4. Structure of the rhombohedral~a! and triclinic ~b!
phases of LiHf2~PO4!3. In these structures, the orientation of oct
hedra and tetrahedra are clearly different. In the triclinic pha
hatched circles correspond to midway sites occupied by lithiu
and white and black circles areM1 andM2 sites.

TABLE V. Calculated second moment (DÃ2) corresponding to
lithium occupying different structural sites of the triclini
LiHf 2~PO4!3 phase. The experimental value was deduced from
central transition of the7Li NMR static spectrum.

Calculated Experimental

Site
DÃLi-P

2

@G2#
DÃLi-Li

2

@G2#
DÃcal

2

@G2#
DÃ2

@G2#

M1a ~1/4–1/4 0! 0.06 0.03 0.09
M1b ~1/4 1/4 1/2! 0.07 0.03 0.10
M2a ~1/2 0.95 1/4! 0.22 0.06 0.28 0.3660.03
M2b ~0.83 0.1 0.7! 0.19 0.08 0.27
M2c ~0.83 20.1 0.2! 0.19 0.08 0.27
midway M1 /M2

~0.11 0.347 0.419!
0.16 0.08 0.24
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Based on this fact, the analysis ofDÃ2 values cannot dis-
criminate by itself on the lithium occupation of these tw
sites.

2. Analysis of the quadrupole coupling parameters
(CQ and hQ)

Another way to analyze structural positions occupied
lithium concerns the study of the quadrupole coupling p
rametersCQ andhQ ~Ref. 28!

CQ5
e2QVzz

h
, hQ5

Vxx2Vyy

Vzz
, ~4!

whereQ is the quadrupole moment of nuclei andVxx , Vyy ,
andVzz, are the principal values of the electric field gradie
~EFG! tensor at the position of the nuclei. The criterion fo
lowed to label the principal axes is

uVzzu>uVyyu>uVxxu. ~5!

CQ measures the deviation of the structural environm
from the cubic symmetry andhQ , the deviation from the
axial symmetry.

Assuming that compounds are predominantly ionic,
components of the EFG tensor can be calculated on the b
of a point charge model through the expression

Vi j 5
1

4p«0
(

k
eZk

3xi
kxj

k2r k
2d i j

r k
5 , ~6!

whereeZk is the electric charge of thekth ion. The principal
components of the EFG tensor are obtained by diagona
ing the matrixVi j , andCQ andhQ with Eqs.~4!. Although
hQ can be calculated directly from the EFG tensor, calcu
tion of CQ requires an estimate of the Sternheimer shield

g` factor36,37 @CQ5e2Q(12g`)Vzz/h#, which accounts for
distortions induced in the core electrons of the ion by
quadrupole field of the nucleus and by the external field g
dients. For Li1,g` can be assumed to be 0.3.25,38,39The sum-
mation indicated in Eq.~6! is performed numerically in a
Cartesian coordinate system. It was found that converge
in Vi j calculations, with errors less than 2%, can be obtain
if all ions within a radius of 30 Å are considered.

The EFG tensor can be expressed as a sum of the co
butions corresponding to each sublattice:

Vi j 5ZLiVi j
Li1ZHfVi j

Hf1ZPVi j
P1ZOVi j

O. ~7!

On these bases, the EFG tensor was calculated for
three types of sites available for lithium in the triclinic pha
of LiHf 2~PO4!3 ~M1 ,M2 , and midwayM1 /M2!. In general,
V is not diagonal, therefore, diagonalization ofV tensor was
a previous step to evaluate the principal components for e
charge set considered.CQ values obtained using nomina
charges values are, for all the positions, much higher than
experimental one, indicating that the structural framewo
has a partial covalent character and that a net reduction o
atoms charge is produced.

In order to calculate more realisticCQ values, two as-
sumptions were made: first, a fully ionized lithium is consi
ered (ZLi511) and, secondly, the effective charges for
types of oxygen are assumed to be equal. Both supposit

e,
,

e
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seem to be reasonable and not very restrictive in our an
sis. Taking into account these hypotheses and the cond
of electrical neutrality, the only free parameters areZHf and
Zp in Eq. ~7!. An analysis ofCQ andhQ values as a function
of the charge assigned to hafnium and phosphorus at
showed that only the localization of lithium at the midwa
positionM1 /M2 reproduce experimental values with char
values having physical meaning. Moreover, these charge
ues~2,ZP,2.5 and 2.5,Zhf,3.5! are very close to those
deduced in previous calculations25 for the rhombohedra
LiGe2~PO4!3 and LiTi2~PO4!3 compounds. In Fig. 5, a plot o
CQ andhQ values, calculated for midwayM1-M2 sites as a

