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Determination and Rietveld refinement of the crystal structure of Li ¢ ggNig o5 TIO(PO,)
from powder X-ray and neutron diffraction
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87, Av. du Dr A. Schweitzer-33608 Pess&®dex,France

F. Bouree
Laboratoire Leon Brillouin (CEA-CNRS)CEA/Saclay91191 Gif-sur-Yvett€edex,France

The structureof the oxyphosphatd.iy s Nig »5sT1O(PO,) has beendeterminedfrom conventional
X-ray and neutronpowder diffraction data. The parameterf the monoclinic cell (spacegroup
P2,/c, Z=4), obtained from X-ray results, are: a=6.39546) A, b=7.25996) A, c
=7.37006) A, and 8=90.266(6)°;thoseresultingfrom neutronstudy are: a=6.39067) A, b
=7.2568(7) A, c=7.36730) A, and 8=90.234(7)°.Refinementby the Rietveld methodusing
whole profile, leadsto satisfactoryreliability factors:cR,,,=0.128,cR,=0.100,andRg = 0.038for
X-ray and cR,,=0.110, cR,=0.120, and Rg=0.060 for neutrons. The structure of
LigsdNig2sTIO(PQO,) can be describedas a TIOPQ, framework constitutedby chains of tilted
corner-sharingTiOg octahedrarunning parallel to the ¢ axis and cross linked by phosphate
tetrahedraln thisframework thereareoctahedratavitiesoccupiedoy Li andNi atoms:Li occupies
the totality of the 2a sitesandNi occupiesstatisticallyhalf of the 2b sites.Ti atomsare displaced
from the centerof octahedraunits in alternatinglong (2.242A) andshort(1.711A) Ti—O bonds
alongchains.© 2002 International Centrefor Diffraction Data. [DOI: 10.1154/1.1515299

Key words: LigsdNig25TIO(PQy,), titanyl oxyphosphate, structure determination, Rietveld
refinementpowderdiffraction, X-rays, neutrons

I. INTRODUCTION (1), Li ,CO;, dissolved in dilute nitric acid solutiofill), and
Interest in titanium phosphates, both in glass and cryssolution of TiCl, diluted in ethanollV) as starting materials.
talline forms, for their properties as ionic conductors or non-The mixture (precipate solution) obtained by slow addition
linear optical materials, has led to a large number of studiesof (IV) in (I+I11+11l) at room temperature was dried at about
The structure of LITIO(P@ has been determined from 100°C to remove the volatile compounds. The reaction is
single crystalNagornyiet al., 1991)and from powdefRob-  completely achieved after several thermal treatments of 24 h
ertsonet al., 1994)X-ray diffraction data. Recently we de- at 200, 500, 800, and 880 °C, respectively. The powder is
termined the structure of BigliO(PO,) (Gravereawetal.,  ground before being submitted to each thermal treatment.
1999). The existence of a solid state solution between thesghe final product is green.
two compounds was envisaged in the way to create cation Efforts to grow single crystals have been performed by
deficiency in LiTIO(PQ): Li(;_,9NixTIO(PQ;). We have  adding LyPO, or LiPO; as a flux to the prepared phase
shown that the compounds with<k=<0.10 crystallize inthe | j _Ni; ,.TIO(PQ,). The mixture was heated at high tem-
orthorhombic system witfPnmaspace group (LITIO(PS)  peratures up to 1300 °C. After cooling down the melting
type), whereas the compounds with 010<0.25 crystal-  powder, at the rate of 5°C/h, only single crystals ofR®,
lize in the monoclinic system witl®2;/c space group. For  5nq | jpQ were obtained. The X-ray pattern does not show
0.25<x<0.5 the two phases kiNigosTIO(PO) and  ihe existence of leisNiq 25TIO(POy).
Nig 50TIO(PQ,) are obtained simultaneously. o0 ! -
0.50 4 : . Consequently the structural determination was under-
_ The present paper reports on the determination of;yen from the powder data. Both X-ray and neutron diffrac-
LigsiNio2sTIO(PQy) crystal structure from X-ray and neu- (o yere used, in order to obtain advantages of the differ-
tron diffraction powder patterns. ences of scattering amplitudes for the two techniques.
X-ray diffraction data have been collected at room tem-
perature on a Philips PW 304@-6) diffractometer, with
Il. EXPERIMENTAL subsequent experimental conditions: Bragg—Brentano geom-
The oxyphosphate biNig 25TIO(PO,) was synthesized etry; diffracted-beam graphite monochromat@u Ka ra-
from aqueous solutions of NigBH,O (1) and (NH,),HPO,  diation (40 kV, 40 mA); Soller slits of 0.02 rad on incident
and diffracted beams; divergence slit of 1°; antiscatter slit of
®Author to whom correspondence should be addressed; electronic maift » "€ceiving slit of 0.05 mm; holder surface corrected with a
jazouli@mailcity.com razor blade; sample spinner used; steps of 0.G2%¢2er the