FIG. 5. Dependence of the calculated~a! CQ and~b! h values on
the effective charge of P and Hf atoms for the midwayM1-M2 site
in the triclinic phase of LiHf2~PO4!3. ~c! Charge values that repro
duce experimentalCQ andh values.
y-
on

s

l-

function of the effective charge assigned to Hf and P,
given. In the same figure, it is also shown the region tha
simultaneously experimentalCQ andhQ values. Taking the
charge values deduced, the quadrupole coupling param
associated withM1 andM2 sites were also estimated~Table
VI !. It can be seen that the threeM2 sites haveCQ values
higher than those deduced forM1 sites, but still lower than
that deduced for midwayM1 /M2 sites. On the contrary,h
value of the midwayM1 /M2 sites is lower thanM2 sites and
much lower than value ofM1 sites.

3. Lithium coordination and its relationship to mobility

In order to understand the preferential occupation of m
way M1 /M2 sites in the triclinic phase, we have analyz
the lithium coordination, i.e., the distances Li-O for all th
possible sites in this structure~Table VII!. From this analy-
sis, it can be seen that in the midwayM1-M2 sites, lithium
exhibits a compact almost planar fourfold coordination w
distances Li-O close to 2.10 Å, that are near to the sum
ionic radii of lithium and oxygen atoms, Fig. 6. On the co
trary, lithium atM1 sites is surrounded by a quite open o
tahedral cavity with Li-O distances ranging from 2.5 to 2
Å. In a similar way, lithium environment atM2 sites is a
quite open tenfold coordination with very different distanc
~2.1 to 3.4 Å!. These facts suggest that lithium is better s
bilized in the midwayM1-M2 sites of the triclinic phase o
LiHf 2~PO4!3. Similar conclusions have been recently d
duced from the neutron diffraction analysis of the triclin
LiSn2~PO4!3 ~Ref. 33! and LiZr2~PO4!3 ~Ref. 34! phases.

In Table VII the Li-O distances are also given for th
three sites in the rhombohedral phase. In particular, it is
served that average Li-O distances have appreciably
creased for midwayM1-M2 sites from 2.10 to 2.27 Å, mak
ing lithium coordination uncomfortable in this position. O
the other hand, as distances Li-O are still quite large forM1
and M2 sites~larger than 2.40 Å!, lithium cannot be effec-
tively coordinated in either of these two sites. From the
considerations, it is evident that lithium mobility must b
favored in the rhombohedral phase.

On the other hand, it has been proposed the existenc
two triangular bottlenecks, relatingM1 and M2 sites, that
limit lithium mobility in NASICON compounds.40–42In par-
ticular, it was suggested that oxygens of triang
T1(O2O2O1) and T2(O2O2O2), see Fig. 6, are bottleneck
that limit lithium diffusion in conduction channel
¯M1-M2-M1¯ . An analysis of the geometry of these win
dows in the two phases of LiHf2~PO4!3 has shown that in the
triclinic phase, trianglesT2 are formed by sides with length
of 2.69, 4.12, and 4.33 Å butT1 windows must be consid
ered four-sided poligones, with distances 2.69, 3.28, 3
and 2.39 Å. This coordination is produced by the appro
try
TABLE VI. Quadrupole coupling constantsCQ andhQ , calculated for different structural sites of lithium at the low- and high-symme
phases of LiHf2~PO4!3. Experimental values of each pahse are given for comparison.

Rhombohedral Triclinic
M1 M2 Midway Exper. M1a M1b M2a M2b M2c Midway Exper.

CQ ~KHz! 25625 130620 90610 11866 70610 160625 90620 140620 180620 18066
hQ 0 0.460.2 0.160.1 0 0.760.3 0.5260.03 0.660.4 0.4760.07 0.3060.05 0.3060.03
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mation ofT4 tetrahedron to lithium ions~see Fig. 6!. In the
rhombohedral phase,T2 windows have sides with distance
2.81, 4.04, and 4.04 Å andT1 windows distances 2.81, 3.78
3.87, and 2.47 Å. A determination of the radius of the c
cumscribed spheres in both bottlenecks was done and
that the Li-O distances necessary to pass lithium through
windows estimated. These distances resulted to be 2.08
2.21 Å forT1 andT2 windows in the triclinic phase and 2.1
and 2.18 Å in the rhombohedral phase. Li-O distances fo
fourfold coordination of Li are near 2.00 Å. From this fact,
can be concluded that windowsT1 limit lithium mobility in
the triclinic phase, but the slight opening produced dur
the triclinic-rhombohedral transition eliminates lithium m
tion hindering, enhancing drastically lithium diffusion.

In order to analyze the lithium location at particular sit
of the rhombohedral phase, we have calculated the qua
pole coupling CQ constants for the three structural sit
~Table VI!. In all cases, the calculated values differ from t
experimental one. As the lithium mobility is important in th
phase, an exchange of lithium between different sites m
be operating and, therefore, the observedCQ value should
correspond to the average of values of sites occupied
lithium during its movement. On the basis of a fast exchan
betweenM1 , M2, and midwayM1-M2 sites, CQ values
would be given by the expression

CQ5
CQ

1 P11CQ
2 3P21CQ

123P12

P113P213P12
, ~8!

where P1 , P2 , and P12 are the occupation probability o
M1 , M2 , and midwayM1-M2 sites,CQ

(1) , CQ
(2) , and CQ

12

TABLE VII. Lithium coordination at the possible structura
sites for the rhombohedral and triclinic phases of LiHf2~PO4!3

Rhombohedral Triclinic
M1 M1a M1b

232.49 232.61
Li-O2 ~Å! 632.46 232.55 232.73

232.63 232.96

M2 M2a M2b m2c

Li-O2 ~Å! 232.37 2.21 2.14 2.03
2.43 2.45 2.68

232.74 2.70 2.90 2.83
3.27 3.38 3.10

Li-O1 ~Å! 232.74 2.00 2.33 2.17
2.60 2.56 2.61

232.77 2.68 2.73 2.83
2.76 2.77 3.04

232.91 3.00 2.97 3.08
3.01 3.56 3.11

Midway Midway

Li-O2 ~Å! 2.13 2.03
2.26 2.29
2.47

Li-O1 ~Å! 2.22 1.93
2.17
-
m
e
nd

a

g

ru-

st

y
e

are the quadrupole coupling constant associated to each
and the factor 3 takes into account the different multiplic
of structural sites. Assuming a maximum delocalization
lithium ions between all sites (P15P25P125

1
7 ), the value

obtained with expression~8! is CQ'100 kHz, that is quite
close to the experimental one~118 kHz!. The difference ob-
served between experimental and calculated values c
correspond to a slight preference of lithium to reside atM2
sites in the rhombohedral phase. Moreover, asM2 and mid-
way sites are disposed symmetrically around the ternary
of the structure, the fast exchange between these sites gi
hQ value near zero. The equal occupation of equivalent s
around the ternary axis, produced during lithium motion,
compatible with the ideal rhombohedralR3̄c symmetry of
Nasicon compounds, and explains that lithium location w
not possible to be deduced by diffraction methods.22

V. CONCLUSIONS

In this work, a detailed analysis of the distortions pr
duced at the triclinic-rhombohedral phase transition
LiHf 2~PO4!3 has been carried out. In particular, it has be
shown that the phase transition produces considerable di
tions of polyhedra, affecting, without breaking bonds, t
relative disposition of tetrahedra PO4 and octahedra HfO6 in
the NASICON framework.

Moreover, the use of NMR spectroscopy was particula
suitable to study characteristics of the structural sites oc
pied by lithium in the NASICON structure. Thus, the7Li
NMR study of the triclinic ~low temperature! phase of
LiHf 2~PO4!3 has confirmed the positions proposed previou
by neutron diffraction for lithium ions, which are locate
betweenM1 and M2 sites of the NASICON structure. Th
preference for midway sites compared toM1 and M2 posi-
tions has been explained on the basis of a much be
lithium coordination. In these positions, oxygens constitut

FIG. 6. Schematic view ofT1 andT2 windows connectingM1

~white circles! andM2 ~black circles! sites in the triclinic phase of
LiHf 2~PO4!3. Hatched circles correspond to the midway sites oc
pied by lithium. The solid lines show the lithium coordination
this phase. See the text for a more detailed discussion of the fig



r
e

l

s
bl
n
as
o

he
eted
t ex-
al

A.

PRB 62 817STRUCTURAL CHANGES AT THE TRICLINIC- . . .
lithium coordination define an irregular almost planar fou
sided window that limits severely lithium mobility in th
NASICON structure.

In the rhombohedral~high-temperature! phase, structura
changes produced in the covalent framework produces
increase on Li-O distances at the midwayM1-M2 sites that
makes uncomfortable lithium coordination. This produce
dramatic increase on the lithium mobility that is responsi
for the abrupt increase of ionic conductivity and the stro
reduction of the activation energy detected at the ph
transition.20 In the rhombohedral phase, spectral features
s,
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the 7Li NMR signal are intermediate between those of t
three structural sites. Obtained results have been interpr
on the basis of a fast exchange between three sites, tha
plains difficulties to localize Li ions in the rhombohedr
phase by diffractometric techniques.
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