TABLE |. X-ray powder diffraction data of LgisNigsTIO(PO,) (MNkay
Cu=1.5406 A).
205ps 20cac dops dearc 1001/, hkl
13.86 13.85 6.389 6.395 7 100
Ni s TIOPO,) 17.14 17.14 5.173 5.172 4 011
: 18.48 18.49 4.801 4,799 25 110
22.14 22.07 4,015 4,028 19 11-1
22.14 4,015 111
24.14 24.15 3.687 3.685 1 002
24.52 24.52 3.630 3.630 15 020
27.12 27.14 3.288 3.286 100 012
27.38 27.39 3.257 3.256 32 021
27.88 27.89 3.200 3.199 50 10-2
LioseNioa<TiO®O,) 27.90 3.198 200
28.24 28.27 3.160 3.157 3 120
O ) Ly 30.52 30.53 2.929 2.928 6 11-2
30.55 2.926 210
30.60 30.64 2.922 2.918 6 112
30.80 30.79 2.903 2.904 12 12-1
30.84 2.900 121
32.86 32.88 2.726 2.724 12 21-1
32.96 32.98 2.718 2.716 19 211
LiTiO®0,) 34.66 34.69 2.588 2.586 10 022
37.12 37.14 2.422 2.421 4 20-2
37.30 37.32 2.411 2.410 3 202
37.44 37.47 2.402 2.400 2 12-2
. . . . . . 37.48 2.400 220
10 20 30 40 50 (e 60 38.68 38.69 2.328 2.327 1 013
39.18 39.18 2.299 2.299 4 031
. - S 39.23 2.296 21-2
Fl_gure' 1. X-ray spectra of LiTIO(P§, LigsNigosTiO(PO,), and 39.44 39.40 2085 2087 12 212
Nig 5oTIO(PQy). 39.45 2.284 22-1
39.52 39.54 2.280 2.279 13 221
39.80 39.83 2.265 2.263 10 130
41.20 41.22 2.191 2.190 3 11-3
. ! R 41.28 41.35 2.187 2.184 2 113
angular range 12°-12Q026) with a fixed counting time of 477¢ 41.73 2163 2165 5 13-1
30 s. 41.77 2.163 131
Neutron diffraction data have been collected at room?*4-26 44.28 2.046 2.045 u 310
. : X 48 44.53 2.037 2.035 4 023
temperature on the high resolution powder diffractometens.go 44.80 2.023 2.023 7 032
3T2in SaclayLLB, Orphee Reactor), witho; =10"; focus-  45.96 45.99 1.975 1.973 2 31-1
; _ A 6° o 46.80 46.80 1.941 1.941 1 12-3
ing (335) Ge monochromatony=1.2251 A; 6°-125.70° an- _
47.06 47.08 1.931 1.930 1 13-2
gular range of measureme(&6), 0.05° step; 20 Hedetec- 47.09 1.930 230
tors, a3=10'. 48.26 48.27 1.886 1.886 1 21-3
’ 48.44 48.44 1.879 1.878 1 213
49.24 49.28 1.850 1.849 3 30-2
49.44 49.47 1.843 1.843 6 004
49.49 1.842 302
I1l. STRUCTURE DETERMINATION 49.56 49.59 1.839 1.838 3 320
, ) , 50.24 50.27 1.816 1.815 4 040
A. Powder diffraction pattern analysis 50.92 50.97 1.793 1.792 2 31-2
. - 51.12 51.15 1.787 1.786 6 014
Figure 1 shows that the X-ray spectra of LiTIO(HO 51.17 1,785 321
and LipsoNig 25TIO(PQy) are close. The crystal structure of 51.17 1.785 312
LiTiO(PO,) has been foundNagornyi et al., 1991)ortho- giég ?i%é i;% 1;% ‘2‘ 10_3421
rhombic with Pnma space group and=7.394(2) A b 51.66 51.69 1.769 1.768 2 104
=6.371(2) A, ¢=7.228(1) A cell parameters atT gé-gg %?g i;gg i;gi g 8‘3%
=300 K. In a first step, for LjsNio osTIO(POy), searches g3, 5319 1720 1792 5 11-4
were done in an orthorhombic symmetry starting from 53.27 1.720 22-3
iTi i 3.42 53.47 1.715 1.714 2 223
LiTIO(PO,) as a strugtural modsl._The peak obsgt:Yed |_nhth%3.96 o5 on 1699 1700 1 1
X-ray pattern around 2<13.86° is not compatible wit 53.08 1.699 141
Pnma space group and it was then attributed to55.12 55.13 1.666 1.666 2 13-3
Nio 5oTiIO(PQ,) as an impurity. Refinement of 35 parameters®°-92 ooy Loa4 - 1oss n st
in this case(orthorhombic structural model of LITIO(Pp 5758 57.56 1.601 1.600 16 20-4
and NpolIO(PQ,) for impurity) led to nonsatisfactory in- g;gz i-ggg 43188
dicator values R,=0.161,R,,,=0.213,cR,=0.224,cR,, 5509 58.02 1590 1590 4 124
=0.272, RB('—io.s d\,iolzsﬂo(po“))zo.lo& and RB(Nio_SOTiO(PO4)) 58.48 58.46 1.578 1.579 9 142
=0.235). Th f NiTIO(POy) s found to ab ol 1 9t
=0.235). The presence o NoT (PQy) is found to about 58.53 1577 142
4 percentage molar. In addition, a very deep analysis of th&9.10 59.14 1.563 1.562 3 21-4
observed and calculated patterns of, deNig ,cTIO(POy) 2917 102 3
shows some shift between calculated and observed peaks 34 59.39 1.557 1.556 2 214
(e.g., around 2~22.14°). These problems led us to recon-59.88 59.90 1.545 1544 2 24-1
59.96 1.543 241

sider the starting hypothesis for this new compound.




TABLE Il. Details of

Rietveld

Lig sNig 2sTIO(PO,)—P 2, /c space group.

refinement

conditions

for

X-ray diffraction

Neutron diffraction

Wavelength(A) MK a;=1.540 60 A=1.22510
ANKa,=1.544 42
Step scan incremerit26) 0.02 0.05
26 range(°®) 12-120 6-125.7
Program FULLPROF FULLPROF
Zero point(°26) —0.011(2) —0.025(2)
Pseudo-\oigt function 7=0.59(1) 7=0.20(3)
PV=9L+(1-7%)G
U=0.045(3) U=0.31(4)
Caglioti parameters V=-0.010(3) V=-0.38(5)
W=0.005(1) W=0.195(14)
No. of reflections 1021 1098
No. of refined parameter 44 52
Space group P2 /c P2/c
a A 6.3954(6) 6.3906(7)
b (A) 7.2599(6) 7.2568(7)
c A 7.3700(5) 7.3673(9)
B 90.266(6) 90.234(9)
V (A3 342.19(7) 341.7(1)
dm 3.40 3.40
dearc 3.44 3.44
z 4 4
Atom number 9 9
Re 0.021 0.036
Rg 0.036 0.060
Ry 0.074 0.049
Rup 0.100 0.062
Crp 0.102 0.110
cRyp 0.128 0.120
X2 1.76 8.6

B. Indexing and cell refinement
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Figure 2. Final Rietveld plot of LisNig.sTIO(PO,). The upper symbols
illustrate the observed dataross)and the calculated patteisolid line).

The vertical markers show calculated positions of Bragg reflexions. The
lower curve is the difference diagram. Some peaks of very low intensity,
observed at about 14.8°, 21.5°, and 30°, in X-ray diagram are attributed to
LiTi )(POy)3.

The indexing of the X-ray powder diffraction pattern of
Lig sdNig2sTIO(PQO,) was performed by means of the com-

puter progranpicvoL (Boultif and Loue, 1991). The first 19
peak positions used were obtained afte2-stripping by

So further attempts were done in the monoclinic €au
class 2/m. After a global profile refinement using “Profile

means of the profile program of the Diffrac-AT packagematching” option of FULLPROF program (Rodriguez-
(Socabim-Siemens), with a maximal absolute error ofCarvajal, 1993), the examination okl reflections(reflec-
0.03°(29). There were no solutions in the orthorhombic sys-tion conditions:(h01) h=2n; (0k0) k=2n) leads toP2,/a

tem but a good monoclinic cell was found=7.360 A, b
=7.247 A, c=6.386 A, andB=90.31°: M(19)=34.2 and
F(19)=46.3(0.0093; 44).

All observed reflections in neutron pattefin particular
peak at #~13.86°)are compatible with this monoclinic so-
lution, so a single phase has to be considered.

space group. To work in the standd®@; /c space group we
reversea andc parameters. The final unit cell parameters of
Lig sqNig 25TIO(POy) are  a,=6.3954(6) A, b,
=7.2599(6) A, ¢,,=7.3700(5) A, andB,,=90.266(6)°.
These parameters are very close to LiTiOgP®@nes @&,
=7.402 A, b,=6.376 A, c,=7.235 A, andy,=90°) with

TABLE Ill. Atomic coordinates and isotropic temperature factors with their estimated standard deviation
(e.s.d.)in LigsNig 2sTIO(PQ,) (from neutron diffraction resulis

Wyckoff Site

site X y z Bso (A2) occ
Ti 4e 0.762(3) 0.220(2) 0.332(2) 0.1(2) 1
Li 2a 0.000 0.000 0.000 2(9) 1

Ni 2b 0.500 0.000 0.000 1(2) 0.5
P e 0.249(2) 0.128(1) 0.374(2) 0.3(1) 1
o) 4e 0.748(2) 0.154(1) 0.1111) 0.7(2) 1
0(2) 4e 0.261(2) 0.001(1) 0.206(1) 0.7(1) 1
0@3) se 0.252(2) 0.010(1) 0.548(1) 0.7(1) 1
0(41) e 0.446(3) 0.249(2) 0.876(2) 0.7(1) 1
0(42) e 0.055(2) 0.249(2) 0.366(2) 0.7(1) 1




TABLE IV. Selected interatomic distancé&) and angleg®) in XOg (X=Ti,Ni,Li) octahedra and PQetrahedra from neutron diffraction: X—O distances are
given in bold, O—0 distances are given above the diagonalQand—O angles are below.

TiOg o1 o1 02 03 041 042
o1 1.696(14) 3.937(13) 2.853(13) 2.780(13) 2.838(20) 2.798(20)
o1 170.8(1.0) 2.253(14) 2.613(13) 2.838(13) 2.680(18) 2.765(20)
02 98.3(8) 73.9(8) 2.062(15) 3.890(13) 2.678(20) 2.775(18)
03 100.3(1.0) 85.9(8) 158.8(1.0) 1.895(15) 2.765(18) 2.796(18)
041 97.6(1.3) 76.6(1.0) 81.0(1.0) 88.5(1.0) 2.062(15) 3.897(9)
042 102.0(1.3) 83.0(1.0) 88.8(1.3) 94.9(1.3) 159.1(6) 1.901(13)
NiOg o1 o1 02 02 041 041
o1 2.104(12 4.208(13) 2.597(13) 3.382(20) 2.680(20) 3.176(18)
o1 180.0(1.0) 2.104(12 3.382(20) 2.597(13) 3.176(18) 2.680(20)
02 75.0(5) 105.0(1.0) 2.160(12 4.320(13) 2.678(20) 3.251(18)
02 105.0(1.0) 75.0(5) 180.0(1.0) 2.160(1) 3.251(18) 2.678(20)
041 80.3(8) 99.7(8) 78.9(8) 101.1(8) 2.051(15) 4.102(15)
041 99.7(8) 80.3(8) 101.1(8) 78.9(8) 180.0(8) 2.051(15)
LiOg o1 o1 02 02 042 042
o1 2.129(12 4.258(13) 2.597(13) 3.528(20) 2.798(20) 3.203(18)
o1 180.0(1.0) 2.129(12 3.528(20) 2.597(13) 3.203(18) 2.798(20)
02 72.7(5) 107.3(1.0) 2.250(12 4.500(10) 2.775(18) 3.356(18)
02 107.3(1.0) 72.7(5) 180.0(1.0) 2.250(1) 3.356(18) 2.775(18)
042 81.6(8) 98.4(8) 79.2(8) 100.8(8) 2.102(15) 4.204(13)
042 98.4(8) 81.6(8) 100.8(8) 79.2(8) 180.0(1.0) 2.102(15)
PO, 02 03 041 042
02 1.554(13) 2.520(10) 2.501(18) 2.522(18)
03 109.5(1.0) 1.540(13) 2.493(18) 2.522(18)
041 108.0(1.3) 107.9(1.3) 1.544(20) 2.495(23)
042 110.9(1.5) 111.3(1.3) 109.2(18) 1.516(20)

am~by, bp=cy, Cr=a,, Bm=90.266~00°. The differ- the 26, Bragg peak was considered inside the rangg 2
ence is that some peaks in the orthorhombic system split inte- 16 FWHM); 1 asymmetry parameter; unit-cell parameters
more peaks in the monoclinic system, e.g., the reflectiora, b, c, B; zero point shift parameter; fractional atomic co-
(121)-Pnmeasplit into (211) and (21-1)P 2 /c. ordinates(21 parameters), and isotropic temperature factors
Because of this approach of all parameters, the startin@® parameters, a constrained model has been used for the
atomic positions were those of LiTIO(RPwith the follow-  refinement ofB,,, of oxygen ions). The fit with these 44

ing circular permutation: refined parameters led to satisfactory profile,€0.074;
Rwp=0.100, cR,=0.102; cR,,=0.128) and crystal struc-
LiTiO(PO,)-Pnma Lig sNig 2sTIO(PQ,)-P2; /c ture model indicatorsRg=0.036; Re=0.021).

y - Refinements of the structure using neutron diffraction
© m=Yo were done to confirm the distribution of Li and Ni {2a)
Yo Ym=Zo and (2b) P2,/c sites ;= —0.19x10 2 cm, while by;
%o Zm=Xo =1.03x10 12 cm). The results are quite similar to those
obtained using X-ray diffraction inside 2 e.s.d. fory, z

Let us note that th®nma-(4aj)sites(0,0,0)are split into
parameters.

thelé c[—f(Za) (OZO? ) z?g(zsb)lit(lli%t%o?[\?vl;e% prc'lizggniégg) The X-ray powder diffraction data are presented in Table
o:.Yo, % 12— P 1 " I. Main crystallographic details of the Rietveld refinement
[Xm:Ym.Zm] and( Xm:YmZm]. are summarized in Table 1l for the two powder diffraction
techniques. Figure 2 displays the agreement obtained be-
_ ] tween observed and calculated profiles. The final atomic pa-
C. Rietveld refinement rameters are given in Table Il and selected bond distances
The above-described structur®2,/c model was re- and angles in Table IV. Standard deviations have bgen mul-
fined, using X-ray data, with the full profile Rietveld method tiplied by the Berar factor to correct local correlatiqigerar
using therFuLLPROF program and the whole angular range and Lelann, 1991).
12°-120°(26). The following parameters were refined: scale
factor; coefficients for the polynomial function describing
the angular variation of the backgrou@ parameters); pa- IV. DISCUSSION OF THE STRUCTURE
rameterdJ, V, W describing the full width of half maximum The dominant structural units in the oxyphosphate
(FWHM) angular dependend€aglioti et al., 1958); param- LiysdNig osTiIO(PO,) are chains of tilted corner sharing O
eter(#) for pseudo-Voigt shape functigithe contribution of  octahedra running parallel to tleaxis (Figure 3). Titanium



Figure 3. THO-Ti—O-chain and PQtetrahedra in LjsNigo5TIO(PO,).

atoms are displaced from the geometrical center of the octa-
hedra resulting in alternating lor{g.242 A)and shor{(1.711
A) Ti—-01 bonds. The four remaining Ti—O bond distances
have intermediate values ranging between 1.914 and 2.050
A. In one chain the off-center displacement of Ti atoms in-
duces creation of electric moments. As the space group
P2, /c is centrosymmetric, there is compensation of antipar-
allel moments of adjacent chains, s LiNig »sTIO(PQy) is
antiferroelectric.

Titanium octahedra chains are linked by phosphate tet-
rahedra to constitute sheets parallel(100). In this frame- ACKNOWLEDGMENTS
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